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Abstract: The widespread adoption of photovoltaics (PV) in architecture as a source of renewable
energy is often limited due to poor visual acceptance. We propose the use of coloured frontglass
manufactured by digital ceramic printing to cover the PV cells, thus concealing the latter while
admitting sufficient light to produce electricity. The apparent colour of the PV laminate is a
combination of the transparent colour on glass and the colour of the PV cells, which is difficult
to predict. In this paper we compare 1400 unknown PV laminate colours with 320 known façade
colours from the NCS Exterior Set to find potential matches. We use an image-based approach
in which photographs are compared computationally by CIE ∆E colour difference. For a barely
discernible ∆E < 3.5, this yielded 20 unique matches between the candidate and target sample sets,
increasing to 74 matches for an obvious difference of ∆E ≤ 10. A subset of these computed matches
was then visually confirmed by untrained volunteer observers, with average deviations of ∆E ≈ 5
between computed and visual matches, and a similar tolerance for the visual matches based on
standard deviation. We conclude that our image-based computational approach enables a rapid and
comprehensive matching of large sets of printed glass colours, which would be impractical with
human subjects, yet delivers matches consistent with the latter’s observations.

Keywords: building integrated photovoltaics; colour perception; colour difference

1. Introduction

The demand for renewable energy is increasingly addressed through the use of photovoltaic
(PV) panels. One of the possible installation options for PV is building envelopes. PV installed on
building envelopes (building integrated photovoltaics, or BIPV) has increasingly attracted the attention
of architects, urban planners and engineers. Unfortunately, the installation of BIPV is not always
accepted due to compromised visual appeal of the building, particularly because dark PV panels
can significantly influence the original appearance of cultural and natural heritage [1]. Additionally,
PV can increase glare probability, thus hindering the application of BIPV.

In order to overcome this issue and promote the application of BIPV we propose to modify the
appearance of PV modules, such that they would not only generate electrical energy but also carry
visual appeal and blend in with their surroundings. Recent studies have demonstrated the use of
coloured PV for better visual integration [2,3].We developed a similar approach by colouring the
frontglass with which the PV is laminated [4]. Since PV generates a significant amount of its energy
in the infrared (IR) range [5], the front glass can be coated with paint as long as it is transparent to
IR. Our approach therefore benefits from the partial transparency in visible light. However, not all
printable colours are well suited since certain dyes are more likely to absorb IR radiation and thus
have to be chosen carefully.

In this paper, we focus on modifying the front glass using digital ceramic printing, which is
a standard procedure in the glass industry and thus cost effective [6]. However, printing glass for
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PV modules has particular requirements, as the printed glass must be translucent for the PV cells to
receive enough light to perform. The apparent colour of such a PV module is a combination of the
translucent colour of the front glass and the transmitted opaque colours of the PV cells, multiwires and
backsheet. Therefore when a front glass is printed in a desired translucent colour, the apparent colour
in combination with the PV will be considerably different and difficult to predict.

While the science behind the electrical parameters of the PV modules is well established
and documented [7], the perceived colour resulting from the blend of different layers is not.
Such knowledge is essential to effectively integrate coloured BIPV onto buildings and predict its
visual impact on the building. Architects and planners welcome this development in general but
are accustomed to specifying colours using prevailing colour nomenclature such as RAL or Natural
Colour System (NCS). Therefore in this article we propose a tool that matches desired NCS colours [8]
to apparent colours of printed front glass combined with PV. Moreover, we present a metric and visual
evaluation of our approach.

2. Materials and Methods

The developed method relies on a best match approach, and is summarised in Figure 1. Given a
set of unknown candidate colours printed on glass merged with a PV module, and a set of known
target colours representative of building façades, we find a subset of closest matches. In the presence of
discrepancies between the candidate and target colours, it is unrealistic to expect a large number of
exact matches, and this is reflected in our methodology.

In the first phase of our method, we employ an objective approach that relies on a quantifiable
metric. This entails an image-based matching of colour-corrected photographs (captures) of the
candidate and target colours. Since multiple colours are captured simultaneously per image,
the rationale of this approach lies in the higher throughput over a more laborious comparison involving
individual colorimetry. We then find the closest matches computationally using the CIE ∆E colour
difference metric.

The CIE (International Commission on Illumination) revised its colour difference metric over the
years since its original formulation in 1976. Originally, ∆E1976 was simply defined as the Euclidean
distance of two colours in the L*a*b* colour space. The more recent ∆E1994 formulation takes perceptual
non-uniformities into account, since the human eye is not equally sensitive to all colours. It does this
by transforming the colours into an L*C*h* space to compensate for differences in luminance, chroma,
and hue along with associated application-specific weights kL, kC, and kh. The latest formulation,
∆E2000, adds compensation for neutral colours and problematic blue hues [9]. CIE has obsoleted use of
the earlier formulations, and unless noted otherwise, we use ∆E2000 with weights kL = kC = kh = 1 in
this paper.

Once we have obtained the set of computed matches, we verify these results in a second phase
of our method with a subjective approach that relies on visual matching. At this point we draw on
volunteer observers to match a subset of the candidate and target colours by eye under controlled
conditions independently of the computed matches.

In the final phase, we evaluate the correlation between the computed and visual matches,
taking into account their respective tolerances. We consider the accuracy of our methodology to
be adequate for our application, taking into account deviations in the image capture on the one hand,
and the ability of casual observers to differentiate colours on the other.
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Figure 1. Overview of our coloured PV matching methodology. Using an image-based approach, we
computationally match a subset of the 1400 unknown candidate colours on printed glass combined
with PV to a subset of the 320 known target NCS exterior colours based on the pairwise ∆E colour
difference. We then verify the set of computed matches Mc with a set of visual matches Mv using
volunteer observers, and evaluate them statistically.

2.1. Material Selection

The set of 70 × 10 × 2 = 1400 unknown candidate colours printed on glass were selected in
combination with a PV module. We refer to these as candidates as any of them may be selected for a
match without explicit knowledge of their actual appearance combined with PV. These 1400 samples
are comprised as follows:

• 70 colours from the Fabraum Stadt set [10] representing ca. 96% of exterior façades in the city of
Zürich, with each colour contributing at least 0.2%. These colours are expressed in NCS notation and
comprise the only survey of façade colours to be undertaken in Switzerland at the time of publication.

• 10 print densities/opacities, corresponding to 10–100% ink coverage in 10% increments.
• 2 ink volumes, consisting of 10 and 20 picolitres (pl), applied in multiple printing passes.

The 70 candidate colours and their corresponding red-green-blue (RGB) print settings are listed
in Table A1. The resulting colours may deviate depending on the printer calibration and glass
manufacturing process, and can thus only be approximated. Since this uncertainty is compounded by
blending the colours with PV, we simply treat them as unknowns. This is justified by our methodology,
which aims to match any arbitrary colour based only on its appearance with PV. Once a particular
colour is matched, it can be reproduced with the same printer calibration.



Buildings 2017, 7, 72 4 of 22

7 glass panels were laid out, each bearing 10 distinct colours (columns) in 10 print densities (rows)
each, which resulted in 100 colour samples per panel (see Figure 2). The print density per colour
ranged from 10% to 100% of the printer’s maximum coverage. Two sets of glass panels were printed
with ink volumes of 10 and 20 pl per drop, resulting in 14 panels.

(a) (b)

Figure 2. Sample printed glass panel with unknown candidate colours (a) and single-cell
monocrystalline PV module (b) used for our matching method. Each column on the printed glass bears
a unique colour, whose print density is varied per row in 10% increments. Two sets of glass panels
were printed with ink volumes of 10 and 20 pl. Note this depiction is not to scale; the PV module is ca.
1
4 the size of the glass panel (see Figure 3 for relative sizes).

(a) (b)

Figure 3. Image capture setup (a) for coloured glass samples. Uniform illumination is provided by
two symmetrically placed LED studio lights. Each glass panel bearing 10 candidate colours in 10 print
densities is mounted in a frame, allowing access to the back surface. The sample PV (b) is held against
the glass panel’s back surface in each of the four quadrants for a quartet of exposures.

