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Abstract

We studied skin color in participants before and after a 100-meter sprint using a Konica Minolta CM-
2600d spectrophotometer. Four body positions (forehead, cheek, neck, and inner forearm) were measured
for the approximately 30 students (non-professional runners) who participated in the experiment. Skin
reflectance was measured three times at each position before running and again soon afterwards. Analysis
of the data showed that average measurement repeatability (mean color difference from the mean) was
0.5, 0.4, 0.3, and 0.2 CIELAB units for forehead, cheek, neck, and inner forearm, respectively. However,
average skin color differences produced by running were 1.8, 2.2, 2.0, and 1.7 CIELAB units for forehead,
cheek, neck, and inner forearm positions, respectively, which are considerably higher than repeatability
before or after running. Furthermore, appearance variation was analyzed in the CIELAB space, and it
was found that sprinting for 100 meters considerably changes the values of the red-green a* coordinate,
while the lightness L* and yellow-blue b* coordinates remain almost constant. More specifically, on
average, a* decreases after running for the forehead, cheek, and neck positions, while the opposite is true
for the inner forearm position. The findings in this paper may be useful to test previous physical models,
achieve more realistic images of human skin after sprinting, and contribute to work of CIE TC 1-92 on

skin spectra database.
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1. INTRODUCTION

Human skin color has been the subject of numerous studies!”, focusing on skin color measurement for
the diagnosis of cutaneous related disease®’, skin color segmentation for face detection and recognition®
11 skin color reproduction for the graphic arts, and skin color matching for body and maxillofacial soft
tissue prostheses'>!3. For such applications, a comprehensive knowledge of the range of skin shades in a
representative sample of individuals, as well as an understanding of how skin color varies across different
body locations and how these differences are perceived under a wide range of viewing conditions, is of

vital importance?.



In 2012, Xiao et al.! accumulated a large set of reflectance data measured using the Konica-Minolta
CM-2600d for Chinese individuals, and skin appearance was examined in both the CIELAB and
CIECAMO?2 spaces. In 2017, Xiao et al.? reported accurate skin color measurements from four different
ethnic groups (Caucasian, Chinese, Kurdish, Thai) at four different body locations (forehead, cheek,
inner arm, back of the hand) with the goal of creating a new skin color database for medical and cosmetic
applications and for studying the color gamut in different ethnic groups. In 2018, Wang et al.* researched
the variability of skin color measurements using non-contact and contact technologies with a PR-650
spectroradiometer and a CM-700d spectrophotometer, respectively.

The CIE has now set up its Technical Committee 1-92 to create a skin color database for industrial
applications by collecting skin reflectance measurements for different ethnicities, genders, ages, and
body locations. We have been developing a project in connection with CIE TC 1-92 by collecting spectral
skin data before and after aerobic and anaerobic sports activities. The aim of this project is to study the
change in skin color appearance before and after sports activities, and its dependency on body location.

In this paper, we report spectral skin reflectance measurements taken with a Konica Minolta CM-
2600d spectrophotometer before and after a 100-meter sprint. During this short distance, runners
normally exert much effort and hold their breath in order to run faster. Hence, it may be expected that

14,15

oxygenation saturation in skin hemoglobin would be modified by running'*". According to the

hypothesis of Changizi et al.'®!”

, modulations in hemoglobin oxygen saturation indeed change skin color.
In a few words, the goal of the current paper is to provide a colorimetric characterization of skin color
before and after 100-meter sprinting, as stated in its title. We focused on the 100-meter sprint because it
is considered the queen of athletics, as it rewards the fastest man and woman in the world, and has been
part of each of the 28 editions of the Olympic Games in the Modern Era. In addition, 100-meter sprinting

is not a too long distance, and a popular sport exercise for which it is easier to find volunteers.

FIGURE 1 [Illustration of measurements made at forehead (1), cheek (2), neck (3), and inner forearm (4) positions.

