Experimental Studies on Just Acceptable Differences in
Color Reproduction

I. Executive Summary

This report compiles and analyzes experimental scientific studies on the concept of
'just acceptable differences' (JAD) in color reproduction. Its primary objective is to
provide a comprehensive overview of the methodologies employed, the key findings
derived, and the nuanced factors that influence human perception of color
acceptability across a diverse range of applications. The analysis consistently highlights
that JADs are distinct from mere Just Noticeable Differences (JNDs), representing a
broader, context-dependent range of perceptible color variations that are nonetheless
deemed satisfactory or tolerable.

The reviewed studies underscore the critical role of psychophysical experimentation as
the cornerstone for quantifying these subjective thresholds. Such research
consistently reveals that JADs are not universal but are significantly influenced by
viewing conditions, the specific characteristics of the object being reproduced (e.g.,
memory colors), cultural background, and the ultimate purpose of the color
reproduction. A recurring theme is the progressive movement within the field towards
integrating subjective human preferences into objective colorimetric metrics and
predictive models. This evolution acknowledges the inherent non-uniformity of color
spaces and the complex, often non-linear, nature of human visual perception.
Understanding and quantifying JADs is paramount for optimizing color quality control,
enhancing product design, and improving user experience across a multitude of
industries, from digital imaging and printing to medical diagnostics, cultural heritage
preservation, and automotive displays. This body of research directly informs the
development of more perceptually uniform color spaces and sophisticated, adaptive
color management systems.

Il. Introduction: The Concept of Just Acceptable Differences
(JAD) in Color Reproduction

The faithful reproduction of color across various devices and media presents a
complex challenge in numerous scientific and industrial domains. Ideally, the color
perceived from a subject should precisely match its representation on a screen orin a
final print. However, this ideal is often elusive due to inherent limitations in hardware
and software, the spectral sensitivities of capture sensors, and the diverse ways in



which input and output devices produce color.! These practical constraints necessitate
a pragmatic understanding of acceptable color variations.

Defining JAD and its Relationship to JND and Color Tolerance

A fundamental concept in color science is the Just Noticeable Difference (JND), which
quantifies the smallest color difference that the average human eye can reliably
detect. Historically, a Delta E (AE) value of 1.0 within color spaces like CIELAB has been
widely accepted as representing this threshold.? However, it is crucial to recognize that
human visual sensitivity is not uniform across the entire color spectrum; some color
shifts are more readily perceived than others.? For instance, even a minor addition of
blue to a light gray can result in a highly discernible color shift.?

Building upon the concept of JND, ‘color tolerance' defines the permissible limit of
deviation from a target color that is still considered satisfactory or acceptable.? Just
Acceptable Differences (JADs) are essentially these empirically derived tolerances,
representing the maximum perceived color deviation that, while potentially
perceptible, is deemed satisfactory, adequate, passable, or tolerable by human
observers within a specific context.” This implies that JADs are inherently subjective,
context-dependent, and often encompass a broader range of variation than JNDs. The
selection of an appropriate tolerance level is highly contingent on the production
process and the criticality of the color; for example, stringent tolerances are applied to
critical elements like company logos, whereas more leeway might be acceptable for
less critical visual elements such as graphics on a highway billboard.?

The Role of Psychophysical Experimentation in Establishing Color Perception
Thresholds

Color science is firmly rooted as a psychophysical discipline, with a primary aim to
systematically investigate the relationship between physical stimuli (e.g., luminance,
dominant wavelength, purity) and the resulting evoked sensations or color attributes
(e.g., lightness, hue, chroma, saturation).® This field endeavors to understand precisely
how every physical or psychophysical variable influences perceived color.®

Psychophysical experiments, involving human observers making subjective judgments
under meticulously controlled viewing conditions, constitute the fundamental
methodology for quantifying human color perception and establishing JADs.® Standard
psychophysical techniques, such as the "Method of Adjustment" and the "Method of
Limits," are systematically employed to determine sensitivity thresholds, including the
JND and, by extension, the broader JADs.® These methods allow researchers to



systematically vary color stimuli and record observer responses to pinpoint the precise
limits of perception and acceptability. The rigorous quantification of individual and
group tolerances to color differences through these experimental methods is critical
for establishing robust quality control measures in industries where color is a
paramount parameter.®

