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Digital cameras are increasingly utilised to capture visual changes in chemical processes. Monitoring
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colour with computer vision tools serves as a valuable proxy for monitoring bulk chemical changes.

Most consumer-grade cameras digitise the colours captured using the 8-bit sRGB colour space.
Despite its ubiquity, it restricts the range of colour information that can be stored. With regards
to chemical analysis and process monitoring, the limitations of using the 8-bit sSRGB gamut have

not been addressed. When real-world vivid colours one attempts to record lie outside the bounds of

8-bit sSRGB, the digitisation of those colours can result in distortion, clipping, or loss of chemically

relevant colour data. Ultimately, these sSRGB gamut limitations risk the chemist misinterpreting the
data they collect from a camera. In this paper, we examined the visible spectrum of a series of
common dyes, and determined their colours spectroscopically, without the limitation of 8-bit sSRGB
encoding. We investigated how 8-bit SRGB encoding affects the interpretation of time-series data
from theoretical colour changes in five dyes. Highly saturated chemical samples exceeded the 8-bit
sRGB colour gamut, causing colour distortions and structural breaks in reaction-monitoring time

series data, risking misinterpretation as kinetic phenomena of genuine chemical origin. Our findings

underscore the importance of paying close attention to colour representation in digital chemistry. We
offer practical guidance for researchers using and interpreting colour data for use in computer vision

method development.

1 Introduction

In chemical research, visual changes are increasingly quantified
by computer vision methods. T3 By-eye, these visual changes can
serve as intuitive and qualitative indicators of process successful,
failure, and progress. By using cameras to complement our eyes
as part of modern digital chemistry and lab automation work-
flows, quantitative insights can be derived from the richness of
visual information that can otherwise remain underutilized. 4
Visual changes indicate shifts in chemical and physical states,
making them informative across many applications: pH changes,
chromic material responses, peptide synthesis, catalysis, mixing
analysis, forensic spot test, turbidity profiling, and assay-based
screening. 1918 The rise of camera-based technologies has made
digital imaging a practical substitute for spectrophotometers and
other analytical tools, especially in point-of-need or cost-effective
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chemical analysis.2Z2*20 If not a replacement, camera-enabled an-
alytics can serve as a bulk-level complement to more molecularly
specific analyses.

Most digital cameras capture and store images in 8-bit SRGB
format, a colour space originally proposed in 1996 by Microsoft
and HP for consistency across CRT monitors and the Internet.22
In 1999, sRGB became an official standard of the International
Electrotechnical Commission as the default colour space for en-
coding and communicating RGB colours.23 Figure shows a rep-
resentation of the 8-bit SRGB colour space as a cube of 16,777,216
colours. While suitable for consumer electronics, 8-bit SRGB was
not designed for scientific purposes.

Journal Name, [year], [vol.], 1 |1


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dd00065g

Open Access Article. Published on 29 June 2026. Downloaded on 6/30/2026 1:33:43 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Digital Discovery

250
200
150 B
100

150
200 G

150
200
R 250 250

Fig. 1 The 8-bit sSRGB colour space, consisting of 256 discrete levels
in each of the three colour channels; Red, Green, and Blue. This 8-bit
representation results in 16,777,216 (28 x 28 x 28) possible colour combi-
nations. It is the default format for digital colour representation across
most consumer imaging and display devices.

