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Analysing, modelling and promoting tangible and intangible values of building heritage with historic 1
flame lighting system 2 

Abstract 3 

The aim of this research is to define a multidisciplinary method capable of enhancing the tangible and 4 
intangible values of the historical-cultural heritage through the virtual reconstruction of the ancient internal 5 
flame lighting systems. The survey by laser scanner and/or by digital photogrammetry and solid modelling 6 
were the techniques used to carry out the three-dimensional reconstructions of the artefacts. The 3D model 7 
based on historical documentation made it possible to define the lighting scenarios according to various 8 
historical-interpretative hypotheses and the reconstruction of the used luminaires. Instead, the laboratory 9 
experiments on the flame allowed obtaining the scientific reference parameters to be used in the virtual 10 
reconstruction of the lighting scenarios. This method was validated in two different case studies. The first is 11 
a cave church in Matera, a medieval religious building built entirely in the ravine with evident architectural 12 
signs that enabled to identify the ancient lighting systems. The second is a Roman villa in Mola di Bari, a 13 
devastated archaeological site among which several Roman lamps were found, thanks to which it was 14 
possible to start the study of light. In addition to making an important contribution to the community of 15 
scholars, the lighting scenarios obtained from the research also aim to enhance the architectural artefacts 16 
and promote the related history knowledge for future generations. Virtual reality, augmented reality and 17 
online 3d visualization can be some of the possible applications towards which this research can converge to 18 
promote the fruition of cultural heritage. 19 
 20 
Keywords: 21 
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1. Introduction 24 

Until the 19th c. and the discovery of electricity, the main source of artificial lighting is fire and all the means 25 
that man has ever used for producing light were devices of saving and containing fire [1]. They are timeless 26 
and universal and were not confined to a single area, nor to a particular age, and nonetheless the difference 27 
is the fuel and the type of vessel, if and when one is used, in which the fire is kept [2, 3, 4]. 28 
Different artificial lighting devices, without substantial changes, were used from ancient times to middle-29 
ages, such as torches, candles and lamps, not only to carry out activities after the sunset but also for other 30 
functions (e.g. religious aim and ceremonies). Starting from the Roman period, the spouted terracotta lamps 31 
were the principal means of lighting and these devices are found in almost every excavation throughout the 32 
Mediterranean, also providing a good indicator for dating the context [5, 6, 7]. 33 
Moreover, the studies regarding lamp finds offer a wide range of information on lamp typology, chronology, 34 
iconography, and production [8] but, as many scholars have recently pointed out [9, 4, 6], the specific artificial 35 
lighting, though a crucial factor in human daily needs, is largely overlooked in archaeological research. 36 

, [10] «this may be due to the difficulty of describing the sensation of light», since «it is 37 
easy to describe a candlestick, but very hard to convey any idea of the light obtained from the candle». Thus, 38 
it is necessary to combine the results of traditional archaeological methods, the experimental and 39 
measurable data and the scientific tools in an attempt to produce information on lighting in antiquity [10, 7]. 40 
In fact, this purpose, regarding light in the ancient world, has hardly only concerned particular contexts and 41 
case studies in order to collect literary sources and to investigate the art, the technology, the cult and the 42 
human activities linked to the use of lighting devices [11, 12, 13, 14, 3, 4]. Nevertheless, there are researches 43 
that deliver an overview of the performance assessment of ancient lighting devices able to provide scholars 44 
with valuable information on the lighting conditions that existed in ancient houses and outdoor spaces. Other 45 
studies have been carried out on the level of optical comfort created by the use of those devices (and 46 
associated equipment), on the architectural development and the growth of the utilization of artificial light, 47 
on modelling the scale and extent of light fuel consumption and on the feasibility of activities performed 48 



during night time. Anyway, the problem is that it is very difficult to find and register, in an archaeological site, 49
and then to analyse the spatial distribution of lighting devices throughout domus or villae (i.e. where lighting 50 

