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Abstract: Painted surfaces, regardless of their substrate, possess unique elements crucial for their
study and interpretation. These elements include geometric characteristics, surface texture,
brushwork relief, color layer morphology, and preservation state indicators like overpainting,
interventions, cracks, and mechanical stresses. Traditional recording methods such as handwritten
or digital descriptions, 2D scale drawings, calipers, rulers, tape measures, sketches, tracings, and
conventional or technical photography—fail short in capturing the three-dimensional detail
necessary for comprehensive analysis. To overcome these limitations, this paper proposes the
integration of two innovative digital tools, Close-Range Photogrammetry (SfM-MVS) and
Reflectance Transformation Imaging (RTI), which have become accessible with the advancement of
computing power. While other 3D imaging tools like laser scanners and structured light systems
exist and may be preferred for very specialized applications, such as capturing the texture of the
surface with sub-millimeter accuracy (Adamopoulos et al., 2021; Bianconi et al., 2017; Koutsoudis et
al.,, 2013), SfIM-MVS and RTI offer cost-efficient and highly accurate alternative, with 3D modeling
capabilities and advanced pixel colour accuracy, essential for documenting the geometric and colour
details of painted artifacts. The application of these highly promising methods to the mural
paintings from the Palace of Tiryns demonstrates their potential, providing significant insights for
art historians, researchers, conservators, and curators.

Keywords: 2.5D imaging; (5tM) Structure from Motion Photogrammetry; (MVS) Multi-View Stereo;
(RTI) Reflectance Transformation Imaging; heritage documentation; painting conservation

1. Introduction

The current research project emerged as elementary step of a fundamental workflow during the
preparation of a PhD thesis on “Development of a methodology for the digital reconstruction of
unreadable Bronze Age wall paintings using non-destructive physico-chemical methods and
instrumental chemical analysis” at the Department of Conservation of Works of Art and Antiquities,
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University of West Attica, Greece. During the study of painted surfaces, the necessity for a
geometrically precise digital reference model emerged to overlay visual 2D information from various
electromagnetic spectrum ranges. This digital model, in the form of a 2.5D representation, must
accurately depict shape, dimensions, color, texture, surface relief, and patterns without geometric
distortions. Accurate geometric measurements and surface topography are vital for the study,
understanding, and interpretation of works of art. The complexity, sensitivity, high value, and
uniqueness of these artworks often limit the feasibility of extensive measurements and physical
contact.

Previous research in recording and computing the 3D surfaces of painted artifacts has employed
various methods, including 3D laser scanning and structured light scanning systems, to capture
surface textures with sub-millimeter accuracy. These methods have yielded significant findings in
geometric accuracy and surface topography but also present limitations in cost and accessibility.

This paper presents the application of SIM-MVS and RTI on a painted lime plaster fragment
from the Palace of Tiryns, room 18 (Small Megaron) LHIIIB 2 (late 13th century BC), catalogued as
MN33460 and housed in the Archaeological Museum of Nafplion (Peloponnese, Greece)
(Rodenwaldt, 1912; Thaler, 2018). The aim is to create an accurate 3D model and a full-scale ortho-
image (scale 1:1), as well as the detailed recording of the surface relief.

The next steps involve acquiring comprehensive optical 2D information across various regions
of the electromagnetic spectrum and superimposing these images as layers, with pixel-level accuracy,
onto the geometrically defined digital reference background produced by the SfM-MVS application.
This substrate will be a 2.5D digital model, precisely defined in terms of shape and dimensions, free
of geometric distortions. Combined with the complementary images from the RTI application, this
model will accurately render the colour, texture, surface relief, and pattern of the painting.

However, the research process is still ongoing to fully exploit the potential of these techniques.
Due to the so far absence of research data from the physicochemical study of the murals, in this
project, the wall painting in question will not be presented in detail. It will serve as a case study for
the application of SIM-MVS and RTI.

These methods were chosen because of their cost-efficiency and ability to provide accurate 3D
models and photorealistic textures. They are proposed to become the essential tools in any typical
workflow for the scientific study of painted artifacts.

