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Abstract. Hyper-spectral imaging has been applied as an in situ technique for the 
study and accurate digital documentation of coloured artworks. Providing spectral 
and colorimetric characterisation across the entire surface of an object, it can be 
used to identify the coloured materials, measure colour changes, and document it 
with high fidelity. However, depending on the system used, data accuracy and re-
liability may vary. In this work, developed within the Round Robin Test being 
carried out by COSCH Working Group 1, an X-Rite® ColorChecker Classic chart 
was analysed with two push-broom hyper-spectral systems developed by different 
groups (IFAC-CNR and IP-UEF), in the 400-1000 nm range, and the data ob-
tained were compared. This comparison allowed to assess the accuracy of colour 
reproduction processes performed by the two systems. The results obtained are 
satisfactory in terms of spectral and colorimetric accuracy for some colours, but 
show differences at both ends of the visible range.  
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1 Introduction 

We are not only inheriting cultural heritage from our ancestors, but we are also bor-
rowing it from our children. Starting from this premise, curators and conservators 
realise that the study and documentation of the artworks that constitute our cultural 
heritage is important to preserve them and to increase accessibility and possibilities 
for our and for future generations [1]. For either of these purposes - study and docu-
mentation -, accuracy and high quality are very important features concerning the data 
that is acquired and kept [2]. These records have to be true and accurate representa-
tions that show the required information, without anything added to or taken away 
from the original artwork [3]. This is particularly important when coloured materials 
are concerned. 
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Colour is an essential language of cultural heritage that often needs more decoding 
than what was originally intended by the artist. Coloured materials are generally 
prone to changes, leading to alterations in the artworks visual appearance and, conse-
quently the objects are interpreted differently from the artists’ intention. Often con-
servators need to go beyond what is seen, and to successfully conserve the artworks, 
they need to identify and document colours with as much accuracy as possible. 

The study of colour in artworks using in situ spectral imaging techniques, there-
fore avoiding that colour measurement is restricted to a limited number of points on 
the surface of the object, is of great importance [4,5]. These techniques provide a 
highly accurate way to measure colour across the entire surface of the object, and may 
indeed be crucial to guarantee a high-quality colorimetric reproduction [2], [5]. They 
allow to acquire the objects’ spectral reflectance, which is a physical quantity charac-
teristic of the material [6,7]. In other words, for each spatial pixel (picture element), a 
reflectance spectrum is acquired in a determined spectral region. This is obtained by 
recording a collection of reflectographic images of the same area at almost contiguous 
spectral bands (hundreds in the case of hyper-spectral systems). From the acquired 
data-set it is therefore possible to extract the spectral reflectance of each pixel, which 
has several advantages such as: the possibility to reconstruct it in the CIE colour 
space with any choice of illuminant and of the colour matching functions; the possi-
bility to monitor the conservation state of the object since a change in the spectral 
reflectance evidences the alterations of the material; and the possibility to reliably 
identify and discriminate the coloured materials used by the artists [6,7,8,9,10]. 

In the context of the promotion of research, development and application of spec-
tral imaging techniques towards the study and documentation of cultural heritage, 
COSCH1 Working Group 1 (WG1) aims to identify and explore important character-
istics of different spectral imaging systems and understand how they influence data 
accuracy and information reliability with respect to the various types of studied art-
works [11]. As a matter of fact, several different types of devices have been devel-
oped to implement spectral imaging techniques for applications in cultural heritage 
[12]. These devices are commonly categorised according to the portion of the file-
cube (the complete dataset formed by the three dimensions - two spatial and one spec-
tral - over which data is collected) that is acquired in a single detector readout [13]. 
They can consist in cameras equipped with filtering systems for the optical selection 
of the wavelengths, or they can be constituted by scanners equipped with dispersive 
systems for the selection of the spectral bands (such as push-broom spectrometers), or 
they can also be based on snap-shot imaging systems, which collect the entire 3D file-
cube in a single integration period without scanning [4], [13]. However, in practical 
terms, for the same object the acquired information can be significantly influenced by 
the method of data collection, the system used, and any other parameters influencing 
the general experimental setup. As such, WG1 is performing a Round Robin Test 
(RRT) with four objects of distinct characteristics, to explore different spectral imag-
ing systems, identify the impact of each instrumentation on the results obtained, and 
ensure the usefulness, accuracy and comparability of the data. Colour being such an 

                                                           
1 COST Action TD120: Colour and Space in Cultural Heritage (COSCH, www.cosch.info). 
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important issue, one of the objects that integrates the RRT is a ColorChecker refer-
ence chart. 

