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The analysis and synthesis of human skin color is important in many application areas. The skin color depends on some histo-
logical variables such as the concentration of pigments melanin and hemoglobin in skin layers. The present paper proposes a
method for estimating the surface spectral reflectance of human skin based on an optics model and applying the estimates to 3D
realistic image rendering for a human hand. The human skin is modeled as the two layers of the turbid materials for the epider-
mis and dermis. An estimation algorithm for the two layer model is then developed using the Kubelka—Munk theory. The param-
eters representing the concentration of pigments are determined based on spectral reflectance measurements of the human skin
surface. In the application step, we describe a technique for rendering realistic skin images of a skin surface as a 3D object. The
Torrance-Sparrow model is adapted in the image rendering process. The accuracy of the estimated reflectances is shown in
experiments, and skin color images are created under a variety of illumination, viewing, and pigmentation conditions.
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Introduction

The analysis and synthesis of human skin color has at-
tracted increased attention in many different applica-
tion areas, including computer graphics and multi-
media,'® medical imaging and diagnosis,*> and cosmetic
applications.® It is known that the skin color depends
primarily on some histological variables such as the
concentration of pigments of melanin and hemoglobin
in skin layers and the thickness and depth of the lay-
ers.” The variables are inherent to individual persons
and body parts. These are usually influenced by several
conditions, such as the mental condition of the human’s
emotions, the physical condition of tanning, or the medi-
cal condition of inflammation.

The modeling of skin coloration has its origin in the
description of the interaction between incident light and
pigments in the skin layers. An optical model based on
the Lambert—Beer law was used for the estimation of
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skin color.">¢ The Lambert—Beer law is useful for
describing the light transmission property. However,
this law takes account of only the light absorption by
pigments in a medium, whereas human skin color is
caused mainly by strong back scattering of light within
the skin layers. Another reason why the Lambert—Beer
law is not exactly applicable is that the transmittance
is not measured in vivo, but only the reflectance
measurements of the skin surface are available for
analyzing skin color.

The Monte Carlo technique is known as a flexible
method for simulating the propagation of light in skin
tissues,*® The simulation is based on the random walks
that photons make as they travel through the tissue,
which are chosen by statistically sampling a probability
distribution on scattering. Although this technique can
be used to simulate the skin coloration model and
estimate the surface reflectance, it is not easy to
determine the probability of the photons random moves
from the reflectance measurements.

Kubelka and Munk formulated the optical radiation
transfer involving absorption and scattering in a turbid
medium.?® The Kubelka—Munk theory offers a useful
means for quantitative treatment of skin optics because
the two skin layers of epidermis and dermis are assumed
to consist of inhomogeneous and turbid materials. The
absorption and scattering coefficients can be determined
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Figure 1. Surface spectral reflectances of real skin. (a) Measurements at different skin surfaces of the human body. (b)
Measurements with different lighting directions at a skin surface.

from reflectance measurements of the material.® There
are previous works on skin optics using the Kubelka—
Munk theory.’-'* Anderson et al.,'®!! discussed the
transfer of optical radiation into human skin, aimed at
developing models for photomedicine. Van Gemert et
al.’? discussed skin tissue optics in the context of the
treatment of skin disorders and collected optical data
on human skin. The data published in these papers are
valuable and used in this paper. Cotton et al.’® proposed
a mathematical model of color formation. Although the
dermis was modeled with the Kubelka—Munk theory, the
epidermis was approximated with Bouguer’s law
(Lambert-Beer law).!* This work did not estimate
surface spectral reflectance of human skin. Moreover,
when comparing scattering coefficients between
epidermis and dermis, we cannot neglect the scattering
effect in the epidermis or in the dermis.? The Kubelka—
Munk theory should be adopted to both layers of the
epidermis and dermis.

In this article we describe a method for estimating
the surface spectral reflectance of human skin based on
a skin optics model. The application of these estimates
to three-dimensional (3D) image rendering of a human
body part is also described. In the first step of the
reflectance estimation, the human skin is modeled as
two layers of turbid materials, one for the epidermis and
the other one for the dermis. An estimation algorithm
is developed using the Kubelka—Munk theory applied
to the two layer model. The parameters representing
the concentration of pigments are determined based on
spectral reflectance measurements of the human skin
surface using a calibrated system of a spectrometer, a
light source, and a standard white target.