Low-iron, high-clarity glass was used in the production of the printed glass samples. The samples
were manufactured by Glas Trösch AG, Bützberg, Switzerland by means of a digital ceramic ink
printing technique on a DipTech printer. The glass panels were of dimensions 60 × 44 cm2, with the
actual colour grid measuring ca. 30 × 30 cm2.

The desired colours were achieved by mixing different amounts of base colours corresponding
to those of the NCS system, i.e., black, white, yellow, green, blue and red. The printing pattern was
applied in a frequency modulated grid by quasi-randomly positioning equal-sized dots to avoid
undesirable Moiré effects.
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A single-cell monocrystalline PV module without glass cover having a rated efficiency of 18% was
selected to be paired with the printed glass panels (see Figure 2). Compared to the predominantly blue
polycrystalline modules also available on the PV market, the monocrystalline are dark grey and more
neutral in hue, which increases the likelihood of a colour match. Due to the small size of the available PV
sample (ca. 15× 15 cm), we acquired four images per glass panel, with the PV covering one quadrant per
exposure, corresponding to four subregions containing 5 × 5 sample colours (see Figure 3).

The set of 320 known target colours was selected from the NCS Exterior Set [11]. NCS recommends
these colours for exterior applications on account of their perception in outdoor environments subject to
daylight, typical urban surroundings, colour fastness, and conventions in contemporary and traditional
colour design. The colours are characterised by low to moderate saturation (chromaticness ≤ 40%),
predominantly yellow-red hues, few pure blues, and no pure greens. Neutral greys with blackness
up to 80% are included. Sample cards of the NCS exterior set were mounted on three panels in
10 × 10 groups, with the remaining 2 × 10 on a fourth panel (see Figure 4).

Figure 4. Colour calibrated image capture of 100 of the 320 NCS exterior set samples. The highlighted
regions (a subset of the colours in Table A3) were compared for deviations against colorimetric
readings to verify the accuracy of the image capture and colour calibration workflow in preparation for
computational matching.

We refer to these colours as targets since we consider them as given in our methodology,
and because their colorimetric reference values are known and thus quantifiable.

2.2. Computational Matching

Our computational matching involves four steps:

1. Photographic image capture of printed glass and NCS exterior set samples
2. Colour calibration of the captures
3. Average sample colour extraction from captures
4. Matching by pairwise colour difference ∆E of extracted sample colours.

These steps are detailed in the following sections.
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2.2.1. Image Capture Procedure

Photographs of the selected printed glass samples combined with PV, and of the NCS exterior
samples, were taken under identical and reproducible conditions. A quartet of exposures was taken
per printed glass panel, with the PV sample carefully placed by hand against the back surface so as
to cover each quadrant containing 5 × 5 sample colours. To this end, the glass panels were mounted
vertically in a frame to facilitate access to the front and back of the sample (see Figure 3).

We obtained RAW images from a Canon EOS 5D MkIV DSLR with 85 mm lens and fixed exposure
time and aperture. A pair of Aladdin Bi-Flex LED studio lights served as illuminants, with a measured
white point corresponding to a correlated colour temperature (CCT) of 6500 K. The illuminants were
positioned symmetrically at 45◦ to the sample, and their individual brightness was adjusted for even
illuminance in the corners according to a luxmeter. The acquisition setup was shielded from stray light
and reflections with a black surround.

2.2.2. Image Capture Colour Calibration

A Colourchecker Passport was captured under the same conditions as the samples to perform
colour calibration. An ICC (International Colour Consortium) profile was generated with the Argyll
Colour Management System [12] from the RAW images using custom colorimetric reference values in
the L*a*b* colour space. The latter were measured from the Colourchecker with a spectrophotometer
(Colorlite model sph860), since the actual values have been found to deviate up to a ∆E of 0.97 from
the manufacturer’s reference data [13]. These measurements were performed under a D65 illuminant
setting consistent with the 6500 K CCT of the studio lighting used in the capture.

The ICC profile was then applied to all RAW captures in RawTherapee [14]. In addition,
a fixed black point and exposure compensation was applied to match the minimum and maximum
luminances of the Colourchecker’s neutral patches. The calibrated images were then exported
to the sRGB colour space in TIFF format for the colour extraction and computational matching
described in Sections 2.2.4 and 2.2.5. Lens distortion was considered negligible for our application,
and not corrected.

2.2.3. Image Capture Verification

We verified the accuracy of the colour correction as a prerequisite to our computational matching,
since any errors in the captures will accumulate in the matching. This was done by comparing the
24 classic Colourchecker patches and a representative subset of the NCS exterior samples in the colour
corrected images with their colorimetric readings under a D65 illuminant (consistent with the images’
defined white point in sRGB).

The L*a*b* values for the corresponding pixels in the captured images were extracted and averaged
over each sample to cancel outliers using ImageJ’s colour transform plugin [15–17] and region of
interest (ROI) tool, and then compared to their colorimetric readings. We compared the colorimetric
and averaged pixel values in L*a*b* using an online ∆E calculator [18].

The deviations between the colour-corrected Colourchecker image and the colorimetric reference
values for the 24 classic patches are listed as ∆E in Table A2. Our average ∆E of 1.8 compares favourably
with error margins cited in the literature using the same calibration target [19,20], even when taking
into account that our spectrophotometer has a certified accuracy of ∆E < 1 with saturated colours.

In addition to the Colourchecker, we selected 51 colours from the NCS exterior set to verify
the image capture with low to moderately saturated samples. We grouped these colours according
to their chromaticness (saturation), blackness, and hue (see Table A3). Hues were selected for each
of the elementary NCS colours yellow, red, blue, and green (or within 10% in the absence of a pure
elementary), as well as intermediate colours with a 50% percent distribution. In addition three neutral
greys were included. Grouping the colours aids in identifying deviations which are potentially sensitive
to particular colour attributes. Figure 4 shows some of these colours selected for verification in ImageJ.
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The grouped deviations in Table A3 reveal no noticeable dependence on hue, but higher deviations
are apparent with lower chromaticness (saturation). This may be attributed to the fact that our ICC
profile is optimised for the Colourchecker’s saturated colours, whereas the NCS exterior set consists of
low to moderately saturated colours.

2.2.4. Colour Extraction from Image Captures

Having acquired colour-calibrated captures of all 1400 candidate printed glass colours and the
320 target colours of the NCS exterior set, we extract their pixel values in sRGB colour space. To this
end, we define regions of interest (ROIs) for each of the 10× 10 colours in a captured image and average
the pixels within them. This filters outlying pixels due to noise and the PV’s multiwires. Each ROI
covers ca. 50% of a sample colour’s area to avoid overlapping its neighbour due to positioning errors.
For the NCS exterior set samples, the ROI area was reduced to 30% to compensate for fluctuating size and
alignment, as these samples were individually cropped and mounted by hand, as exemplified in Figure 4.

We partly automated the extraction process through a MATLAB script which prompts the user to
mark the four corners of the sample grid in each image, and derives the positions of each ROI from
these. The script accounts for minor alignment issues due to rotation of the sample with individual
vertical and horizontal offsets for each ROI. The images are imported as three separate 2-dimensional
matrices for each RGB colour channel. For the candidate printed glass samples, the script iterates over
the quartet of image captures to extract the four 5 × 5 quadrant subregions covered by the sample PV.
The averaged RGB values are dumped to a text file for subsequent colour matching using a separate
tool. In addition, the script outputs a diagnostic image containing the ROIs and averaged colours to monitor
the extraction process if necessary. A quartet of these is shown in Figure 5 for one printed glass panel.

