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a b s t r a c t 

The creation of maps through the application of techniques such as X-Ray Fluorescence (XRF), X-Ray 

Diffraction (XRD), Raman spectroscopy, multispectral analysis, ultraviolet (UV), and infrared (IR) radiation 

has become critical in the domain of Cultural Heritage for the analysis of materials. Limitations in data 

acquisition, particularly with more cost-effective and accessible devices, often restrict measurements to 

a sparse number of locations. This necessitates the employment of interpolation methods to extrapolate 

values for the unmeasured positions within the image. This paper introduces XMapsLab a software so- 

lution designed to facilitate the generation and examination of maps. XMapsLab utilizes GPU-optimized 

versions of interpolation methods, achieving speed enhancements ranging from one to two orders of 

magnitude. Such improvements markedly expand the capabilities of professionals to engage with and an- 

alyze data in real-time. Additionally, the software incorporates various interpolation methods, enhancing 

the robustness of the results and bolstering the confidence of experts in their conclusions. The real-time 

functionality of XMapsLab enables the development of new procedures for exploring hypotheses regard- 

ing the presence and distribution of pigments. This includes the integration of boolean and numerical 

operations for map combination, allowing users to investigate hypotheses and conditions in a direct, po- 

tent, and intuitive manner. The software developed is freely available and open-source, underscoring our 

commitment to supporting the broader Cultural Heritage community. 

© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Maps, as representations of the values of physical phenomena 

r models not directly related to visible information, have emerged 

s indispensable tools for experts seeking to understand these phe- 

omena. Examples of such maps include those depicting tempera- 

ure, atmospheric pressure, or rainfall levels in a specified area. 

Within the domain of chemical applications, especially in Cul- 

ural Heritage, the generation of maps using data derived from 

arious techniques—such as X-Ray Fluorescence (XRF) [1] , X-Ray 
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iffraction (XRD)) [2] , multispectral imaging [3–6] , Raman spec- 

roscopy [7] , ultraviolet (UV) and infrared (IR) radiation [8] , among 

thers—has become pivotal for material analysis [9–22] . The spa- 

ial analysis of chemical elements and pigments in artworks offers 

rofound insights into aspects such as their authenticity, historical 

eriod of creation, processes of restoration, and the uncovering of 

oncealed drawings in underlying layers. An exemplification of a 

ap is presented in Fig. 1 . 

Currently, the production of maps is facilitated by computer 

rograms. In the field of material studies in Cultural Heritage, it 

s commonplace for researchers to devise specialized solutions for 

istinct challenges, which may not be readily applicable to other 

ontexts. A notable challenge arises when interpolation is required 

o compute values for unmeasured positions across the entirety 

f an image. To address this, a singular, generic method, which 

otably integrates color information—providing a significant en- 

ancement over traditional interpolation techniques—is employed 

o correlate the resulting maps closely with the depicted elements 

r motifs within paintings and other artworks, thereby aiding ex- 
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Fig. 1. Example of a map of potassium (K) obtained with MHD method with a discrete palette of 5 intervals using “The Transfiguration” example. 
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erts in the interpretation of pigment distribution. This method, 

eveloped by Martín-Ramos and Chiari [23] , herein referred to as 

HD [24] , is described in detail in their publication. Nonetheless, 

ts practical application is largely confined to the SmART_scan pro- 

ram, which has been used in several research endeavors [25–28] . 

 critical limitation of this method, however, is its computational 

nefficiency with standard-sized images, often necessitating the use 

f smaller images or enduring extended processing times. 

It is crucial to acknowledge that while recent articles explor- 

ng the use of Artificial Intelligence (AI), particularly convolutional 

eural networks (CNN) [29–31] , for pigment identification in paint- 

ngs may appear to offer a parallel solution, their objectives and 

utcomes differ significantly from our approach. Despite their in- 

ovative approach, these classification algorithms are not suited for 

enerating maps that detail the quantities of chemical elements 

resent, as they assign a singular label to each pigment identified 

n a given point. 

In response to these challenges, this article introduces XMap- 

Lab a comprehensive software suite engineered for map genera- 

ion through interpolation, with a particular emphasis on applica- 

ions involving XRF and XRD data. XMapsLab boasts several key 

eatures: 

• Implementation of the Martín-Ramos and Chiari [23] inter- 

polation method, optimized for GPU processing. This op- 

timized implementation has demonstrated speed enhance- 

ments ranging from one to two orders of magnitude com- 

pared to traditional CPU-based processing, significantly aug- 

menting the efficiency with which experts can process and 

analyze data in real time. 
• Inclusion of additional interpolation techniques, notably the 

Radial Basis Function method, which may be utilized inde- 

pendently or in conjunction with the MHD method to cir- 
2

cumvent its limitations and corroborate the accuracy of the 

results [24] . 
• The development of a supplementary tool, Laboratory, en- 

ables experts to explore various hypotheses concerning the 

presence or absence of pigments through the analysis of el- 

ement distributions. This tool facilitates the combination of 

maps via logical and arithmetic operations through an intu- 

itive block editor interface. 
• The software is freely available and open-source, ensuring 

broad accessibility and compatibility across Windows and 

Linux operating systems. 