A significant challenge in color science stems from the inherent disparity between
objective colorimetric measurements and subjective human perception. While
instruments provide precise numerical data, such as AE values, these do not always
perfectly align with how humans actually perceive color differences. For instance,
despite a AE of 1.0 being a widely accepted JND, human visual sensitivity varies across
the color spectrum, meaning the same numerical AE value can be perceived differently
in distinct areas of the color space.? Furthermore, human perception is profoundly
influenced by a multitude of physiological factors (e.g., eye fatigue, age), individual
experiences, and environmental conditions.? These factors underscore that objective
color difference metrics, while essential for quantification, cannot fully capture the
nuances of subjective human perception and acceptability. Consequently,
psychophysical experimentation becomes not merely a verification step but a
fundamental necessity to bridge this gap, directly measuring human responses to
define what is "just acceptable" beyond a simple numerical threshold. This continuous
reliance on human observer studies highlights the ongoing quest to develop color
models and metrics that are truly perceptually uniform and align with human
experience.

Importance of JADs Across Various Scientific and Industrial Applications

The concept of JADs holds immense importance across a broad spectrum of scientific
and industrial domains where precise color control is essential for quality, functionality,
and aesthetic appeal. In manufacturing industries such as printing, packaging, coating,
and automotive, customers increasingly demand that the difference between
reproduced and reference colors, as well as variations within production, be
minimized.® JADs provide the necessary framework for setting these acceptable limits.

In specialized fields like medical imaging, particularly color fundus imaging, the
accurate capture and reproduction of retinal appearance are critical for
documentation and diagnosis." However, the absence of industry-wide standards and
the inherent inconsistencies in color reproduction across different systems, sensors,
and software packages pose significant challenges.' Defining JADs in this context is
vital for ensuring diagnostic accuracy and consistency. Similarly, in dental shade



matching, accurate color reproduction is paramount for aesthetic and functional
restorations, where computer vision techniques are being developed to overcome

human subjectivity and achieve high color accuracy.™

Beyond manufacturing and medical applications, JADs also inform the evaluation of
color quality in cultural heritage contexts, such as optimizing illumination for Chinese
bronzeware and paintings in museums to enhance visual appearance and perceived
antiquity.” Furthermore, the concept extends to consumer product design, where
color acceptability can influence consumer preference and liking, as seen in studies on
food products."” The diverse applications underscore that JADs are not merely
technical specifications but crucial determinants of perceived quality, functionality,
and aesthetic appeal across a wide array of human experiences.

lll. Experimental Studies on Just Acceptable Differences and
Color Tolerance

This section provides a detailed summary of key experimental studies that have
investigated Just Acceptable Differences (JADs) and color tolerances in various
contexts, primarily through psychophysical methods. These studies collectively
illustrate the complexity and context-dependency of color acceptability, revealing how
human perception, viewing conditions, and application-specific requirements shape

the definition of "acceptable” color.

Table 1: Overview of Experimental Studies on Just Acceptable Differences in
Color Reproduction
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Study 1: Color Difference Perception and Tolerance in Digital Environments

e Title: "A new method for evaluating a human observer's perception of color
differences in digital environment”
e URL: https://hrcak.srce.hr/file/385030 8

e Methodology: This study aimed to develop and validate a new method for
evaluating human observers' perception of color differences within a digital
environment, with a specific focus on quantifying individual tolerance to color
difference for particular colors. The experimental setup involved presenting fields
of varying colors on a high-end expanded gamut calibration monitor, controlled by
custom-developed software. The methodology was grounded in classical
psychophysical threshold tests, particularly employing the "Method of
Adjustment" and "Method of Limits" to determine the difference threshold, or Just
Noticeable Difference (JND).. Complementary experiments were conducted at
Leeds University (UK) and Zhejiang University (China), utilizing Eizo displays and the



https://library.imaging.org/admin/apis/public/api/ist/website/downloadArticle/cic/7/1/art00018
https://www.researchgate.net/publication/364178871_Dental_shade_matching_assisted_by_computer_vision_techniques
https://www.researchgate.net/publication/298794719_Color-difference_assessment_and_enhancement_for_driving_headlight_simulation
https://hrcak.srce.hr/file/385030

ratio method to assess color differences around 11 predefined MacAdam centers
within the display's color gamut.®

Findings: The research confirmed a significant challenge in color science: existing
color models are not perceptually uniform. This means that a color difference
expressed with the same numerical value (e.g., a specific AE) can be perceived
differently depending on its location within the color space.? Furthermore, the
study noted that conventional color difference metrics often significantly
underestimate the necessary differences between encoded values, and that these
required differences can vary based on the specific type of visualization being
used.® The initial results from a single responder demonstrated the functionality
and reliability of the proposed apparatus and method for testing observer
sensitivity to color differences across the color space.®