). However, the consistency of the data and the typical comparative attitude of 51 
archaeological science provide a multitude of opportunities for contextual studies and for investigating some 52 
spatiotemporal use of indoor spaces which reflects aspects of social action at night [15, 16, 17, 18]. 53 
If on the one hand in civil buildings the light was important especially during the night, on the other, in 54 
religious places, it also played a symbolic and emotional role. Artificial lighting was also extremely important 55 
in medieval churches as demonstrated by canonical documents, where there are numerous items of 56 
expenditure for light [19], and by historical finds. On the contrary, the documentation relating to the rock 57 
churches of this period, widespread in the southern Mediterranean area (e.g. Italy and Anatolia in Byzantine 58 
period), is deficient and thus there is the necessity of further studies for the specific analysis of the adopted 59 
lighting system. At scientific level, various technologies are available today to create three-dimensional 60 
models able to give back the complex geometric and material features of artefacts in relation to historical 61 
sources [20, 21, 22, 1, 3]. In some cases, the 3D models are based on scarce elements and almost total virtual 62 
reconstruction is imposed, while in others, where the artefact is completely or partially complete, the use of 63 
advanced digital survey techniques is predominant [23, 24, 25, 26]. The reality-based 3D models, generated 64 
by the use of three-dimensional optical sensors, active (e.g. laser scanner) and passive (e.g. photogrammetric 65 
technique) have been the subject of numerous studies, which have highlighted their potential and limitations 66 
[27, 28, 29] also in relation to the application scale [30]. The most recent developments have shown how the 67 
integration of the two survey techniques offers advantageous solutions in terms of geometric precision and 68 
photorealistic restitution through the texture application [31, 32, 33, 34, 35]. 69 
Therefore, the combination of the two techniques, also in relation to the studies of historical lighting 70 
scenarios, requires specific in-depth studies such as when details of particular complexity and / or usefulness 71 
are present for the reconstruction of lighting scenarios (statues, frescoes, niches, holes, writings, and 72 
architectural elements etc.). 73 
Some studies and applications have been carried out on the natural [36] and artificial lighting of cultural 74 
heritage based on the standards for the fruition, conservation and protection of the cultural heritage 75 
especially for museums [37]. Instead, in general, the heritage issue tends to be resistant to scientific analysis 76 
even if it can be a valid support to evaluate lighting in terms of performance and materials light-sensitive 77 
thanks to new function in 3D software [38]. In any case, it is necessary to incorporate natural or flame lighting 78 
with their physical parameters experimentally measured. 79 
Therefore, the historical studies have to be integrated with scientific ones to create tools to assess the 80 
performance of the lighting devices and to allow non-lighting engineering experts (e.g. archaeologists, 81 
historians, etc.) to estimate the amount of light emitted on a surface of interest. Thus, they can appreciate 82 
both that users could move relatively easily in low natural light conditions and that most of the nocturnal 83 
domestic activities (e.g. reading, writing, weaving, etc.) could also be carried out with social consequences 84 
and economic. This was possible because the lamps (and similar means) have created fair and sufficient 85 
lighting conditions according to accepted levels in the past. In addition to functional factors, emotional effects 86 
and complex symbolic meanings can be proposed to the current users according to a methodological 87 
experimental approach developed for both the evaluation of natural and artificial light and the valorisation 88 
of cultural heritage [39, 40, 9, 17, 23, 24]. 89 

2. Research aim 90 

The focus of the research is to define a methodology to address the issues of flame lighting in a 91 
transdisciplinary perspective that integrates technical sciences and ICT (Information and Communications 92 
Technology) with historical/archaeological-humanistic ones in order to enhance and promote the knowledge 93 
of the tangible and intangible values of historical artefacts. 94 
The defined holistic approach combines studies of documentary sources, 3D historical finds surveys and 95 
reconstructions, laboratory experimentations and engineering lighting analysis. In these terms, heritage 96 



science becomes functional for the various stakeholders to improve the real and virtual fruitions of artefacts 97
even little known or even lost, also using innovative technological tools such as virtual and augmented reality. 98 

3. Methodology  99 

The methodological approach, illustrating in Fig.1, involves a preliminary analysis of the artefacts relating to 100 
different aspects, such as the location, the technical construction aspects, the state of conservation and the 101 
historical documentation also relating to lighting systems. Then, an in-depth investigation follows for the 3D 102 
model realization making use of digital survey techniques for the entire artefact or only for the historical 103 
ruins and archaeological areas in order to formulate plausible reconstructive hypotheses [26]. The survey 104 
techniques to be used are laser scanning and digital photogrammetry, also integrated with each other when 105 
both high geometric precision and high-quality photorealism are required. 106 
Hence, 3D information is collected for the study of the architectural signs that could be connected to the 107 
historic lighting system (niches, holes and hooks for housing chandeliers, traces of smoke and signs of colour 108 
variation due to the effect of heat on the walls etc.) and the colorimetric, material and (reflective) radiosity 109 
properties are captured. 110 