. Research aim 

The purpose of this work is to unveil a novel software tool 

imed at enhancing material analysis within Cultural Heritage re- 

earch. A prevalent approach in material studies involves generat- 

ng maps to visualize the spatial distribution of chemical elements, 

erived from measurement data obtained through methods such as 

-Ray Fluorescence (XRF). Typically, this process necessitates the 

pplication of interpolation techniques due to the limited number 

f measurements produced by commonly used devices. 

The innovation of our work lies in implementation of several 

nterpolation methods, including the most used one, Minimum 

ypercube Distance (MHD), using Graphics Processing Unit (GPU) 

echnology. The use of several methods address the limitations in- 

erent to all them, enhancing the robustness of the results. This 

ew implementation delivers a substantial increase in processing 

peed, achieving enhancements of up to two orders of magnitude 

ver existing methods. This improvement facilitates real-time anal- 

sis, contrasting sharply with the protracted durations previously 

equired for obtaining results. 
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This advancement significantly broadens the analytical possibil- 

ties, enabling the formulation and exploration of hypotheses re- 

arding the presence of pigments through the real-time combina- 

ion of elemental maps (XRF) with Boolean and numerical opera- 

ions mimicking the capabilities of an XRD device to a certain ex- 

ent. 

. Material and methods 

XMapsLab is a program meticulously crafted for professionals in 

he Cultural Heritage domain, with a particular focus on those con- 

ucting material analyses through X-Ray Fluorescence (XRF) and X- 

ay Diffraction (XRD) techniques. Its core functionality enables the 

eneration of maps by employing data mapping functions on val- 

es obtained from specified locations (see Section 5 ). A significant 

enefit of this software is its capability to produce maps in real 

ime, eliminating the extended waiting periods traditionally associ- 

ted with such processes. Moreover, the integration of a feature for 

nalyzing map combinations enhances its utility by facilitating the 

etermination of pigment presence or absence. Prior to exploring 

he specific methods and their technical execution, it is imperative 

o outline the contextual backdrop against which map generation 

ccurs. 

.1. Maps definition 

Maps are pivotal tools in converting various information types 

nto visual data for intuitive human interpretation. Historically 

sed for representing temperature variations and weather patterns, 

heir application extends to material science for visualizing chemi- 

al element and pigment distributions in artworks, facilitating en- 

anced analysis. Map creation involves two key processes: generat- 

ng values and assigning colors to these values, typically using the 

GB color model to map real numbers to specific color combina- 

ions. 

The necessity for interpolation arises from the measurement 

echniques’ limitations, where some devices capture extensive data 

oints rapidly, while others, like XRF and XRD devices, are con- 

trained to slower, single-sample measurements. This disparity ne- 

essitates interpolation, particularly when data is sparse compared 

o the desired image resolution. 

Integrating high-resolution photographic data, often containing 

illions of pixels, with elements or pigment maps from limited 

easurements poses significant challenges. For example, fifty mea- 

urements from a handheld XRF spectrometer represent a fraction 

f the data required for a detailed map, underscoring interpola- 

ion’s critical role in achieving comprehensive material composi- 

ion representation across an artwork. 

This context sets the stage for discussing the significance, appli- 

ations, and challenges of interpolation methods in map creation, 

mphasizing their contribution to bridging the gap between lim- 

ted measurements and the need for detailed artwork analysis. 

.2. Interpolation methods for maps 

The accuracy of interpolation methods in generating maps that 

epresent real data is contingent upon the volume of informa- 

ion captured and the inherent characteristics of the interpolation 

echnique employed. It is critical to acknowledge that some meth- 

ds may precisely model the phenomenon under analysis, demon- 

trating proficiency in capturing either gradual or abrupt transi- 

ions, whereas others might not achieve the same level of accuracy. 

onsequently, experts utilizing these maps must be cognizant of 

he limitations inherent to the information obtained through these 

ethods. 
3

In its current iteration, XMapsLab incorporates two principal 

nterpolation methods: the Minimum Hypercube Distance (MHD) 

nd the Radial Basis Function (RBF), as advocated by [24] . The 

HD method is favored for its robust performance, adeptly han- 

ling both gradual and sharp variations commonly observed in 

rtworks. Conversely, the RBF method, while effective in inter- 

olating values, is predominantly suited for scenarios character- 

zed by smooth transitions. The outcomes derived from the RBF 

ethod can serve as supplementary data, potentially corroborating 

r questioning the conclusions drawn from the MHD method. 

It is imperative to emphasize that the application of these in- 

erpolation methods is exclusively based on the measured values 

pecific to each element or pigment. For instance, in constructing 

 map to represent iron (Fe), only the data pertaining to Fe mea- 

urements are utilized, disregarding information related to other 

lements such as lead (Pb) or sulfur (S). 

