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1.	 Introduction 

Normal human color vision is based on a trichromatic 
system mediated by three types of retinal photorecep-
tors or cones, sensitive respectively to short-wavelength 
(S), medium-wavelength (M), and long-wavelength (L) 
spectral bands. However, approximately 8% of Caucasian 
males and 0.5% of females present some form of Color 
Vision Deficiency (CVD) (Birch, 2012; Simunovic, 2010). 
Congenital red-green deficiencies account for most 
cases and are classified physiologically according to the 

type of cone affected and the severity of the defect. 
When one of the photopigments undergoes a spectral 
shift in its sensitivity curve without being completely 
absent, anomalous trichromacy occurs (protanomaly in 
the case of L cones and deuteranomaly in M cones). In 
anomalous trichromacy, severity is related to the spectral 
separation of cone sensitivities. Conversely, the func-
tional absence of one cone class results in dichromacy 
(protanopia or deuteranopia). Both severe anomalous 
trichromacy and dichromacy can substantially reduce 
chromatic discrimination. In daily life, observers with 
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severe CVD may experience difficulties in tasks such as 
interpreting maps, charts, signal lights, or food-related 
color cues, and color-vision standards can restrict eligibil-
ity for some safety-critical occupations (Barbur & Rodri-
guez-Carmona, 2012; Cole, 2004). For common con-
genital red-green CVD, there is currently no established 
restorative treatment; therefore, practical assistance has 
focused primarily on optical and digital compensation.

Faced with the lack of biological solutions, applied 
research and the optical industry have driven the emer-
gence of various visual assistance systems (Popleteev, 
Louveton & McCall, 2015). These technologies fall 
into two main categories: passive aids and active aids 
(Muñoz-Postigo et al., 2022). Passive aids consist of 
tinted spectral filters mounted in spectacles or contact 
lenses (Karepov & Ellenbogen, 2020; Maxwell, 1857; 
Swarbrick et al., 2001). The idea of interposing optical 
filters to mitigate color confusion dates back to Seebeck's 
observations in 1837 and Maxwell's monocular specta-
cles developed in 1857 (Maxwell, 1857), continued in the 
20th century by lenses such as X-Chrom or ChromaGen 
(ChromaGen, n.d.). In recent years, there has been a 
notable commercial resurgence led by binocular glasses 
with notch or multiband filters from brands like EnChro-
ma®, VINO®, Colorlite®, or Pilestone® among others. The 
commercial claim of these devices is to block specific 
regions of the visible spectrum to attenuate the overlap 
between L and M cone responses, aiming to increase 
perceived chromatic contrast. On the other hand, active 
aids employ digital image processing techniques on 
displays or augmented reality devices (such as smart 
glasses or electronic viewfinders) (Popleteev, Louveton 
& McCall, 2015). Through recoloration or daltonization 
algorithms, these systems capture the real scene and 
dynamically remap confusing hues toward spectral com-
ponents that are readily distinguishable by the observer's 
visual system (Milić et al., 2015; Ribeiro & Gomes, 2019).

Despite widespread commercial claims, psychophysical 
studies do not support the interpretation that passive 
notch filters restore normal color vision (Almutairi et 
al., 2017; Badawy et al., 2018; Gómez-Robledo et al., 
2018; Martínez-Domingo et al., 2019; Martínez-Domin-
go et al., 2020; Mastey et al., 2016; Patterson, 2017). 
EnChroma® testing found changes in perceived color 
without improvement in standard diagnostic tests or 
normalization of color vision, while VINO® could improve 
recognition of some pseudoisochromatic plates while 
worsening arrangement and color-naming performance 
(Gómez-Robledo et al., 2018; Martínez-Domingo et al., 
2019; Martínez-Domingo et al., 2020). Such gains on 
screening plates can arise because spectral filtering 
introduces luminance or brightness cues that were not 
intended to carry the target information. Computa-
tional analyses likewise show that passive filters do not 
consistently increase the number of discernible colors 
(NODC), and selected filters may reduce it (Martínez-Do-

mingo et al., 2020). However, the evidence should not 
be stated as an absolute absence of perceptual benefit: 
long-term notch-filter use has been associated with 
increased chromatic contrast response in anomalous 
trichromats, and recent experiments found task- and 
stimulus-dependent changes in color appearance with 
limited effects on threshold discrimination (Somers, 
Franklin & Bosten, 2024; Werner, Marsh-Armstrong 
& Knoblauch, 2020). These findings support a distinc-
tion between restoration of normal trichromacy, for 
which evidence is lacking, and selective enhancement 
of particular chromatic signals or perceptual tasks.

To complement psychophysical testing, computational 
approaches have used color-appearance modeling and 
dedicated image metrics. CVD-MET was developed to 
evaluate two complementary properties of CVD aids 
using simulated observer vision: efficiency, reflecting how 
well the transformed image reduces CVD-specific per-
ceptual differences, and naturalness, reflecting preser-
vation of the original scene appearance (Muñoz-Postigo 
et al., 2022). In the original comparison, the evaluated 
active recoloration methods (Fidaner, Lin & Ozguven, 
2005; Hassan & Paramesran, 2017) achieved lower, 
and therefore better, CVD-MET efficiency differences 
than the tested passive filters. Naturalness, however, 
did not show the same ordering: EnChroma® had the 
lowest total naturalness difference among the four 
compared methods, VINO® the highest, and the active 
methods occupied intermediate positions. The evidence 
therefore supports an efficiency–naturalness trade-off 
rather than the broader claim that active recoloration 
is uniformly both more efficient and more natural.