Figure 5. Averaged sample colours extracted from a printed glass panel. Averaging removes noise
and reduces the effect of the PV multiwires. Note the user-defined regions of interest superimposed on
each sample. These images are contrast enhanced for clarity.
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2.2.5. Matching by Colour Difference ∆E

The actual computational matching of candidate printed glass and target NCS exterior set colours
was performed by a Python script using the numpy and colormath modules [21,22]. Its operation is
summarised in a flowchart with pseudocode in Figure 6.

The script reads the averaged RGB sample values extracted by the MATLAB script from input
files and finds best matches by minimising the colour difference ∆E in the L*a*b* colourspace. This is
done by permuting candidate and target colour pairs; for each printed glass colour, we calculate
the ∆E to every NCS exterior set colour. This step is parallelised using Python’s multiprocessing.Pool
pseudothreads, significantly boosting performance; on our 16-core test system, the 1400× 320 = 448,000
colour differences were computed in under 17 s.

for each averaged sample s1 in input file glassNN:
    s1.lab ←L*a*b*(s1.rgb)
    append(glassSamples, s1)

for each averaged sample s2 in input file ncsextNN:
    s2.lab ← L*a*b*(s2.rgb)
    append(ncsextSamples, s2)

Read Sample colours, 
transform to L*a*b* 
accumulate in lists 
glassSamples and 
ncsextSamples

Build ΔΕ matrix

deltaΕ ← Matrix(len(glassSamples), len(ncsextSamples))

for each sample pair (s1, s2) in (glassSamples, ncsextSamples):
    deltaΕ [s1, s2] ← ΔΕ

2000
(s1.lab, s2.lab)

Threshold by τ and 
filter ΔΕ matrix 

boolMask1, boolMask2, matchIdx ←
    Matrix(len(glassSamples), len(ncsextSamples))

for each sample pair (s1, s2) in (glassSamples, ncsextSamples):
    boolMask1 [s1, s2] ←True if deltaE [s1, s2] < τ else False
    boolMask2 [s1, s2] ←True if deltaE [s1, s2] = min(deltaE [:, s2]) 

else False

matchIndices ← nonzero(boolMask1 * boolMask2)

for each index (x, y) in matchIndices:
    s1, s2 ← glassSamples [x], ncsextSamples [y]
    dE ← deltaE [s1, s2]
    append(bestMatches, (s1, s2, dE))

sort(bestMatches, sortKey = dE)

Build best match list 
bestMatches

for each match (s1, s2, dE) in bestMatches:
    XlsxWrite(outFile, (s1, s2, dE))Output best matches 

to XLS file

Figure 6. Flowchart of colour matching script based on ∆E. The major tasks (input, ∆E matrix
generation, matrix filtering, best match extraction, and result output) are elaborated in pseudocode.
Note that the matrix deltaE is indexed via the column and row corresponding to printed glass sample
s1 and NCS exterior sample s2, respectively. The slicing operation deltaE[:, s2] selects all columns for
the row corresponding to NCS exterior sample s2. Filtering is accomplished by logically conjuncting
the boolean matrices boolMask1 and boolMask2 through multiplication. The function nonzero() returns
the indices of all matrix entries which evaluate to True.
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The colour differences are accumulated in a 2-dimensional matrix, with the printed glass samples
corresponding to its columns, and the NCS exterior samples corresponding to the rows. Organising the
data in this way affords flexibility and caters for future extensions, since it enables symmetric lookups.
As such, we can efficiently retrieve all colour differences for a fixed printed glass sample (matrix
column) or for a fixed NCS exterior sample (matrix row).

Once all colour differences have been evaluated, the matrix is thresholded by selecting only those
entries below a user-specified colour difference threshold τ. These entries are then filtered for the
per-row minima, removing multiple matches to the same NCS exterior sample and thus yielding the
single best match. Removing duplicates is essential to eliminate redundant results, as their number
grows quadratically with τ. The filtered matrix entries are finally sorted according to ∆E and output
as an XLS table using the XlsxWriter Python module [23], which includes colour representations of the
matched samples.

2.3. Visual Matching

We followed up the computational matching with an experiment using volunteer human
observers to visually validate the results. The primary purpose of this experiment was to assess
the limits within which untrained observers (our target group) can visually match the printed glass
and NCS exterior colours; this dictates the tolerance for our application.

The experiment’s secondary purpose was to assess the deviations between the visual matches
(expressed as a weighted average) and the computed matches; these should not exceed the tolerance
of our application for a computational match to be considered reliable in predicting the perceived
combined colour of the printed glass and PV.

2.3.1. Volunteer Observers

The 33 participants for this experiment were selected from a pool of volunteers at Hochschule
Luzern from various disciplines, with the majority having a background in engineering. The average
age of the participants was 31 years (standard deviation σ = 10.9 years), with ages ranging from 15
to 56 years. The male/female ratio of 0.74 was intentionally biased with the benefit that women are
better able to distinguish colour gradations, particularly in the middle of the visual spectrum [24].

2.3.2. Experimental Setup and Materials

Sixteen printed glass colours from the matches computed with a colour difference threshold of
τ = 3.5 were selected for the experiment. These were equally divided into two groups consisting of
8 red-brown and 8 green-blue hues. The corresponding printed glass panels (bearing up to 3 matched
colours each) were laid out on tables and illuminated under the same conditions as those during
the image capture; the same LED studio lights were again arranged for symmetric lighting and set
to a CCT of 6500 K, with an average illuminance of 240 lux on the printed glass surfaces. A black
surround was suspended over the tables to absorb ceiling reflections. See Figure 7 for an overview of
the experimental setup.

To minimise distraction and fatigue for the participants, each printed glass was covered with
a dark grey mask with cutouts revealing only those colours under consideration. The colours in
each group were individually labelled alphabetically A-H and I-P for easy identification by the
participants. Due to an insufficient quantity of available PV modules identical to those used in the
image captures, the printed glass colours were placed over dark grey carton to approximate their
appearance when combined with such PV modules. The visual difference to the actual PV module
used for the computational matching was negligible.
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(a)

(b) (c)

Figure 7. Setup for our visual matching experiment to verify the computed matches (a). The lighting
conditions were identical to those for the image capture shown in Figure 3. Volunteer observers were
asked to match each of 16 printed glass colours to one or two NCS exterior set colour cards. The colours
were equally divided into red-brown (b) and green-blue (c) hues. The appearance of PV modules
behind the glass panels was approximated with grey cardboard.

Participants were given two sets of cards from the NCS exterior set, consisting of 44 red-brown
and 40 green-blue colours. These included the 16 computed matches, and another 72 selected according
to visual similarity. Participants were oblivious to which colours were computationally matched, as
this would have very likely led to biased results. The cards were arbitrarily numbered and labeled
for easy identification, and bundled with string so that spontaneous matches could be separated and
juxtaposed with the printed glass for more thorough examination. With the possible exception of four
architects and a designer, the participants were not familiar with the NCS notation printed on the
back of the colour cards, nor was it explained to them to prevent biasing their judgement in favour of
notation rather than appearance.

2.3.3. Experimental Procedure

Once prepared, participants were asked to associate each printed glass colour (by letter) with
the visually closest colour card (by number), but were allowed to select two if in doubt, stressing the
fact that there is no “right” answer. The participants were cautioned to avoid reflections in the glass
and the semi-glossy cards, and maintain a roughly 45◦ viewing angle whenever possible. Unlike the
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software which yielded the computed matches, participants were not required to match the printed
glass colours to unique colour cards, nor could this be realistically expected. As such, an NCS exterior
set card could be visually matched to multiple printed glass colours.

Each participant was given 45 min for the entire experiment, with 20 min allotted to each group of
colours. The experiment was intermitted by a mandatory 5 min break between colour groups to avoid
potential adaptation effects and symptoms of fatigue. Two participants could perform the experiment
in parallel, switching colours halfway.

3. Results and Discussion

3.1. Computational Matching

Initial results from our computational matching tool were first obtained with a large colour
difference threshold τ to assess the distribution of matched colours as a function of ∆E within a large
set. This selection was then narrowed down to a subset comprised of the best matches which would be
indistinguishable (and therefore tolerable) by untrained observers.

