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Abstract The research presented in this chapter demonstrates the fruitful combi-
nation of interdisciplinary and multisensory approaches in the field of archaeology. 
Several disciplines, such as architecture, archaeology, computer science, acoustics 
and geophysics, cooperated to obtain new data and to elaborate new hypotheses about 
the original structure of the Roman theatres in Crete. All the information available 
about these monuments (such as ancient drawings, descriptions of travellers, plans, 
archaeological reports, aerial pictures and geophysical anomalies) were the basis 
to hypothesise their original architecture, together with the support of comparisons 
with well-preserved Roman theatres and with Vitruvius’ proportions. These recon-
structive hypotheses were visualised by 3D models and their accuracy was verified 
through a new methodology that sees the application of 3D visibility analysis and 
virtual acoustics analysis. The 3D visibility analysis was useful to verify the level of 
visibility of the stage by the spectators in the seating area. The virtual acoustics anal-
ysis was used to obtain quantitative values of acoustic parameters helpful to judge 
the acoustic quality of the 3D reconstructions. The auralisation was also carried out 
to attain a subjective parameter about acoustic perception. In particular, by 3D visi-
bility analysis and virtual acoustics analysis, it is possible to verify the reliability 
and the accuracy of hypothetical reconstructions, assuming that every spectator was 
able to watch the stage and able to listen and to comprehend any performance. The 
case study presented here is the theatre at the acropolis of Gortyna. Two different 3D 
reconstructions were tested and it has resulted that the 3D model of the theatre which 
maintains some Greek characteristics is the most reliable one. This approach made 
it possible to obtain data that could not be obtained otherwise, as well as raising new 
questions and opening up new perspectives. 
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1 Introduction 

The sector of Cultural Heritage has always been characterised by collaboration among 
several disciplines. We cannot achieve a thorough study of a monument if we do 
not consider its historical context, its architecture and its graphical representation. 
Besides, we cannot completely understand an archaeological site if we do not take into 
account its geographical context, history, geology, artefacts and social and religious 
functions. History, architecture, history of art, geography, sociology, anthropology 
and theology are only some of the disciplines that together contribute to a better and 
deeper knowledge of what we now consider symbols of the past, representing our 
culture. 

In the last three decades, a new bailiwick has been involved in the field of 
Cultural Heritage: information technology (IT) and virtual reality. Virtual analyses, 
3D modelling, virtual reality and digital media are some of the very useful instru-
ments borrowed from the technological sector and applied to the field of Cultural 
Heritage, above all to archaeology. This research project exploits these recently 
developed tools and proposes an interdisciplinary approach that sees the cooperation 
and the integration of archaeology, architecture, 3D modelling, virtual analyses and 
acoustics. New and peculiar disciplines can take shape through interdisciplinarity. 
An example of a new field born from the combination of archaeology and informa-
tion technology is Virtual Archaeology. The expression ‘Virtual Archaeology’ was 
coined by Reilly (1991) and since then its success has increased until it has been 
recently chosen to give the name to a biennial international forum organised by the 
State Hermitage Museum of Saint Petersburg (http://www.virtualarchaeology.ru/). 
With the expression virtual reality, Reilly explains that archaeologists can virtually 
reproduce an archaeological excavation through 3D modelling, and thus visualise 
and analyse the excavated area over and over again, without losing the possibility 
to verify the excavated layers once they have been removed. Many steps have been 
made since then but there is still a long way to go; for example, developing a more 
systematic application of interdisciplinary approaches in archaeology. 

The fundamental contribution of interdisciplinarity, rather than multidisci-
plinarity, in the archaeological sector, is also expressed by the Principles of Seville, 
which are the eight international principles of Virtual Archaeology. The first principle 
is ‘interdisciplinarity’, and it states that the cooperation of a professional team with 
backgrounds in different sciences is necessary and, most importantly, that experts 
need to exchange their ideas rather than working independently (Lopez-Menchero 
Bendicho 2013). 

The workflow that I am going to present in this chapter is the result of an interdis-
ciplinary approach applied to the study and the valorisation of the Roman theatres 
in Crete. This innovative methodology combines archaeology, architecture, acous-
tics and computer science. The methodology developed takes into account several 
disciplines and focuses on two human senses: sight and hearing. The main aim of 
this chapter is to demonstrate the fruitful results that archaeologists can achieve by 
implementing an interdisciplinary and multisensory approach.

http://www.virtualarchaeology.ru/
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Senses have only recently become part of archaeological investigation, with senses 
beyond sight being recognised as instruments that can enhance our knowledge of the 
past cultures (Betts 2017; Day  2013; Hamilakis 2011). Visibility has been examined 
extensively in archaeology since the 1980s and a good review is presented by Lake 
and Woodman who explain the two main groups in this field: non-GIS visibility 
studies and GIS visibility studies (Lake and Woodman 2003). Visibility studies are 
generally considered useful to investigate the distribution of sites and relationships 
among them (Wheatley 1995), to understand the defensive techniques of ancient 
populations (Loots et al. 1999), to study the likely rituals connected to prehistoric 
monuments (Fisher et al. 1997; Wheatley 1995) and to examine the connection 
between monuments/sites and astronomical events (Ruggles et al. 1993). 