This review paper presents a comparative synthesis of 
evidence on the perceptual efficacy of passive and active 
aids for color vision deficiency. Integrating psychophys-
ical results, hyperspectral simulations, and quantitative 
image metrics, the objectives are: to analyze the perfor-
mance of widely used passive optical filters (including 
EnChroma®, VINO®, and Colorlite®) in standardized 
color-vision tasks and under adaptation; to compare 
the efficiency and naturalness dimensions captured by 
CVD-MET; to distinguish restoration of normal color 
vision from task-specific perceptual enhancement; and 
to place the previously evaluated active algorithms in 
the context of more recent degree-adaptable, real-
time, and personalized recoloration approaches.

2.	Methods

2.1.	Experimental subjects and 
psychophysical testing protocols

In different studies (Gómez-Robledo et al., 2018; 
Martínez-Domingo et al., 2019; Gómez-Robledo et al., 
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2020; Huertas et al., 2024) the psychophysical evalu-
ation engaged cohorts of human observers diagnosed 
with congenital red-green CVD (protanomalous, deuter-
anomalous, protanopes, and deuteranopes) alongside 
a control panel of color-normal trichromats. Subjects 
underwent standard diagnostic screening using the 
Ishihara Pseudoisochromatic Plates (Ishihara, 1977), 
the FM-100 (X-Rite) and/or an anomaloscope (anom-
aloscope OCULUS® HMC-Anomaloskop USA) and/
or the CAD test (Rodriguez-Carmona et al., 2005).

Chromatic discrimination capacity and error pat-
terns were quantitatively measured using the Farn-
sworth-Munsell 100 Hue Test. To evaluate color naming 
accuracy, a dedicated color-naming experiment was 
conducted utilizing 21 color patches from an X-Rite® 
GretagMacbeth ColorChecker Chart. Patches were 
presented in isolated 55 x 55 mm color squares on a 
dark background on an HP® 2510i 25'' display calibrated 
with an X-Rite® Eye-One spectrophotometric device. 
Observers were instructed to categorize each color using 
the 11 basic color terms established by Berlin and Kay 
(1991) (white, black, red, green, yellow, blue, brown, 
purple, pink, orange, grey). Tests were administered 
under two distinct experimental conditions: without 
glasses (Glasses OFF) and while wearing commercial 
passive filters (Glasses ON), including EnChroma® Cx-65, 
VINO® O2 Amp Oxy-Iso, and Colorlite® spectral lenses.

2.2.	Computational simulation and 
hyperspectral image processing

To model perceptual changes objectively under con-
trolled viewing conditions, the computational work 
summarized here used hyperspectral scenes drawn 
from the image sets employed in the original aid-eval-
uation studies, including hyperspectral measurements 
of test stimuli and natural-scene data from established 
spectral-image databases. In the CVD-MET study, the 
six evaluated scenes were assembled from hyperspec-
tral acquisitions and public spectral-image collections, 
including the Nascimento/Ferreira/Foster natural-scene 
database and the Columbia CAVE database (Color Imag-
ing Lab, University of Granada, n.d.; Columbia University 
CAVE Laboratory, 2008; Foster, Nascimento & Ama-
no, n.d.; Nascimento, Ferreira & Foster, 2002). Scene 
spectral radiances were transformed into retinal cone 
responses using standard cone fundamentals, and CVD 
simulation was then applied at defined severity levels.

Perceptual color coordinates were calculated using 
the CIECAM02 Color Appearance Model to account 
for chromatic adaptation effects (Fairchild, 2013). The 
model parameters reported in the underlying work 
used a D65 reference white with Xw=97.10, Yw=100.00, 
and Zw=111.062, an adapting-field luminance La=23 
cd/m², background luminance Yb=28, surround fac-
tor c=0.59, chromatic induction factor Nc=0.9, and 

degree of adaptation D=0.84. For every scene element, 
lightness (J), chroma (C), hue angle (h), and rectangu-
lar chromaticity coordinates (ac, bc) were derived.

2.3.	Active aid algorithms 
and the CVD-MET metric

Active digital recoloration algorithms, commonly referred 
to as daltonization methods, including the Fidaner, Lin 
and Ozguven (2005) and Hassan and Paramesran (2017) 
approaches, were evaluated against passive filters. 
Because conventional image-quality metrics are not 
designed around CVD-specific confusions, CVD-MET was 
developed to assess aid performance through separate 
efficiency and naturalness analyses (Muñoz-Postigo et 
al., 2022). CVD-MET evaluates two complementary com-
ponents, efficiency and naturalness. A Fuzzy C-means 
clustering step in CIELAB color space is used as a pre-
processing color-quantization procedure before iden-
tifying confused and non-confused color clusters. The 
two CVD-MET analyses can be summarized as follows:

4. 	 Efficiency (E): Quantifies the degree to which 
the processed image reduces color confu-
sion, bringing the CVD observer's perception 
closer to that of a normal trichromat.

