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THE DOMUS OF THE CALENDAR:  
A QUALITATIVE COMPARISON ANALYSIS OF DIGITAL 

DATA OBTAINED FROM 3D LASER SCANNERS, SFM 
METHODOLOGIES, AND PORTABLE DEVICES

1. Introduction

During the last decades, digital survey technologies have been developed 
at a high rate. This has allowed the production of new instruments and assets 
to acquire high quality 3D digital geometric and radiometric data of high 
quality. One of the most interesting improvements of these developments is the 
possibility of creating realistic and interactive virtual models that accurately 
reflect physical objects and the dynamics of a physical system (digital twins). 
The ability to control an accurate replica of the continuum of three-dimen-
sional space (with accurate geometric and chromatic data) expanded the 
knowledge of Cultural Heritage (Dellepiane et al. 2013). This innovative 
data acquisition paradigm was well received in architecture and archaeology 
for surveys elaboration, due to its ability to provide reliable graphic support 
for different types of research, opening new perspectives and opportunities 
(Ferdani et al. 2022). The new digital survey methodologies started to 
substitute traditional data acquisition instruments (such as direct surveys) 
because of their versatility and capacity to register extremely accurate data.

Additionally, digital data acquisition instruments allow fast acquisition 
data-loads and postpone data selection for the restitution phase. This kind 
of flexibility consents to the application of the acquired data for different 
purposes that can change over time (Bianchini et al. 2016). Nowadays, the 
most widespread instruments for collecting three-dimensional high-resolution 
digital data on Cultural Heritage are range-based instruments (such as laser 
scanners) and image-based instruments (such as high-resolution digital pho-
togrammetry integrated with automatic image elaborations) (Remondino 
et al. 2008, 2014; Remondino 2011). Recent developments in range-based 
instruments have brought low-cost, and faster data acquisition technolo-
gies; for instance, the latest hardware by Apple uses LiDAR and TrueDepth 
cameras for 3D scanning. Fiorini 2022 provides a review of this technology 
and an evaluation of its capabilities applied in different architectural and 
archaeological contexts; Vogt et al. 2021 on their part, provides an analysis 
of its limitations.

In this wide range of possibilities, choosing the most suitable method-
ology and technology represents a fundamental aspect of determining the 
qualitative level of the survey. A comprehensive evaluation must consider 

https://www.doi.org/10.19282/ac.34.2.2023.13


248

A. Ippolito, C. Palmadessa, M. Nousrati Kordkandi, J.C. Arias Tapiero

different factors, such as the geometrical and physical characteristics of the 
research object (minimal dimension of detail, bulk, and volume, presence 
of translucent, mirroring, or darker surfaces, uniform superficial finishing), 
survey condition (accessibility of the case study), the goals of the restitutions, 
and the survey instrument’s characteristics (accuracy and margin of error, 
geometric and radiometric resolution, frame field and work distance, etc.).

In Cultural Heritage, because of the wide range of case studies with 
peculiar and unlikely recurrent characteristics, it is possible to determine 
an optimized procedure adaptable to the characteristics of the subject. Sev-
eral experiences of digital three-dimensional high-resolution surveys have 
shown that, depending on the survey objectives and communication scopes, 
integrating different survey techniques is the best approach for exploiting 
the potentialities of each instrument (Ippolito, Bartolomei 2014; Russo, 
Manferdini 2015; Inglese, Luchetti 2022).

The integrated survey project of the Basilica of Santa Maria Maggiore 
was conceived under this premise, as part of a more extensive project dedicated 
to the definition of a system of integrated models, which was also implemented 
in the Basilicas of Santa Maria in Trastevere and San Pietro, in Rome (Bian-
chini et al. 2022). This system was developed to explore the possibilities of 
integrating different survey technologies, for the whole purpose of using the 
potentialities of various instruments. The implementation of this system in 
the Basilica of Santa Maria Maggiore allowed us to build a global model of 

Fig. 1 – The Basilica of Santa Maria Maggiore (photo Juan Camilo Arias Tapiero).
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the entire complex to propose a new reading of the context analyzed while 
maintaining the data from the urban to a multi-scalar level of detail. This 
was also the first time that a survey of the whole basilica complex was done; 
the main body, the archaeological site, and other features in the underground 
and the upper levels were systemized as a single element of unique historical 
value. The model thus obtained was subsequently used as a research tool for 
different study purposes. The survey takes on special importance as the most 
recent survey of the basilica complex dates from the 60’s.