Conclusions: The study concluded that the proposed method offers a practical
and effective means for quantifying an individual observer's tolerance to color
difference. This capability is particularly valuable in industries where color is a
critical parameter for product quality, as it allows for the quantitative
determination of color tolerances that would be genuinely acceptable to the final
user or client.®

Study 2: Observer Preferences and Colorimetric Tolerances in Image
Reproduction

Title: "Observer preferences in color reproduction”

URL:
https://library.imaging.org/admin/apis/public/api/ist/website/downloadArticle/cic/9/
1/art00050 ¢

Methodology: This research comprised a series of psychophysical experiments

designed to deepen the understanding of observer preferences in the color
reproduction of pictorial images and to establish colorimetric tolerances based on
these preferences. A secondary objective was to investigate the presence of
cultural biases in image quality perception.

o Experiment | (Survey of Image Characteristics): Observers rated the quality
of 37 different image characteristics (e.g., Brightness Accuracy, Image
Naturalness, Tone Reproduction, Chroma) for a set of 11 diverse images. This
experiment was conducted four times under various viewing conditions,
including hard copy prints (Kodak thermal printer) and soft copy displays
(Apple LCD and SGI CRT), using an ordinal scaling system (1-5, poor-
excellent).”
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o Experiment Il (International Image Characteristic Ranked Order): This
phase involved an international rank ordering of image quality, conducted at
four research facilities across Japan, the UK, and the USA. The stimuli
consisted of 11 images, each manipulated along eight different CIELAB
dimensions (Color Balance, Lightness, Contrast, Chroma, Hue rotation). These
manipulated images were then printed on a Fujix Pictrography 3000 printer.’

Findings:

o Experiment |: The study found that observer preferences for color attributes
remained relatively consistent across different media and various image types.
Ratings for mid-tone image area content and overall image characteristics
were notably similar and consistently identified as important. Individual
observers demonstrated high consistency in their responses, particularly when
evaluating overall and mid-tone image characteristics, though less consistency
was observed for shadow and highlight regions.’

o Experiment ll: Preliminary results indicated that, on average, cultural
differences did not lead to significant differences in overall preference.’
However, considerable variability was noted among individual observers within
each population, and the data proved to be highly image-dependent.” A
consistent finding was that all sub-populations, on average, preferred images
with more chroma. Interestingly, a discernible trend emerged where observers
situated farther East exhibited a preference for even higher chroma levels.’

Conclusions: The research concluded that observer preference should be

actively incorporated into image reproduction techniques, serving as an

"enhanced or customized version of the colorimetric reproduction objective".” This

underscores the necessity for customized reproduction objectives, as while

groups may show consistency in identifying important image characteristics,
individual preferences can vary significantly.” The study recommended that future
work should focus on developing custom adjustments that allow colorimetric

functions to integrate different levels of observer preference, moving beyond a

singular, strictly accurate reproduction goal.’

Study 3: Preferred Skin Color Reproduction and Psychophysical Experiments

Title: "The memory colour reproduction is an important factor in judging image
quality of photographic images of real life scenes. As the most important memory
colour category, skin tone was extensively studied for preferred colour
reproduction in this research.”

URL: https://core.ac.uk/download/pdf/1146091.pdf



https://core.ac.uk/download/pdf/1146091.pdf

Methodology: This comprehensive research focused on understanding and
achieving preferred skin color reproduction, recognized as a critical "memory
color" category in judging photographic image quality. The study was structured
into three essential components: 1) Skin Color Modeling: This involved developing
various mathematical models for detecting skin pixels, including lightness-
dependent ellipse models and ellipsoid models.'® 2) Psychophysical Experiments:
A series of experiments were conducted with diverse observer groups (mixed-
culture, Chinese, African, Caucasian, and Oriental backgrounds) to pinpoint
preferred skin color regions or centers. These experiments involved morphing
images towards predetermined skin color centers and having observers identify
their most preferred rendition.”® 3) Algorithm Development: Algorithms were
subsequently developed to automatically morph skin colors towards these
identified preferred regions, with methods including a static model and a more
refined approach utilizing face box information.™

Findings:

o A consistent finding was that preferred skin colors are generally more
chromatic (saturated) than real skin colors.™

o Analysis of observer variability revealed that variances in skin color
preference were larger in chroma than in hue, indicating a tighter tolerance
for hue changes compared to chroma adjustments.™

o While the preferred hue angle in CIELAB (D50 illuminant) remained consistently
around 49° across different ethnic groups, the precise preferred skin color
centers differed significantly among African, Caucasian, and Oriental groups.
For instance, Orientals tended to prefer slightly less chromatic skin colors
compared to Africans and Caucasians. '

o The developed algorithms were validated as effective in improving skin color
acceptance rates without introducing objectionable effects on non-skin
objects in the image.”® Furthermore, observers sometimes preferred slightly
more chromatic skin colors in hardcopy prints compared to monitor displays.'®