Sight has often been considered by archaeologists the main sense of human beings 
useful to investigate archaeological sites but, more recently, some scholars (Hami-
lakis 2013; Wheatley 2014) observed the bias for this approach and the consequent 
inaccuracy in the results and interpretations. 

While sight has largely been privileged in archaeology, ‘archaeoacoustics’ (Scarre 
and Lawson 2006) is an emerging sub-field, often having a focus on the role and 
behaviour of sound within prehistoric sites (Devereux 2001), mainly in order to 
deduce the rituality connected to those spaces. 

One of the first case studies in which a combined approach was applied is the sixth-
century Byzantine church of San Vitale in Ravenna (Italy) (Paliou and Knight 2013). 
This study combined visibility and acoustics analyses, intending to obtain more infor-
mation about the sensations the worshippers were feeling and the stimuli they were 
receiving within the church during the liturgy. Paliou and Knight created a combined 
map (visual data obtained by visibility analysis plus acoustics data derived from 
the in situ measurements) representing the sensory catchment1 inside the church, to 
deduce which were the privileged positions in the building to assist the liturgy. In 
particular, they wanted to examine the social differences between men and women, 
according to the area they occupied within the church (floor and matroneum). In 
this case, the combination of visibility and acoustics analyses allowed a mean-
ingful and valuable conclusion to be reached about which social discriminations 
were determined by the church’s architecture. 

This chapter applies a similar methodology in order to verify possible architec-
tural reconstructions of the Roman theatres of Crete. The acoustics analysis in this 
research also helped to formulate hypotheses about the kind of performance that was 
represented in those spaces. 

In particular, the research question is: how can we obtain more information about 
the architecture of monuments that nowadays are destroyed? Can new technologies be 
a fruitful instrument to improve the knowledge of what is left of a glorious past? and, 
since the subject of my research are ancient buildings for entertainment (where people

1 Paliou and Knight were inspired by Frieman and Gillings definition of ‘sensory envelop’ to carry 
out their research. According to the authors, a sensory envelop identifies ‘an area where all the 
senses are engaged’ (Frieman and Gillings 2007). 
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used to go mainly2 to watch and to listen to a performance) ‘can the examination of 
the sensorial aspect help in the reconstruction of the architecture and the history of 
those monuments?’. 

This chapter aims to investigate the potentialities of an interdisciplinary and 
multisensory approach in archaeology. In particular, the proposed methodology 
and workflow will demonstrate its effectiveness for obtaining information about 
the architecture of ancient theatres and for raising new questions. 

The study required several steps to be completed. First, all the documents about 
the Roman theatres of Crete were collected and examined. Then, several 3D models 
for each chosen theatre were realised according to reconstructive hypotheses based 
on the combination of available data, comparisons with well-known Roman theatres 
and Vitruvian rules. These 3D models were used to inspect the visibility of the stage 
from the cavea and the quality of sound in the seating area. 

2 The Roman Theatres in Crete 

There are 12 known Roman theatres in Crete, located around the island. In the 
prefecture of Chania (west side of the island), there were four: the one in Chania and 
the one in Kissamos are now respectively destroyed and under the modern village, 
the one in Aptera is well known and still visible in the archaeological site, and the one 
in Lissos is in the archaeological area but excavations have started only very recently. 
In the prefecture of Heraklion (central-east part of the island), there were five: three 
of them are located in the ancient Roman capital of Crete, in Gortyna, one is in 
Chersonissos, one is supposed to be in Lyttos but it has not been identified yet. In the 
prefecture of Lassithi (the eastern part of the island), there were three: two of them 
are located within the town of Ierapetra, and one is on the little island of Koufonissi. 
It is still uncertain if there was another theatre in Tsousouros (south Heraklion). 

For a long time, the Roman theatres in Crete have been neglected, while a large 
part of attention was addressed towards the rich Minoan past of the island. This 
initial attitude of the archaeologists might surprise considering that the relevance of 
several Roman remains (including theatres) was already witnessed at the end of the 
sixteenth century. Italian (Beschi 1999), British (Pashley 1837; Pococke 1745; Spratt 
1865) and French (Pitton de Tournefort 1717) travellers documented the presence, 
and sometimes also the aspect, of some of these monuments. At the very end of the 
nineteenth century-beginning of the twentieth century, some archaeological investi-
gations, conducted by the Italian Mission of Archaeology in Crete, started, above all 
in Gortyna, always considered the most interesting Roman site of the island because 
it was the capital of the Roman province of Crete and Cyrenaica since 67 AD (Scuola 
Archeologica Italiana di Atene 1984). Lately, since the beginning of the nineteenth 
century, systematic archaeological excavations have begun at the site occupied by