The present paper introduces the most significant results obtained from 
the comparison of three different survey instruments: the laser scanner (Lei-
ca C10 and FARO Focus), Structure from Motion (SfM), and and the iPad 
LiDAR camera. The results of the comparison analyses exposed here are the 
ones carried on the Domus of the Calendar, that is, the archaeological site 
located underneath the basilica which acts as a structural foundation element 
of the domus-basilica complex. The implemented methodology is not limited 
to this specific case of study, and it can be replicated wherever it is necessary 
to evaluate the quality of the data obtained from an integrated survey.

2. The Domus of the Calendar

The archaeological remains of the Domus of the Calendar are situated 
under the Basilica of Santa Maria Maggiore. The basilica is located on the 
Esquiline, one of the seven ancient hills of the city of Rome. It is one of the 
four papal major basilicas and the most important religious building dedicated 
to the worship of Mary (Steinby 1996). The basilica was included in the 
UNESCO World Heritage List together with all the Holy See’s extraterritorial 
properties in 1990 (Unesco 2021) (Fig. 2). The history of the basilica dates 
to Pope Liberius (352-366), who started the construction of a church on the 
highest point of the Esquiline hill (Steinby 1996). The former basilica, known 
as the Liberian Basilica, seems to have been demolished during the invasion 
of Rome by Alarico I in 410 AC (Liverani 2013). It is still not clear if the 
present basilica was initially erected by Celestine I (422-432) or by Sisto III 
(432-440) (Liverani 2010), but it was built in the same place where the Basil-
ica Liberiana was located. The new church was consecrated to Mary the Holy 
Mother of God, a decision highly influenced by the Ephesus council’s results.

During medieval times, the basilica suffered many interventions, such as 
the addition of a series of small churches and the reconstruction of the apse 
(De Blaauw 2015). During the Renaissance and the Baroque, the basilica went 
over a series of important additions that configured its present appearance. 
In this period, some of the most important architects in the history of Rome 
took part in the construction, such as Michelangelo, Domenico Fontana, 
Bernini, Ferdinando Fuga, and Carlo Rainaldi.
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Fig. 2 –The archaeological remains located under the Santa Maria Maggiore Basilica. Plan obtained 
by laser scanner point cloud.
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The archaeological remains located under the Santa Maria Maggiore 
Basilica were found in 1966 during a series of works aimed at isolating the 
basilica’s ground floor from the soil moisture (Magi 1972). Through this 
process, the excavations revealed the existence of a Roman building. The most 
particular findings were the discovery of an exedra, as well as many frescos 
and mosaics. Among the frescos, it is interesting to note the discovery of a 
calendar painted on a wall of the Roman building, used as a foundation for 
the basilica. F. Magi identified the archaeological remains with the Macellum 
Liviae, a shopping complex built by Augustus in the name of his wife Livia. 
Later studies have contradicted this affirmation and instead have stated that 
the remains are part of a domus romana that belonged to an important noble 
family. F. Guidobaldi (Steinby 1995) attributed the house to the gens Nerati, 
a powerful and recognized aristocratic family that participated actively in the 
political and economic life of the city from the centuries 1st AD to the 4th AD 
(Iannantuono 2010).

G. De Spirito (Steinby 1996) attributes the domus to Flavius Anicius 
Auchenius Bassus, a high official and consul of Rome from 425 to 435 AD. 
Liverani dates the remains to the Claudian or Neronian times (1st century 
AC) and argues that it is not possible to track the owner of the domus as the 
available information is not specific enough (Liverani 1987). Therefore, he 
clarifies that the Santa Maria Maggiore Basilica was built over the remains of 
two Roman houses. Of one of these houses there are very few archeological 
elements to evaluate its context; the second one, the one with the painted 
calendar, which he called Domus of the Calendar, is the case study chosen 
for this investigation.