The 8-bit sSRGB space represents only a subset of colours
defined by the Commission Internationale de l’éclairage (CIE)
1931 colour systern. Chemicals that manifest highly saturated
colours, such as dyes or transition metals, can lie outside the 8-
bit SRGB gamut. Figure |2| shows the full CIE xy gamut, which
captures all possible chromaticities. The region is bounded by
the spectral locus curve, which corresponds to the *pure’ colour
of the visible wavelengths. The ends of the curve are joined by
a line (the ’line of purples’) capturing the colours resulting from
combining the wavelengths at the extremes (red and blue/violet).
The subset of chromaticities covered by 8-bit SRGB corresponds to
a triangle formed between the primary red, green, and blue that
define it. The triangle itself is a 2D cross section of a 3D volume
of colours not visible on the 2D projection of the gamut. When
capturing a colour outside 8-bit SRGB subset, the camera device
"clips’ the colour values to either 0 or 255, bringing them within
the gamut, leading to information loss and distortion impacting
scientific analysis, and potentially leading to chemical misinter-
pretation of the data.
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Fig. 2 CIE 1931 xy chromaticity diagram showing the complete colour
gamut (horseshoe-shaped outline) encompassing all perceptible colours
captured by typical human vision. The inner triangle represents the cross-
sectional area of the 3D subset of colours that can be encoded using the
8-bit SRGB colour space, illustrating its limited coverage of the complete
colour gamut.

The gamut limitations of 8-bit SRGB risk pronounced impact
on chemical imaging and computer vision workflows. For ex-
ample, two distinct chemical species or concentrations may thus
(wrongly) map to the same 8-bit SRGB coordinates. In this work,
we systematically investigate the impact of the 8-bit SRGB gamut
constraints on camera-enabled process monitoring. We assess
how colour information is distorted or lost during 8-bit sSRGB en-
coding and explore the consequences for chemical interpretation
of these data. Spectral data such as reflectance, transmittance,
or emission can be converted to device-independent tristimulus
CIE XYZ colour values. These spectral-derived CIE XYZ colour
values can then be converted to 8-bit SRGB-encoded colours, pro-
viding a means to investigate and diagnose the impact of gamut
clipping. Importantly, it must be stressed that gamut clipping rep-
resents a fundamental information loss rather than a correctable
bias. Even perfectly calibrated cameras cannot recover colour in-
formation that lies outside the encoding gamut, distinguishing
this limitation from more commonly discussed colour correction
challenges.2%

2 Methodology

2.1 Materials and dye preparation

Five common dyes were selected for this study: Blue 1, Red 40,
Yellow 5, Yellow 6, and Crystal Violet (CV). Stock solutions (10
mM) of each dye were prepared. From these stock solutions, 16
samples were prepared by serial dilution into 3 mL, 10 mm path-
length cuvettes for spectral acquisition. The samples spanned six
orders of magnitude, with concentration steps of 5, 3, and 1, re-
sulting in samples ranging from 10 mM to 0.0001 mM, as shown
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Fig. 3 Pictures of dye solutions and dye structures of Blue 1, Red 40,
Yellow 5, Yellow 6, and Crystal Violet (CV). Dye solutions prepared over
a range of concentrations, Left to right: 10 mM to 0.0001 mM in incre-
ments of 5, 3, and 1.

2.2 Spectral data acquisition

UV-vis transmission spectra were acquired for all 16 concen-
trations of each dye using a spectrophotometer (PerkinElmer
LAMBDA 1050+ UV/Vis/NIR Spectrophotometer). Each spec-
trum was recorded from 360 to 830 nm.

2.3 Spectra to colour (CIE XYZ) conversions

Each transmission spectrum was then converted to CIE tristim-
ulus values (X, Y, Z) using the CIE 1931 2° standard observer
functions and the D65 illuminant. Conversions involve summing
the product of the discrete wavelengths of the transmission data
(T (1)) with the standard illuminant spectra (S(A)) and standard
observer functions (%¥(1),7(1),z(1)). The 2° standard observer
functions and D65 functions standard illuminant data were ob-
tained from the CIE database at 1 nm resolution between 360
and 830 nm.26"28 see Equation|[1]

2.4 Colour space conversions
The resulting tristimulus values were converted into the CIE xyY,
8-bit sSRGB, and CIE L*a*b* colour spaces.23/22

In the following equations, we distinguish carefully between
linear colour values and their non-linearly encoded (display-
ready) counterparts. Lowercase symbols denote linear colour
channel values, while uppercase symbols denote the correspond-
ing non-linearly encoded values after SRGB companding (defined
below).
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Specifically, v represents a generic linear intensity value in the
range [0, 1], prior to perceptual encoding. In the context of RGB
colour channels, r, g, and b denote the linear red, green, and blue
channel intensities obtained directly from the CIE XYZ to linear
sRGB matrix transformation. These linear values are proportional
to physical light intensity and are not yet suitable for direct 8-bit
representation.