2. EXPERIMENT DESIGN

Skin measurements were made using a Konica Minolta CM-2600d spectrophotometer with an § mm
diameter aperture size. We used the largest aperture available in our instrument, trying to average
potential non-uniformity of color of the skin. Spectral reflectance factors were measured in a range of
360-740 nm (10 nm steps) at four positions (forehead, cheek, neck, and inner forearm, see Figure 1).
These four positions are consistent with those considered in other works within CIE TC 1-92. Two of
these four positions are in the subject’s face, as most important part of the body in many applications.
Students from the University of Science and Technology Liaoning were recruited for these

measurements. Table 1 lists the number of students (NS) participating in the experiment for each of the



four measured body positions. For each position, we performed three measurements before running
without moving the instrument. Each student was then allocated a number and all gathered at the starting
point for the sprint. An experimenter with the CM-2600d spectrophotometer was waiting at the
termination point. When the experimenter was ready for the measurement, a coordinator at the
termination point sent a signal for the j-th participant to run. As soon as the j-th runner arrived at the
termination point, the experimenter performed 3 quick measurements at each of the four body positions
mentioned above. When these measurements were completed, the next participant started to run, and this

sequence was repeated for all of the students.

TABLE 1 Numbers of students (NS) recruited for skin color measurements at the four body positions, and numbers of students

after removing outlier data.

Forehead Cheek Neck Inner Forearm
NS 32 31 33 32
NS after removing outliers 29 31 27 30

The experimenter used paper napkins to clean the measured positions of the skin of each participant
before and after the sprint. In this way we tried to avoid potential surface effects, in particular the effect
on our measurements of small perspiration which may be produced by the sprint. All results reported in
this paper correspond to measurements performed using the specular component excluded (SCE) mode
of CM-2600d. We can assume that our measured surfaces had negligible gloss. As indicate above, for
each of the four body positions, we measured 3 consecutive times in only one place, in such a way that
color variability within a body position was not considered. However, the experimenter tried to measure
approximately at the same place before and after the sprinting, applying the instrument on the skin with
the same pressure.

Table 1 shows that an average of 32 students participated the experiment and measurements were
performed at four body positions. We therefore performed a total of 768 spectrophotometric
measurements (32 students x 4 body positions x 2 situations (before and after running) x 3 replications
of measurement. Note that the bottom row in Table 1 lists the numbers of students (NS) for each of the

four body positions after removing the outlier measurement data, as will be discussed in the next section.

3. RESULTS

First, the repeatability of the measurements made with the CM-2600d was studied. For each body
position, spectral reflectance was measured three times and the corresponding results designated as 7 1,
Tj k2> and 7; ;. 3, where the subindices j and k indicate the student (runner) and the position on the body,
respectively. We designate as Lab;y 1, Labjy ,, and Lab;, ; the CIELAB coordinates calculated from
Tik1» Tjkz2 and 7j, 5 under the CIE illuminant D65 and the CIE 1931 standard colorimetric observer.
We will let Lab;, be the average of the three computed colors: Lab;y 1, Labj,,, and Labj .
Meanwhile, AEj,, will designate the CIELAB color difference between Lab;, and Lab; ,, and
similarly for AE;),, and AE;, ;. The mean of the three differences, AEj;,, AEj;,, and AEj, 5,
denoted by AE] ,, represents measurement repeatability in CIELAB units for the j-th runner at the k-th

position. Note that AEj is the mean color difference from the mean (MCDM), which also shows the



precision of these color measurements'8. Measurement repeatability for the k-th body position is given

by Equation 1, where NS is the total number of runners:
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FIGURE 2 Box-plots with notches in which the horizontal axes 1 and 2 mean before and after running, respectively. The central
mark in each notch indicates the median, and the bottom and top edges of the box indicate the 25 and 75" percentile CIELAB
color differences, respectively. The whiskers (short segments above and below the box) extend to extreme data points not
considered to be outliers, while the outliers are plotted individually using the “+” symbol. Plots (a), (b), (c), and (d) correspond to

measurements at the forehead, cheek, neck and inner forearm, respectively.

Figure 2 shows box-plots with notches illustrating the repeatability of our measurements before
(box-plot 1) and after (box-plot 2) 100-meter sprinting for the four body positions: forehead (a), cheek
(b), neck (c) and inner forearm (d). In each of these box-plots, the red mark in the middle of the notch
indicates the median, and the bottom and top edges of the box indicate the 25" and 75" percentile
CIELAB color differences, respectively, while whiskers (segments above and below the box) extend to
the extreme data points not considered to be outliers, the outliers being plotted individually using the '+'
symbol. Figure 2 was drawn using the MATLAB function ‘boxplot’, which draws points as outliers if
they are greater than q3 + 1.57 x (q3 — qi) / sqrt(n) or less than q; — 1.57 x (q3 — q1) / sqrt(n), where q; and
qs are the 25" and 75™ percentiles of the sample data, respectively, and 7 is the number of data points.