Conclusions: The research confirmed that preferred skin colors often deviate
from actual colors, typically being more chromatic. The study successfully
established a robust methodology for modeling and enhancing skin colors based
on psychophysical experiments conducted across various ethnic backgrounds,
underscoring the necessity for customized color reproduction objectives. The
developed algorithms effectively improve skin color reproduction in photographic
images, with the methodology also successfully applied to other memory colors
like green foliage and blue sky.™



Study 4: Color Quality Evaluation of Chinese Bronzeware under Museum Lighting

e Title: "Color quality evaluation of Chinese bronzeware in typical museum lighting"

e URL:
https://www.researchgate.net/publication/339347285 Color quality evaluation of

Chinese bronzeware in typical museum lighting ™

e Methodology: This study investigated the impact of various light sources on the
perceived color appearance of Chinese bronzeware within a museum setting.
Three distinct groups, each comprising 30 observers, participated in a series of
paired-comparison psychophysical experiments. The experiments were
conducted in controlled viewing booths maintained at a constant illuminance of
approximately 200 lux, with experimental lights exhibiting color rendering indices
between 88 and 95." Observers were tasked with evaluating the bronzeware
based on four specific visual attributes: color preference, color comfort, color
discrimination, and perceived antiquity. The light sources varied systematically in
their Correlated Color Temperature (CCT) (ranging from 2700 K to 4300 K) and
Duv values."

e Findings: The study revealed a high correlation between subjective judgments for
color preference and color comfort." The whiteness of the lighting was found to
significantly influence the perception of color preference, comfort, and
discrimination.” Crucially, the research identified different optimal lighting
conditions for each visual attribute:

o Alight source of 4000 K with a Duv value of zero exhibited the best
performance for both color preference and color comfort."

o Observers demonstrated the greatest capability for color discrimination under
a light source of 4000 K with a Duv value of -0.015."

o The bronzeware appeared to possess the greatest perceived antiquity when
illuminated by a 3000 K light source with a Duv value of 0.005."

e Conclusions: The study concluded that the selection of a light source significantly
impacts the perceived color quality of Chinese bronzeware in museum
environments. The findings underscore that different lighting conditions optimize
different visual attributes, demonstrating that "acceptable” color reproduction is
highly dependent on the specific purpose or desired perceptual outcome of the
display. This research provides valuable insights for strategic lighting design in
museums to enhance the presentation and appreciation of cultural relics."

Study 5: Cultural Preferences in Color Quality of lllumination

e Title: "Cultural Preferences to Color Quality of lllumination of Different Objects"
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e URL: https://arxiv.org/pdf/1305.6308 ™

e Methodology: This psychophysical study investigated how cultural background
influences preferences for the color quality of illumination, using American and
Chinese subjects. The experiment utilized a solid-state white light source,
described as a "color rendition engine," which allowed for continuous tuning of
both color saturation (via AGB vs. RGB blends) and Correlated Color Temperature
(CCT)."” Color quality was quantified using a statistical metric based on color shifts
within a color space scaled by MacAdam ellipses, yielding indices like Color Fidelity
Index (CFI).™

O

Experiment 1 (Familiar Objects): Subjects evaluated natural fruits and
vegetables, identifying the illumination that rendered colors in the "most
natural" way (high fidelity) and the "most appealing" way (highest subjective
preference). CCT was fixed at 3000 K for this phase.™

Experiment 2 (Unfamiliar Objects): Subjects evaluated three paintings with
varying degrees of cultural familiarity (one culturally neutral, one more familiar
to Americans, one unfamiliar to both cultures). For these stimuli, subjects
tuned both the AGB vs. RGB weight and the CCT to find the most appealing
illumination.™

e Findings:

O

For familiar objects, the "most natural" color rendition was found to be largely
culture-independent, with both American and Chinese subjects showing
almost identical distributions that peaked at the highest CFl."”” This suggests
that fundamental visual memory plays a dominant role in these judgments.
However, for "preference" judgments, cultural differences emerged. For
familiar objects, while the average preference shifted towards more saturated
colors across both cultures, American subjects consistently exhibited a
noticeably wider distribution of preferences compared to Chinese subjects.'
For paintings, cultural differences became more pronounced, especially for
less familiar content. For the most unfamiliar painting, significant cultural
differences were observed in both color saturation and CCT preferences:
Chinese subjects, on average, selected less saturated colors and lower CCT
(~4300 K), whereas Americans preferred higher CCTs (~6000 K). American
subjects consistently showed wider preference distributions across all painting
experiments.™

e Conclusions: The study concluded that "most natural" color rendition conditions
for familiar objects are culture-independent, primarily driven by memory. In
contrast, "preferred” color quality judgments are influenced by individual and


https://arxiv.org/pdf/1305.6308

cultural preferences, becoming more pronounced as object familiarity
decreases.”” The consistent finding of wider preference distributions among
American subjects compared to Chinese subjects was hypothesized to be linked
to Hofstede’s Individualism/Collectivism cultural dimension. This research
underscores the need for light sources capable of dynamically tuning color quality
to accommodate the diverse preferences of individuals across different cultural
groups.®

Study 6: Color-Difference Formula for No-Separation Pairs

Title: "A color-difference formula for evaluating color pairs with no separation --
AENS"
URL: https://www.researchgate.net/publication/386770954 A color-
difference formula for evaluating color pairs with no separation --

Delta E NS ™
Methodology: This study aimed to develop a novel color-difference formula,
AENS, specifically tailored for evaluating color differences in pairs of stimuli with
"no separation” (NS). This condition is particularly relevant in printing applications
where colors are printed adjacently, unlike the "hair-line separation” typically
assumed by conventional color-difference formulas.” The experiment involved
preparing 1,012 printed pairs with NS, centered around 11 CIE recommended color
centers. These pairs represented four distinct color-difference magnitudes (1, 2, 4,
and 8 CIELAB units). A panel of 19 observers visually evaluated these pairs using
the gray-scale method to quantify their perceived differences.™
Findings: The research identified a clear "separation effect" when comparing the
visual data from NS pairs to previously generated data using pairs with hair-line
separation.” The proposed new formula, AENS, which modifies the CIEDE2000
formula, was found to effectively describe this unique separation effect.”
Specifically, for NS sample pairs, if the CIEDE2000 color difference was less than
9.1, a larger color difference resulted in a larger lightness difference, which in turn
increased the total color difference. Conversely, if the CIEDE2000 color
difference was greater than 9.1, the effect was opposite: the lightness difference
decreased, leading to a reduction in the total color difference.”™
Conclusions: The study concluded that the proposed AENS formula is
recommended for future research and applications where colors are adjacent,
particularly in the printing industry. This formula addresses a critical gap in existing
color-difference metrics, which were primarily developed for stimuli with
separation, thus providing a more accurate tool for evaluating "just acceptable
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differences" in practical adjacent color scenarios.”

Study 7: Model-Based Color Tolerances

e Title: "Model Based Color Tolerances"

e URL:
https://library.imaging.org/admin/apis/public/api/ist/website/downloadArticle/cic/7/
1/art00018 ™

e Methodology: This paper presented a methodology for estimating color
tolerances in digital color imaging using mathematical models, specifically
focusing on an sSRGB monitor. The approach involved using a fixed set of input
values—a 9x9x? uniform sampling of 729 points in sSRGB space. Arithmetic mean
and maximum color differences were employed as error statistics. The CIELAB
color space was utilized to assess changes in gamma, offset, and phosphor
chromaticity, while the CIECAM97s color space was used to understand the
influence of the white point, luminance of the adapting field, and the surround.”
An average AE*ab of 3 was used as a rough perceptibility limit. The analysis
focused on computing error statistics between two populations rather than
modeling error in a closed form, and parameters were examined one or two at a
time to manage complexity.™

e Findings: The study successfully derived error curves and surfaces for gamma,
offset, and phosphor chromaticities using a simplified CIE GOG model for CRT
displays. Similarly, error surfaces were computed for viewing conditions using
CIECAM97s, considering the luminance of the adapting field, adopted white point,
and surround.” A significant finding was that the derived tolerances were
asymmetric to some degree across the color space. For instance, the blue
tolerance ellipse was found to be significantly elongated compared to those for
red and green phosphors." This asymmetry can have notable implications for
setting nominal values in manufacturing.” Furthermore, the study demonstrated
that surround settings critically impact perceived color differences, with a
substantial average AE*c97 (7.8) observed between dim and dark surrounds,
indicating that surround settings must be precise.”

e Conclusions: The paper concluded that mathematical modeling is a valuable tool
for estimating color tolerances in digital color imaging. This approach is particularly
effective for identifying asymmetries in color difference loci, which can be
challenging and time-consuming to determine through traditional psychophysical
experimentation or manufacturing databases.”” The technique can be further
refined and extended to other models (e.g., printer models) and used to compare
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the relative importance of various model parameters."