In the application step, a technique for rendering
realistic skin images of the human body as a 3D object
is described. We assume that light reflected from skin
is decomposed into two components: the diffuse
reflection component based on absorption and scattering
in the skin layers and the specular reflection component
occurring at the interface between the outer skin layer
and air. We assume the diffuse reflection to be
Lambertian. Moreover, we assume the specular reflection
to occur at micro facets. Hence, we describe the diffuse
component by the Lambertian model and the specular
component by the Torrance-Sparrow model. The entire

3D reflection model combining the two models is called

the Torrance—Sparrow model for simplicity throughout

this paper. In the experiments, skin color images are
created under a variety of illumination, viewing, and
pigmentation conditions.

Some essential points of the proposed method are
listed as follows:

1. The proposed method does not estimate a RGB color
model for describing human skin because of its de-
vice dependence, but it does estimate a surface spec-
tral reflectance function that is inherent in human
skin.

2. The skin layers are represented as a two layer model
of turbid materials for the epidermis and dermis;
the surface spectral reflectance is estimated using
the Kubelka—Munk theory.

3. Realistic color images for a part of the human body
are created under a variety of conditions by using
the 3D reflection model with the estimated surface
reflectance and the rendering algorithm.

Skin Optics Model

The surface spectral reflectance observed from a skin
surface is described with the dichromatic reflection
model

R(A) = Ry(M) + Rs (D) (1)

where R, () is the diffuse reflection component from in-
side of the skin and the R (A) is the specular reflection
component occurring at the interface of skin and air.
The specular reflection is observed within a limited
range of the viewing angle, and the diffuse reflection is
independent of the viewing angle. Figure 1 shows ex-
amples of surface spectral reflectance functions of real
skin, which were measured under different conditions
by using a tungsten halogen lamp, a spectroradiometer,
and a white standard plate. Figure 1(a) shows the spec-
tral reflectance curves at different skin surfaces of a
human body, where the sensor was placed in the direc-
tion of the surface normal and the skin surfaces were
illuminated at an angle of 45° relative to the surface
normal. Figure 1(b) shows the spectral reflectances
measured from the back of a hand with different illumi-
nation angles. The spectral curve for normal incidence
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(0°) separated from the others includes the specular re-
flection component.

We analyze the spectral reflectance curves without the
specular component in the visible wavelength range of
400-700 nm. A basic feature of the reflectance curves is
that the reflectances increase almost monotonically as
the wavelength increases. A special feature is the “W”
shaped or “U” shaped hollow in the range from 520 nm
to 600 nm. This change in reflectance is caused by the
absorption of hemoglobin. The spectral reflectance curve
of skin is influenced by the interaction of pigments inside
the skin tissue.

Figure 2 shows an optics model representing the
relationship between light and pigments in the two skin
layers. The incident light penetrating the skin surface
is absorbed and scattered in the two layers. It should
be noted that the optical interactions of scattering,
refraction, and absorption in each layer of tissue
depends on the wavelength. The two layer model consists
of epidermis and dermis. The epidermis includes the
melanin pigments. The dermis includes the pigments
of oxyhemoglobin, deoxyhemoglobin, and bilirubin.
Because of the small amount of bilirubin in healthy skin,
the main pigments for skin coloration are the melanin,
oxyhemoglobin and deoxyhemoglobin. A hypodermis is
under the dermis. This material is white fat. Therefore,
surface reflectance for the hypodermis layer can be
assumed to have a constant spectral response of unity.
The possibility of light reaching the hypodermis is, in
any case, quite low.

The Kubelka-Munk Theory

In general, the Kubelka—Munk theory®® is convenient
for calculating the optical values of reflectance and
transmittance within a layer consisting of turbid mate-
rials. We assume that the skin optics model of Fig. 2
has two layers of turbid materials. Figure 3 shows a
model of the Kubelka—Munk equations for radiation
transfer in a single layer of turbid material (also see
Ref. 11). The symbol I is defined as the intensity of light
traveling inside a plane parallel light scattering medium
towards its unilluminated surface, and the symbol ¢/ is
defined as the intensity of light traveling in the reverse
direction. Moreover, I, is the intensity of the incident
light, J, is the intensity of reflected light from the illu-
minated surface, and I, is the intensity of the transmit-
ted light from the unilluminated surface. The symbol x
is the distance from the illuminated surface, that is the
depth measured from the surface at x = 0, and D is the
thickness of the layer.
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Figure 3. Model for the Kubelka—Munk equations for a
single layer.

The relationship between the light intensities I and J
is described as a system of two differential equations in
the variable of depth, x:

ﬂ:—Sl—KI-rSJ
dx

2
—£=—SJ—KJ+SI -
dx

where S and K are, respectively, the coefficients of back-
scattering and absorption in the media.