2 Ancient theatres could be also used as spaces for meetings, ritual ceremonies and as a seat of 
congregations. 
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some of the theatres. They allowed to achieve very good results in the understanding 
of the history and the structure of some of these ancient buildings, as in the case of 
the theatre of Aptera (Vana Niniou-Kindeli and Chatzidakis 2016), which excava-
tions are carried out by the 23rd Ephorate of Prehistoric and Classical Antiquities of 
Greece, and in the case of the theatre of the Pythion in Gortyna (Bonetto et al. 2019; 
Bonetto and Francisci 2014) which excavations are conducted by the University of 
Padua and the Italian School of Archaeology at Athens. Summarising, the Roman 
theatres in Crete are not very well known, are not very well preserved and only a few 
of them have been investigated by accurate archaeological excavations. Despite the 
evident difficulties in trying to extrapolate information from such kind of scenario, 
these monuments definitely deserve to be examined to restore their honour and to 
avoid them to be completely forgotten. It is unnecessary to say that archaeological 
excavations are the main instrument that would allow specialists to have a better 
understanding of the structure and the history of these theatres, but there are some 
particular circumstances where archaeological excavations are not enough. Often, 
as in the case of the Roman theatres in Crete, the ancient buildings are not fully 
preserved and it is not always easy to deduce their original aspect from the collapsed 
remains since they could have been pillaged or destroyed. In these cases, the new 
technologies can be of great help because we can virtually reconstruct such buildings 
according to our hypotheses and verify their accuracy or validity through 3D visu-
alisation and virtual analyses. In this specific case study, 3D visibility analysis and 
virtual acoustics analysis have been considered to be, at the moment, the most mean-
ingful ones to apply in order to enhance the knowledge about the architecture and 
the function of the theatres. The idea to implement this typology of analyses derived 
from the main function of the theatre itself: it is made to watch and to listen to a 
performance. The Greek word θšατ ρoν (theatre) comes from the ancient Greek verb 
θε  ́αoμαι which means ‘to see, to watch’ (Pappalardo 2007), while the Romans used 
to call it auditorium, from the Latin verb audio, that is ‘to listen’ (Bieber 1981). These 
observations lead to assume that the spectators were able to see what was happening 
on the stage and to follow the movements of the actor/s and that they were able to 
understand the words of the performer/s or to enjoy the music. Consequently, the 
structure of the theatres needed (and still needs) to respect these prerequisites, that is 
to allow the visibility of the stage from the seating area and the good perception of the 
sound (both music or talk). The observance of these requisites in the reconstructive 
hypotheses of the Roman theatres in Crete have been verified through 3D visibility 
analysis and virtual acoustics analysis. 

3 Methodology 

Before I go into detail about the innovative tools (3D visibility analysis and virtual 
acoustics analysis) used during this study, I want to underline that the traditional 
approach has been implemented too. The research started with the collection and the 
analysis of all available data: archaeological reports, images, aerial pictures, ancient
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plans, descriptions of travellers, surveys and results of geophysical prospection. The 
combined study of all these documents (Manzetti et al. 2015) enabled to formulate 
the first hypothesis about the structure of each theatre. If there was not enough 
information to reconstruct their height, comparisons with well-preserved theatres 
(as Aspedos and Orange) and the Vitruvian’s rules described in ‘De Architectura’ 
(Morgan 1914) were considered. AutoCad and 3D Studio Max were used to draw 
the plan of the theatres and to extrude it to create 3D models of the reconstructive 
hypotheses of the monuments. Since these are only hypotheses, each theatre has 
been represented in more than one 3D model with some possible variations in its 
structure. All 3D models of each theatre were analysed through 3D visibility and 
virtual acoustics in order to verify which hypothesis is the most reliable one and if 
they are accurate reconstructions. 

3.1 3D Visibility Analysis 

As it has been already mentioned, the visibility analysis in archaeology has been 
widespread for more than thirty years. Many things changed since then and more 
quantitative and accurate methods have been developed. One of the main issues about 
visibility analysis has always been the bi-dimensional approach since we live in a 
three-dimensional world (Bishop et al. 2000; Paliou et al. 2011). As Tufte reminds 
us, studying ‘flatlands’ (maps, drawings and pictures) is not the solution, we have to 
reproduce objects as they are if we want to understand them (Tufte 1990). Finally, a 
method for visibility analysis in a fully 3D environment was conceived a few years 
ago and one of the very first examples is the study of visibility within the Insula V 
1 of Pompeii, under the Swedish Pompeii Project (Landeschi et al. 2016). 

The 3D visibility analysis can be performed through ArcScene which allows 
creating lines of sight between the observer and the target in a 3D environment, thus 
it considers the height of the buildings and any other obstacle in the field of view. 