Uppercase R, G, and B represent the corresponding sRGB-
encoded channel values after application of the sSRGB compand-
ing function (IEC 61966-2-1), which introduces a controlled non-
linearity to better match human visual perception of brightness.
These encoded values are subsequently scaled to 8-bit integers in
the range [0,255] for analysis.

This distinction allows the equations below to explicitly sep-
arate physically linear colour information from perceptually en-
coded colour values, avoiding ambiguity when transitioning be-
tween colour spaces and bit depths.

* Equation[2} CIE XYZ to CIE xyY, chromaticity coordinates to
plot on an xy chromaticity diagram.

X Y

xX=——— y=——— Y=Y 2
X+Y+2Z X+Y+2Z

* Equations [3 to [5} CIE XYZ values were converted to stan-
dard 8-bit SRGB using the conventional colour-management
pipeline: a matrix transformation from CIE XYZ to linear
sRGB, followed by sRGB companding (the non-linear inten-
sity mapping defined in the IEC 61966-2-1 standard that
matches human brightness perception), and final scaling to
8-bit integer values.

r 3.2405 —1.5371 —0.4985]| |X
gl =|—0.9693 1.8760 0.041556| |Y 3)
b 0.0556 —0.2040 1.0572 | |z
verg,b
VER,G,B
~[12.92v if v < 0.0031308 @
1.055v73 —0.055 otherwise
0 ifV*255<0
8-bit scaling { 255 if V * 255 > 255 (5)

|V * 255] otherwise

¢ Equation |§|: To track overall colour change with a single,
intuitive metric, we then calculated the RGB sum response
(defined as the maximum possible sum R + G + B, 765,
minus the measured R, G, and B values), providing a com-
posite measure that captures changes across all three colour
channels simultaneously.

RGB Sum Response =765 — (R+ G+ B) (6)

* Equations[7]and [8} Inverse 8-bit SRGB to CIE XYZ to investi-
gate the 8-bit SRGB gamut clipping.
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VER,G,B
vergb
| 2 if V < 0.04045 2
' {(wfgs‘gsj )24 otherwise
X 0.4124564 0.3575761 0.1804375| |r
Y| =10.2126729 0.7151522 0.072175 | |g (8
V4 0.0193339  0.119192  0.9503041| |b»

* Equations [9] and Converting XYZ colour values to CIE
L*a*b* colour space values, enabling calculation AE;4 for
measurement of colour difference between two colours:

L*=116f(¥)—16

=

a* =500(f(¥£) - F(£))
b* =200(f(3) — F(£))
where t 15%7%50r2£” )
N ifr>5°
f(t) = {341 4 29’
lost + 2 otherwise

X, =95.0489, Y, = 100, Z, = 108.884 for D65

A6 = /(L3 L2 + (@3 —a)2+ (b3 b)) (10)

3 Results and discussion

3.1 Understanding and quantifying gamut clipping
Following the workflow outlined above, transmission spectra
were first converted into CIE XYZ tristimulus values for all dye
samples. These XYZ values represent a device-independent de-
scription of colour derived directly from the measured spectra.
From the CIE XYZ values, several commonly used colour repre-
sentations were then calculated, including CIE xyY chromaticity
coordinates, CIE L*a*b* values, and 8-bit SRGB values. Full trans-
mission spectra and spectra-to-colour conversions are provided in
the supporting information.

To explicitly assess the impact of representing spectrally de-
rived colours within the limited gamut of 8-bit SRGB, we then
performed the reverse calculation: the 8-bit SRGB values were
back-converted to CIE xyY chromaticity coordinates. This allowed
direct comparison between:

(i) the original CIE xyY values obtained directly from the trans-
mission spectra, and

(ii) the CIE xyY values reconstructed after conversion into, and
back out of, the sRGB colour space.

