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Summary: 29 

Hyperspectral Reflectance Imaging hypercubes include remarkable information into a large 30 

amount of data. Therefore, the request for automated protocols to manage and study the 31 

datasets is widely justified. The combination of Spectral Angle Mapper, data manipulation, 32 

and a user-adjustable analysis method constitutes a key-turn for exploring the experimental 33 

results. 34 

 35 

Abstract: 36 

Reflectance Spectroscopy (RS) and Fiber Optics Reflectance Spectroscopy (FORS) are well-37 

established techniques for the investigation of works of art with particular attention to 38 

paintings. Most modern museums put at the disposal of their research groups portable 39 

equipment that, together with the intrinsic non-invasiveness of RS and FORS, makes possible 40 

the in situ collection of reflectance spectra from the surface of artefacts. The comparison, 41 

performed by experts in pigments and painting materials, of the experimental data with 42 

databases of reference spectra drives the characterization of the palettes and of the 43 

techniques used by the artists. However, this approach requires specific skills, and the results 44 

are time consuming especially if the number of the spectra to be investigated becomes large 45 

as is the case of Hyperspectral Reflectance Imaging (HRI) datasets. The HRI experimental 46 

setups are multi-dimensional cameras that associate the spectral information, given by the 47 
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reflectance spectra, with the spatial localization of the spectra over the painted surface. The 48 

resulting datasets are 3D-cubes (called hypercubes or data-cubes) where the first two 49 

dimensions locate the spectrum over the painting and the third is the spectrum itself (i.e., the 50 

reflectance of that point of the painted surface versus the wavelength in the operative range 51 

of the detector). The capability of the detector to simultaneously collect a great number of 52 

spectra (typically much more than 10,000 for each hypercube) makes the HRI datasets large 53 

reservoirs of information and justifies the need for the development of robust and, possibly, 54 

automated protocols to analyze the data. After the description of the procedure designed for 55 

the data acquisition, we present an analysis method that systematically exploits the potential 56 

of the hypercubes. Based on Spectral Angle Mapper (SAM) and on the manipulation of the 57 

collected spectra, the algorithm handles and analyzes thousands of spectra while at the same 58 

time supporting the user to unveil the features of the samples under investigation. The power 59 

of the approach is illustrated by applying it to Quarto Stato, the iconic masterpiece by 60 

Giuseppe Pellizza da Volpedo, held in the Museo del Novecento in Milan (Italy). 61 

 62 

Introduction: 63 

Reflectance Spectroscopy (RS) and Fiber Optics Reflectance Spectroscopy (FORS) are based 64 

on the detection of the light reflected by surfaces once illuminated by a light source, typically 65 

a tungsten-halogen lamp. The output of the acquisition system is spectra where the 66 

reflectance is monitored as a function of the wavelength in a range that depends on the 67 

characteristics of the employed experimental setup1–3. Introduced during the last four 68 

decades4,5, RS and FORS are typically used in combination with X-ray fluorescence and other 69 

spectroscopies to describe the materials and the techniques used by artists to realize their 70 

masterpieces6–9. The study of the reflectance spectra is usually performed by comparing the 71 

data from the sample with a group of reference spectra selected by the user in personal or 72 

public databases. Once users identify references that comply with the realization period of 73 

the sample and with the modus operandi of the artist, users recognize the main features of 74 

the reflectance spectra (i.e., transition, absorption, and reflection bands1,2,10,11). Then, users 75 

supported by other techniques6–8 distinguish the pigments have been used in the paintings 76 

and identify the slight differences between the references and the experimental spectra7,9. 77 

 78 

In most cases, the experimental datasets are composed of a few spectra, collected from areas 79 

chosen by art experts and assumed to be significant for the characterization of the painting6, 80 
12,13. Despite the skills and the experience of the user, a few spectra cannot fully exhaust the 81 

characteristics of the whole painted surface. Moreover, the result of the analysis will always 82 

be strongly dependent on the expertise of the performer. In this scenario, Hyperspectral 83 

Reflectance Imaging (HRI3,14,15) could be a useful resource. Instead of a few isolated spectra, 84 

the experimental setups return the reflectance properties of extended portions or even of 85 

the whole artefact under investigation16. The two main advantages with respect to the 86 

acquisition of the isolated spectra are evident. On one hand, the availability of the spatial 87 

distribution of the reflectance properties allows the identification of areas that hide 88 

interesting features, even though it may not seem peculiar17. On the other hand, the 89 

hypercubes guarantee a number of spectra high enough to enable the statistical analysis of 90 

the data. These facts support the comprehension of the distribution of pigments within the 91 

painted surface18,19. 92 

 93 



With HRI, the comparison of the experimental data with the references could be hard to 94 

handle15. A typical detector returns hypercubes of at least 256 x 256 spectra. This would 95 

require the user to evaluate more than 65,000 reflectance spectra against each reference, a 96 

task almost impossible to be carried out manually in a reasonable time. Therefore, the request 97 

for robust and, possibly, automated protocols to manage and analyze HRI datasets is more 98 

than justified15,17. The proposed method answers this need by handling the whole analytic 99 

procedure with the minimum involvement and the maximum flexibility. 100 

 101 

An algorithm comprising a set of home-made codes (Table of Materials) reads, manages, and 102 

organizes the files returned by the experimental setup. It allows the fine selection of the 103 

portions of the Fields of View (FOVs, the area of the painting monitored by a single hypercube) 104 

to be studied and performs the analysis of the data based on the Spectral Angle Mapper (SAM) 105 

method20,21 and on the manipulation of the original spectra. SAM returns false color gray-106 

scale images called similarity maps. The values of the pixels of these maps correspond to the 107 

spectral angles (i.e., the angles between the spectra stored in the hypercubes) and the so-108 

called End Members (EMs, a group of reference spectra that should describe the features of 109 

the surface monitored by the hypercubes)22. In the case of RS applied to paintings, the EMs 110 

are the reflectance spectra of pigments that should match the palette of the Master. They are 111 

chosen based on the available information about the artist, the realization period of the 112 

painting, and the expertise of the user. Therefore, the output of the SAM is a set of maps that 113 

describes the spatial distributions of these pigments over the painting surface and that 114 

supports the user to infer the materials used by the artist and their organization in the 115 

artefact. The algorithm offers the possibility of employing all kind of references independently 116 

from their origin. The references can be specific spectra selected within the hypercubes, come 117 

from databases, be acquired by a different instrument on a different surface (such as samples 118 

of pigments or the palette of the artist, for instance), or be obtained employing any kind of 119 

reflectance spectroscopy, FORS included. 120 

 121 

SAM has been preferred among the available classification methods (e.g., the main 122 

classification methods of Richard23) because it is effective for easily characterizing pigments 123 

to be understood and implemented. Instead, the idea of developing a home-made protocol 124 

rather than adopting one of the many tools freely available on the net24,25 relies on a practical 125 

consideration. Despite the effectiveness and scientific foundation of the existing GUIs and 126 

software, a single tool hardly satisfies all the needs of the user. There could be an 127 

Input/Output (I/O) issue because a tool does not manage the file containing the raw data. 128 

