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ABSTRACT
Artistic surfaces at the Bishop’s Palace of Frascati have beenwere investigated byusing an integrated approach involving different non-invasive diagnostic techniques. A novel remote methodology aimed to detectat the detection and locatelocation of materials due tofrom previous restoration actions and  to monitoras well as the monitoring of degradation processes evolution remotely, is proposed. A In this novel approach, a laser-induced fluorescence (LIF (Laser Induced Fluorescence) scanning system workedwas used in synergy, as never done before, with the RGB-ITR ((Red Green and Blue – Imaging Topological Radar)a red-green-blue imaging topological radar 3D laser scanner and the SfM (Structurestructure from Motion)motion technique for the 3D photogrammetric reconstruction. The spectral characteristics of the obtained LIF images permitted us to highlight the presence of identify restoration materials as well asand bio-deteriorated areas, also where even when they arewere not visible to the naked eye. The superimposition of LIF and 3D images allowed for an optimized localizationoptimised localisation of the areas of interest. The periodic repetition of such anthis integrated approach could be used as a monitoring tool for theto monitor degradation processes by pointing out the possibleas it could identify structural and chemical changes occurredthat occur in these areas of interest. The presented results could support the conservation, researchstudy and dissemination purposes forof cultural heritage, taking items, keeping in mind that the integration with information by theobtained through other techniques of analysis, both innovative and standard,  analytical techniques is always fundamental. 
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Introduction
In the frame of the ADAMO project (Analysis, Diagnostic and Monitoring focusing on analysis, diagnosis and monitoring for the Culturalcultural heritage conservation and restoration), (ADAMO) financed by Lazio Region for Technological Cultural District the district of cultural technology (DTC Lazio), a measurement campaign of measurements has been developedwas undertaken at the Bishop’s Palace of Frascati, an ancient fortress that is now the home of the town near Rome, in the past, and domicile of  Episcopal Tuscolana Diocese nowadays. The measurements have beenwere performed, in order to check assess the statestatus of the previous restoration work. Following the requests of the holder of the Palace, particular attention has beenwas devoted, in this study,  to the investigation of the so -called “stufetta” room atStufetta Room the ground floor of the Palace (Figure1Figure 1), and the “Landscape room”,  ad orned with framed views of garden, at the Room on the first floor., which offers a view of the garden. 	Comment by Proofed: Would ‘Palace’s caretaker’ be appropriate here?
An integrated investigation approach has beenwas adopted involving different non-invasive technologies and instruments with the common characteristic to be non-invasive at all.. A laser-induced fluorescence (LIF (Laser Induced Fluorescence) system developed at ENEA’s Diagnostic and Metrology Laboratory of ENEA, already and previously applied as a diagnostic tool in Cultural Heritage cultural heritage investigations, has been was used. Thanks to LIF is a suitable tool for the characterisation of valuable and unmovable targets due to its unique properties of beingas a non-destructive and, non-invasive remote technique, with no sampling requirements, based on using transportable or portable instruments that can provide first results in real time, LIF is a suitable tool also for the characterization of valuable and unmovable targets without sampling [1,], [2]. LIF techniquespectroscopy has been already been successfully applied in archaeological sites, making availableproviding useful information to the restorers [3,], [4]. The validity of the technique as a diagnostic tool for artworks of different materials, likesuch as paintings, ceramic, stoneceramics, stonework and textiletextiles, has also been also demonstrated [5,6,7,]-[8]. The LIF -based systems are able to acquire fluorescence spectra and generate multispectral images for obtainingthat can be used to create a component materials mapsmaterial map of the investigated surface, useful for the identification and the characterization of in order to identify and characterise materials of interest [9,], [10]. This technology worked, inIn this study, this study, technology was used in synergy with other non-invasive techniques, suitable for localizing the that can localise bio-deteriorated areas and the added restoration materials as well as to focus some detailsin order to support and integrate the experimental results. In particular,  SfM (Structurethe structure from Motionmotion (SfM) method [11] was used to obtain thea 3D photogrammetric reconstruction of the painted vault of the “stufetta”Stufetta Room in a very short time with a correctaccurate structure in terms of geometry and texture. This technique is commonly applied for in the study of cultural heritage assets [12]. Along with these instruments, the a red-green-blue imaging topological radar (RGB-ITR) 3D laser scanner prototype was used for digitalizingto digitalise the “Landscape Room”.. This 3D laser scanner has been already been employed for remote diagnosticdiagnostics of cultural heritage [13,], [14]. Its ability of measuringto measure in situ, remotely, besides to assure the along with its complete non-invasiveness, eliminates eliminate the use of scaffolds, reducing the time and the cost of the analysis. The obtained results highlighted the localizedlocalised presence on the surface of different materials, due to  resulting from retouching or consolidating processes, alsoeven in areas where significative differences are not appreciable by the naked eye. Deterioration phenomena, mainly due to environmental humidity, have been in addition localizedwere also localised by the systems alsosystem in some pointsplaces where they were not clearly evident, suggesting the possibility of damage early detection of damage. The available techniques for the characterising and monitoring bio-degradation characterization and monitoring [15,], [16] can be supported by the presented approach.