Any divergence between these two sets of chromaticity coor-
dinates arises from gamut clipping and quantisation effects in-
troduced during the sRGB encoding step, rather than from the
underlying spectral data itself. In this way, the magnitude and
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direction of colour distortion introduced by 8-bit SRGB encoding
can be quantitatively assessed. The full conversion workflow and
the resulting comparisons are shown in Fig.
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Fig. 4 Comparison of CIE xyY chromaticity coordinates derived from
spectral measurements versus sRGB for Blue 1 (A), Red 40 (B), Yellow
5 (C), Yellow 6 (D), and Crystal Violet (E). Markers connected by lines
represent sRGB-derived chromaticity coordinates at each concentration,
while black stars indicate spectral chromaticity coordinates that fall out-
side the valid sSRGB gamut [0, 255]. The grey dashed triangle delineates
the sRGB colour gamut boundary. And red arrows connect out-of-gamut
spectral coordinates to their corresponding clipped sRGB values.

Following the outermost points (those corresponding to the
highest dye concentrations), the chromaticity coordinates move
toward the region where all dyes converge at lower concentra-
tions, namely the D65 white point (x =0.3127, y = 0.3290). Across
all dyes investigated, the data cross from outside to inside the 8-
bit sRGB gamut; accordingly, gamut clipping occurs for many of
the higher dye concentrations. This clipping is evident from data
points lying on the boundary of the 8-bit sSRGB triangle versus
the corresponding back-calculated stars (from spectral measure-
ments) that fall outside the 8-bit SRGB gamut (Fig. [4). The same
back-calculation procedure can also be applied to spectral locus
data to visualise how colours outside the 8-bit SRGB gamut are
mapped onto the surface of the 8-bit SRGB space, as shown in the
supporting information.
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3.2 Tracking the impact of gamut clipping through colour
difference measurements

Converting the CIE XYZ values to CIE L*a*b*, AE;4 values can be

calculated to quantify the colour differences due to gamut clip-

ping. Fig. [5|summarises the values relevant to gamut clipping.

Blue 1 Red 40
25 A 20 4 B
201
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© 15 2
4 <10
104
51 51
0- 0
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Concentration (mM) Concentration (mM)
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Fig. 5 Colour difference analysis comparing colours captured by the
spectra and 8-bit sSRGB. The AE74 values quantify the difference between
spectra and 8-bit sSRGB values due to gamut clipping for each dye, Blue 1
(A), Red 40 (B), Yellow 5 (C), Yellow 6 (D), and Crystal Violet (E). (F)
A representation of the CIE L*a*b* colour space with AE;4 exemplified.

Industry conventionally considers a AE7¢ value of 5 (and of-
ten lower) to represent the upper limit of acceptable colour mis-
match in quality control.3% In this context, AE7q provides a use-
ful benchmark for assessing the perceptual significance of colour
differences introduced by gamut clipping. All dyes investigated
exhibited at least five samples with AE7¢ values exceeding 5,
and all reached maximum values above AE;4 = 20. These large
values arise for highly saturated colours lying outside the 8-bit
sRGB gamut, where substantial differences are observed between
colours derived directly from transmission spectra and those rep-
resented in sSRGB.

For Yellow 5 and Yellow 6, AE;¢ values approach 50, corre-
sponding to a visually extreme difference — comparable, for ex-
ample, to the difference between a mid-grey (125, 125, 125) and
white (255, 255, 255). By contrast, Blue 1 and CV show relatively
low initial AE7¢ values (0.19 and 1.94, respectively), as their most
concentrated solutions approach complete light absorption and
therefore appear effectively black, minimising perceptual differ-
ences between spectral and sRGB representations. At concentra-
tions below 0.01 mM, all dyes exhibit AE7¢ values below 0.01, in-
dicating close agreement between spectral and 8-bit SRGB colour
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representations when the colours lie within the SRGB gamut. No-
tably, Red 40 and Yellow 6 display elevated AE;¢ values following
the apparent transition back into the 8-bit SRGB gamut, highlight-
ing residual distortions associated with prior gamut clipping.