There could be an issue regarding the analysis of the data because another tool does not 129 

provide the desired approach. There could be a limitation in the handling of the data because 130 

the simultaneous analysis of multiple datasets is not supported. In any case, a perfect tool 131 

does not exist. Each method must be adjusted to the data or vice versa. Therefore, the 132 

development of a home-made protocol has been preferred. 133 

 134 

The presented approach offers neither a complete set of analytical approaches (see, for 135 

comparison, the tool proposed by Mobaraki and Amigo24) nor an easy-to-manage user-136 

interface (see, for comparison, the software employed by Zhu and co-workers25), but, in 137 

exchange, it focuses on a still underrated aspect of hyperspectral data analysis: the 138 

opportunity to manipulate the detected spectra. The power of the approach is illustrated by 139 

applying it to the painting Quarto Stato by Giuseppe Pellizza da Volpedo (Figure 1), an oil on 140 



canvas held in the Museo del Novecento in Milan, Italy. Note that, since the approach requires 141 

running home-made codes, the developer arbitrarily chose the names of the codes and both 142 

the input and output variables used in the description of the protocol. The user can change 143 

the names of the variables as they prefer but they must provide (i) the input variables within 144 

brackets and eventually separated by comma and (ii) the output variables within square 145 

brackets and eventually separated by a white space. On the contrary the names of the codes 146 

cannot be altered. 147 

 148 

Protocol: 149 

 150 

1. Set the spatial resolution of the hypercubes 151 

 152 

1.1. Perform a preliminary inspection of the painted surface (Figure 1) supported by art 153 

experts to identify the main features of the painting. 154 

 155 

1.1.1. Recognize the pictorial techniques employed by the artist to create the painting. 156 

 157 

1.1.2. Identify the different brush strokes of paint on the canvas. 158 

 159 

1.1.3. Estimate, qualitatively, the characteristics of the brush strokes with particular 160 

attention to their size. 161 

 162 

1.2. Mimic the pictorial technique used by the artist by creating ad-hoc test samples where 163 

the brush strokes show characteristics similar to those applied by the artist. 164 

 165 

NOTE: Pellizza da Volpedo was a Divisionist painter. A restorer was asked to prepare some 166 

test samples that qualitatively reproduce the brush strokes of the canvas of interest (Figure 167 

2, column A). 168 

 169 

1.3. Set the distance between the surface under investigation and the acquisition 170 

equipment. 171 

 172 

NOTE: The distance determines the spatial resolution of the hypercubes26 and therefore the 173 

possibility to distinguish the brush strokes on the images and SAM maps of the painted 174 

surface. 175 

 176 

1.3.1. Evaluate the distance between the surface of the sample and the acquisition 177 

equipment based on the characteristics of the hyperspectral camera26 (Table of Materials) 178 

and on the size of the brush strokes drawn in the test samples. 179 

 180 

1.3.2. Put the acquisition stage and the hyperspectral camera at the distance evaluated in 181 

the previous step. Arrange the test samples on the stage and ensure uniform illumination of 182 

the surface of the samples. 183 

 184 

1.3.3. Perform a white calibration using the white standard reference supplied with the 185 

hyperspectral camera. Acquire the hypercubes. 186 

 187 



NOTE: For each FOV, the hyperspectral camera returns both raw and calibrated images. The 188 

latter have been used for the analysis. 189 

 190 

1.3.4. Download the files returned by the instrument and save them in a dedicated folder. 191 

 192 

1.4. Check whether the spatial resolution of the hypercubes can distinguish the different 193 

brush strokes on the images and SAM maps of the painted surface. 194 

 195 

1.4.1. Inspect the RGB pictures returned by the hyperspectral camera to ensure that the 196 

brush strokes used to realize the test samples can be recognized (Figure 2, column A). If so, 197 

move to the next steps; otherwise go back to step 1.3.1 and restart. 198 

 199 

1.4.2. List the files containing the hyperspectral data and their RGB images of the FOVs by 200 

running the data reading code, HS_FileLister. Type the following command line (semicolon 201 

included) in the terminal window of the language used to develop the codes (Table of 202 

Materials) and press Enter to run the code: 203 

 204 

[HS_DataList HS_ImageList] = HS_FileLister; 205 

 206 

1.4.2.1. No input is required and there are two outputs: the list of the files containing 207 

the hypercubes, HS_DataList, and the list of the images returned by the hyperspectral 208 

camera, HS_ImageList. 209 

 210 

NOTE: The size of each hypercube is 512 x 512 x 204 voxels where 204 is the number of 211 

channels used to monitor the reflectance signal. The channels span the wavelength range 212 

between 400 and 1,000 nm with a spectral resolution of 7 nm at FWHM26. 213 

 214 

1.4.3. Define the 3D portion of the hypercubes that must be analyzed by running the 215 

cropping code, HS_Crop_png. Define the desired portion of each data-cube by selecting an 216 

area over an interactive window that shows the 2D, RGB image of the FOV monitored by each 217 

hypercube. Type the following command line (semicolon included) in the terminal window 218 

and press Enter to run the code: 219 

 220 

[HS_ImageList] = HS_Crop_png(HS_ImageList); 221 

 222 

1.4.3.1. There is one input (the list of the images returned by the hyperspectral camera, 223 

HS_ImageList) and one output (the input list added with the spatial coordinates to eventually 224 

crop the hypercubes). 225 

 226 

1.4.4. Apply the D65 illuminant and 1931 observer from CIE (International Commission on 227 

Illumination) standards to the hypercubes to retrieve the RGB images of the FOV(s) from the 228 

reflectance spectra by running the re-building code, HS_RGB_rebuild. Type the following 229 

command line (semicolon included) in the terminal window and press Enter to run the code: 230 

 231 

[HS_ImageList] = HS_RGB_rebuild(HS_ImageList, HS_DataList); 232 

 233 



1.4.4.1. There are two inputs (the list containing the images returned by the 234 

hyperspectral camera, HS_ImageList, and the list of the files containing the hypercubes, 235 

HS_DataList) and one output (the input list containing the images returned by the 236 

hyperspectral camera added with the RGB images of the surfaces of the hypercubes retrieved 237 

from the reflectance spectra). 238 

 239 

NOTE: HS_RGB_Rebuild exploits the functions developed by Jeff Mather27 to apply the D65 240 

illuminant and 1931 observer from CIE to the data. 241 

 242 

1.4.5. Manually select some reference spectra on the surfaces of the test samples (White 243 

Circles and Numbers in Figure 2, column A) by running the isolated measuring points 244 

selection code, PointSel. Select the measurement points by clicking an interactive window 245 

that shows, one by one, the 2D, RGB images of the FOV(s). Type the following command line 246 

(semicolon included) in the terminal window and press Enter to run the code: 247 

 248 

[References] = PointSel(HS_DataList, HS_ImageList); 249 

 250 

1.4.5.1. There are two inputs (the list containing the images returned by the 251 

hyperspectral camera, HS_ImageList, and the list of the files containing the hypercubes, 252 

HS_DataList) and one output (a variable, References, containing the spectra selected as 253 

references within the FOV(s)). 254 

 255 

1.4.6. If desired, store the position of the references over the surface of the samples into a 256 

set of pictures by running the dedicated code, SaveImPoint. Type the following command line 257 

(semicolon included) in the terminal window and press Enter to run the code: 258 

 259 

SaveImPoint(References, HS_ImageList); 260 

 261 

1.4.6.1. There are two inputs (the variable containing the reference spectra, 262 

References, and the list containing the images returned by the hyperspectral camera, 263 

HS_ImageList) and no outputs (the code saves .png images in the current work folder). 264 

 265 

1.4.7. Organize the references into a matrix by running the conversion code, 266 

RefListToMatrix. Type the following command line (semicolon included) in the terminal 267 

window and press Enter to run the code: 268 

 269 

[References_Matrix] = RefListToMatrix(References, HS_ImageList(1).WaveL); 270 

 271 

1.4.7.1. There are two inputs (the variable containing the reference spectra, 272 

References, and the list of the wavelengths at which the detector counts the photons during 273 

the data acquisition of the spectra, HS_ImageList(1).WaveL) and one output (the same 274 

reference spectra organized into a matrix, References_Matrix). 275 

 276 

NOTE: This step is mandatory because the code that evaluates the SAM maps requires the 277 

reference spectra to be organized into a matrix. The syntax of the second input, 278 

HS_ImageList(1).WaveL, is required to recall the variable WaveL from the list HS_ImageList. 279 