.2.1. Minimum Hypercube Distance (MHD) 

This interpolation technique, tailored specifically for the fields 

f chemistry and materials analysis within Cultural Heritage con- 

exts [23] , presents a notable innovation through its incorporation 

f color information in the interpolation process. This advance- 

ent distinguishes it from conventional methods that rely solely 

n quantitative measurements. The color-based approach of MHD 

acilitates the accurate portrayal of both gradual transitions and 

istinct discontinuities observed in artworks, enabling it to de- 

ict the juxtaposition of varying pigments with remarkable preci- 

ion. For instance, it adeptly identifies regions where distinct pig- 

ents, such as a red pigment adjacent to a contrasting pigment, 

re applied in close proximity, thereby reflecting the intricate use 

f color in historical artifacts. 

The operational principle of MHD is grounded in the calculation 

f the minimum distance between a target pixel, whose element or 

igment value is unknown, and the nearest measured pixel with 

nown position, color, and value. This methodology ensures that 

he selected pixel with the closest color and spatial proximity is 

sed as a reference for the unmeasured pixel, thereby attributing a 

orresponding value. Such a correlation between the interpolated 

alues and the actual coloration seen in the artwork allows for 

n enhanced alignment with the visual characteristics of the sub- 

ect, aiding experts in distinguishing between various regions with 

reater ease. 

Despite its efficacy, it is imperative to acknowledge the poten- 

ial for inaccuracies in the MHD method, particularly in instances 

here measurement data are sparse or absent, leading to extrap- 

lations that may not fully align with underlying layers not vis- 

ble on the surface. This method, integral to the functionality of 

he SmART_scan program, has been instrumental in advancing the 

nalysis of Cultural Heritage materials by providing insights into 

he compositional variance across artworks. 

Fig. 2 exemplifies the outcomes achievable through the applica- 

ion of the MHD method, showcasing its capacity to elucidate the 

omplex interplay of colors and pigments in historical pieces. 

.2.2. Radial Basis Function (RBF) 

In their investigative study, Martín et al. [24] scrutinized the ef- 

cacy and precision of various interpolation techniques in the con- 

ext of map creation. A pivotal insight from this research is the 

ealization that while certain interpolation methods offer reliable 

utcomes, absolute accuracy in reflecting real data may not always 

e attainable. Consequently, the researchers advocate for a multi- 

aceted approach in evaluating results, suggesting the integration 

f multiple interpolation methods to substantiate the findings. The 

inimum Hypercube Distance (MHD) method serves as the foun- 

ational technique, complemented by other methods, notably the 
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Fig. 2. Examples of interpolation maps. We have data for “The Transfiguration,” including the original image with measurement positions and maps obtained using MDH 

and RBF methods. The input image has dimensions of 3020 pixels x 4456 pixels (W × H), with a total of 165 measurement positions. 
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adial Basis Function (RBF) [32] and Kriging) [33] , due to their an- 

lytical reliability and computational feasibility. Among these, the 

BF method, characterized by its computational simplicity, was se- 

ected for implementation in XMapsLab. 

The RBF interpolation strategy is delineated by its utilization of 

 composite of basis functions, each modulated by specific weights 

r factors—a methodology paralleled in Kriging and Barnes algo- 

ithms. This entails the strategic placement of basis functions at 

easured data points across the domain of interest, with these 

unctions potentially extending across the entire analysis area. The 

adial symmetry intrinsic to RBF, exemplified by Gaussian func- 

ions, allows for the evaluation of distances from a central point, 

hereby facilitating the aggregation of weighted basis function val- 

es to deduce the interpolated value at any given location. The de- 

ermination of appropriate weights through a system of equations 

s crucial to this process. 

In the realm of painting analysis, RBF and analogous conven- 

ional interpolation methods present both merits and limitations. 

heir established validity and broad application underscore their 

tility. However, a notable limitation arises from their inherent 

endency to model data transitions smoothly, which may not accu- 

ately reflect the discrete or abrupt changes indicative of different 

igments or artistic techniques, especially in instances where color 

ariations are minimal or non-existent. 

Fig. 2 illustrates the type of results attainable through the RBF 

ethod, highlighting its capacity to delineate gradual transitions 

n data values, albeit with the noted limitation regarding the de- 

iction of sharp demarcations. 

.3. Contours image 

To overcome the Radial Basis Function (RBF) method’s limita- 

ions in capturing the complex shapes within artworks, an en- 

ancement involving contour image generation from the original 

rtwork has been introduced. This addition improves the visualiza- 

ion of element distributions, making the maps more informative 

or expert analysis. 