 111 
Figure 1: Flow chart illustrating the methodology. 112 

During survey phases, particular attention must be given to the lighting of the environment to avoid 113 
radiometric differences in the images that could invalidate the creation of a realistic texture. Therefore, in 114 
some cases it would be appropriate to set up a photographic set, with special headlights, to uniform the light 115 
in the environment avoiding the presence of shadows. 116 
Then, 3D models of the artefacts are obtained processing the survey data through dedicated software for 117 
editing and cleaning of point cloud and mesh (Riscan Pro for laser scanning, Agisoft Photoscan for 118 
photogrammetry, Geomagic for creation, repair and management of mesh). 119 
As for the case study of ruins or archaeological sites where the visible elements are small, digital survey 120 
techniques are used only for correct localization and orientation and as a starting point for the 3D modelling 121 
that is mainly a virtual reconstruction based on the available documentation and interpretative studies of 122 
historians and archaeologists. At the same time, analysing a reconstructed simulated artefact allow doing 123 
new hypothesis also on the lighting systems used in the past. 124 
Another fundamental step concerns the experimental analysis of the physical characteristics of the light 125 
produced by the flame made through the creation of a special device designed ad hoc. Specifically, it is 126 



possible to create a goniophotometer to detect the lighting parameters at different angles in reference to 127
different containers for materials (clay, glass, etc.) and fuel (fats, olive oil, lentisk oil etc.) 128 
This experimental step is fundamental to obtain the .IES files, which contain the spectrometric characteristics 129 
of the flame light, in the different configurations. 130 
Through the 3D modelling software, with the collaboration of historians it is possible to virtually reconstruct 131 
the ancient devices used for the indoor illumination (torches, lamps, chandeliers etc.) with which the ies file 132 
obtained for insertion in the 3D model have to be associated. Thus, it is possible to create lighting scenarios 133 
with flame light of the historical periods and to analyse them through dedicated software (3DStudio Max, 134 
Dialux, Relux, etc.) capable of managing the radiosity and photometric characteristics of the materials 135 
(roughness, reflectivity, colorimetric rendering, etc.) 136 
Some software, such as 3DMax, are particularly suitable for reproducing more irregular geometries and 137 
important details (paintings, frescoes, sculptural elements, etc.) and for managing complex scenarios. The 138 
creation of the scenarios allows the scientific analyses of illuminance and luminance levels on the one hand 139 
and the photorealistic restitution of lighting conditions on the other hand. 140 
The lighting data are obtained using specific software functions (e.g. lightmeter and pseudo-colour exposure 141 
control in 3DStudio Max and calculation procedures in Dialux) to measure, on analysis plans inserted in the 142 
scene, the level of illuminance and luminance in reference to both the visual task and the required 143 
performance levels. 144 
The photorealistic reconstruction reproduces the historical scenographic effect in terms of visual and 145 
emotional perception. Both results are useful for verifying the historical-interpretative hypotheses of natural, 146 
artificial and combined lighting scenarios.  147 
Integrating all this information, both geometric and photorealistic, in a three-dimensional virtual 148 
environment allows an innovative use and vision of the artefact also thanks to the publication online of the 149 
3D model by Sketchfab or by an experimental 3DHop viewer (3D Heritage Online Presenter) [41]. The last 150 
one makes it possible to create integrated presentations with hotspots linked to additional historical-151 
interpretive information and scientific data on lighting.  152 

4. Case studies  153 

The presented methodology was applied, for its validation, to two case studies that are different for the 154 
historical period, state of conservation, construction type and use. 155 
In both cases, there were some finds of the flame-based lighting devices, which allowed the construction of 156 
natural, artificial and combined lighting scenarios. 157 
The two identified artefacts are the medieval rock church of Santa Barbara in Matera (Fig. (a)2) and the 158 
Roman villa in Mola di Bari-BA (Fig. (b)2). 159 
 160 
4.1. Historical investigation, 3D survey and digital reconstruction of Santa Barbara rock church 161 

The Santa Barbara church was chosen because it has specific characteristics suitable for the study of historical 162 
lighting. It is an example of Byzantine architecture with a system dating back to the X-XI century. A.D. and 163 
Angevin paintings depicting Santa Barbara dating back to the XV - XVI century. It is part of the complex of 164 
cave churches located inside the ravine in the Sassi of Matera [42, 43, 44]. 165 
It is an intact architectural organism entirely excavated in the rock. Due to the complexity of the artefact and 166 
the presence of frescoes on the walls, the 3D digital reconstruction of the artefact was created by the 167 
integration of digital survey techniques with the laser scanner (Riegl VZ400) and with digital photogrammetry 168 
(3DEYE, a photogrammetric system with a telescopic rod) [45, 46] to obtain a reality-based model. To ensure 169 
that the surfaces were homogeneously illuminated, the 3DEYE system was enhanced by two LED bodies on 170 
a super light structure created ad hoc and directly connected to the rod of the instrument. The model 171 
development was obtained using dedicated software (Riscan Pro, Geomagic Wrap, Agisoft Photoscan) which 172 
returned a final 3D model which was imported into 3dStudio Max software to study lighting scenarios. 173 