The number 1 within brackets refers to the first element of the list named as HS_ImageList; 280 



however, since all the hypercubes have the same wavelength range, it can be substituted by 281 

each number minor or equal to the total number of listed images. 282 

 283 

1.4.8. Extract the SAM maps using the whole spectra by running the standard SAM maps 284 

evaluation code, SAM_Standard. Type the following command line (semicolon included) in 285 

the terminal window and press Enter to run the code: 286 

 287 

SAM_Standard(HS_ImageList, HS_DataList, References_Matrix); 288 

 289 

1.4.8.1. There are three inputs (the list containing the images returned by the 290 

hyperspectral camera, HS_ImageList; the list of the files containing the hypercubes, 291 

HS_DataList; and the matrix of the reference spectra, References_Matrix) and no output: the 292 

code saves the SAM maps as .png images in the current work folder. 293 

 294 

1.4.9. Check whether the obtained similarity maps (Figure 2, columns B–E) display the 295 

details of the brush strokes used to realize the test samples. If this is the case, move to the 296 

next step of the protocol; otherwise go back to step 1.3.1 and restart. 297 

 298 

2. Adjust the experimental parameters to the painting 299 

 300 

2.1. Identify the Region(s) of Interest, ROI(s), of the painting to be studied (red rectangles 301 

in Figure 3A). 302 

 303 

NOTE: It is common that more than one FOV is necessary to cover a single ROI. 304 

 305 

2.2. Arrange the acquisition setup and the painting at the distance defined in the previous 306 

steps and perform the white calibration employing the white standard reference supplied 307 

with the hyperspectral camera. 308 

 309 

NOTE: If the user must do an in situ acquisition (i.e., with a painting exposed in a museum or 310 

at an exhibition), manage only the camera. This is the case of Quarto Stato, which is 311 

permanently exposed in a dedicated space at the Museo del Novecento in Milan, Italy. 312 

 313 

2.3. Acquire the hyperspectral data from at least one FOV within the edge of each ROI(s) 314 

(unshaded areas within the red rectangles in Figure 3A). 315 

 316 

2.4. Download the files returned by the instrument and save them into a dedicated folder. 317 

 318 

2.5. Check whether the illumination of the surface of the painting has been uniformly set 319 

by looking at the RGB images returned by the hyperspectral camera. If this is the case, move 320 

to the next steps, otherwise go back to step 2.2 and restart. 321 

 322 

NOTE: Figure 4 illustrates the importance of this check (see the Discussion section for the 323 

details). 324 

 325 

2.6. Repeat the sub-steps of step 1.4. 326 

 327 



2.7. Check whether the data have a spatial resolution high enough to distinguish the brush 328 

strokes by observing the RGB pictures of the FOVs (Figure 3B) and the SAM maps (Figure 3C) 329 

related to the reference spectra selected within the FOVs (green circles in Figure 3B). 330 

 331 

2.8. If the illumination and the spatial resolution have been properly set, complete the 332 

collection of the data acquiring the other FOVs necessary to cover the ROI(s); otherwise go 333 

back to step 2.2 and restart. 334 

 335 

NOTE: When a ROI requires more than one FOV to be covered, ensure a certain degree of 336 

superposition between adjacent FOVs to easily stitch the resulting maps3,15. The extent of the 337 

overlapping depends on the distance between the hyperspectral camera and the sample, on 338 

the translation, and the horizontal angle of view of the detector28. In the case of the 339 

experimental campaign conduced on Quarto Stato, the overlap has been set to be at least the 340 

40% of the FOVs. 341 

 342 

3. Hypercubes and the reference spectra management 343 

 344 

3.1. Perform the I/O of the raw data: organize, read, and manage the hypercubes. 345 

 346 

3.1.1. Run the HS_FileLister code to store the list of the files containing the hypercubes and 347 

the related information into two variables at the disposal of the algorithm (see step 1.4.2 for 348 

the practical details). 349 

 350 

NOTE: The hyperspectral camera returns hdr (high dynamic range) files that the code 351 

manages exploiting a revisited version of the script developed by Jarek Tuszinsky29. 352 

 353 

3.1.2. Run the HS_Crop_png code to select the portion of each FOV to be used in the analysis 354 

of the data (see step 1.4.3 for the practical details). 355 

 356 

3.1.3. Run the HS_RGB_Rebuild code to retrieve the RGB images of the FOVs from the 357 

reflectance spectra (see step 1.4.4 for the practical details). 358 

 359 

3.2. Organize, read (if required), and manage the reference spectra. 360 

 361 

NOTE: The reference spectra will play the role of the end members within the SAM 362 

method20,21. This part of the algorithm is not univocally determined but depends on the 363 

selection mode and on the origin of the reference spectra. 364 

 365 

3.2.1. Run the PointSel code and click within the displayed interactive window to identify 366 

the reference spectra as isolated measuring points over the surface of the monitored area(s) 367 

(Figure 5A) (see step 1.4.5 for the practical details). 368 

 369 

3.2.2. Automatically select the reference spectra as a regular reticulum of measuring points 370 

superimposed to the surface of the monitored area(s) by running the reticular selection code, 371 

ReticularSel (Figure 5B). Type the following command line (semicolon included) in the 372 

terminal window and press Enter to run the code: 373 

 374 



[References] = ReticularSel(HS_DataList, HS_ImageList, n_pixel); 375 

 376 

3.2.2.1. There are three inputs (the list containing the images returned by the 377 

hyperspectral camera, HS_ImageList; the list of the files containing the hypercubes, 378 

HS_DataList; and the spacing of the reticulum, n_pixel, expressed in number of pixels) and 379 

one output: a variable containing the spectra selected as references within the FOVs, 380 

References. 381 

 382 

3.2.3. Run the external references importer code, Spectra_Importer, to create a variable 383 

containing references from datasets and databases independent from the hypercubes 384 

acquired on Quarto Stato. Type the following command line (semicolon included) in the 385 

terminal window and press Enter to run the code: 386 

 387 

[ExtReferences] = Spectra_Importer (file_extension); 388 

 389 

3.2.3.1. There is one input (the extension of the file containing the independent 390 

reference spectra, file_extension, written between apices) and one output (a variable 391 

containing the external references, ExtReferences). 392 

 393 

NOTE: The external reference importer code has been optimized for importing tmr files but, 394 

if necessary, it can be easily modified to deal with any kind of text file. 395 

 396 

3.2.4. Run the RefListToMatrix code to put the references into a matrix, References_Matrix 397 

or ExtReferences_Matrix, as required by the code that evaluates the SAM maps (see step 398 

1.4.7 for the practical details). 399 

 400 

3.2.5. Wait for the RefListToMatrix code to equalize both the wavelength range and the 401 

spectral resolution (i.e., the number of components) of the hypercubes and the references. 402 

 403 

NOTE: The code identifies the wavelength ranges of both the hypercubes and the references. 404 

The code compares the wavelength ranges and cuts off the wavelength interval(s) that are 405 

not monitored by both the hypercubes and the references. The code identifies the group of 406 

hyper-vectors (the hypercubes or the references) constituted by the lower number of 407 

components (i.e., characterized by the lower spectral resolution) in the equalized wavelength 408 

range. The code reduces the number of components of the longer hyper-vectors (the 409 

references or the hypercubes) to that of the shorter ones (the hypercubes or the references). 410 

This is done by keeping, for each wavelength of the shorter hyper-vectors, only the values of 411 

the longer hyper-vectors that correspond to the nearest wavelength to that of the shorter 412 

hyper-vectors. 413 

 414 

3.2.5.1. The code automatically performs the equalization. If the references have been 415 

selected within the hypercubes, the wavelength range and the spectral resolution do not 416 

need to be equalized and they remain unchanged. 417 

 418 

3.2.6. If desired, store the position of the references over the surface of the samples into a 419 

set of pictures by running the dedicated code (see step 1.4.7 for the practical details). 420 