The contour extraction leverages the Difference of Gaussians 

DoG) algorithm [34] , noted for its programming simplicity, com- 

utational speed, and effectiveness. This method provides varied 

esults, offering a detailed view of the artwork’s structural nuances. 
4

The comparison of maps using both MHD and RBF methods 

hows the MHD’s superior alignment with the artwork’s physical 

hapes (see Fig. 3 ). In contrast, the RBF method, despite accurately 

ndicating maxima locations, tends to produce smoother interpola- 

ions that may not as precisely mirror the artwork’s intricacies. The 

nclusion of contour overlays enhances the analytical value of the 

BF-generated maps, enabling a deeper interpretive analysis and 

mproved reliability of results. However, discrepancies between the 

wo methods’ maps necessitate expert scrutiny for accurate data 

nterpretation. This can be facilitated with the computation of dis- 

repancies between maps generated by the two methods (refer to 

ig. 3 d) 

.4. Laboratory 

Laboratory is a module engineered to enable the representa- 

ion of hypotheses regarding pigment presence, guided by the spa- 

ial distribution and intensity values of elements. This is achieved 

hrough a suite of operations tailored to the specific require- 

ents of each hypothesis. For example, identifying potential ar- 

as of cinnabar involves checking for simultaneous Hg and S pres- 

nce, thereby generating a new map that highlights these lo- 

ations. Initially, continuous values are transformed into binary 

alues through the application of a predefined threshold. Subse- 

uently, these binary values are subjected to a logical operation 

or combination purposes. In the context of detecting cinnabar, an 

ND operation is employed. This operation yields a true value ex- 

lusively when both input values are true; in all other instances, 

 false value is generated. Beyond binary operations, continuous 

alue operations offer a nuanced approach to mapping pigment 

resence. For instance, calculating the geometric mean of Hg and S 

ntensities ( 
√ 

Hg ∗ S ) can provide a differentiated map of potential 

innabar presence. 

An intriguing functionality within the analytical framework is 

he capability to identify specific color occurrences within an im- 

ge. This feature facilitates operations analogous to those previ- 

usly delineated, with an added emphasis on color, which bears 

 direct correlation to pigment composition. Given that the images 

nder analysis serve as maps, they enable the synthesis of compos- 

te maps through the amalgamation with elemental maps. The ob- 

ective is to generate maps that isolate a singular color, effectively 
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Fig. 3. An example illustrating the differences between MDH and RBF maps. The contour image helps in understanding the RBF distribution. A powerful possibility is to 

compare the difference between MDH and RBF maps, assisting experts by means of showing the the areas where the changes are greatest. 
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ifferentiating it from others. This necessitates a departure from 

he RGB color model, which, despite its utility in distinguishing 

rimary colors (red, green, and blue), falls short in accurately rep- 

esenting color mixtures. For instance, while the RGB model read- 

ly identifies pure red (1,0,0), it is less adept at differentiating hues 

uch as yellow (1,1,0) or orange (1, 0.6, 0.2). The resolution to this 

imitation lies in adopting a color model adept at nuanced color 

dentification. In this instance, the HLS model (Hue, Lightness, Sat- 

ration) is employed. This model facilitates the distinction of fun- 

amental colors based on hue, effectively mitigating the influence 

f brightness variation (black addition) and saturation variability 

white addition). Having outlined the methodology in a prelimi- 

ary manner, a detailed exposition of the techniques follows. 

To facilitate the definition of diverse combinations, a functional 

anguage has been devised. This language operates on a premise 

here a set of inputs is subjected to a specific function or process, 

esulting in an output. Functions designed to accept one or more 

nputs are capable of effecting a transformation on the data, while 

hose without inputs are configured to directly generate an output. 

his approach underscores the capacity to construct intricate rela- 

ionships through the strategic combination of functions. Defined 

unctions are applied at the pixel level across maps or images, cul- 

inating in the generation of a new map. 

This language categorizes functions into five types: 

• Image function: This function represents the RGB image and 

only has an output. 
• Element functions: These functions represent the element 

maps that are produced with the interpolation methods and 

only have an output. 
• Conversion functions: These functions produce a conversion 

of the input data to generate the output data. Two conver- 

sion functions have been defined: 

- Binary (BIN): Converts continuous values to a binary 

value: true or false. Below a threshold (selected by the 

user), all values become 0, and above it, they become 

1, implying non-existence or existence, respectively. It 

takes one continuous input and produces one binary 

output. 

- Color to binary (COL BIN): This function allows 

searching for a specific color (selected by the user) in 

the original image, with a certain level of tolerance, 

and obtaining a binary map. It takes the color image 

as input and produces a binary output. 
5

• Logical functions: These functions have two inputs, which 

must be binary, and produce one binary output. The imple- 

mented logical functions are as follows: 

- NOT ( ∼): Inverts the input; 0 becomes 1 and 1 be- 

comes 0. 

- AND (&): Performs a logic AND operation. This means 

that a 1 is obtained only if both inputs are 1. Other- 

wise, the result is 0. 

- OR (|): Performs a logic OR operation. This means a 1 

is obtained if both inputs are 1 or if either of them is 

one. Only if both are 0, the result is 0. 
• Numeric operations: These functions enable operations on 

two elements with real values, producing real values. The 

function incorporates a third input, which must be a binary 

map, producing the effect that the function is applied only 

where the logical map is true: If the binary map value is 

true, the operation is applied and a value is produced. Oth- 

erwise the result is 0. By default, if the third input is not 

included, all positions are considered true. The following op- 

erations have been implemented: 

- Element: The result is the value of the element only 

where the binary map is true. For example, this func- 

tion can be used to get the map where one element 

is present, depending on a color. 