Since there are some outliers in box-plots (a), (c), and (d) in Figure 2, these data were removed for

later analysis. The last row in Table 1 lists the number of students for each body position after removing



the outliers (2 outliers are not shown in box-plot (c) in Figure 2 to maintain a reasonable scale in its y-
axis). Table 2 lists average color differences, representing measurement repeatability before (row 1) and
after (row 2) the 100-meter sprint, as well as total averages (last row) for each of the four body positions.
It can be observed that repeatability varies for different positions. The inner forearm shows the greatest
repeatability (i.e. the lowest CIELAB color difference: 0.2 units), which is understandable as this part of
the body is characterized by high color uniformity and the CM-2600d spectrophotometer is more easily
applied. The lowest repeatability was found for the forehead measurements (0.5 CIELAB units). The
manufacturer of CM-2600d indicates that the colorimetric repeatability of this instrument is a standard
deviation within 0.04 CIELAB units, for a white calibration plate measured 30 times at 10-second

intervals, after white calibration was performed.

TABLE 2 Measurements repeatability in terms of CIELAB color difference.

Forehead Cheek Neck Inner Forearm

Before 0.5 0.4 0.2 0.2
After 0.5 0.4 0.3 0.2
Average 0.5 0.4 0.3 0.2
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FIGURE 3 Idem to Fig. 2, but with outliers removed from the repeatability results (1 and 2 on the x-axis), and the addition of

results for skin color differences produced by running (3 on the x-axis).

Figure 3 shows repeatability results after removing outliers (1 and 2 on the x-axis), as well as color

differences generated by running (3 on the x-axis). The box-plot 3 in Figure 3 shows skin color



differences between Lab;; before and after 100-meter sprinting for the four body positions measured.
It can be seen that the values in box-plot 3 are higher than in box-plot 1 and box-plot 2, which means
that a significant skin color variation was produced by the 100-meter sprint. In Figure 3 (c) and (d), the
lowest point in box-plot 3 is roughly coincident with the highest point in box-plots 1 and 2, while in
Figure 3 (a) and (b), the 25" percentile in box-plot 3 is higher than the highest points in both box-plots 1
and 2. In fact, in each of the plots in Figure 3, the notch for box-plot 3 does not overlap with the notches
in box-plots 1 and 2, and, following the MATLAB help document for the function ‘boxplot’, we can
conclude with 95% confidence that the color differences in box-plot 3 (i.e. CIELAB color differences
produced by running) are significantly different from those in box-plots 1 and 2 (i.e. CIELAB color

differences representing measurement repeatability both before and after running).

TABLE 3 Average CIELAB skin color differences produced by the 100-meter sprinting at the four body positions.

Forehead Cheek Neck Inner Forearm

1.8 22 2.0 1.7
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FIGURE 4 Comparison of CIELAB lightness L* before and after running for different body positions: (a) forehead, (b) cheek,

(c) neck, and (d) inner forearm.

Table 3 lists average skin color differences for measurements before and after the 100-meter sprint
for each of the four body positions. When these results are compared with those in Table 2, it can be

observed that the change in skin color produced by the 100-meter sprint at each body position is quite



significant. For a better understanding of the magnitude of these color differences, we might point out
that 0.6-1.1 CIELAB units was determined as the average human visual threshold in a previous paper by
Huang et al.'°. We feel that the large variation in skin appearance produced by the sprint may be caused

mainly by a variation in the oxygenation saturation!*!>

of skin hemoglobin, but we didn’t perform
specific measurements of hemoglobin to test this point. Our findings also show that the CM-2600d
spectrophotometer can indeed detect color variations, both before and after running. Note that the color
differences shown in Table 3 correspond to non-professional runners. It can be expected that for
professional runners skin color differences before and after a 100-meter sprint will be even greater.

As is well known'$?