To understand the elevated AE7¢ values, the 3rd dimension of
the CIE xy chromaticity diagram needs to be considered. The CIE
xy chromaticity diagram is a 2D projection of 3D data, CIE xyY.
The increase in AE74 indicates that those colours lie outside the
8-bit SRGB gamut in the 3rd dimension, Y, the luminance (bright-
ness). The 8-bit sRGB gamut in the CIE xyY colour space has
a complex shape; the triangular projection, as seen from the xy
plane of CIE xyY, has Y values across most of its range. Y values
of the xy data all eventually converge at the white point, specifi-
cally the D65 white point (0.3127, 0.3290, 1) in CIE xyY or (255,
255, 255) in 8-bit SRGB. xY, and yY projections of the 8-bit SRGB
gamut in CIE xyY are in the SI as well as interactive 3D plots. The
contour plot in Fig. [f] shows the topology of the top surface of the
8-bit sSRGB Gamut in CIE xyY.
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Fig. 6 CIE xy chromaticity plot, showing the 8-bit sSRGB gamut with grayscale contours corresponding to the maximum Y value for given xy coordinates.
The paths and appropriately coloured points show the 5 dyes series as captured in 8-bit sSRGB and how they change in brightness.

Gamut clipping is a result of the conditionals associated with
Eqn. Any acquired RGB data containing 0 or 255 values is
at the limits of the 8-bit SRGB colour space, and such values are
likely the result of gamut clipping. As the 8-bit sRGB data pre-
sented has been derived from transmission spectra via CIE XYZ
colour values, the clipping conditionals of Eqn. [5|can be skipped
to determine the hypothetical sRGB values required to represent
the true colour beyond the 256 possible values for each chan-
nel. Fig. [7/| summarises these data, showing that gamut clipping
affected all five compounds, with violations occurring in both di-
rections beyond the 0 to 255 8-bit SRGB range. Negative clipping
(R, G, or B values that are negative are set to zero), in particular,
is prominent for all compounds, with negative values in at least
one of the R, G, or B channels. Negative values indicate that the
true colour is a 'purer’ colour than encoded, with complete ab-
sorption of some visible wavelengths. Positive clipping was less
extreme but still significant. Red 40, Yellow 5, and Yellow 6 all
exceeded 255 by up to 22 units in the R channel. Values above
255 correspond to a colour brighter or more luminous than 8-bit
sRGB can encode.

6| Journal Name, [year], [vol.], 1
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Fig. 7 Unclipped sRGB values for Blue 1 (A), Red 40 (B), Yellow 5 (C),
Yellow 6 (D), and Crystal Violet (E). Each panel shows unclipped red
(circles), green (squares), and blue (triangles) channels as a function of
concentration. Filled markers indicate values within the valid 8-bit SRGB
range [0, 255] (in-gamut), while open markers indicate values outside
this range (out-of-gamut) that would be subject to clipping. Horizontal
dashed lines mark the 0 and 255 boundaries of the sRGB colour space.
Vertical dotted lines indicate the highest concentration at which all three
RGB channels are simultaneously in-gamut, with the concentration value
shown in the label (mM). Highlighting the significant information loss
that occurs due to gamut clipping.

3.3 The impact of 8-bit SRGB gamut clipping on process

monitoring, theoretical 1st order decay trends
Previously, we reported a discontinuity in the RGB-derived met-
ric, RGB sum response, during an investigation of the pseudo-
first-order decay of Blue 1 using sodium percarbonate, as part
of colour calibration strategies for video data between smart-
phones.2?) This serendipitous discovery of discontinuity in the
camera-recorded colour profile was a result of gamut clipping, re-
sulting in ’shouldering’ in the kinetic profile and thus two distinct
trends.