The church entrance is located to the northeast, the only opening in the building geometry that conveys a 174
beam of natural light inside only during the early hours of the morning. Therefore, the natural light is limited 175 
and the artificial lighting need occurs even during daylight hours to conduct religious rites. The discovery of 176 
two oil lamps inside the church [43] and the analysis of the places through digital survey, confirm that the 177 
present niches carved into the walls were the possible locations of luminaries [47]. In fact, in the central hall, 178 
two niches (cm H. 0.22 x W. 0.22 x D. 0.21) have been identified, one on the right and the other on the left 179 
of the entrance door, respectively at 2m and 2.5m from the floor and another niche in the bema (transept) 180 
on the right wall with similar dimensions at height of 1.5 m (fig. (a)2). Moreover, on the ceiling of the central 181 
hall in a location compatible with the performance of religious ceremonies, the digital reconstruction has 182 
highlighted a deep hole in the stone, which supports the hypothesis on the presence of a hook for the location 183 
of a chandelier. A source [48] describes the presence of a chandelier with twelve (symbol of Apostles) glass 184 
containers for 185 
would also be compatible with the surveyed place. Also thanks to other researches [49, 50], it was possible 186 
to reconstruct a 3D model of the chandelier with twelve or six glass oil containers for oil.  187 
According to historical studies the most probable fuel used for the glass cups and the clay lamps was lentisk 188 
oil [51, 52, 53] in place of olive oil, because it is more readily available in rupestrian areas [44].  189 

 190 
Figure 2: (a) Plan and sections of S. Barbara rupestrian church 3D model; (b) Architectural reconstruction of 191 

Roman villa 192 

4.2. Historical investigation, 3D survey and digital reconstruction of Roman villa Paduano at Mola of Bari 193 

The Roman villa (2nd century B.C.-2nd century A.D) is included in the archaeological site of Cala Paduano, an 194 
Adriatic coast stretch located about 3 km north of Mola of Bari, where recent archaeological investigations 195 
(1988-1994) [54, 55, 56] highlighted a luxurious villa maritima (seaside villa) of late Republican age with a 196 
boat landing. The villa is divided into the partes urbana and rustica. The pars urbana consists of 8 rooms and 197 



it covers an area of about 600 square meters. This site returns useful data to propose a reconstructive 198
hypothesis of the complex at the time of its mature use.  199 
The residential part is organized on a Doric peristyle that embraces the central viridarium (ornamental 200 
garden) preceded by an atrium equipped with a central basin (impluvium) and with a surrounding roof to 201 
convey rainwater. The atrium separates the entrance from the peristyle thus invalidating the canonical 202 
planimetric sequence suggested by Vitr. De arch., 6, 5, 3 [57] for extra-urban residences. On the side of 203 
peristilium opposite the entrance, there are a series of rooms where domestic life took place: a culina 204 
(kitchen), a cubiculum (bedroom) with a double alcove (space for two beds), two connecting triclinia and two 205 
contiguous oeci, rooms of undoubted function (fig. (b)2). 206 
Except for the culina, with rammed earth, all the rooms have well-made mosaic floors interpreted with 207 
variations and effects of vivid polychrome. There are tessellatum for the two oeci and for the atrium, 208 
scutulatum for the portico of the peristilium and for the two triclinia, of which the triclinium 1  is enriched in 209 
the centre by the emblema (mosaic) in vermiculatum. Another emblema in vermiculatum decorates the 210 
central carpet  of the cubiculum, where the tessellatum is reserved for the areas designated for the two 211 
alcove  [55, 58]. 212 

The adopted methodology for 3D reconstruction was different from the first case study. It is based on an 213 
examination of the (even if poor) material culture documented during the excavation and, in particular, on 214 
the discovery of significant fragments of oil clay lamps concentrated in the area devoted to the cubiculum 215 
and the tricilinia.  Solid modelling software programs (3dStudio Max, Geomagic Wrap and Dialux) to create 216 
the historical-interpretative 3D model were used starting from the 2D plan available after the archaeological 217 
investigations [59] in the Historical Archive of Taranto and the studies of the pavement remains, which are 218 
preserved inside the Castle of Mola di Bari. Moreover, a survey of the archaeological site (largely 219 
underground) was carried out also through the digital photogrammetric survey of the visible parts of the 220 
outcropping masonry (about 20-25 cm from the walking surface) aimed at the correct location of the building 221 
in context (fig. (a)10). Then, some literature searches for similar Roman villae [17, 54, 55, 56, 60] were 222 
conducted. The reconstruction concerned the urban pars of the villa considering the reproduction of the 223 
Roman floor with mosaic tiles of various shapes, colours and arranged to form various geometric and floral 224 
decorations. The studies focused on natural, artificial and combined lighting of some rooms of the villa, 225 
specifically the triclinium 1  and the adjacent cubiculum. In the latter, the floor design highlighted the 226 
presence and position of two beds (arranged along two walls) and a piece of furniture positioned in the 227 
corner between the two ones. 228 

