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In a previous article [J. Opt. Soc. Am. A 24, 2196 (2007)] we have modeled skin color using the radiative trans-
fer equation, solved by the auxiliary function method. Three main parameters have been determined as being
predominant in the diversity of skin color: the concentrations of melanosomes and of red blood cells and the
oxygen saturation of blood. From the reflectance spectrum measured on real Caucasian skin, these parameters
are now evaluated by minimizing the standard deviation on the adjusted wavelength range between the
experimental spectrum and simulated spectra gathered in a database. © 2008 Optical Society of America

OCIS codes: 030.5620, 170.3660, 290.4210, 330.1690.
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. INTRODUCTION
kin color and its variations are important in different
elds such as cosmetics, dermatology, and medicine, as
ell as computer rendering. The diversity of skin colors
mong people, or according to different locations on the
ame person, at different times depends mostly on three
ain characteristic parameters: The concentration of
elanosomes, the concentration of red blood cells, and the

xygen saturation of blood. The determination of these
hree parameters are of great interest. Previous studies to
etermine one or two of them have used the reflectance
nd absorbance spectra measured on real skin. For in-
tance, Shimada et al. [1] model the light propagation by
he modified Beer–Lambert law and use a multiple re-
ression analysis to determine the concentration of mela-
in and blood. Others use reflectance measurements at
elected bands to estimate the melanin index and the
rythema index, or the CIELAB coordinates to evaluate
he individual typology angle that is related to the skin’s
igmentation [2]. Other studies determining the melanin
ontents in the epidermis needed skin samples to perform
Fontana–Masson stain to distinguish the melanosomes

3]. The results led to absolute values of the volumic con-
entration. A model based on the real skin structure [4]
as previously been developed to study the interaction be-
ween the light and all the skin components, such as the
elanin, the blood, the keratin, and the collagen. This
odel takes into account both the absorption and the

cattering of each component in every direction. This pa-
er presents an original way to determine these param-
ters from an experimental reflectance spectrum obtained
n real skin with neither sampling nor contact. The
ethod presented in this paper does not need any biopsy

f the skin and the melanin concentrations obtained on a
omputer are also absolute. Moreover, we get two more
1084-7529/08/071737-7/$15.00 © 2
ieces of information at the same time: The concentration
f blood and the oxygen saturation.

In Section 2, the model used to describe Caucasian skin
s recalled. Also recalled are the radiative transfer equa-
ion (RTE) which allows one to quantify the interaction of
he light through this complex multilayered structure,
nd its solution through the auxiliary function method
AFM). In Section 3 five parameters of the model are then
tudied to bring up the main ones responsible for the di-
ersity in human skin color. Finally, in Section 4 the in-
erse problem is solved. The method consists in the mini-
ization of the standard deviation or of the color change

etween an experimental spectrum and all the spectra of
database. Both methods are compared and results on

eal skin reflectance spectra are presented.

. SKIN COLOR
he skin color is the result of the interaction between

ight and human skin. The latter is a complex multilay-
red structure [5] containing various scatterers, either
pherical—such as melanosomes and red blood cells—or
onspherical, such as collagen fibers and keratin.
The scatterers are in low concentration, which implies

hat when an incoherent light goes through it, it stays in-
oherent. That is the reason why the RTE can be used to
odel the interaction between light and the skin, first de-

eloped by Chandrasekhar [6] for the neutron scattering.
o implement an exact solution the AFM is used [7].

. Skin Model
e have previously defined and validated a model based

n the real structure of Caucasian skin (Fig. 1) [4] in-
pired by Nielsen et al. [8]. First there is the upper main
ayer, the epidermis, made of five sublayers containing
008 Optical Society of America
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he melanosomes with a constant volumic concentration
, which varies between 1% and 7.5% for Caucasian skin

9,10]. These scatterers are produced in the lower sub-
ayer, the stratum basale. As the cells move up in the
pidermis, they shorten [11]. We consider them as spheri-
al with a radius lying between 500 and 31.25 nm [8].
eratin is also found in the epidermis. The thickness of

he whole epidermis ze is of several tens of micrometers.
Then there is the intermediate layer, the dermis, which

ontains the red blood cells. They are biconcave disks but
n order to use Mie theory we consider them as spherical
ith a radius of 2.78 �m [12], which allows them to have

he same volume. It has been proved to be appropriate
hen evaluating the scattering cross sections [13]. Their
olumic concentration is noted as CS and lies mostly be-
ween 1% and 5% [14]. Blood is made, among other sub-
tances, of deoxyhemoglobin (Hb) and oxyhemoglobin
HbO2� with different properties as their complex refrac-
ive index [12,15]. Let S be the oxygen saturation, mean-
ng the percentage of oxyhemoglobin. This percentage de-
ends on the location, in veins or arteries, from 47% to
lmost 100% [9]. Collagen fibers are also found in the
ermis. The thickness of the dermis zd can reach several
illimeters.
Finally, there is the hypodermis, which contains mainly

ipids and blood. However we consider that the lipids are
ere predominant and therefore that the hypodermis only
catters the light. The thickness of the hypodermis goes
rom none to several centimeters.

