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Documentation of paintings restoration 
through photogrammetry and change 
detection algorithms
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Abstract 

The philosophical and theoretical foundations of the Theory of Restoration, envisioned by Cesare Brandi in 1975, are 

established around clear and straightforward guidelines on what is ethically acceptable, and unacceptable, in con-

servation. Specifically, the Italian scholar advocates for the complete reversibility of restoration work and respect for 

the history of an artwork. Indeed, according to these concepts, all interventions should be fully reversible so to return 

the object to its initial conditions without any damage. Bearing in mind these assumptions, a detailed documenta-

tion of all the steps of the conservation process, and the possibility to retrieve them a posteriori, must be considered 

essential. This concept especially applies when dealing with paintings restoration characterized by fine and small 

details. In recent years, the tendency is to favour minimal invasive interventions ranging from consolidation actions, 

cleaning samples, and colours retouching. Materials change more or less conspicuously over time according to their 

consistency and the intensity of the changing factors. Icons do not make an exception to this rule. This process affects 

the icon’s whole structure: the support, the painting itself and the varnish coating. This paper investigates the per-

formance of change detection algorithms, developed in the remote sensing domain, and, in the framework of this 

research applied at a microscale (paintings). Each phase of the restoration process is documented exploiting a multi-

epoch image acquisition. A monitoring methodology coupled with photogrammetry and 3D shape analysis is tested 

and described. It is anticipated that the proposed innovative use of change detection techniques can be applied 

to different kinds of painted surfaces. An icon, today preserved at the Byzantine Museum Makarios III Foundation in 

Nicosia and restored by the Department of Antiquities of Cyprus labs, has been used as a case study.
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Introduction
For almost the last two decades digital technologies have 

been increasingly used to address art conservation prob-

lems and provide objective diagnostic and documenta-

tion tools.

Concerning the restoration of paintings, the scientific 

community has indeed proposed a variety of method-

ologies for the study, identification, and mapping of the 

decay. Techniques such as multispectral analysis [1], vir-

tual restoration [2], Geographical Information System 

(GIS) [3], and 3D modelling [4] have proven to be suc-

cessful when integrated in a multidisciplinary research 

environment.

�e documentation process of painted artworks is 

today mainly realised through digital cameras using 

direct or oblique light, coupled, when possible, with col-

our checkerboards and metric rulers. �e typical out-

come is a single-shot image often influenced by more 

or less visible perspective distortions and usually light 

changes due to the reflectivity of the surfaces.

When needed, the collected images are a posteriori vis-

ually analysed to identify the changes the artworks went 

through during the restoration. �e proposed study pre-

sents a novel way to exploit change detection procedures 
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and photogrammetric techniques to monitor and retrieve 

variations occurred on the pictorial surface at different 

stages, automatically and straightforwardly.

Change Detection can be defined as the process of 

identifying transformations of a surface over time. In this 

study, it has been applied for the first time in heritage 

science to the restoration procedure of a painted item, a 

Byzantine icon.

Eleven image data sets have been acquired and pro-

cessed to highlight the changes that occurred due to the 

conservation interventions.

In details, the paper is structured as follow: (i) descrip-

tion of the data collection procedure through photo-

grammetric techniques (see “Photogrammetric surveys” 

section); (ii) data post-processing for the production of 

radiometrically correct orthophotos (see “Data post pro-

cessing” section); (iii) change detection algorithms appli-

cation over different epoch datasets in 2D and 3D space 

(see “2D change detection analysis” section); (iv) analysis 

and interpretation of the results (see “2D change detec-

tion data interpretation” section).

Additionally, an assessment of the geometric conserva-

tion condition of the wooden support has been realised.

Methods/experimental
2D change detection

Many techniques have been developed in the remote 

sensing domain, with the purpose of identifying the dif-

ferences occurred on the Earth surface over time. �is 

task, usually referred to as change detection, can be 

approached in a supervised or unsupervised way, being 

the latter preferred when no training samples or only a 

little knowledge on the ground is available.

