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ABSTRACT
The project of the reuse of an architectural environment must consider the set of residual services provided by the building. The activation of a documentation process allows you to be aware of what an environment offers. The spatial and material analysis of the current state must be accompanied by a material, technological and tech-system survey. In the case study of the Castiglioni Chapel in Pavia (IT), the various diagnostic outputs were associated with the detailed survey, with the aim of planning interventions for the site conservation project. Conservation takes place both with physical actions and with museumization processes. The action methodology involved numerous phases such as detailed digital survey, technological analysis, and digitization through three-dimensional models. All the analyses carried out are integrated in an immersive virtual system structured by layers and scenarios. The chapel can be orbited with AR platforms that allow you to enhance valuable frescoes and see the different levels of analysis in real time. All the processes underway in this project are aimed at making the space a place of knowledge with real and digital use.
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Introduction
The documentation processes of the architectural heritage must consider many aspects including the material conservation of the asset and the enhancement of its intangible value. The intangible value, in the case of a place, is its ability to be an identity element for the city [1]. This awareness is essential to guide professionals towards interventions capable of protecting and consciously managing the built heritage intended as a value for all. The community attributes a value to the built heritage according to the importance in the historical events that involved it and in terms of how it is perceived in a given context. Considerations regarding heritage values ​​are fundamental in conservation processes, in which even what is immaterial becomes something to be safeguarded.
The research topic on safeguard methodologies for the existing heritage is emerging with new forms of investigation of the related digital documentation to cultural heritage [2], [3]. This is combined with cognitive and interactive models and with the elaboration of 3D digital products for investigations e simulations relating to shapes and structures. For historic buildings with criticalities and stratifications, it is essential to start with the building knowledge phase. The knowledge of the heritage guides the documentation process and becomes an instrument of memory conservation [4]. The project of Cappella Castiglioni (Castiglioni Chapel) presented in this paper is part of a broader path, characterized by diversified analyses, which include both the documentation phase and the technological investigation of architectural elements (Figure 1). In the project the documentation process is conducted for the planned conservation, starting from the geometric and materic survey up to the diagnostic and characterization stage of degradation for the definition of a possible intervention of conservation [5]. The research project aims to define a conservation and valorisation project of the chapel.
The methodology used to achieve the goal is based on the structuring of a database for the geometric, material and technological documentation of the chapel. The first phases were two: the digital survey and the request to the Superintendency for the authorization to invasive analysis of materials. The survey was carried out with widely tested digital tools: TLS digital laser scanner (Terrestrial Laser Scanner) [6], photogrammetry for the interior, UAV photogrammetry for roofs and external fronts [7], cameras and georadar analysis for the study of the subsoil. Starting from the survey, detailed vector drawings were created that acted as level 0 from which to start to add subsequent analyses. In addition to the instruments for surveying, the use of 360° photo and video cameras allows expansion of virtual platforms, enrichment of the navigable models that are being developed with an enablement for Augmented Reality (AR) systems [8]. AR technology allows you the development of a multilevel information system describing the real object through the use of a display. The immersive digital environment is used for both purposes of the research: an additional tool to visualize the data collected for the conservation of the object and the modelling of a digital place enriched with information and images for the museum of the chapel. [9]. 
historical processes and current STATE OF CONSERVATION
The building that today incorporates Collegio Castiglioni (Castiglioni College) was donated to the brothers Castiglioni in 1419 by Pope Martino V. The morphology of the building that exists today was born from the union of two residential structures, originally separated from each other, of which today no trace remains. Chapel has a square-plan structure, covered by a cross vault with double curvature and raised center painted with architectural trompe l'oeil. In the 19th century the chapel changed its intended use and was used as the house of the custodian of the Brugnatelli house. In this historical phase the frescoes were seriously compromised because of interventions, such as the installation of stoves led to damage to the decorative apparatus. The first reliefs with which a comparison is possible date back to 1948 and are available to document the current state of the building. In addition to the surveys, we have at our disposal a series of material analyses conducted by Professor Carlo Aschieri, at the time inspector of the Superintendence [10]. Castiglioni Chapel presents itself today with numerous critical issues. The structural aspect is compromised, there are important cracks on the vault and along the perimeter walls. As for decorations, the valuable frescoes are attacked by infiltrations and rising damp. The chapel has always been a private place but also known by the local community. Nowadays, however, it is losing its value as a place of identity for citizenship due to its inaccessibility [9].