Fig. 2. Scattering in a complex medium.

Fig. 1. Skin structure.
. Radiative Transfer Equation and the Auxiliary
unction Method
he RTE expresses the diffuse flux balance through an
lementary scattering and homogeneous slab with an
ptical thickness d� for a given wavelength � and a given
irection symbolized by the unit vector u.
The incident beam is here considered as collimated in

he direction u0, which can stay collimated (flux F), or
ecome diffuse (flux f) as shown in Fig. 2. It writes

�
df�u,z�

dz
= − �k + s�f�u,�� +

s

4�
F�u�,z�p�u,u��

+
s

4�
�

0

4�

f�u1,z�p�u,u1�d�1, �1�

here k and s are, respectively, the absorption and the
cattering coefficients of the scatterers (in m−1) and z is
he thickness. It writes with the reduced quantities, the
lbedo �=s / �s+k� and the optical depth �= �k+s�z,

df�u,��

d�
= −

f�u,��

�
+

�

4�

�

���

F�u�,��

����
p�u,u��

+
�

4�

�

����0

4� f�u1,��

��1�
p�u,u1�d�1, �2�

ith �=cos �.
The first term on the right-hand side corresponds to the

ight decrease due to the scattering and the absorption of
he scatterers. The second term expresses the simple scat-
ering of the collimated light [labeled (1) in Fig. 2]. The
hird term expresses the multiple scattering [labeled (2)
n Fig. 2]. The medium is characterized by the albedo �
nd the optical thickness �. The phase function p�u ,u1�
lso characterizes the scatterers by the proportion of light
oming with the direction u1 and scattered in the direc-
ion u.

The AFM, already developed in our group [7,16], is
sed to solve the RTE. The multiple scattering term is re-
laced by an auxiliary function [third term on the right-
and side of Eq. (2)]. An exact system of integral Fred-
olm equations relative to the auxiliary function is then
btained instead of integrodifferential ones where the dif-
erent directions are uncoupled. No assumptions are
eeded for further calculations. And contrary to other
ethods (Nflux [17], discrete ordinate method [18], etc.),

here is no need for an angular discretization. The auxil-
ary function is calculated, which leads to the diffuse flux
that determines the reflectance factor for each wave-

ength and therefore the diffuse reflectance spectrum. The
etailed calculations can be found in previous papers
4,16].

We applied this equation to our previously discussed
kin model. The incident light is set at normal incidence.
he diffuse flux is integrated over the upper half of the
pace. The simulated spectra obtained by this modeling
ave been validated with experimental spectra measured
n different persons. A Cary spectrometer (Varian),
oupled with an integration sphere including the specular
ight, is used to measured those spectra in the same
onfiguration, 0°/diffuse, as the modeling.
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Five parameters can be adjusted: The concentrations of
elanosomes C and red blood cells CS, the oxygen satu-

ation S, and the thicknesses of the epidermis ze and of
he dermis zd. The variables �, �, and p�u ,u1� are either
aken from the literature [10,19] or calculated using Mie
heory [20].

. INFLUENCE OF THE PARAMETERS
he reflectance spectra measured on real skin are differ-
nt from one individual to another as well as for two dif-
erent locations on the same person. The color of the skin
lso depends on the conditions of the experiment: The
oom hydrometry and temperature for instance. All these
olor differences can be explained by different values of
nly five characteristic parameters: The thicknesses of
he dermis zd and of the epidermis ze, the oxygen satura-
ion of the blood S, and the concentrations of the red blood
ells CS and the melanosomes C.

The influence of each parameter on the reflectance
pectra is studied within their physiological boundaries
9,10,14] in order to identify the ones that are the most
esponsible for the diversity of Caucasian skin colors.
ach spectrum is associated with a color in the CIELAB
pace defined in 1976 [21] that can be described by three
oordinates: L*, the lightness; a*, the green–red coordi-
ate; and b*, the blue–yellow coordinate. The D 65 illumi-
ant and the 2° standard observer have been used for the
alculations. The color change �E between two extreme
pectra numbered 1 and 2 is then defined by

�E = ��L1
* − L2

*�2 + �a1
* − a2

*�2 + �b1
* − b2

*�2. �3�

ne is said to distinguish two colors if the color change
etween them is more than 2.
Table 1 summarizes the color change �E between two

pectra obtained with the extreme values of one param-
ter (bold) and the other ones fixed. First, the influence of
he dermal thickness zd is studied for values from 1 to
mm. The difference between the corresponding simu-

ated spectra cannot explain how the skin color can be so
ifferent from one to another. Actually, the corresponding
olor change �E in the CIELAB space is only of 1.34,
hich is too small to be relevant.
Second, the thickness of the epidermis ze varies from 40

o 70 �m. In the same manner, the separation between
he extreme spectra is not large enough to explain the dif-
erence in the human complexions. The corresponding

Table 1. Influence of Each Parameter on the Color
Change �E Calculated between the Two Extreme

Valuesa

d ze S CS C �E
mm) ��m� (%) (%) (%)