�e Multivariate Alteration Detection (MAD) algo-

rithm was selected in this study after a comparison with 

the well-known and widely used in remote sensing, Prin-

cipal Component Analysis (PCA) algorithm [5]. �e lat-

ter is a statistical procedure used in several domains and 

developed to transform a set of correlated variables into 

a new set of uncorrelated variables considering the prin-

cipal directions in which the data are spread in space. 

Whereas PCA allows reducing the size and redundancy 

in the original data, MAD considers maximum auto-

correlation eliminating issues related to the possibility 

that a dominating element in the image affects the PCA 

components. In addition, MAD is invariant for linear 

transformations of the data, making it insensitive to 

the application to raw Digital Numbers (DNs) or trans-

formed images [6].

�e MAD is a broadly used mathematical analysis 

method of images linear transformation. Introduced 

by Nielsen et  al. [7], MAD seeks to improve the sim-

ple image differentiating techniques by exploiting the 

Canonical Correlation Analysis (CCA). Indeed, the main 

principle is to make the images as similar (i.e., correlated) 

as possible, before computing their difference. �e lat-

ter is carried out by using CCA to find two sets of lin-

ear combinations of the original variables, where the first 

two linear combinations (called canonical variates) are 

the ones featuring the most significant correlation (called 

first canonical correlation). �is process is then iterated 

to compute the higher-order canonical correlations/vari-

ates, under the condition to be orthogonal (i.e., uncorre-

lated) to the previous ones. If N is the maximum number 

of bands in first and second input images, the differences 

between the corresponding pairs of variates (called MAD 

variates or components), constitute N change maps that 

are usually combined in a single multi-band image.

Since MAD analysis lacks in semantic interpretation, 

the adoption of a combined procedure can be preferred 

to support the understanding of changes found by MAD. 

For this reason, Nielsen proposed to apply the Maximum 

Autocorrelation Factor (MAF) transformation to the 

MAD components [8]. MAF transform seeks to isolate 

the noise component of the data, by computing a new 

set of variates out of the original ones, where low order 

components feature maximal spatial autocorrelation 

(signal), whereas the highest order variates feature mini-

mal spatial autocorrelation (noise). Accordingly, the first 

MAF-MAD component will identify areas with maxi-

mum changes, while the noise is expected to be isolated 

in the lower order MAF-MAD components. �e use of 

the MAD technique, either alone or in combination with 

MAF transform, is well-known in the remote sensing 

community [9–11].

2D change detection literature review

Detecting changes in images of the same scene acquired 

at different times has seen significant development in 

a wide range of disciplines such as video surveillance, 

remote sensing, medical diagnosis, driver assistance 

systems, civil engineering, disaster management, and 

cultural heritage [12]. However, up to date, there is no 

record it has ever been used for the documentation of the 

restoration process or monitoring of painted surfaces.

In the last three decades, the research community has 

proposed a variety of change detection methods using 

different approaches such as image differencing, image 

rationing, principal component analysis, change vector 

analysis and post-classification. A complete review of 

change detection algorithms can be found in [13–15].

Change detection algorithms are usually categorized 

into two main typologies:

• Algebra-based change detection, including image dif-

ferencing, image rationing, image regression, vegeta-
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tion index differencing, change vector analysis and 

background subtraction techniques;

• Classification based change detection such as post-

classification comparison, spectral–temporal analy-

sis, unsupervised change detection, and hybrid 

change detection.

Although the study reported in this paper repre-

sents the first attempt in using change detection algo-

rithms for the documentation of the restoration process 

of a painted artefact, the heritage and archaeological 

domains have experimented an extensive use of multi-

temporal imagery as a useful tool for large-scale protec-

tion of monuments, sites and cultural landscapes [16]. 

Table 1 presents a literature review concerning the use of 

2D change detection algorithms applied in heritage and 

archaeological science.

3D change detection

In the 3D domain, change detection algorithms ask for 

three-dimensional models as input data instead of 2D 

images. �ese are usually obtained through the state-of-

the-art image- and range-based modelling techniques, in 

forms of point clouds or meshes.