With samples spanning several orders of concentration mag-
nitude, and assuming a first-order decay of the dyes, theoretical
colour time-series data can be generated. This approach enables
the investigation of how the sRGB gamut limitations may man-
ifest in colour-based reaction monitoring. Because the data are
derived from spectra, it is isolated from critical external factors,
such as device-dependent processing or lighting which each influ-
ence camera data. Given the variety of ways to transform colour
data, various colour metrics have been used for process monitor-
ing in chemistry, from single colour channels to derived metrics.
This work focused on two derived metrics, the RGB sum response
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(Equation |§|) and AE7¢ (Equation[10). Time points for the decay
were determined based on the solution concentrations and an as-
sumed first-order rate constant of 1 s~!. Theoretical first-order
decay trends are shown in Figure [8] and Figure [9] for RGB sum
response, and AE7¢, respectively.
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Fig. 8 RGB sum response (765-(R+G+B)) time series data for theoreti-
cal first-order decay (assumed rate constant k=1 s~!) for Blue 1 (A), Red
40 (B), Yellow 5 (C), Yellow 6 (D), and Crystal Violet (E). Each panel
shows RGB sum response (765 — R — G — B) calculated from spectra-
derived sRGB data. Half-filled markers indicate gamut transitions for
individual RGB channels, with the fill direction encoding transition type:
right-filled markers denote channel entry into the valid sSRGB gamut [0,
255], while left-filled markers indicate channel exit from the valid range.
Transitions correspond to key points in the time series data.

Visual detection of gamut clipping using RGB Sum Response

Two distinct trends are clear in RGB sum response plots: first, a
gradual decrease followed by a ’shoulder-like’ trend break when
transitioning from outside to inside the 8-bit SRGB gamut, after
which there is a more rapid decrease over time. Without the con-
text, such profiles could be misinterpreted as having two distinct
phases, but in reality (as determined through pure spectroscopic
means), it is only one. Blue 1 and CV exhibit early shouldering
transitions; the solutions are close to total absorption and appear
almost completely black at these transitions. The unclipped val-
ues in these instances are very close to the valid range and have
minimal impact on the trends. But in each case, a channel leaves
and then enters, causing a trend break (i.e. shouldering).

Any gamut transitions caused by clipping values above 255
have minimal impact on the trends. However, clipping of neg-
ative values all correspond to trend breaks in the RGB sum re-
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Fig. 9 AE;¢ time series data for theoretical first-order decay (assumed rate
constant k=1 s7!) for Blue 1 (A), Red 40 (B), Yellow 5 (C), Yellow 6 (D),
and Crystal Violet (E). Each panel shows AE7¢ calculated from spectra-
derived sRGB data. Half-filled markers indicate gamut transitions for
individual RGB channels, with the fill direction encoding transition type:
right-filled markers denote channel entry into the valid sSRGB gamut [0,
255], while left-filled markers indicate channel exit from the valid range.
Transitions correspond to key points in the time series data.

Visual detection of gamut clipping using AE

In the AE7¢ plots, again, the gamut transitions again appear as
artefacts in the profiles. Transitions that previously corresponded
to trend breaks now correspond to inflection points in Red 40,
Yellow 5, and Yellow 6. The CV and Blue 1 AE;4 profiles are
unique. For Blue 1, the key transition is followed by a level break
in the time-series data. And by the AE;¢ metric, Blue 1 would ap-
pear to plateau much earlier than the others. For CV, the gamut
transition is followed by a decrease in the data. AE;¢ is a com-
parative metric; it needs a reference point, the decrease indicates
that the colour is moving closer to the reference. For these data,
the reference is the colour of the 10 mM sample for each dye.
The reference can therefore influence the trajectory of time-series
data. Even if concentration is always decreasing, the trajectory of
the colour values doesn’t necessarily make that clear, especially
for solutions that start very dark, like CV. They follow a more
parabolic path in the colour space from the dark starting point,
passing through a more vivid colour(s), then to white/clear.