ColorChecker charts are used as a colour reference, and are very important when 
colour image processing is concerned [6], [14]. Constituted by several standard co-
loured patches, these charts allow to assess the accuracy of the colour reproduction 
processes of the systems used, to guarantee that the information obtained is valuable 
and represents the true colours of the object that has to be studied and documented 
[3], [5], [15]. 

This contribution presents the comparison between data acquired from the Color-
Checker chart used in the RRT with two hyper-spectral devices from different re-
search groups that are part of the COSCH WG1 RRT: the “Nello Carrara” Institute of 
Applied Physics of the National Research Council (IFAC-CNR), in Florence, Italy; 
and the Institute of Photonics - University of Eastern Finland (IP-UEF), in Joensuu, 
Finland. Both groups measured the ColorChecker in their own laboratory with push-
broom hyper-spectral systems that collect data with a 2D array detector at all wave-
lengths simultaneously for one spatial line of the object so that only one spatial di-
mension needs to be scanned to fill out the file-cube [13]. However, even though both 
systems are based on the same working principle, they were designed and optimised 
in different ways depending on the purpose of analysis of each group (for example, if 
they are seeking for high spatial or spectral resolution, or high colour accuracy). For 
this contribution, the data acquired with IFAC-CNR and IP-UEF systems were first 
used to confirm the homogeneity of the ColorChecker coloured patches. Afterwards, 
both set of data were compared with respect to the spectral reflectance curves, and, 
finally, colorimetric CIELAB values were calculated for a standard illuminant (D65) 
and observer (10°) and also compared. 

2 Experimental Design 

2.1 X-Rite® ColorChecker Classic 

The X-Rite® ColorChecker Classic target is a matt chart with dimensions 279.4 mm x 
215.9 mm. It has twenty-four coloured square patches, each with 40 mm of side, dis-
played in a 4 by 6 array, that include the representation of true colours of natural mat-
ter (such as skin, foliage and sky), additive and subtractive primary colours, various 
steps of grey, and black and white [15,16].  

2.2 Methodology 

The X-Rite® ColorChecker was analysed by the two different groups using their own 
push-broom hyper-spectral system. In each case, the working conditions and technical 
parameters were not predetermined, since the point was that each group used the 
setup commonly used in their laboratories. However, for treatment of the hyper-
spectral file-cube (that contains both spatial and spectral information, and can easily 
reach several tens of megabytes), the participants were asked to follow a few guide-
lines. 
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The reflectance spectrum of ten selected coloured patches (Blue Sky 03, Foliage 
04, Orange 07, Purple 10, Blue 13, Green 14, Red 15, Yellow 16, Magenta 17, Cyan 
18) were extracted from centred squares with 35 mm of side, to represent the average 
of each patch. Reflectance spectra were also extracted from five different small areas 
(squares with 1 mm of side) of each patch (in the middle and in the four corners), to 
see if the colour within each coloured patch is uniform. Reflectance data were ex-
tracted as well from centred squares with 8 mm of side in order to resemble the  
common area of analysis of a contact colorimeter. The spectra extracted from each 
coloured patch were then used to calculate the colorimetric values of the same areas, 
using the CIELAB system with the CIE illuminant D65 (natural daylight) and the CIE 
1964 standard observer (10°). From the L*, a* and b* coordinates, the colour-
difference parameter, ΔE, was also calculated using the CIEDE2000 formula [17]. 