5. 	 Naturalness (N): Measures the extent to which the 
original visual appearance and spatial realism of 
non-confusing scene elements are preserved.

CVD-MET scores were benchmarked alongside con-
ventional full-reference and no-reference image 
quality metrics modified for CVD perception, includ-
ing MS-iCID, cVIF, cVSI, and NIQE difference.

3.	Results

3.1.	Psychophysical performance 
with commercial passive filters

Systematic psychophysical testing revealed a major 
divergence between screening plate recognition and 
diagnostic chromatic discrimination when observers 
wore commercial passive filters (Gómez-Robledo et al., 
2018; Martínez-Domingo et al., 2019; Martínez-Domingo 
et al., 2020). Table 1 summarizes the results obtained.

As demonstrated in quantitative psychophysical 
trials, VINO® glasses produced a notable reduc-
tion in error rates on Ishihara pseudoisochromatic 
plates. However, this improvement in screening 
plates was accompanied by a severe degradation 
in chromatic ordering and naming performance.
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In the case of FM-100 Error Scores, while baseline 
error scores without glasses averaged 96.37 ± 112.43, 
wearing VINO® glasses elevated mean total error 
scores to 181.32 ± 106.59, for one of the databases 
used (Dataset D1). EnChroma® Cx-65 glasses yielded 
no statistically significant change in FM-100 scores 
(91.32 ± 100.00) (Martínez-Domingo et al., 2019).

Wearing VINO® filters increased color-naming errors 
by an average of 3.05 ± 5.39 terms changed relative 
to the baseline. Observers frequently misidentified 
neutral and chromatic patches due to the heavy 
pinkish/reddish tint introduced by the filter.

3.2.	Color appearance shifts 
and chromatic diversity

Color vision deficiencies can be modeled by differ-
ent algorithms, as can the effects of passive filters 
(Muñoz-Postigo et al., 2022). Chromatic adaptation can 
also be considered, for example by CIECAM02. Figure 
1 shows the simulation result for an Ishihara plate as 
viewed by a medium-severity deuteranomalous observer.

	» Figure 1: Simulation result for a medium deuteranoma-
lous observer viewing an Ishihara plate

The application of active aids is illustrated in Fig-
ure 2 for the Fidaner, Lin and Ozguven (2005) and 
Hassan and Paramesran (2017) algorithms.

In Muñoz-Postigo et al. (2022), CIECAM02 color appear-
ance simulations illustrated the color shifts caused by 

passive notch filters. In the CIECAM02 chromaticity 
plane (ac, bc), unprocessed natural scenes exhibit a 
continuous distribution of hue angles (h). Interposing 
VINO® filters forces chromaticity coordinates into a 
bimodal distribution along a single diagonal line, alter-
ing mean angular directions. The angular direction 
shift depends on the images included in the dataset. 
This clustering along a single axis reduces overall 
chromatic diversity, suppressing greens and blues 
while artificially boosting red-luminance contrast.

	» Figure 2: Recoloration results for a  
mild-deuteranomalous observer

Calculations of the Number of Discernible Colors 
(NODC) confirmed that passive filters do not increase 
the chromatic gamut of CVD observers, and in severe 
deutan or protan conditions, decrease the total NODC.

3.3.	Metric evaluation: passive 
filters vs. active recoloration

Quantitative assessment using image-difference met-
rics and CVD-MET demonstrated clear performance 
differences between passive optical filters and active 
recoloration algorithms (Muñoz-Postigo et al., 2022). 
For filtered and recolored images, Tables 2 and 3 show 
the results of the metrics for naturalness and efficien-
cy, respectively (mean data and standard deviation).

For CVD-MET naturalness (total score), values indi-
cate the perceptual differences, so lower values 
indicate better naturalness performance. For the 
CVD-MET efficiency (total score) lower values indi-
cate better efficiency (Muñoz-Postigo et al., 2022).

Performance Indicator Glasses OFF EnChroma® Cx-65 VINO® O2 Amp Colorlite®

Ishihara Recognition High Error Rate Slight Improvement Marked Error Reduction Variable Pass

FM-100 Total 
Error (SQR)

Baseline (~96.37) Unchanged (~91.32)
Severe Eleva-
tion (~181.32)

Elevated Errors

Color-Naming Fails Baseline Unchanged Increased (+3.05 terms) Mild Increase

Discernible Col-
ors (NODC)

Baseline Gamut Slight Drop / Equal
Net Reduction 
(-22% to -45%)

Net Reduction

Table 1
Performance of passive filters (Gómez-Robledo et al., 2018; Martínez-Domingo et al., 2019; Martínez-Domingo et al., 2020)
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Metric Category EnChroma® (Passive) VINO® (Passive) Fidaner (Active) Hassan (Active)