- Element Remove: The result is the value of the ele- 

ment removing some threshold only where the binary 

map is true. For example, this function can be used to 

get part of an element, which can be useful when it 

is combined in several pigments. 

- Product: Applies the geometric mean. Given the A 

and B inputs it produces 
√ 

A ∗ B as output. For exam- 

ple, this function can be used to get the map of a re- 

lation between two elements. 

- Sum: Applies the operation A+B. 

- Difference: Applies the operation ABS(A-B) (ABS 

means absolute value). For example, this function can 

be used to get the map with the difference of two 

maps produced with different interpolation methods. 

- Percentage Sum: Applies the operation A%+B%. This 

means it is performed if the values of A and B meet 

certain proportions. For example, to look for areas 

where A is twice as much as B. This can be used to 

simulate a chemical formula. 
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Fig. 4. Block diagrams of the various example operations. (4a) The maps of mercury (Hg) and sulfur (S) removing a threshold is firstly obtained, and then are combined with 

an PRODUCT operation. (4b) A binary map of the zones with yellow color is produced with the COLOR_BIN operation. A PRODUCT operation is used to combine the lead 

and the antimony, but controlled by the color map. (4c) A binary map of the zones with blue color is produced with the COLOR_BIN operation. A binary map of the copper 

is obtained with the BINARY operation. Then the result is negated with the NOT operation. Finally, the color map and the NOT map are combined with an AND operation. 
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The suite of implemented functions, designed for both stan- 

alone and integrative use, facilitates the empirical examination 

f hypotheses or specific conditions within the analytical frame- 

ork. For instance, the presence or absence of a particular element 

ithin a map can be discerned through the application of a binary 

onversion operation followed by the negation of its results. This 

llows for the identification of regions devoid of the specified el- 

ment. Similarly, to ascertain the coexistence of two elements, an 

ND operation or a multiplication can be employed, effectively iso- 

ating areas of concurrent elemental presence. Extending this logic, 

he presence of three distinct elements can be determined through 

he sequential application of two AND or multiplication operations, 

hereby enabling a comprehensive analysis of elemental distribu- 

ion. 

It is important to highlight that the functional language has 

een operationalized within a graphical block editor framework. 

his editor utilizes visual blocks to represent distinct functions and 

onnecting lines to denote the relationships between these func- 

ions. Users are empowered to craft bespoke combinations of func- 

ions through a drag-and-drop interface, facilitating the seamless 

ssembly of functional sequences. This approach is not only user- 

riendly and intuitive but also supports the iterative development 

f complex analytical outcomes. Furthermore, the editor maintains 

 history of operations, ensuring that users can trace the evolu- 

ion of their analysis to comprehend the derivation of final results 

omprehensively. 

The efficacy and user-centric design of the block editor are 

emonstrable through an example video, at the project web site, 

hich showcases the Laboratory module’s capabilities. Addition- 

lly, block diagrams illustrating the operational logic behind the 

xamples discussed herein are provided in Fig. 4 . 

.5. Implementation 

A distinguishing feature of XMapsLab in contrast to alternatives 

uch as SmART_scan is its extensive utilization of Graphics Process- 

ng Units (GPUs) to execute computational methods. This approach 

ields substantial enhancements in processing speed. GPUs adhere 

o the Single Instruction, Multiple Data (SIMD) architecture, incor- 

orating thousands of simplified processors that concurrently exe- 

ute identical operations on multiple data points. This is in stark 

ontrast to Central Processing Units (CPUs), which are comprised 

f a more limited number of general-purpose processors capable 

f handling a broader range of complex tasks. 

For example, the Nvidia RTX 4090 GPU is equipped with 

6,384 simplified processors, compared to the AMD Ryzen 9 7950X 

PU, which contains 16 general-purpose processors. This dispar- 
6

ty underscores the potential for substantial speed improvements 

hrough the transition from sequential to parallel programming 

odels, although such conversion is not universally applicable. 

The exploitation of GPU capabilities, alongside the deployment 

f specialized hardware functionalities such as textures and Shader 

torage Buffer Objects (SSBOs), allows for the efficient process- 

ng of voluminous datasets and the execution of parallel compu- 

ations. These technological advancements facilitate a marked in- 

rease in computational efficiency relative to CPU-based alterna- 

ives. OpenGL and GLSL version 4.6 constitute the foundational ele- 

ents of our graphics library, enabling the sophisticated rendering 

nd processing essential for XMapsLab’s operation. 

. Results 

.1. Performance analysis 

The efficacy of XMapsLab’s implementation was assessed us- 

ng artworks previously or currently under study, for which mea- 

ured data were available. It is crucial to clarify that the purpose of 

tilizing these examples is solely to demonstrate the potential of 

btaining reliable results in real-time for high-resolution images, 

ather than conducting an analysis of the artworks themselves. 

