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Abstract: Despite advances in conservation-restoration treatments, most surface cleaning tests are subjectively 
evaluated. Scores according to qualitative criteria are employed to assess results, but these can vary by user 
and context. This paper presents a range of cleaning efficacy and homogeneity evaluation metrics for 
appraising cleaning trials, which minimise user bias by measuring quantifiable changes in the appearance and 
characteristic spectral properties of surfaces. The metrics are based on various imaging techniques (optical 
imaging by photography using visible light (VIS); spectral imaging in the visible-to-near-infrared (VNIR) and 
shortwave infrared (SWIR) ranges; chemical imaging by Fourier transform infrared (FTIR) spectral mapping 
in the mid-infrared (MIR) range; and scanning electron microscopy coupled with energy dispersive X-ray 
spectroscopy (SEM-EDX) element mapping). They are complemented by appearance measurements 
(glossimetry and colorimetry). As a case study showcasing the low-cost to high-end metrics, agar gel spray 
cleaning tests on exposed ground and unvarnished oil paint mock-ups are reported. The evaluation metrics 
indicated that spraying agar (prepared with citric acid in ammonium hydroxide) at a surface-tailored pH was 
as a safe candidate for efficacious and homogenous soiling removal on water-sensitive oil paint and protein-
bound ground. Further research is required to identify a gel-based cleaning system for oil-bound grounds. 

Keywords: treatment evaluation; surface cleaning; soiling removal; agar gel; exposed grounds; 
unvarnished oil paints; Edvard Munch; spectral imaging 
 

1. Introduction 

The conservation field is a rich and dynamic profession that has continuously drawn on its 
interdisciplinary nature to find appropriate remedial treatments for the challenges faced by its 
practitioners. The surface cleaning of decorative or painted surfaces is one such challenge that 
occupies conservators [1]. In this paper, surface cleaning will be referred to as the selective removal of 
deposited soiling upon painted surfaces. In turn,  soiling is used to imply atmospheric particulate 
matter that deposits itself on heritage surfaces [2]. 

Besides traditional options, the repertoire of surface cleaning treatments available to 
conservators features adaptions from fields such as green chemistry [3], chemical engineering [4,5], 
and physics [6,7]. In recent years, notable improvements have been made with gel cleaning [8–24], 
which is the focus of this work.  

Despite these advances, most of these cleaning treatments are still evaluated in a somewhat 
subjective manner. Scores according to pre-defined criteria are assigned to results of cleaning tests, 
following an ever more established practice within the profession [10,25,26]. This evaluation method 
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is relatively easy to apply, and can also be visualised as star diagrams to better comprehend outcomes 
[10,27–31]. 

On one hand, this practice reflects the inherent nature of conservation practice. Every object 
requires to be treated differently based on its context [32–35]; and as specialised professionals, 
conservators will evaluate risk and success based on their training and experience. From a 
stakeholder/representative perspective, the perception of what makes a successful cleaning treatment 
is highly subjective too, and the concept of cleanliness can be said to be values- and/or community-
based, as defined by contemporary conservation theory [36,37]. From this point of view, it is possible 
that a fully objective evaluation is perhaps not achievable, nor wholly desirable. On the other hand, 
subjective scorings, albeit assigned by trained and experienced eyes, are hard to reproduce, and are 
reliant upon many contextual factors that might skew the judgment of the assessor in question. From 
another perspective, the test surfaces often used in cleaning studies are not usually homogenous (due 
to their complex nature), and this might introduce further bias when attempting to weigh cleaning 
test outcomes. 

Cleaning studies in conservation often use analogous mock-ups to mimic a material surface 
under investigation [38–43]. In this context, mock-ups are a critical tool for conservators to explore 
the behaviour of a heritage object with respect to a trialled treatment, whilst respecting the integrity 
of the object itself. The properties of the mock-ups can be selectively tuned for the treatment (or 
object) under study, and the mock-ups can be consumed/reproduced according to need, or even 
reused for future studies on the evaluation of a treatment over time [44,45]. 

Surface cleaning evaluations typically select a number of salient criteria upon which to assess 
the treatments under consideration. Generally, these may include cleaning assessment factors such 
as: soiling removal efficacy, homogeneity, selectivity (i.e. lack of pigment pick-up), surface disruption 
(e.g. by swelling, or foaming), residue deposition, and surface appearance (with respect to colour and 
gloss) amongst others [10,17,25,29,30]. An example of user-dependent criteria is given in Table 1. 

Table 1. Example of cleaning criteria used in conservation studies [10,17,29,30]. 

 Scoring Criteria 
Score 

Rating 
Cleaning 
Efficacy 

Cleaning 
Homogeneity 

Pigment Swelling Selectivity 
(Pigment Loss) 

1 No effect Uneven removal (<30%) Extreme, visible swelling Unacceptable loss 

2 Little effect Inconsistent removal 
(<50%) 

Moderate, visible 
swelling 

Notable loss 

3 Moderate effect Consistent removal 
(<80%) 

Sensation of swelling, 
invisible Microscopic loss 

4 
Effective 
removal 

Complete removal 
(100%) No swelling No loss 

The above criteria are assessed visually as a function of change compared to a pre-determined 
surface condition by a conservator’s trained eye, but this introduces user-bias into any evaluation, 
regardless of the expertise of the assessor. For this reason, the conservator’s intuitive observations are 
often corroborated, with added empirical confidence, by measured analytical data. For example, 
optical and digital microscopy are usually employed to pick-up differences resulting from cleaning 
selectivity and surface disruption; colorimetry and glossimetry are used to measure changes in 
surface appearance, whereas SEM-EDX and FTIR imaging are used to monitor chemical changes in 
the surface, and residue deposition by treatments. Cleaning homogeneity and efficacy however 
remain based on estimates registered by the user. 

Diagnostic imaging technologies (such as spectral imaging [46]) can provide opportunities to 
incorporate a high amount of empirical-based data that can act as a complementary aid for 
conservators in making more reliable, repeatable, and accurate assessments when assigning scores 
for novel treatment evaluations. Research efforts have already begun addressing this issue [45,47]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2024                   doi:10.20944/preprints202407.0896.v1

https://doi.org/10.20944/preprints202407.0896.v1


 3 

 

To address and overcome user subjectivity, the methodology presented in this article offers the 
choice of non-contact and/or non-invasive image, appearance and spectral measurements, which 
conservators can avail of (according to access to instrumentation). The methodology takes advantage 
of the image-based outputs generated by various diagnostic imaging techniques, which can then be 
processed in freeware, such as FIJI    (ImageJ) [48], to provide semi-quantitative percentage scores, 
thus offering a common platform for comparison. By juxtaposing these techniques together, this work 
thus aims to contribute towards offering a robust, rigorous, and comparable evaluation framework 
for documenting surfaces before and after soiling removal tests. 

The evaluation metrics developed in this study were based on optical photography and 
microscopy, appearance-based measurements (colorimetry and glossimetry), and imaging 
spectroscopy (hyperspectral imaging (HSI), micro-Fourier-transform infrared  (µFTIR) mapping, 
and energy dispersive X-ray spectroscopy (EDX) mapping). Notably, this paper applies established 
post-processing techniques in imaging spectroscopy to the evaluation of surface cleaning. Spectral 
unmixing algorithms were implemented to identify and map soiled and cleaned surfaces. These 
algorithms classify pure or mixed materials based on spectral similarity [49–51], either using user-
defined, known references or libraries (e.g. semi-supervised unmixing by PoissonNMF [52]), or 
blindly classifying them into groups (e.g. unsupervised unmixing by LUMoS [53]). A chemometric 
method for normalised difference image (NDI) mapping [54–56] of soiled and cleaned surfaces is also 
reported. Using principal component analysis (PCA) [57], characteristic wavelengths in the 
shortwave-infrared (SWIR) were selected to represent and then map soiling on the surfaces under 
the study. 

2. Materials and Methods 

Mock-ups. The case study presented in this article centres around mock-ups of Edvard Munch’s 
(1865–1944) monumental unvarnished painting, Kjemi (1914–1916, Woll no. 1227), situated at the 
University of Oslo Aula (1911) in central Oslo. This painting forms part of a frieze of eleven 
monumental artworks (oil on canvas) under study within the CHANGE-ITN and Munch Aula 
Paintings (MAP) projects [57–59]. The mock-ups have been designed to study a new cleaning 
technique – agar gel spray – for unvarnished, water-sensitive painted surfaces [60] as a response to 
the heavy soiling history of the paintings within the Aula [44,61–66], as well as to test the applicability 
and suitability of the imaging techniques mentioned above for the documentation of the cleaning 
trials. 

Figure 1 illustrates one protein-bound and one oil-bound exposed ground, and one unvarnished 
oil paint mock-up (5 cm × 5 cm), formulated based on material analyses of Kjemi [62,67]. An in-depth 
description of the mock-up surfaces is provided in Table 2. They were naturally and artificially aged 
to emulate the mechanical and water-sensitive properties of the Aula paintings. Artificial soiling was 
applied following a modified methodology adapted for the Aula context [68,69]. The artificial soiling 
recipe used is given in Table 3. The soiling comprised of insoluble macroscopic particulates (iron 
oxide, silica, kaolin), microscopic soot particles (carbon black), water-reactive solids (Portland 
cement, type I), hydrophilic organics (gelatine powder, soluble starch), and hydrophobic organics 
(olive oil, mineral oil), all dispersed in Shellsol D40 mineral spirits. The mock-ups were soiled across 
three cycles of accelerated ageing (Table 2). Excess soiling was applied to facilitate soiling detection. 
The mock-ups before treatment (BT) were therefore slightly more heavily soiled than is currently 
observed on the Aula paintings. 
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Figure 1. Overview (top row), cross-sections (central row), and magnified detail (bottom row) of the 
soiled mock-up surfaces (5 cm × 5 cm) cleaned during this study (unsoiled mock-ups are shown for 
comparison’s purpose, indicating degree of soiling and differences in surface topography). The three 
mock-up classes included a chalk-glue ground, a half-chalk ground, and a chromium oxide green oil 
pain in linseed oil applied onto a half-chalk ground. 