Once the 3D models of the Roman theatres of Crete have been realised, a grid of 
points (representing the observers) has been placed in the seating area. Each grid is 
composed of four lines dislocated in the cavea (two lines are placed next to the side 
retaining walls and the other two are toward the centre) with a point over each row 
of seats.3 Each point is located 75 cm above the seat, to simulate the average height 
of a seated person. A target line (representing the actor/s) was placed approximately 
at the centre of the stage, 160 cm above the floor to simulate the average height of 
a standing person. The 3D models, the grid of points and the lines were imported 
into ArcScene where the lines of sight were constructed. The lines of sight are 
composed of lines of two colours that are built between all the observer points and 
the target. The green lines represent the visible trajectories, that means the observer 
points from which the green lines originate can see the area of the target that the 
lines hit. The red lines are the not visible trajectories, so the observers cannot see

3 The number of points varies according to the number of rows of seats of the cavea of each theatre. 
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the target or part of it. The visualisation of the lines of sight in a 3D environment 
allows us to understand from which area of the building the green and red lines 
originated and which part of the target is more or less visible. It is also possible to 
visualise the obstruction points derived from the construction of the lines of sight. 
The obstruction points are marking the exact location where the lines of sight hit 
an object that impedes the visibility. In the case of the theatres, this tool is useful to 
verify that some architectural structures have not been reproduced in an uncorrected 
position and/or size (for instance: retaining walls too high, stage too high, basilicae 
too close to the cavea). 

Besides, another analysis is possible through ArcScene which is called ‘visibility’, 
similar to viewshed analysis. The implementation of this tool produces a visual map 
of frequencies, which is a 2D file but during the calculations, it takes into account 
the three-dimensional aspect of the objects. Several colours on the map represent 
the different levels of visibility: each colour corresponds to a specific number of 
spectators, thus it is possible to understand how many spectators see a specific area 
of the theatre. In our case, we are interested to know how many spectators can see 
the stage or part of it. 

3.2 Virtual Acoustics Analysis 

Already since the sixth century BC, sound (its generation, its behaviour and its effects) 
was investigated by ancient Greeks. Pythagoras was interested in the pitch of sounds. 
He conducted some experiments and he finally conceived the Pythagorean tuning, 
that means the attribution of a series of numbers to the notes according to their pitch. 
Aristotle (De Anima) as well examined sound, its propagation and its creation by 
the man. Thus, already in fourth century BC, Greeks knew that an auditory body, a 
knock and the air were the necessary elements to generate a sound, as it was already 
mentioned by Plato (Timeo). These studies, along with the one by Aristoxenus4 (Aris-
toxenou Armonika Stoicheia), demonstrate that ancient Greeks had quite extensive 
knowledge about sound and acoustics. They were applying their precious awareness 
for the construction of buildings where the sound was a fundamental element, as 
demonstrated by Plutarch (Moralia). He narrates that the architect of the theatre of 
Pella dissuaded Alexander the Great to build a proscaenium made out of bronze 
because such material would have negatively influenced the acoustics of the space. 

During the centuries, the knowledge about acoustics increased: the Romans were 
able to give a more specific description of the effects of the sound. In our case, it is 
useful to take as an example the architect Vitruvius who, while he was suggesting 
a proper place where to build a theatre, described different possible sounds, which 
one to avoid and which one to pursue. He depicts four distinct spaces that influence 
the behaviour of the sound and therefore its perception. A desonans space is where 
the first sound obstacles the second; a circumsonans space is where it is not possible

4 He studied the perception of the sound. 
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to discern the different meanings of the sound; the resonans space is where echo 
is generated; a consonans space is where the words are distinct and clear in tone. 
Vitruvius recommends looking for a consonans space to build a theatre that can 
satisfy the need of the spectators to understand the performances. 

This brief excursus of ancient literature about sound is useful to understand the 
utility of analysing the acoustics of ancient theatres. It shows the importance that 
acoustics had already in the past and therefore nowadays it can give meaningful signs, 
helpful to interpret ancient architectures. The precious contribution that the study of 
acoustics in ancient theatres can bring is so evident that in the last 50 years some 
scholars already systematically investigated this aspect. François Canac carried a 
detailed and thorough study about the acoustics of ancient theatres, taking measure-
ments in situ (in France, Italy and Asia Minor) and also simulated measurements 
in scaled models (Canac 1967). He managed to identify the acoustics role of archi-
tectural elements such as niches, corridors, roof, walls, seats and orchestra’s floor. 
Only short and sporadic studies were conducted since then, mainly on the well-
preserved theatres. A large project on the ‘Identification, Evaluation and Revival of 
the Acoustical Heritage of Ancient Theatres and Odea’, ERATO, came out only in 
2003–2006. It allowed the discovery of numerous acoustics characteristics of ancient 
theatres such as Aspendos (Turkey), Aphrodisia (Turkey), Jerash (Jordan) and Syra-
cuse (Italy) (Erdogan 2006). During the ERATO project, in situ measurements were 
not the only data collected. The software Odeon Room Acoustics was also used to 
virtually analyse some of the theatres and to compare the real measurements with 
the simulated ones. The application and the results of virtual acoustics analysis have 
been presented during the conference Acoustics of Ancient Theatres at Patras in 
2011 as well (Foteinou and Murphy 2011; Iannace et al. 2011a, b; Lokki et al. 2011). 
These previous studies are very useful to this research since they allow to compare 
methods and results, and consequently to achieve a more accurate outcome. 