Ms-iCID (Structural) 0.0142±0.0145 0.0700±0.0743 0.0450±0.0462 0.0368±0.0390

cVIF (Information Ratio) 0.2145±0.0613 0.4841±0.1705 0.4285±0.1550 0.2798±0.0842

cVSI (Visual Saliency) 0.0006±0.0007 0.0077±0.0039 0.0103±0.0103 0.0092±0.0090

NIQE Difference 
(Naturalness)

-0.0346±0.0677 0.0883±0.1281 -0.0040±0.1117 0.0617±0.0859

CVD-MET  
(Confused Colors)

6.4457±2.2903 22.7177±11.82 10.1310±7.874 8.6198±6.1769

CVD-MET  
(Non-Confused Colors)

6.8848±0.9950 23.7909±10.34 12.9592±5.867 11.2563±5.239

CVD-MET Total Score 6.8464±1.2035 23.5842±10.67 12.2714±4.908 10.6402±4.147

Metric Category EnChroma® (Passive) VINO® (Passive) Fidaner (Active) Hassan (Active)

Ms-iCID (Structural) 0.0313±0.0339 0.0706±0.0722 0.0160±0.0169 0.0092±0.0102

cVIF (Information Ratio) 0.3182±0.0497 0.4662±0.1651 0.2785±0.1294 0.0409±0.0548

cVSI (Visual Saliency) 0.0032±0.0022 0.0060±0.0019 0.0031±0.0026 0.0027±0.0023

NIQE Difference 
(Efficiency)

-0.0783±0.1074 0.0446±0.1239 -0.0476±0.1101 0.0181±0.0342

CVD-MET (Con-
fused Colors)

10.0904±3.9226 23.8317±10.6487 5.2143±3.1246 3.9575±3.0580

CVD-MET (Non-Con-
fused Colors)

11.7277±2.9577 25.1695±8.4239 6.5723±2.3132 5.4546±2.7152

CVD-MET Total Score 11.3425±2.0822 24.7721±8.9941 6.2206±1.7993 5.1430±2.3945

Table 2
Metrics of naturalness for filtered (EnChroma® and VINO®) and recolored (Fidaner and Hassan recoloration algorithms) 
 images (Muñoz-Postigo et al., 2022)

Table 3
Metrics of efficiency for filtered (EnChroma® and VINO®) and recolored (Fidaner and Hassan recoloration algorithms) images 
(Muñoz-Postigo et al., 2022)

Comparing the values for passive and active aids as 
shown in Table 3, from the efficiency point of view, 
the active aids are superior according to all metrics. 
Regarding the information content (assessed by the cVIF 
metric), there is also a higher similarity between the 
original and recolored images, as perceived by the CVD 
observer, than between the original and filtered images. 

From the perspective of naturalness, the EnChroma® 
filter performs best across all metrics, except for the 
NIQE difference, as shown in Table 2. However, it pro-
vides minimal chromatic differentiation in confusing 
regions. The VINO® filters exhibited high distortion val-
ues, reflecting substantial distortion of scene naturalness 
without a proportional gain in true chromatic efficiency.

In contrast, active recoloration algorithms (Fidan-
er and Hassan) achieved a more effective balance: 
they selectively remapped confusing color clusters to 
high-efficiency discrimination channels while keeping 
overall scene distortion within moderate boundaries.

The results suggest that filters that introduce slight 
changes do so at the expense of effectiveness, while 
active aids that are more effective produce a less nat-
ural appearance in the scenes. The principal result 
is therefore a method-dependent efficiency–natu-
ralness trade-off, not a general finding that active 
aids necessarily produce more natural images.

4.	Discussion

The primary finding of this literature review is the 
distinction between restoration of normal chromatic 
coding and selective enhancement of cues that can 
improve a particular task. Passive spectral filters alter 
cone excitations by attenuating selected wavelength 
bands. In pseudoisochromatic plates, this can intro-
duce luminance or brightness differences that make 
a hidden target easier to recognize without restoring 
normal red-green sensitivity. VINO® illustrates this 
dissociation: improved recognition of some Ishihara 
plates can coexist with worse FM-100 arrangement and 
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color-naming performance. At the same time, more 
recent work indicates that selected anomalous trichro-
mats can experience enhanced chromatic contrast or 
appearance under some notch-filter conditions (Werner, 
Marsh-Armstrong & Knoblauch, 2020; Somers, Franklin 
& Bosten, 2024). Consequently, “does not restore normal 
trichromacy” is a stronger and better-supported con-
clusion than “cannot provide any perceptual benefit.”

The dimensionality argument should distinguish dichro-
macy from anomalous trichromacy. In dichromacy, the 
absence of one cone class creates a missing receptor 
dimension that a passive spectral filter cannot recreate. 
In anomalous trichromacy, however, three cone classes 
remain functional, but their spectral sensitivities are less 
separated; a notch filter could redistribute relative cone 
excitations and may enhance selected chromatic con-
trasts without restoring normal cone fundamentals. This 
distinction is consistent with evidence of increased chro-
matic contrast response after two weeks of notch-filter 
use in anomalous trichromats (Werner, Marsh-Armstrong 
& Knoblauch, 2020) and with more recent task-depen-
dent effects on color appearance (Somers, Franklin & 
Bosten, 2024).Such adaptive or contrast-enhancement 
effects should not be interpreted as reconstruction of 
the missing or altered photopigment signal, but they do 
require qualifying the claim that long-term adaptation 
is entirely unable to modify functional color response.

