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Abstract

ANSI/IES TM-30-24 uses 99 Color Evaluation Samples (CES) selected to provide broad,
approximately uniform sampling of object-color space for evaluating color rendition in built
environments. Although TM-30 is not intended as a dedicated skin-tone fidelity assessment method,
the standard designates two CES, #15 and #18, as skin-tone samples. This study examines how this
sampling structure intersects the color space region occupied by measured human skin tones. The
analysis used 100 skin reflectance spectra from two independent datasets grouped into five lightness-
based categories from Very Light to Very Dark. CAMO02-UCS coordinates were computed under D65
using TM-30-specified viewing conditions, and Euclidean nearest-neighbor distances (AE’) to the 99
CES were calculated. In both datasets, the Very Dark category showed substantially larger nearest-
CES distances than the Very Light category. In the ISSA dataset, Very Dark samples had a mean
distance of 8.13 + 2.17, compared with 3.99 + 0.59 for Very Light samples. In the CIE dataset, the
corresponding values were 7.96 + 0.94 and 4.24 + 0.85. Across the combined dataset, Very Dark
samples were approximately 95% farther from their nearest CES than Very Light samples. The
designated skin CES, #15 and #18, served as nearest neighbors for 51 of 100 samples, primarily in the
Very Light, Light, and Medium categories. These findings provide a structural map of how measured
skin tones relate to the TM-30 CES set and clarify the role of CES #15 and #18 within the broader skin-
tone region.

Keywords: color rendition; TM-30; CAMO02-UCS; skin tone; Color Evaluation Samples

1. Introduction

Color rendition describes how a light source affects the appearance of object colors relative to a
reference illuminant, and it is central to lighting quality in residential, commercial, healthcare, retail,
and institutional environments. ANSI/IES TM-30-24 is the current IES method for evaluating color
rendition and uses 99 Color Evaluation Samples (CES) to calculate the Fidelity Index (R¢), Gamut
Index (Rg), and related descriptors of color rendition (ANSI/IES TM-30-24, 2024). The method
represents a substantial advance over earlier color rendering metrics because it uses a larger sample
set, a modern color appearance model, and separate descriptors of fidelity and gamut effects (David
et al., 2015). TM-30 calculations are performed in CAMO02-UCS, a uniform color space derived from
CIECAMO2, using specified observer, reference illuminant, and viewing-condition parameters (Luo
et al., 2006; Fairchild, 2013; ANSI/IES TM-30-24, 2024). It is important to note that the 99 CES were
not selected to serve as a skin-tone database. They were developed to support general color rendition
evaluation across a broad range of object spectral reflectance properties encountered in built
environments (David et al., 2015; ANSI/IES TM-30-24, 2024). Within that broader framework, TM-30-
24 designates two samples, CES #15 and CES #18, as skin-tone samples (ANSI/IES TM-30-24, 2024).

Skin-tone rendering remains relevant because people are frequently viewed under electric light,
and prior studies have shown that spectral power distribution and lighting conditions can affect
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judgments of skin, complexion, and facial appearance (Veitch et al., 2013; He et al., 2016; Yano and
Hashimoto, 2015). Compared to the full range of object colors and spectra, skin reflectance occupies
a relatively narrow chromatic region but spans a broad lightness range shaped by melanin,
hemoglobin, carotene, and tissue scattering. (Zonios et al., 2001; Jablonski and Chaplin, 2017; Xiao et
al., 2017; Del Bino et al., 2018). This combination makes skin tones a useful case for examining local
sampling density within a general-purpose color rendition sample set.

Since TM-30 calculations are based on the 99 CES, the local distribution of those samples
determines how densely different regions of the color space are represented. A sample set can be well
suited for broad, gamut-wide evaluation while still exhibiting different local density within a visually
important sub-region. Characterizing that structure is therefore useful before asking whether metric
outputs are sensitive to skin-tone rendering under specific light-source spectra. In this context, skin
tones provide a focused case for examining how a general-purpose color rendition sample set
intersects a constrained but practically important region of object-color space.