3.1.1. Exhaustive Matches (τ = 10)

Table 1 lists the computationally matched printed glass and NCS exterior set samples as
determined by our colour matching script for a colour difference threshold of τ = 10. This is an
exhaustive table to visually demonstrate the divergence of computed matches as quantified by ∆E.

Note that without filtering the ∆E matrix for duplicate matches, this table would have contained over
9600 redundant matches instead of 74 unique ones, with some NCS exterior colours duplicated over
400 times.

The samples in the table are identified by their panel IDs (glass08–21, ncsext29–32 for the printed
glass and NCS exterior set samples, respectively) and by their coordinates (x, y) within the panel.
For the printed glass samples, the column x corresponds to a distinct colour, while the row y
corresponds to its print density in percent divided by 10. The glass panels glass08–14 and glass15–21
are printed with ink volumes of 10 and 20 pl, respectively.

According to experimental data, a colour difference of ∆E1976 > 3.5 is just noticeable by a casual
observer, while a ∆E1976 > 5 would be perceived as two different colours [25]. Since these tolerances
were determined for the obsolete CIE 1976 colour difference standard, and ∆E2000 is generally lower
than ∆E1976 for the same pairs of colours, we expect a ∆E2000 above 5 to be obvious to any observer.

While it may not be evident from the colour representations in the table depending on the medium
(particularly in print), there are noticeable deviations in the lower rows of the table, notably for ∆E > 7.
This range is dominated by the more saturated samples from the NCS exterior set, which are (poorly)
matched to more muted printed glass samples. This is expected, since ∆E2000 takes differences in
perceived saturation into account, unlike earlier formulations of colour difference.

Table 1 is graphically summarised as histogram in Figure A1. This plots the distribution of ∆E
as a function of print density and ink volume. While the graphs for both print densities vaguely
resemble a normal distribution of deviations, the dataset is too small to be conclusive. As such there is
no discernible correlation between ∆E, print density, and ink volume. With both ink volumes, most
matches were found for moderate print densities, namely 50–60% with 10 pl, and 60–70% with 20 pl.
As a tentative indicator of PV efficiency, we note that eight close matches with a ∆E ≤ 4 were found
for print densities below 50%. However, this needs to be confirmed with electrical measurements in
future work.
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Table 1. Computed matches for a colour difference threshold of τ = 10 as output by our matching
script. The actual printed glass colours for the top 20 matches (∆E < 3.5) are shown in Table 2.

Glass Sample NCSext Sample
DeltaE

ID L *a *b Colour Colour ID L *a *b
glass15(01,06) 41.80 3.53 17.26 ncsext31(04,08) 41.84 3.79 17.78 0.37
glass09(01,09) 27.83 5.49 9.34 ncsext32(02,02) 26.99 5.73 9.49 0.69
glass12(10,03) 34.46 18.23 23.53 ncsext32(02,10) 34.59 17.26 23.96 0.85
glass10(08,06) 41.66 -8.27 15.02 ncsext31(06,03) 42.24 -9.14 14.86 0.98
glass11(10,04) 35.26 -9.66 2.50 ncsext31(07,04) 35.39 -8.53 2.01 1.09
glass19(04,09) 37.97 11.08 29.66 ncsext31(06,01) 37.31 10.31 27.46 1.13
glass15(09,04) 30.06 10.18 15.47 ncsext31(05,05) 30.05 11.61 17.18 1.29
glass18(07,04) 24.65 -7.03 -2.31 ncsext32(01,03) 25.05 -8.41 -2.69 1.39
glass20(02,06) 27.76 14.35 13.77 ncsext31(07,09) 26.58 14.93 12.55 1.44
glass19(02,10) 36.86 -14.43 4.38 ncsext31(08,09) 37.66 -15.77 5.98 1.53
glass08(01,06) 37.97 1.29 11.18 ncsext31(04,07) 37.75 2.49 10.03 1.89
glass14(10,03) 42.21 6.98 20.82 ncsext31(04,03) 42.10 8.34 19.16 1.92
glass15(05,10) 32.44 9.89 20.12 ncsext31(04,04) 31.53 8.15 20.97 2.00
glass16(05,07) 26.51 -9.42 -11.31 ncsext31(05,03) 25.84 -10.99 -9.55 2.12
glass18(02,10) 34.72 -3.75 6.34 ncsext31(06,02) 36.85 -5.22 7.52 2.50
glass13(02,03) 22.44 8.10 6.91 ncsext32(02,03) 21.84 9.71 4.34 2.88
glass19(07,03) 40.53 4.23 23.72 ncsext31(05,06) 38.44 4.18 28.43 2.88
glass15(03,10) 31.75 4.87 16.15 ncsext31(05,07) 31.19 3.87 20.65 3.09
glass16(04,10) 30.27 -12.54 -6.54 ncsext32(01,06) 29.31 -15.11 -3.90 3.16
glass12(01,06) 46.56 -15.88 6.66 ncsext29(06,09) 49.14 -13.67 4.07 3.39
glass15(01,03) 34.42 2.75 12.20 ncsext31(08,06) 36.86 4.20 9.60 3.53
glass16(02,04) 20.82 -0.11 -5.80 ncsext32(02,05) 21.11 -0.03 -10.71 3.58
glass17(01,03) 33.46 16.66 19.72 ncsext32(01,08) 33.99 19.60 16.21 3.77
glass14(10,05) 44.09 12.17 26.08 ncsext30(08,08) 46.11 12.73 20.55 3.86
glass17(08,02) 33.02 -5.86 11.02 ncsext31(07,08) 30.09 -8.67 14.62 3.88
glass09(05,05) 27.80 -5.32 -6.50 ncsext31(04,10) 32.71 -4.87 -5.33 3.94
glass17(08,03) 39.47 -8.52 14.92 ncsext31(07,02) 37.03 -11.67 20.26 3.98
glass18(08,07) 25.94 -1.43 0.77 ncsext32(01,10) 28.61 0.80 -0.69 4.02
glass10(01,05) 35.14 14.17 17.60 ncsext31(10,10) 39.29 11.19 14.15 4.34
glass17(05,06) 34.26 -13.11 2.24 ncsext32(01,01) 30.96 -15.86 6.72 4.44
glass12(01,02) 34.01 -9.56 1.94 ncsext32(01,02) 36.28 -8.45 -2.99 4.67
glass12(01,04) 41.35 -12.87 4.54 ncsext31(06,04) 43.14 -8.30 1.58 4.67
glass16(04,09) 30.47 -12.23 -6.66 ncsext31(05,02) 31.79 -16.12 -13.26 4.76
glass08(09,07) 31.27 7.84 12.98 ncsext32(02,08) 36.47 7.09 9.70 4.77
glass10(01,05) 35.14 14.17 17.60 ncsext31(07,07) 38.81 14.82 12.59 4.83
glass20(02,04) 26.76 12.27 11.49 ncsext32(02,06) 27.33 15.64 7.04 4.87
glass16(01,05) 28.22 7.30 9.59 ncsext31(10,09) 33.18 7.90 5.46 5.23
glass15(01,06) 41.80 3.53 17.26 ncsext31(04,06) 45.86 2.37 11.12 5.37
glass14(10,05) 44.09 12.17 26.08 ncsext30(04,04) 49.47 10.86 22.43 5.53
glass15(01,06) 41.80 3.53 17.26 ncsext31(08,07) 45.25 4.47 10.54 5.75
glass12(01,06) 46.56 -15.88 6.66 ncsext30(06,07) 49.27 -14.86 -0.39 5.80
glass19(02,05) 34.84 -12.30 1.90 ncsext31(07,06) 38.65 -14.43 -4.02 5.81
glass17(05,10) 36.70 -16.54 4.31 ncsext32(01,09) 33.17 -24.25 9.39 5.89
glass17(08,06) 47.77 -11.64 21.99 ncsext29(02,10) 51.49 -8.26 13.68 6.05
glass10(08,06) 41.66 -8.27 15.02 ncsext31(07,01) 45.13 -5.16 7.72 6.08
glass16(04,10) 30.27 -12.54 -6.54 ncsext31(07,05) 30.56 -21.19 -4.52 6.38
glass16(04,09) 30.47 -12.23 -6.66 ncsext31(05,01) 37.75 -10.54 -9.06 6.44
glass16(02,03) 18.14 0.58 -5.24 ncsext32(02,04) 20.47 4.28 -11.95 6.49
glass17(09,09) 54.85 3.22 49.26 ncsext29(04,04) 56.23 8.85 36.76 6.76
glass16(02,06) 24.01 -1.75 -6.46 ncsext31(06,08) 31.89 0.49 -9.43 7.03
glass11(10,06) 38.60 -11.04 3.71 ncsext31(07,03) 43.13 -8.00 -2.82 7.24
glass13(01,05) 41.74 22.84 31.03 ncsext30(07,09) 48.00 22.43 23.27 7.27
glass20(02,07) 27.98 15.32 14.87 ncsext32(01,07) 31.93 22.59 10.45 7.32
glass18(02,06) 32.14 -3.83 2.72 ncsext31(04,02) 35.91 0.38 -1.33 7.35
glass10(01,03) 31.40 11.25 13.53 ncsext32(02,07) 34.90 10.08 4.08 7.49
glass13(01,04) 41.34 18.83 28.11 ncsext29(08,08) 45.00 17.76 16.31 7.58
glass10(01,03) 31.40 11.25 13.53 ncsext31(07,10) 35.07 15.42 6.63 7.63
glass12(01,07) 47.86 -17.83 7.98 ncsext29(02,07) 53.73 -12.16 11.06 7.71
glass13(02,05) 26.19 10.06 9.13 ncsext31(05,04) 31.30 12.76 1.42 7.83
glass17(06,07) 50.04 0.67 32.59 ncsext30(04,05) 53.13 2.91 18.19 7.89
glass15(01,05) 40.22 3.49 15.69 ncsext31(04,05) 44.34 6.52 8.55 7.91
glass17(10,06) 44.78 11.75 31.28 ncsext29(09,10) 52.51 13.21 28.62 7.94
glass16(02,04) 20.82 -0.11 -5.80 ncsext31(06,10) 20.85 0.90 -18.07 8.00
glass10(10,06) 44.66 5.69 23.20 ncsext30(04,03) 51.77 7.60 17.97 8.09
glass13(01,05) 41.74 22.84 31.03 ncsext29(02,06) 42.54 24.30 17.72 8.43
glass10(01,06) 35.40 15.76 19.20 ncsext29(09,05) 37.75 24.27 12.88 8.59
glass18(02,08) 34.03 -3.56 4.77 ncsext31(05,10) 38.19 0.93 -1.26 8.68
glass14(10,05) 44.09 12.17 26.08 ncsext30(08,07) 50.93 9.66 15.39 8.80
glass14(10,05) 44.09 12.17 26.08 ncsext30(09,10) 51.51 15.76 19.54 9.27
glass09(05,10) 23.07 -6.16 -12.53 ncsext31(06,09) 26.13 1.33 -23.48 9.46
glass20(02,07) 27.98 15.32 14.87 ncsext29(07,06) 34.36 25.73 10.82 9.46
glass19(01,06) 50.17 -23.17 12.25 ncsext30(06,05) 58.56 -15.48 6.35 9.62
glass17(09,08) 55.37 1.70 46.10 ncsext29(05,10) 62.55 9.53 36.64 9.69
glass20(02,03) 24.56 11.10 10.06 ncsext32(01,05) 22.31 21.26 2.82 9.96
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Table 2. 20 computed matches for a colour difference tolerance τ = 3.5, along with the printer settings
for the glass samples and the corresponding NCS exterior set codes. These matches correspond to the
upper 20 rows of Table 1, but the printed glass samples are shown here as the actual printed colours
without PV.