Table 2. Description and characterisation of mock-up surfaces prepared for the cleaning trials. 

Mock-Up Stratigraphy Application Ageing and Soilinga Surface Propertiesb 

Chalk-
Glue 

Ground 

Canvas: washed linen, twill 
weave, stretched 

Size: rabbit skin glue 
Ground: chalk, in rabbit 

skin glue 
 

Hog’s hair 
brushes 

6 months ambient drying 
 

3 weekly cycles of 
accelerated  

ageing: Memmert 
ICH110L  

chamber; light: 4 
fluorescent 

lamps (6 500 K (D56), 500 
W);  

irradiance: 70 Wm-2; total 
energy:  

169 330 kJm-2; 40oC (CHT); 
and fluctuating RH (15–

65%) 
 

3 spraying campaigns (2 
for oil paint) of artificial 

soiling adapted  
for the Aula 

 
Soiling layer: 27.1 ±2.4 µm 
Min particle size: 0.095 µm 

Thickness: 122.3 ±39.2 
µm 

Water sensitivity: 14 
rolls 

Chalking: ISO 2 
pH: 6.5 

Conductivity: 1 500 µS 
cm-1 

Composite 
Half-
Chalk 

Ground 

Canvas: ibid. 
Size: ibid. 

Ground: chalk, zinc white, 
lead white in rabbit skin 

glue and boiled linseed oil 
emulsion 

 

 
Thickness: 104.9 ±40.2 

µm 
Water sensitivity: 10 

rolls 
Chalking: ISO 3 

pH: 6.4 
Conductivity: 500 µS 

cm-1 

 

Chromium 
Oxide 
Green  

Oil Paint 

Canvas: ibid. 
Size: ibid. 

Ground: half-chalk ground 
Pigment-binder: undiluted 

Thickness: 114.9 ±26.4 
µm 

Water sensitivity: 5 
rolls 

Chalking: ISO 1 
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chromium oxide green in 
linseed oil 

Max particle size:  ≥10 µm pH: 6.4 
Conductivity: 530 µS 

cm-1 
a: applies to all mock-ups; CHT is chamber temperature, RH is relative humidity. b: Thicknesses are reported for 
topmost layer i.e. the cleaning surface; water sensitivity and chalking measurements from unsoiled mock-ups, 
according to Mills et al. [70], and UNI EN ISO 4628-6 [71] respectively; pH and conductivity measurements from 
soiled mock-ups, and are averages from triplicate measurements. 

Table 3. List of components within the artificial soiling used in this study. 

Supplier Material Composition Quantity Dry Weight  
   g or mL % 

Rublev  Lamp black (oil furnaces) C  0.62 1.00 
Kremer Vine black (organic source) C  0.62 1.00 

 Burgundy ochre (fine) Fe2O3·H2O 1.45 2.34 

 Wheat starch powder  
Polysaccharide 

(C6H10O5)n 10.00 16.14 

 Gelatin powder Proteins and peptides 10.00 16.14 
Merck  Sodium nitrate  NaNO3 2.50 4.03 

 Kaolin  Al2Si2O5(OH)4 18.00 29.06 
 Portland cement (Type I) CaO·SiO2 Fe, Al, MgO 17.00 27.45 
 Silica, quartz SiO2 1.75 2.83 
 Mineral oil Hydrocarbons 5.0 - 

Filippo Berio 
 

Olive oil Mainly triacylglycerols 2.5 - 

Kremer Shellsol D40 Hydrocarbons 1000 - 

Agar spray and cleaning solutions. Agar spray is a novel form of agar gel cleaning, whereby the 
agar in sol state is subjected to atomisation within a heated paint applicator, allowing it to be applied 
as a homogenous and ultra-fine layer onto a surface within a very short time over large areas. The 
agar spray technique tested was developed by Giordano and Cremonesi [72,73], and an extensive 
characterisation of the new gel has been carried out by Giordano et al. [18]. Its properties make it an 
attractive candidate for the cleaning of soiled, textured painted surfaces, particularly those of a 
monumental scale such as those like Munch’s Aula paintings. 

Four aqueous cleaning solutions at various pH and conductivity values were selected as shown 
in Table 4. The selection was based on free-liquid trials (evaluated by naked eye and under optical 
microscope – assessments are available online as an externally hosted supplementary file). 

Table 4. The four cleaning solutions selected from the free-liquid trials for use in the cleaning tests. 

Cleaning 
Solution Concentration 

Chalk-Glue 
Ground 

Half-Chalk 
Ground 

Chromium 
Oxide Green 

Deionised water 
 - pH 7.2, 20 µS cm-1 pH 7.2, 20 µS cm-1 pH 7.2, 20 µS cm-1 

Adjusted watera  
(ammonium 

acetate) 
Conductivity-related 

pH 5.5, 1 500 µS cm-

1 
pH 5.5, 500 µS cm-

1 
pH 5.0, 500 µS cm-

1 

Chelatorb  
(citric acid / sodium 

hydroxide) 

0.5% w/v (0.026M) 
CA in 10% w/v 
(2.5M) NaOH 

pH 5.0, 4 240 µS cm-

1 
pH 4.5, 3 240 µS 

cm-1 
pH 4.5, 3 240 µS 

cm-1 

Chelatorb  
(citric acid / 
ammonium 
hydroxide) 

0.5% w/v (0.026M) 
CA in 10% w/v 
(5.0M) NH4OH 

pH 5.0, 5 320 µS cm-

1 
pH 4.5, 4 270 µS 

cm-1 
pH 4.5, 4 270 µS 

cm-1 
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Clearancec  
(ammonium 

acetate) 
Conductivity-related pH 6.5, 500 µS cm-1 pH 6.5, 500 µS cm-

1 
pH 6.5, 500 µS cm-

1 

a: buffer prepared from 1 mL 17.4M glacial acetic acid and adequate volume of 10% w/v (5.0M) ammonium 
hydroxide. b: citric acid diluted from a 2.5% w/v (0.13M) stock solution; conductivity of chelators could not be 
matched to surface properties as this would modify the chelator concentration. c: used after chelator; isotonic or 
hypertonic compared to mock-up surfaces at a pH where swelling is minimised. 

Deionised water served as a control to investigate the effect of the gel application per se. 
Conductivity- and pH-adjusted waters were prepared for each type of mock-up class, following 
methodologies in the literature [68,74–76], and are referred to simply as adjusted waters throughout 
the remainder of the text. Monobasic and dibasic citrate chelating solutions (pH-adjusted with (i) 
NaOH; and (ii) NH4OH, for comparative purposes, respectively) were selected to investigate 
chelating action, after being marked as promising for soiling removal in the Aula [17,77]. When using 
chelating solutions, a clearance solution (an appropriate adjusted water) was thereafter applied, as 
recommended by Stavroudis [78]. The pH and conductivity of used solutions were measured before 
use (deviating solutions were discarded and prepared freshly). 

Agar gels were prepared with the different cleaning solutions, and applied in two ways: (i) as a 
direct spray [72,73], and (ii) as a pre-formed rigid film (prepared by spraying, as a milder modified 
form of cleaning). Clearance solutions were always applied as a pre-formed rigid gel (so that a double 
spray application did not interfere with interpretation of results). The gel was used at a concentration 
of 3% w/v, and sprayed evenly from a distance of 40 cm. The agar sol temperature prior to spraying 
was dependant on the room’s and mock-up surfaces’ temperature, and relative humidity. The 
experimental parameters measured during agar spray testing are given in Table S1. The gel was 
removed after two minutes, following recommendations by Giordano & Cremonesi [72,73].  

Treatment evaluation metrics. A detailed description of the methodologies, including 
acquisition parameters, for each analytical technique is given in Appendix A. Table 5 below 
summarises the cleaning homogeneity and efficacy metrics, according to the range of the 
electromagnetic spectrum that they targeted, the multidimensional data types they employed, the 
concept through which they evaluated soiling removal, the equipment required to capture the data, 
and the post-processing steps needed to achieve results. 

For each cleaning efficacy metric, a normalised difference was calculated according to Equation 
1, where x is a measured property before or after treatment (BT, or AT, respectively), so as to show 
the percentage return to an unsoiled control’s surface property as a relative marker of cleaning 
success; the specific values used for each technique’s metric are described in Table 6, further below. cleaning efficacy = 𝒙஻் − 𝒙஺்𝒙஻்  ×  100 (1) 

All cleaning efficacy metrics were calculated in ImageJ, and then statistically treated, and plotted 
using the Microsoft Excel spreadsheet package. The results from the metrics were then fed into the 
scoring criteria listed below. 

Because each painted surface has different cleaning requirements based on its inherent 
properties and condition [17], the evaluation process was adapted by weighting the scoring criteria 
to then recalculate a weighted average score out of 1.00. Based on discussions with the conservators 
who have treated and monitored the paintings over the past two decades, higher importance was 
given accordingly to cleaning efficacy and homogeneity (both 30% weighting), followed by selectivity 
(20% weighting) and then colour (15% weighting) and gloss integrity (5% weighting – gloss 
differences on the Aula paintings are only truly perceptible when standing directly underneath the 
paintings, which is not how the public typically views them). Calculation tables for the weighted 
scores are available online as an externally hosted supplementary file. Following what has become 
standard practice in cleaning studies in conservation [10,17,30,77], star diagrams were also used to 
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illustrate the ideal cleaning candidate. The combination of weighted average scores with star 
diagrams permitted a thorough appraisal of the cleaning results. 