To the authors’ knowledge, no prior study has directly characterized the distribution of
measured skin reflectance spectra relative to the TM-30 CES set in CAMO02-UCS color space. The
study therefore addresses a specific structural question: how are measured human skin tones
positioned relative to the two designated skin CES and to the broader 99-sample CES set? To answer
this question, 100 measured skin reflectance spectra from two independent datasets, the International
Skin Spectra Archive and the CIE skin-color database, were grouped into five lightness-based
categories from Very Light to Very Dark (Xiao et al., 2017; Lu et al., 2025). For each sample, CAMO02-
UCS coordinates were calculated under D65 using TM-30-specified viewing conditions, and the
Euclidean distance to the nearest CES was computed. The objectives were to identify which CES serve
as nearest neighbors to measured skin samples, quantify nearest-neighbor distance as an indicator of
local CES sampling density, compare results across the two datasets, and determine whether
sampling-density patterns differ across skin-tone lightness categories. These analyses do not establish
perceptual adequacy or rendering quality under specific illuminants; they characterize the
colorimetric structure of the CES set relative to measured skin tones.

2. Methods

A colorimetric nearest-neighbor analysis was utilized to quantify local CES sampling density
within the skin-tone region. Measured skin reflectance spectra from two independent datasets were
grouped into five CIELAB L*-based lightness categories and transformed into CAM02-UCS under
D65 using TM-30-specified viewing conditions. For each skin sample, the nearest TM-30 CES was
identified using Euclidean distance in CAMO02-UCS (AE’). CIEDE2000 color differences (AEw) were
also calculated as a robustness check. The analysis pipeline is shown in Figure 1.

2.1. Skin Tone Datasets and Categorization

Two independent spectral skin-tone datasets were used: the International Skin Spectra Archive
(ISSA) and the CIE skin-color database (Xiao et al., 2017; Lu et al., 2025). From each dataset, 50 spectra
were selected, yielding 100 total skin reflectance spectra. Samples were stratified into five lightness-
based categories, with 10 samples per category per dataset: Very Light, Light, Medium, Dark, and
Very Dark. The balanced n = 10 per category design was used to support category-level comparison
across the lightness range; inferential tests were therefore interpreted with emphasis on effect size
and replication across the two independent datasets.

The CIE skin-color database includes calibrated measurements from multiple population groups
and body locations, including the forehead, cheek, back of hand, and inner forearm (Xiao et al., 2017).
ISSA provides a larger multicultural archive of skin spectral and colorimetric measurements collected
across multiple institutions and body locations (Lu et al., 2025). Where available, spectra were
selected from facial measurement sites because face appearance is a central concern in people-
centered lighting applications. This choice aligned the sample selection with scenarios in which
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complexion and visible facial color shifts under electric light are relevant perceptual outcomes
(Kiritani et al., 2017; Okuda and Okajima, 2019).

Input Data

Skin: ISSA (n=50), CIE (n=50) | TM-30 CES (n=99)
Speciral reflectance R(A) | DE5 illuminant | CIE 1964 10° cbserver

v

Step 1: Calculate Tristimulus Values
Xio, Yio, Z1o = K T S(A) R(A) o{A) AA | CIE 1964 10°, D65
Output: XYZ coordinates for all 199 input samples (100 skin + 99 CES)

$

Step 2: Skin-tone Categorization

Compute CIELAB L* under D65 | Assign samples to five analytical lightness bins (Very
Light, Light, Medium, Dark, Very Dark) | n = 10 per category per dataset

v

Step 3: Color Space Transformations (Processed Parallely)

A. CAMO2-UCS (AE") B. CIEDE2000 (AE00)
XYZ = CIECAMO2 > CAM02-UCS XYZ -> CIELAB (L%, a*, b*) =
(J, a, b CIEDEZ2000 color difference (AE0Q)

Validation Metric (robustness check)
TM-30-24 Primary distance metric

L

Step 4: CES Proximity Calculations
Nearest-CES CAMO2-UCS distance, AE' | CIEDE2000 nearest-CES difference, AEOO |
Three-nearest-neighbor distance, AE'3NN | Distance to CES #15 and CES #18 |
Nearest designated skin CES, min(#15, #18)

<

—
Step 5: Structural and Statistical Analyses
CES utilization counts | Category-level linear models | Dataset and category x dataset
effects | Secondary Very Light vs Very Dark comparison | Spatial visualization in
CAMO2-UCS
= Ly

Figure 1. Analysis pipeline for computing nearest-neighbor distances between selected skin-tone spectra and
the TM-30-24 CES set.