The software Odeon Room Acoustics was used to analyse the Roman theatres 
of Crete as well as to facilitate the comparisons with the previous publications. 
The simplified versions of the 3D models of the theatres were imported into Odeon 
Room Acoustics. A grid of receivers was placed in the cavea (75 cm above the seats) 
corresponding to the spectators, and an omnidirectional source was approximately 
placed at the centre of the stage (160 cm above the floor) corresponding to the actor. 
The overall gain of the source was set at 60 dB that is equivalent to the human voice. 
In this research, the value of the sound corresponding to the human voice only has 
been considered because the theatres in Roman times were principally used for plays 
rather than musical performances.5 Before starting with the analysis, it is necessary 
to adjust the main settings to obtain reliable results, according to the characteristics of 
the object, as it is suggested by the software handbook (Christensen and Koutsouris 
2015). One of the main aspects to consider is that the Roman theatres are open-air

5 The geometrical evolution of the theatre, from Greek to Roman times, (and of the theatrical texts 
as well) testifies indeed the passage from a performance with dancers and a chorus (which used to 
take place in the orchestra that from a circle becomes a semicircle) to a performance where the main 
character was the actor (located on the stage which became deeper and less high) (Bieber 1981). 
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theatres, they did not have any roof, not like in modern theatres, or ancient odéia, and 
to do fundamental calculations, like the reverberation time, it is indispensable to have 
a volume.6 Therefore, it is necessary to build a bounding-box that ‘seals’ each theatre 
and to give each one of its surfaces a total absorption so that the sound rays would 
pass through them and the open-air characteristic is preserved. The other important 
step to take before starting the calculations is to assign the correct material to each 
surface of the 3D model.7 We need to know which part of the theatre was made 
out of stone, wood, bricks, marble, etc. Odeon Room Acoustics offers a rich library 
of materials along with their absorption coefficients for each frequency. Once the 
calculations are done, we obtain results from many acoustic parameters that indicate 
different characteristics of the sound; to have a good quality of acoustics, the values 
of such parameters should fall into a specific range and the verification of these values 
enables to judge the acoustics of a room. The parameters that have been considered 
in this research are five: reverberation time, early decay time, clarity, definition, 
speech transmission index (for more acoustic parameters used for archaeological 
investigations, see also the research about the soundscape of the streets in Ostia 
(Veitch 2017)). The reverberation time and the early decay time are parameters 
related to the reverberation of sound.8 More precisely, the reverberation time (RT) 
is the time a sound takes to decrease by 60 dB after it stops. For speech, the ideal 
time of reverberation is around 1 s, for music is around 2 s (Spagnolo 2014). If the 
reverberation time lengthens, it gives origin to the phenomenon of the echo. While 
the reverberation time is an objective value (it represents the real reverberation), the 
early decay time represents the subjective perception of the reverberation time, that 
means the feeling of how much the first reflections annoy the listener. It corresponds 
to the first 10 dB of decay and ideally should be the same as the reverberation time, 
but it is usually a little lower and the level of disparity between them is a signal of 
good or bad diffusion of the sound. Previous research dedicated to open-air and well-
preserved theatres (Aspendos, Epidaurus, Jerash) demonstrated that in such spaces 
the difference between RT and EDT is between 0.2 and 0.4 s (Gade and Angelakis

6 The reverberation time is equal to volume divided by the sum of the absorption coefficients of all 
the materials. 
7 Each material has a different absorption coefficient which influences the quality of the sound (see 
note 6). 
8 It is important to underline that sound is generally characterised by three components: direct sound, 
early reflections and late reflections. The direct sound is the part that directly reaches the ears of a 
listener, travelling in a straight line from the source, and it arrives before the other components. The 
early reflections come from sound hitting obstacles (such as walls, ceiling, floor, etc.) that reflect the 
received acoustic impulse; these are the first reflections that arrive after the direct sound. They cannot 
be distinguished by the ears but if they arrive within 20 ms after the direct sound, they improve the 
subjective intensity of the sound. The late reflections arrive after the early reflections: they contribute 
having the pleasant perception of the vastness of a room and enjoying a full experience of sound 
but, when reflections keep arriving for a long time, we have a reverberant sound that invalidates 
its comprehension. This happens because a long/repeated time of reflections makes a sound longer 
than it should be and when a second sound (that, for instance, can be the second syllable of a 
word) is emitted, the first sound is still audible, so that the two sounds are not identifiable and 
distinguishable, therefore they are not comprehensible. 
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2006). Clarity and definition are parameters connected to energetic criteria. Clarity 
(C80) represents the comprehension of a single sound within a complex signal. It 
consists of the ratio between the energy that arrives within 80 ms (that is the energy of 
the direct sound plus the energy of the early reflections) to the energy that arrives later. 
If the energy of the late reflections is higher than the energy of direct sound and early 
reflections, clarity (that is comprehension) is not very good. We may have appropriate 
acoustics for speech when the value of C80 is equal or greater than 3 dB, while, for 
a good listening of the music, we should need values under 3 dB (Spagnolo 2014). 
Definition (D50) indicates the level of clarity of the speech, the ease for the listener 
to understand the message of the speaker. The index of D50 is the ratio between the 
energy that arrives within the first 50 ms (direct sound plus early reflections) and the 
remaining energy of the signal. Also, in this case, the first energy has to be superior 
to the late energy to have an acceptable quality of the acoustics for the speech. The 
desirable value of D50 for speech is higher than 0.50, for music lower than 0.50 (by 
definition is included within 0 and 1) (Spagnolo 2014). The Speech Transmission 
Index (STI) is related to spoken intelligibility. It establishes objectively the quality 
of spoken, calculating the combined effect of background noise and reverberation on 
the intelligibility of the speech. When there are no interferences in the characteristics 
of modulation of the signal, there are suitable conditions of intelligibility. Values of 
STI between 0.60 and 0.75 are good; greater than 0.75 are excellent (Spagnolo 2014). 