2. Methodology

The main objective is to propose the coupling of two novel digital tools that have been developed
in recent years and, along with the increase in computing power of personal computers, they have
become widely available. These are Close-Range Photogrammetry exploiting structure-from-motion
(SfM) and multi-view stereo (MVS) algorithms, and Reflectance Transformation Imaging (RTI)
which, through the recording and computing of the third dimension of the painted surface, can
provide a wide range of high-resolution spatial and colour information that is crucial for the viewing
and the understanding experience by an observer or art historian, the study of the materials and the
construction technique by a researcher, the recording of the present and ongoing state of preservation
by an art conservator or the management of the object by a curator when planning an exhibition.

2.1. Photogrammetry

SftM photogrammetry is a passive, (Kraus, 2007, p. 413, 414; Remondino & El-Hakim, 2006)
image-based documentation technique that allows the derivation of accurate, metric and semantic
information from a series of digital photographic images taken with off-the-shelf digital photographic
equipment, but processed in specialist photogrammetry software (Kelley & Wood, 2018, p. 15).
However, SfIM differs fundamentally from conventional photogrammetry, as the geometry of the
scene, camera positions and orientation are solved automatically without the need to specify a priori
a network of targets that have 3-D positions known in advance. Instead, these are solved
simultaneously using a highly redundant, iterative bundle adjustment procedure, based on a
database of features automatically extracted from a set of multiple overlapping images (Westoby et
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al., 2012). It rigorously turns 2D image data into 3D data (like digital 3D models) establishing the
geometric relationship between the acquired images and the scene as surveyed at the time of the
imaging event (Remondino & Campana, 2014, p. 65). Since it is a passive technique with no emitting
light, it relies purely on natural illumination, and in that way does not physically harm the object
material (Fuhrmann et al., 2014). Even though the term SfM photogrammetry is only part of the
obtaining 3D models from overlapping pictures process, it is also widely used to denote a
photogrammetry methodology (Iglhaut et al., 2019; Solemé& Nau, 2020).

The procedure followed in this project was to capture a series of images, from multiple angles,
with over 75% overlap, and load them into Agisoft Metashape Pro, the commercial, user-friendly
computer vision-based software package, to generate a textured 3D model and subsequently achieve
the ortho-projection of the painting surface. The process is referred to as Structure-from-Motion (S5fM)
(Ullman, 1976) and Multi-View Stereo (MVS) (Furukawa & Hernandez, 2015) photogrammetry.

SfM is considered an extension of stereo vision. Instead of image pairs the method attempts to
reconstruct depth from several unordered 2D images that depict a static scene or an object from
arbitrary viewpoints. It relies on computer vision algorithms that detect and describe local interest
points for each image (i.e., image locations that are in a certain way exceptional and are locally
surrounded by distinctive texture) and then match those 2D interest points throughout the multiple
images. This results in a number of potential correspondences (often called tie points). Using this set
of correspondences as input, SfM computes the locations of those interest points in a local coordinate
frame and produces a sparse 3D point cloud that represents the geometrical structure of the scene
(Verhoeven et al,, 2013). Inherently, the scale, position, and orientation of any photogrammetric
model are arbitrary (Barnes, 2018). For the outputs to be scaled and their dimensions to be
measurable, it is necessary to define the relationship between the image and the coordinates of the
object. For this purpose, it is essential to place at least three control points (CPs) or GCPs (a GCP is a
point on the object illustrated in the image, while at the same time, its 3D coordinates (X, Y, Z) are
known, either in a local or in a global reference system) with the exact known distances between them
or certified scale-bars established at appropriately selected positions within the photographed scene.
The accuracy of the reference information that is used to scale the photogrammetric model will
determine the scale accuracy of any data output. After the reconstruction of the 1:1 scale
photogrammetric model is made, any measurement or study of the model can be obtained without
limitations regarding the place, as the physical presence in situ/where the original object is located, is
not necessary.

SfM photogrammetry as a passive image-based technique, the results are heavily influenced by
the input image data. Employing an automated process to identify and match features by computer
vision, is fundamentally dependent on the image quality. That being said, any sensors, settings and
acquisition designs should be considered with great care.

2.1.1. Data Acquisition

The present photogrammetric survey was carried out using a Nikon D850, Full-Frame 45.7MP
Single-Lens Reflex Digital camera with a CMOS sensor (8256 x 5504 pixels, 4,35um pixel size)
equipped with a Nikon AF Nikkor 50mm £/1.8 lens.