Skin-tone categories were defined using CIELAB L* values computed under CIE D65 using the
CIE 1964 10° Standard Observer. L* was used because it provides a direct measure of perceptual
lightness and is widely used in skin-color measurement and pigmentation studies (Chardon et al.,
1991; Weatherall and Coombs, 1992; Del Bino et al., 2018). The category boundaries were:
e VeryLight: L">70
e Light:60<L"<70
e Medium: 45<L"<60
e Dark:35<L"<45
e  VeryDark: L" <35

It must be noted that these categories were used as analytical bins (and not as fixed biological or
demographic classes). Skin color varies continuously across individuals and body sites, and
alternative systems, including the Individual Typology Angle, incorporate both L* and b* values
(Chardon et al., 1991; Del Bino et al., 2018). The L*-based grouping was selected because the analysis
focuses on whether nearest-CES distance changes systematically with skin-tone lightness.

2.2. TM-30 CES and Tristimulus Values Computation

The 99 TM-30 CES were obtained from the official ANSI/IES TM-30-24 spectral reflectance data.
For each CES and each skin reflectance spectrum, CIE XYZ tristimulus values were calculated under
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CIE D65 using the CIE 1964 10° Standard Observer. Calculations followed the standard colorimetric
formulation:

Xio = k ZS(A)R(A)X”(A)AA )
Vo= k ) SRWFOMAL (2)
Zio = k ZS(A)R(/I)ZN(/I)AA 3)

where k is the normalizing constant calculated using:
100
k= sy @

where S(A) is the D65 spectral power distribution, R(A) is the sample’s spectral reflectance, and
X 10(A), ¥10(A), z 10(A) are the CIE 1964 10° color matching functions. The summation covered 380-780
nm at 1 nm intervals. The same procedure was applied to the skin spectra and the CES so that all
samples entered the CAM02-UCS transformation from a common colorimetric basis (ANSI/IES TM-
30-24, 2024).

2.3. CAMO02-UCS Color Appearance Pipeline

Following TM-30-24 specifications, color appearance coordinates were calculated using
CIECAMO2 with the following viewing conditions:

e  Adapting field luminance (La) = 100 cd/m?

e  Background luminance (Yb») =20 cd/m?

. Surround parameters: F =1, c=0.69, Nc =1 (Average surround)
e  Degree of adaptation: D = 1 (complete adaptation)

e  White point: CIE D65 (XYZ = [95.047, 100.000, 108.883])

These parameters match the TM-30-24 calculation procedure and were applied identically to the
skin spectra and the 99 CES (ANSI/IES TM-30-24, 2024). Tristimulus values were transformed
through CIECAMO2 to obtain lightness (J), colorfulness (M), and hue angle (h). These appearance
correlates were then converted to CAMO02-UCS coordinates using the Luo et al. (2006) transformation:

J'= et 5)
M' = (0_0;28) In(1 + 0.0228 M) ©)
a' = M' cos (h %) )
b' = M'sin (h%) 8)

where ]” represents lightness, and a’ and b’ represent the red-green and yellow-blue opponent
dimensions, respectively. The resulting three-dimensional CAMO02-UCS coordinates provided the
basis for calculating Euclidean nearest-neighbor distances (between each skin-tone sample and the
TM-30 CES set.

2.4. Nearest-Neighbor Analysis

Nearest-neighbor distance was used to characterize local CES sampling density relative to
measured skin-tone locations in CAM02-UCS. In a uniformly sampled color space, points located in
denser regions of the sample set are expected to have smaller nearest-neighbor distances than points
located in sparser regions. This relationship provides the basis for using nearest-neighbor AE' as an
indicator of local CES sampling density. Two additional structural measures were calculated to test
whether the observed pattern depended on the single closest CES. First, a three-nearest-neighbor
distance (AE'snn) was calculated for each skin sample as the mean CAMO02-UCS distance to the three
closest CES. This k-nearest-neighbor approach (with k = 3), provides a broader local estimate of CES
proximity while avoiding the need to define an arbitrary fixed-radius threshold. Second, because TM-
30-24 designates CES #15 and CES #18 as skin-tone samples, distances from each measured skin
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sample to CES #15 and CES #18 were calculated directly. The smaller of these two distances was
retained as the distance to the nearest designated skin CES. This analysis characterized how the
measured skin-tone categories relate specifically to the two CES identified as skin samples in TM-30-
24.