Summarising, through virtual acoustics analysis, we achieve quantitative results 
which contribute to adopting an objective and scientific approach that can be easily 
compared with similar studies and that allows judging the acoustics quality of a 
space. However, since we are in the field of senses, we have to consider also the 
subjective perception. Senses are always related to emotions, memories and cultures 
(Hamilakis 2013). The way we perceive sounds, landscapes, smells and materials 
is strictly connected to our previous experiences and also to our capabilities and 
sensibility. This is the reason why it is also important to consider the auralisation, 
which is the convolution between an anechoic file and the impulse response. Odeon 
Room Acoustics enable us to do the auralisation, producing audio files that sound how 
they would have sounded if they were directly recorded in situ. This process enables 
to listen to the reproduction of ancient performances as if we were physically in the 
space corresponding to the 3D model where the auralisation has been performed and 
therefore to live a subjective experience of the sound (Manzetti 2018a). To obtain 
some auralised files from the 3D models of the Roman theatres of Crete, an anechoic 
file, representing a monologue from the ‘Trojan Women’ by Euripides, was recorded 
at the Laboratory Of Sensors and Acoustics Orso Mario Corbino of the CNR in Rome 
thanks to Dr Calicchia, Dr Pace and Martina Giovanetti.
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4 Case Study and Results 

The most ancient theatre of Gortyna (the ancient capital of the Roman province 
of Crete and Cyrenaica) is placed on the south-east slopes of the acropolis of the 
ancient town. It is known as a Roman theatre but it has been originally built during 
the Greek times and was modified by the Romans at a later time. This probably 
explains the structure of the theatre, which is half-dug in the ground and half-built, 
as it was typical in Greek times. The theatre is currently under investigation by 
the Ephorate of Prehistoric and Classical Antiquities of Heraklion; archaeological 
excavations have started in 2011 (Kanta et al. 2014). The information about the 
theatre is quite numerous: an ancient drawing (Beschi 1999) and its old reinterpre-
tation (Falkener 1854), descriptions by a British traveller (Spratt 1865), plan and 
section of the cavea by an early archaeologist of the Italian Mission of Archaeology 
in Crete (Taramelli 1902), recent studies (Barresi 2004), geophysical prospection 
(Sarris and Papadopoulos 2010) satellite images and recent archaeological exca-
vations. However, unfortunately, this information is fragmentary and still does not 
clarify the original structure of the Roman theatre at the acropolis of Gortyna. In this 
case, 3D visibility analysis, virtual acoustics analysis and auralisation can contribute 
to shed light on the architecture of the theatre or to formulate new questions and raise 
problems that would not be evident without such kind of analyses. 

Through the combination of all the above-mentioned information, also taking 
into account the Vitruvian’s proportions and analogies with well-preserved Roman 
theatres, two hypothetical reconstructions of the theatre of the acropolis of Gortyna 
have been attempted. The difference between the two reconstructions is the presence 
of parodoi (the side entrances to the theatre) in the first one, determining a distance 
between seating area and scene building9 (model N.1), and the presence of basilicae 
(rooms that flank the stage) connected to the cavea in the second one, which create 
an enclosed space,10 together with a portico in summa cavea (model N.2). 

To verify the visibility from the cavea to the stage, 120 observer points were 
placed in the seating area (Figs. 1 and 2) and lines of sight were constructed between 
this grid of observer points and the target line on the stage (Figs. 3 and 4). As it 
is expected, in both models, the non-visible trajectories are between the observer 
points located at the sides of the seating area and the extremities of the target line. 
The central part of the target line, which corresponds to the central part of the stage, 
is connected through visible trajectories to all the observer points, in both models.