2.3 Apparatus 

IFAC-CNR’s hyper-spectral imaging spectroscopic measurements were carried out in 
the 400-960 nm range with the hyper-spectral scanner designed and assembled at 
IFAC-CNR. The system is based on a prism-grating-prism line-spectrograph ImSpec-
torTM V10E (SpecIm Ltd), with a 30 µm slit, which is connected to a high sensitivity 
CCD camera (Hamamatsu ORCA-ERG). The line-segment analysed is focused on the 
entrance slit of the spectrograph by means of a telecentric lens (Opto-Engineering 
Srl), which performs a parallel projection of the points falling within its working dis-
tance (3 cm deep at 23 cm from the lens), thus avoiding perspective displacements 
when the imaged points lie on a not perfectly planar surface. Illumination of the line-
segment is made by two Schott-Fostec fibre-optic line-lights equipped with focusing 
lenses that are fixed to the scan-head and symmetrically project their beams at 45° 
angles with respect to the normal direction at the imaged surface (0°/2x45° observa-
tion/illumination geometry). Light is supplied by a QTH-lamp. The mechanical sys-
tem can scan a maximum area of about 1 x 1 m2, with 20 vertical line-scan stripes. 
The spatial sampling rate guarantees a spatial sampling of ~ 11 points/mm (~ 279 ppi) 
and resolution better than 2 lines/mm at 50% of contrast reduction. The system’s 
spectral sampling is about ~ 1.2 nm and resolution is ~ 2.5 nm at half maximum. The 
scan is carried out in the “free-run” mode: the vertical movement runs freely at a con-
stant speed of 1.5 mm/sec, while the acquisition of the camera images proceeds inde-
pendently at a constant rate of 15 frames/sec. [18,19,20] 

IP-UEF’s hyper-spectral imaging spectroscopic measurements were carried with 
IP-UEF line scanning based spectral imaging system that uses a SpecIm VNIR cam-
era (with a sCMOS detector) working in the 400-1000 nm range. The system consists 
of moving the camera and illumination unit together while the sample lies over a table 
with adjustable height. Illumination is carried out by QTH lamps on both sides of the 
camera, with a 0°/2x45° observation/illumination geometry. 240 spectral bands were 
recorded with a 2.8 nm nominal spectral resolution. The spatial resolution used is of 
0.2 mm. 1032 spatial pixels were recorded with every line leading to about 0.23 mm 
resolution in spatial direction. Reflectance data were extracted in the 400-1000 nm 
range, with a 5 nm step. Colour calculations were performed in the 400-780 range, 
also with a 5 nm step. [21]. 



 Accuracy in Colour Reproduction: Using a ColorChecker Chart 229 

3 Results and Discussion 

With respect to handing and organisation of data, the guide-lines provided to each 
group were of high significance since they allowed to compare information extracted 
from areas of the same size (considering size in millimetres, and not in pixels) and 
with approximate positions. Moreover, since each group has its own software to han-
dle data, it was also important to prepare the information in a way easily accessible 
for the two research groups. 

Both hyper-spectral systems provided high-quality RGB images of the Color-
Checker (Fig. 1). To discuss the results obtained, in terms of spectral and colorimetric 
data, five coloured patches are presented: Blue 13, Green 14, Red 15, Yellow 16 and 
Magenta 17 (patches are numbered from left to right, and from up to bottom in the 
ColorChecker chart). 

  

Fig. 1. RGB colour images of the X-Rite® ColorChecker chart reconstructed from the hyper-
spectral file-cube from IFAC-CNR (left) and IP-UEF (right) 

To check the uniformity of the colours in the chart, the comparison between reflec-
tance spectra extracted from 1 mm x 1 mm areas at different places of each coloured 
patch showed that, although not completely homogenous, there is a satisfactory de-
gree of uniformity within the respective patch (Fig. 2). Not only that, spectra from 
such a small area present fairly good resolution. This was observed for both hyper-
spectral systems. When comparing the data obtained with the different systems,  
spectra are similar with the exception of the lower and higher wavelengths that show 
differences in intensity (ca. 0.08 in reflectance factor) and shape.  