For the primary nearest-neighbor analysis, the Euclidean distance from each of the 100 skin-tone
samples to each of the 99 TM-30 CES was calculated using:

AE, = \/(]’sample - ](’;Es)z + (a’sample - a’CEs)Z + (b’sample - é‘Es)z (9)

where J', a’, and b” are the CAMO02-UCS coordinates of the skin sample and CES, respectively. The
smallest distance was retained as the nearest-neighbor distance (AE’) for that skin sample, and the

corresponding CES was recorded as its nearest neighbor. Smaller AE’ values indicate that a skin
sample is closer to at least one CES in CAMO02-UCS under D65, whereas larger values indicate lower
local sampling density near that sample. Category-level means were then compared across the five
skin-tone lightness groups.

It is important to distinguish this analysis from a color rendering fidelity study. Nearest-
neighbor distance in CAM02-UCS quantifies colorimetric proximity under the reference illuminant
only. It does not imply spectral similarity between a skin sample and its nearest CES, nor does it
predict how either sample will respond under a test illuminant. Two samples may be close in color
space under D65 yet have different spectral reflectance functions, leading to different color shifts
under light sources with varying spectrums. The nearest-neighbor metric therefore characterizes CES
sampling density relative to skin-tone locations, not skin-tone rendering fidelity.

2.5. CIEDE2000 Robustness Check

CIEDE2000 was used as a complementary robustness check because it is a perceptually weighted
CIELAB color-difference formula (AEw) developed to improve agreement between computed and
perceived color differences relative to earlier CIELAB-based formulations (Luo et al., 2001; He et al.,
2022). The goal was to test whether the category-level nearest-neighbor pattern persisted under a
color-difference formulation with stronger perceptual grounding rather than establishing perceptual
thresholds for skin-tone appearance. Skin samples and CES were represented in CIELAB under D65
using the CIE 1964 10° Standard Observer, and CIEDE2000 distances were calculated between each
skin sample and each CES using:

800 = JE) + () + (ED) 4 re (22) ()

where AL’, AC’, and AH’ represent differences in lightness, chroma, and hue, respectively. The

weighting functions St, Sc, and Su account for perceptual non-uniformities, ki, ke, and ku are
parametric factors (set to 1 for reference conditions), and Rr is a rotation function that corrects for the
interaction between chroma and hue differences in the blue region. For each skin sample, the CES
with minimum AEw value was recorded. These results were compared with the CAM02-UCS nearest-
neighbor results to assess whether category-level patterns were consistent across color-difference
formulations.

2.6. Statistical Analysis

Descriptive statistics were calculated for AE’, AEw, AE'snn, and distance to the nearest designated
skin CES by dataset and skin-tone category. Since the study objective was to determine whether CES
sampling density differed across the full skin-tone lightness range, the primary inferential analysis
used linear models instead of relying only on pairwise category comparisons. Separate models were
fitted for AE’, AEw, and the mean AE'snn with skin-tone category, dataset, and the category x dataset
interaction as predictors. The model takes the following form:

Yij = Bo + piCategory; + B,Dataset; + B3 (Categoryi X Datasetj) + &;j (11)
where Yj represents either AE’, AEw, or AEsxnv depending on the model. Skin-tone category was
treated as a categorical predictor because the groups were defined as analytical lightness bins and
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not continuous measurements. Dataset was included to test whether the pattern differed between the
ISSA and CIE skin datasets. Linear model effects were summarized using ANOVA-style F tests,
degrees of freedom, p-values, and partial eta squared (np?).

To aid interpretation of the category effect, the Very Light and Very Dark categories were also
compared directly. This comparison summarized the largest lightness-range separation and was
treated as secondary to the all-category linear models. Independent-samples t-tests were used to
summarize this contrast within each dataset and for the combined dataset. These comparisons were
interpreted as secondary to the all-category linear models. Effect sizes were reported using Cohen'’s

d, calculated as:
d _ U1i—HU2

- 2, 2
0'1+0'2
2

where p and o represent means and standard deviations of the two groups. CES utilization patterns

(12)

were summarized by counting how often each CES served as the nearest neighbor within each dataset
and skin-tone category.