Changes are then usually identified by measuring the 

distance between 3D models. Four main approaches for 

distance computation are generally adopted, namely:

• DEM of Difference (DoD) [25];

• Direct cloud-to-cloud comparison with closest point 

technique (C2C) [26];

• Cloud-to-mesh distance or cloud-to-model distance 

(C2M) [27–29];

• Multiscale Model to Model Cloud Comparison 

(M32C) [30].

3D change detection literature review

In Table  2 are summarised some significant examples 

describing how the aforementioned 3D change detec-

tion algorithms, coupled with range- and image-based 

modelling techniques, can help monitor geometric fea-

tures of heritage assets over time.

Geometric analysis of paintings

In the field of painting’s conservation, there is a number 

of non-contact techniques which allow detailed analy-

ses of the artwork’s surface and support in the visible 

and non-visible spectrum.

In recent years the study and characterisation of art-

works’ surface employing different non-invasive digi-

tal techniques are quickly evolving [38–41]. Typical 

outputs are usually represented by pigment identifica-

tion, colour measurements, extraction of geometric 

features (brush strokes details), and shape’ measure-

ments. Range-based 3D modelling techniques [42–45], 

such as laser scanners and structured light sensors, and 

image-based 3D modelling technique, such as photo-

grammetry [46–48] can provide precise and reliable 

3D geometrical and radiometric information useful 

for detailed analyses and inspections. Both approaches 

allow the retrieval of very high geometric details with 

reported spatial resolutions ranging from 60 and 

400 μm.

Table 1 2D change detection, summary of the literature review

Site Method Notes Authors

‘Norwegian National Sites and 
Monuments Record’ list

2D change detection and satellite 
images

Document the reforestation processes 
representing threats to archaeological 
assets

Barlindhaug et al. [17]

The ancient city of Ur (Iraq) 2D change detection and satellite 
images

Monitor archaeological areas, before and 
after the second Gulf War

Di Giacomo and Scardozzi [18]

Ventarron (Lambayeque, Peru) 2D change detection and satellite 
images

Multi-temporal images acquired and 
processed to highlight looting patterns

Lasaponara et al. [19]

Nasca (Peru) 2D change detection and satellite 
images

Detect land-use and morphological 
changes of the cultural landscape

Cigna et al. [20]

Paphos (Cyprus) 2D change detection and satellite 
images

Address the overall risk of the area which 
is enriched by archaeological sites

Agapiou et al. [21]

Homs (Syria) 2D change detection and satellite 
images

Monitoring the effects of the civil war 
started in 2011, on heritage sites

Tapete et al. [22]

Mølen Vestfold County (Norway) 2D change detection, historical images 
and airborne laser scanning

Changes occurred in landscape and 
individual monuments

Risbøl et al. [23]

Palmyra (Syria) 2D change detection and satellite 
images

Use of satellite imagery for change 
detection of lost heritage

Cerra et al. [24]
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The case study

�e artwork used as case study used is a Byzantine icon 

dating to the 18th century, today exhibited at the Byz-

antine Museum Archbishop Makarios III Foundation 

of Nicosia. �e wooden panel, originally placed in the 

church of St. Spyridon in Tremetousia (district of Larn-

aca, Cyprus), measures 34  cm × 42  cm and represents 

the bust of the Apostol Peter set against a gold ground. 

�e half-figure of the bearded apostle is depicted look-

ing toward the observer. He is dressed in a blue tunic 

and a red tint pallium, holding in his right hand the keys 

and in his left hand a scroll mentioning an extract of the 

Second General Epistle of Peter (1:1, 1:2) from the New 

Testament of the Bible (Greek: συμεων πετρος δουλος 

και αποστολος ιησου χριστου τοις ισοτιμον ημιν λαχουσιν 

πιστιν εν δικαιοσυνη του θεου ημων και σωτηρος ιησου 

χριστου;

Translation: Simon Peter, servant and apostle of Jesus 

Christ, to them that have obtained equal faith with us in 

the justice of our God and Savior Jesus Christ).