4.3. Laboratory experiments 229 

In order to reconstruct the lighting scenarios, it is necessary to have the .IES file that contains the lighting 230 
characteristics of the luminaries that depend on the components which the flame was created from [60, 61]. 231 
These files were obtained by carrying out a series of laboratory experiments on some lighting devices using 232 
oil-based fuel source in reference to those used in the Roman and medieval periods for the two case studies. 233 
Therefore, an ad hoc goniophotometer was created. This allows the measurement of the level of illuminance 234 
at a certain distance (250mm) from the light source and for the different angles by mean of a rotating arm 235 
with a detector head (lux meter), while the flame-based light is fixed (Fig.(e)3). Thus, it was possible to obtain 236 
a series of values in lux, then transformed into candles to achieve luminance intensity distribution, which 237 
made it possible to construct the photometric curves for the various tests. The measurements were carried 238 
out inside a completely dark environment. 239 
The analysed cases were varied by type of reservoir (in clay, in glass), fuel (olive oil, lentisk oil), wick material 240 
(in hemp, in woven linen) and wick size (0.5 cm and 1 cm of thickness and same free height of 1 cm). 241 
As the obtained different photometric curves show, there are no great divergences in terms of light intensity 242 
with the use of olive oil and lentisk oil even if, in general, the former involves slightly higher values for a max 243 
difference of 1.1 lux. The measured values, on the other hand, are very sensitive to the thickness of the wick. 244 
In fact, for example, in the clay lamps powered by olive oil, the maximum illuminance intensity differences 245 
between the use of 0.5 cm and 1 cm thick wick are equal to 2.6 candelas and 2.1 candelas for woven hemp 246 



and for linen respectively. Using a lentisk oil-based fuel source, the illuminance intensity differences, for the 247
same wick combinations, are practically unchanged, i.e. equal to 2.6 and 2 candelas (Fig. (a), (c)3). 248 

 249 
Figure 3: Comparison of artificial lighting measurements using different oil, wick and material per lamp. 250 

The tests with the glass reservoir revealed similar differences in the use of wick varying for type and thickness 251 
but a higher percentage of luminous intensity (plus 0.5 candelas) resulted downwards due to the 252 
transparency effect (Fig. (b), (d)3). Then, these values were used to generate the .IES files by the RealIES 253 
software. Thanks to these files, it was possible, in 3DSmax and Dialux simulations, to recreate the flame 254 
brightness for the lamps and the chandelier within the 3D models of the case studies. 255 

4.4. Lighting scenarios tools 256 

Using 3D models and simulating flame lighting systems thanks to the ad hoc created file (.IES), it was possible 257 
to generate lighting scenarios, in different light conditions (natural and/or artificial), according to 258 
interpretative hypotheses by historians. Moreover, the characteristics of the materials useful for the lighting 259 
analysis (reflectance, colour, type of surface finish etc.) were inserted in the models. 260 
For the rupestrian church of Santa Barbara, only the 3DStudioMax software was used, through the 261 
"lightmeter" function to obtain the levels of illuminance on predetermined (horizontal and vertical) planes 262 
and to display it according to the spectrum colour palette. Another used function is "pseudo-colour exposure 263 
control" which allows obtaining the luminance of the scene, represented by an image in pseudo colour (blue, 264 
cyan, green, yellow, orange and red) corresponding to the amount of illumination that returns at the virtual 265 
camera point. The lighting scenarios were created, through the Sunlight and Daylight systems, simulating 266 
extreme natural light conditions during the year (winter and summer solstices), for plausible hours of use 267 
throughout the day. The photorealistic effect was reached by the mental ray 3D rendering application, 268 
available as a plugin for 3DStudioMax software. 269 



As concern the Roman villa, however, the lighting scenarios were also analysed through software dedicated 270
purely to lighting analysis (Dialux software), which allow satisfactory management of 3D models with less 271 
complex geometries and flat surfaces compared to those of irregular artefacts such as the case of cave 272 
churches. In the latter case, the simplification of the model requested by Dialux would entail a significant loss 273 
of information in terms of mesh and texture and thus it was not considered for Santa Barbara churches. 274 
Dialux tools such as the 'calculation surfaces" were used for the lighting analysis of the Roman villa. 275 