3. Results
3.1. ISSA Dataset

The ISSA dataset showed a clear contrast between the lightest and darkest skin-tone categories
(Table 1). Very Light samples had the lowest mean distance to the TM-30 CES set, with a mean AE’
of 3.99 + 0.59, while Very Dark samples had the highest mean distance AE' = 8.13 + 2.17. This
corresponds to an approximately 104% increase from the Very Light to Very Dark category. The same
pattern was observed using CIEDE2000, with mean AEw increasing from 3.95 + 0.77 for Very Light
samples to 7.68 + 1.65 for Very Dark samples.

Nearest-neighbor assignments also varied by category. CES #15 and #18 serve as nearest
neighbors primarily for Very Light, Light, and Medium samples. Dark and Very Dark samples more
often mapped to CES without skin designation.

Table 1. Nearest-neighbor color differences and most frequent CES assignments for the ISSA dataset (n = 50).

Most Frequently
Category n AE’ Mean + SD AEow Mean + SD
mapped CES
Very Light 10 3.99 +0.59 3.95+0.77 #15, #14
Light 10 4.72+1.69 4.46 +1.59 #15
Medium 10 5.02 £2.40 4.83+227 #18, #15, #17
Dark 10 6.40 £1.07 5.81+1.64 #13, #16, #39
Very Dark 10 8.13+2.17 7.68 +1.65 #3, #9, #13

3.2. CIE Dataset

The CIE dataset showed a similar category-level pattern (Table 2). Very Light samples had a
mean nearest-neighbor distance of AE’ =4.24 + 0.85, while Very Dark samples had the highest mean
distance, with AE' =7.96 + 0.94. This corresponds to an approximately 88% increase from the Very
Light to Very Dark category. CIEDE2000 distances followed the same general pattern, increasing
from 4.47 + 1.20 for Very Light samples to 7.83 + 1.32 for Very Dark samples. The intermediate
categories were not strictly monotonic in the CIE dataset, with Medium samples showing a lower
mean AE’ than Light samples; however, the primary Very Light-to-Very Dark contrast remained
consistent with the ISSA results.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Nearest-neighbor assignments were also consistent with the ISSA results. Very Light and Light
samples most often mapped to CES #15, with CES #14 also appearing for Very Light samples.
Medium samples mapped most frequently to CES #18, #15, and #17. Dark and Very Dark samples
more often mapped to non-designated skin CES, including #13, #16, #17, #3, and #9.

Table 2. Nearest-neighbor color differences (AE” and AE00) across five skin tone categories for the CIE dataset

(n=50).
Most Frequently
Category n AE’ Mean * SD AEw Mean * SD
Mapped CES
Very Light 10 4.24+0.85 4.47+1.20 #15, #14
Light 10 571+1.78 5.05+1.63 #15
Medium 10 4.87+2.01 4.62+1.71 #18, #15, #17
Dark 10 6.35+1.09 5.41+0.98 #13, #16, #17
Very Dark 10 7.96 +0.94 7.83+1.32 #3, #9, #13

Figure 2 summarizes the distribution of CAM02-UCS nearest-neighbor distances across the five

skin-tone categories for both datasets.

ISSA dataset (n=50) CIE dataset (n=50)

%‘4 % JL

T T T T T T T

T T
VL L M D VD VL L M D VD
Skin tone category Skin tone category

AE' (CAMO02-UCS nearest-neighbor distance)
(=] o
1 1
F-S
Q
m
o
i -
&
o
o
w

Figure 2. Distribution of CAMO02-UCS color differences (AE') by skin tone category across the sampled

databases.

3.3. Category-Level Model Results and Combined Dataset Analysis

The all-category models showed that skin-tone category was significantly associated with all
three CES proximity outcomes: single nearest-neighbor AE’, CIEDE2000 AEw, and three-nearest-
neighbor AE'sxn (Table 3). This pattern was observed across the full five-category skin-tone range.
The partial eta-squared values for skin-tone category were large across all three outcomes, indicating
that category membership accounted for a substantial portion of the variance in CES proximity. This
statistical pattern is consistent with the distributions shown in Figure 2, the category-level mean
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trends in Figure 3, the spatial separations shown in Figure 5, and the designated-CES distances
summarized in Table 4.