 421 



NOTE: This option is available only if the references have been selected within the hypercubes 422 

(steps 3.2.1 and 3.2.2). 423 

 424 

4. SAM analysis 425 

 426 

4.1. Run the SAM_Complete code to evaluate the similarity maps. Type the following 427 

command line (semicolon included) in the terminal window and press Enter to run the code: 428 

 429 

SAM_Complete(HS_ImageList, HS_DataList, References_Matrix ); 430 

 431 

4.1.1. There are three inputs (the list containing the images returned by the hyperspectral 432 

camera, HS_ImageList; the list of the files containing the hypercubes, HS_DataList; and the 433 

reference matrix, References_Matrix or ExtReferences_Matrix) and no outputs (the code 434 

saves the SAM maps as .png files in the current work folder). 435 

 436 

NOTE: Other than the three described input variables, the SAM_complete code must be fed 437 

with few additional parameters to tailor the analysis protocol according to the preferences of 438 

the user (see the next steps). 439 

 440 

4.2. When required, feed the code with the pre-processing option by typing the number 0 441 

or 1 in the terminal window depending on the desired pre-processing operation and press 442 

Enter to continue. 443 

 444 

4.2.1. Pre-processing option set to 0: the area subtended by each reflectance spectrum is 445 

normalized to 1. 446 

 447 

4.2.2. Pre-processing option set to 1: the area subtended by each reflectance spectrum is 448 

normalized to 1 and then the normalized spectrum is derived one time. 449 

 450 

NOTE: Both the hypercubes and the references undergo the same pre-processing option. 451 

 452 

4.3. Select the end members to be used for the SAM analysis among the reference matrix 453 

by feeding the code with the numbers of the columns that correspond to the desired spectra. 454 

When required, enter into the terminal window the sequence of numbers corresponding to 455 

the desired columns by typing the numbers within square brackets and separated by a white 456 

space. Press Enter to continue. 457 

 458 

NOTE: The sequence [1 2 3] corresponds to the selection of the first three columns of the 459 

reference matrix; an empty vector corresponds to the selection of all the columns of the 460 

reference matrix. 461 

 462 

4.4. Feed the code with a string containing the first part of the name that will identify the 463 

sets of maps to be saved (i.e., the common part of the name of the .png files returned by 464 

SAM_Complete). When required, insert the string in the terminal window by typing the 465 

letters within apices. Press Enter to continue. 466 

 467 

NOTE: If the user types test, then the name of all the output .png images will start with test. 468 



 469 

4.5. When required, feed the code with the method selected to handle the data by typing 470 

the number 0, 1, or 2 in the terminal window depending on the desired handle method and 471 

press Enter to continue. 472 

 473 

4.5.1. Set the method to 0 for no manipulation of the data. 474 

 475 

4.5.2. Set the method to 1 to require manual selection of the wavelength range(s) of the 476 

spectra to be considered before starting the analysis (Figure 6). 477 

 478 

4.5.3. Set the method to 2 to require the algorithm to order the data on the basis of a specific 479 

criterion before the evaluation of the SAM maps (Figure 7). 480 

 481 

4.6. Wait for the protocol to process the data and to save the SAM maps in the current 482 

work folder as .png files. 483 

 484 

NOTE: If the handle method has been set to 0 or 2, the user must just wait. If it has been set 485 

to 1, the user must select the portion(s) of the spectra to be employed for evaluating the SAM 486 

maps by clicking on an interactive window (Figure 6). 487 

 488 

Representative results: 489 

The proposed protocol offers a set of interesting features for the management and the 490 

analysis of HRI data. The I/O (step 3.1) of the raw data is always the first problem that must 491 

be solved before applying any analysis method and it can become a critical issue when dealing 492 

with large amounts of data. In the present case, the only task regarding the raw data is to 493 

store the experimental results into a dedicated folder and select it by browsing the hard disk 494 

when running the reading code (step 3.1.1). Thereafter, the cropping and the RGB rebuilding 495 

codes allow the refinement of the selection of the data to be analyzed (step 3.1.2) and checks 496 

that the experimental conditions have been properly set at the moment of the acquisition of 497 

the hypercubes (step 3.1.3, see Figure 4 and the Discussion section for further details). 498 

 499 

Once verified that the data-cubes have been correctly acquired, the algorithm offers different 500 

possibilities to select the end members for the SAM analysis20,21 (step 3.2). The first two 501 

options (steps 3.2.1 and 3.2.2) retrieve the references among the hypercubes by manually 502 

selecting some isolated measuring points (Figure 5A) or by automatically sampling the surface 503 

of the painting providing a reticular selection of measuring points within one or more FOVs 504 

(Figure 5B). The analysis based on isolated measuring points is faster than the reticular based 505 

one, but it implies a careful and, possibly, informed observation of the FOV(s) to identify the 506 

significant spectra; this means good experience dealing with pigments and painted surfaces. 507 

The reticular selection makes the algorithm time-consuming and forces the user to observe a 508 

lot of output images to retrieve a handful of useful similarity maps. However, the reticular 509 

selection provides a complete screening of the hypercubes and, mostly, it can be carried out 510 

without experience of the experimental context. In principle, once the sampling distance, 511 

n_pixel, is decided, the user can neglect the observation of the FOV(s) with a very low 512 

probability of losing details. 513 

 514 



In addition to the selection of the reference spectra within the hypercubes, the algorithm 515 

offers the opportunity to compare the data from the sample under investigation with 516 

references belonging to other sources (step 3.2.4). The external reference spectra importer 517 

code manages the I/O of references that do not belong to the surface of the painting. The 518 

matrix converter code equalizes the wavelength ranges and the spectral resolution of both 519 

the hypercubes and the external references (step 3.2.4). This possibility extends the 520 

capabilities of the user regarding the characterization of the sample. Indeed, the user can 521 

exploit every kind of available resource in terms of reflectance data. The hypercubes can be 522 

compared with public databases, with the spectral archives of the user, with new data 523 

collected on ad hoc prepared samples or even on other objects (paintings, palettes, hues, or 524 

whatever) belonging to the author or to other artists. Moreover, the external references can 525 

be obtained exploiting any kind of reflectance techniques so much so that the references 526 

shown in Figure 6 and Figure 7 have been acquired by a portable FORS miniature 527 

spectrometer (Table of Materials) and not by the camera used for the HRI data. 528 

 529 

Beyond the data management, the algorithm offers an original approach to the data analysis 530 

too. It allows manipulation of the spectra before evaluating the SAM maps (steps 4.1–4.5). 531 

This possibility finds its rationale in the choice of the SAM method to investigate the 532 

distributions of the pigments. In fact, SAM considers the reflectance spectra as they would be 533 

vectors in a multi-dimensional space (i.e., hyper-vectors with a number of components equal 534 

to that of the acquisition channels). Therefore, if the principal aim of the analysis is to 535 

compare different but similar references to distinguish which one best matches the pigments 536 

used by the artist, then the almost identical components of the reference spectra (i.e., the 537 

wavelengths that correspond to almost identical values in the hyper-vectors) should not be 538 

particularly useful and the algorithm allows to exclude these components from the analysis. 539 

 540 

The protocol supports two options for manipulating the data (step 4.5): the user can define 541 

the wavelength portion(s) of the reflectance data to be analyzed manually (Figure 6) or 542 

automatically (Figure 7). The manual selection is straightforward. The pre-processed 543 

reference spectra or their first derivatives, depending on the selected pre-processing option 544 

(step 4.2), appear on an interactive window, Figure 6A, and the user selects one or more 545 

wavelength interval(s), Figure 6B, by clicking on the graph surface. The automatic selection is 546 

based on the mathematical criterion of the maximum variance applied to the pre-processed 547 

reference spectra or their first derivatives, depending on the selected pre-processing option 548 