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[bookmark: _Ref316057400]Figure 1. Setting of the College in Pavia city centre and a section of Castiglioni Chapel made by TLS point cloud.
The painting in the Chapel
Castiglioni Chapel was founded together with the College dedicated to Saint Augustine in 1429 but, thanks to the discovery of archival sources, it appears that the Oratory was active from 1437 [9] (Figure 2). The frescoes are considered as an important testimony of Bramante's influence in Lombardy [11], [12].
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Figure 2. The end date of the frescoes is reported in a frescoed inscription below the scene of the Resurrection. The paintings were made by 23 December 1475, a date that probably must correspond to that of the dedication of the oratory. 
The vault of the chapel is painted with trompe l'oeil, including structural elements such as ribs, shelves and decorative elements, pillars with polychrome marble and ending with corinthian capitals that support a shelf collecting the ribs of the vault and floral festoons [13]. The vault has a red background and it is characterized by plant elements, with pomegranates, other fruits, and green-leaved elements. In the vault there are four oculi that integrate the symbols of the Evangelists (Figure 3).  The oculi are represented to look like holes in the vault; two of them have as background the pictorial representation of the leaded glass, comprising the preciousness of the materials with the insertion of coloured marble paintings [14].
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[bookmark: _Ref316057347]Figure 3. Intrados of the vault of the Castiglioni Chapel and evident deterioration and criticalities of the wall frescoes.
Architectural interventions of the past
From the twentieth century begin the concerns of the institutions about the state of degradation of the chapel, after its function as home of the custodian of Casa Brugnatelli. Inside the chapel an attic was built in order to obtain two levels for the house. Inside the house walls had been built to delimit the different environments. Also evident are the new openings in the wall which today have been filled in. Another important element is the fireplace with its own flue, the construction of which involved serious losses in the decorative apparatus.
The restoration work on the chapel involved the elimination of all internal partitions to restore the spatial conformation to the original one. The restoration activities also focus on the pictorial elements, treated with consolidation, fixing, removal of improper ancient restorations, cleaning, and final plastering in neutral colour of the frescoed parts now totally lost. The walls most subject to degradation are those facing south and north; to avoid the total loss of the decorations, portions were torn in these two walls in 1966. These frescos are then replaced in their original position by arranging them on special frames, made to measure, to keep the plasters spaced from the masonry [14] (Figure 4).
SURVEY, DOCUMENTATION and criticalities analysis as METHODOLOGICAL APPROACH
The documentation actions described here are aimed at defining the knowledge bases of representation necessary for the subsequent phases of technological and diagnostic analysis, with invasive and non-invasive interventions, for the integral mapping of the state of conservation [15]. The survey phase aimed to digitally reconstruct the chapel in order to create a virtual copy as a basis for subsequent analyzes. Various tools were used: Terrestrial Laser Scanner Faro CAM2 S150, DJI Mavic Mini 2, DJI Spark, Nikon D850, Sony Alpha6000, GoPro White7.
One of the most damaged technological elements is the vault, which shows evident fractures and saline efflorescence due to water infiltration from the roof. Verifying the causes of the alterations on the vault is complex both for the height of the intrados and for the inaccessibility of the extrados of the vault: the attic is not communicating with other portions of the building and is accessible only by uncovering the roof. The attic is also very small in height, between 80 cm and 30 cm. In order to understand the construction technique of the vault and directly observe if the cracks found on the intrados passed through the extrados, it was decided to proceed by opening an opening in the roof to access, where possible, the attic. It was necessary to create a temporary access compartment for the inspection of the extrados of the vault through the use of a spider lifting platform. The inspection opening was made on both sides because it was not possible to move with tools from the inside and to avoid overloading the extrados of the vault.