The combined use of the different instruments can offeroffers several advantages. In particular, the possibilityit is possible to overlapoverlay the LIF spectral maps toonto the 3D photogrammetric model, obtained inat a short -to-medium range of distance, and toonto the 3D laser coloured model obtained by the RGB-ITR scanner, also in case of . The system can also localise the areas on the surface that have submitted to degradation actions perfectly even in low light conditions, can allow to perfectly localize, also  or at great distances, the areas on the surface submitted to degradation actions.
[image: ]
[bookmark: _Ref312437359]Figure 1. Stufetta vault at the Bishop’s palacePalace of Frascati.
The results of the proposed integrated approach can be of great usefulness for the site conservation. The capabilitiesability to detect and localizelocalise early signs of damage, before they are clearly visible byusing non-invasive and rapid techniques, improve the possibility to intervene with the  can ensure that interventions and restoration actions are performed in due time. Moreover, the periodic repetition of suchthis kind of investigation withinvolving the relativecombined results from theof different applied techniques regarding the possible appeared changes in the areas of interest, such as changes in the increasing/decreasing dimensiondimensions of bio-deteriorated areas or the chemical degradation of the restoration materials, could be used as monitoring tool of theto monitor degradation processes. 
EXPERIMENTAL Set-upSetup
LIF System
Laser-induced fluorescence system
[image: ]
Figure 2. LIF system operating at the Bishop’s Palace of Frascati. Laser beam line visible on the left wall.
The system applied in this work for fluorescence measurements iswas the ENEA prototype LIF line scanning  system, in which a cylindrical lens in the optical path modifies the shape of the laser beam on the target from a point to a line. This system, shown in Figure 2 during the measurements at the Palace, is described in detail in a previouspreviously published paper [17]. The improvement of the optical system together with the new rotating mechanical assembly induce thehave made possible a considerable reduction of the scan time,  (1.5×5 m2 scanned in less than 2 minuteminutes at 25 m of distance from the target, respect) in comparison to previous developed similar prototype systems developed previously [18], making this instrument particularly suitable for large areasthe analysis. The handling of motorizedlarge areas. Using motorised optics controlled by software permits, the laser beam, working in this case at the wavelength of 266 nm, withhas a repetition rate of 20 Hz, a pulse duration of 10 ns and 1.2 mJ of energy of 1.2 mJ, to carryfor carrying out a scan of the surface scans. The ICCD camera has a 1024x10241024×1024 pixel detector. The LIF systemsystem’s horizontal field of view is 6 degrees, and due to the coupling of optics- and ICCD makes, only half number of the available pixels are useful to collectfor collecting the fluorescence signal. As a consequence, the spatial horizontal spatial resolution of the system is 1 mm when calculated at 5 m of distance from the target. A LabView program allows the user to set experimental parameters, to define the scene to be scanned, to control the different components of the system, to acquire data and to perform a preliminary fast data processing quickly. Moreover, the vertical spatial resolution can be set by the software by defining the number of rows necessary for the scan in order to cover the whole selected area. The time of measurement time is affected by the value of this parameter, and it can change depending on the specific requirements. 
[image: ]
Figure 3. 3D photogrammetric reconstruction of the Stufetta tunnel vault. 
parameter and then it can change depending on the specific requirements. 