(step 4.2). The algorithm computes the variance (normalized and displayed as a Dashed Line 549 

in Figure 7A) within the selected references and order all the spectra (both the references 550 

and the hypercubes) accordingly to this criterion (the Dashed Line in Figure 7B represents the 551 

normalized and ordered variance). In other words, if the maximum variance corresponds to 552 

the nth wavelength, the content of the nth component of each pre-processed spectrum 553 

(references and hypercubes) will be moved to the first position of a re-arranged hyper-vector 554 

and so on (the colored portions of the background in Figure 7A and Figure 7B graphically 555 

explain the re-arrangement of the data). Practically, the components of the pre-processed 556 

spectra are ordered similar to principal component analysis30. 557 

 558 

Once the spectra have been manipulated, the algorithm evaluates the SAM maps. Following 559 

the manual manipulation (Figure 6), the protocol returns three sets of maps: two 560 

corresponding to the groups of selected and rejected wavelengths and one obtained 561 



employing the whole spectra. Otherwise, following the automatic manipulation (Figure 7), 562 

the algorithm applies a floating threshold to the variance values and evaluates the SAM maps 563 

at the increasing threshold for both the re-arranged hyper-vector components corresponding 564 

to the over threshold (i.e., automatically selected) and to the under threshold (i.e., 565 

automatically rejected) values of the variance. These sets of maps, together with that 566 

obtained from the whole spectra (always returned by the algorithm), result in a total of (2N + 567 

1) sets of maps where N is the number of values assumed by the threshold. The sets of 568 

similarity maps obtained at the increasing of the threshold (Figure 8) illustrate that data 569 

manipulation does not alter the content but rather provides new insights into the details of 570 

the mapped area(s) and, consequently, can help to distinguish similarities and differences 571 

between the samples and the references. 572 

 573 

Figure and table legneds: 574 

 575 

Figure 1: Quarto Stato. A picture of the painting, 1899–1901, 293 x 545 cm, oil on canvas, 576 

Giuseppe Pellizza da Volpedo, Museo del Novecento, Milan, Italy. 577 

 578 

Figure 2: Definition of the experimental conditions. (A) The ad hoc prepared test samples; 579 

the White Circles and Numbers identify the measuring points corresponding to the spectra 580 

selected as references. (B) The SAM maps evaluated with respect to reference spectrum 581 

number 1, (C) number 2, (D) number 3, and (E) number 4. The Gray Color Bar indicates the 582 

range of values of the spectral angles. 583 

 584 

Figure 3: The application of the defined experimental conditions to Quarto Stato. (A) The 585 

ROIs selected for the experimental campaign (Red Rectangles); in each rectangle a FOV of 586 

those necessary to cover the ROI has been highlighted (Unshaded Areas). (B) The RGB 587 

pictures of the four Unshaded Areas of panel A. (C) The SAM maps evaluated with respect to 588 

a reference spectrum selected within each FOV (Green Circles). The Gray Color Bar indicates 589 

the range of values of the spectral angles. 590 

 591 

Figure 4: Proper versus improper illumination of the surface of the sample. (A) A portion of 592 

the FOV where a small fraction of the painted surface (Red Circle) is affected by altered 593 

reflectance properties due to improper illumination. (B) The same small fraction of the 594 

painting (Blue Circle) as it results when the FOV is properly illuminated. (C) The reflectance 595 

spectra of the measuring point at the center of the circles when the FOV is improperly and 596 

properly illuminated (Red and Blue Line respectively). (D) The SAM map of the FOV obtained 597 

using the spectrum of the improper illuminated measuring point as reference. (E) The SAM 598 

map of the FOV obtained using the spectrum of the proper illuminated measuring point as 599 

reference. The Gray Color Bar refers to (D) and (E) and indicates the range of values of the 600 

spectral angles obtained comparing the first derivatives of the spectra of the hypercube of 601 

the selected FOV and the first derivative of the spectrum of the measuring point at the center 602 

of the colored circles in (A) and (B). 603 

 604 

Figure 5: References selection within the hypercubes. (A) The isolated measuring points 605 

selection mode; the Green Circles indicate the location of the reference spectra manually 606 

selected on the FOV shown. (B) The reticular selection mode; the Green Circles indicate the 607 

location of the reference spectra selected by applying a reticulum with the sampling interval 608 



(n_pixel) set to five pixels to the FOV shown. The image reported in both (A) and (B) is the 609 

grayscale conversion of the RGB image of the FOV retrieved from the reflectance spectra 610 

applying the D65 illuminant and 1931 observer from CIE standards to the hypercube; the Gray 611 

Color Bar refers to the normalized intensity of this image. 612 

 613 

Figure 6: The manual data manipulation mode. (A) The aspect of the interactive window that 614 

allows the user to divide the reference spectra into the selected and rejected fractions of 615 

wavelengths. (B) The same references of (A) where the portions of data selected for 616 

evaluating the SAM maps have been highlighted by a pink background. (A) and (B) display the 617 

pre-processed spectra of the references. 618 

 619 

Figure 7: The automatic data manipulation mode. (A) The first derivatives of the four 620 

normalized references reported in Figure 6 (Coloured Lines) and their normalized maximum 621 

variance (Black Dashed Line). (B) The same derivatives of (A) sorted following the criterion of 622 

the maximum variance; the sorted values of the normalized maximum variance have been 623 

reported too (Black Dashed Line). Some portions of the background have been colored with 624 

different hues in the attempt to visually illustrate the re-arrangement of the hyper-vectors. 625 

 626 

Figure 8: The SAM maps obtained by the automatic data manipulation mode. (A–C) The 627 

sorted values of the normalized maximum variance evaluated within the first derivatives of 628 

the reference spectra of Figure 7; the Green and Red Sections of the curve indicate, 629 

respectively, the selected (over threshold values) and rejected fraction of the data (under 630 

threshold values). The panels show what happens at the increasing of the threshold (Black 631 

Dotted Segment); each panel reports the SAM maps for both the groups of values obtained 632 

for the four derivatives of the spectra of Figure 7; the Green Edged Maps refer to the over 633 

threshold fractions while the Red Edged Maps refer to the under threshold ones. The Gray 634 

Color Bars indicate the range of values of the spectral angles. In this example, the step that 635 

determines the increase of the threshold is equal to 0.5% of the normalized maximum 636 

variance; the threshold values reported in (C) is 0.09 and it is the last considered threshold 637 

value because a further increase would reduce the number of selected components of the 638 

hyper-vectors below the arbitrarily fixed lower limit of 20 values, i.e., 10% of the total number 639 

of the acquisition channels of the hyperspectral camera. 640 

 641 

Discussion: 642 

Hyperspectral reflectance imaging datasets are large reservoirs of information; therefore, the 643 

development of robust and, possibly, automated protocols to analyze the data is a key turn 644 

to exploit their potential15,17. The proposed algorithm answers this need in the field of cultural 645 

heritage with particular attention to the characterization of the pigments of paintings. Based 646 

on SAM20,21, the algorithm supports the user during the whole analysis process from the 647 

setting of the experimental conditions to the evaluation of the distribution of pigments. 648 

Though the algorithm still does not have a complete graphical interface and that it does not 649 

provide a tool for viewing the results (for this purpose an open-source software has been 650 

used31 and it is recommended, see Table of Materials), the set of possibilities implemented 651 

to modulate the approach to the data analysis extensively balances these drawbacks. 652 