, in the CIELAB space L* represents lightness, a* represents red-green, and
b* represents yellow-blue. Figure 4 shows lightness L* before running (horizontal axis) versus lightness
L* after running (vertical axis) for forehead (diagram (a)), cheek (diagram (b)), neck (diagram (c)), and
inner forearm (diagram (d)) positions. The solid lines in Figure 4 have a slope of 1, and all points on
these lines represent no lightness change as a result of running. It can be seen from diagrams (a) to (c)
that there is no clear trend for the forehead, cheek, and neck positions. However, for the inner forearm
position (d), most points are located below the line with slope 1, meaning that lightness decreases (i.e.

the skin has a darker appearance) after running.
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FIGURE 5 Comparison of CIELAB a* before and after running for different body positions: (a) forehead, (b) cheek, (c) neck,

and (d) inner forearm.

Figure 5 shows the CIELAB a* coordinate before running (horizontal axis) versus a* after running

(vertical axis) for forehead (diagram (a)), cheek (diagram (b)), neck (diagram (c)), and inner forearm



(diagram (d)). It can be seen in Figure 5 that there are more points located below the lines with slope 1
in diagrams (a) to (c), which means that a* decreases with running. However, diagram (d) shows the
opposite trend, as there are more points located above the line with slope 1, meaning that ¢* increases
with running.

Figure 6 shows the CIELAB b* coordinate before running (horizontal axis) versus b* after running
(vertical axis) for forehead (diagram (a)), cheek (diagram (b)), neck (diagram (c)), and inner forearm
(diagram (d)). It can be seen in Figure 6 that there is no clear trend for variation of the 5* coordinate with
running. This is certainly the case for diagrams (c) and (d), while there are a few more points located

below/above the line with slope 1 for diagrams (a) and (b), respectively.
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FIGURE 6 Comparison of CIELAB b* before and after running for four body positions: (a) forehead, (b) cheek, (c) neck, and

(d) inner forearm.

Bearing in mind that CIELAB is a tridimensional color space, the color changes produced by the
sprinting may be better understood using plots of planes a*b*, a*L* and b*L* (see Figure 7). Specifically,
Figure 7 shows the average color changes (or color shifts) produced by the sprinting for each of the four
body positions. Figure 7 confirms the results previously indicated from Figures 4-6, and also shows that
the highest color change corresponds to the a* coordinate. The changes produced in the a* coordinate
mean that, as a consequence of the sprinting, the amount of redness decreases for forehead, cheek, and
neck, the opposite happening for inner forearm. The reasons of these changes deserve future research.

Table 4 shows the specific average values for the a* coordinate before and after the sprinting.
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indicate the values before and after the sprinting, respectively.

We also studied CIELAB chroma variations with running, and found that Cj, also varies
significantly, in a manner similar to that described earlier for the a* coordinate. Table 4 lists average
values of the a* coordinate before ((a*)g, column 2) and after ( (a*),, column 3) running, as well as
the differences between them (column 4). It can be seen that, for measurements at the forehead, cheek
and neck positions, running causes the a* coordinate to decrease by an average of 0.6, 0.7 and 0.7 units,
respectively, while for the inner forearm position, the a* coordinate increases by an average of 0.6 units.
Keep in mind that the average human visual threshold is 0.6-1.1 CIELAB units'®. As noted before, these



results correspond to non-professional runners, greater color variations may be expected for professional

runners.

TABLE4 Means of the a* coordinate before ((a*) g, column 2) and after ((a¥) 4, column 3) running, and the differences (column

4) between (a*)p and (a¥),for each of the body positions (forehead, cheek, neck, and inner forearm).

(@)p (@), (@)p— (@),
Forehead 132 12.6 0.6
Cheek 14.0 13.3 0.7
Neck 13.3 12.6 0.7
Inner Forearm 8.0 8.6 -0.6

We also studied variations in skin appearance after 100-meter sprinting using the CAM16-UCS?!
J',ap,, by, color space, obtaining results similar to those described earlier using the CIELAB analog
coordinates L*, a* and b*, respectively.