Glass Sample Print Settings Matched NCS Ext. Sample

ID R G B ID NCS Code

glass15(01,06) 233 211 181 60 20 ncsext31(04,08) S 6020-Y10R 0.37
glass09(01,09) 253 233 224 90 10 ncsext32(02,02) S 8010-Y50R 0.69
glass12(10,03) 233 101 65 30 10 ncsext32(02,10) S 6030-Y50R 0.85
glass10(08,06) 242 238 179 60 10 ncsext31(06,03) S 6020-G50Y 0.98
glass11(10,04) 219 237 189 40 10 ncsext31(07,04) S 7010-G10Y 1.09
glass19(04,09) 223 187 131 90 20 ncsext31(06,01) S 6030-Y30R 1.13
glass15(09,04) 231 197 173 40 20 ncsext31(05,05) S 7020-Y50R 1.29
glass18(07,04) 230 241 231 40 20 ncsext32(01,03) S 8010-B70G 1.39
glass20(02,06) 243 205 215 60 20 ncsext31(07,09) S 7020-Y70R 1.44
glass19(02,10) 223 240 223 100 20 ncsext31(08,09) S 6020-G10Y 1.53
glass08(01,06) 233 211 181 60 10 ncsext31(04,07) S 7010-Y10R 1.89
glass14(10,03) 209 142 51 30 10 ncsext31(04,03) S 6020-Y30R 1.92
glass15(05,10) 236 208 185 100 20 ncsext31(04,04) S 7020-Y30R 2.00
glass16(05,07) 125 188 240 70 20 ncsext31(05,03) S 7020-B30G 2.12
glass18(02,10) 227 224 213 100 20 ncsext31(06,02) S 7010-G50Y 2.50
glass13(02,03) 243 205 215 30 10 ncsext32(02,03) S 8010-Y90R 2.88
glass19(07,03) 234 190 103 30 20 ncsext31(05,06) S 6030-Y10R 2.88
glass15(03,10) 253 239 222 100 20 ncsext31(05,07) S 7020-Y10R 3.09
glass16(04,10) 201 234 239 100 20 ncsext32(01,06) S 7020-B70G 3.16
glass12(01,06) 200 252 175 60 10 ncsext29(06,09) S 5020-G10Y 3.39

ΔE2000Density 
[%]

Volume 
[pL]

Printed 
Colour

3.1.2. Best Matches (τ = 3.5)

Based on the published colour difference tolerances [25], we refined our exhaustive matches by
reducing the colour difference threshold to τ = 3.5, since such a ∆E would just be noticeable to an
untrained observer, and thus consistent with our application’s intent. This narrowed Table 1 down to
just the top 20 best matches for further analysis.

The relatively low number of matches for a tight colour difference tolerance arises from a
suboptimal correspondence of candidate and target colours; the selections of colours for both sample
sets were driven by different motivations. Similarly, our choice of colours was not motivated by the
objective of maximising exact matches, but rather finding any number of closest matches from the set of
available colours. Unsurprisingly, given the selection of colours that comprise the NCS exterior set,
the matches are predominantly of earthen hues: red-yellow, with some muted shades of green-blue.

Table 2 lists these best matches translated to the print settings for the glass samples (RGB colour,
print density, and ink volume), and the matched NCS exterior set colour code. The table also includes a
representation of the actually printed colour without the PV module. Note that the glass manufacturer
converted these colours to the printer’s native subtractive CMYK colourspace, which may deviate
depending on the printer’s calibration. Hence the RGB print settings are not predictive of the combined
appearance with PV and cannot be factored into the computational matching.

The colour differences are equidistributed with regard to ink volume. The print density averages
56.5%, while the minimum is 30% in four instances. As expected, the table reveals an inverse
relationship between the saturation of the printed glass sample and the blackness attribute of the
matched NCS exterior sample; the less saturated the glass sample, the higher the influence of the PV
sample on the resultant blended colour, which translates to a higher NCS blackness attribute. It is also
apparent that the most saturated printed glass samples tend to match when printed with a low density.