For this performance evaluation, two distinct paintings were se- 

ected: “The Transfiguration” and “Boceto di Pablo Veronese.” “The 

ransfiguration,” believed to be a replica from Raphael’s school 

26] located in the Vatican, is part of a private collection and has 

een subjected to restoration. Its dimensions are 63.3 cm by 93.2 

m (W × H) and the image has 3020 by 4456 pixels. It was ana-

yzed using a grid pattern, resulting in 165 measurements. In con- 

rast, “Boceto di Pablo Veronese” is a painting on a copper support 

ith an oval shape, which is under ongoing study [35] , yielded 29 

easurements from an artwork measuring 13.5 cm by 17.5 cm (W 

H) and the image has 2604 by 3268 pixels. Fig. 2 presents the 

riginal color images and measurement locations, highlighting the 

ifference in measurement distribution across the two scenarios. 

dditionally, this figure illustrates the lead (Pb) maps generated via 

oth the MHD and RBF methods, showcasing the MHD method’s 

loser alignment with the original imagery and the RBF method’s 

endency towards smoother transitions. 

Comparative analysis of XMapsLab and SmART_scan implemen- 

ations focused on map generation speeds. Lacking access to the 

mART_scan code, a CPU-based version was developed for bench- 

arking. Testing was conducted on a high-end PC configuration, 

eaturing an AMD Ryzen 9 7950X CPU, 64 GB of DDR5 RAM, and 

n Nvidia RTX 4090 GPU with 24 GB of GDDR6X memory. It is 
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Table 1 

Execution times for MHD method in GPU and CPU per map for three examples, 

in seconds. Case A has an image of 3020 pixels x 4456 pixels (W × H) and 165 

measurements. Case B has an image of 2644 pixels x 3268 pixels (W × H) and 29 

measurements. Case C has an image of 2608 pixels x 3684 pixels (W × H) and 52 

measurements. 

Method A B C 

MHD GPU 0 .292 0 .191 0 .214 

MHD CPU 33 .596 3 .583 7 .747 

Ratio CPU/GPU 115 .054 18 .759 36 .200 

Table 2 

Execution times for the implemented methods in GPU per map for three examples, 

in seconds. Case A has an image of 3020 pixels x 4456 pixels (W × H) and 165 

measurements. Case B has an image of 2644 pixels x 3268 pixels (W × H) and 29 

measurements. Case C has an image of 2608 pixels x 3684 pixels (W × H) and 52 

measurements. 

Method A B C 

MHD 0.292 0.191 0.214 

RBF (linear) 0.189 0.094 0.110 
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ertinent to note that performance outcomes on standard configu- 

ations may vary, generally exhibiting slower speeds. 

The evaluation utilized three projects: the aforementioned 

aintings and “The Madonna of Foligno,” which involves 52 mea- 

urements and an image size of 2068 by 3684 pixels [2] . Initial

ests juxtaposed the GPU-accelerated MHD method against its CPU 

ounterpart, with time metrics recorded for the duration required 

o generate and display a map ( Table 1 ). Notably, the GPU imple-

entation exhibited the capability to render three maps per sec- 

nd, even under scenarios with extensive data points and large im- 

ge dimensions, significantly outperforming the CPU version which 

ecessitated over 33 s for comparable tasks. This indicates an ac- 

eleration factor of up to 115 times by the GPU version under the 

est conditions. Enhancements in processing speed are anticipated 

o be more pronounced with larger datasets and higher resolution 

mages, further amplified by adjusting the probe variable, which 

nfluences the pixel matrix size utilized for color averaging. 

Table 2 consolidates the execution times across the tested 

rojects, affirming the high-speed performance of the imple- 

ented methods. This efficiency enables experts to dynamically in- 

eract with the software, facilitating rapid data analysis and map 

eneration. 

.2. Accuracy of the results 

In addition to the speed and capabilities of the program in gen- 

rating maps, it is essential to assess their validity and the relia- 

ility of the obtained results. It should be noted that the goal is 

o extract accurate information at hundreds of thousands or even 

illions of positions from just a few dozen or hundred measure- 

ents. In reality, zero error can only be guaranteed at the mea- 

ured positions, while accuracy in the remaining positions depends 

n the interpolation method and various other factors, particularly 

he characteristics of the artwork, the pigments (expressed as col- 

rs), and their deposition. 

From a statistical standpoint, Martín et al. [24] demonstrated 

hat the MHD method can be considered reliable, but it must be 

ccompanied by an alternative approach to verify the results. It is 

mportant to recognize the scope of statistical reliability: while a 

ethod may perform accurately in most cases, there is always the 

ossibility that a specific case—perhaps the one under study—may 

all within the small fraction of cases where the method fails. For 

nstance, if a method is accurate 95% of the time, there remains 

 5% chance that the method may not work correctly. This under- 
7

cores the importance of comparing at least two methods to cor- 

oborate results, and above all, leveraging the expert’s knowledge. 