5. Results and discussion  276 

Through these scenarios, it was possible to analyse the daytime lighting in different seasons and days, as well 277 
as to verify the interpretative hypotheses on the location, the type of used lighting devices (chandelier or oil 278 
lamps) and their luminous performance. 279 
As for the rock church of Santa Barbara, the analysis of the daylight shows poor lighting due to the presence 280 
of a single opening on the front and for the depth of the church (12.50m). In fact, as it is shown on the 281 
Lightmeter plane positioning at a height of 1m, at midday and at a distance of 2.5m from the entrance, the 282 
illuminance level is already in the range of 420 lux in the summer solstice and 360 lux in the winter solstice 283 
(Fig. 4). Then, since the intensity of light is a function of the distance from the light source, the amount of 284 
daylight decreases significantly reaching, at 12:00 a.m., a value of less than 40 lux at the end of the nave (at 285 
6 meters from the entrance) and between 7.80-0.30 lux in the bema and between 0.70-0.10 lux in the apse 286 
during all year. Therefore, the variation of natural light daylight does not actually affect the levels of 287 
illuminance in the apse and bema (Fig. (e)4), which are very dark. This is also demonstrated, for example, by 288 
the false colour luminance distribution at 8:00 a.m. on the winter solstice (Fig. (c)4) that shows values 289 
between 0 and 10 cd/m2 in the space beyond the iconostasis. Additionally, the illuminance is not uniform in 290 
the nave. Therefore, these results highlight that there was the necessity to illuminate the rock church by 291 
artificial lighting system. In the medieval time, oil lamp was one of the most used devices for this purpose, 292 
consisting of a nozzle with a medium-sized tank for the liquid. In addition, a chandelier was inserted at 1 293 
meter from the iconostasis. This position was defined both by historical interpretations of architectural signs 294 
found on site and by practical considerations relating to lighting. A three-dimensional model of a chandelier 295 
was reconstructed (Fig. (f)4, (g)4,) with 12 glass cups taking into account the historical documentation for the 296 
church of Cristo alla Selva  in Matera, whose chandelier was similar to the polykandela (metal chandelier 297 
with special metal disc for glass lamp location) verified in Cappadocia finds (Turkey) and in the Athos 298 
monasteries (Grease) [48]. In addition to the chandelier in the 3DS Max model, lamps were placed in the 299 
niches carved into the walls and in the arched openings of the iconostasis. A file with the .IES extension was 300 
associated with each lamp and another to each cup of the chandelier. Each file reproduces the photometric 301 
characteristics of a flame created by the use of hemp woven wick with lentisk oil in a clay vessel (Fig. (a)3) or 302 
in glass cup (Fig. (b)3) for chandelier. The colour temperature used is 1,850K (+/- 50) [7], which means a very 303 
warm colour appearance. This .IES file produces a light distribution based on the photometric characteristics 304 
(fig. 5) achieved through dedicated software and supported by similar studies. 305 
While the lamps illuminate upward only the immediate neighbouring areas leaving the background 306 
completely dark, the chandelier increases the luminance (Fig. (g)4), the average cylindrical illuminance (Ez) 307 
(Fig. (f)4) and consequently the visual perception of the paintings on the iconostasis and the side walls. 308 
In fact, in the medieval church, the light had to be concentrated on the icons of the saints, particularly on 309 
their faces and the illuminance of the floor was less important. Considering the small size of the Church, a 6-310 
cup-shaped chandelier, spread in smaller medieval environments, was also hypothesized to study the relative 311 
lighting scenarios.  312 
The visual experience connected to these scenarios was recreated through interactive photorealistic virtual 313 
reality by inserting some clickable buttons to activate different lighting scenarios (natural light, night, 12 or 314 
6-cups chandelier, lamps and combined conditions) and, then, to navigate in the 3D model (Fig. 5).  The 315 
lighting levels that could be achieved by flame systems were far lower than the current standards for public 316 
assembly places [62] but the light took on strong symbolic values and created a specific visual atmosphere.  317 



 318 
Figure 4: Analysis of the natural and artificial lighting in S. Barbara rupestrian church 319 

 320 

Figure 5: Interactive scenarios of artificial lighting with different chandeliers and oil lamps in the S. Barbara 321 
church. LINK: www.itc.cnr.it/ba/vt/matera/chiesa_santa_barbara 322 