On the top left and top right corners of the icon, a red 

abbreviation in Greek says ‘Apostolos Petros’ (Fig. 1).

During September 2018 the icon was restored by the 

Department of Antiquities of Cyprus labs. At a prelimi-

nary visual inspection, the icon presented (i) a layer of 

dark varnish covering all the painted surface; (ii) areas 

where the colour layer detached entirely from the sup-

port and is now missing; and (iii) areas where the colours 

appeared lifted.

�e restoration pipeline adopted by the technicians was 

following Brandi’s �eory of Restoration [49], respecting 

concepts such as the unacceptability of creative conserva-

tion and the complete reversibility of any interventions.

An overview of the icon restoration process is summa-

rised in Table 3.

Digital methodology

�e proposed digital methodology consists of four steps: 

(i) photogrammetric survey, (ii) dense point cloud and 

orthophoto production, (iii) 2D and 3D multi-temporal 

change detection, (iv) data interpretation (Fig. 2).

�is approach was tested on a multi-temporal dataset 

consisting of eleven orthophotos. Each time a conserva-

tion task was completed (see Table  3), the process was 

halted, the icon moved in a controlled photographic envi-

ronment, and the image dataset was collected.

Photogrammetric surveys

�e photogrammetric setup consisted of a Canon 5D 

Mark IV camera, 30-megapixel full-frame sensor (6 mm 

pixel size), equipped with a Canon EF 24–105 mm f/2.8 

USM lens, two photographic lamps, polarised sheets, 

and polarizes filter. �e camera ‘s autofocus was disabled, 

and the lens focusing ring and Focal Length were fixed at 

40 mm with a piece of insulating tape to avoid acciden-

tal changes of interior orientation parameters during the 

photogrammetric survey.

In 3D dense stereo matching, surface reflections may 

lead to incorrect measurements and blunders in the 

resulting dense point cloud. �e use of a lens polarised 

filter, oriented in the same polarisation plane, mainly 

results in a surface enhancement effect, increasing the 

saturation and contrast of the image. However, with 

this configuration, the reflections are not eliminated. To 

overcome the problem of disturbing reflections, polar-

ising filters can be mounted both on the camera lens 

and on the light source(s). Reflections in the images can 

be then suppressed by crossing the polarising direc-

tion of the filters leading to homogeneously illumi-

nated images and better matching results. To achieve 

this goal, two polarised sheets were placed over the 

Table 2 3D change detection, summary of the literature review

Site Method Notes Authors

Baiae (Italy) 3D change detection and underwater 
image-based modelling

Status-quo of the archaeological remains 
before and after the cleaning procedure

Bruno et al. [31]

Lab experiment 3D change detection and image-based 
modelling

Support for the comprehension of build-
ings, by visualising temporal effects

Peteler et al. [32]

British Museum, London (UK) 3D change detection and range-based 
modelling

Deformation analysis of an ivory panel Hess et al. [33]

Hierapolis of Phrygia (Turkey) 3D change detection and geomatics 
techniques

Comparison between points clouds spa-
tial geometry, and mapping of changing 
areas

Chiabrando et al. [34]

N/A 3D change detection and geomatics 
techniques

Temporal analyses and multi-temporal 3D 
reconstruction of cultural heritage

Rodríguez-Gonzálvez et al. [35]

Rimini (Italy) 3D change detection and image-based 
modelling

Multi-temporal 3D documentation of an 
archaeological excavation

Bittelli et al. [36]

Ferrara (Italy) 3D change detection, image- and range-
based modelling

Comparison and check of metric reliability 
of data collected UAVs

Bolognesi et al. [37]
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circular lamps, equipped with fluorescent light bulbs, 

and rotated accordingly until perpendicular or crossed 

planes of polarisation were reached.

A few studies have been published concerning the use 

of polarising films for image-based 3D reconstruction. 

Table 4 summarises a literature review concerning this 

topic.