Active recoloration on digital displays, cameras, and 
augmented-reality systems offers greater flexibility 
because the transformation can be content-, task-, and 
observer-dependent. The Fidaner and Hassan methods 
evaluated in the original CVD-MET comparison demon-
strate the principle, but they no longer represent the 
full state of the art. Degree-adaptable recoloration 
has been evaluated with CVD observers while explic-
itly optimizing contrast enhancement and naturalness 
(Zhu et al., 2022); real-time daltonization can preserve 
luminance and temporal stability at interactive frame 
rates (Ebelin et al., 2023); and recent models such as 
ColorAdaptNet learn individualized transformations 
from each user’s subjective evaluations rather than 
relying only on a fixed simulated severity (Chen et al., 
2026). These developments strengthen the case for 
active aids while also shifting the research question 
from a universal recoloring transform toward per-
sonalized and context-dependent compensation.

4.1.	Contemporary implementation 
and personalized active aids

At the implementation level, active color transforma-
tions are no longer confined to laboratory prototypes. 
Windows, Android, iOS, and macOS provide system-level 
color-filter or color-correction options for common CVD 
categories (Microsoft, n.d.; Apple, n.d.; Google, n.d.), 
while Chrome DevTools provides CVD simulation models 

for developers testing interface accessibility (Google 
Chrome Developers, n.d.). These functions should 
not be conflated: developer simulation emulates how 
content may appear under a CVD condition, whereas 
end-user compensation intentionally transforms dis-
played content to improve access. Their widespread 
availability nevertheless increases the translational 
relevance of active color-processing research and 
underscores the importance of evaluating algorithms 
under realistic screen and interface conditions.

A parallel trend is personalization. Earlier daltonization 
methods typically assumed a predefined CVD type or 
severity, whereas newer approaches optimize the trans-
formation for an individual observer or learn directly 
from user judgments. Personalized evaluation should 
therefore include not only model-based efficiency, but 
also discrimination performance on relevant tasks, 
naturalness, visual comfort, stability over time, and 
user preference. This is especially important because a 
transformation that improves one confusing color pair 
may introduce distortions elsewhere in the image.

These findings have practical implications 
for clinical diagnostics, occupational stan-
dards, and industrial lighting design:

1. 	 Screening Vulnerability: Relying solely on Ishihara 
plates for occupational screening is insufficient if can-
didates wear tint-altering filters. Standardized evalua-
tion protocols should incorporate secondary diagnos-
tic tests (such as the FM-100, anomaloscope or CAD) 
that are resistant to luminance contrast artifacts.

2. 	 Inclusive Lighting Standards: Industrial and 
architectural lighting metrics must be updated 
to account for CVD vision. Consequently, a spe-
cific colorimetry (including chromatic adapta-
tion models, color difference formulae, etc.) 
must be developed for CVD observers.

4.2.	Limitations and scope

This synthesis combines evidence from heterogeneous 
studies with different observer samples, tests, filters, illu-
minants, image sets, CVD models, and severity assump-
tions. In particular, CVD-MET is simulation-based and 
therefore inherits the assumptions of the selected CVD 
simulation, scene set and confused/non-confused color 
classification; it should complement rather than replace 
psychophysical testing with CVD observers. The active-
aid comparison in the original dataset also includes 
only two older recoloration algorithms, so conclusions 
about “active aids” as a class should be restricted to the 
methods evaluated. Finally, evidence for passive filters 
differs between dichromacy and anomalous trichromacy, 
making phenotype-specific interpretation essential.
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5.	Conclusions

This comparative synthesis leads to the fol-
lowing conclusions regarding passive and 
active aids for Color Vision Deficiency:

1. 	 Passive spectral filters such as EnChroma®, VINO®, 
and Colorlite® do not restore normal trichromatic 
vision. Improvements on pseudoisochromatic plates 
may be driven by added luminance/brightness 
cues rather than recovery of normal red-green 
sensitivity. However, selected anomalous trichro-
mats may show task- and stimulus-dependent 
enhancement of chromatic contrast or appear-
ance, so restoration and perceptual enhance-
ment should be treated as distinct outcomes.

2. 	 In the studies reviewed in this paper, VINO® 
produced a clear dissociation between improved 
recognition of some Ishihara plates and poorer 
FM-100 and color-naming performance. More 
broadly, the benefit of passive notch filters depends 
on CVD phenotype, spectral sensitivities, illuminant, 
stimulus, and task; therefore, their effects should 
not be generalized from a single screening test.

3. 	 Within the simulation framework and aid systems 
evaluated by CVD-MET, active digital recoloration 
methods achieved better efficiency than the tested 
passive filters. This advantage does not imply 
restoration of normal color vision and is accom-
panied by a naturalness trade-off: EnChroma® 
was more natural than the two active methods on 
the total naturalness score, whereas VINO® was 
substantially worse. Future systems should there-
fore optimize discrimination and naturalness jointly 
rather than treating either dimension in isolation.