3.2. Visual Matching

The results of the visual matching experiment were compiled from evaluation sheets each
participant used to record the matched glass samples and NCS exterior set colour cards. Five visual
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matches from different participants were discarded as their labels were not in the participants’ assigned
colour group, presumably because the numbers were noted in error. Three of these participants
specified a valid alternate match.

In general, participants found the experiment more demanding than it initially appeared to them,
primarily due the subtleties of the colours under consideration. They experienced particular difficulty
matching the dark, subdued colours included in the NCS exterior set. In only six cases (four red-brown,
two green-blue) did the majority of observers agree with the computed matches. The dominant
visual matches did, however, in almost all cases agree with the computed match in terms of NCS hue.
This indicates the colour correction during the image acquisition for the computed matches was of
sufficient accuracy for our application.

3.2.1. Statistical Evaluation

Tables A4 and A5 summarise the statistical analysis of our visual matching experiment for the
red-brown and green-blue colour groups, respectively. For each printed glass sample, a visual average
colour µv was approximated from the set of visually matched colour cards Mv weighted by their frequency:

µv (Mv) = ∑
mi∈Mv

wi · L*a*b* (mi) , (1)

where mi ∈ Mv is a visually matched NCS exterior set colour from the set of visual matches Mv

for a printed glass sample, and wi is its normalised weight based on how often it was selected as a
match. Note that the L*a*b* colour space is particularly suitable for interpolation as it is defined to be
perceptually uniform. The L*a*b* values for each mi were obtained from colorimetric readings from the
actual matched NCS exterior set colour cards used in the experiment. This accounts for tolerances in
printing the cards, as well as deterioration after being handled during the experiment.

A modified weighted population standard deviation σv was then computed based on each
matched NCS exterior colour’s colour difference ∆E to µv:

σv (Mv) =

√
∑

mi∈Mv

wi ·∆E2 (mi, µv (Mv)), (2)

The standard deviation σv defines the tolerance of our visual matches, under the assumption
that the participants were—with possible exception of those few familiar with NCS—inexperienced
with the task at hand. The computed tolerance varies from 4 to 6, which agrees with the typical ∆E
threshold of 5 published in the literature for an obvious difference in colour as perceived by casual
observers [25].

3.2.2. Visual vs. Computed Matches

Tables A4 and A5 also highlight the computated matches from our image based method in red;
for each printed glass sample, the tables include the computationally matched NCS exterior set sample
(cf. Table 2), the number of times it was visually matched, and its colour difference ∆E to the visual
average µv. Ideally, the latter deviations should in all cases be within the tolerance defined by σv.
These deviations average to a ∆E of 5.12 for all 16 printed glass samples, which again correlates with
the published tolerance for an obvious perceived colour difference.

These results are summarised graphically as scatter plots in Figure 8. The points represent the
positions of the weighted visual averages µv in L*a*b* space, with their colour proportional to the colour
difference ∆E to the corresponding image-based matches mi. Green points indicate good agreement
between visual and image-based matches, while red ones are indicative of large deviations (∆E > 10).
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Figure 8. Visual matching results for red-brown samples A–H (a) and green-blue samples I–P (b).
Each point represents the position of the weighted visual averages in L*a*b* space, with its colour
indicating the colour difference ∆E to the corresponding computed matches. The visual averages are
also projected onto the (L*, b*) plane for clarity.

The graphs indicate that deviations are generally larger for visual averages with lower luminance
(L* < 40) and low saturation (|a*|, |b*| < 10). This correlates with the difficulties that observers had in
distinguishing these particular colours, but is also indicative of a fundamentally poor correspondence
between these individual printed glass samples and the NCS exterior set.

4. Conclusions and Future Work

We have presented a method to match the appearance of coloured PV frontglass to a set of given
exterior colours with the aim of integrating the former into building façades as BIPV. Our computational
image-based approach compares a large number of unknown candidate printed glass samples and
known target colours using the CIE ∆E colour difference metric. The disparities inherent in the
candidate and target sample sets constrain the number of expected matches; consequently, we aim to
find any number of closest matches, rather than a maximum of exact matches.

We have demonstrated our method with 1400 candidates and 320 targets from the Farbraum Stadt
and NCS Exterior Set collections, respectively. This resulted in 20 computed matches with a colour
difference ∆E < 3.5. This relatively low number of matches is primarily due to the mentioned discrepancies
between the printed glass and NCS exterior sample sets, rather than a limitation of our methodology.



Buildings 2017, 7, 72 16 of 22

We visually verified the computed matches with human volunteers in an experiment,
which revealed an observer tolerance of ∆E ≈ 5, and similar average deviations to the computed
matches. This agrees with the published limits for an obvious colour difference for casual observers,
who are the target group of our application. In four cases, the computed and visual matches deviated
significantly by a ∆E > 7, which indicate that our image capture process requires optimisation, e.g.,
by using an IT8.7 colour calibration target, and more accurate lighting.

In general, the results of our computational and visual matching indicate that observers have a
significant tolerance for matched BIPV colours, and that this leeway may be leveraged towards lower
printing densities and PV losses. Our results reveal that reasonable matches can be found for printed
glass samples of low to moderate print densities (30–60% for 12 out of the top 20 matches) for ink
volumes of 10 and 20 pl.

These results suggest acceptable losses when combined with PV, which we plan to confirm by
electrical efficiency measurements in future work. This would need to be quantified in terms of
the PV’s spectral response to the printed colour, as well the type of PV used (monocrystalline or
polycrystalline). The latter would also require further investigation in terms of matched colours, since the
PV type noticeably impacts the perceived colour when combined with printed glass, particularly at low
print densities.

The results documented here should be considered exemplary of the predominantly muted target
colours that comprise the NCS exterior set. Consequently, the matches generally fall into red-brown or
green-blue hues of low to moderate saturation. A more comprehensive application to a wider gamut of
colours is planned, along with a fully automated extraction of averaged pixel colours from captured images.
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Appendix A. Candidate Printed Glass Colours

Table A1 lists the 70 colours selected for the printed glass samples. 67 of these colours are
taken from the Farbraum Stadt set [10] and represent ca. 96% of exterior façades in the city of Zürich,
Switzerland. Their published NCS codes were converted to RGB for printing.

An additional 3 colours were included to round the total to 70 to fully utilise the space on the
glass panels. These colours are derived from three colours selected from Farbraum Stadt, with 20%
increased RGB intensities; their NCS equivalents are therefore approximate.

Table A1. Candidate colours selected for printing on glass, along with their corresponding RGB
print settings.

NCS R G B NCS R G B NCS R G B
S 0500-N 241 239 235 S 1010-Y20R 233 215 183 S 3030-G30Y 128 159 113
S 0502-B 232 237 239 S 1010-Y40R 234 210 183 S 3030-R 182 121 124
S 0502-G 233 237 234 S 1010-Y50R 236 208 185 S 3030-Y20R 187 148 94
S 0502-R 241 234 232 S 1020-G40Y 199 215 172 S 3040-Y20R 190 141 74
S 0502-Y 243 239 227 S 1040-R20B 233 151 175 S 3040-Y90R 182 100 94
S 0502-Y50R 243 237 229 S 1060-Y90R 231 105 102 S 3050-Y20R 189 133 55
S 0505-G80Y 240 238 220 S 1070-Y70R 233 101 65 s 3502-R 165 161 161
S 0505-Y50R 246 229 212 225 201 168 S 3502-Y 165 163 155
S 0510-G10Y 223 240 223 S 2000-N 201 200 197 S 4000-N 153 153 152
S 0520-G80Y 242 238 179 S 2002-Y 198 195 187 S 4010-Y50R 168 144 127
S 0520-R20B 243 205 215 S 2005-G20Y 188 197 189 S 4010-Y70R 164 138 128
S 0520-Y30R 253 216 170 S 2010-G20Y 177 193 176 S 4020-Y10R 162 137 98
S 0530-Y 253 229 151 S 2010-R80B 176 187 200 S 4030-R90B 83 121 152
S 0530-Y10R 255 222 148 S 2010-Y30R 212 192 165 S 4050-Y80R 143 58 45
S 0550-Y10R 255 213 100 213 165 149 S 4550-Y80R 130 45 35
S 0550-Y40R 255 169 100 S 2040-Y10R 213 173 95 S 5010-G90Y 136 129 107
S 0550-Y70R 255 152 118 205 142 51 S 5020-Y70R 147 102 88
S 0570-Y50R 253 131 55 S 2570-Y30R 197 114 0 S 5030-Y40R 142 94 58
S 1002-Y 222 220 210 S 3005-R80B 165 172 178 S 5502-Y 123 121 114
S 1005-R20B 223 213 215 S 3005-Y80R 183 169 163 S 6010-Y10R 119 104 83
S 1005-R80B 214 219 225 S 3010-B30G 147 170 173 S 6500-N 102 102 101
S 1005-Y 228 224 203 S 3010-G60Y 169 172 148 S 7010-Y70R 93 69 61
S 1005-Y50R 230 217 202 S 3010-Y 181 170 141
S 1010-B30G 196 219 221 S 3010-Y50R 189 164 146