Table 5. Summary of cleaning homogeneity and cleaning efficacy metrics described in this work. 

 Metrica Rangeb Data Typec Concept Equipmentd Post-Processinge 

 Cleaning  
homogeneity  

VNIR 
/SWIR 

2D spectral  
maps 

Image homogeneity 
from grey-level co-
occurrence matrix 

(GLCM) 

DLSR 
camera 

HSI camera 

Change image type to 
8-bit depth for GLCM 

Texture plug-in in 
ImageJ 

       

 
Cleaning 
efficacy 

     

Im
ag

e-
ba

se
d 

L*a*b* images VIS 
2D RGB  
images 

Thresholded pixels  
representing soiling 

DLSR 
camera 
Mobile 
phone 

Conversion to 
CIELAB space; image 

thresholding 

Histogram  
skewness 

VIS 2D RGB 
images 

Histogram 
distribution 

asymmetry as 
function of darker 
soiling on lighter 

substrate 

 Spreadsheet/statistical 
calculations 

A
pp

ea
ra

nc
e 

Glossimetry VIS 
1D point  

measurements

Perceived surface 
texture  

under direct light 
source 

Glossmeter 
Spreadsheet/statistical 

calculations 

Colorimetry  
(from HSI) VNIR 

2D L*a*b*  
images (from 
3D datacube) 

Colour difference, 
ΔE2000,  

before and after 
soiling  

removal 

HSI camera 

Conversion to 
CIELAB space; 

colorimetric and 
statistical calculations 

Sp
ec

tr
al

-b
as

ed
 

HSI: spectral  
unmixing 

VNIR 
/SWIR 

3D datacube 

Spectral reflectance  
similarity (compared 

to  
unsoiled areas, or 

soiling) 

HSI camera 
Spectral calibration;  
algorithm pre- and 

post-processing 

      

HSI: NDI  
mapping 

SWIR 

2D 
normalised  
difference  

images 

SWIR marker bands 
for  

soiling and surface 
HSI camera 

Spectral calibration; 
PCA; image 
processing 

FTIR mapping MIR 2D chemical  
maps 

MIR spectra (or 
marker bands) for 

soiling 

FTIR  
spectrometer 

Atmospheric 
correction; correlation 

map profiles 
SEM-EDX  
mapping 

(XR) 2D chemical  
maps 

Element signal for 
soiling 

SEM TruMap processing;  
element selection 

a: L*a*b* (CIELAB (Commission internationale de l’éclairage) colourspace coordinates representing perceptual 
lightness and four colours of human vision, defined in 1976); HSI (hyperspectral imaging); FTIR (Fourier 
transform infrared); SEM-EDX (scanning electron microscopy with energy dispersive X-ray spectroscopy). b: VIS 
(visible light); VNIR (visible to near infrared); SWIR (shortwave infrared); MIR (mid-wave infrared); XR (X-rays; 
XRs are detected by spectrometers). c: 1D (one-dimensional); 2D (two-dimensional); 3D (three-dimensional). d: 
DLSR (digital single-lens reflex);   e: PCA (principal component analysis). 
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Table 6. List of measured properties, xBT and xAT, for each metric inputted into the normalised    
difference equation used to calculate cleaning efficacy. 

 Cleaning Efficacy 
Metric 

Value for xBT Value for xAT 

Im
ag

e-
ba

se
d 

L*a*b* images 
Number of black pixels before 

treatment (black pixels represent 
soiling) 

Number of black pixels after 
treatment (black pixels represent 

soiling) 
   

Histogram skewness 

Difference in skewness between 
unsoiled (CT) and soiled (BT) mock-

up  
(ΔskewnessCT,BT) 

Difference in skewness between 
unsoiled (CT) and cleaned (AT) 

mock-up  
(ΔskewnessCT,AT) 

A
pp

ea
ra

nc
e 

Glossimetry 
Difference in gloss between the 

unsoiled (CT) and soiled (BT) mock-
up (ΔglossCT,BT) 

Difference in gloss between the 
unsoiled (CT) and cleaned (AT) 

mock-up (ΔglossCT,AT) 
   

Colorimetry (from 
HSI) 

CIE2000 colour difference between 
the  

unsoiled (CT) and soiled (BT) mock-
up (ΔE2000(CT,BT)) 

CIE2000 colour difference between 
the  

unsoiled (CT) and cleaned (AT) 
mock-up (ΔE2000(CT,AT)) 

Sp
ec

tr
al

-b
as

ed
 

HSI: spectral 
unmixing 

Mean pixel value from 100 pixel x 
100 pixel area taken from unsoiled 
(CT) mock-up, or soiling control 

(sCT), in unmixing map (xതCT, or xതsCT) 

Mean pixel value from 100 pixel x 
100 pixel area taken from cleaned 
(AT) mock-up, in unmixing map 

(xതAT) 
   

HSI: NDI mapping 

Mean pixel value from 100 pixel x 
100 pixel area taken from unsoiled 
(CT) mock-up, or soiling control 
(sCT), in NDI map (xതCT, or xതsCT) 

Mean pixel value from 100 pixel x 
100 pixel area taken from cleaned 
(AT) mock-up, in NDI map (xതAT) 

   

FTIR mapping 
Number of white pixels before 

treatment (white pixels represent 
soiling) 

Number of white pixels after 
treatment (white pixels represent 

soiling) 
   

SEM-EDX mapping 

Number of element-rich areas as 
counted by  

Analyse particles function in ImageJ 
before  

cleaning 

Number of element-rich areas as 
counted by Analyse particles 

function in ImageJ after cleaning 

3. Results and discussion 

3.1. Metrics in Practice 

The metrics aimed to semi-quantitatively compare treatment results to aid in decision-making 
in a reproducible and shareable manner, and to complement professional observations made by eye. 
The image- and spectral-based metrics enhanced this process through their visual inputs and outputs, 
examples of which are illustrated in Figure 2 below. The appearance-based metrics were calculated 
from point measurements       (Table 5), and therefore did not have any visual inputs nor outputs 
in terms of images or maps. It must be kept in mind that each metric measured a different property 
or component of the surfaces or soiling, and thus efficacy scores needed to be interpreted accordingly. 
Data plots for cleaning efficacy per metric are presented in Figures 3–10. Processed images from 
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photography, microscopy, FTIR, and SEM, and data tables for all the efficacy plots discussed are 
available online as an externally hosted supplementary file. 

 
Figure 2. Examples of the visual outputs given by the image- and spectral-based metrics described • 
For the image-based metrics, figures are of the chalk-glue ground mock-ups cleaned with deionised 
water. The histogram distribution represents pixel values from 0 to 255 for the respective RGB images 
shown. • For the HSI metrics, only oil paint mock-ups are shown for spectral unmixing maps; all mock-
up classes are shown for NDI maps (chalk-glue ground, half-chalk ground and oil paint from left to 
right). Each spectral map consists of a column of spray-cleaned mock-ups on the left, and a column 
of mock-ups cleaned by pre-formed rigid gel on the right (cleaning solutions on going from bottom 
to top: citric acid/NH4OH, citric acid/NaOH, adjusted water, deionised water); unsoiled and soiled 
controls are found top left and right respectively. • For the SEM-EDX and FTIR metric, the example 
shown is for cleaning with citric acid/NH4OH. 
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Figure 3. Cleaning efficacy plots using L*a*b* images at micro- (left) and macroscale (right) for the 
spray-cleaned mock-ups (top) and the mock-ups cleaned by pre-formed gel (bottom) (keys: white – 
chalk-glue; grey – half-chalk; black – chromium oxide • (DI) deionised water; (AW) adjusted water; 
(C1) citric acid in NaOH solution; (C2) citric acid in NH4OH solution. 
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Figure 4. Cleaning efficacy plots based on skewness for the sprayed mock-ups (left) and the mock-ups 
treated by pre-formed gel (right) (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide 
• (DI) deionised water; (AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in 
NH4OH solution. 
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Figure 5. Cleaning efficacy plots based on ΔE2000 for the sprayed mock-ups (left) and the mock-ups 
treated by pre-formed gel (right) (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide 
• (DI) deionised water; (AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in 
NH4OH solution. 

 

Figure 6. Cleaning efficacy plots based on glossimetry for the sprayed mock-ups (left) and the mock-
ups treated by pre-formed gel (right) (keys: white – chalk-glue; grey – half-chalk; black – chromium 
oxide • (DI) deionised water; (AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid 
in NH4OH solution. 
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Figure 7. VNIR and SWIR metric plots as determined by the semi-supervised unmixing algorithm, 
based on clean (plain fill) and soiled (textured fill) reference spectra for spray-cleaned surfaces (top) 
and the pre-formed gel cleaning (bottom). Error plotted only for clean areas (RSD for soiled areas was 
above 1.00 in all cases) (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide • (DI) 
deionised water; (AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in NH4OH 
solution). 
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Figure 8. VNIR and SWIR metric plots as determined by the SWIR-NDI mapping, based on clean 
(plain fill) and soiled (textured fill) reference spectra for spray-cleaned surfaces (left) and the pre-
formed gel cleaning (right). Error plotted only for clean areas (RSD for soiled areas was above 1.00 in 
all cases (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide • (DI) deionised water; 
(AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in NH4OH solution). 