Table 3. ANOVA-style summaries of linear model effects for category-level differences in CES proximity

metrics.

Outcome Effect F df P Ny’
AE Skin-tone category 18.56 4,90 <0.001 0.45
AE Dataset 0.30 1,90 0.586 0.003
AE Category x dataset 0.47 4,90 0.756 0.02
AEw Skin-tone category 16.95 4,90 <0.001 0.43
AEoo Dataset 0.18 1,90 0.673 0.002
AEo Category x dataset 0.40 4,90 0.808 0.02

AVIEND Skin-tone category 20.26 4,90 <0.001 0.47
AEsnn Dataset 1.70 1,90 0.196 0.02
AEsnN Category x dataset 1.92 4,90 0.114 0.08

The secondary comparison between the Very Light and Very Dark categories illustrated the
largest category separation. In the ISSA dataset, Very Dark samples were farther from their nearest
CES than Very Light samples [t(18) = 5.81, p < 0.001, d = 2.60]. The same pattern was observed in the
CIE dataset [t(18) =9.23, p <0.001, d = 4.13]. In the combined dataset, Very Light samples had a mean
nearest-neighbor distance of 4.12 + 0.73 AE’, whereas Very Dark samples had a mean distance of 8.04
+1.63 AE’, corresponding to an approximately 95% increase. This combined contrast was statistically
significant [t(38) = 9.83, p <0.001, 4 = 3.11].

The 3NN analysis provided a broader structural check on CES proximity. Combined AE'snn
values were 6.03 + 0.33 for Very Light samples and 9.49 + 1.90 for Very Dark samples, indicating that
the Very Light-to-Very Dark separation was not driven only by the identity of the single closest CES.

Figure 3 summarizes the mean AE' values across categories for both datasets and the combined
trend. Nearest-neighbor assignment pattern analysis is reported in the following section.

Table 4. Combined-dataset mean AE’ distances from measured skin samples to CES #15 and CES #18, shown

separately and as the smaller distance to either designated skin CES.

Cat AE’ to CES #15 | AE’ to CES #18 Nearest designated Nearest designated
atego
oty Mean + SD Mean + SD skin CES Mean + SD CES count”
Very Light 4.62+1.05 19.32 +0.97 4.62+1.05 #15: 20, #18: 0
Light 5.21+1.77 11.01 £2.16 5.21+1.77 #15: 20, #18: 0
Medium 14.01 +5.02 5.20+2.41 5.06 +2.21 #15: 3, #18: 17
Dark 26.71 +2.85 11.77 +3.00 11.77 + 3.00 #15: 0, #18: 20
Very Dark 36.62 +2.74 22.07 +2.93 22.07 +2.93 #15: 0, #18: 20

“Reports the number of samples, out of 20 per category, for which each skin-designated CES was nearer.
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Figure 3. AE' difference by skin tone category across datasets.

3.4. CES Utilization Patterns and Designated Skin-CES Distances

Nearest-neighbor assignments were concentrated among a small subset of the TM-30 CES
(Figure 4). Across the combined dataset, CES #15 was the most frequent nearest neighbor, accounting
for 36 of 100 samples. CES #13 accounted for 16 samples, CES #18 for 15 samples, CES #3 for 10
samples, CES #14 for 7 samples, CES #16 for 6 samples, CES #9 for 5 samples, CES #17 for 4 samples,
and CES #39 for 1 sample. The three most frequently assigned CES, #15, #13, and #18, accounted for
67% of all nearest-neighbor assignments.
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Figure 4. Nearest-neighbor CES usage frequency across skin tone categories.

Only CES #15 and CES #18 are designated skin-tone samples in TM-30-24 and their respective
colorimetric coordinates provide context for this assignment pattern. Under D65 using the CIE 1964
10° observer, CES #15 has L*= 66.75, a*= 10.85, and b*= 15.19, while CES #18 has L*'=51.66, a"= 10.61,
and b"= 19.59. Both samples lie in the yellow-red region of color space, but their lightness values
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correspond primarily to the Light and Medium portions of the skin-tone range used in this study.
This is consistent with their frequent nearest-neighbor assignments among Very Light, Light, and
Medium samples, and with the tendency of Dark and Very Dark samples to map to other nearby
CES. Direct distances to CES #15 and CES #18 further clarifies the role of the designated skin CES.