The reflectance R and the transmittance T of the
turbid layer with a thickness D is derived by solving
the above equations with some mathematical
approximations as follows:

1
a + b coth(bSD)
b (3)
asinh(bSD) + b coth(bSD)

R=dJy/I,=

T=Ip/I=

where

Because of the two layer model, we have to consider
multiple reflections at the interface between the higher
layer (Layer 1) of epidermis and the lower layer (Layer
2) of dermis as shown in Fig. 4 (see Ref. 9). The total
reflectance R,, for the two layers including the inter-
reflection is described as

Ryy=Ry+TPRy(1+R\Ry +--)

g+ DB )
1-RiRy

where T'; and R, are, respectively, the transmittance and
reflectance of Layer 1, and R,is the reflectance on Layer
2. In the skin model, the base layer of hypodermis is
beneath Layer 2 of dermis. Therefore, R,includes the
reflection from the hypodermis layer.

Do, et al.
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layered model.

Estimation Algorithms of Surface-spectral
Reflectance

The solution of the Kubelka—Munk equations is applied
to the skin optics model for estimating the surface spec-
tral reflectance function of human skin. The body re-
flectance function R, (1) of the skin surface is described
as a function of wavelength as

T,(1)% Ry (A)

By ) = R A T DR )

(5)

where R (A) and T, (1) are, respectively, the spectral re-
flectance and transmittance of epidermis. The spectral
reflectance R, (1) represents the reflectance of dermis
upon a backing from which the transmitted light is re-
flected back to the dermis by the white surface of the
hypodermis with reflectance R = 1. We thus immedi-
ately get an equation for R, (1) as

Ty (A)*

Rau(0) = R0+ T4,

(6)

where R (A) and T (1) are the spectral reflectance and
transmittance of the dermis, respectively.

The spectral reflectances and transmittances of the
respective layers are given as follows:

Epidermis:
R, (1) = 1
© T e (D) + b (A) coth(C, (1))

T.(0) = ' be (1)
a, (1) sinh(C, (1)) + b, (1) coth(C, (1))
S, (1) + K (1)

2) = e T BettA)
ae(H) S. () ™
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Figure 5. Spectral absorption coefficients of pigments (after
Ref. 10).

Dermis:
Rq(A) = !
ST g () + by (M) coth(Cq (A))

I = . ba(A)
aq (A1) sinh(Cy (1)) + by (1) coth(Cy (1))
Sd()’) + Kdt(/l)

p) =2 T 2de
aa(b) Sq(h) 6)

ba(A) = Jag(W? -1

Cq(A) = Dgbg (M)Sq (1)

The spectral scattering coefficients S, (1) and S4(A) in
epidermis and dermis are determined mostly by the
media, because scattering caused by the pigments is
relatively small; e.g., see Ref. 12. On the other hand,
the spectral absorption coefficients K,,(1) and Ky (A) in
the two layers are determined by the pigments in the
following forms:

K, =w, K,
Kdt (}v) = thh (}v) + wdthh(l) (9)

where K, (1), K, (1), and K (1) represent the spectral ab-
sorption coefficients of melanin, oxyhemoglobin, and
deoxyhemoglobin, respectively. The constant coefficients
w,, W, and wgy, represent the weights of the pigment
absorption coefficients.

Thus, the problem of estimating the surface spectral
reflectance function of human skin can be reduced to
the determination of the weighting coefficients for three
pigments when S,(1),S,(1), K,(A), K,(41), and K (1) are
known. For applying the estimation algorithm to real
measurements, we need the optical and histological data
of skin tissue. We have referred to previous works for
information about such reference data. The spectral
absorption data, the spectral scattering data, and the
layer thickness values published in Refs. 10 through 12
are used in this article. Figure 5 shows the spectral
curves of the absorption coefficients K, (A1), K, (1), and
K, (A) for three pigments. Figure 6 shows the spectral
curves of the scattering coefficients S, (1) and S (1). We
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Figure 6. Spectral scattering coefficients of skin (after Refs.
11 and 12).

neglect the light absorption by the medium without
pigments in the epidermis and the dermis. The thickness
of the epidermis and dermis, D, and D,, depend on body
parts. We use the anatomical data for these values.*

Color Image Rendering of Human Skin

Computer graphics images are created using the esti-
mates obtained for the surface spectral reflectance of
human skin. We use a ray tracing technique for render-
ing a computer graphics scene of 3D human bodies,
where the visible surfaces in a scene are mapped to a
screen image by ray tracing.