In total, 468 images (Figure 1-3) in RAW (NEF) format and 16-bit depth were captured by the
Nikon D850 camera tethered to a laptop. The mural was placed horizontally on a tray on the floor.
The camera was mounted at a distance of 715mm from the painting, on a custom-made construction
of a device allowing fully controlled manual movement along the x and y axes, with horizontal
marking to ensure precise movement distance while parallel to the painting surface, achieving
constant focus throughout the entire shooting process. 139 images were taken at a small angle of
about 15° and -15° to the horizontal plane (Figure 2) and 49 images at a larger angle around the mural
(Figure 3) in order to contribute to the creation of the 3D model [1-3] keeping constant the focus and
distance from the object. More specifically, in a coordinate system where the three camera rotation
angles are according to Figure 4, the images acquired were as follows: 196 images with w=0°, @=0°¢,
k=0°, 84 images with w=0°, =00, k=90° (Figure 1, 2), 75 images taken with the camera tilted at an
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angle of w=+15° and 64 additional images taken with the camera tilted at an angle of w=-15° (Figure
1-4) to the centre of the mural. A baseline (i.e., the distance between photography positions) of ca.
100mm and 100mm_along the x and y axes allowed an overlap of ca 79% in longitudinal movement
and ca 69% in lateral movement according to the equations (1, 2) (Figure 5). Two Speedlight flashes
in softboxes were chosen as a light source, oriented downwards at an angle of 45° to the surface of
the wall painting, ensuring uniform illumination and avoiding strong shadows. The use of Speedlight
flashes was chosen because they provided adequate lighting conditions ensuring controlled colour
balance, fast shutter speeds of 1/100, closed aperture of f/8 (medium f-number) and ISO 100. The two
flashes were automatically triggered by the camera using a wireless transmitter at ¥4 +0.7 of power.

Figure 1. Camera positions during the photogrammetric survey. In total, 468 images in RAW (NEF)
format were captured by the Nikon D850 camera.

sy imendiy s aay

Figure 2. Camera positions during the photogrammetric survey. 139 images were taken at a small
angle of about 15° and -15° to the horizontal plane which is parallel to the painting surface.
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Figure 3. Moreover, 49 images were acquired at a larger angle around the mural.
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Figure 4. The rotation angles (¢, w, k) of the camera’s tilt. The movement of the camera was according
to the horizontal pane constituted by x and y coordinates.
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Figure 5. The black dots indicate the positions of the camera, while the different colours represent the
number of the overlapping images. The black outline delineates the surface of the mural. More
overlap results in greater accuracy in the estimated measurements.
S4=318mm (image lateral length)
A=100mm (lateral movement)
g= (lateral overlap)
S-A A 100mm
a% = (1-=7)x100 = (1-5)x 100 = (1-3257) + 100 = 1)
q= 68.5% overlap
Se=473mm (image longitudinal length)
B=100mm (longitudinal movement)
p= (longitudinal overlap)
p% = (1-=5)x100 = (1-F)x100 = (1 -1}, 100 @)

p=78.8% overlap

So, the overlap in y axis is g68.5% and in x axis is p=78.8% for each position of the camera

To establish the reference system, 16 coded targets (calibrated Agisoft’s markers) (Figure 6, 7)
were placed in the subject’s frame. Target placement locations were chosen to be in areas of low
interest on a neutral background of the painting’s surface, as well as in 4 fixed locations outside the
mural. The target locations outside the mural consist of custom-made 90° angle rulers with
prefabricated coded pears of Metashape targets with known highly accurate pre-measured distances
in between. They have been located in such a way that the rulers on each side should form a straight
line and be levelled at a plane consisting of the coded targets (5, 1, 7) (Figure 6) and the painted
surface of the mural. By knowing precisely, the distance between two discrete points, referred to as
Scale Bars, Agisoft Metashape is able to transform the spatial data of the model into real-world
dimensions and create a 1:1 exact scaled photogrammetric model. Moreover, the software reads
metadata from the camera and lens and, while carrying out the Align Photo procedure, estimates both
interior and exterior camera orientation parameters, including nonlinear radial distortions (Agisoft,
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2023). Due to the SfM algorithm,-it can automatically estimate the camera’s calibration parameters
for a known focal length (f) or principal distance (c) of the utilized lens. This method, is called self-
calibration. While self-calibration in Agisoft Metashape can provide accurate results in many cases,
for critical applications where high accuracy is required, it’s often recommended to perform a manual
calibration by photographing a calibration pattern instead. The camera-lens calibration procedure
followed in Agisoft Metashape involved taking 21 photographs of the checkerboard calibration
pattern displayed on the LCD screen with the camera from slightly different angles. These images
were captured with the same camera, lens, and focal length settings as when photographing the
mural in situ. By importing these images into Metashape as a separate chunk and performing camera
calibration during the editing workflow, the stored calibration data participated in the photo-
alignment process.