3. Methodology and data acquisition

The integrated survey project of the architectural and archeological 
complex of the Basilica of Santa Maria Maggiore was carried out using active 
and passive terrestrial and aerial technologies. A data acquisition survey was 
performed using a 3D laser scanner integrated with photogrammetric data 
acquired from Structure from Motion (SfM) processes – photographic camera 
and drones for this purpose – and data obtained from the iPad LiDAR scanner. 
The laser scanner works by determining ranges of distances by targeting an 
object with a laser and measuring the time for the reflected light to return to 
the receiver. With this tool, the geometric features of the objects are extracted 
efficiently. The result of a laser scanner is a point cloud which is an array of 
points with spatial information of a very high accuracy (coordinates), and 
RGB information of low accuracy (color).

The SfM is a low-cost technique for estimating 3D information from a 
sequence of 2D images (photos). The results from this technique are point 
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Fig. 3 – Longitudinal section-laser scanner point cloud.

Fig. 4 – Cross section-laser scanner point cloud.

clouds with spatial information of low accuracy and RGB information of high 
accuracy. However, the accuracy of the spatial information can be increased 
by adding control points with known coordinates. The SfM also allows to 
easily generate 3D models with high-quality texture. The iPad LiDAR camera 
is also a low-cost instrument. It is a relatively new tool that has been adapted 
for data acquisition by the development of applications; it is also very versa-
tile and allows the user to see in real time the information acquired. This is, 
perhaps, one of the first times a device of these characteristics is used in a data 
acquisition survey campaign with archaeological elements. The results of the 
comparison analysis from this tool can open the way to further investigations 
due to its innovative nature.

The whole complex was surveyed using a laser scanner. This instrument 
allows massive data acquisition of large-scale objects with accuracy and 
speed that would be difficult to achieve using any other instrument; it enables 
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two-dimensional restitutions with an accuracy of 1 mm on a 1:50 drawing 
scale. The SfM and the iPad LiDAR scanner were used to complement the 
laser scanner numerical data by providing higher chromatic information in 
a level of detail that cannot be achieved with the laser scanner; these tech-
nologies were used to survey only selected elements of high aesthetic and 
historic value. During the surveying campaign, to carry out the qualitative 
data comparison, four elements from the Domus of the Calendar were chosen. 
These are archaeological elements of exceptional value. The subjects were 
surveyed using laser scanners, a photographic camera (Canon EOS RP) and 
the iPad LiDAR camera (iPad Pro). 

To photograph the selected archaeological elements – and given the 
limited dimensions of the rooms where these are exposed – a 24-105 f/4 mm 
lens was used, set at a focal length of 24 mm for the entire campaign. The 
archaeological site is illuminated with strong artificial lights; some of these 
are directed towards the archaeological remains, generating scenes of notable 
contrast which does not allow an adequate exposure for a photographic cap-
ture. This was addressed by using a controlled lighting system to illuminate 
only the archaeological elements in the dark. These dim conditions required 
increasing the exposure time to 10 seconds, so a tripod was necessary to 
achieve correctly exposed images. The photos were taken in RAW format for 
highest quality, then post-processed in an image manipulation software and 
finally exported in TIFF format. The resulting images were processed using 
the software AgisoftMetashape, which performs photogrammetric operations 
for the generation of 3D spatial data. Subsequently, filtering the acquired data 

Fig. 5 – Cross section-laser scanner point cloud.
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removes unnecessary elements like the scattered points that do not represent 
the subject surfaces. The resulting point clouds are scaled to match the spatial 
data of the laser scanner. The scaling of the point cloud consists in assigning 
absolute dimensions to the reconstructed elements with relative dimensions.

This phase influences the results of the whole process of reconstruction 
and comparison; the level of accuracy in its execution unequivocally deter-
mines the metric reliability of the final model and the one from relative compar-
isons between models. By the mean value of three significant lengths selected 
on the laser scanner model, it was possible to determine the scaling parameter 
process. This approach is more reliable than comparing single points from 
the reference model. Decimated data allows effective manageability since the 
range approach (from the laser scanner) and image-based approach (from the 
SfM) generate models requiring computational costs that limit the hardware 
performance when processed. The data was then decimated to allow effective 
manageability, since in both the range approach (from the laser scanner) and 
image-based approach (from the SfM) the generated models require compu-
tational costs that limit the hardware performance when they are processed. 
The data obtained from the iPad LiDAR camera was registered using the 
app SiteScape, a versatile tool for scanning scale-accurate 3D spaces (https://
www.sitescape.ai/). This data was not scaled as the LiDAR camera registers 
accurately the spatial characteristics of the scanned subjects.