 653 

The protocol sets the acquisition system according to the characteristics of both the sample 654 

and the detector. On one hand, the Divisionist technique employed by Pellizza Da Volpedo to 655 



create Quarto Stato requires that the hypercubes distinguish between small brush strokes of 656 

different pigments placed side by side. On the other hand, the hyperspectral camera has a 657 

focus range between 150 mm and infinite with a manual adjustment system and a 1 m 658 

distance to the target that detects an area of 0.55 x 0.55 m with a spatial resolution of 1.07 659 

mm26. The application of the algorithm to the few hypercubes acquired on the test samples 660 

(Figure 2) helps establish a suitable working distance for the data acquisition. The 661 

measurements on the test samples were a defined 30 cm, corresponding to a resolution of 662 

0.31 mm at the target. This working distance was also successfully adopted during the 663 

experimental campaign conducted on Quarto Stato (Figure 3). Once the working distance was 664 

defined, the illumination of the surface of the sample remains a critical issue3,15. When a 665 

portion of a FOV shows uneven (Red Circle in Figure 4A) instead of uniform illumination (Blue 666 

Circle in Figure 4B), the reflectance properties change dramatically (Figure 4C) and the whole 667 

procedure is compromised (Figure 4D vs. Figure 4E). The protocol prevents uneven 668 

illumination (and more in general against artefacts in the monitored areas) during the 669 

acquisition of the data (by returning RGB in step 1.4.1 and SAM maps in step 1.4.9 that can 670 

be checked by the user) and a posteriori by excluding the compromised portions of the FOVs 671 

from the analysis by means of the cropping code (steps 1.4.2 and 3.1.2). 672 

 673 

The protocol allows the user to select the references (i.e., the end members used for the 674 

evaluation of the SAM maps) with the maximum freedom. On one hand, the EMs can be 675 

chosen within the edges of the hypercubes by two manners: isolated measuring points 676 

selection (Figure 5A in steps 1.4.5 and 3.1.2) or reticular measuring points selection (Figure 677 

5B in step 3.1.3). The first can be defined as informed selection because it requires some 678 

expertise in the user to manually identify the significant measuring points. The latter can be 679 

defined as blind selection because the reticular sampling of the FOVs requires only the value 680 

of the sampling interval to be performed. On the other hand, the EMs can be retrieved from 681 

outside the painting under investigation (step 3.1.4). During the experimental campaign 682 

conducted on Quarto Stato, a portable miniature FORS spectrometer (Table of Materials) was 683 

used to collect spectra from draft samples belonging to the artist and currently kept in the 684 

Studio Museum located in Volpedo (Pellizza da Volpedo Studio Museo, Volpedo (AL), Italy). 685 

These reflectance data have been used for the evaluation of the SAM maps and some of them 686 

are reported in Figure 6 and Figure 7. Since it limits the importance of the absolute intensity 687 

and of the baseline of the spectra, the pre-processing is mandatory for both the hypercubes 688 

and the EMs, especially if they have been obtained from slightly different setups or operative 689 

conditions32. 690 

 691 

The last main feature of the protocol is the chance to manipulate the experimental data. For 692 

manipulation, it is intended that the identification of the most significant components of the 693 

EMs (i.e., of those portions of the spectra) should help characterize the materials used by the 694 

artist. This task can be accomplished manually (Figure 6) or automatically (Figure 7). In the 695 

first case, the algorithm takes advantage of the expertise of the performer while, in the 696 

second case, it is a statistical criterion that determines the components that, time by time, 697 

will be used to evaluate the SAM maps. In both cases, the manipulation increases the number 698 

of the resulting similarity maps and consequently extends the capability to disclose the 699 

information carried by the hypercubes. In particular, the criterion-based selection generates 700 

a great number of insights of the painted surface (Figure 8). 701 

 702 



Taken individually, the enumerated features could appear as mere technical benefits, but 703 

together they imply at least two main key points. The algorithm can be successfully applied 704 

by any kind of user and it can significantly broaden the scenario of the analysis. In fact, the 705 

main steps of the protocol (i.e., the selection of the references and the manipulation of the 706 

data) can be performed automatically, disregarding the skills and the experience of the user. 707 

With the possibility to drive the analysis with spectra from outside the hypercubes, all the 708 

reflectance data in the disposal of the researchers can be exploited for the characterization 709 

of the sample under investigation. 710 

 711 

In summary, the protocol can be an extremely flexible tool. With some improvements 712 

regarding the graphical interface and the number of supported analysis methods, it can be a 713 

step beyond the state of the art regarding the handling and the analysis of data obtained from 714 

painted surfaces by means of hyperspectral reflectance imaging. 715 
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Name of Material/ Equipment Company Catalog Number

ImageJ/Fiji Specim (Oulo, Finlad) N/A

MATLAB 2019b StellarNet Inc (Tampa, Florida, USA) N/A

Specim IQ Hyperspectral Camera National Institutes of Health (Bethesda, Maryland, USA) N/A

StellarNet BLUE-wave Miniature Spectrometer  MathWorks (Natick, Massachusset, USA) N/A
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Comments/Description

Portable reflectance hyperspectral camera used to acquire the hypercubes 

Portable reflectance spectrometer used to acquire independent reflectance spectra

 Open source Java image processing program

Program Language and numerical computing environment



Dear members of the JoVE editorial team. 

Dear Referees 

Thank you for the attention you reserved to our manuscript and for the possibility to submit an 

improved version of our work. 

We appreciated the comments of the editorial board and of the referees; they really helped us to make 

our work better; we re-viewed the manuscript to satisfy their requests and to include their suggestions. 

We rationalized the description of the instructions every time the user must run the codes that 

constitute the computational part of the protocol; the input and output variables have been listed and 

shortly described. We limited the use of the notes to the bare minimum. We included all the missed 

details highlighted by the referees; we improved the text where requested and we tried to clarify the 

ambiguous points; we also improved the literature including new references. 

We hope to be notified soon about our work. 

Thank you in advance for you time and kindness. 

Best regards. 

Michele Caccia 
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New Editorial comments: 

1. Please employ professional copyediting services as the language in the manuscript is not 

publication grade. Additionally, please break up introduction and results into paragraphs. 

We broke up introduction and results into paragraphs. 

We apologize for our English; we are not mother tongue but in our opinion the language of the text 

is not so bad to justify the rejection of the manuscript. If you refer to some expressions, please, give 

us examples so that we can understand what you mean. Anyway, we tried to improve our work. 

2. Please revise the summary to be 50 words or fewer 

We reduced the summary below the 50 words. 

3. Please superscript all reference numberings without brackets. 

We adjusted the format of the references according to your request. 

4. Please specify how all of the codes are performed: 

[HS_DataList HS_ImageList] = HS_FileLister 

Are these terminal line commands? Where are they entered? 

Yes, they are Matlab terminal line commands and the user must insert them in the Matlab command 

window keeping the names of the codes as they are written in the protocol. As pointed out in the 

previous review we chose suitable names for the variables, but the user can change them as he 

prefers. In this example HS_FileLister is the name of the code and cannot be changed. HS_DataList 

and HS_ImageList can be substituted by whatever name but they must be included between square 

brackets and separated by a white space. 

We added the instructions to manage the input and output variable at the end of the introduction. 

5. Can the codes be provided? 

Yes, we can provide the codes (and a set of test data if it will be necessary) but now we do not see 

a reason to do that. No one of the four referees asked for them; moreover, you must consider that 

to keep save the intellectual property of the developer is our duty. We suggest rediscussing this 

issue after that the work has been revised by the referees. 

 

Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

We reviewed the text and we think that it is now improved in these aspects 

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 

remove all commercial language from your manuscript and use generic terms instead. All 

commercial products should be sufficiently referenced in the Table of Materials. For example: 

Specim IQ, MATLAB, etc. 

We deleted all the symbols, names and words that could remind commercial entities. 

3. Please add more details to your protocol steps. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published material specifying how 

to perform the protocol action. 
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After the review, we think that the description of the steps of the protocol is complete and clear 

4. Line 99: Please provide more details regarding the preliminary inspection. What are the 

parameters inspected? What kind of quantification/ qualifications are required? 