 
Figure 9. Cleaning efficacy plots for the sprayed gel (left) and plots for the pre-formed gel (right) based 
on the FTIR metric (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide • (DI) 
deionised water; (AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in NH4OH 
solution).. 
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Figure 10. Cleaning efficacy plots for the SEM-EDX metric for particle removal by element (top) and 
average particle removal (bottom), using citric acid (CA) in an NH4OH solution (key: white – chalk-
glue; grey – half-chalk; black – chromium oxide • plain fill – agar spray; textured fill – pre-formed 
gel). 

3.1.1. Image-Based Metrics: L*a*b* 

The images serving as input data for the image-based metrics were captured using the visible 
(VIS) range of the electromagnetic spectrum. The image-based metrics may be considered non-
invasive, non-contact, as well as more accessible and low-cost, in that the only required equipment is 
a DSLR camera and/or a microscope. Having been converted from RGB to CIELAB colour space for 
this metric, the L*a*b* images offer insights into the perceptual lightness (L*), and colours (as 
perceived by the human eye, a* and b*) of the mock-up surfaces. The L*a*b* images thus serve as an 
extension to the conservator’s eye. The metric in turn represents soiling distribution based on the 
pixel intensity values of the L*a*b* images. It should be kept in mind that the accentuation of soiling 
through pixel intensity depends upon the colours of the soiling and surface being investigated. 

Cleaning efficacy results for images taken at microscale coincided better with visual 
observations than those taken at macroscale, which – although comparable in trend – tended to 
overestimate cleaning. This could have been possible due to the resolution and scale at which the 
images were captured, whereby macro-imaging might have not given a relatable representation of 
the distribution of soiling, based on the image processing method used. Furthermore, results for 
macro-photography were based on one mock-up (and not a set of triplicates, due to time restrictions), 
and thus did not cover the heterogeneity of soiling removal results. The remaining discussion 
therefore focuses on the microscale results. 

Out of the possible L*, a* and b* images generated for the mock-up surfaces imaged in this study, 
it was noticed that b* images gave better indications of the presence of soiling. This is since this 
channel did not pick up surface texture, which was prominent in L* images (this could be taken 
advantage of, nonetheless, to reveal crack propagation, for example). Resultantly, the L* channel was 
found to be better suited for smoother surfaces, and the b* channel for rougher, textured surfaces.  
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Cleaning efficacy plots using L*a*b* images are given in Figure 3. The spray application 
superseded the pre-formed gel in terms of cleaning efficacy. However, this was only marginally so 
for the oil paint mock-ups, indicating that application method of the gel did not influence soiling 
removal for this mock-ups class, perhaps as result of the physicochemical means of soiling-to-surface 
binding.  

For the pre-formed gel application, there was a notable increase in performance of soiling 
removal for the citrate/NH4OH solution, compared to other cleaning solutions. This trend was less 
apparent with respect to the spray application, but the metric indicated that the same chelating 
solution removed the most soiling, nonetheless. Overall, the chalk-glue ground was cleaned almost 
twice as much as the other mock-up types, potentially reflecting differences in soiling-surface 
interaction.  

Based on these observations, this metric offered reasonable representations of soiling removal 
efficacy, although it must be noted that the thresholding of the L*a*b* images can be time-consuming 
and user-dependant. 

3.1.2. Image-Based Metrics: Skewness 

The use of statistical moments (describing the shape of a histogram distribution) as indicators of 
cleaning efficacy is based on the concept that, as darker contaminants are removed from lighter 
substrates, the pixel values of the respective BT and AT images reflect this change accordingly, and 
thus an image’s histogram distribution can reflect the change taking place during cleaning. When 
considering a distribution’s skewness in a cleaning context, a larger fraction of darker pixels (i.e. 
darker contaminants from soiling) will skew an image’s histogram leftwards (negative skewness), 
whereas a larger fraction of lighter pixels (i.e. cleaner, lighter surfaces) skews the histogram 
rightwards (positive skewness). 

The skewness metric has been successfully applied to stone cleaning [79] and paper cleaning 
[45], and hence was investigated for its promising application to the exposed grounds and 
unvarnished oil paint under study, as a fast and reliable measure. This metric was applied to the RGB 
micrographs, but could equally be applied to RGB macroscale photographs, as in the work by Charola 
et al. [79].  

All three methods for calculating skewness were investigated during trials: they differed in how 
and which statistical descriptors were inputted for calculation [80]. Consequently, calculations 
indicated that Pearson’s moment coefficient best described the skewness of histogram distributions 
in this case, in contrast to the cited studies that used Pearson’s first and second coefficients. The 
selection was based on the coefficient that described the datasets best. Whereas only skewness was 
measured in this study, other moments such as the mean and kurtosis (flatness) of the distributions 
could have been additionally used to monitor changes after cleaning [79], and require further 
investigation for application onto unvarnished painted surfaces. 

Histogram distributions of the micrographs are available online as an externally hosted 
supplementary file. The unsoiled mock-ups had a negative skewness (probably due to stray, darker 
pixels relating to canvas details, surface texture and irregularities), with a narrow distribution spread 
across lighter pixel values (Figure 2). The soiled ground mock-ups were characterised by less skewed 
and broader distributions across the centre of the plot, which narrowed and shifted towards lighter 
pixel values with an increased negative skewness (closer to the control’s) after cleaning (Figure 2). 
The soiled paint mock-ups contrarily featured positively skewed distributions centred over darker 
pixel values (attributed to the soiling, and chromatic changes during ageing when compared to the 
control), which became more positively skewed as a higher percentage of lighter pixel values were 
present after removal of darker soiling (the distributions remained, however, centred over darker 
pixels due to the inherently darker substrate). 

Cleaning efficacy plots based on skewness are given in Figure 4. The efficacy plots generated 
through the skewness metric indicated that the agar spray application resulted in better soiling 
removal than the pre-formed gel, which matched visual observations. The poorer performance of 
both gel applications when applied to the oil paint (as opposed to the grounds) was notable, and 
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might be explained by the fact that considerable chemically imbibed soiling was observed 
microscopically after cleaning.  

When comparing the cleaning of both grounds, the metric seems to overestimate the efficacy for 
the half-chalk ground, which looked effectively more soiled than its chalk-glue counterpart on the 
basis of visual observations. Whilst the chelating solutions removed most soiling on the half-chalk 
ground and the oil paint, the adjusted water gave better results for the chalk-glue ground. In the latter 
case, the uncovering (or formation) of micro-cracks and other surface details by the chelating 
solutions may have resulted in an increase in darker pixels, which according to this metric will 
translate into less efficacious cleaning. 

3.1.3. Appearance-Based Metrics: Colour and Gloss 

The management of changes to the colour and gloss of an object’s surface is typically one of the 
fundamental priorities of the conservator during treatment [81–84], so as not to misrepresent the 
aesthetic value of the piece and detract from its creator’s intent [85]. These metrics are not novel in 
themselves, but rather complemented the scoring criteria selected to evaluate the agar spray 
treatment.  

Hyperspectral data was used for the colorimetry metric. Thus, one single data acquisition 
simultaneously allowed for both the measurement of colour change as a result of soiling removal, 
and the application of the spectral-based metrics (introduced after this section). This saved on time, 
and rendered measuring colorimetric data a completely non-contact process (colorimetric 
measurements are usually taken by placing a colorimeter upon the surface of an object).  

The cleaning efficacy plots based on the measured changes in colour (ΔE2000) are given in Figure 
5. The plots indicated that the cleaning solutions applied by spray guaranteed a better return to the 
colour of the unsoiled control than the pre-sprayed counterpart. The chelating solutions once again 
afforded the most efficacious soiling removal with respect to colour change. However, the half-chalk 
ground fared most poorly of all mock-up classes, irrespective of cleaning solution. This was likely 
due to soiling-surface interactions, whereby .remaining .imbibed soiling .detracted from the .full 
appreciation .of the cream- coloured ground. The pre-formed gel, however, did offer an effective 
option for promoting return to the surfaces’ original colours, especially with the citrate/NH4OH 
solution. 

For glossimetry, the metric returns the difference with respect to the control’s gloss, or if the 
change registered goes beyond that gloss measurement, the percentage of excess deviation beyond 
the control’s gloss. Cleaning efficacy plots based on glossimetry are given in Figure 6.  

For the chalk-glue ground, both the spray and pre-formed gel resulted in glossier surfaces after 
treatment. Given the large extent of matte areas of exposed chalk-glue ground in the Aula, this is a 
consideration worth addressing. Keeping in mind the variability of the gloss measurements, the most 
viable options for the cleaning of this ground were the adjusted water, followed by the 
citrate/NH4OH solution (both applied via spray).  

With respect to the half-chalk ground and the chromium oxide oil paint, spraying the agar 
appeared to promote an improved return to the original gloss, with the chelating solutions delivering 
the best results. 

3.1.4. Spectral-Based Metrics: HSI 

The HSI metrics illustrated the degree of soiling removal across the VNIR and SWIR ranges, thus 
assessing soiling removal efficacy based on the physical properties and molecular composition of the 
cleaned surfaces, or soiling. An example of soiling mapping is shown in Figure 2 (bottom left). All 
spectral maps generated from HSI post-processing are provided in Figures S1–S16. One metric used 
spectral unmixing algorithms to map soiling removal, whereas the other one was based on the 
chemometric technique of normalised difference image (NDI) mapping. As a result of HSI setup and 
mock-up dimensions, the major advantage of these metrics was that they permitted the simultaneous 
mapping of soiling across the entire surface of many mock-ups using a single acquisition. The HSI 
method can therefore be considered as a non-contact, and relatively fast means of visual assessment. 
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Between the two spectral unmixing algorithms tested, the semi-supervised one gave the most 
reliable results, whereas the unsupervised algorithm suffered from some issues. These issues are 
presented and discussed in Appendix B. The remainder of the discussion here focuses on the semi-
supervised algorithm.  