For the data comparison, the three-dimensional mathematical models 
(point clouds) were processed in the software Cloud Compare (http://www.
cloudcompare.org/). The SfM models and the iPad LiDAR camera models 
were aligned with the laser scanner model by using the ICP algorithm (Iterative 
Closest Point) that helps to minimize errors when aligning the models. This 
was followed by a spatial deviation comparison in two phases: comparing 
the laser scanner model with the SfM model and comparing the laser scanner 
model with the iPad LiDAR camera. This comparison aimed to quantify not 
only any deviation in terms of distance between the different models; but also 
other aspects that may affect the three-dimensional reconstruction process, 
such as costs, skills, time and computational costs, necessary elements to 
provide an optimized digital model (Figs. 3-5).

4. Results

For the comparison, four representative archaeological elements were 
selected from the Domus of the Calendar: an exedra (Room IV), a wall with 
marble incrustations (Room VIII), a mosaic (Room IX) and a portion of the 
calendar fresco (Room X) (Fig. 6). The results are shown according to the 
level of complexity of each element, in the following order: 1) mosaic, 2) 
calendar fresco, 3) wall with marble incrustations, and 4) exedra.The results 

https://www.sitescape.ai/
https://www.sitescape.ai/
http://www.cloudcompare.org/
http://www.cloudcompare.org/
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Fig. 6 – The photos of four different parts of the four rooms of the the Domus of the Calendar (SfM).

are registered in an RGB color scale: blue indicates a minimal variation (0 
cm) in comparison to the reference data, green is a medium one (1 cm), while 
red represents a high one (> 2 cm). The scaled values on Figs. 7, 8, 9, and 10 
are represented in meters. The input data for this analysis is shown in Tab. 1.

Tab. 1 – The Point cloud comparison analysis.
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Fig. 7 – The comparison between different survey methodologies (SfM, laser scanner, iPad): Room 
IX, mosaic. 

Fig. 8 – The comparison between different survey methodologies (SFM, laser scanner, iPad): Room 
X, Calendar fresco. 

4.1 Results: laser scanner vs SfM

The results from this comparison show that the data acquired with the 
SfM methodology has minimal variations from the data obtained with the 
laser scanner. Thus, it can represent reality with high accuracy. In the mosaic 
and the fresco, for example, there is practically no variation between both 
survey methodologies, as both results appear in blue (Figs. 7, 8). There are 
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Fig. 9 – The comparison between different survey methodologies (SfM, laser scanner, iPad): Room 
VIII, marble incrustations.

Fig. 10 – The comparison between different survey methodologies (SfM, laser scanner, iPad): Room 
IV, exedra.
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some instances in which the data from the SfM have noises. This noise is reg-
istered with a red color on the results from the marble incrustations and the 
exedra (Figs. 9, 10). This implies that there is a significant variation compared 
to the reference data. Significant data variations are also present in irregular 
surfaces. This can be seen in the results in green from the comparison of the 
wall with marble incrustations (Fig. 9). Elements with complex geometry seem 
to be well represented by the SfM, especially if the surfaces of the element are 
regular. This evidence is shown in the results from the exedra, where almost 
all the information is coloured in blue (Fig. 10).

4.2 Results: laser scanner vs iPad LiDAR camera

The results from the iPad LiDAR camera have shown significant varia-
tions compared to the laser scanner data. Firstly, it represents good elements 
with simple geometry, as can be seen from the results of the mosaic with a 
predominance of the blue color (Fig. 7). When there are minimal protrusions 
on the surface of the elements, the results vary considerably from the ones 
obtained with a laser scanner. To be seen comparing the wall fresco of the 
calendar (Fig. 8) and the wall with marble incrustations (Fig. 9), where there 
is a high amount of information in green and red colors. In elements with 
complex geometry, such as the exedra, the iPad VR faces difficulties logging 
spatial properties; therefore, sizeable portions of the results are in green and 
red colors (Fig. 10).