The TLS survey was carried out with colour scans of different resolution: 44 scans of 10,400,000 points and 6 scans of 25,000,000 connection points. The registration error of the chapel is 0.9 mm, while the registration error with the outside is greater due to the lifting platform: 3.4 mm
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Figure 4. Casa Brugnatelli/Brugnatelli Home: view of the chapel with the partitions made to adapt it as a home (see Vicini, 2010). 
The most complex part of the survey was the attic; it was essential for obtaining information on the structure of the vault. The goal was to define the technology without intervening on the intrados. In order to operate in the least invasive way possible, the opening in the roof is, the opening in the roof has been reduced to the distance between the joists, to disassemble only those necessary for the insertion of the laser tool and for the passage of a person. The narrow passage in the roof made it possible to proceed with the laser scanner survey, taking care to use a suitable tripod. It was necessary to use specific tripods and tripods due to the low height.
The survey and documentation of the extrados of the vault was carried out at two different times. The court side pitch was detected in September 2019 and the street side pitch was detected in February 2020 due to health safety regulations. Once the access to the roof was opened, the terrestrial laser scanner survey, the direct survey of some portions and the photographic campaign were carried out. From the lifting platform it was possible to make other elevated scans in order to cover the shadow cones that were generated with the relief from the ground. The use of the spiderlift has complicated the laser scanner survey due to the intrinsic mechanical vibrations of the lifting vehicle. This required careful error checking in post-production to verify that vehicle oscillations had not affected the scan results. The scans were recorded in groups by first recording the internal environment of the chapel with the outside from the ground. The ground recording was combined with the platform recording so as not to amplify possible vibration errors.
The global registration makes it possible to discover a value that until then was totally unknown: the thickness of the vault. The numerical value together with the direct relief of the bricks of the extrados allowed to define the construction technology with which it was made.
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Figure 5. From the top: spiderlift elevator platform used to access the extrados of the chapel vault. Images of the TLS point cloud: in the first one is visible the elevator platform and the dimension of the access to the attic. Image below: Slice of the point cloud. It is one of the control points used to check the thickness of the vault. In the upper part of the image (white/grey profile) are visible the profiles of the bricks.
The thickness of the vault varies between 25.4 and 30 cm and the main thickness is in correspondence with bulges in the decorations on the intrados. The thickness of the vault, including plaster and fresco of the intrados, has an average size of 27 cm and on the extrados, it is possible to see the head of the bricks (6 cm x 12 cm approximately). In a particularly damaged point of the intrados, it was possible to see the head of a brick; at that point there is a great deterioration which has led to the detachment of the plaster, which is about 2.5 cm thick. This information has led to suppose an arrangement of the bricks in fascia with the heads in the intrados and extrados (Figure 5).
Photographic acquisition for colorimetric and materic survey
The main acquisition problem encountered during the survey inside the chapel was the absence of natural light which complicated the photographic acquisition.
[image: ]
Figure 6. The integrated laser scanner and UAV survey made it possible to fully acquire the internal and external surfaces of the chapel. 
The chapel has a single large circular window and it was necessary to use artificial lighting to photographically capture the vault and walls. The photographic acquisitions with Structure from Motion photogrammetric technique were carried out in moments of the day when there was no direct sun from the window, i.e. during the morning. However, to obtain a functional result for post-production processes for the creation of ortho-images, the photos were taken with remote control and photographic tripod in order to increase exposure and limit vibrations caused by the operator.
The colorimetric acquisition of the laser scanner was instead conducted with the artificial lights on and with a vertical balance. The TLS point cloud is totally coloured except for the attic, which is too dark and not illuminable. The point cloud contains the colorimetric details of the pictorial decorations; the only alteration of the data is in correspondence of the artificial lights. In addition to the photographic survey of the interiors, a survey was also carried out with UAV instruments.