Q’

E

Figure 6. 8 coded targets (calibrated Agisoft’s markers) were placed on the surface of the mural.
Outside the mural, 4 custom-made scale bars consisted of 90° angle rulers and 4
prefabricated coded pears of Metashape targets (1-8) with known highly accurate pre-
measured distances in between located in such a way that the rulers on each side should
form a straight line and be levelled at a plane consisting of the coded targets (5, 1, 7) and
the painted surface.
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Figure 7. A Line laser projects the laser beam as a line in order to position the rulers on each side
of the mural forming a straight line.

For any digital photogrammetric project, the potential density of measurements and precision
with which any individual measurement can be made, are going to be partially connected to

1.  the distance from the camera to the object (H),
2. the sensor’s natural size (ps)/resolution of the camera, and
3.  the focal length of the lens (c).

These three variables together determine the size that any given pixel in an image occupies on
the surface of the subject being imaged. This value, equal to the distance between the centre of two
adjacent pixels as measured on the subject’s surface, is known as ground sample distance (GSD)

(Barnes, 2018).
So, according to the equation (Stylianidis & Remondino, 2016, p. 264)
c ps GSD xc
e = H -
H GSD ps
(3)
c=50mm, ps=4,35um, H=715mm
_ Hxps _ 715mm x0.00435mm __ 3.11025 __
GSD = ——= o ==, = 0.062mm
4)

According to equation (7)

Hxps 715mmx0.00435mm _ 3.11025

53,76mm 53,76
(Agisoft calculates it to be equal to 0.055mm, Table 1)

GSD = = 0.0578mm

Table 1. Summarized technical report of the procedure.

Agisoft Metashape’s calculations Report. NIKON D850, Nikon AF Nikkor 50mm f/1.8 lens, 8256 x 5504 pix, 4.35x4.35 um.
No Project Camera position According to Figure 4 Numb Altitude G d Tie points Reprojection Ferror  Scale bars

of Images (mm) resolution error (pix) (pix) error (m)
(mm/pix)
1 D850 Parallel, No targets ~ w= 0°, ¢=0¢, x= 0¢ 89 715 0.0555 100,784 1 0.12 0.000013
Tiryns  Parallel With targets  w= 09, ¢=0<, x= 0° 107
Turn 90° w= 09, ¢=0°, x=90° 84
Tilt 15¢ w=159, =0°, x=90° 75
Tilt -15 w=155, =05, k=90° 64

Oblique 46
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This means that in order to achieve a GSD of less than 0.058 mm with the specific camera and
lens, the images should be captured from a distance of less than 715 mm from the object.
According to (Verhoeven, 2018)

®)
ps or p: photosite, detector pitch (um)
H or s: object distance from optical centre (mm)
f': focal length of the lens
w: sensor width
W: footprint width, the object space that is captured by the imaging sensor in the same aspect
ratio
According to (Patias & Karras, 1995, p. 46)
1_1

1
?_H+;=>C_

T
x
-

T
\'1

(6)
For H=715mm and f=50mm (focal length)
Then
_ 715mmx50mm

¢ =——————=53,76mm (principal distance) (7)

715mm-50mm

So, according to (Hecht, 2017, p167; Stylianides & Remondino, 2016, p. 167), c=f only when H= =

2.1.2. Data Processing

After the sequence of image capture was completed, Adobe Photoshop Lightroom Classic
software (12.3 Release) was utilized to adjust the white balance based on the colour calibration chart
X-Rite Colorchecker® Passport Photo target (in order to relate the recorded colours to the well-defined
standards of ICC profiles) and applied to all images via sync. Finally, the RAW files were batch
processed [2] into DNG uncompressed format in Adobe Photoshop software (24.4.1 Release).

The next step was to import all images into Agisoft Metashape Pro to generate the 3D models
(Table 1). This semi-automated process consisted of seven basic consecutive steps: Align Photos, Build
Mesh (3D polygonal model), Build Texture, Build Point Cloud, Build DEM, Build Orthomosaic and Export
Results. A detailed step-by-step guide to the software procedure is presented in the Agisoft
Metashape Pro manual. The Build Texture step, which generates the colour texture map, was
performed with 89 images taken parallel to the surface before placing the coded targets so that the
surface of the model to be generated was not covered by the targets.