A first-order rate constant of k = 1 s~! was chosen for con-
venience. These data could have been generated with any rate
constant, and the trends would remain unchanged. The relative
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temporal spacing between data points is unchanged because the
concentration ratios remain the same and the time axis scales lin-
early with 1/k. Gamut-clipping artefacts depend solely on the se-
quence of concentrations traversed during decay, not on the rate
at which they are traversed. Thus, the observed discontinuities
occur at the same concentration transitions regardless of the rate
constant. The findings, therefore, apply to camera-based moni-
toring across all reaction timescales. The exact concentration at
which gamut clipping occurs will vary depending on the capture
environment and equipment.

3.4 A practical example of gamut clipping in camera data

Crystal violet hydroxylation, mediated by an excess of aqueous
sodium hydroxide, was monitored in a Duran bottle using a com-
mercial camcorder. Full experimental and setup details are in-
cluded in the supporting information. The video recording was
then analysed using Kineticolor, a computer vision software de-
veloped bin our team for process monitoring.*L' We thus extracted
the 8-bit sSRGB values from a selected region in the Duran bottle
for each second of the video, providing average 8-bit sRGB val-
ues. These values were then converted to several other colour
spaces, including reporting AE7¢ values, using the data in the
first video frame as the reference against which to measure sub-
sequent colour differences. The RGB sum response was calcu-
lated for each time point from the average 8-bit SRGB values us-
ing Equation[f] RGB Sum response and AE7¢ time series plots are
shown in Fig.

At a starting concentration of 0.05 mM (and a pathlength
greater than 10 mm), CV is outside the 8-bit SRGB gamut, as
captured in the video. Gamut clipping of the green channel is ev-
ident from the 0 values, indicating true values were negative and
unpresentable in sSRGB space. A clear trend break occurs when
the green channel enters the gamut between 80 and 81 s as in-
dicated by the green dashed line. The trends follow the previous
discussion of the theoretical first-order trends in Fig. [8| and Fig.
[0 for RGB sum response and AE7s, respectively. RGB sum re-
sponse shows two distinct trends before and after the transition,
and AE7¢ corresponds to the turning point of the AE;¢ data. This
practical example illustrates that the gamut clipping issues iden-
tified in our concentration-series analyses (Fig. [8]and Fig. [9) are
not merely theoretical concerns but manifest as systematic errors
in real experimental workflows.

3.5 Broader implications

The limitations of 8-bit sSRGB extend beyond distorted kinetics
to affect multiple aspects of digital chemistry workflows. As
camera-based chemical analysis becomes increasingly integrated
into automated workflows, high-throughput screening, machine-
learning pipelines, and process analytical tools, understanding
these constraints is critical to ensuring data quality, reproducibil-
ity, and reliable decision-making. Models trained on 8-bit sSRGB
data will inherit the non-linearities and discontinuities introduced
by gamut clipping. Unique samples may map to identical 8-bit
sRGB values, making them indistinguishable to classification or
regression algorithms. The discontinuities introduced by gamut
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Fig. 10 A practical example of gamut clipping in camera-based monitor-
ing of Crystal Violet degradation using excess sodium hydroxide, show-
ing (A) RGB Sum Response (765-(R+G+B)) and (B) AE76. The green
dashed line and half-filled square between 80 and 81 s mark where the
green channel enters the valid 8-bit sSRGB gamut [0, 255].

clipping violate the assumption of a continuous relationship un-
derlying many calibration models. In systems with multiple chro-
mophores, gamut clipping can affect each species differently,
potentially distorting their relative contributions to the overall
colour.