S 1510-Y30R1

S 2020-Y70R1

S 2060-Y10R1

1 Additional colours for padding to total 70; NCS code approximate

Appendix B. Colorimetric vs. Photographic Comparison for Image Capture Verification

To assess the accuracy of the colour calibration we compared image captures of the Colourchecker
and NCS exterior set with colorimetric readings under D65 illuminant. Averaged pixel values were
extracted from the images in L*a*b* space, and their deviations to the colorimetric reference expressed
as CIE ∆E.

Deviations for the 24 classic patches of a Colourchecker Passport (issue 0616) and for a subset
of the NCS exterior set are collated in Tables A2 and A3, respectively. The 51 colours selected for
verification from the NCS exterior set are grouped according to chromaticness, blackness, and hue,
with similarly grouped average deviations.
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Table A2. Colour differences ∆E between colour-calibrated image of Colourchecker patches and their
colorimetric values to verify the image capture and colour calibration workflow.

 Colorimetric (D65) Image Capture

Index Name L *a *b L *a *b
1 Dark skin 39.0 10.4 12.5 39.7 11.3 13.0 0.8
2 Light skin 64.6 17.1 17.1 67.5 14.5 14.0 2.9
3 Blue sky 50.8 -0.8 -21.5 51.1 1.5 -22.5 2.1
4 Foliage 43.3 -14.7 21.5 44.4 -16.2 22.4 1.2
5 Blue flower 56.3 12.8 -24.7 55.4 15.0 -26.0 2.3
6 Bluish green 72.3 -31.0 -0.3 71.8 -31.7 0.2 0.8
7 Orange 63.5 33.8 53.4 63.7 29.9 51.9 1.9
8 Purplish blue 40.8 18.5 -46.0 42.1 24.2 -47.8 5.5
9 Moderate red 52.7 45.9 11.6 51.8 46.5 12.6 0.7

10 Purple 31.2 23.4 -24.5 32.7 24.0 -21.3 1.1
11 Yellow green 73.0 -28.3 56.9 73.7 -32.3 59.2 0.5
12 Orange Yellow 72.6 15.1 67.5 72.4 11.2 68.1 2.4
13 Blue 29.2 23.4 -48.9 29.9 29.4 -49.9 2.9
14 Green 56.0 -41.3 32.5 56.7 -43.8 34.2 1.0
15 Red 42.7 48.2 24.5 44.9 48.2 20.9 3.4
16 Yellow 83.3 -2.7 82.2 82.7 -7.4 83.1 1.9
17 Magenta 52.7 50.4 -18.1 53.1 52.4 -15.4 1.8
18 Cyan 51.7 -23.6 -26.5 52.1 -17.6 -27.5 1.2
19 White 97.0 -1.1 2.8 97.0 0.0 0.0 3.0
20 Neutral 8 81.4 -0.7 -0.2 82.8 -1.4 -0.3 1.3
21 Neutral 6.5 67.8 -1.1 -0.6 68.8 -0.9 -1.1 0.9
22 Neutral 5 50.6 -0.3 -0.2 52.2 -0.5 -0.1 1.6
23 Neutral 3.5 37.3 -0.3 -1.4 37.8 -0.4 -0.5 1.0
24 Black 19.9 0.2 -0.7 23.1 0.1 -0.8 2.2

Avg 1.8
Max 5.5

Colourchecker 
Patch ΔE

2000

Table A3. Colour differences ∆E between colour-calibrated images and colorimetric values of
51 representative colours from the NCS exterior set to verify the image capture and colour calibration
workflow. The colours are grouped according to chromaticness, blackness, and hue. See Figure 4 for a
sample capture containing some of these colours.

Hue

Chromaticness
0 (Neutral) 2-10 (Low) 20-30 (Moderate)

Y

4.8 2.9 3.6

6.4 4.1 3.5 2.0 1.7 0.4 3.0
Y/R 3.7 3.9 1.8 0.4 5.7 2.2 2.9
R 4.3 2.8 2.1 2.5 2.7 2.6 2.8

R/B 4.2 2.2 2.7 4.0 2.9 1.9 3.0
B 4.5 3.0 3.3 3.8 3.5 3.9 3.6

B/G 4.6 3.4 3.1 3.5 2.6 2.8 3.3
G 2.8 4.4 2.8 1.4 1.9 2.8 2.7

G/Y 3.2 3.1 2.3 1.2 1.9 0.9 2.1

4.2 3.4 2.7 2.3 2.9 2.2

3.7 3.4 2.5

Hue 
AvgBlackness 

5-15
Blackness 

20-40
Blackness 

50-70
Blackness 

10-15 
Blackness 

20-40
Blackness 

50-60
Blackness 

20-30
Blackness 

40-50
Blackness 

60-70

Blackn. 
Avg

Chrom. 
Avg
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Appendix C. Computed Match Histograms
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Figure A1. Histograms of computationally matched printed glass samples in Table 1 with ink volumes
of 10 (top) and 20 (bottom) pl. Each histogram is itemised for print densities of 20–100% (no matches
were found for 10%), and for ∆E per print density.
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Appendix D. Visual Matches

Table A4. Results from our visual matching experiment for the red-brown colour group. A visual
average colour µv was obtained from the matched NCS exterior set samples, weighted by their
frequency. The weighted population standard deviation σv was then derived based on each samples’
colour difference ∆E to µv. The computationally matched NCS exterior set samples are highlighted in red.

Visual Matches

Freq Weight NCS Code L* a* b*

A

380 21 0.48 7020 Y50R 28.79 12.54 19.97

32.09 14.71 20.26

2.91

4.82

326 8 0.18 6030 Y50R 36.16 16.30 26.24 4.50
406 7 0.16 6030 Y70R 32.96 18.41 18.04 4.06
333 3 0.07 7020 Y70R 26.25 15.83 16.23 4.51
350 2 0.05 6020 Y70R 39.72 14.05 15.40 12.89
335 1 0.02 5030 Y60R 46.77 15.94 18.37 6.86
351 1 0.02 6020 Y50R 41.14 11.10 19.18 7.57
395 1 0.02 5040 Y70R 41.18 21.90 18.94 8.36

B

353 28 0.64 6020-Y10R 43.53 3.94 21.65

45.05 4.01 22.18

1.45

5.31

355 9 0.20 5020-Y10R 52.02 2.79 21.67 6.98
341 3 0.07 6030-Y10R 39.62 5.41 32.07 6.37
327 1 0.02 7010-Y10R 38.99 2.11 13.25 7.62
399 1 0.02 7020-Y10R 30.31 4.54 23.04 12.56
335 1 0.02 5030-Y60R 46.77 15.94 18.37 13.44
397 1 0.02 4020-Y10R 60.18 2.35 24.01 15.06