The colorimetric values are also in agreement between the different areas of each 
patch, apart from some small variations of 1-2 units in the L*, a* and b* coordinates 
that can be observed and which indicate that colours are not totally homogenous. On 
the other hand, when comparing the colorimetric values between the two hyper-
spectral systems, L* and a* values are similar but significant differences are observed 
for the b* coordinate (Table 1). In fact, for the blue colour, an average b* value  
of -41.8 was obtained with IFAC-CNR’s system, while an average b* value of -46.8 
was obtained with IP-UEF’s system. A similar difference was observed with the red 
colour that presents average b* values of 26.5 and 19.0, respectively. 
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Fig. 2. Reflectance spectra from 1 mm x 1 mm areas of coloured patches Blue 13 and Red 15 
from the X-Rite® ColorChecker chart extracted from the hyper-spectral file-cube from IFAC-
CNR and IP-UEF 

Within the same coloured patch, reflectance spectra extracted from areas of differ-
ent size are the same. As a matter of fact, the spectral resolution of spectra extracted 
from areas of 8 mm x 8 mm and 1 mm x 1mm (high spatial resolution) was proved to 
be as good as that of spectra extracted from the average areas of 35 mm x 35 mm, 
showing that there is a good compromise between spectral and spatial resolution for 
both systems (Figs. 3 and 4). However, the increase of spatial resolution to 1 pixel 
had an obvious influence in the spectral resolution, particularly in the case of IFAC-
CNR’s system, for which spectra present more noise probably due to the higher rate 
of spectral acquisition step and spatial resolution (than that of IP-UEF system). When 
comparing between systems, as was already noticed, spectra are identical with the 
exception of differences in intensity (ca. 0.07 in reflectance factor for the magenta 
colour, and 0.04 for the green and yellow colours) and shape observed at the lower 
and higher wavelengths. 
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Table 1. Colour coordinates from 1 mm x 1 mm areas of patches Blue 13 and Red 15 from the 
X-Rite® ColorChecker chart extracted from the hyper-spectral file-cube from IFAC-CNR and 
IP-UEF 

 Blue 13 Red 15 
 L* a* b* L* a* b* 

IFAC-CNR 

32,3 12,3 -42,4 41,9 42,5 26,1 
32,4 11,6 -41,4 42,8 42,2 28,1 

32,7 11,7 -41,7 42,3 42,0 24,8 
33,7 10,6 -40,9 43,0 42,0 27,8 

IP-UEF 

36,4 12,6 -46,5 43,8 44,4 18,5 
37,0 12,6 -47,0 43,9 44,1 18,3 

36,1 12,7 -46,3 43,8 44,8 19,4 

36,7 12,8 -47,2 43,8 44,7 19,4 

 
Regarding the colorimetric values, they are also constant within the same coloured 

patch (only some small variations of 1-2 units in the L*, a* and b* coordinates can be 
observed), regardless of the area size (Table 2). However, when comparing the L*, a* 
and b* values from both systems, again the most notable difference is observed for 
the b* coordinate and especially for the magenta colour (together with the blue and 
red ones, already discussed). Indeed, considering the 35 mm x 35 mm area, for the 
magenta colour, a b* value of -13.9 was obtained with IFAC-CNR’s system, while a 
b* value of -20.2 was obtained with IP-UEF’s system. It is possible to conclude that 
the colours presenting bigger differences for the b* coordinate are the magenta, bluish 
and reddish ones (ΔE 3.7, 3.8 and 5.1, respectively), which are at both ends of the 
visible range, where the reflectance spectra also present variations. On the other hand, 
colours as green and yellow present a higher similarity between the values obtained 
with the different systems, with only variations of 2-3 units in the L*, a* and b* coor-
dinates (ΔE 3.3 and 2.5, respectively). 