9 The presence of  parodoi was typical in Greek theatres. This hypothesis, here, is justified by the 
apparent absence of traces of structures between the seating area and the scene building. Barresi 
testifies the presence of vaulted blocks in that area that were probably necessary to cover the parodoi 
(Barresi 2004), but no tribunalia are documented that would have connected the cavea and the scene 
building. Moreover, as it was mentioned before, the theatre at the acropolis of Gortyna was originally 
built in Greek time and it might be possible that some of its characteristics have been preserved 
during the Roman modifications. 
10 This kind of structure is typical of the Roman theatres and it has also been proposed by the archae-
ologists who excavate the theatre at the conference Ergo Kritis in November 2016 in Rethymno, 
Greece. 
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Fig. 1 Model N.1 together with the observer points 

Fig. 2 Model N.2 together with the observer points

More exactly, if we calculate the percentage of visible and non-visible trajectories for 
both models, we see that the difference between the two hypothetical reconstructions 
is negligible the model N.1 presents the 17% of non-visible trajectories, model N.2 
the 18%. However, differences are more noticeable in the ‘maps of frequency of 
visibility’. From the frequency of visibility map of model N.1, it is clear that the 
central part of the stage is completely visible to all 120 observer points (Fig. 5). 
While, the map of frequency of visibility of model N.2 shows that the visible area of 
the stage, to all observer points, is only the very frontal part of it (Fig. 6). The centre 
and the back of the stage is still visible to a high number of ‘spectators’ but no to all 
of them (between 95 and 115). 
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Fig. 3 Lines of sights built from the observer points in the seating area and the target line on the 
stage (model N.1). The green lines correspond to visible trajectories and the red lines correspond 
to non-visible trajectories 

Fig. 4 Lines of sights built from the observer points in the seating area and the target line on the 
stage (model N.2). The green lines correspond to visible trajectories and the red lines correspond 
to non-visible trajectories

The same 3D models were examined through the virtual acoustics analysis as 
well, with 30 receivers placed in the seating area (Fig. 7). For each receiver, the 
obtained values of RT, EDT, C80, D50 and STI, at the range of frequencies 125– 
2000 Hz, were considered. Tables 1 and 2 show the average values of all 30 receivers
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Fig. 5 Map of frequency of visibility of the theatre at the acropolis of Gortyna (model N.1). The 
blue colour indicates the areas that are visible by all observer points and the yellow colour indicates 
the areas that are visible to none 

Fig. 6 Map of frequency of visibility of the theatre at the acropolis of Gortyna (model N.2). The 
blue colour indicates the areas that are visible by all observer points and the yellow colour indicates 
the areas that are visible to none
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Fig. 7 Representation of model N.1 together with the receivers and the source in Odeon Room 
Acoustics 

for RT, the difference between RT and EDT, C80 and D50, of the two 3D models. 
Table 1 points out that the reverberation time, in model N.1, is around 1 s and it is 
then suitable for spoken performances. The difference between reverberation time 
and the early decay time is between 0.18 and 0.44: it seems consistent with the 
analyses made in other theatres where the difference was between 0.2 and 0.4 (Gade 
and Angelakis 2006). The clarity is above 4 dB and the definition is above 0.57; 
both values indicate a space where speech is easy to comprehend. Moreover, the 
average value of the speech transmission index of model N.1 is 0.69, suggesting 
good intelligibility of the spoken language. 

Table 1 Average values of all the receivers of RT, difference between RT and EDT, C80 and D50, 
at each frequency, of model N.1 

RT RT-EDT C80 D50 

125 Hz 1.40 0.18 4 0.57 

250 Hz 1.23 0.35 6.10 0.66 

500 Hz 1.10 0.44 7.79 0.73 

1000 Hz 1.04 0.37 7.56 0.72 

2000 Hz 1 0.37 7.79 0.73
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Table 2 Average values of all the receivers of RT, difference between RT and EDT, C80 and D50, 
at each frequency, of model N.2 

RT RT-EDT C80 D50 

125 Hz 1.82 −0.1 0.64 0.42 

250 Hz 1.65 −0.05 2.27 0.50 

500 Hz 1.49 0.07 3.60 0.57 

1000 Hz 1.43 0.11 3.60 0.57 

2000 Hz 1.41 0.16 3.91 0.58 

Table 2 shows that the reverberation time of model N.2 is between 1 and 2 s. The 
difference between reverberation time and the early decay time is singular, it is very 
low and does not conform to how it was demonstrated in the previous research above 
mentioned. The clarity is also anomalous. Its low-frequency values are under 3 dB, 
which would be suitable for musical performances, but its high-frequency values are 
above 3 dB (but not too much, between 3.60 and 3.91) as it is suggested for spoken 
performances. The definition has a similar trend as the clarity: at 125 Hz goes under 
0.50 and then it raises till 0.58. The average value of the speech transmission index 
of model N.2 is 0.60. 

The auralisation of several receivers was made for both models. Listening to the 
auralised files of model N.2, it is possible to perceive a slight echo that is enough to 
influence the good comprehension of speech. In the auralised file of model N.1, the 
echo is absent. 