5. Discussion

The comparison between the data acquired highlighted the potential of 
the photogrammetric approach, integrated with the SfM methods, and the 
iPad LiDAR camera, to collect reliable three-dimensional data on an archi-
tectural scale. In the operational phase, the difficulties due to any unforeseen 
relevant conditions can lead sometimes to gaps or inconsistencies in the data 
returned. This can also result in processing redundant data, with consequent 
data-management difficulties. Therefore, it is necessary to conduct a prelimi-
nary evaluation of the elements to establish the number of shots required for 
its registration; this can vary depending on the camera lens and the distance 
from the object. The iPad LiDAR camera, even if user friendly requires having 
good expertise as it might be necessary to repeat the data acquisition process 
to obtain a surveyed area without overlapping surfaces.

The laser scanners ensured greater reliability from an operational point 
of view, with obvious advantages both during the survey and data processing 
phases. The only limitation was the impossibility of scanning from different 
heights, and not having a scaffolding arrangement. From the data quality point 
of view, there is an obvious difference when comparing the results from an 
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architectural and archaeological perspective. In the SfM, the object of study 
provides high-quality textured results compared to the model obtained from 
the laser scanner. The iPad LiDAR camera constructs a digital copy of the 
surveyed object, from which it is possible to obtain metric information with 
a satisfactory quality and an aesthetically approved result. However, the laser 
scanner is the methodology that best represents reality from a metric point 
of view.

6. Conclusions

The data acquisition survey project carried out on the Domus of the 
Calendar compared different survey methodologies: laser scanner, SfM and 
the iPad LiDAR camera. It consented to evaluate the qualitative level of data 
that can be reached by photogrammetric systems and portable devices, applied 
in a multi-scalar complicated archaeological context. The SfM has proven 
to be a reliable tool for representing the geometry of simple and complex 
elements. Due to its high accuracy, it can be used for representing elements 
that require a high quality of data, such as small archaeological objects. The 
iPad LiDAR is a tool that represents accurately the spatial information of 
elements of simple geometry. It can obtain the geometry of objects and spaces 
with relatively good precision. However, its use is not advisable in projects 
that require high-precision data. Its use is only advisable for representing 
volumes and shapes of archaeological and architectural objects that do not 
require a high level of precision.

The data acquisition comparison analysis shows that low-cost technol-
ogies like the SfM and the iPad LiDAR are reliable tools for representing 
physical space. Portable devices, due to their early stage of research and 
development, need to be improved to obtain a more precise and accurate rep-
resentation of space. In the future, they will probably redefine the survey data 
acquisition process using digital tools, due to their versatility, intuitive use and 
information accessibility, as they provide the results almost instantaneously. 
These characteristics are in contrast with the SfM and the laser scanner, as 
they require a good level of expertise to be handled and long amount of time 
to process the information.

The possibility of producing different graphic restitution from the same 
three-dimensional models allows the conduct of analysis with data of different 
complexities. It was possible to correlate several phenomena that represent 
the entire architectural complex for different purposes: for example, as a 
diagnosis tool for planning potential restoring interventions.

The laser scanner is the only instrument that provides a reliable metric, 
geometric and morphological representation of a large complex like the 
Basilica of Santa Maria Maggiore. Smaller scale areas and objects can be 
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chromatically and morphologically controlled using SfM and the iPad Li-
DAR. According to our research, the laser scanner gives the most accurate 
representation of a real object. In the comparison between the SfM and the 
iPad LiDAR, the SfM is the tool with the least uncertainty concerning to the 
numerical model acquired with the laser scanner.
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architectural site that was incorporated to the structural foundation system of the basilica of 
Santa Maria Maggiore – the present investigation aims to evaluate the data quality of two 
low-cost emerging technologies, namely SfM (Structure from Motion) and the iPad LiDAR 
system. This evaluation was developed by comparing low-cost technologies data acquisition 
capabilities with those of the laser scanner. The data for this test was obtained during an inte-
grated survey campaign aimed at executing a critical analysis of the many historical layers of 
the Santa Maria Maggiore basilica. The results obtained from this investigation highlights the 
reliability of the different techniques implemented and suggest a useful solution for different 
and recurrent multi-scalar contexts.