 The registration of all data, related to both to the system configuration and the acquisition parameters, guarantees the measurementmeasurement’s repeatability once fixed the placement of the instrument is fixed. Moreover, the LIF scanning system can be used, with the laser switched off, to collect reflectance images upon the availability of an intense standard light source, useful that can be used as a spatial reference on the target surface. The whole fluorescence spectrum in the 270-–900 nm range for every examined point with a spectral resolution of 2.5 nm and fluorescence images of the scanned surface  are generated by the system. The fluorescence images can be elaborated and reconstructed in false colour by using the three most intense detected bands, corresponding to the main features, as Red, Greenred, green and Blueblue channels (RGB), respectively. 
Photogrammetry
The photogrammetryPhotogrammetry is a tested technique in the documentation of cultural heritage artefacts, and it has been already been applied as a useful tool for cultural heritage surveysurveys [19,], [20].
3D photogrammetric reconstruction, by using the SfM method, is useddone to create three-dimensional models, in a very fast and contactless way, from the acquisition of two-dimensional digital images, under in the form of ‘points cloud’cloud and/or ‘polygonal mesh’,mesh in order to fix their correct geometricalgeometric data in terms of shape, size and spatial position. The SfM technique is based on the theoretical principles of optics, the descriptive geometry fundamentals and, in particular, on theespecially, inverse perspective theory: the scene reconstruction as well as the camera position and orientation are solved in an automatic wayautomatically by the software, using complex algorithms. One of the principal obstacles for the use of this technique is due to the large demands ofplaced on hardware and software resources for image processing, data analysis and data storage, but the possibilityability to access the computational resources offered by the ENEA ICTcomputational infrastructure with, especially the HPC Computational Centre for Research on Complex Systems (CRESCO facilities) high performance computing (HPC) infrastructure, allowed us to overpassovercome this problem. The photogrammetric scanningscan of the stufettaStufetta tunnel vault is reported in Figure 3 and was carried out by a Canon  EOS 550D reflex digital camera with a resolution of 18 MPixel, a focal length of 18 mm and a 22.3×14.9 mm CMOS sensor of 22,3 x 14,9 mm.. The 115 2D 7.5 MB digital images, 7.5 MB each, were remotely post-processed byremotely using the commercial code Photoscan Pro, based on computer vision algorithms of Computer Vision and supported by SfM and Multiple View Stereovisionmultiple view stereovision (MVS) techniques,. This was done via Internet, through IT@CHA virtual lab, which is completely dedicated to cultural heritage applications. IT@CHA was developed for accessing, via web,to enable users to access graphic codes, processingprocess digital images and producingproduce 3D spatial data by on the web using the hardware/ and software capabilities of the High Performance Computing (HPC) ENEA ICT Infrastructure named CRESCO, (Research Computational Centre on Complex Systems) HPC infrastructure, which is distributed over 6 geographical sites in Italy. In addition, the CRESCO system allows to handle heavy jobscan process the large datasets required for many 3D reconstructions by providing computing facilities in computing, storage resources and 3D data rendering tools [21].
Thanks to the use of the hardware and software resources of the ENEA ICT computing infrastructure, it was possible to obtain the 3D real scaled reconstruction of the vault at scale in a very short time with a correctan accurate structure in terms of geometry and texture.
RGB-ITR 3DRed-green-blue imaging topological radar laser scanner
[image: ]
Figure 4. RGB-ITR laser scanner operating in the Landscape Room.