4. 	 The emerging direction for active CVD assis-
tance is individualized and context-dependent 
compensation. Recent approaches range from 
severity-adaptable optimization and real-time 
temporally stable daltonization to learned models 
trained from individual perceptual judgments. 
Future evaluation frameworks should consequently 
combine observer-specific color-discrimination 
data, task performance, naturalness, and user 
preference, and should favor redundant visual 
cues (e.g., labels, patterns, icons, and luminance 
structure) whenever color alone is not sufficient.

6.	Acknowledgments

This work was supported by research proj-
ect PID2022-139056NB-I00, funded by MICIU/
AEI/10.13039/501100011033 and ERDF/EU, and by the 
Ministry of Science, Technological Development and 
Innovation (Contract No. 451-03-34/2026-03/200156) 
and the Faculty of Technical Sciences, University 
of Novi Sad through project “Scientific and Artistic 

Research Work of Researchers in Teaching and Asso-
ciate Positions at the Faculty of Technical Sciences, 
University of Novi Sad 2026” (No. 01-3609/1).

7.	References

Almutairi, N.M., Kundart, J., Muthuramalingam, N., 
Hayes, J., Citek, K. and Aljohani, S. (2017) Assess-
ment of Enchroma filter for correcting color vision 
deficiency. MSc thesis. Pacific University, College 
of Optometry. Available from: https://commons.
pacificu.edu/opt/21 [Accessed 21 July 2026].

Apple (n.d.) Accessibility features for vision: color filters. 
Available from: https://www.apple.com/accessi-
bility/features/ [Accessed 1 September 2026].

Badawy, A.-R., Hassan, M.U., Elsherif, M., Ahmed, Z., 
Yetisen, A.K. and Butt, H. (2018) 'Contact lenses for 
color blindness', Advanced Healthcare Materials, 
7(12), e1800152. DOI: 10.1002/adhm.201800152

Barbur, J.L. and Rodriguez-Carmona, M. (2012) 'Vari-
ability in normal and defective colour vision: 
consequences for occupational environments'. In: 
Best, J. (ed.) Colour Design: Theories and Appli-
cations. Cambridge: Woodhead Publishing, pp. 
24–82. DOI: 10.1533/9780857095534.1.24

Berlin, B. and Kay, P. (1991) Basic Color Terms: 
Their Universality and Evolution. Berke-
ley: University of California Press.

Birch, J. (2012) 'Worldwide prevalence of red-green color 
deficiency', Journal of the Optical Society of America 
A, 29(3), pp. 313–320. DOI: 10.1364/JOSAA.29.000313

Chen, L., Zhu, Z., Go, K., Chen, X. and Mao, X. (2026) 
'ColorAdaptNet: A novel generative model for 
personalized color vision deficiency compen-
sation', IEEE Transactions on Visualization and 
Computer Graphics, advance online publica-
tion. DOI: 10.1109/TVCG.2026.3728587

ChromaGen (n.d.) ChromaGen lenses. Available from: 
https://www.chromagen.us/ [Accessed 21 July 2026].

Cole, B.L. (2004) 'The handicap of abnormal colour 
vision', Clinical and Experimental Optometry, 87(4–5), 
pp. 258–275. DOI: 10.1111/j.1444-0938.2004.tb05056.x

Color Imaging Lab, University of Granada 
(n.d.) Ishihara spectral database. Available 
from: https://colorimaginglab.ugr.es/pages/
data [Accessed 1 September 2026].

Columbia University CAVE Laboratory (2008) CAVE 
multispectral image database. Available from: 
https://cave.cs.columbia.edu/repository/Mul-
tispectral [Accessed 1 September 2026].

Ebelin, P., Crassin, C., Denes, G., Oskarsson, M., 
Åström, K. and Akenine-Möller, T. (2023) 'Lumi-
nance-preserving and temporally stable dal-
tonization'. In: Babaei, V. and Skouras, M. (eds.) 
Eurographics 2023 – Short Papers, 8–12 May 
2023, Saarbrücken. Goslar: Eurographics Asso-
ciation, pp. 45–49. DOI: 10.2312/egs.20231011

https://commons.pacificu.edu/opt/21
https://commons.pacificu.edu/opt/21
https://www.apple.com/accessibility/features/
https://www.apple.com/accessibility/features/
http://doi.org/10.1002/adhm.201800152
http://doi.org/10.1533/9780857095534.1.24
http://doi.org/10.1364/JOSAA.29.000313
http://doi.org/10.1109/TVCG.2026.3728587
https://www.chromagen.us/
http://doi.org/10.1111/j.1444-0938.2004.tb05056.x 
https://colorimaginglab.ugr.es/pages/data
https://colorimaginglab.ugr.es/pages/data
https://cave.cs.columbia.edu/repository/Multispectral
https://cave.cs.columbia.edu/repository/Multispectral
http://doi.org/10.2312/egs.20231011


262

GRID 2026  - Proceedings

Fairchild, M.D. (2013) Color Appearance Models. 
3rd ed. Chichester: John Wiley & Sons.

Fidaner, O., Lin, P. and Ozguven, N. (2005) Analysis of 
color blindness. Student project report, Psych 221. 
Stanford University. Available from: http://acorn.
stanford.edu/psych221/projects/2005/ofidaner/
project_report.pdf [Accessed 1 September 2026].