The VNIR and SWIR spectral unmixing maps using the spectrum of the unsoiled reference as an 
endmember demonstrated that (i) all the chalk-glue ground mock-ups were cleaned to a high degree 
with the spray, (ii) all half-chalk ground mock-ups were cleaned to a lesser degree, and (iii) that the 
oil paint mock-ups gradually became cleaner on going from deionised water to adjusted water to 
chelating solutions. The milder cleaning effect of the pre-formed gel was also mapped.  

The converse relationship between spectral maps for cleaned areas (based on the unsoiled 
control’s spectrum as an endmember) and for soiled areas (based on the soiled control’s spectrum as 
an endmember) illustrated that soiling removal can be mapped using either reference spectrum. In 
the VNIR range, maps using the soiling’s spectrum as an endmember reflected the contrary of the 
cleaned maps, i.e. they showed in a complementary fashion the presence of soiled areas, instead of 
cleaned ones.  

In the SWIR range, indirect molecular markers of the soiling were detected [57]. These markers 
lend great use since soiling may not always be visible, e.g. where surface contrast is poor (dark soiling 
on dark surfaces), or where soiling/degradation products are not necessarily visible to the naked eye. 
However, in the case of the SWIR maps, false positives were detected in all cases, with soiling 
apparently present on unsoiled controls. In the case of the chalk-glue ground, the cleaner mock-ups 
were shown as the most soiled. This may have been due to the unmixing algorithm confounding 
spectral bands common to the soiling and the mock-up surfaces (related to the binder, for example). 

For this reason, the semi-supervised HSI metric was best assessed using VNIR map pixel values 
(when using maps based on the unsoiled reference spectrum, however, SWIR  map pixel values gave 
results that closely matched their VNIR counterpart). Cleaning efficacy plots based on the semi-
supervised algorithm are given in Figure 7. The VNIR plots showed that using the agar spray with 
the chelating solutions, (i) over 90% of soiling was removed from the chalk-glue ground mock-ups, 
(ii) roughly 70% of soiling was removed from the half-chalk ground mock-ups, and (iii) about 80% of 
soiling removal was achieved for the oil paint mock-ups. The figures for the pre-formed gel were 
comparably lower, with the chelating solutions performing marginally better for all mock-ups. 

In contrast to the spectral unmixing metric, the soiling removal maps generated through the NDI 
method provided more reliability with respect to detecting the presence or absence of soiling upon 
surfaces. This is due to the use of specific marker bands, which were significantly indicative of the 
materials being mapped (cf. Figure A1). However, this method required more expertise and time to 
achieve reliable results, as it implied carrying out multivariate statistical analysis on the datacubes 
collected. The semi-supervised unmixing algorithm is thus preferrable where advanced statistical 
expertise (or time) is lacking. 

Cleaning efficacy plots based on SWIR-NDI maps are given in Figure 8. The NDI soiling removal 
efficacy plots matched with the observations made by eye, for both spray and pre-formed gel 
applications. The latter was marked as being less effective compared to its spray counterpart, 
irrespective of cleaning solution (except in the case of the chalk-glue ground). When the agar was 
sprayed, the maps and plots indicated the chelating solutions removed most soiling, particularly for 
the oil paint (in the case of the half-chalk ground, performance was also matched by the adjusted 
water). 

The processed SWIR data from the NDI maps was further used to calculate a cleaning 
homogeneity score. As a complement to the cleaning efficacy metrics, this score was developed with 
the intention of empirically evaluating the degree of similar cleaning, i.e. homogeneity, achieved 
across the mock-ups’ surfaces. In digital image analysis, a parameter for measuring image 
homogeneity was described by Haralick et al. [86,87], for which a plug-in in ImageJ was developed 
by Cabrera [88]. This parameter is calculated from what is known as the grey level co-occurrence matrix 
(GLCM) of an image [89,90]. Since the pixels in the images of the soiling maps can represent soiling 
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spread, the homogeneity parameter (also known as the inverse difference moment) from the GLCM was 
deemed an appropriate measure of calculation. 

3.1.5. Spectral-Based Metrics: FTIR 

The FTIR metric enabled an in-depth look at the cleaned surfaces at the microscale, providing 
imaging and spectral information from the mid-infrared (MIR) range. Cleaning efficacy plots based 
on µFTIR maps are given in Figure 9. The FTIR soiling maps illustrate the distribution of points where 
the soiling spectrum was detected. As a result, only those points where no soiling bands were 
detected were considered as clean, and this binary separation between soiled and cleaned could 
explain the lower percentages reported across the board when compared to HSI. 

For the spray application, soiling removal was more effectively carried out on the exposed 
grounds than on the oil paint. This might reflect the nature of the soiling, which may have been more 
physically imbedded than chemically imbibed for the grounds. In terms of cleaning solution, the 
citrate/NH4OH solution outperformed the other options, both for spray and gel. Whereas this 
improved efficacy gradually increased across different solutions with the pre-formed gel, less certain 
trends were reported for the spray. 

3.1.6. Spectral-Based Metrics: SEM-EDX 

A cleaning efficacy metric was developed using element mapping (SEM-EDX). One indirect, 
empirical observation that indicated the cleanliness of surfaces was the increased surface charging 
on AT surfaces during measurements, as there was less (carbon-containing) particulate matter to 
dissipate the electrons. Although the acquisition of data was slower than for HSI, the post-processing 
was relatively straightforward. This means that if chemical markers for soiling can be found, as with 
Al and Si in this case (due to their relative abundance within the artificial soiling), then the method 
could be a viable technique for monitoring cleaning. However, compared to all the other techniques 
discussed prior, the higher cost and significant operational expertise required to run such analyses, 
need to be borne in mind. For this very reason, only mock-up surfaces cleaned with citric acid in 
NH4OH were mapped.   

The element maps collected indicated that soiling removal was most efficacious from the chalk-
glue ground surfaces, whereas about half as much soiling was removed from the half-chalk and oil 
paint. Cleaning efficacy plots based on SEM-EDX element maps for Al and Si are given in Figure 10. 
As a result of the nature of data collected for this metric, it was also possible to calculate that the agar 
spray removed on average three times more soiling than its pre-formed gel counterpart. 

3.2. Evaluating Soiling Removal Scores Using the Metrics 

The constellation of cleaning efficacy metrics, together with the cleaning homogeneity score, 
permitted a well-rounded assessment of the agar spray cleaning tests on the Aula mock-ups. Table 7 
below shows an example of how the metrics compared to each other, and contributed towards the 
scoring criteria for the spray tests. The collection of scoring tables for all mock-ups are available online 
as an externally hosted supplementary file. The resulting star diagrams are presented in Figure 11 
(overleaf). 

Table 7. Breakdown of results from the cleaning efficacy metrics (top), and overall scoring criteria 
(bottom) for the chalk-glue ground mock-up triplicates sprayed by agar gel. The coloured values 
indicate the measured values used to calculate mean values (in bold): the red values refer to image-
based cleaning efficacy scores, whereas as the blue values refer to spectral-based cleaning efficacy 
scores. The cleaning efficacy score in bold violet in the bottom table is the mean of the bold red and 
blue mean values. 

 Cleaning Efficacy Metrics  Mean Values 
 Image-Based Spectral-Based    
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Cleaning 
Solution L*a*b* Skewness 

Supervised 
(VNIR) 

NDI 
(SWIR) FTIR (MIR)  

Image-
Based 

Spectral-
Based 

Deionised 
water 0.76 0.81 0.95 0.85 0.39  0.79 0.73 

Adjusted 
water 0.78 0.79 0.91 0.84 0.58  0.79 0.78 

Chelator 
(NaOH) 

0.79 0.70 0.91 0.88 0.46  0.75 0.75 

Chelator 
(NH4OH) 0.84 0.68 0.96 0.96 0.57  0.76 0.80 

 Scoring criteria 
Cleaning 
Solution 

Cleaning 
Efficacya 

Cleaning  
Homogeneityb 

Colour  
Integrityc 

Gloss  
Integrityc 

Selectivityd Residue 
Absenced 

Deionised 
water 

0.76 0.23 0.75 0.17 1.00 1.00 

Adjusted 
water 

0.78 0.22 0.69 0.64 1.00 1.00 

Chelator 
(NaOH) 0.75 0.33 0.72 0.62 0.60 1.00 

Chelator 
(NH4OH) 0.78 0.57 0.82 0.86 0.80 1.00 

a: from metrics in upper table; b: from GLCM; c: from appearance-based metrics; d: user-defined (Appendix A). 

For the chalk-glue ground and the chromium oxide green oil paint, the star diagrams indicate 
that the citrate/NH4OH solution (having the largest pentagon) satisfied most cleaning criteria. The 
solution’s improved cleaning action was more evident when applied via spray than as a pre-formed 
gel, an observation that was already noticeable when evaluating the metrics and weighing in the 
results by eye. When applied as a pre-formed gel, the difference in base for the chelating agent was 
shown to be minimal, in fact for the oil paint, the citrate/NaOH solution was just about better. 