Table 2. Colour coordinates of patches Green 14, Yellow 16 and Magenta 17 from the X-Rite® 
ColorChecker chart extracted from the hyper-spectral file-cube from IFAC-CNR and IP-UEF 

 Size of 
square side 

Green 14 Yellow 16 Magenta 17 
 L* a* b* L* a* b* L* a* b* 

IFAC-
CNR 

35 mm 55,5 -35,5 32,4 80,5 4,0 78,4 52,6 44,2 -13,9 

8 mm 55,7 -35,9 32,6 80,7 4,0 79,0 52,6 44,4 -14,0 

1 mm 55,6 -35,8 32,6 80,6 4,1 78,7 52,6 44,5 -14,1 

1 px 55,5 -36,1 33,6 80,7 3,7 81,6 52,4 44,0 -12,2 

IP-UEF 

35 mm 59,1 -33,2 30,3 82,6 6,9 75,8 54,6 45,1 -20,2 

8 mm 59,1 -33,3 30,3 82,7 6,8 75,6 54,7 45,1 -20,3 

1 mm 59,0 -33,3 30,2 82,5 6,9 75,3 54,6 45,0 -20,3 

1 px 59,1 -33,2 30,1 82,5 6,9 75,6 54,7 44,9 -20,0 
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The differences observed at the lower and higher wavelengths can be due to the 
different ways in which each system was designed, as well as to their sensitivities and 
distinct technical features. The optical module of IFAC-CNR’s scanner has been op-
timised to reduce internal stray-light through the use of additional optical filters. 
Thus, the spectral variations observed near the 400 nm end are very likely due to dif-
ferences in the method used to compensate for the internal stray-light. Moreover, at 
the higher wavelengths of the spectrographs small errors can arise when blue targets 
are measured due to the insufficient rejection of the SpecIm filter that blocks the sec-
ond order visible spectrum. However, for a better understating of these differences, 
further work is needed, which goes beyond the scope of the present contribution. 
 

 

Fig. 3. Reflectance spectra from coloured patches Green 14 and Yellow 16 from the X-Rite® 
ColorChecker chart extracted from the hyper-spectral file-cube from IFAC-CNR and IP-UEF 
(data in millimetres correspond to the size of side of the squares of analysis) 

In general, the results obtained indicate that the colorimetric data acquired with 
the two hyper-spectral systems have to be carefully used, and they should be always 
reported together with the specification of the instrumentation and experimental setup 
used, mostly if it will be necessary to compare results from both systems and for the 
same objects. On the other hand, the differences obtained between the two colour 
reproduction processes can be relevant to provide information about the way the hu-
man observer would see colour in pictures imaged by each system. Considering that 
magenta, blue and red colours show the most significant differences, if colours such 
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as green, orange and yellow, which show small unnoticeable changes, are imaged 
with each system they should look like the same to the human eye. In this case, both 
hyper-spectral systems would be equally useful to image an artwork. 

Fig. 4. Reflectance spectra from coloured patch Magenta 17 from the X-Rite® ColorChecker 
chart extracted from the hyper-spectral file-cube from IFAC-CNR and IP-UEF (data in milli-
metres correspond to the size of side of the squares of analysis) 

4 Conclusions and Future Research 

This paper presents the preliminary results obtained from the comparison of data from 
an X-Rite® ColorChecker chart acquired with different hyper-spectral systems devel-
oped by two different groups that are participating in the COSCH WG1 Round Robin 
Test. Both systems showed very good spectral and spatial resolution, being able to 
acquire information from areas as small as 1 mm x 1 mm and obtain spectra of high 
quality. Moreover, the spectral results from the different systems were in agreement, 
with the exception of information at the lower and higher wavelengths that show 
some variations. Consequently, colorimetric values can be comparable for colours 
such as green and yellow, but are not so accurate for the magenta, bluish and reddish 
hues that present more significant differences with respect to the b* coordinate. In 
order to further understand these differences and which system, or if both, is repro-
ducing colour in a more accurate way, after the Round Robin Test is finished, the 
results obtained from the different participants will be all compared and further ana-
lysed. Future calculations should be performed as well, to provide numerical results 
for the comparison between the spectral shapes obtained with the two systems, to 
assess which range of wavelengths is the most comparable or different. Also, this 
approach to the use of an X-Rite® ColorChecker chart as a form of evaluating colour 
accuracy of hyper-spectral systems revealed that each coloured patch is not com-
pletely homogenous. In fact, data extracted from sub-areas in different places within 
the same patch showed small variations. This is an important aspect to take into con-
sideration whenever the ColorChecker chart is used to assess the accuracy of a sys-
tem’s colour reproduction process. 
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