We reviewed the text and we clarified that we refer to a semi-qualitative evaluation of the size of the 

brushes of paint used by the Master to realize the painting 

5. Line 110: Please elaborate on how to mimic the peculiar characteristics. What characteristics are 

classified as peculiar? 

The painter’s technique has been reproduced by an art expert that realized some samples test with 

stripes and spots of paint of the same size as those used by Pellizza Da Volpedo in Quarto Stato. 

The aim of this operation was to calibrate the most important experimental parameter: the distance 

between the painted surface and the detector. 

6. Line 124: Please mention how is the portion of the hypercube defined. Is it defined as a volume 

or area or any other characteristic? 

Hypercubes are 3D objects therefore when you select a portion of a hypercube you select a 3D 

object; nevertheless, the selection is done looking at the 2D RGB image of the surface imaged by 

the hypercube. We specified this point in the steps of the protocol 

7. Line 181: Please specify if there is a minimum number of FOVs required. 

No there isn’t. The number of FOVs depends on the set-up decided by the user; mainly on the size 

of the portion(s) of surface to be studied and on the desired resolution (i.e. on the distance between 

sample and detector). 

8. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only be 

used to provide extraneous details, optional steps, or recommendations that are not critical to a step. 

Any text that provides details about how to perform a particular step should either be included in the 

step itself or added as a sub-step. Please consider moving some of the notes about the protocol to 

the discussion section. 

We reduced the number of notes at the minimum and, when we were forced to use notes, we were 

as short as possible. The surviving notes contain reminders to secondary details related to the steps 

of the algorithm, some short clarification or credits when we exploited tools by other authors. 

We followed your suggestion and the description of the input and output parameters related to each 

code have been transformed in sub-step (the bulleted lists) under the command that must be typed 

in the Matlab command window when running the code 

9. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies the 

essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most 

cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the 

manuscript, and therefore will still be available to the reader. 

We performed the selection.  

10. As we are a methods journal, please revise the Discussion to explicitly cover the following in 

detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 



d) The significance with respect to existing methods 

e) Any future applications of the technique 

We reviewed the text and we think that it now matches your request 

11. Please ensure that the Table of Materials contain all the essential supplies, reagents, and 

equipment. The table should include the name, company, and catalog number of all relevant 

materials in separate columns in an xls/xlsx file. 

We adapted the Table of Material to the required format. 



Reviewer #1: 

Manuscript Summary: 

Creation of a semi-automatic code to create classification maps of hyperspectral data. 

Major Concerns: 

This paper should have been edited before submission as there are major grammatical errors 

making reading / understanding difficult. 

Thank you for your comment. We reviewed the text and we think that it is now easy to be read 

The reason for the creation of test samples are unclear. If the goal is to identify pigments in a painting 

- how can samples be created without knowledge of the pigments? 

In shed of your comment we realized that we have not been clear in the description of this step of 

the protocol. You will be right if the idea behind the realization of the ad-hoc samples would concern 

the characterization of the pigments themselves, but here the attention is focused on the size of the 

brush strokes applied by Pellizza da Volpedo on the canvas. Divisionist painters obtain the desired 

chromatic effect (i.e. the colour appreciated by an observer looking at the painting by a certain 

distance) juxtaposing dots or stripes of different hues according to the painter’s interpretation of the 

colour mixing theory. If we want to uncover the materials used by Pellizza, we must be sure to be 

able to discern between the different thin stripes adopted by the artist. This means that the spatial 

resolution of the data cubes must be high enough to distinguish the stripes independently from the 

employed pigments. Therefore, we asked an art expert to create some test samples that mimic the 

size of the brush strokes used by Pellizza and, since the spatial resolution of the hypercubes is 

determined by the distance between the Specim IQ camera and the canvas, we used the test 

samples to adjust the canvas camera mutual positions. We set up the experimental conditions in the 

lab exploiting the test samples to optimize the timing of the in situ experimental campaign. We 

reviewed the text to better explain this point. 

Additionally, why use ROI's and not the complete datacube? With matrix math in Matlab this is not 

computationally problematic even with large datasets. 

Here we probably have a misunderstanding. In the manuscript a ROI does not define a portion of a 

data cube returned by the IQ camera but rather a portion of the painting selected by the historians 

for understanding the main features of the surface under investigation; the area covered by a single 

data cube is referred as a FOV and we stated that we need more FOVs (i.e. more data cubes) to 

cover each of the ROIs reported in figure 3; for instance we used 9 cubes to cover the ROI around 

the face of the woman in the front right part of the painting. 

It is true that we provide a code (HS_Crop_png, point 1.4.3 and 3.1.2 of the protocol) that allows the 

user to discard portion of the data cube, but we also explain that it is intended to be used to prevent 

the analysis from artefacts: in particular we refer to uneven illumination of portions of the FOVs 

(situation illustrated by figure 4 and, indeed, encountered during the study of Quarto Stato) or to the 

presence within the FOVs of elements unrelated to the painted surface such as the frame 

surrounding the painting; this is usually a concrete possibility (especially if the painting is small or if 

the user is interested to areas at the edges of the painted surface) but, we did not suffer this situation 

because the ROIs selected for the analysis of Quarto Stato are fully within the painted surface (see 

figure 3). 

There is definitely a need in this field for automated algorithms, but it does not seem this paper 

addresses this well. 

We respect the opinion of the referee, but we disagree with this statement. The protocol is fully 

independent from the case study, it manages a huge amount of data, it helps to avoid the effects of 
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some of the principal artefacts dealing with reflectance data cubes and it can be tailored on the 

needs and on the degree of knowledge about works of art of the user just by feeding a code with few 

parameters. In addition, it defines a new idea for what concerns the statistical analysis of the 

reflectance data; it is true that an advanced GUI must be designed but, for what concerns the 

algorithm, the offered features and their importance are quite evident. Anyway we tried to improve 

the text to further highlight the aspects stressed be the referee. 



Reviewer #2: 

Manuscript Summary: 

The manuscript synthesizes an application protocol using a commercial device (Specim IQ 

Hyperspectral Camera). The protocol is very interesting and requires some modifications to improve 

it. 

Major Concerns: 

One of the main problems with these types of cameras is the repeatability of the measurement in 

order to obtain the same result. 

Specim IQ hyperspectral camera is a snapshot camera without an illumination system. For a 

repeatable measurement some information is not clear: Lighting system, working distance, pixel size 

obtained with the working distance, geometry of the light source in order to avoid shadow areas. (I 

suggest a schematic image 

From the tests carried out in the laboratory, with samples made to simulate the Divisionist technique 

used by the author of the painting, a setting was chosen that uses two lamps placed symmetrically 

to the right and left of the camera and which illuminate the entire area of interest under examination  

(ROI) in a homogeneous way. The camera was moved by a tripod with an extendable central column 

with a rack and equipped with wheels on rails in order to keep it at the same distance from the 

painting. The lamps are two 500W halogen lamps that can be adjusted by means of a dimmer 

The Specim IQ camera has been fully characterized by Behmann and co-workers. the instrument 

guarantees a spatial resolution of 1.07 mm/pixel with a working distance of 1 m; considering  that 

the cubes returned by the camera are constituted by 512x512x204 voxels the size of each of the 

204 matrices of the reflectance cube is 55x55 cm; this correspond to a numerical aperture of about 

0.26 for the camera. In the case of Quarto Stato each data cube covers an area of 16x16 cm, it has 

been obtained with the camera located about 30 cm from the painting surface and it is characterized 

by a resolution of 0.31 mm/pixel. We included these details in the text (see the discussion section) 

Did you use a white reference for the white calibration? if yes enter more information. 