Foster, D.H., Nascimento, S.M.C. and Amano, K. (n.d.) 
Hyperspectral images of natural scenes (rural and 
urban). Available from: https://personalpages.manches-
ter.ac.uk/staff/david.foster/Hyperspectral_images_of_
natural_scenes_02.html [Accessed 1 September 2026].

Gómez-Robledo, L., Hernández-Andrés, J., Huertas, R., 
Martínez-Domingo, M.A. and Valero, E.M. (2020) 
'Effect of Colorlite filters on colorblind observers'. 
In: AIC Interim Meeting: Natural Colours – Digi-
tal Colours, 20 and 26–28 November 2020, Avi-
gnon. International Colour Association, p. 123.

Gómez-Robledo, L., Valero, E.M., Huertas, R., 
Martínez-Domingo, M.A. and Hernández-Andrés, J. 
(2018) 'Do EnChroma glasses improve color vision 
for colorblind subjects?', Optics Express, 26(22), 
pp. 28693–28703. DOI: 10.1364/OE.26.028693

Google (n.d.) Color correction and grayscale. 
Android Accessibility Help. Available from: 
https://support.google.com/accessibility/
answer/11183305 [Accessed 2 September 2026].

Google Chrome Developers (n.d.) Simulating color 
vision deficiencies in the Blink renderer. Avail-
able from: https://developer.chrome.com/docs/
chromium/cvd [Accessed 2 September 2026].

Hassan, M.F. and Paramesran, R. (2017) 'Naturalness pre-
serving image recoloring method for people with red–
green deficiency', Signal Processing: Image Communi-
cation, 57, pp. 126–133. DOI: 10.1016/j.image.2017.05.011

Huertas, R., Valero, E.M., Gómez-Robledo, L., 
Martínez-Domingo, M.A. and Hernández-Andrés, 
J. (2024) 'Congenital red-green colour deficiency: 
study of the efficacy of commercial colour filters', 
Journal of the International Colour Association, 35, 
pp. 24–28. Available from: https://digibug.ugr.es/
handle/10481/96450 [Accessed 21 July 2026].

Ishihara, S. (1977) Tests for Colour-Blindness. 
Tokyo: Kanehara Shuppan Co., Ltd.

Karepov, S. and Ellenbogen, T. (2020) 'Metasurface-based 
contact lenses for color vision deficiency', Optics 
Letters, 45(6), pp. 1379–1382. DOI: 10.1364/OL.384970

Martínez-Domingo, M.A., Gómez-Robledo, L., Valero, E.M., 
Huertas, R., Hernández-Andrés, J., Ezpeleta, S. and 
Hita, E. (2019) 'Assessment of VINO filters for correct-
ing red-green Color Vision Deficiency', Optics Express, 
27(13), pp. 17954–17967. DOI: 10.1364/OE.27.017954

Martínez-Domingo, M.A., Valero, E.M., Gómez-Ro-
bledo, L., Huertas, R. and Hernández-Andrés, 
J. (2020) 'Spectral filter selection for increas-
ing chromatic diversity in CVD subjects', Sen-
sors, 20(7), 2023. DOI: 10.3390/s20072023

Mastey, R., Patterson, E.J., Summerfelt, P., Luther, J., Neitz, 
J., Neitz, M. and Carroll, J. (2016) 'Effect of “color-cor-
recting glasses” on chromatic discrimination in subjects 
with congenital color vision deficiency', Investiga-
tive Ophthalmology & Visual Science, 57(12), 192.

Maxwell, J.C. (1857) 'Experiments on colour, 
as perceived by the eye, with remarks on 
colour-blindness', Transactions of the Royal 
Society of Edinburgh, 21(2), pp. 275–298.

Microsoft (n.d.) Use color filters in Windows. 
Available from: https://support.microsoft.
com/en-us/windows/use-color-filters-in-win-
dows [Accessed 2 September 2026].

Milić, N., Hoffmann, M., Tómács, T., Novaković, D. 
and Milosavljević, B. (2015) 'A content-dependent 
naturalness-preserving daltonization method for 
dichromatic and anomalous trichromatic color 
vision deficiencies', Journal of Imaging Science and 
Technology, 59(1), pp. 010504-1–010504-10. DOI: 
10.2352/J.ImagingSci.Technol.2015.59.1.010504

Muñoz-Postigo, J., Valero, E.M., Martínez-Domingo, 
M.A., Gómez-Robledo, L., Huertas, R. and Hernán-
dez-Andrés, J. (2022) 'CVD-MET: an image dif-
ference metric designed for analysis of color 
vision deficiency aids', Optics Express, 30(19), 
pp. 34665–34683. DOI: 10.1364/OE.456346

Nascimento, S.M.C., Ferreira, F.P. and Foster, D.H. (2002) 
'Statistics of spatial cone-excitation ratios in natural 
scenes', Journal of the Optical Society of America A, 
19(8), pp. 1484–1490. DOI: 10.1364/JOSAA.19.001484

Patterson, E.J. (2017) 'Glasses for the colorblind: their 
effect on chromatic discrimination in subjects with 
congenital red-green color vision deficiency'. In: 
International Conference on Computer Vision Systems 
(ICVS), 10–13 July 2017, Shenzhen, China, pp. 18–22.