Study 8: Color Accuracy and Acceptability in Dental Shade Matching

Title: "Dental shade matching assisted by computer vision techniques”

URL:

https://www.researchgate.net/publication/364178871 Dental shade matching ass
isted by computer vision technigues '

Methodology: This study developed and validated a computer vision system
designed to assist in dental shade matching, aiming to overcome the inherent
subjectivity of human visual assessment. The methodology involved a multi-step
process: 1) Image Acquisition: Digital photographs of patient teeth and shade
guides were captured using Canon EOS REBEL T5 and T2i cameras (the latter with
cross-polarization lenses) in RAW mode to preserve color information.™ 2) Expert
Classification: Three experienced dentists manually classified the shades of the
acquired photos to create a labeled database.' 3) Pre-processing and Camera
Characterization: A crucial step involved converting RAW images to 16-bit TIFF
and applying camera characterization algorithms (e.g., a 17-term polynomial,
linearization, and spatial correction) to ensure high color accuracy.' 4)
Segmentation and Description: The system identified shade guide prostheses
and tooth areas, calculating median CIE L*a*b* values for classification.™ 5)
Recognition: A feature vector based on these median CIE L*a*b* values, utilized
with a k-dtree, was employed for the automated classification process.™ 6)
Validation: The system's performance was statistically validated against the
expert classifications using the weighted kappa coefficient.™

Findings: The camera characterization process significantly improved color
accuracy, achieving an average AE below 1.64 units.™ A key finding was that the
system's sensibility was, on average, better than human color perception,
with final AE values consistently below 2.7, a threshold generally considered more
accurate than human vision.'* The system demonstrated high agreement (high
weighted kappa values, e.g., 1.00 for shade guide tests and 0.74-1.00 for in vivo
classification) with dentist classifications, with cross-polarization lenses proving
particularly effective at removing reflections and glare, thereby enhancing
accuracy."

Conclusions: The study concluded that computer vision is an adequate and
effective tool for dental prosthesis color selection, demonstrating a sensibility that
is superior to average human color perception and reliably matching human
performance for shade taking." The research highlighted the crucial role of
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processing RAW files into 16-bit TIFF, meticulous camera characterization, and
ensuring correct illumination and focus during image capture for achieving optimal
results.”

Study 9: Color Acceptability Scales for Driving Headlight Simulation

Title: "Color-difference assessment and enhancement for driving headlight
simulation”

URL: https://www.researchgate.net/publication/298794719 Color-

difference assessment and enhancement for driving headlight simulation ™
Methodology: This study focused on assessing and enhancing color restitution
within driving headlight simulators, a critical aspect for meeting "lamps for road
vehicles" standards. The research was conducted in two distinct phases: 1)
Construction of Acceptability Scales: Two psychophysical experiments were
performed, involving separate populations of "experts" and "naive" observers.
Participants reported their degree of satisfaction regarding color differences in
simulated headlight conditions, leading to the creation of two distinct color
acceptability scales.’™ 2) Assessment of Chromatic Transformations: Various
chromatic adaptation transforms (CATs) were compared to determine their
effectiveness in reducing perceived color differences in the context of headlight
assessment within driving simulation experiments.™

Findings: The psychophysical experiments successfully enabled the creation of
two distinct color acceptability scales, which accurately reflected the differing
perceptions of the expert and naive observer populations.”™ The CATO2
transformation was specifically identified and recommended as an effective
method for reducing color differences in driving simulation experiments.’ The
study also highlighted that human observers are susceptible to "stimulus-
independent errors” (or lapses), and failing to account for these can introduce
biases into the estimation of psychometric function parameters.™
Conclusions: The research successfully developed and validated color
acceptability scales tailored for driving headlight simulation, demonstrating that
acceptable color differences can vary significantly between trained experts and
general users.” The identification of CATO2 as an effective transformation for
color difference reduction provides a practical tool for improving color restitution
in these simulations. Furthermore, the study underscored the importance of
employing robust statistical methods, such as Monte Carlo simulations, to
accurately account for human observer variability and potential errors in
psychophysical data analysis.™
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IV. Synthesized Insights: Common Themes and Influencing
Factors

The experimental studies reviewed collectively illuminate the multifaceted nature of
Just Acceptable Differences (JADs) in color reproduction, moving beyond a simplistic
numerical threshold to encompass a complex interplay of perceptual, contextual, and
human factors. Several overarching themes emerge from this body of research.