The UAV tools were used for three types of acquisitions: SfM of the fronts, SfM of the coverage and detailed photographs of details. The fronts were acquired with a manually conducted serpentine drone path. The covers were acquired with the manually guided drone path to point of interest [16]. Two different drones of less than 300 gr. were used due to the presence of traffic and people. From this technique, it was possible to obtain a point cloud that can be integrated with the TLS point cloud (Figure 6).
The drone point cloud includes the high portions of the fronts and the roofs. The alignment of the two clusters was carried out thanks to morphological points chosen on the fronts and on the ground with the help of targets. The alignment error was 1.8 mm. The combined point cloud completes the gaps related to the shadow cones and guarantees a complete product. The final product made it possible to obtain a cloud of points from which to investigate both the external characteristics of the roofs and the detail of the extrados of the vault. 
Criticalities documentation and actions the for restoration and managment 
Following the post-production of the data, vector drawings and material ortho-images were created starting from the point cloud and the SfM technique. Starting from the drawings, the process proceeded with material analysis phase. First of all, a census was made of the alterations found, representing them on the drawings and building an atlas made up of cards (Figure 7).
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Figure 7. The analysis of the alterations was carried out according to the ICOMOS guidelines integrated with the graphic signs of the Italian Normative Nor.Ma.L.1 / 88. The uniquely coded alterations were reported both on the mapping of 2D vector drawings and on special census forms for each code. 
Below: Elevation maps were made starting from the point cloud to observe irregularities in the masonry. In this elevation map (north wall), the part of the fresco that has been detached from the wall and repositioned on a protruding frame is evident (blue).
The census of the alterations was carried out by the database manager FileMaker. Thanks to this choice, the data entered are not static, but can be interrogated and organized according to the parameters chosen for the census [17].
The documentation project and the technological investigations have as their purpose not only the definition of research methods, but also a new functionalization of an environment which is now in disuse. The theme of the reuse of ecclesiastical buildings is an important theme for the city of Pavia, which has numerous representative cases within it. The ecclesiastical patrimony of Pavia was reused in 55% [18] of the cases with functions related to the University; the building in which the Castiglioni Chapel is located follows this majority line despite the fact that the chapel itself does not yet have a defined functional reality. The chapel is a perfect historical heritage on which to base a research process that allows the comparison of different methodologies for the documentation and the management project of the built heritage. Its small size, the decorative richness, the stratifications of the centuries and the technological complexity make it an ideal case study for comparing different analyses and modes of action [19].
The carrying out of diagnostic investigations is functional to the material and petrographic characterization of the elements, to the determination of degradation and to the monitoring of some instability phenomena. The set of knowledge that will be acquired in this phase will be functional to determine possible conservation strategies. The research project, still under development, has suffered a blockage of field documentation activities due to the COVID-19 pandemic. From January 2020 it was possible to resume the planned activities. Other laboratories of the University of Pavia were also involved in the project, which dealt with specific analyses on materials and subsoil. Material samples were taken for petrographic analysis by Prof. Massimo Setti and was built an internal scaffolding that allowed a detailed analysis of the alterations in height, otherwise not directly observable in person. In addition to the material investigations, a thermal camera and georadar analysis was conducted in collaboration with Prof. Francesco Zucca, the results of which indicated possible ancient underground structures (figure 8).
The last step to be carried out is to prepare trenches to check in the points highlighted by the georadar. This was approved by the relevant Superintendency because the floor is no longer the original one but was redone during the restoration in the 1960s. The result of these investigations will be an integrated set of geometric, technological, and material knowledge aimed at targeted interventions for the recovery. and the planned management of the asset. 
Augmented reality technology for investigations and management of historical buildings 
The research project developed in the Castiglioni Chapel case study, here described for the documentation and survey phases, lays the foundations for further research focused on the enhancement of the asset itself.
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Figure 8. In addition to the materic analyses, two diagnostic campaigns with thermal imaging cameras were carried out. In this image you can see the study of the flooring. Pressurized hot water pipes were found under the chapel flooring.
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Figure 9. Software and application used to make the 3D model usable digitally. AR tools allow you to define new uses of architecture, ensuring better accessibility to the property and increasing the possible actions remotely, both in the tourism and diagnostics and investigation fields.