2.2. Reflectance Transformation Imaging Technique RTI

RTI is a computational photographic method (Frey et al., 2011, p. 125) that captures the relief of
the object’s surface through highlights and shadows in situ, taking advantage of the ability to relight
the subject interactively and virtually in real-time from various angles at the office. It describes a suite
of technologies and methods for generating surface reflectance information using photometric stereo
i.e, by comparison between images with fixed camera and object locations but varying lighting
(Woodham, 1980). RTI refers to a file format (Mudge et al., 2006) in addition to a set of methods. The
most common implementation of RTI is via Polynomial Texture Mapping (PTM) fitting algorithm,
invented by Tom Malzbender of HPLabs (Earl et al., 2010; Malzbender et al., 2001; 2000). PTM is a
mathematical model describing luminance information for each pixel in an image in terms of a
function representing the direction of incident illumination. The illumination direction function is
approximated in the form of a biquadratic polynomial whose six coefficients are stored along with
the colour information of each pixel (Zanyi et al., 2007).

RTI is a non-invasive/non-contact method that has its roots in the principles of raking
illumination (Frey et al., 2011, p. 116; Alexopoulou-Agoranou, A. & Chrysoulakis, 1993, p. 127-129)
that has been extensively used in museums and other heritage contexts. A raking light photograph is
made by casting light across the surface of a painting at a very low angle, highlighting any surface
texture or irregularities, including incisions, impasto, raised or flaking paint, damages and
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deformations of the canvas or panel. However, as photographs are usually taken with lights in only
one, or perhaps two, positions, the information obtained depends largely on the choice of lighting
position; a photograph with lights designed to highlight a particular area may not reveal interesting
features in another part of a painting (Padfield et al., 2005, p. 1). PTM overcomes this drawback by
allowing virtual re-lighting of the subject from any direction and subsequently through the
mathematical enhancement of the shape and colour subsequently attributes of the object’s surface
reveal information about the topology and reflection of the imaged surface in the form of surface
“normal” (Woodham, 1980) for each pixel (Frank, 2014a; Hewlett-Packard, 2009; MacDonald &
Robson, 2010; Malzbender et al., 2001; Schidel, 2022). This “normal” information indicates the
directional vector’s perpendicular to the subject’s surface at each location recorded by the
corresponding image pixel. Since each encoded normal corresponds to a point on the object, the
whole set provides a complete and accurate “description” of its topography. Consequently, PTMs are
2D images containing true 3D information. This ability to document colour and true 3D shape
information by using normals, is the source of RTI's documentary power (Happa et al., 2010). The
enhancement functions of RTI reveal surface information that is not readily discernable under direct
empirical examination of the physical object. Today’s RTI software and related methodologies were
constructed by a team of international developers.

Each RTI resembles a single, two-dimensional (2D) photographic image. Unlike a typical
photograph, reflectance information is derived from the three-dimensional (3D) shape of the image
subject and encoded in the image per pixel, so that the synthesized RTI image “knows” how light
will reflect off the subject. When the RTI is opened in RTIViewer software, each constituent pixel can
reflect the software’s interactive “virtual” light from any position selected by the user. This changing
interplay of light and shadow in the image discloses fine details of the subject’s 3D surface form
(Cultural Heritage Imaging, 2002-2021). The interactive output is produced from multiple
photographs that are taken from one stationary position, while the surface of the subject is
illuminated from different raking light positions in each shot. Although this is technically a 2D
recording approach, it is often described as 2.5D because of the high-level visual information
provided by highlighting and shadowing 3D surfaces. It should be noted that this procedure, as
described, although providing detailed qualitative surface information, does not produce metrically-
accurate 3D data (Historic England, 2018).

There are several capture methods that can be utilized to create a PTM, each requiring different
tool kits and budgets. Because of the relatively inexpensive, transportable tool kit and flexible
recording parameters, the Highlight-RTI or H-RTI method was chosen for this project. H-RTI image
capture is a technique that permits the capture of the light position as the photo is shot obtaining the
digital image data from which you can produce reflectance transformation images (RTIs). An RTL in
addition to storing the colour data for each pixel, stores a “normal” value for each pixel that records
its surface shape. The processing software calculates this value using data about the position of the
light in each image, relative to the camera.