Overview of Common Psychophysical Methodologies

The consistent reliance on psychophysical methodologies across these diverse studies
underscores their indispensable role in quantifying subjective color perception.
Researchers employ a variety of techniques to elicit human judgments:

e Direct Scaling and Rating: Observers are asked to assign numerical ratings (e.g.,
on a 1-5 scale) to subjective quality attributes such as overall image quality,
brightness accuracy, or color comfort.’ This method allows for the quantification
of perceived quality and preference.

e Paired Comparison: Observers compare two stimuli side-by-side and indicate
which one is "better," "more acceptable," or exhibits a specific attribute more
strongly." This technique is particularly effective for subtle differences and
establishing relative preferences.

e Threshold Determination (JND/JAD): Techniques like the method of adjustment
or the method of limits are used to systematically vary a stimulus until the
observer detects a difference (JND) or deems a difference acceptable (JAD).®
These methods are crucial for pinpointing the precise boundaries of perception
and tolerance.

e Rank Ordering: Observers are presented with a set of stimuli and asked to rank
them from best to worst based on a given quality criterion.” This provides a
hierarchical understanding of preferences.

e Gray-Scale Method: Specifically used for visual evaluation of color differences,
often in printing applications, where observers compare color pairs to a neutral
gray scale to assess the magnitude of difference.™

These methodologies are often supported by large observer panels to ensure
statistical robustness and to capture the inherent variability within human perception.
Furthermore, the consistent use of standardized color spaces, such as CIELAB,
CIECAMO2-UCS, and CIECAM97s, is fundamental for precise manipulation and
measurement of color differences in a perceptually relevant manner.’



Impact of Viewing Conditions, Object Characteristics, and Cultural Background
on JADs

The reviewed studies unequivocally demonstrate that JADs are not static values but
are profoundly influenced by a complex interplay of factors:

Viewing Conditions: The ambient environment significantly impacts color
perception. Light source parameters, including Correlated Color Temperature
(CCT) and Duv values, have been shown to critically influence perceived color
preference, comfort, and discrimination.” For digital displays, factors like ambient
illuminance and the characteristics of the surround are critical, with precise
surround settings being essential due to their categorical impact on perceived
color differences."

Object Characteristics and Content: The nature of the object or image being
reproduced profoundly affects what constitutes an acceptable difference. For
instance, "memory colors" like skin tones, green foliage, and blue sky often elicit
specific preferences that deviate from strict colorimetric accuracy, typically
favoring more chromatic renditions.'® Furthermore, the spatial arrangement of
colors, such as "no-separation” (adjacent) pairs common in printing, fundamentally
alters perceived differences compared to separated fields, necessitating
specialized color difference formulas.” The familiarity of an object's content also
plays a role, influencing the degree to which cultural preferences manifest.'
Cultural Background: While judgments of "naturalness” for familiar objects may
be largely culture-independent, subjective "preference" judgments often exhibit
cultural dependencies, particularly for less familiar content.”? Beyond average
preferences, cultural groups can also demonstrate different widths in their
preference distributions, suggesting varying levels of acceptance for color
variations within a population.'

Observer Expertise: The background and training of observers can significantly
modulate JADs. Studies on driving headlight simulation, for example, reveal that
acceptability scales can differ markedly between "expert" and "naive" observers.™

The Interplay Between Objective Colorimetry (e.g., Delta E) and Subjective
Perception

A central theme across the research is the complex relationship between objective
colorimetric measurements and subjective human perception. While objective metrics
like Delta E (AE) are foundational tools for quantifying color differences ?, their direct
correlation with subjective perception is intricate and non-uniform across the color
space.?



Psychophysical experiments consistently reveal phenomena that challenge the
simplicity of objective metrics:

Non-uniformity and Asymmetry: Color spaces are not perfectly uniform,
meaning a given numerical AE value does not always correspond to the same
perceptual difference across the entire color gamut.® Furthermore,
psychophysical studies and model-based approaches demonstrate that JADs are
often asymmetric in color space, implying that the direction of a color deviation
matters as much as its magnitude.”” For example, a blue tolerance ellipse might be
significantly elongated in one direction.”

Preference Beyond Accuracy: The goal of "acceptable” or "preferred"
reproduction often extends beyond strict colorimetric accuracy. For memory
colors like skin tones, the preferred rendition is often more chromatic than the
real-world counterpart.’® Similarly, in museum lighting, the optimal light for
"antiquity" differs from that for "color discrimination"." These findings suggest that
JADs are not merely about minimizing perceived differences but about achieving a
desired aesthetic or functional outcome, even if it involves intentional deviations
from a reference.