Next, we applied statistical tests to analyze the data shown in Figures 4-6. We will let X be any of
the three CIELAB coordinates. The data plotted in Figures 4-6 can then be designated as xg ; versus
X4 j» Where the subscripts A and B mean after and before running, respectively, and the subscript i means
the i-th sample data. Let

Y, =Xg; X4 ;5 J=1,2,..,NS 2)

Hence, the mean of y; (denoted by ¥) is the difference of the mean of xp; (denoted by i) and
the mean of x,; (denoted by X,); that is to say:

Y =X =X, 3)

The hypothesis of our statistical test is thus:

y=0 “
with the alternative hypothesis being:
# 0 if Tail = both
y =<4>0if Tail = right (5)
< 0 if Tail = left

The MATLAB function “ttest” was also used, with a 5 percent significance level (default), and the
results are listed in Table 5. Value 0 means that ttest does not reject the null hypothesis at the 5 percent
significance level, which from Equations 3 and 4 means that Xz = X,. However, the value 1 means that
ttest rejects the null hypothesis at the 5 percent significance level, which from Equations 3 and 5 means:

%, # X, if Tail = both

X, > X, if Tail = right (6)

X, <X, if Tail = left

First, it can be seen from columns 2-4 in Table 5 that the null hypothesis is true for the b* coordinate

at the four body positions and for the L* coordinate at the forehead, cheek, and neck positions, which
means that for all these cases Xz = X, (i.e. no statistically significant changes are produced by the
100-meter sprint). However, the alternative hypothesis Xz # X, is true for the a* coordinate at all body
positions, and for the L* coordinate at the inner forearm position. Furthermore, from the results in
columns 5-7 and 8-10 in Table 5 and Equation 6, we have (a*)g > (a*), for the forehead, cheek, and
neck positions, while (a*)p < (a*), and (L") > (L*), for the inner forearm position.

The results in Table 5 indicate that skin appearance varies statistically along the red-green scale (a*

coordinate). Changizi et al.'®!7 based their study on a physical skin reflectance model?, claiming that



modulations in hemoglobin oxygen saturation cause skin color variations along the red-green axis in a

1617 since the 100-meter

cone-opponent space. Our results here are thus consistent with Changizi et al
sprint is a kind of anaerobic sport exercise in which hemoglobin oxygen saturation changes soon after

running'>!'®. However, our findings also indicate that skin appearance varies at different body locations.

TABLE 5 Results for paired-sample t-tests at 5 percent significance level with both right and left types of alternative hypothesis,

respectively (see main text).

Type of Alternative Hypothesis

Tail Both Right Left

L a* b* L* a* b* L a b*
Forehead 0 1 0 0 1 0 0 0 0
Cheek 0 1 0 0 1 0 0 0 0
Neck 0 1 0 0 1 0 0 0 0
Forearm 1 1 0 1 0 0 0 1 0

4. CONCLUSIONS

We performed skin color measurements at four different positions of the body before and after a 100-
meter sprint using a CM-2600d spectrophotometer. From about 30 young non-professional runners, a
total of 768 skin spectra were measured. The repeatability of our measurements at the forehead was 0.5
CIELAB color difference units, with 0.4 for the cheek, 0.3 for the neck, and 0.2 for the inner forearm
positions. However, skin appearance variation produced by the 100-meter sprint was 1.8 CIELAB color
difference units for the forehead position, 2.2 for the cheek, 2.0 for the neck, and 1.7 for the inner forearm
positions. These last values are significantly higher than repeatability and also greater than the 0.6-1.1
CIELAB units which is reported as the average human visual color threshold for normal observers!®.
Further analysis in the CIELAB (and CAM16-UCS) color space showed that skin appearance varies on

1617 modulations in

the red-green axis, which is consistent with the results reported by Changizi et al
oxygenation change skin appearance along a red—green axis in the cone-opponent space. It was found
for the forehead, cheek, and neck positions, the a* coordinate tends to decrease after running, for the
inner forearm position the opposite is true. However, we are unable to provide explanations about the
reasons of the different variation trends at different body locations..

The accumulated skin spectra from this paper will complement the skin reflectance types that are
currently being gathered by the CIE TC 1-92 skin colour database. Some data in this paper may be
perhaps used for future evaluation of physical models like those given by Zonios et al.?*** We’d like that
the results of this paper may also find applications in the fields of computer graphics, digital animation,
and film production. For example, in digital animations of sports or running exercises, images with more
realistic skin colour variations in different body locations are desirable. Anyway, it is known that skin
color changes under various situations involving interpersonal and social contexts, such as excitement in
public performance situations, work in the scorching sun, different sports, fever due to illness, etc.?527 It
should be useful to clarify in future research the relationship and difference between changes in skin
color before and after 100 meters sprint with other changes including various psychophysiological

parameters.
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