A photogrammetric camera network was a priori 

planned [57], following a convergent schema, with the 

primary aim to guarantee the automated matching of 

homologous points and an adequate number of intersect-

ing rays [58] (Fig. 3). Given the requirements of sub-mil-

limetre accuracy for 3D geometry, a photographic scale 

of 1:20 was selected. �e icon was placed vertically on an 

Fig. 1 Apostle Petros icon, orthophoto before the restoration



Page 6 of 19Abate  Herit Sci            (2019) 7:13 

easel, and an estimated camera-object distance of 0.75 m 

was set, thus resulting in a mean Ground Sample Dis-

tance (GSD) of 0.11 mm. An average base-to-depth ratio 

(B/D) of 0.2 was computed (Fig. 4).

Data post processing

All images, acquired in RAW format, were pre-processed 

(colour calibration using a colour checker board, histo-

gram’s stretching, and white balancing) in a photo editing 

software.

�e typical photogrammetric workflow was then 

applied, consisting of three main steps, namely: (i) image 

correspondences detection, (ii) bundle adjustment and 

(iii) dense image matching [59].

Starting from the estimated camera poses and orien-

tation, a dense 3D reconstruction via pixel-based image 

matching algorithm was applied. �is was performed 

using the first-level image pyramid, corresponding to the 

original full image resolution. �e derived dense point 

clouds consisted of ~ 3 million points for each single pro-

cessed dataset. Subsequently, 11 orthomosaics with an 

average pixel size of 0.2  mm, radiometrically balanced, 

and digitally blended so that the seam lines between 

images are not visible, were produced.

With the final goal of fitting the same physical space, 

each orthophoto was cropped using a photo-editing 

software preserving the original resolution and GSD. A 

further refinement of the image alignment was realised 

co-registering each output as described in “2D change 

detection analysis” section.

2D change detection analysis

�e orthophotos have been processed using the open-

source software Orfeo ToolBox (OTB) [60], a remote 

sensing image processing library developed by CNES, the 

French Space Agency.

A three-step strategy was adopted:

• first, to refine the image overlap, an initial image co-

registration was performed. �is application com-

putes a disparity map in 2D between two images that 

correspond to the same scene. It is intended for the 

case where small misregistration between images has 

to be estimated and fixed. �e algorithm uses an iter-

ative approach to determine the best match between 

Table 3 Restoration phases

Epoch Intervention

Time 0 Initial conservation status of the painting

Time 1 Cleaning samples

Time 2 Half icon varnish removal (right side)

Time 3 Half icon varnish removal (left side)

Time 4 Initial retouching of the head profile, keys, and scroll

Time 5 Retouching of the shoulders profile and bottom of the scroll

Time 6 Retouching over the pallium (right)

Time 7 Retouching over the pallium (left)

Time 8 Retouching on the head (beard and hair)

Time 9 Retouching on the keys and additional details on pallium and 
head

Time 10 Retouching on the scroll, keys, and tunic; retouching on the 
gold background

Fig. 2 Proposed methodology

Table 4 Use of polarised light in 3D dense stereo matching, literature review

Site Method Notes Authors

Lab experiment Polarised filters and photogrammetry Detected shiny aluminium structures in the 
aerospace industry

Wells et al. [50]

Forestry related sites Polarised filters and aerial imaging Suppress reflection from water Paine and Kise [51]

National Museum Nuremberg (Germany) Polarised filters and photogrammetry Remove reflections for the digitisation of a 
historical globe

Menna et al. [52]

Science and Technique Foundation (Italy) Polarised filters and photogrammetry 3D digitisation of invertebrate glass replicas Abate et al. [53]

Buonconsiglio Museum, Trento (Italy) Polarised filters and photogrammetry Remove reflection and veiling glare from 
bronze

Nicolae et al. [54]

Archaeological Museum, Milan (Italy) Polarised filters and photogrammetry Polarised light for improving image-based 
reconstruction

Guidi et al. [55]

Lab experiment Polarised filters and photogrammetry Analysis of camera orientation parameters with 
and without polarising filter

Conen et al. [56]
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Fig. 3 Image-data capturing setup

Fig. 4 Photogrammetric camera positions
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local patches, and the final output image contains X 

and Y offsets, as well as the metric value, with sub-

pixel accuracy. It is understood that the input images 

should have the same size (height and width), scale, 

and occupy the same physical space.