The citrate/NaOH solution also seems to perform better for spray application on the half-chalk 
ground – however, it is interesting to note that at first glance the largest pentagons are those 
associated with deionised water, and therefore the action of the gel itself. Two implications follow 
from this: the first is methodological, in that combining the star diagrams with weighted scores is 
beneficial for dispelling vagueness that might result from having many polygons on one star 
diagram. For example, in the case of the star diagram for the pre-formed gel on the chalk-glue ground, 
the pentagons for deionised water and for the citrate/NH4OH solution may almost seem similar in 
size – the weighted score however indicates the chelating agent’s improved performance, reflected 
also in the more central spread of its pentagram towards the prioritised criteria. The second 
consequence is more application-based. The cleaning solutions tested for the half-chalk ground were 
not as effective as expected, and the fact that the control solution of deionised water performed very 
similarly, or even better, than other tailored solutions implies that more experimentation is required 
to find a better candidate for cleaning. 

The star diagrams also illustrate that cleaning homogeneity was best achieved when spraying 
the agar directly onto the surface, and the highest homogeneity was delivered by the chelator 
solutions.  
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Figure 11. The star diagrams and weighted score evaluations of the agar cleaning trials (grey, dotted 
– deionised water (DI); blue – adjusted water (AW); crimson – citric acid in NaOH solution (C1); 
amber – citric acid in NH4OH solution (C2)). The weighted score highlighted in red indicates the 
highest score. 

In the end, the suggestions for more empirical-based evaluations in this paper, combined with 
the tools that have developed within the profession, can further improve decision-making for 
conservators when planning a treatment, including at monumental scale, such as in the Aula. The 
presentation of results in this format makes it easier to document cleaning trials, and can aid in 
discussion with other heritage or museum colleagues, such as curators, private owners, art historians, 
archaeologists, and so forth. 

4. Conclusions 

The multidisciplinary approaches presented expand on the means currently available to 
conservators for empirically evaluating cleaning tests within a treatment context. By measuring 
changes in the appearance and spectrally characteristic properties of the surfaces being cleaned, the 
metrics introduced aim to minimise on user bias. They offer a toolkit of methods, which are relatively 
straightforward to execute, and can promote the quality of documentation, as well as the cross-
dissemination of results in the literature. 

Two major forms of cleaning efficacy have been defined, namely, spectral- and image-based 
efficacies. The spectral metrics are rooted in data collectable from a broad section of the 
electromagnetic spectrum, providing insights on different element, colorimetric, and molecular 
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features. Where access to specialised equipment for measuring spectral-based efficacy is limited (due 
to budget, time restraints, etc.), the image-based efficacy metrics offer a low-cost, reliable and 
effective alternative to surface evaluation. These scores, calculated using image processing methods, 
tend to be lower than spectral-based scores, and thus mitigate against over-estimating cleaning. 

An empirical means of calculating cleaning homogeneity based on digital image analysis was 
also used in evaluating the cleaning tests, together with a simplified, non-contact means of measuring 
colour change using hyperspectral imaging. Moreover, the representativeness of each metric’s 
outputs was assessed by comparison to visual observations made by conservators. The newly 
proposed metrics were integrated as weighted scores with the star diagram evaluation system 
already established in conservation practice. Such an integration permitted a nuanced interpretation 
of cleaning tests by agar spray cleaning, comparing it to its pre-formed gel counterpart.  

For exposed chalk-glue grounds and chromium oxide oil paint – two water-sensitive materials 
used by Edvard Munch in the Aula – spraying agar prepared with citric acid in ammonium 
hydroxide at a surface-tailored pH was evaluated as potentially the best candidate to date for 
efficacious and homogenous soiling removal. Notably, the pre-formed agar can be used to deliver 
milder, albeit slightly less effective, cleaning of fragile areas. It remains to be seen which cleaning 
solution is more appropriate for the half-chalk ground, and progress can be made once the nature of 
soiling-surface interactions on this type of ground is further elucidated.  

It must also be considered that the Aula paintings themselves might be more fragile, and more 
water sensitive, than the mock-ups used in this study, and therefore further testing upon the artworks 
themselves is certainly required. This applies especially to areas that have poor surface adhesion, or 
have been previously consolidated [17]. For all the water-sensitive surfaces considered in this study, 
the effect of agar gel cleaning on other chemical forms of degradation, such as metal soap formation, 
has not been studied and should be considered. This is especially since developments in reflectance 
imaging spectroscopy for the detection of degradation products are picking up momentum [91–95]. 

Finally, the evaluation metrics themselves will benefit from further testing in other case studies 
to ensure their usefulness and applicability in the conservation profession. Further developments in 
the spectral imaging technologies and post-processing methods reported are certain to ameliorate the 
representativity of the metrics, which can be further tailored according to need in collaboration with 
conservators, conservation scientists and imaging scientists. 
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by supervised unmixing for the half-chalk ground in the VNIR range; Figure S5: Spectral maps by supervised 
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oxide oil paint in the SWIR range; Figure S8: Spectral maps by unsupervised unmixing for the chalk-glue ground 
in the VNIR range; Figure S9: Spectral maps by unsupervised unmixing for the chalk-glue ground in the SWIR 
range; Figure S10: Spectral maps by unsupervised unmixing for the half-chalk ground in the VNIR range; Figure 
S11: Spectral maps by unsupervised unmixing for the half-chalk ground in the SWIR range; Figure S12: Spectral 
maps by unsupervised unmixing for the chromium oxide oil paint in the VNIR range; Figure S13: Spectral maps 
by unsupervised unmixing for the chromium oxide oil paint in the SWIR range; Figure S14: Normalised 
difference image map for the chalk-glue ground in the SWIR range; Figure S15: Normalised difference image 
map for the half-chalk ground in the SWIR range; Figure S16: Normalised difference image map for the 
chromium oxide oil paint in the SWIR range; Table S1: Environmental parameters measured during agar spray 
tests. 
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Appendix A: Additional Methodological Details 

Photography. The mock-ups were photographed using a Canon 6D DSLR camera with a Canon 
RF 100 mm F2.8L macro IS USM lens. They were mounted upon black velvet cloth, and illuminated 
with Kaiser 300 W tungsten-halogen lamps under incident and raking light configurations (Table 
A1). Colour management was carried out using ISA RezChecker targets, which were used for white 
balance correction using a macro developed for ImageJ, once the RAW files had been converted to 
RGB images within the freeware [96,97]. 

This image-based metric was developed based on current trends in the literature [47]. It was 
found that the L*, a* and b* images of the mock-ups as extracted from a CIELAB1976 colour-space 
gave faithful representations of the soiling upon the surfaces. This is likely since the soiling was 
captured as darker pixels on a lighter background (for L*), bluer pixels on the yellowish background 
of the ground (for b*), and redder pixels on the green background of the oil paint (for a*). The RGB 
images were converted into their respective L*, a* and b* images using the Colour Space Converter plug-
in in ImageJ based on a D65 illuminant [98] (the developer warns against imprecisions of the plug-in 
– these were recognised and accepted during interpretation). The images were converted to 8-bit 
depth and thresholded to match the soiling pattern recorded on the mock-up surfaces. In the thres. 

Table A1. Photography metadata recorded during documentation of the mock-up surfaces. 

Incident Light  Raking Light  
Image Capture  Image Capture  

ISO 100 (ground); 200 
(paint) ISO 160 (ground); 200 

(paint) 
Exposure 1/125 s Exposure 1/125 s 
Aperture f/2.8 Aperture f/2.8 

    
Setup Geometries  Setup Geometries  

Camera height 73 cm Camera height 73 cm 
Light quantity 2 (left and right) Light quantity 1 (right) 

Lights height from plane 39 cm Lights height from plane 16 cm 
Lights angle from plane 45o Lights angle from plane 60o 
Lights to lens distance 45 cm Lights to lens distance 75 cm 

Holded images, black pixels represented soiled pixels, and white ones, cleaned pixels. For BT images, 
thresholding was demarcated at the image histograms’ maximum, and at the best soiling representation between 
60% to 80% for AT images. Cleaning efficacy was then calculated (as shown in Tables 5–6 in the main text). 
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Optical microscopy. The mock-ups were documented in triplicate using a benchtop Leica   
DM2700 M Microsystem light microscope. Photomicrographs were taken using a Leica MC190 HD 
camera run from the Leica Application Suite v.4.13 image acquisition software. Surfaces were imaged 
in bright field and raking light (a Leica CLS100 lamp was used in this case) using N PLAN EPI 
objectives (×5/0.12 POL, and ×20/0.40 POL) at regions of interest (ROIs). 

The photomicrographs were used in the assessment of two separate image-based metrics. The 
first was similar to the L*a*b* metric described for photography – L* images were used for the exposed 
grounds (soiling was represented as dark pixels on a bright background), and a* images were used 
for the unvarnished oil paint (soiling was represented as non-green pixels on a green background). 

The second metric was based on statistical moments describing image histogram distributions, 
following the work of Charola et al. [79] and Duncan et al. [45]. These studies used histogram 
skewness as a marker to monitor the removal of darker soiling on a lighter surface. In this work, 
Pearson’s moment coefficient of skewness was used [99], as calculated by the corresponding ImageJ 
function. The determination was carried out for all triplicates of all mock-up categories. These values 
were checked for consistency in the Excel spreadsheet package by importing the image pixel values 
from the respective text image. The statistical descriptors (mean, mode, median, standard deviation 
and skewness) were in accord, with skewness moments varying between ±0.2. 

The cleaning efficacy was then measured as the percentage return to the unsoiled control’s 
skewness (as shown in Table 6 in the main text). The spreadsheet template used to calculate skewness 
is available online as an externally hosted supplementary file. The metric sometimes generated 
deviant numbers than expected, possibly since the change in skewness compared to the unsoiled 
reference was not always the best representative measure of cleaning efficacy for the surfaces being 
studied. A value of over 100% cleaning efficacy was not logical in this context, and so these values 
were discarded. Squaring and rooting was used to convert occasional negative values into usable 
positive ones, due to deviancy in the skewness calculations based on the selected controls. For these 
reasons, this metric should be applied with some caution.  