The intent of conserving an architectural artefact of such artistic relevance should not be understood as the arrival point of the research, but as part of the process of museum display and protection and enhancement of the cultural heritage [20][21].
Starting from the two-dimensional drawings obtained from the post-production phase, a three-dimensional model was created. The modeling operations took place through the Rhinoceros software, in which it was possible to create cutting plans, in order to obtain cross sections describing the geometry of the chapel and to verify that the constructive logic detected on site is respected in the model [22] [23].
Once the digital copy of the Chapel had been reliably modelled, it was made usable in the field of augmented reality application. The model was imported into Unity Engine and thanks to the use of Vuforia Engine it was possible to create a Chapel augmented reality application (Figure 9) [24] [25].
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Figure 10. The alterations database includes photographs, definitions and specific values ​​including extent, location, type of alteration (structural or surface). It has been managed with FileMaker and can be exported in formats compatible with data entry on GIS and information systems.
Vuforia is an artificial vision tool that allows you to analyse two-dimensional digital media, such as images, or three-dimensional, such as 3D models, and recognize graphic targets, associating them with the display of three-dimensional representations in real time on AR applications [26]. In the case of the Castiglioni Chapel, it was used an image target. Image Targets are tracked based on their natural features which can be enhanced through the colour and light contrast settings (Figure10). As a first test, a low-contrast black and white image was combined; in this way, the software has detected few graphic targets, causing anomalies during the real-time display of the three-dimensional model. Subsequently, it was to use a higher contrast color image and the number of targets was significantly increased, improving tracking between the model and the image.
Thanks to the use of mobile devices, it was possible to frame the reference image and view the model of the Chapel [27].
The use of C# codes made it possible to develop touch controls to orbit, rotate and resize the model. Movement within the model is not limited to ground level but can be placed on the same level as higher decorations; those movements allow to look at the decorative apparatus present inside the model at whatever level it is.
Based on the model and application, the next phase of this research aims to focus attention on two main aspects: 
a. adding graphic information relating to the diagnostics of the Castiglioni Chapel; it will be possible to associate elevation map or degradation images to the model, for a remote structural or morphological evaluation. 
b. developing an application for a virtual museum; through the creation of a specific graphical interface, it will be possible to access an interactive system that returns historical and artistic information to the user.
Starting from these assumptions the intent is to create an Augmented Reality application that can be used in real time with the Target Image. The AR application will become a tool thanks to which the user, within the real space, will be able to access historical, constructive, and artistic information, increasing the value culture of a place almost unknown today [28].
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Figure 11. AR system that can be interacted with starting from the frame of the vault image (2D target). Examples of information layers that have been integrated into the application.
Conclusions
It is on the basis of these assumptions that, in parallel with the diagnostic investigations, it is important to start evaluations regarding the development of the process of knowledge of the cultural value of the asset in the urban context of the city of Pavia. It is essential to define the processes of remote use of the asset addressing the different types of users.
The integration between augmented reality technologies and diagnostics becomes a tool for understanding, through information layers, various interrelated information; for example, the possibility of seeing historical images and alterations as superimpose\ed layers in order to understand their cause-and-effect relationships, simply by framing the wall with a mobile device (Figure 11). To sort the different information in a logical way, it is increasingly essential to create digital systems localised within a 3D representation of the object of study in which different types of data can be entered, stored and displayed. With the use of Augmented Reality and Virtual Reality technologies it will be possible to create an informative digital site through a three-dimensional representation of the architectural artefact.
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Figure 12. The use of AR technology is analyzed here not as a simple visualization but as a tool to address the problem of conservation. The result is meant to be one combination of digitized information including digital historical 3D reconstruction, existing documentation, alteration analysis, information layers of the analyzes conducted and information for tourist functionality.
This tool allows to show morphologically reliable information, not only as a synthesis of the collected data, but also including historical, artistic, or variable information as needed. The story of the architectural asset is no longer limited to its use in situ but, thanks to digital technology, it becomes interactive and allows remote access, facilitating its dissemination.
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