Several mathematical models were proposed for
describing light reflection of 3D objects, such as the
Phong model," the Torrance—Sparrow model,'® and the
Cook-Torrance model.'” The Phong model is a simple
model for 3D computer graphics. The Torrance—Sparrow
model is a physically based model. The Cook—Torrance
model is a modified version of the Torrance—Sparrow
model of the specular functions. In our earlier study,
we suggested that the original Torrance—Sparrow model
based on direct measurements of some dielectric
materials by using a goniospectrometer is an
appropriate model.’® The present paper, too, uses the
Torrance—Sparrow model for rendering 3D images of
human skin.

The spectral distribution of radiance Y(A) from a skin
surface microfacet is described as

Y1) = a(N-L)R,(WEQA) + B

DF
NV EQ) (10)
where the first and second terms represent the diffuse
and specular reflection components respectively. Param-
eters o and 8 are weighting coefficients. Three vectors
N, L, and V represent the normal vector of the surface,
the incident light vector, and the view vector, respec-
tively. R, (1) is the body spectral reflectance of the hu-
man skin surface that is estimated as described in the
previous section. E(A) is the spectral distribution of the
illumination. D is a function representing the distribu-
tion of microfacet orientations, and F is a function rep-
resenting the Fresnel reflectance. These functional
forms are given in references; e.g., see Ref. 19.

The color image of human skin is created by spectral
computation on the 3D body parts model as follows. First
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TABLE I. Thickness of Skin Layers at Different Parts of the
Human Body in a Unit mm.

Cheek Backofhand Outside of arm Inside of arm
Epidermis D, (mm) 0.027 0.035 0.036 0.041
Dermis D, (mm) 1.491 1.190 1.403 1.294

the spectral power distribution of light reflected from
the skin surfaces is computed over the visible range,
400 to 700 nm. All spectra are sampled at 5 nm intervals,
resulting in a description in the form of 61-dimensional
vectors. After the spectral radiant computations, the
pixels’ color is determined in terms of the tristimulus
values CIE-XYZ. Finally the image is generated on a
calibrated display device.

Because of the three variable parameters w,, w,, and
wy, in the skin model, we can create a variety of images
with different color appearances of human skin by
controlling these parameters. For instance, increasing the
weight w, for the melanin absorption can imitate a
sunburn skin. Increasing the weight w, for oxyhemoglobin
absorption can imitate a skin with inflammation
symptoms.

Experiments

Experiments were conducted for examining the accuracy
of the estimated surface spectral reflectance for differ-
ent parts of the human body and evaluating the achieved
degree of realism of the skin color in the rendered im-
ages of a human hand under a variety of conditions.

Measurements

The light reflected from human skin surfaces was
measured with spectroradiometer under the light source
of a halogen lamp. The spectral reflectance was obtained
as the radiance factor,2° which is the ratio of the radiance
from a given skin surface patch to the radiance from a
perfect reflecting diffuser illuminated in the same way
as the skin surface. Hence, a standard reference white
target was placed on the same portion of the skin surface
for calibrating the reflected light. The incident angle of
illumination was about 45°. The spectroradiometer,
which has a visual field of 1°, was placed at a distance
of 1.2 m from the surfaces and was oriented the direction
of the surface normal. This measurement setup helps
to exclude the specular reflection component from the
reflection of the skin surfaces.

The subjects were three young Japanese: subject A
was a 32 year old man, subject B was a 22 year old man,
and subject C was a 22 year old woman. The reflectance
measurement for each subject was carried out on the
four body parts of the cheek, back of the hand, outside
of the arm, and inside of the arm. Table I shows the
thickness data for the skin layers used in this paper,
which are taken from the anatomical data by Yazawa.!*

Reflectance Estimation Results

The three weights w,,, w,, and w,, of the pigment
absorption coefficients of melanin, oxyhemoglobin and
deoxyhemoglobin were determined such that the
estimated spectral reflectance function R,(A) of Eq. (5)
was fitted to the measured spectral reflectances in the
sense of the least squared error. Table II shows the
estimated weights for Subject A. Figure 7 shows a set of
estimation results of the skin spectral reflectances for
Subject A. In each graph of Fig. 7, the solid curve, broken

Do, et al.
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Figure 7. Estimation results of the skin spectral reflectances for Subject A.

curve, and dotted curve represent, respectively, the
estimate by the proposed method, the direct
measurement, and the estimate by the previous method
of Cotton et al.’® We recalled that Cotton et al. used
Bouguer’s law for the epidermis and used the Kubelka—
Munk theory only for dermis. They also took account of
light absorption by the dermal tissue. We see in Fig. 7
that good agreement between the estimates and
measurements for the back of the hand, the outside of
the arm, and the inside of the arm can be obtained using
our method. We find a certain discrepancy between the
two curves at about 500 nm for the cheek. Moreover,
the estimation accuracy is much improved in comparison
with the previous method.