A key element of the RTI methodology is the presence of one or (preferable) two reflective black
glossy spheres in the frame of the photograph in each shot. The reflection of the light source on the
spheres, in each image, enables the processing software to calculate the exact light direction for that
image. The size of the spheres depends on the dimensions of the object being photographed and the
resolution of the camera. It must be noted that the sphere diameter should be at least 250 pixels wide
to be fine for RTI calculation. As with the various camera setups, the sphere configuration needs to
be adjusted according to the circumstances of the subject and environment. The appropriate position
for the spheres can be determined by looking at the camera’s view.

During post-processing, the reflective spheres will be cropped out from the images; this is
something to keep in mind when positioning them. They must be close enough to the subject so that
the camera can focus on both the spheres and the subject with sufficient Depth of Field (DoF), but far
away enough so that they can be cropped out of the image without losing any image data for the
subject itself. It is very important to pay extreme attention during the shooting sequence so that the
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camera, the target object and the reflective spheres do not move at all - only the light “moves”
(Cultural Heritage Imaging, 2013).

2.2.1. Data Acquisition

In total,32 lossless RAW (NEF) format photographs were taken with a Nikon Z6 Full-Frame,
24.5MP mirrorless camera equipped with a Tokina AT-X PRO SD 16-28mm £/2.8 (IF) FX lens shooting
at 28mm focal length, mounted in a fixed position throughout the process, with the camera sensor
parallel to the surface of the painting. The camera was tethered to a laptop via the USB computer-
control cable so that it could be remotely triggered via Adobe Lightroom software. This layout
enabled the camera viewfinder to be remotely displayed in a live-view mode on the larger screen of
the laptop, providing the advantage of avoiding any possible movement of the camera while
shooting, having better control of the photo frame, focus, brightness or white balance, as well as
checking the quality of the captured images and saving them directly on the laptop’s hard drive. A
Speedlight flash was employed as the light source, along 8 positions of an imaginary dome, at a fixed
distance from the centre of the painting surface, positioned for each shot in 10-degree increments
from the lowest angle of 10 degrees to the highest angle of 40 degrees. It was automatically triggered
by the camera using a wireless transmitter. The use of a flash unit exposes the Mycenaean frescoes to
relatively minimal levels of ultraviolet light and allows the image to be captured in 1/100 s at {/8 in
ISO 100 (shutter speed 1/100, aperture £/8 and ISO 100).

The quality of the final RTI is based on the quality of the captured images. Although the
processing software is relatively robust and photographing in RAW format allows for some post-
processing adjustments, it is important to precede test shots with a grey card to select the appropriate
exposure (aperture, shutter speed and light intensity from the light source) by examining the
histogram of the captured images. This process, at the time of analogue photography, would require
the use of a photometer.

It is also recommended that before each capture sequence or during the shooting, a shot be taken
using the light source at the highest angle (65 degrees) with a colour balance card incorporated in the
subject’s frame (Cultural Heritage Imaging, 2013). This image capture will be used later in the post-
processing phase to adjust the colour of the photographs and ensure accurate colour by compensating
for the effects of the colour temperature of the light source (Historic England, 2018). The colour
balance card that has been used was contained in the X-Rite Colorchecker® Passport (Frey et al., 2011,
p. 93).

2.2.2. Data Processing

After the acquisition of the images was complete, Adobe Lightroom software was used to make
appropriate white balance adjustments based on Colorchecker® Passport, which was applied to all
images via synchronization. Finally, the RAW files were batch-processed into DNG format and then
converted to JPEG (;jpg) in Adobe Photoshop software. Tethered shooting and data processing for
both techniques Close-Range Photogrammetry (StM-MVS) and Reflectance Transformation Imaging
(RTT) was performed by a Microsoft Surface Studio laptop with a Quad-core Intel 11th Gen Intel Core
H35 i7-11370H@ 3.30GHz, 32GB LPDDR memory (4 x 32 GB), 64-bit operating system (Windows 11)
and 4GB GDDR6 GPU memory NVIDIA GeForce RTX 3050 Ti laptop graphics card.

Post-processing of the 32 image captures occurred through the open-source RTIBuilder software
(Version 2.0.2.) and HSHfitter in order to collate information about the direction of the light source
and generate the final RTI file. The generated RTI file was then loaded into RTIViewer software
(Version 1.1) available from the CHI website.