As for the Roman villa in the Paduano district, the results in terms of photorealistic scenarios (Fig. 6) and 323
lighting analysis (Fig. 7, 8) were essential to verify the interpretation of the archaeological remains and to 324 
define the openings of the rooms towards the outside and the peristyle. In particular, the presence of a stone 325 
threshold including two holes for the plausible insertion of hinges and the need to meet lighting levels 326 
requirements of eating task led to interpret these signs as being part of a 2.5 meters wide four-leaf door (Fig. 327 
(d)6, (e) 6, (f)6, (g)6). 328 

 329 

Figura 6: Rendering and analysis of the natural and artificial lighting in the Roman villa. 330 

Considering the archaeological finds (plaster debris coloured mainly in red, yellow but also in black, white, 331 
green, etc.) and the historical studies that deduced the belonging of the villa to the II style for the wall 332 
decorations (see House of the Griffins  on the Palatine Hill, House of the Silver Wedding -Pompeii, House 333 
of Obellio Firmo -Pompeii [63, 64], it was decided to create two scenarios called YW and RW: in the former 334 
the lower part of the walls is red and the upper part is yellow (YW), while in the latter the colours of the walls 335 
are inverted (RW). Hence, it was possible to analyse two different scenarios in terms of reflectance and light 336 
absorption, between which the walls of the villa were surely to be placed. 337 
The belonging of the villa to the II style and the lighting studies in 3Dmax (Fig. 6) and Dialux (Fig. 7, 8) made 338 
it possible to hypothesize that in one of the possible square painting in the triclinium instead of a decorated 339 
perspective scene (e.g. a trompe l'oeil) a real window opened towards the landscape of the sea coast. This 340 
window could allow greater uniformity of natural lighting in the triclinium. This is also plausible because we 341 
are not dealing with a domus or an urban villa  generally enclosed by the external urban space [65], but we 342 
have a villa maritima that ought to have windows to the outside [65, 66]. Therefore, through the simulations 343 
in Dialux this hypothesis was verified through a lighting investigation in the different hours of the day and on 344 
the solstices (Fig. 7). With a specific focus on the lunchtime which in the Roman period took place between 345 
15:00 and 16:00-17:00 depending on the seasons [67, 68, 69, 70]. As regard the scenarios without the 346 
opening of a further window, in the triclinium 1  the results obtained along the central axis at a height of 1 347 



m (visual task plan) point out that on the summer solstice the levels of illuminance at 15:00 vary from 151 348
lux to 8.9 lux for YW (Fig. (a)7) and from 145 lux to 3.6 lux for RW (Fig. (c)7), while in the winter solstice the 349 
values vary from 87 lux to 4.7 lux for YW (Fig. (g)7) and from 83 to 1.6 lux for RW (Fig. (i)7). Furthermore, the 350 
poor natural lighting level at 15:00 is for 2/3 of the room below 33 lux in summer and below 17 lux in winter 351 
for YW. Anyway, at 16:00 the values are even lower than 1.9 (YW) and 0.72 (RW) on the winter solstice. The 352 
latter are very low values that approach the minimum threshold of 0.316 lx for photopic vision (which allows, 353 
at the distance of 50 cm or less, to distinguish colours but for a sample of minimum 5 cm-square) [71, 72, 7]. 354 

 355 

Figure 7 Lightmeter analysis and graph of daylighting (lux) vs distance from entrance in the triclinium 1  356 
(visual task at height of 1.00 m) for different scenarios in wall colour (YW, RW) and in presence of an 357 

additional window (YW+w, RW+w) during solstices. 358 

On the contrary with the opening of an additional window (+w) in front to the entrance door from the 359 
peristyle, the illuminance level along the central axis of the triclinium at h=1 m at 15:00 on the summer 360 
solstice is always higher than 136 lux for YW+w and 110 lux for RW+w also at a distance of 6 m from the 361 
entrance and with a maximum of 488 lux and 445 lux, respectively. At 17:00 on the summer solstice, the 362 
values reach the maximum of 887 lux and the minimum of 199 lux for YW+w and the maximum of 751 to the 363 
minimum of 194 lux for RW+w up to a distance of 6 m. During the winter solstice at 15:00, the 80% of values 364 
is between 118 lux and 70 lux for YW+w and between 98 lux and 55 lux for RW+w. Advantages are also 365 



obtained at 16:00 in terms of more uniform lighting: for YW+w scenario with an average value of 34 lux and 366
higher than 30 lux for 70% of the triclinium 1  area while for RW+w scenario with an average value of 28 lux 367 
and higher than 30 lux for the 60% of the triclinium area. The values obtained by opening the window 368 
allow to carry out the visual task of eating in summer close to visual comfort conditions, which according to 369 
current standards [60] requires 200 lux for self-service restaurant. Moreover, on the winter solstice, the 370 
presence of the window allows at least to reach values higher than 30 lux for most of the triclinium area 371 
even at 16:00. The reached 30 lux could represent an acceptable level of illumination in Roman times. 372 
Therefore, it is assumed that according to the principles of Vitruvio [55] these spaces were designed to allow 373 
these activities without or with minimal contribution of artificial light and, thus, the opening of the window 374 
is confirmed by the lighting studies. 375 
The condition is different for the cubiculum where sleeping and dressing activities, which do not require high 376 
levels of lighting, were mainly carried out. In fact, according to the findings and historical studies, these rooms 377 
were without windows to avoid heat loss and with a door for the access and the influx of natural light through 378 
the triclinium. 379 