Based on this assertion, the program allows for a visual compar- 

son between the results obtained using the MHD and RBF meth- 

ds, enabling experts to study in greater detail the areas where the 

reatest discrepancies occur. Furthermore, a Difference operator 

as been incorporated into the Laboratory, which allows pixel-by- 

ixel comparisons between two maps (see Fig. 3 d). This operator 

ighlights areas with greater differences through color gradation, 

ndicating the regions with more significant variations. Using this 

nformation, experts can focus their attention on the zones that ex- 

ibit the highest discrepancies. Should uncertainty persist, the only 

efinitive solution is to perform additional real measurements. 

.3. Illustrative examples of Laboratory 

The Laboratory’s versatility is highlighted through three exem- 

lary cases, demonstrating its capacity to facilitate pigment analy- 

is in artworks: 

Cinnabar identification: This hypothesis can be tested in sev- 

ral ways. The simplest is to obtain the binary maps where there 

re mercury and sulfur and combine them with an AND operation. 

nother possibility would be to use the PRODUCT operator. As has 

een proven by checking the maps, there is a gypsum base, part of 

he sulfur combines with calcium and another part with mercury. 

o check this we can eliminate part of the sulfur with the REMOVE 

peration, using the rest to combine with the mercury using the 

RODUCT operation. Since the results are obtained in real time, the 

ser can check the result by varying the different parameters until 

he searched result is obtained. The resultant maps, illustrating the 

reas where cinnabar might be present, are depicted in Fig. 5 , with 

he corresponding analytical process outlined in Fig. 4 a. 

Naples yellow detection: Identifying Naples yellow involves 

solating regions displaying a yellow hue and assessing the co- 

ccurrence of lead (Pb) and antimony (Sb). This hypothesis can 

e verified by obtaining the area where the yellow color is found 

with a certain level of tolerance), which controls where the PROD- 

CT of lead and antimony is applied. This combination generates 

aps that delineate areas potentially containing Naples yellow. The 

xample images are found as additional material. The block dia- 

ram in shown in Fig. 4 b. 

Exclusion of copper-based pigments: The absence of copper 

Cu) in areas predominantly blue or green can exclude the pres- 

nce of pigments such as azurite, Egyptian blue, or malachite. This 

ypothesis can be verified by obtaining the area where the color 

lue is found (with a certain level of tolerance), combining it with 

he map where copper is not found, which is obtained first by ob- 

aining the binary version and then applying the NOT operator. The 

xample images are found as additional material. The block dia- 

ram in shown in Fig. 4 c. 

These examples underscore the Laboratory module’s capability 

o support complex analyses, enabling experts to explore various 

ypotheses concerning pigment composition and distribution with 

recision and efficiency. Through iterative operations and the inte- 

ration of color-based analyses, the module offers a dynamic plat- 

orm for the detailed study of artworks. 

. Data capture and alignment 

Although information capture is often considered a simple pro- 

ess, achieving high-quality results requires a more careful ap- 

roach. For instance, in the case of visible information, such as 

olor, it is a common misconception that a simple photograph 

aken with any device, whether a professional camera or a per- 

onal phone, will suffice. While the availability of the artwork is a 

imiting factor (e.g., a piece in a studio versus one engraved on an 
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Fig. 5. Operating with maps using “Boceto di Pablo Veronese”: The possible presence of cinnabar can be verified by combining the areas where there is mercury (Hg) and 

sulfur (S). In this example, we have supposed that 70% of sulfur was combined with calcium (gypsum), leaving 30% to combine with mercury. The area with a grid indicates 

that there are no valid values. 
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utdoor monolith), it is essential to capture the information with 

he highest possible quality. Image size and capture format must 

lso be taken into account. Many images are saved in JPG format 

o save space or for convenience, overlooking the fact that it is a 

ossy format. The recommendation is to take photographs in a con- 

rolled environment using a high-quality camera with distortion- 

ree optics mounted on a tripod, under stable and uniform lighting 

onditions that prevent glare. Including a color reference card in 

ome images is essential for subsequent color adjustments. 

Once the best possible environment is prepared, it is crucial to 

ontrol the content of the image, resolution, aspect ratio, etc., to 

nsure comparability with other types of images, such as X-rays. 

or proper comparison, the information must be aligned. If images 

ave the same content but different sizes, rescaling can be applied. 

owever, if their content differs, more com plex image editing is re- 

uired, involving rotations, translations and even deformations that 

ntroduce errors. 

When generating maps from point-sampling techniques like 

RF, XRD, or Raman, the visible color image often serves as a 

ase. The visible image is used to define the map’s dimensions 

nd the positions of measured and non-measured points requiring 

nterpolation. Proper alignment with point-sampling techniques is 
8

chieved by ensuring measurements are taken at the same posi- 

ions. Failure to do so results in non-comparable values and maps, 

s interpolation methods are sensitive to measurement positions. 

f images have identical content and measurements are taken at 

atching positions, all results can be aligned, even if rescaling is 

equired due to differing image sizes. 