5 Discussion and Conclusion 

The 3D visibility analysis demonstrated that the structure of model N.1 (the one with 
parodoi between cavea and scene building, and without portico in summa cavea) 
ensures the visibility of the central part of the stage to each spectator. High visibility 
of the stage is still maintained with the structure of model N.2 (characterised by cavea 
and scene building forming an enclosed space and by the portico in summa cavea), 
but the stage is not visible by all spectators. Such results may suggest that model N.1 
is more reliable than model N.2 but we should also consider that maybe not every 
seat was supposed to be occupied and that maybe the side areas of the cavea, from 
which there is limited visibility, were not used. The virtual acoustics analysis seems 
to confirm the reliability of the reconstruction of model N.1 rather than the one of 
model N.2. All resulting values of each parameter analysed of model N.1, and the 
auralisation too, are consistent in demonstrating that such a space would be ideal for 
acting a spoken performance. While the values obtained from the virtual acoustics 
analysis of model N.2 do not indicate a clear identification of the possible role of 
that space, they are inconsistent among them and an echo is perceived from several 
auralised files in different positions of the seating area.
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We may conclude that this research demonstrated that the Roman theatre at the 
acropolis of Gortyna maintained some Greek characteristics as the presence of the 
parodoi and the absence of the portico in summa cavea (Fig. 8). At the same time, 
we may consider that 3D visibility analysis and virtual acoustics analysis are tools 
that incite us to think about the architectural structure of the Roman theatres and 
about its exact function, rather than instruments useful to formulate new conclusive 
hypotheses. We should wonder if really everyone in a theatre was able to completely 
see the stage and if the performances were totally clear. We should also contemplate 
the possibility of mistakes made by the ancient architects. Moreover, we should not 
forget that, in particular in Roman times, the cavea of the theatres was organised 
according to the social status of the spectators, so there were probably privileged 
seats. At the same time, it is not realistic to think that the poorest groups of the society 
used to go to watch a performance without the possibility to see it and listen to it. 3D 
visibility analysis, virtual acoustics analysis and auralisation produce suggestions 
and encourage specialists to investigate more on some aspects. Furthermore, the 
comparisons of the results obtained analysing both Greek and Roman theatres would 
help us to understand if the architectural evolution of these monuments was also due 
to the need to enhance the visibility and the acoustics of these places of entertainment. 

The combination of the three instruments is a further step to ensure valuable and 
meaningful research. However, improvements to this methodology need to be done. 
First of all, psychoacoustics needs to be considered in such kind of research since the

Fig. 8 Virtual reconstruction of the hypothetical architectural structure of the theatre 
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perception of sound (as for other senses) is subjected to different factors (age, gender, 
culture, memories, etc.) (Kolar 2013). To judge the auralised files more extensively 
and accurately, it would be necessary to create an evaluation test to be filled by a 
group of people of different ages, cultures and education. The questionnaire can be 
primarily based on three elements: the expectations on acoustical factors (how much 
they are considered important), the perception of sound in the different positions 
in the cavea (rating of annoyance or pleasure), the reaction to the sound (provoked 
feelings) (Yorukoglu and Kang 2017). Something else that should be considered is the 
background noise or any other sound that could happen during the performance, even 
if theatres were not generally placed in the crossroad of very dynamic and populated 
areas and the retaining wall of the Roman theatres were supposed to acoustically 
isolate the space from outside noises as stated by Canac. It would be interesting to 
test such scenario: recreating external soundscape (voices, animals and chariots) and 
also internal soundscapes (as hubbubs and background music) and including them 
in the auralisation to verify the quality of the sound and the comprehension of the 
performance. 

This kind of methodology can be applied not only to theatres but also to amphithe-
atres, stadiums, circuses and all other buildings or monuments where visibility and 
acoustics play an important role. 

Moreover, the results of such kind of study can be useful not only to investigate 
and interpret the architectural structure of some monuments, but they can be used 
as an educational instrument as well. The visualisation through 3D models and the 
listening of auralised files can facilitate the understanding and the memorisation of 
historical contexts by non-experts. These elements have been combined to develop 
a Virtual Reality application for head-mounted display to be used onsite or in the 
museums (Manzetti 2018b). This experience can be improved and can be made more 
meaningful by stimulating the sense of smell as well (Day 2017). 

The research and the methodology presented here have the aim to demonstrate the 
advantages to adopt an interdisciplinary and multisensory approach. Some results, 
such as the level of visibility and the acoustics values of monuments or sites that are 
not fully preserved, can be obtained until now only with this kind of approach. The 
information collected through this methodology not only enhances our knowledge 
about ancient buildings but also raises new questions and stimulates new investiga-
tions. Hopefully, this methodology will be integrated in the future with approaches 
that consider the rest of the senses (smell, touch, skin and body sensations) to improve 
the accuracy of the research and also to expand our vision of ancient societies and 
not to be limited to the modern conception of the world. 
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