Additionally, we have used a single pathlength to study the ef-
fect of gamut clipping, where computer vision is being applied in
chemistry; the typical pathlength when observing through com-
mon glassware is greater than that of a 10 mm cuvette. Saggiomo
et al. have reported a variable pathlength cell; such a device could
be useful for exploring the impact of pathlength on gamut clip-
ping.32

3.6 Practical guidance for researchers
3.6.1 Detecting gamut clipping

Before beginning an experiment, perform a simple visual inspec-
tion: compare the sample as seen directly with its appearance
on the camera’s digital display. First, calibrate the capture equip-
ment using a reference within the gamut, such as colour calibra-
tion charts, to ensure faithful reproduction of the reference on
the capture device’s display. If the sample appears more vivid,
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saturated, or brighter in person than on screen, gamut clipping
may be occurring and should be verified numerically via channel
histograms. When processing images/videos, researchers should
check for RGB values at the extremes (0 or 255) as an indicator
that samples are too ‘colourful’ for 8-bit SRGB. A recommended
workflow is shown in Fig.

START
¥

Proceed with NO
standard [~
analysis

Highly saturated
colours
observed?

YES | Check RGB
histograms

Proceed NO
with €
caution

Saturation detected?
(look for 0 or 255)

Mitigation Options
1. Acquire data in RAW or >8-bit

GAMUT
CLIPPING!

2. Avoid 8-bit sSRGB-only export

ves | Likely
chemical |
origin

3. Adjust illumination Apparent kinetic
features

persist?

Y

4. Use devi

colour rep

Encoding artefact
from gamut

x clipping

Fig. 11 Practical workflow for diagnosing and mitigating colour gamut
clipping in camera-based chemical analysis. Saturated colours can lead to
channel saturation in 8-bit SRGB encoding, introducing artificial features
into time-series data that may be misinterpreted as chemical kinetics.

Alternative colour spaces

When clipping is detected, consider capturing data in wider-
gamut colour spaces. Many modern cameras support the wider
gamut of DCI-P3 or capture in RAW and process in Adobe RGB
(1998) or ProPhoto RGB, which encompass significantly more
colours than sRGB. Also consider a camera with increased bit
depth per channel, preserving information that would otherwise
be lost in 8-bit encoding, providing greater sensitivity for subtle
colour changes. The extent of each wider gamut’s is shown in the
CIE xy chromaticity plot in Fig. [12]33+36
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sRGB, Adobe RGB, DCI-P3, ProPhoto RGB, and Rec. 2020 encoding
standards. All provide wider gamuts than the standard sRGB space.

Sharing standards

To ensure reproducibility, researchers should explicitly document:
i) the colour space used (sRGB, DCI-P3, etc.), ii) bit depth, iii)
whether values are gamma-corrected or linear, iv) illumination
conditions (light source type and colour temperature), and v) any
image processing applied. When possible, deposit the original
unprocessed image/video files in repositories to enable reanalysis
and validation by others.

Conclusions

This study critically evaluated the limitations of the 8-bit SRGB
colour space in representing chemically relevant colour data cap-
tured via digital imaging. Using experimental dye series and theo-
retical colourimetric time-series plots, we demonstrated that sat-
urated or bright colours can fall outside the 8-bit SRGB gamut,
leading to colour distortion, discontinuities, and non-linear visual
representations.

By converting visible transmission spectra into CIE tristimulus
values (XYZ) and then to 8-bit SRGB, we quantified how encod-
ing affects the perceived colour change across a range of concen-
trations. Theoretical kinetic trends further revealed that these
encoding artefacts can obscure true reaction dynamics, and that
gamut transitions correspond to structural breaks (trend and level
breaks) in the data.

As with all camera-based colour measurements, the recorded
pixel values reflect the combined effect of transmitted, reflected,
and scattered light reaching the sensor, such that observed gamut
excursions arise from the full optical scene rather than transmis-
sion alone. Accordingly, the risks identified here apply to any
optical scene in which the colour trajectory crosses an encoding
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gamut boundary, irrespective of whether the dominant contribu-
tion is transmission, reflection, or scattering.

Spectrum-to-colour offers a reproducible and objective bench-
mark for validating digital colour measurements. Addressing
these limitations is essential to ensure the integrity of digital
chemistry pipelines and their integration into broader applica-
tions and workflows. Raw imaging formats, proper calibration,
or hardware with wider gamuts should be investigated.
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