Glossimetry. Gloss measurements on the mock-up surfaces were taken using an Elcometer 480 
triple angle glossmeter. Based on recommendations for matte surfaces, an 85o measurement angle 
was used over an area of 4 mm × 55 mm. Ten readings were taken per mock-up triplicate using the 
Batch function of the glossmeter. Data was exported using the ElcoMaster 2.0 application and 
processed in the Excel spreadsheet package. A gloss metric was calculated as the percentage return 
to the unsoiled control’s gloss (as explained in Table 6 in the main text). 

Hyperspectral imaging. Spectral datacubes for each mock-up class were acquired (BT and AT) 
using HySpex VNIR1800 and SWIR384 pushbroom hyperspectral scanners (Norsk Elektro Optikk 
AS). Acquisitions were carried out following the literature [57,100,101]  (Table A2). Pre-processing of 
the spectral cubes was carried out using the manufacturer’s acquisition software, and the associated  

Table A2. HSI acquisition conditions. 

HSI Cameras VNIR1800 SWIR384  Lights Tungsten-Halogen 

Spectral range, nm 407-998 951-2505  Spectral coverage, 
nm 

c. 320-2600 

Spectral bands 186 288  Quantity 2 
Spectral intervala, 

nm 3.26 5.45  Room lighting Darkness 

Pixels acquired 1800 384  Geometryb 
45o, h: 130 cm, d: 

various 

Focal length, m 0.30 0.30  Spectral reflectance Spectralon white 
(99%) 

Field-of-viewc, cm 8.60 8.60  standard and grey (50%) 
diffuse 

Spatial resolution, 
µm 50 220    
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Mount Fixed, perpendicular to surface  Mount Fixed to stage 
      

Acquisition 
Parameters      

HSNRd 0 0    
Integration time, µs      
   for exposed ground 25000 6900    

   for oil paint 39000 10800    
a: known as the full width at half maximum (FWHM) of the sensor’s sensitivity distribution.       b: h 
represents height, d represents distance from camera (centre SWIR camera to first light: 22.5 cm left; first light to 
centre VNIR camera: 15.0 cm left; centre VNIR camera to second light: 30.0 cm left). c: known as the ground 
sampling distance (GSD). d: HSNR is the high signal to noise ratio (i.e. the number of times each image frame is 
recorded and averaged). 

HySpexRadV2.0 software package. Post-processing workflows were followed using the ImageJ 
image processing freeware package to give datacubes with reflectance values [57,102–104]. 

Two spectral unmixing algorithms (one semi-supervised, PoissonNMF [52], the other 
unsupervised,    LuMoS [53]) were used to spectrally identify and map soiled and cleaned areas. 
The unmixing algorithms’ outputs featured maps, where increasing pixel value was indicative of the 
degree of spectral similarity (the maps were given as 32-bit, and 16-bit images for the semi-supervised 
and unsupervised algorithms, respectively). The mean pixel values from 100 pixel × 100 pixel areas 
were used (as shown in Table 6 in the main text) to indicate percentage cleaning efficacy or percentage 
remainder soiling, depending on which reference area the spectral mapping was calibrated upon. 

Normalised difference image (NDI) mapping was carried out as reported by Malegori et al. [54], 
Piarulli et al. [55], and Lugli et al. [56]. Using PCA [105], characteristic wavelengths in the SWIR range 
were selected for each mock-up’s ground or oil paint surface, and for the soiling (Figure A1). 

 

Figure A1. A. SWIR spectrum for artificial soiling and characteristic peak identified for NDI mapping 
(highlighted sections: CH+CN combination range in violet, CH+CH combination range in green, 
collagen triple helix or β-turn range in blue). B. PCA loading plots for the SWIR spectra of each mock-
up surface, and the relevant peaks selected for NDI mapping (1 450 nm for chalk-glue ground; 2 304 
nm for half-chalk ground; 2 347 nm for oil paint) [106–110]. 

An image difference operation was carried out with image slices corresponding to the selected 
wavelengths, using the Image Calculator function within ImageJ to execute Equation 1 in the main 
text. The resulting 32-bit image provided a map of the soiling upon the mock-up surface. For 
visualisation purposes, the images were individually adjusted for brightness and contrast to make 
differences more visible, and an appropriate look-up table applied. In this context, a look-up table is a 
data matrix containing information for the pixel values, and can be used to change the colour scheme 
of the image. The same metric as described for spectral unmixing (in Table 6 in the main text) was 
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then implemented to illustrate cleaning efficacy (based on the unsoiled mock-up), or remainder of 
soiling (based on a soiling control). The NDI values obtained were negative, and thus Equation 1 in 
the main text used to calculate the percentage efficacy based on the unsoiled control was modified as 
shown in Equation A1 below. 

cleaning efficacy = ൬𝑁𝐷𝐼௖௟௘௔௡௘ௗ𝑁𝐷𝐼௨௡௦௢௜௟௘ௗ൰  ×  100 (A1) 

This equation was derived as follows (Equations A2–A3): 

cleaning efficacy = ൭1 − ൬𝑁𝐷𝐼௨௡௦௢௜௟௘ௗ − 𝑁𝐷𝐼௖௟௘௔௡௘ௗ𝑁𝐷𝐼௨௡௦௢௜௟௘ௗ ൰൱ × 100
= ൭1 − ൬1 − 𝑁𝐷𝐼௖௟௘௔௡௘ௗ𝑁𝐷𝐼௨௡௦௢௜௟௘ௗ൰൱ × 100 

(A2) 

cleaning efficacy = 𝑁𝐷𝐼௖௟௘௔௡௘ௗ𝑁𝐷𝐼௨௡௦௢௜௟௘ௗ × 100 (A3) 

Furthermore, to indicate the percentage soiling remaining on surfaces, the following equation 
(Equation A4) was used:  cleaning efficacy = 𝑁𝐷𝐼௦௢௜௟௜௡௚/𝑁𝐷𝐼௖௟௘௔௡௘ௗ  (A4) 

Images of the NDI maps of the cleaned mock-ups were opened in ImageJ, converted to 8-bit 
depth (required by the plug-in), and analysed with the GLCM Texture plug-in, using a pixel step of 1 
in the 0o direction. The value given for the inverse difference moment was taken as a homogeneity 
score, where a value of 1 represented an entirely homogenous image (all pixels have the same 
intensity), and therefore fully homogeneous cleaning (the equations used to calculate image 
homogeneity can be found in Albregtsen [90]). 

The initial presumed overlap between mock-up and soiling identifiers was recognised, 
especially since considerable band overlap is common in the SWIR. For example, although collagen 
and gelatine, two highly similar macromolecules, each contain identical functional groups, their 
chemically diverse environs will have resulted in different band contributions – this has been 
confirmed by PCA in this case [57], and conceptually [111,112]. Furthermore, Duconseille et al. [108] 
confirm that aged gelatines (such as in the chalk-glue ground) have higher NH overtone vibrations 
than non-aged gelatines (such as in the soiling’s gelatine), which feature more prominent CH+NH 
combination modes. For the chalk-glue ground, an attempt to use the SWIR bands for calcite (which 
were marked by PCA as significant) was unsuccessful, most likely due to interference from bands 
from other materials: two clusters resulted on the score plots representing soiled and unsoiled 
surfaces distinctly. The loading plots indicated that the calcite bands should be contributing to the 
observed variance. These bands were at 1997 cm-1, and 2340 cm-1. They conflicted with proximal 
bands at 2009 cm-1 and 2342 cm-1 (associated with the gelatine, and linseed oil in the mock-ups 
respectively), and did not give sufficiently coherent NDI maps. 

Colorimetry from HSI. A relatively quick, simplified method for calculating colour change was 
implemented based on selecting three bands (corresponding to R, G, B channels) from the HSI 
datacube. The latter is a quick way to visualise a colour image from spectral data. As such it can be 
useful, but it is acknowledged that it is not a fully colorimetric method. Further colorimetric analyses 
in CIELAB could be carried out through the convolution of image data with XYZ colour-matching 
functions [113] (a comparison of these two methods was beyond the scope of this paper). 

In ImageJ, L*a*b* values for the mock-up surfaces were generated as follows: a sub-stack of three 
slices from the red, green and blue spectral regions of the datacube was produced at 16-bit depth. 
The three slices used were taken from the bands at 647.9, 552.2, and 466.0 nm for R, G, B channels 
respectively. The stack was then converted into an RGB image, and subsequently converted into 
separate L*, a*, b* images using the Colour Space Converter plug-in, specifying a D65 illuminant. The 
three images were then reconverted into a stack, and respective L*a*b* values extracted from its z-axis 
profile. 
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Ten ROIs measuring 100 pixels × 100 pixels were used to extract the L*a*b* values for each mock-
up, and processed in the Excel spreadsheet package to calculate mean and coefficient of variation 
values. Deviating measurements were discarded using the ISO-recommended Grubbs’ test at P = 0.05 
[114]. The formula used to measure the colour difference, ΔE, was the CIEDE2000 equation [115,116], 
using the calculator developed by Boronkay [117]. Error propagation was calculated according to 
Miller & Miller [114] and Williams [118]. The spreadsheet template used to calculate error 
propagation with L*a*b* values is available online as an externally hosted supplementary file. 
Propagation calculations were confirmed using the Error Propagation Calculator application [119]. 
Using these values, a colorimetry metric was calculated as the percentage return to the unsoiled 
control’s colour (as shown in Table 6 in the main text).  