• Second, change detection between the orthophotos is 

performed by adopting the MAD algorithm. A MAD 

map is thus produced, consisting of three bands 

that represent the variates (change maps) sorted by 

increasing correlation.

• Finally, the MAF transform is applied to the MAD 

variates, and the lowest order MAF-MAD compo-

nent (i.e., the first component) is initially analysed to 

detect the changes occurred.

Results and discussion
2D change detection data interpretation

�e analysis of the 2D change detection results has been 

realised by mutually comparing the RGB orthophotos 

and MAD/MAF change detection maps.

As mentioned in “2D change detection” section, the 

lowest order MAD-MAF component (i.e., the first 

component) is initially used to detect the changes that 

occurred on the icon surface.

Time 0: initial conservation status of the painting

Before the beginning of the restoration process, the con-

servation status of the icon was assessed through visual 

analysis. �e artefact showed a layer of dark varnish uni-

formly distributed all over the surface. It was possible to 

clearly identify areas where (i) the colours were missing 

such as the left profile of the Apostle’ s face, the hair, the 

keys, and the vest; (ii) the colour fragments were lifted 

from the wooden support; (iii) the preparatory layer of 

gypsum was visible. An image dataset was collected at 

Time 0 before any physical restoration started (Fig. 1).

Time 0–1: cleaning samples

�e first step of the restoration process has been rep-

resented by testing cleaning agent, diluted in water at 

different percentages, for the removal of the layer of var-

nish. Samples have been realised in different areas of the 

icon in rectangular shapes to assess the most suitable 

compound. �e MAF band 1 map highlights the zones of 

the icon being cleaned, respectively (i) neck of the Apos-

tle; (ii) left elbow; (iii) bottom part of the scroll; (iv) back-

ground area above the scroll (Fig. 5). When all the bands 

(R:1–G:2–B:3) are visualized, it is also possible to distin-

guish the response given by the different colours of the 

icon (tunic, pallium, flesh, background), (Fig. 6).

Time 1–2: half icon varnish removal (right side)

After the appropriate cleaning compound was identified, 

the varnish was removed on the right-hand side of the 

icon. From the analysis of the change detection map, the 

new cleaning intervention appears evident, whereas, as 

expected, the areas previously cleaned (test samples Time 

0–1) are not highlighted by the procedure at Time 1–2 

(Fig. 7).

Time 2–3: half icon varnish removal (left side)

According to the results achieved in the previous step, 

also the left-hand side of the icon was cleaned. All the 

varnish visible at the beginning of the restoration pro-

cess was removed. �e MAF results are consistent with 

Fig. 5 Time 0 orthophoto (left), Time 1 orthophoto (centre), MAF Map Band 1 (right)
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what has been already observed during the analysis of the 

change detection in Time 1–2 (Fig. 8).

Time 3–4: initial retouching of the head pro�le, keys, 

and scroll

After the complete varnish removal, the lacunae integra-

tion of the icon was initiated. Firstly, a neutral and uni-

form colour forming the preparatory layer was applied 

to the areas of the head/face profile, keys, and scroll. �e 

MAF band 1 map pinpoints the extents affected by these 

interventions, confirmed by the subsequent exam of the 

RGB photos (Fig. 9).

Time 4–5/5–6/6–7: retouching of the shoulders pro�le 

and bottom of the scroll; retouching over the pallium (right); 

retouching over the pallium (left)

�e restoration procedure described above (Time 4) con-

tinued at Time 5, 6, 7. �e interventions regarded differ-

ent areas of the icon such as the profile of the shoulders 

(Fig.  10) and the small gaps on the pallium which have 

Fig. 6 MAF Map Band R: 1–G:2–B:3
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Fig. 7 Time 1 orthophoto (left), Time 2 orthophoto (centre), MAF Map Band 1 (right)

Fig. 8 Time 2 orthophoto (left), Time 3 orthophoto (centre), MAF Map Band 1 (right)

Fig. 9 Time 3 orthophoto (left), Time 4 orthophoto (centre), MAF Map Band 1 (right)
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been recorded to underline the efficacy of the proposed 

methodology (Fig. 11).