The RGB-ITR (Red Green and Blue – Imaging Topological Radar),, shown in Figure 54, is a light detection and ranging (LIDAR) scanner based on the amplitude modulation of laser beams and the use of the lock-in technique for estimations of both colour and
 structure information estimation [22]. Two properly developedpieces of software, called designed for the system, ScanSystem and itrAnalyzer, allow setting the user to set the scan parameters, calibrate data calibration,, perform post -processing analysisanalyses and generate 3D models generation [23]. This instrument can work during 24 hoursbe used at any time without the influencebeing influenced by external factors, like such as the variability of the ambient light factors. Differently from other laser scanners, the RGB-ITR system drivespositions the beam on the surface drawingusing a TV-like raster, which ensures the same resolution on the lateral walls and the top. The entire  digitalizationdigitalisation was performed by placing the scanner in the middle of the room and rotating the optical head whenuntil the entire field of view was punctually covered by the laser beams. Also if inIn this particular case, the laser scanner operatedwas placed approximately at a distance of 5m,5 m away from the instrumenttarget; in general, it can operate from a distance of up to 35m35 m. The resulting spot size of the three3 super-imposed laser beams was 0.3mm3 mm, while the spatial resolution was set at 0.5 mm as a good compromise between the scanning time and the image resolution. The ITR scanner is based on a polar coordinate system, so its spatial resolution is dependent on the distance between the instrument and the target. In the presented case study, the acquisition was made at an average distance of 5m5 m, and the angular point-to-point resolution of the motorizedmotorised mirror was set at 2-4mdeg: the–4 mdeg. The average point-to-point spatial resolution was about 0.3-–0.5mm5 mm. A complete dissertation on thepresenting a comparison betweenof the image resolutions of standard cameras, usually equipped on commercial scanners,scanner cameras and RGB-ITR image resolutions, as well as the systemcomparisons of their data resolution and accuracy, can be found in a published paper [24]. During the acquisition phase, a linear calibration procedure was completed: it consists in illuminating by that consisted of pointing the laser beamsbeam at a calibrated white target atfrom several distances; the resulting curves arewere used during the post-process phase for normalizingto normalise the colour channelschannel values. The Landscape Room, with a size of which is about 10x10x310×10×3 m3, was digitalizeddigitalised in 4 days without the influence byneeding to wait for optimal ambient light,; the sun provided light during the day and the artificial lights were used during the night. 
RESULTS
[image: ]
Figure 5. False colour LIF image, reconstructed at 300, 400, and 500 nm,   on the left; photogrammetric image with measured area in the yellow line, on the right.
[image: ]
Figure 7. Photogrammetric real scaled 1:1 details of the lunette at 1:1 scale. 
The 3D real scaledscale model of the stufettaStufetta tunnel vault obtained by the photogrammetry allowsmakes it possible to focus someon particular details in order to support and integrate the other NDTs measuresmeasurements and experimental results of other non-destructive testing techniques [25]. After the photogrammetric measurements were completed, the LIF scanning system was applied forto the investigation of the stufettaStufetta vault. In Figure 5, the false colour LIF image, reconstructed at 300, 400 and 500 nm, is reported on the left. The relative photogrammetric image, with the measured area highlighted inoutlined by the yellow line, is reported as a reference on the right. 
[image: ]
Figure 6. LIF spectra related to areas with presenceevidence of bio-deterioration biodeterioration (upper spectrum) and restoration materials  (lower spectrum). 	Comment by Proofed: The y-axis of the lower spectrum should be labelled with ‘a.u.’ rather than ‘u.a.’.
[image: ]
Figure 8. Partial 3D model reconstruction of the Landscape Room obtained by RGB-ITR scanner.
As can be observed, some details not appreciable by the naked eye have been putcan be seen in evidencethe LIF image. In particular, the presence of a different material has been revealed in correspondence with the eyesarea of the angel, wellangel’s eyes is evident in evidence inthe blue inof the LIF false colour image. By analysing the LIF spectra resulting from these points, it can be observed a narrow, intense emission band can be observed at 380 nm (Figure 6, lower spectrum),). This band is ascribable to the presence of restoration materials probably containing zinc oxide,  as  suggested  by the database developed in laboratory, for cultural heritage materials in similar experimental conditions. Particular areas in the angel’s chest also stand out in the fluorescence image; in this case, however, the relative spectra are the result of the superimposition of many different emission bands, implying the presence of a restoration material of different composition with a low concentration of zinc oxide. 
[image: ]
Figure 9. UpTop: RGB-ITR image, with measured area in black line (left) and corresponding false colour LIF image (right).  
DownBottom: Fire screen RGB-ITR image, with measured area in yellow line (left) and corresponding LIF 380/450 nm image (right).
heritage materials, in A similar experimental conditions. Also in the chest some details have been put in evidence by the fluorescence images, but the relative spectra are resulting by the superimposition of many different emission bands, making probable a different composed restoration material, with low concentration of zinc oxide, to be present. 