The distances were examined separately for the two CES and summarized as the smaller
distance to either. CES #15 was nearest to all Very Light and Light samples, whereas CES #18 was
nearest to most Medium samples and all Dark and Very Dark samples. However, the distance to the
nearest designated skin CES increased substantially for Dark and Very Dark samples, indicating that
the designated skin CES are positioned closest to the lighter-to-medium portion of the measured skin-
tone range (Table 4). It must be noted that the final column in Table 4 should be interpreted only
within the two-sample designated skin CES subset. Although CES #18 was the nearer of the two
designated skin CES for all Dark and Very Dark samples, these categories more often mapped to non-
designated CES as their overall nearest neighbor when all 99 CES were considered.

When all 99 CES were considered, CES #15 and CES #18 were the nearest neighbors for 51 of the
100 skin samples, with assignments concentrated primarily in the Very Light, Light, and Medium
categories. Dark and Very Dark samples more often mapped to ‘non-skin” CES, particularly CES #13,
#3, #9, and #16. Note that this differs from the designated-CES-only comparison in Table 4, where
CES #18 was the nearer of the two designated skin CES for darker samples but remained relatively
distant in absolute CAMO02-UCS terms. This pattern describes the local distribution of the CES relative
to measured skin-tone locations; it does not imply that the non-designated CES are inappropriate
within TM-30’s broader object-color sample set.

Figure 5 shows the spatial relationship between the measured skin samples and the TM-30 CES
in CAMO02-UCS. Skin samples occupy the expected reddish-yellow region of color space, while
nearest-neighbor connector lines show larger separations for darker samples, particularly along the
lightness dimension. This visualization is consistent with the category-level distance results reported
in Tables 1 and 2 and with the broader model results in Table 3. It also provides spatial context for
the designated-CES analysis in Table 4, where distances to CES #15 and CES #18 increase for Dark

and Very Dark samples.
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Figure 5. Spatial distribution of measured skin-tone samples and TM-30-24 CES in CAMO02-UCS color space. (A)
J'-a' plane. (B) J'-b’ plane. (C) a'-b’ chromaticity plane. Connector lines indicate each skin sample’s nearest CES.
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4. Discussion

This document discusses how measured human skin tones are positioned relative to the
ANSI/IES TM-30-24 CES set. Across two independent datasets, skin-tone category was significantly
associated with CES proximity across CAMO02-UCS nearest-neighbor distance, CIEDE2000 distance,
and mean three-nearest-neighbor distance. The Very Dark category showed substantially larger
nearest-CES distances than the Very Light category, with some variability among intermediate
categories. In the combined dataset, Very Dark samples were approximately 95% farther from their
nearest CES than Very Light samples. The 3NN analysis further supported this interpretation,
indicating that the pattern was not driven only by the identity of the single closest CES. Together,
these results are best interpreted as a colorimetric sampling-density pattern within a localized region
of color space. The TM-30 CES were developed to support general color rendition evaluation across
a broad range of object colors encountered in built environments, not to function as a skin-tone
database (David et al., 2015; ANSI/IES TM-30-24, 2024). The present analysis narrows attention to one
visually important subset of colors and shows that local CES proximity within that subset varies with
skin-tone lightness.

The CES utilization results provide further context for this pattern with two CES (#15 and #18)
designated as skin-tone samples in TM-30-24 serving as nearest neighbors for 51 of the 100 measured
skin samples, primarily in the Very Light, Light, and Medium categories. The direct distance analysis
to the two skin-designated CES showed that CES #15 was closest to the Very Light and Light
categories, whereas CES #18 was closest to most Medium samples and all Dark and Very Dark
samples. However, the distance to CES #18 also increased substantially for the darker categories,
indicating that the designated skin CES are most proximate to the lighter-to-medium portion of the
measured skin-tone range. This should be read as a structural observation about the position of
measured skin tones relative to the CES set. It does not imply that ‘non-skin” CES are inappropriate
within TM-30’s intended gamut-wide sample set, nor does it suggest that the current CES set was
expected to span the skin-tone locus with equal local density. The result clarifies where the two
designated skin CES sit relative to a broader set of measured skin reflectance spectra.