Popleteev, A., Louveton, N. and McCall, R. (2015) 'Color-
izer: smart glasses aid for the colorblind'. In: Ashok, 
A., Liu, J. and Banerjee, S. (eds.) Proceedings of the 
2015 Workshop on Wearable Systems and Applica-
tions (WearSys ’15), May 2015, Florence. New York: 
ACM, pp. 7–8. DOI: 10.1145/2753509.2753516

Ribeiro, M. and Gomes, A.J. (2019) 'Recoloring algorithms 
for colorblind people: a survey', ACM Computing 
Surveys, 52(4), Article 72, pp. 1–37. DOI: 10.1145/3329118

Rodriguez-Carmona, M.L., Harlow, A.J., Walker, G. 
and Barbur, J.L. (2005) 'The variability of normal 
trichromatic vision and the establishment of the 
“normal” range'. In: Proceedings of the 10th Con-
gress of the International Colour Association (AIC 
Colour 05), 8–13 May 2005, Granada. Granada: 
International Colour Association, pp. 979–982.

Simunovic, M.P. (2010) 'Colour vision deficiency', Eye, 
24(5), pp. 747–755. DOI: 10.1038/eye.2009.251

Somers, L.P., Franklin, A. and Bosten, J.M. (2024) 
'Empirical tests of the effectiveness of EnChroma 
multi-notch filters for enhancing color vision 
in deuteranomaly', Vision Research, 218, 
108390. DOI: 10.1016/j.visres.2024.108390

http://acorn.stanford.edu/psych221/projects/2005/ofidaner/project_report.pdf
http://acorn.stanford.edu/psych221/projects/2005/ofidaner/project_report.pdf
http://acorn.stanford.edu/psych221/projects/2005/ofidaner/project_report.pdf
 https://personalpages.manchester.ac.uk/staff/david.foster/Hyperspectral_images_of_natural_scenes_02
 https://personalpages.manchester.ac.uk/staff/david.foster/Hyperspectral_images_of_natural_scenes_02
 https://personalpages.manchester.ac.uk/staff/david.foster/Hyperspectral_images_of_natural_scenes_02
http://doi.org/10.1364/OE.26.028693
https://support.google.com/accessibility/answer/11183305
https://support.google.com/accessibility/answer/11183305
https://developer.chrome.com/docs/chromium/cvd
https://developer.chrome.com/docs/chromium/cvd
http://doi.org/10.1016/j.image.2017.05.011
https://digibug.ugr.es/handle/10481/96450
https://digibug.ugr.es/handle/10481/96450
http://doi.org/10.1364/OL.384970
http://doi.org/10.1364/OE.27.017954
http://doi.org/10.3390/s20072023
https://support.microsoft.com/en-us/windows/use-color-filters-in-windows 
https://support.microsoft.com/en-us/windows/use-color-filters-in-windows 
https://support.microsoft.com/en-us/windows/use-color-filters-in-windows 
http://doi.org/10.2352/J.ImagingSci.Technol.2015.59.1.010504
http://doi.org/10.1364/OE.456346
http://doi.org/10.1364/JOSAA.19.001484
http://doi.org/10.1145/2753509.2753516
http://doi.org/10.1145/3329118
http://doi.org/10.1038/eye.2009.251
http://doi.org/10.1016/j.visres.2024.108390


13th International Symposium on Graphic Engineering and Design

263

© 2026 Authors. Published by the University of Novi Sad, Faculty of Technical Sciences, Department of Graphic  
Engineering and Design. This article is an open access article distributed under the terms and conditions of the  
Creative Commons Attribution license 4.0 Serbia (https://creativecommons.org/licenses/by/4.0/deed.en).

Swarbrick, H.A., Nguyen, P., Nguyen, T. and Pham, 
P. (2001) 'The ChromaGen contact lens system: 
colour vision test results and subjective responses', 
Ophthalmic and Physiological Optics, 21(3), pp. 
182–196. DOI: 10.1046/j.1475-1313.2001.00583.x

Werner, J.S., Marsh-Armstrong, B. and Knoblauch, 
K. (2020) 'Adaptive changes in color vision from 
long-term filter usage in anomalous but not 
normal trichromacy', Current Biology, 30(15), pp. 
3011–3015.e4. DOI: 10.1016/j.cub.2020.05.054

X-Rite (2006) FM 100 Hue color vision test: 
100 Hue test scoring tool, version 3.0.

Zhu, Z., Toyoura, M., Go, K., Kashiwagi, K., Fujishiro, 
I., Wong, T.-T. and Mao, X. (2022) 'Personalized 
image recoloring for color vision deficiency com-
pensation', IEEE Transactions on Multimedia, 24, 
pp. 1721–1734. DOI: 10.1109/TMM.2021.3070108

http://doi.org/10.1046/j.1475-1313.2001.00583.x
http://doi.org/10.1016/j.cub.2020.05.054
http://doi.org/10.1109/TMM.2021.3070108