Yes, we used the white reference supplied with the Specim IQ camera, the white reference panel 

material has 100% reflectivity in the wavelength range of the hyperspectral camera as declared by 

the manufacturer. We inserted this detail in the protocol where appropriate- 

Minor Concerns: 

Regarding data processing, the device output is a raw image (with black and white reference image 

for calibration in matlab) or directly a normalized image? Add this information 

Thank you for this observation. The Specim IQ camera returns both the raw and the B/W calibrated 

images. We used the calibrated hypercubes and we included this detail in the text (see the note 

below step 1.3.2). 

Probably it is my carelessness but I not have found the number of wavelengths acquired by the 

Specim IQ Hyperspectral Camera 

Thank you again; we apologize for having missed these important details (spectral and spatial 

resolution/range); they have been added in the text in the note below step 1.3.3. Luckily, even in the 

un-reviewed version of the manuscript, the interested reader could have found all the technical 

characteristics of the camera in the work by Behmann. As reported by Behmann and co-workers, 

the Specim IQ camera uses 204 channels to monitor the reflectance signal in the wavelength range 

between 400 and 1000 nm with a spectral resolution of 7 nm at FWHM.  
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Reviewer #3: 

Manuscript Summary: 

General comments 

This manuscript address hyperspectral reflectance data treatment. It proposes a protocol to analyse 

data by combining spectral angle mapper and hyperspectral data manipulation. 

As stated in the manuscript, hyperspectral imaging datasets are difficult to handle because of size, 

artefacts of the spectra, expertise needed. The proposal of a robust algorithm available for all users 

is of great interest. Moreover, this subject seems to me particularly relevant for a video. 

The manuscript question is clear, and the author aware of the limits of their protocol. As far as I can 

judge, the manuscript is written in correct English. 

We thank you for your opinion about our work. 

I have to mention that I am a little bit confused by the format of the manuscript I have to review. The 

subject seems of interest, but in the absence of video, it is not easy to judge the relevance of the 

examples and illustrations. In consequence I have no specific comments. 

In our intent, the figures should illustrate the main issues dealing with the acquisition and analysis of 

a hyperspectral reflectance data set: the care needed for setting the experimental set-up (figure 2 

and 3); the attention to the quality of the obtained data (figure 4); the illustration of the range of 

possibility offered by the protocol to investigate the data cubes (figure 5, 6 and 7) and finally the 

presentation of an innovative way to shed light over the information contained in the data-set (figure 

7 and 8).  

We hope that the video would confirm you in your opinion about our work. 
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Reviewer #4: 

Manuscript Summary: 

The manuscript describes the pipeline of an operative protocol to perform the analysis of 

hyperspectral reflectance imaging (RIS) dataset using the Spectral Angle Mapper (SAM) algorithm 

combined with user-based reference selection. There is nowadays an increasing need for the 

implementation of such dedicated protocol for the cultural heritage community, as there is an 

exponential growth of the amount of data being acquired at the surface of artworks using 

hyperspectral cameras, and a crucial need for improved automated data analyses. This work 

represents a first step toward the development of software dedicated to the analyses of RIS data 

from cultural heritage, and as such should be encouraged. 

Major Concerns: 

Other freely available software/GUI presenting similar possibilities in term of data 

management/analyses exist and are not mentioned in this paper, for example: SpectrononPro 

(https://resonon.com/software), and Hyper Tools GUI (https://www.hypertools.org/). It is of prime 

importance to reference those and compare the protocol developed in this paper to what is already 

available to users. 

Thank you for your suggestion. The rationale behind the development of the protocol is not to provide 

the users with the best performant data handling or analysis method but rather to move the attention 

on the possibility to consider data manipulation as a concrete chance to better understand the 

sample under investigation. Since the characteristics of the protocol were initially developed on the 

specific case of the data from Quarto Stato and then extended to be applied to hyper-spectral data 

from any type of painting, we preferred to create a home-made dedicated software rather than search 

the most suitable in the literature and adjust it to our needs. In shed of these considerations, we think 

that a comparison with existing tools is not mandatory. Anyway, we understood your point and we 

add a justification for our choice at the end of the introduction section.  

Moreover, we had a look at the two solutions you suggested (We also cited them in text). We find 

these solutions very interesting and this is our feeling about them. 

SpectrononPro: it offers the possibility to browse through the image of the monitored area in order 

to identify the main spectra within the cube (what we can call end members). It allows to evaluate 

similarity maps to determine the spatial distribution of the spectra in the image; it seems very effective 

for feature classification and object recognition especially if you have the same shape multiple times. 

However, it is a little tricky for our case: we cannot find an easy way to evaluate the similarity map 

between a spectrum from a data cube A with the spectra of a data cube B; a key feature when you 

analyse a painting where each area can be peculiar. Maybe this comparison would be possible by 

developing a home-made plug-in, but, for reasons of time, we did not explore the SpectrononPro 

coding possibilities. Moreover, the manipulation of the data is not allowed; you can visualize the 

portion of the spectrum you need but you cannot, at least in our experience, exclude one or more 

wavelength ranges from the analysis. Finally, we cannot find a way to import a single spectrum from 

our databases (i.e. from data set acquired in the past in our lab or employing an instrument different 

from the IQ camera). In summary, for our case study SpectrononPro seems to be useful for a 

preliminary inspection, as well as the software released with the instrument, but not for the analysis 

we propose in the manuscript. 

Hypertools: we judge Hypertools as a more complete handle and analysis tool with respect to 

SpectrononPro. Hypertools allows to import more cubes simultaneously, it offers the possibility to 

pre-process the data and in the GUI the user can also find something that it is similar to what we 

called data manipulation; in facts both the spectral and the spatial range to be analysed can be set 

by the user; however while the spatial selection appear very well developed the spectral selection 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Reviwer04_02.docx

https://resonon.com/software
https://www.hypertools.org/
https://www.editorialmanager.com/jove/download.aspx?id=1325150&guid=a970574a-ff7f-4fc9-818b-cf7d0ff554b3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1325150&guid=a970574a-ff7f-4fc9-818b-cf7d0ff554b3&scheme=1


appears quite basic; the user can select a range of wavelengths but he cannot merge different 

wavelength ranges nor arrange the wavelengths following a defined criterion (option that covers a 

key role in our protocol). The user can select the analysis method within a wide range of possibility 

and save the obtained results; this fact, in particular, makes Hypertools an effective tool for hyper-

data exploration and analysis but in our, even short, experience the learning curve for use it is quite 

steep and it is generally necessary to refer often to the tutorials and videos on youtube. Besides the 

impossibility to rearrange the spectra following a criterion, Hypertools present another main limitation 

in our opinion: it works with the variables of the matlab workspace; this means that it does not directly 

manage the I/O (i.e. it does not import the raw data from instruments or automatically save the 

results) nor provides for the possibility of mixing data with different spectral resolution (we did not 

find the way to do something similar in the GUI). In summary Hypertools is a very interesting solution 

for hyperspectral data manage and analysis, and it could be adjusted to satisfy most of our needs; 

however the need to pre-process the data to make it appropriate for Hypertools together with the 

fact that an extensive training of the user is needed, confirm us in the idea that developing our own 

protocol through a precise set of dedicated functions still makes sense.  

It is also important to add a section in the introduction about SAM, and a justification of why this 

method solely was considered for classification purposes. 

We introduced the fundamentals of SAM in the text.  

The SAM has been chosen because it is widely used (also the Specim IQ camera is provided with a 

SAM calculation protocol), it is easy to be understood (indeed it is enough to be familiar with the 

concept of the inner angle between two vectors) and, finally, it allows to evaluate the spatial 

distribution of the considered spectra; i.e. to understand how the pigments have been organized by 

Pellizza Da Volpedo during the realization of Quarto Stato. 

Minor Concerns: 

Language could be overall improved. 

We tried to improve the language of the text 