Table III summarizes the least squared errors between
the estimates and the measurements for all subjects by
using the two methods. These comparisons emphasize
the accuracy of the proposed estimation method.

Image Rendering Results

Image rendering of a 3D object requires the optical
data of the surface reflection and the geometric data of
the surface shape. In this study we measured the 3D
shape of the human hand by using a laser range finder.
We measured the specular reflection component of a
human skin for determining the specular function in
the Torrance—Sparrow model. First, the skin surface

TABLE Il. Pigment Absorption Weights Estimated for Subject A

Melanin w,, Oxyhemoglobin w, Deoxyhemoglobin w,,
Cheek 454 278 50
Back of hand 384 152 222
Outside of arm 276 152 170
Inside of arm 234 84 264

reflectances were observed by changing the illumination
direction and by fixing the viewing direction to about
60°. Second, a polarizing filter was used for extracting
the specular component. Then, the functions in the
specular term of Eq. (10) were determined empirically.

Figure 8 shows images of a human hand rendered
under the light sources of CIE Standard Illuminants D65
and A, where both illumination and viewing directions
are in the normal direction. The estimated spectral
reflectance in Fig. 7(b) was used for the diffuse spectral
reflectance of skin surface in these images. A visual
experiment was carried out by comparing the displayed
images on a calibrated CRT monitor to the real hand of
the same subject under the two lamps. These
comparisons showed good coincidence between the
created images and the real object.
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TABLE Illl. Least Squared Errors between the Estimated
Reflectances and the Measured Ones

Cheek Backofhand Outside of arm Inside of arm
Subject A Proposed 0.075 0.030 0.063 0.047
Previous 0.352 0.117 0.204 0.161
Subject B Proposed 0.031 0.015 0.016 0.021
Previous 0.130 0.090 0.086 0.106
Subject C Proposed 0.097 0.058 0.069 0.049
Previous 0.263 0.163 0.248 0.260
Average  Proposed 0.068 0.034 0.049 0.039
Previous 0.248 0.123 0.179 0.176
llluminant D65 [lluminant A

Figure 8. Hand images under two illuminants.

Figure 9 shows different images of the same hand by
changing the angles of illumination and viewing. Figure
9(a), 9(b), and 9(c) were created under the illumination
angles of 0, 30, and 60°, respectively, and Fig. 9(d) was
generated with 60° for both illumination and viewing,
that is under the condition of (60/60). Note that a
specular reflection component appears on some parts of
the skin surface in Fig. 9(d).

Moreover, we created different appearances of the
human hand by changing the weighting coefficients of
the pigment absorption. Figure 10 shows a set of
rendered images, which are arranged on the two scales
of the weights for melanin and oxyhemoglobin. The
increase of melanin leads to the appearance of sunburn,
and the increase of oxyhemoglobin leads to reddish skin.
However, note that skin color with a large amount of
melanin is not always reddish, as it is not influenced
much by hemoglobin. The skin color in the lower layer
is supposedly covered with the melanin pigments in the
upper layer. These images suggest that a variety of
appearance of human skin color can be produced easily
by changing the weights of the component pigments.

Thus, the generated computer graphics images
represent a realistic appearance of a human hand that
is sufficiently close to the real one.

Conclusions

The present paper has described a method for estimat-
ing the surface spectral reflectance of human skin based
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Figure 9. Hand images by changing the angles of illumi-
nation and viewing; (a) (0/0); (b) (30/0); (c) (60/0); and (d)
(60/60).

on an optics model, and the estimates have been applied
to 3D realistic image rendering for a part of a human
hand. The human skin was modeled as two layers of tur-
bid materials for epidermis and dermis. An estimation
algorithm was then developed by applying the Kubelka—
Munk theory to the two layer model. This algorithm in-
cludes three unknown parameters representing weights
for spectral absorption of such different pigments as
melanin, oxyhemoglobin and deoxyhemoglobin. These
parameters were determined based on spectral reflec-
tance measurements of human skin surfaces by using a
calibrated system of a spectrometer, a light source, and
a standard white target.

In the application step, we have described a
technique for rendering realistic images of a skin
surface as a 3D object. The Torrance—Sparrow model
was used as a 3D light reflection model for image
rendering. In our experiments, the accuracy of the
estimated surface spectral reflectances of human skin
was confirmed through a comparison of the estimates
and the direct measurements. We have created computer
graphics images of a human hand under a variety of
conditions. A visual examination of appearances of the
rendered objects showed the feasibility of the proposed
method.

Real human skin includes surface texture and color
variations on its surface.?! Our future works is to extend
the proposed method to image rendering of skin surface
including such complicated structures.

Do, et al.
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