No cleaned mock-up matched the colour nor tone of the unsoiled control: this was recognised 
as a highly idealistic comparison given that the surface would have continued changing during 
ageing. The colorimetry metric thus helped appreciate this change numerically, but was based on 
return to the unsoiled control, and this should be borne in mind whilst evaluating results. 

µFTIR mapping. Fourier-transform infrared (FTIR) 2D chemical maps of ROIs on the mock-ups 
were collected using a ThermoScientific Nicolet iNTM10 MX FTIR microscope, equipped with a 
motorised xyz-stage. Each ROI consisted of 350 16-scan spectra collected over 5 s in attenuated total 
reflectance (ATR) mode (Germanium-crystal, liquid nitrogen-cooled detector, 15 arbitrary pressure 
units) over the range 4000−650 cm−1, using an aperture of 150 µm × 150 µm, a step size of 100 µm, and 
4 cm−1 resolution, over a total surface area of 3500 µm × 1000 µm. 

ATR was used as the mode of acquisition, since spectra acquired in diffuse reflectance suffered 
badly from different interactions of the IR radiation with the surface, probably as a result of the non-
uniform and non-homogeneous topography of the soiling [120]. As the mock-ups were expendable, 
the increased contact with the ATR crystal was not an issue, however, the presence of soot (carbon 
black) particles in the soiling mixture meant that at certain points in the maps, background noise was 
registered, influencing the quality of the maps. This is possibly due to the higher refractive index of 
carbon black (compared to other organic materials), which, despite the higher refractive index of the 
germanium crystal, might have still led to light being transmitted into the sample, creating band 
distortions via anomalous dispersion that present as asymmetric spectral artefacts [121]. Raman point 
analysis carried out separately to this study confirmed these points did contain carbon. 

Visualisation of single spectra was carried out in Spectragryph 1.2.15 [122]. Pre-processing of the 
maps was limited to atmospheric corrections for carbon dioxide and water as carried out in     
Omnic 9.2.86. Post-processing began with background subtraction of the mock-up surface to intensify 
the soiling signal. Soiling maps were then generated using the Correlation map profile feature in Omnic 
Atlµs 9.2.91, and were based on spectral similarity to the artificial soiling’s spectrum. The intensity 
of pixels in the soiling maps corresponded to increasing spectral matches to the molecular fingerprint 
of the soiling.  

The latter maps were exported as greyscale .tiff files into ImageJ, assigned the desired look-up 
table and adjusted for brightness and contrast to improve visualisation. The images were then 
automatically thresholded and converted to 8-bit binary images, so that black pixels represented 
cleaned areas (no soiling spectrum detected), whereas white pixels represented soiled areas (any 
degree of soiling spectrum detected). The percentage cleaning efficacy as measured by FTIR was then 
calculated (following Table 6 in the main text). 

SEM imaging and SEM-EDX mapping. The mock-up surfaces were investigated by scanning 
electron microscopy (SEM) using a FEI Quanta 450 electron microscope equipped with an X-Max 
Oxford 50 mm2 SSD detector, running on Aztec 3.1 SP1 software. Each mock-up (c. 5 cm × 5 cm) was 
mounted on the stage of the vacuum chamber with carbon tape and no surface preparation. The same 
ROIs as for microscopy and FTIR were used. A slightly different area was imaged however for SEM, 
as the ATR diamond disrupted the surface (Figure A2), preventing monitoring. The methodology 
employed implied that the acquisition process was quasi-non-contact (except for the attaching of 
conductive tape to the back of the mock-up). It should be borne in mind that alteration of the surface 
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is technically possible by charge accumulation, which can shift particles around, or by burning 
through the surface via high electron flux (e.g. when using high acceleration voltages [123–125].  

 

Figure A2. Disruption of the mock-up surfaces and soiling by the ATR diamond (left: ground; right: 
oil paint). AT measurements were taken from the area immediately below, as shown on the right. 

The following conditions were used for imaging based on procedures in the literature and 
recommendations for unvarnished painted surfaces [123,124,126]: secondary electron (SE) images 
were acquired at ×100, ×500 and ×1000 in high vacuum mode with an Everhart-Thornley (ETD) 
detector at low acceleration voltage (1.7 kV), a working distance of c. 10 mm, with a beam spot size 
of       6.0 mm2. The magnification and contrast for each mock-up was slightly adjusted in order to 
obtain the sharpest image. SEM-EDX was carried on back-scattered electron (BSE) images acquired 
at ×500 in low-vacuum mode with a circular backscatter (CBS) detector at high acceleration voltage     
(20.0 kV), with the same working distance, and electron beam spot size. Element maps were 
processed using the TruMap feature within the Aztec® software (only the mock-ups cleaned by the 
citrate/NH4OH solution were mapped due to project restrictions). 

After being identified as indicative markers of the artificial soiling used, Al and Si element maps 
were selected for use in the SEM-EDX-based metric for cleaning efficacy (Figure A3). The maps were 
imported into FIJI (ImageJ) as .tiff files and converted into 8-bit binary images that were automatically 
thresholded (applying the Fill Holes option to create distinct particulate units). Al- and Si-containing 
areas were represented as white pixels in this manner. The Analyse Particles function was then used 
to count individual, defined areas, and used to calculate cleaning efficacy (as listed in Table 6 in the 
main text). 

 
Figure A3. An example comparison of SEM-EDX spectra showing the marked change in counts for 
Al and Si after cleaning (left). An example of the thresholded maps and their relevant defined area 
counting output (right). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2024                   doi:10.20944/preprints202407.0896.v1

https://doi.org/10.20944/preprints202407.0896.v1


 29 

 

Treatment evaluation scores. An image-based and spectral-based efficacy score were generated 
as an average of the cleaning efficacy values for each class of metric. For the image-based efficacy, the 
L*a*b* metric at the microscale and the skewness metric were considered. The total cleaning efficacy 
used for the scoring criteria was then calculated as a further average of these two values. For the 
spectral-based efficacy, the values from the semi-supervised unmixing in the VNIR, the NDI mapping 
in the SWIR, and the FTIR mapping in the MIR were selected, following the recommendations given 
in the main text, and permitting the score to cover a large swathe of the electromagnetic spectrum. 
Cleaning homogeneity was taken from the result of the GLCM analysis. The colorimetry and gloss 
metric values were fed directly into the colour and gloss integrity score fields, as they formed 
independent criteria for evaluation. Finally, the scores for cleaning selectivity (lack of pigment loss) 
and residue absence were evaluated by eye during real-time observations, and were broken down 
into five incremental divisions (0.2 being worst, and 1.0 being best). The absence of residues was not 
included as a scoring criterion, as all cleaning tests had scored the best possible score, i.e. no residues 
were noticed when the agar technique was applied correct. 

Appendix B: Discussion of Unsupervised Unmixing for Soiling Removal Mapping 

For comparison purposes, the unsupervised unmixing algorithm was tested for mapping soiling 
removal. Compared to the semi-supervised algorithm (which searched for what the user specified 
[52]), it did not require the input of guiding regions of interest (ROIs) associated with clean or soiled 
areas. Although an expected number of different spectral regions was inputted as guidance, it is the 
algorithm that grouped all spectra into different classes, and mapped similar areas accordingly [53]. 

The unsupervised unmixing algorithm applied to the exposed grounds resulted in somewhat 
inconsistent mapping for both the VNIR and SWIR ranges, particularly when attempting to map 
soiled areas (the algorithm did not seem to identify these surfaces as spectrally distinguishable). 
Mapping of cleaned areas was successful, although false positives were noted for soiling references. 
In this case, the general trends for soiling removal by the chelating agent observed in the VNIR range 
with the semi-supervised algorithm also applied here: the chalk-glue ground was almost fully 
cleaned, the half-chalk ground was notably less cleaned, and the oil paint was cleaned most.  

Cleaning efficacy plots based on the unsupervised algorithm are given in Figure B1. Notably, 
this algorithm reported the surfaces as more soiled in the SWIR range. According to calculations 
based on SWIR data, the spray and pre-formed gel had similar performances, with the citrate/NH4OH 
solution performing notably better for the chalk-glue ground, and only marginally better for the half-
chalk ground. The cleaning efficacy by spray was more marked for the oil paint than by pre-formed 
gel, with chelation giving markedly better results. All these results matched visual observations 
better than the VNIR counterparts. 

 
Figure A4. VNIR and SWIR metric plots as determined by the unsupervised unmixing algorithm, 
based on clean (plain fill) and soiled (textured fill) reference spectra for spray-cleaned surfaces (left) 
and the pre-formed gel cleaning (bottom). Error bars not plotted since RSD ranged between 1.00  and 
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13.86 in many cases; soiling was not detected on the half-chalk ground, and sprayed chalk-glue 
ground (keys: white – chalk-glue; grey – half-chalk; black – chromium oxide • (DI) deionised water; 
(AW) adjusted water; (C1) citric acid in NaOH solution; (C2) citric acid in NH4OH solution). 

However, the limited reliability of the unsupervised method did not make it ideal for assessing 
soiling removal. The relative standard deviation (RSD) for the cleaning efficacy values in half of the 
plots was large enough to cast doubt on the results (RSD for chalk-glue ground: 0.07–13.86%; RSD 
for half-chalk ground: 0.06–0.08%; RSD for oil paint: 0.55–5.83%); whereas soiling was at times not 
even detected. Should it be used, the VNIR range is recommended, keeping in mind that this 
algorithm was designed for pigment identification [75], rather than mapping areas of cleaned and 
soiled surfaces. 
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