3. Results
3.1. Photogrammetry Results

The outputs generated in the photogrammetric survey of the wall paintings are the Point cloud,
the Dense elevation model (DEM) and the Orthomosaics.
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The Point cloud consists of points in a three-dimensional space providing a detailed
representation of the geometry of the mural (Figure 8-11).

Figure 9. The generated dense point cloud of the mural without texture.
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Figure 10. a, b, c.: From top to bottom: a. wireframe (triangulated mesh) of the surface, b. 2.5D solid
without texture and c. 2.5D model with texture. d, e, f.: Detail of Figure 10. a, b, c.

Figure 11. The Dense Point Cloud of the area of Figure 10. d, e, f.

The produced Dense Elevation Model (DEM) is a 2.5D model (Figure 12) of the surface which
uses pixel locations to represent X and Y coordinates, and pixel values to represent the depth. The
colour gradient corresponds to measurable altitudinal gradients. They can also be visualized in the
form of elevation contours (Figure 13). Metashape also enables the calculation of cross sections with
the cut being made at a plane parallel to the z-axis (Figure 14, 15).
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Figure 12. The produced Dense Elevation Model (DEM) uses pixel locations to represent X and Y
coordinates, and pixel values to represent the depth. The colour gradient corresponds to measurable
altitudinal gradients. They can also be visualized in the form of elevation contours.

Figure 13. The altitude differences can also be visualized in the form of contours. The generated
contours have an interval of 0.001m.
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Figure 14. Cross section with visual and metrical information about the relief and topography of the
mural painting.
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Figure 15. The product of digital photogrammetry offers wealthy and valuable information
concerning the object where the need to exploit it may arise at a later occasion. Having collected the
data in a relatively inexpensive and quick process a plethora of information for now or in the future
is available.
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Orthomosaics are usually high-resolution photomosaics (Figure 16) of numerous overlapping
photographs and three-dimensional models (Figure 8-11), providing a metric record of the paintings
at a single point in time (Figure 18). The most utilized outputs are orthoimages (Figure 16, 17), which
are rectified images that are corrected for most distortions (Granshaw, 2020).

e e} )
10.7cm L X

Figure 16. The reconstructed orthomosaic from 89 DNG images with a total resolution of 26210x17852
pix, 0.0555mm/pix. It is ortho-projected on a plain defined by the three targets 5, 1, and 7 (Figure 6)

which have z=0 on the local coordinate system.
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Figure 17. Accurate measures on the reconstructed orthomosaic.

Figure 18. Detail. Measures on the reconstructed orthomosaic.

The orthoimage is an image of the object surface in orthogonal parallel projection allowing
measurement of distances, angles, areas etc. (Figure 17-19) The orthogonal projection reflects a
uniform scale in every product point since no relief displacements appear on the product. The
orthoimage is divided into pixels by considering a specific pixel size based on the ground coordinate
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system. For each one of these pixels, a specific greyscale or RGB value corresponds. This value is
obtained from the original image corresponding to the appropriate pixel, by using one of the
resampling methods namely nearest neighbor, bilinear and bicubic (Stylianidis & Remondino, 2016).

Figure 19. Various precise measurements can be obtained on the wall painting not in situ, nor on the
physical object, but at any office, in any place, at any time.

3.2. RTI Results

The real power of this technique is the interactive RTI Viewer tool which allows the viewer to
virtually relight the object’s surface from any direction, much like tilting it back and forth to catch the
light and shadow that best reveal features of interest. Furthermore, its enhanced vision reveals
shallow reliefs that may not be easily distinguishable under normal lighting conditions or by
photogrammetry. However, the results and their interpretation are the subject of an ongoing research
project. Therefore, to reach and present confident and reliable conclusions, the information obtained
from these two methodologies in combination with other studies should be taken into account.
Indicatively it can be mentioned that the application of the RTI methodology makes it possible to
distinguish the painter’s brushstroke as well as the sequence of the colour layers, i.e., which of them
was applied first and which last. That information may be suspected or assumed, but by the RTI, a
non-contact, non-invasive technique, can be certified with certainty.
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Figure 20. RTIViewer screenshot. RTI reveals detailed surface texture, including brushstrokes and
other subtle features that contribute to the artist’s technique. This allows for a more in depth
understanding of the painting style and the artist’s skill.