After the analysis of the MAD/MAF maps, it was 

possible to isolate different radiometric responses 

regarding the application of colours (black value and 

white value) according to the modification occurred 

(painting integration over (i) the gold background; 

(ii) the gypsum layer or (iii) the pre-existing colours). 

However, these data need a more in-depth analysis 

through additional case studies.

It has also been observed that different bands of the 

MAF map highlight different kind of changes occurred 

on the icon surface. At Time 6–7, band 1 of the MAF 

map showed a small lacunae integration occurred on 

the shoulder of Saint Peter (Fig.  12), whereas MAF 

band 0 map, showed the intervention concerning the 

face of the Apostle where an additional layer of neutral 

colour was applied (Time 7) (Fig. 13).

Time 7–Time 8/Time 8–Time 9: retouching on the head (beard 

and hair); retouching on the keys and additional details 

on pallium and head

As described above, the integration of missing parts of 

the icon, when the colour was applied on top of a pre-

existing one, returned a unique value (white) throughout 

the survey.

Fig. 10 Time 4 orthophoto (left), Time 5 orthophoto (centre), MAF Map Band 1 (right)

Fig. 11 Time 5 orthophoto (left), Time 6 orthophoto (centre), MAF Map Band 1 (right)
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Time 8 and Time 9 change detection analysis undoubt-

edly shows areas where the retouching, using the rigatino 

technique, was realised above layers of neutral colours 

applied in earlier phases of the restoration (Time 4) 

(Fig. 14).

In Time 8 and Time 9 series it is possible to identify 

interventions on the keys, the tunic (Fig.  15) and small 

refinement on the Apostle face and hair (lower part), 

cheekbone (Fig. 16) and the upper side of the head.

Time 9–Time 10: retouching on the scroll, keys, and tunic; 

retouching on the gold background

Time 10 was the last image dataset acquired at the end 

of the restoration process. �e interventions, as shown 

by the MAD/MAF produced map, were focused on the 

red Greek inscription on the right upper corner, the 

scroll, the small details of the keys, head profile and the 

lacunae on the gold background. However, the resulting 

map highlighted the importance of a correct and rigor-

ous photographic setup. A non-correct orientation of the 

polarised filters can indeed lead to illumination anoma-

lies, as shown on the edge of the right-hand side of the 

icon (Fig. 17).

3D change detection analysis

�e MAD/MAF change detection approach identifies 

modifications only in two-dimensional space (Fig.  18 

describes the MAF map Time 1–Time 10, showing 

the global changes after the restoration process). A 3D 

change detection algorithm was then used to (i) assess 

if any geometric variation of the surface, before (Time 

0) and after (Time 10) the restoration, could be high-

lighted; and (ii) evaluate the responsiveness of the 3D 

change detection algorithm dealing with sub-millimetric 

variations.

Time 1 and Time 10 point clouds, each consisting of an 

average of 3 million points, and featuring a point resolu-

tion in X and Y of 0.11  mm, were registered exploiting 

an Iterative Closest Point (ICP) algorithm. �e alignment 

process returned an RMSE of 0.09  mm. Subsequently, 

a cloud-to-cloud signed distances map was computed 

adopting M3C2 plug-in. �is algorithm, implemented in 

the open source software CloudCompare [61], performs 

a direct comparison of point clouds in 3D, thus avoid-

ing the preliminary phase of meshing or gridding. �e 

output was represented by a colour-coded point cloud 

which highlighted values in the magnitude of ± 0.5  mm 

(Fig. 19).

�e M3C2 outcome can be explained assuming the 

removal of the layer of varnish which was covering the 

icon before the conservation process was initiated. �e 

varnish could be indeed represented by the positive val-

ues ranging from 0.0 to 0.2 mm. However, this hypothesis 

must be confirmed with additional case studies.