C

332 31 0.89 6030-Y30R 38.98 9.29 28.86

40.60 9.67 29.03

1.49

4.62
348 2 0.06 4040-Y30R 53.84 14.08 33.51 13.40
393 1 0.03 5030-Y30R 48.20 10.77 25.65 7.50
392 1 0.03 4030-Y30R 56.91 11.64 28.84 16.25

D

327 25 0.64 7010-Y10R 38.99 2.11 13.25

41.18 2.29 13.51

1.95

4.57
354 7 0.18 6010-Y10R 47.13 1.89 14.47 5.61
379 5 0.13 7010-Y30R 37.99 4.30 13.13 3.81
398 2 0.05 5010-Y10R 55.75 0.98 14.44 14.58

E

403 28 0.68 7010-Y90R 32.30 9.63 7.01

32.98 9.27 7.70

0.84

3.92
381 8 0.20 7010-Y70R 31.19 8.37 10.26 2.66
404 3 0.07 6010-Y90R 44.70 8.95 6.25 10.19
375 1 0.02 8010-Y90R 18.88 9.90 7.06 10.44
377 1 0.02 6010-Y50R 45.34 6.54 11.48 11.54

F

333 16 0.41 7020-Y70R 26.25 15.83 16.23

29.23 13.41 13.30

3.24

4.73

381 12 0.31 7010-Y70R 31.19 8.37 10.26 4.81
388 4 0.10 7020-Y90R 23.31 16.39 11.17 4.55
350 2 0.05 6020-Y70R 39.72 14.05 15.40 8.64
406 2 0.05 6030-Y70R 32.96 18.41 18.04 4.55
402 2 0.05 6020-Y90R 37.35 14.57 8.64 7.57
403 1 0.03 7010-Y90R 32.30 9.63 7.01 6.08

G

339 21 0.50 6020-Y30R 42.51 6.69 20.61

41.72 6.22 19.77

0.81

4.61

379 7 0.17 7010-Y30R 37.99 4.30 13.13 5.20
353 6 0.14 6020-Y10R 43.53 3.94 21.65 3.49
390 3 0.07 5020-Y30R 50.64 7.58 20.99 8.61
378 2 0.05 7020-Y30R 30.46 8.95 22.47 10.06
351 1 0.02 6020-Y50R 41.14 11.10 19.18 3.45
393 1 0.02 5030-Y30R 48.20 10.77 25.65 8.67
399 1 0.02 7020-Y10R 30.31 4.54 23.04 10.24

H

382 16 0.33 7010-Y50R 36.85 7.23 12.53

33.23 7.14 11.81

3.01

4.71
381 16 0.33 7010-Y70R 31.19 8.37 10.26 2.44
329 8 0.17 8010-Y50R 23.49 6.77 12.59 7.42
379 6 0.13 7010-Y30R 37.99 4.30 13.13 5.21
377 2 0.04 6010-Y50R 45.34 6.54 11.48 10.56

Glass 
Label Card 

Label
μV (L*) μV (a*) μV (b*) ΔE (μV) σV (ΔE)
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Table A5. Results from our visual matching experiment for the green-blue colour group. See Table A4
for an explanation of the data.

Visual Matches

Freq Weight NCS Code L* a* b*

I

373 13 0.33 6010 G10Y 44.40 -9.32 3.68

43.87 -10.13 6.90

2.67

6.53

328 11 0.28 7010 G10Y 36.49 -9.82 4.00 6.94
346 8 0.20 5020 G30Y 51.95 -12.30 12.51 8.48
336 2 0.05 7010 G50Y 37.54 -5.98 9.95 7.72
374 1 0.03 6010 G50Y 46.74 -5.80 10.23 5.97
334 1 0.03 6020 G10Y 39.65 -18.31 9.25 6.06
337 1 0.03 5020 G10Y 49.91 -14.74 6.77 6.45
331 1 0.03 6020 G50Y 43.58 -9.30 17.29 8.32
365 1 0.03 5010 G10Y 53.33 -9.24 4.60 9.53
370 1 0.03 5020 G50Y 52.15 -8.11 16.10 10.79

J

328 22 0.56 7010-G10Y 36.05 -10.00 4.18

40.42 -11.60 5.13

4.09

5.81
337 7 0.18 5020-G10Y 49.84 -14.78 6.81 9.25
373 5 0.13 6010-G10Y 44.44 -9.33 3.83 4.34
334 4 0.10 6020-G10Y 39.69 -18.29 9.16 4.73
365 1 0.03 5010-G10Y 53.45 -9.25 4.61 12.89

K

336 20 0.48 7010-G50Y 37.54 -5.98 9.95

42.79 -6.89 12.00

4.85

5.73

374 8 0.19 6010-G50Y 46.74 -5.80 10.23 4.00
331 7 0.17 6020-G50Y 43.58 -9.30 17.29 3.72
370 5 0.12 5020-G50Y 52.15 -8.11 16.10 9.47
346 1 0.02 5020-G30Y 51.95 -12.30 12.51 9.46
371 1 0.02 5010-G50Y 54.79 -5.42 8.94 12.17

L

362 18 0.40 7010-B30G 33.15 -6.37 -3.55

34.12 -8.17 -1.60

2.68

4.84

384 16 0.36 7010-B70G 32.56 -9.70 -0.86 2.13
328 3 0.07 7010-G10Y 36.49 -9.82 4.00 5.24
394 2 0.04 6010-B30G 45.60 -6.38 -4.29 10.58
386 2 0.04 6010-B70G 44.42 -9.17 -1.52 9.01
330 1 0.02 7020-B30G 25.52 -11.63 -7.74 8.42
373 1 0.02 6010-G10Y 44.44 -9.33 3.83 10.05
336 1 0.02 7010-G50Y 37.54 -5.98 9.95 10.20
338 1 0.02 8010-B70G 20.66 -10.36 -0.83 10.36

M
336 28 0.72 7010-G50Y 37.54 -5.98 9.95

40.34 -5.92 10.00
2.43

4.29374 10 0.26 6010-G50Y 46.74 -5.80 10.23 5.93
371 1 0.03 5010-G50Y 54.79 -5.42 8.94 14.23

N

328 20 0.45 7010-G10Y 36.49 -9.82 4.00

40.33 -9.95 3.88

3.31

5.47

373 14 0.32 6010-G10Y 44.40 -9.32 3.68 3.75
384 4 0.09 7010-B70G 32.56 -9.70 -0.86 7.54
337 2 0.05 5020-G10Y 49.91 -14.74 6.77 9.94
344 1 0.02 5020-B90G 50.02 -15.32 1.96 10.21
365 1 0.02 5010-G10Y 53.33 -9.24 4.60 12.69
346 1 0.02 5020-G30Y 51.95 -12.30 12.51 12.88
336 1 0.02 7010-G50Y 37.54 -5.98 9.95 6.90

O

383 19 0.48 6020-B30G 38.85 -12.18 -8.56

32.90 -12.39 -8.37

4.95

5.18
330 14 0.35 7020-B30G 25.52 -11.63 -7.74 5.70
361 5 0.13 6030-B30G 30.82 -17.74 -11.37 3.85
362 2 0.05 7010-B30G 33.15 -6.37 -3.55 6.25

P

384 24 0.59 7010-B70G 32.56 -9.70 -0.86

35.57 -11.30 -1.42

2.82

5.16

385 9 0.22 6020-B70G 39.50 -16.74 -2.46 5.43
386 3 0.07 6010-B70G 44.42 -9.17 -1.52 8.03
362 2 0.05 7010-B30G 33.15 -6.37 -3.55 5.14
340 1 0.02 7020-B70G 26.08 -17.70 -1.38 9.05
394 1 0.02 6010-B30G 45.60 -6.38 -4.29 10.27
344 1 0.02 5020-B90G 50.02 -15.32 1.96 14.16

Glass 
Label Card 

Label
μV (L*) μV (a*) μV (b*) ΔE (μV) σV (ΔE)
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