@RTIViewer 1.1.0

Figure 21. RTIViewer screenshot. RTI highlights surface anomalies, damages, or irregularities on the
painting surface.
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Figure 22. a, b, c. RTIViewer screenshots with the green sphere (top right) adjusted in different
direction of light.
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Figure 23. a, b, ¢, d. Screenshots from RTIViewer. In (a) and (b) different directions of light enhance
the topography information. In (c) we exploit the RTI Normals Visualization and in (d) string
impressions are most clearly visible by the RTI-HSH specular enhancement.
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4. Conclusions

This paper aims to demonstrate the benefit of coupling Close-Range Photogrammetry (SfM-
MVS) and Reflectance Transformation Imaging (RTI), as a standard workflow for the recording and
documentation of painted works of art. These two methods are recommended as complementary
techniques due to the distinct types of information they provide. Photogrammetry produces an
accurate, geometrically defined 2.5D digital mural “twin” by capturing the actual relief of the painted
surface. In contrast, RTI uses selective illumination to acquire controlled visual information, enabling
virtual illumination on demand and the observation of shallow texture variations, which are
mathematically enhanced to make them more distinct and legible. Furthermore, both methods can
be implemented using consumer-grade cameras, which are affordable and widely available in
conservation and research laboratories. This makes the techniques accessible to conservators and
researchers with minimal technical expertise.

Digitally recording a painting with photogrammetry and RTI and creating the 2.5D model offer
the unique ability to exploit depth information, significantly enhancing the study process. This
approach overcomes limitations related to the object’s preservation status, exposure, storage location,
available observation time, or object-observer distance. Regardless of where the physical object is
located, its digital “twin”, (Grieves, 2015) can be accessed and studied from any location, providing
the opportunity to examine it closely from a few centimeters away.

A digital replica allows for the observation of an entire scene or a focused area, down to the pixel
level, collecting high-resolution spatial and color information. The model can be rotated, zoomed,
and measured with absolute precision without physical contact with the original object. Taking
advantage of the ability to interactively virtually relight the subject in real-time from various angles
in the RTIViewer environment, enhances the surface relief, revealing detailed information about
construction techniques, colour layers, brushstroke textures, and the artist’s signature or fingerprint.

These techniques also facilitate the detection of micro-cracks, bulging, flaking, losses, and
previous conservation-restoration interventions, which are often not visible to the naked eye. During
conservation, they allow for three-dimensional recording of the stages of conservation, damages, or
deformations during exhibition or storage, creating a valuable digital record of high geometric and
imaging accuracy for future analysis.

The digital record can serve as a reference background for integrating layers or metadata,
including images in different wavelengths, drawings, sketches, annotations, and notes. It forms a
comprehensive and dynamic digital record that can be updated with new information or
formulations in the future.

In conclusion, the application of these methods is highly promising, and the results justify their
proposal as fundamental non-invasive recording tools in the regular workflow of a standardized and
integrated scientific methodology for the documentation and study of works of art.

This project is an initial presentation of the methodology proposed for the creation of a
geometrically accurate 3D model, a true digital replica, and a full-scale ortho-image (scale 1:1) of the
mural under examination as well as the recording of the surface relief, the morphological and
geometric characteristics of the colour layers and the brushstrokes relief utilizing the capabilities
provided by Reflectance Transformation Imaging. The resulting orthophoto will serve as the
geometrically defined background layer, onto which, imaging information from the hyperspectral
analysis of the drawing technique and pigments, will be superimposed in layers.

Next steps involve acquiring optical 2D information across various regions of the
electromagnetic spectrum and overlaying these images, with pixel-level accuracy, onto the digital
reference background produced by the SIM-MVS application. This substrate will be a 2.5D digital
model, precisely defined in shape and dimensions, free of geometric distortions. Combined with
complementary RTI images, this model will accurately render the color, texture, surface relief, and
pattern of the painting.

However, research is ongoing to fully exploit these techniques. Due to the current lack of
physicochemical study data, a detailed presentation of the mural and an extensive interpretation of
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the information obtained from the application of SfM-MVS and RTI are not included in this project.
Instead, the mural serves as a case study for the application of StM-MVS and RTIL.
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List of Contributions

1. Although parallel image acquisitions are good for human stereoscopic projection and automatic
surface reconstruction, when combined with convergent acquisitions they often lead to higher
accuracy, especially in the z-direction. (Linder, 2016, p11)

2. The term “batch” refers to editing photos of an entire group of images rather than one image at
a time, accelerating the editing process.
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