 380 

Figure 8 Lightmeter analysis and graph of artificial lighting (lux) vs distance from entrance in the cubiculum 381 
(visual task at height of 0.75m) for RW and RW+w scenarios during solstices. 382 

A detailed analysis was conducted on the lighting levels achieved in the cubiculum in the two combinations 383 
of colours for the walls: the lower part coloured red and the upper part yellow (YW) and vice versa (RW) in 384 
natural and artificial lighting conditions through the use of clay lamps. These are portable elements and so 385 
they could presumably be carried by the user or placed between the two beds. For brevity, only the graphs 386 
of natural lighting in RW and RW+w (with the window in the triclinium ) are shown, which demonstrate 387 
poor levels of illumination already during the summer solstice between 0.06 to 0.02 in RW and between 35 388 
to 0.15 lux in RW+w (Fig. (d), (f)8). Hence considering that the bedroom is used especially in the dark hours, 389 



artificial lighting had to be prevalent. Using a clay lamp with a 1 cm thick wick in hemp and olive oil as fuel, 390
the obtained illuminance levels are from 0.97 to 0.23 lux for YW and from 0.66 to 0.08 lux for RW along the 391 
axis of the room at a height of 0.75m (Fig. (a), (b), (c)8). The results show that the lighting amount with a 392 
single lamp could be lower than the minimum threshold of 0.316 lx for photopic vision (with colour 393 
perception) and thus there was a mesopic vision, which is a passage towards scopotic vision (without colour 394 
perception). Therefore, to carry out the visual task of dressing, the clay oil lamp had to be used near clothes 395 
with some risks or the addition of others had to be necessary. Anyway, the oil lamps had to create a colour 396 
perception of the floor mosaics and of the environment completely different from that to which we are 397 
accustomed in the contemporary. This visual effect can be recreated in the photorealistic virtual reality (Fig. 398 
(i), (l), (m)6). 399 
All this led to the development of an avatar that, placed in the virtual space, illuminates the rooms of the 400 
villa with a clay oil lamp, offering us emotional experiences related to flame lighting (Fig. (i)6). 401 
Finally, the 3D reconstructions of the rock church of Santa Barbara were brought to 3Dhop for remote viewing 402 
and use through the insertion of interactive hotspots with historical content also on the reconstruction of 403 
artificial lighting systems and with some scientific analysis (Fig. 9). 404 

 405 

Figure 9: Online visualization of S. Barbara church model. LINK: http://www.itc.cnr.it/ba/3D/matera/chiesa-406 
rupestre-santa-barbara.html 407 

Even the 3D model of the Roman villa was made visible online through the Sketchfab program with the 408 
introduction of very realistic textures (Fig. 10). 409 



 410 

Figure 10: Online visualization of Roman villa model - (a) Aerial view, (b) Peristilium, (c) Atrium with 411 
impluvium, (d) Triclinium 1 . LINK: https://skfb.ly/6QX9A 412 

6. Conclusions 413 

The multidisciplinary nature of the research, including high-quality virtual 3D reconstruction of artefacts with 414 
the flame lighting system, resulted in the integration of historical studies and scientific results, in a bijective 415 
relationship to verify the hypothesis. In this way, it is possible to increase the interest, the knowledge, the 416 
fruition of archaeological site or historic buildings through 3D modelling and the reproduction of the physical 417 
characteristics of the ancient lighting system in order to study the illuminance levels in the past daily life and 418 
also to reproduce the visual emotional perceptions for future applications. 419 
In addition, the online visualization of historical reconstructions in interactive virtual reality (e.g. turning on 420 
and off lamps and chandeliers, clicking on information hotspots, etc.) thanks to ICT can be a promotional tool 421 
to invite users to visit these artefacts and, at the same time, to spread reliable content and intangible values 422 
about flame-based lighting system to a large audience. A further implementation of the research could be 423 
the association of virtual reality to the world of immersive gaming to reach even younger people with 424 
historical and emotional content.  425 
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