Such material has been  was also found also in other parts of the analysed surface. The presence of bio-deterioration has beenbiodeterioration was also detected by the measurements. A grid of cell size equal to 0.05 meterm was defined in the lunette above the angel in the photogrammetric model in order to monitor the areas affected by humidity over time (Figure 7). LIF measurements allowedmake it possible to detect the presence of bio-deterioration,biodeterioration not only in those areas where it is visible by the naked eye, but also in some areas where it is  not visible absolutelyat all. LIF spectrum associated to such spectra data of this kind of degradation is characterizedcharacterised by thean emission band at 550 nm (Figure 6, upper spectrum) that resultsis absent in the LIF spectra collected by the of non-deteriorated areas. This result, allowing the discriminationwhich makes it possible to discriminate between deteriorated and non-deteriorated areaareas 
alsoeven when the biodegradation is not visible, suggests the possibility of ausing LIF analysis for preventive monitoring to reduce the eventual induced damage.
The Landscape Room has beenwas also investigated. As forIn the analysis of the Stufetta tunnel vault, the laser induced fluorescence LIF maps were referenced to the 3D model. In this case,, while the RGB-ITR laser scanner has beenwas used. The in the Landscape Room. A partial 3D model reconstruction of the room is reported in Figure 8. In this case, the LIF system didn’tdid not detect any degradation or evidence of restoration evidence on the painted walls, and the emission bands in all the collected spectra could be ascribed to cellulose, due towhich reflects the textile substrate mainly composed of textile.. In Figure 9, upper part, (top), the false colorcolour LIF image of a detail on the painted left wall is shown next to the RGB-ITR image, as an example. Differently, by analyzingIn contrast, the LIF results for the painted wooden fire screen in the room, the LIF results highlighted the discontinuity of the surface materials. In Figure 9, lower part, beside (bottom), the RGB-ITR image is shown on the left, with the measurement area outlined, and the 380/450 nm fluorescence image of that area, in the yellow line on the left side of the figure, is reported on the right. As can be observed, added materials, that are probably due tothe result of restoration actions and/or degradation processes, have been localized also in this case were once again localised by LIF analysis even ifthough in some areas they are not visible by the naked eye in some points.. 
[image: ]
Figure 10. Superimposition of LIF image (in blue) toonto the investigated area in the RGB-ITR model of the Landscape Room investigated area.
The possibility to overlapof overlaying the LIF images toonto the RGB-ITR 3D models in order to obtain some additional information has beenwas tested. The registration method for referencingTo reference LIF data on thea 3D structured point cloud is approached by positioning, 4 or more couplepairs of common points are selected on the respective datasetdatasets, and using standard algorithms for searchingare used to find the best affine transformation. The systematicSystematic error for the pointsthat arises during point positioning is attributed to the different resolutionresolutions between the two datasets: in factthis case, the RGB-ITR acquired the surface points with a spatial resolution of about 0.3mm3 mm, while the LIF scannerdata was obtained with a spatial resolution of 1mm1 mm. Automatic registration algorithms were not still adopted, because not the correction of non-optical aberration correctionsaberrations on the LIF dataset werewas introduced at this stage. In Figure 10, the superimposition of the false colour LIF image, in blue, toonto the RGB-ITR image of the same analysed area of the Landscape roomRoom is reported. No evidence, in this case, of localizedlocalised restoration materials or bio-degradation has beenwas revealed in this case, as affirmed previously.   
 Moreover, a post -processing analysis of the RGB-ITR 3D models has beenmodel was developed in order to carry out the circumscription of theidentify areas of interest and to evaluate the eventual modifications respect to based on images collected in previous periods [26]. The monitoring of the degradation processes could be provided in this way by repeating the measurements at different times.
4. CONCLUSIONS
The validity of the integrated approach developed in this work as a non-invasive diagnostic tool for cultural heritage has been demonstrated by the obtained results. Useful information in very rapid time can be obtained quickly by the synergistic application of the employed different techniques working in synergy.. The capabilityability to localizelocalise areas, also on large surfaces, where bio-deterioration in which biodeterioration processes are growing and whereoccurring or restoration materials have been applied in previous conservation actions has been verified., including for large surfaces. The collected data attested to the good quality, in some cases, of the restoration actions performed during thein previous years at the Bishop’s Palace. UsedThe selected materials and techniques proved to be perfectly suitable for some retouches and integrations. However, degradation processes due to the environmental humidity have been highlighted by the investigation. The possibility of a preventive monitoring by the application of the presented approach to reduce the eventual induced damage has been put in lightraised. 
Work is in progress in order to optimizeoptimise the integration process of integrating the data from the different techniques.
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