Shape analysis

�e produced 3D dense point cloud (Time 10) was finally 

inspected and analysed to identify any features concern-

ing the wooden support not directly noticeable during 

Fig. 12 Time 6 orthophoto (left), Time 7 orthophoto (centre), MAF Map Band 1 (right)
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the initial visual inspection. Assuming the original pla-

narity of the wooden support, the icon did not show any 

apparent deformation. Some shading algorithms were 

then applied to enhance hidden characteristics, and a 

best fitting plane analysis was run (Fig. 20) achieving an 

RMSE of 0.6 mm between the plane and the icon surface. 

�e result shows a slight deviation which reaches its neg-

ative peak on the lower left- and right-up corners (5 mm), 

and positive peak on the central area (2 mm) for a maxi-

mum absolute range of about 7 mm (the entire icon spans 

ca 340 × 420 mm). Further 3D shape analysis will be per-

formed in the future to control the geometric behaviour 

of the icon over time, and to asses if the appropriate con-

servation conditions, in terms of environmental variables 

such as temperature and relative humidity which might 

effect the wooden support, are in place.

Fig. 13 Time 6–7 MAF Map Band 0
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Conclusion
�e article reported an extremely promising study, and 

first of its nature according to the author knowledge, on 

the use of change detection algorithms in combination 

with photogrammetry for an efficient, non-invasive sys-

tematic multi-temporal documentation and monitoring 

of the restoration process of a painted surface.

�e benefits of recording all the step of the conserva-

tion procedure, from macro changes to fine details, have 

been highlighted under the reversibility principle pro-

posed in Brandi’s �eory of Restoration, which includes 

the last possibility of bringing the artwork back to its 

original status-quo-ante. �anks to the fast and con-

tactless photogrammetric protocol for the image data 

collection, the proposed methodology can be easily inte-

grated into almost every conservation project (indoor 

and outdoor) without hampering the delicate steps of 

the restoration itself. After the initial parameters are set, 

and according to the typology and scale of the artefact, 

images can be acquired, and subsequently processed.

Because of the multiplicity of the data generated 

through photogrammetric techniques, it was also possi-

ble to perform a 3D study and assess the Byzantine icon 

geometric features before and after the restoration pro-

cess. �e latter included a shape analysis of the wooden 

support for the identification of not visible deformation 

patterns.

Fig. 14 Time 7 orthophoto (left), Time 8 orthophoto (centre), MAF Map Band 1 (right)

Fig. 15 Time 8 orthophoto (left), Time 9 orthophoto (centre), MAF Map Band 1 (right)
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From a methodological point of view, the study under-

lined the importance of a correct light setup and the 

need of constant and uniform illumination, with the 

primary aim of avoiding radiometric artefacts which 

could impede the photogrammetric reconstruction and 

the identification of all the restoration phases during 

the change detection procedure. Moreover, the correct 

alignment of each image dataset has to be as accurate as 

possible to avoid errors.

Although the MAD/MAF map contains a high degree 

of details, its combination with different spectral bands 

and RGB data, supported by the user experience, still 

provide the most reliable and accurate source of semantic 

data interpretation.

Fig. 16 Time 8 orthophoto detail (left), Time 9 orthophoto detail (centre), MAF Map Band 1 detail (right)

Fig. 17 Time 9 orthophoto (left), Time 10 orthophoto (centre), MAF Map Band 1 (right)
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Fig. 18 MAD/MAF map showing the changes occurred at the end of the icon conservation process (cleaning, consolidation, and retouching)

Fig. 19 Distance M3C2 (mm) between Time 0 and Time 10 dense point clouds
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Nevertheless, the test was successful in delivering 

results compatible with the restoration logs.

�e described workflow, applied here for the first time 

to painted surfaces, can be largely used in the heritage 

science domain. �e fields which could mainly benefit 

are foreseen to be those dealing with monitoring issues 

such as frescoes (indoor and outdoor), buildings [62], and 

all those heritage assets which are exposed to decay due 

to the incorrect conservation conditions (environmental 

parameters such as temperature and humidity; pollution; 

natural and man-made threats).
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