Several limitations should guide interpretation of these findings. First, the analysis used 100
selected skin reflectance spectra from two datasets, with balanced sampling across lightness
categories. This design supports category-level comparison but does not estimate population
prevalence or the full distribution of human skin reflectance. The focus on facial measurement sites
was intentional, given the relevance of face appearance in built-environment lighting, but the results
should not be generalized to all body sites without further analysis. Second, the L*-based categories
are analytical bins rather than fixed biological or demographic classes. Skin color varies continuously
across individuals and body sites, and other classification systems may define categories differently.
Third, nearest-neighbor distance in CAMO02-UCS describes colorimetric proximity under D65, not
spectral similarity or rendering fidelity under test illuminants. The 3NN analysis reduces dependence
on a single closest CES and supports the interpretation of a local structural pattern, but both nearest-
neighbor approaches remain geometric measures of proximity instead of complete spatial-density
models. The CIEDE2000 analysis provides a useful robustness check because AEw has stronger
perceptual grounding than the original CIELAB AEab", but it does not substitute for psychophysical
validation of skin appearance under real or simulated light sources (Luo et al., 2001; He et al., 2022).
Two samples that are close in color space under a reference illuminant may have different spectral
reflectance functions and may respond differently under spectrally complex light sources. Finally,
the analysis treats skin samples as isolated reflectance spectra, whereas real-world skin appearance
is affected by spatial variation, texture, geometry, observer adaptation, and viewing context
(Fairchild, 2013; Kiritani et al., 2017). These limitations define the scope of the result: the study
characterizes CES sampling density relative to measured skin tones, not perceptual adequacy or
lighting performance.

The findings nevertheless point to a useful direction for supplementary skin-specific analyses.
TM-30 should remain the general color rendition framework, with R, R, and related measures
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describing broad color fidelity and gamut behavior. For applications in which skin appearance is
especially important, such as healthcare, cosmetics, hospitality, retail, residential, and other people-
centered environments, additional analyses based on measured skin reflectance spectra may provide
more targeted information. Such analyses could be reported alongside standard TM-30 metrics rather
than replacing them. A skin-specific descriptor, for example, could evaluate a broader set of
measured skin spectra under test and reference illuminants, while preserving TM-30’s general-
purpose role. The study provides the colorimetric basis for that work by identifying how measured
skin tones are positioned relative to the TM-30 CES set and to the two designated skin CES. A
companion metric-level analysis can test whether these sampling-density patterns translate into
differences in calculated color rendition across practical LED spectra. Until such evidence is available,
the present findings should be treated as a map of CES sampling density in the skin-tone region, not
as a direct assessment of skin-tone rendering quality.

5. Conclusions

This manuscript discussed how measured human skin tones are positioned relative to the
ANSI/IES TM-30-24 Color Evaluation Sample set. Using 100 skin reflectance spectra from the ISSA
and CIE datasets, nearest-neighbor distances were calculated in CAMO02-UCS under D65 and
compared across five skin-tone lightness categories. The results showed a consistent primary contrast
across both datasets: Very Dark samples were farther from their nearest CES than Very Light samples.
In the combined dataset, Very Dark samples had a mean nearest-neighbor distance of 8.04 + 1.63 AE’,
compared with 4.12 + 0.73 AE' for Very Light samples, corresponding to an approximately 95%
increase.

The CES utilization results further showed that the two designated skin-tone samples in TM-30-
24, CES #15 and CES #18, served as nearest neighbors for 51 of the 100 measured skin samples,
primarily in the Very Light, Light, and Medium categories. Darker skin-tone categories more often
mapped to CES without skin designation. This pattern should be interpreted as a local colorimetric
sampling result, not as a direct measure of rendering fidelity, spectral similarity, or perceptual
adequacy. The all-category and designated-CES analyses show that this pattern is not only an
extreme-category contrast, but also a structural feature of how the measured skin-tone region relates
to the TM-30 CES set and to CES #15 and CES #18 specifically.

The findings support the value of supplementary skin-specific analyses for applications in which
skin appearance is an important lighting consideration. Such analyses would complement TM-30’s
general color rendition framework. Future work should also test whether the sampling-density
patterns identified here translate into meaningful differences in calculated or perceived skin-tone
rendering under practical light-source spectra.
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