Contextual Modulation of Perception: The perceived difference between colors
can be fundamentally altered by their spatial arrangement, as demonstrated by
the "no-separation" effect in printing.™ This highlights that JADs are not intrinsic to
the color values alone but are modulated by complex perceptual interactions
within the viewing context.

Automation and Objective Superiority: In certain applications requiring high
precision and consistency, such as dental shade matching, automated computer
vision systems have demonstrated the ability to achieve color accuracy (lower AE)
that surpasses average human perception.' This suggests a potential for
technology to define and enforce tighter JADs in controlled environments,
complementing or even exceeding human visual capabilities.

The determination of JADs is a driving force behind the continuous refinement and
development of color difference metrics and perceptual models. The progression
from basic AE and its known non-uniformity to more sophisticated formulas (e.g.,
CIEDE2000, CAMO02-UCS °) and advanced perceptual models like ColorVideoVDP
(which incorporates spatial and temporal aspects of vision and predicts Just-
Objectionable-Difference units 2°) reflects this ongoing effort. This evolution aims to
reduce the gap between objective measurement and subjective human perception of
"acceptable" differences. Future advancements will likely involve more adaptive,



context-aware metrics that integrate spatial, temporal, and semantic information to
better predict human acceptability, moving towards a more holistic understanding of
color quality.

V. Conclusion and Future Research Directions

The comprehensive review of experimental studies on 'just acceptable differences'
(JADs) in color reproduction clearly demonstrates that this concept is far more
nuanced than a simple numerical threshold. JADs are crucial for practical color
reproduction, extending beyond mere Just Noticeable Differences (JNDs) to
encompass acceptable quality and subjective preference. Their determination relies
heavily on rigorous psychophysical experimentation, which consistently reveals the
subjective, context-dependent, and often non-linear nature of color perception.

The key findings underscore that JADs are profoundly influenced by a complex
interplay of factors, including the specific application, prevailing viewing conditions,
the characteristics of the object being reproduced (especially memory colors), and the
cultural background and expertise of the observer. Furthermore, the analysis shows
that "preferred" reproduction often deviates from strict colorimetric accuracy, leaning
towards intentional enhancement for aesthetic or functional purposes. The inherent
non-uniformity of color spaces and the observed asymmetries in perceptual
tolerances highlight the limitations of simplistic objective metrics. There is a discernible
trend towards integrating human preference into color reproduction objectives,
signaling a shift from purely physical matching to achieving optimal visual experience
across diverse applications.

Future Research Directions

Based on the insights gleaned from these experimental studies, several promising
avenues for future research emerge to further advance the understanding and
application of JADs in color reproduction:

e Development of More Comprehensive, Adaptive Color Appearance Models:
Future research should focus on creating sophisticated models and difference
formulas that account for the multi-dimensional nature of JADs. This includes
incorporating a wider range of contextual factors such as dynamic spatial
arrangements, temporal variations (relevant for video and dynamic displays), and
semantic information (e.g., object recognition to apply specific memory color
enhancements).

o Deeper Exploration of Neurological and Cognitive Bases: Further investigation



into the underlying neurological and cognitive mechanisms of color preference
and acceptability could provide foundational knowledge to build more robust and
predictive psychophysical models. Understanding why certain colors are preferred
or deemed acceptable would enable more principled design of color systems.
Enhanced Integration of Al and Machine Learning with Psychophysical Data:
Leveraging advancements in artificial intelligence and machine learning to analyze
vast psychophysical datasets can lead to the creation of highly predictive models
for JADs. Such models could potentially reduce the need for extensive human
observer studies in certain applications, enabling real-time, personalized color
management that adapts to individual user profiles, content types, and viewing
environments.

Standardization of Methodologies and Datasets: To facilitate better
comparison and interoperability of color quality control systems, efforts should be
directed towards standardizing psychophysical methodologies and creating
comprehensive, publicly accessible datasets for JAD assessment across different
industries and applications. This would allow for more robust validation of new
models and metrics.

Investigation of Long-Term Perceptual Effects: As color reproduction
technologies evolve, particularly in immersive environments like Augmented
Reality (AR) and Virtual Reality (VR) 2°, research should investigate the long-term
effects of "preferred” or enhanced color reproduction on human perception,
visual comfort, and potential implications for visual health. This would ensure that
advancements in color management contribute positively to user well-being.

By pursuing these research directions, the field of color science can continue to refine
the definition and application of 'just acceptable differences,' leading to more
accurate, aesthetically pleasing, and functionally effective color reproduction solutions
across an ever-expanding range of technologies and human experiences.
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