It is essential to consider the concept of sampling density, 

hich refers to the minimum surface area over which a measure- 

ent is obtained. For images, this corresponds to the number of 

ixels covering a given linear space (assuming square pixels). For 

xample, the painting “The Transfiguration” measures 63.3 cm by 

3.2 cm (W × H), and its image is 3020 by 4456 pixels. This yields 

 sampling density of approximately 48 pixels per cm (121 pixels 

er inch). The area covered by a single pixel is 63.3 cm / 3020 pix-

ls = 0.02096 cm or 0.02083 cm if using the density value. 

For spectrometers, the relevant parameter is the spot size, 

hich is the diameter of the circular sampling area. For example, 

 ThermoFisher’s Niton XL2 spectrometer has an 8 mm spot size, 

hile the Niton XL3t has a 3 mm spot size, enabling it to cap- 

ure finer details that the XL2 would miss. For XRD devices, such 

s the eXaminart’s Duetto, the spot size is 0.8 × 0.3 mm, while 

he Bravo Raman spectrometer by Bruker has a spot size of ap- 
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Fig. 6. Examples of interpolation maps using the spot size with “The Transfiguration” example. The MHD of potassium (K) is obtained with the virtual spot size of the color 

image, with a 8 mm spot size and with 3 mm spot size. The changes in the pixel density are shown in the detail of the results. 
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roximately 1 mm. In comparison, the equivalent pixel size for the 

forementioned image would be 7.089 mm, 2.658 mm, 3.544 mm, 

nd 0.8862 mm, respectively. Fig. 6 shows an example of the re- 

ults obtained by applying the MHD method to potassium, using 

he virtual density of the color image, for a device with a spot size

f 8 mm, and another with a spot size of 3 mm. It can be observed

hat as the spot size increases, the level of detail in the map de- 

reases. 

This comparison also highlights that visible images generally 

rovide much more detail than spectrometer measurements. To 

orrelate color images with measurements and maps obtained 

rom them, several approaches can be used. The two methods im- 

lemented in XMapsLab prioritize either the image size or the 

ampling density. In the first case, assuming the image has a 

igher density than the measurement device, the data is treated 

s if it matches the image’s density. This is the simplest approach. 

n the second case, the color image determines the map size, 

ut calculations are performed considering the device’s sampling 

ensity. 

In this second case, the first step is to rescale the color image 

o match the sampling density. Following our example, when us- 

ng the Niton XL3t spectrometer, each pixel must be adjusted from 

.2083 mm to 2.658 mm. This implies a scaling factor of 0.2083 

 2.658 = 0.078. The image size changes from 3020 by 4456 pix- 

ls to 236 by 348 pixels. Since the sampling positions are stored 

n a normalized format, it is straightforward to map them to the 

ew image and perform interpolation calculations. Finally, the im- 

ge must be resized back to its original dimensions using a scaling 

actor of 2.658 / 0.2083 = 12.8205. It is important to note that, 

hile any rescaling method can be used for the first adjustment—

inear, quadratic, or cubic interpolation being preferable—the near- 

st neighbor interpolation method is recommended for the second 

djustment to visually highlight the effect of lower sampling den- 

ity. 

. Conclusions 

This paper has detailed the development and application of 

MapsLab an innovative software solution tailored for the gener- 

tion of detailed maps through advanced interpolation techniques. 
9

 notable advancement is the program’s optimization for Graph- 

cs Processing Unit (GPU) utilization, which facilitates the process- 

ng of high-resolution images without compromising on interactive 

esponse times. This optimization is particularly beneficial for ex- 

erts requiring the agility to work with extensive datasets in their 

nalytical endeavors. 

XMapsLab distinguishes itself by integrating a suite of interpo- 

ation methods alongside novel functionalities for the validation of 

esults and the identification of pigments based on chemical ele- 

ent data. This suite enables the formulation of hypotheses con- 

erning the presence or absence of specific pigments, thereby ex- 

ending the analytical capabilities available to researchers. 

The software is engineered to be user-centric, featuring a 

raphical editor that simplifies the analytical process. This design 

nsures that XMapsLab is accessible to a wide range of users, from 

hose with limited technical expertise to seasoned researchers, fa- 

ilitating widespread adoption within the Cultural Heritage com- 

unity. 

In conclusion, XMapsLab represents a significant contribution to 

he field of Cultural Heritage, providing a comprehensive and effi- 

ient toolset for the analysis of artworks and historical artifacts. 

ts development underscores the potential of combining traditional 

ethods with cutting-edge technology to enhance the understand- 

ng and preservation of Cultural Heritage. 

vailability of the program 

All the resources and additional material are available at the 

ollowing URLs: 

• Project website: https://calipso.ugr.es/xmapslab.org 
• GitHub repository: https://github.com/dmperandres/ 

XMapsLab 
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