–2 50 70 2 1.5 1.34
40–70 70 2 1.5 1.66

50 50–90 2 1.5 3.09
50 70 1–5 1.5 10.71
50 70 2 1.5–7.5 12.86

aBold indicates one parameter; lightface indicates fixed parameters.
olor change �E for this extreme variation of the thick-
ess is only equal to 1.66, which is once more too small.
Then, we study the difference in the spectra due to the

ariation of the oxygen saturation of the blood �S�. The
hape of the spectra between 430 and 530 nm changes
ith the variation of the oxygen saturation. Moreover, a
eak appears at 560 nm as S increases [4]. The main
ariation is the increase of the reflectance factor with S
or larger wavelengths, corresponding to a plateau. This
arameter thus explains the change of shape of the real
kin spectra. Actually the color change �E is equal to 3.09
etween the spectra with the extreme values S=50% and
0%. At the same time, a* and b* increase, meaning that
he skin is redder and less blue, consistent with the
ncrease of the oxygen saturation.

The influence of the volumic concentration of red blood
ells �CS� is then studied. As CS increases, the reflectance
pectrum is translated downwards [4]. This parameter
overs a wide range of reflectance spectra and is impor-
ant for the modeling of the skin color. The color change
etween the spectra with CS=1% and CS=5% is 10.71.
s CS increases, the lightness L* decreases and a*

ncreases, meaning that the skin becomes darker and
edder.

Finally, the influence of the volumic concentration of
elanosomes is the most important and the different

pectra are recalled on Fig. 3. That is what makes the dif-
erence between Caucasian and negroid skin. The larger
he melanosomes concentration, the darker the skin. The
olor change �E is equal to 12.86 between the spectra of
oncentration C varying between 1.5% and 7.5%. It is the
ightness L* that mainly decreases as C increases.

The three main parameters that can explain the differ-
nce in color complexion among people are, therefore, the
olumic concentration of melanosomes �C�, the volumic
oncentration of red blood cells �CS�, and the oxygen satu-
ation �S�. Afterwards we will try to find only these three
arameters from an experimental skin spectrum and we
ill fix the two others to their mean values: ze=50 �m
nd zd=2000 �m.

. INVERSE PROBLEM
o solve the inverse problem, i.e., to determine the values
f the three previous characteristic parameters corre-
ponding to an experimental reflectance spectrum of real
aucasian skin, the main process will be to minimize a

unction depending on the difference between the experi-
ental spectrum and numerous spectra calculated and

athered in a database. This function can come from a
eometric difference between the spectra and the stan-
ard deviation 	 is then required. It can also be directly
ied to the trichromatic coordinates and the color change
E is then required. It must be noticed that the wave-

ength range is adjustable in the first case, but is strictly
ictated by the visible range in the second case.

. Solving Method

. Database
o build a database of reference spectra and to later com-
are an experimental skin spectrum with all of them, ref-
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rence spectra are first generated for all the possible
ombinations obtained for seven concentrations of mel-
nosomes C, seven concentrations of red blood cells CS;
nd three oxygen saturations of the blood S, which cover
he physiological ranges.

• C: [0.01% 1.5% 3% 4.5% 6% 7.5% 9%]
• CS: [0.5% 2% 2.75% 3.5% 4.25% 5% 9%]
• S: [50% 70% 90%]
The ranges of variation of C and CS are extended to

wo extreme values, 0.01%–9% and 0.5%–9%, respec-
ively, in order to avoid any further nonrelevant extrapo-
ation outside the physiological ranges. Only three oxygen
aturations S are used because it has been previously
hown that this parameter does not influence the skin
olor a lot.

The calculations of the previous simulated reference
pectra lead to reflectance factors for 41 wavelengths de-
ending on C, CS, and S. To increase the accuracy of the
urther adjustment with an unknown spectrum, a qua-
ratic interpolation is implemented around the nearest
losest reference (NCR). It consists in evaluating a reflec-
ance factor for each wavelength defined on the rectangu-
ar three-dimensional grid C, CS, and S, by the quadratic
olynomial

R��,C,CS,S� = a + �
x=C,CS,S

�bxx + cxx
2�

+
1

2 �
x=C,CS,S

�
y=C,CS,S�x

dx,yx . y, �4�

here dx,y=dy,x.
The ten adjustable constants a, bx, cx, and dx,y are de-

ermined by the values of the ten nearest reference points
urrounding NCR.

. Validation
et Runknown��i� and Rref��i� be the reflectance factors of
he unknown spectrum and of one of the reference spec-
ra. Let 	 be the standard deviation between them defined
y

Fig. 3. Influence of the volumic concentration of melanos
	 =� �
i=1

imax=41

�Runknown��i� − Rref��i��2

imax − 1
, �5�

nd �E be [Eq. (3)] the color change also calculated
etween the same spectra.
The process uses a quasi-Newton method to find the
inimum of the function 	 or �E depending on the three

ariables C, CS, and S. It leads to three values of the
hree parameters corresponding to the best match.

In a preliminary step this inverse solving has been
ested on 21 spectra that we have simulated with known
arameters, different from the ones used for building the
atabase. Table 2 shows the relative error (in percent-
ges) for each parameter, using either the minimization of
he standard deviation 	 or the minimization of the color
hange �E.

The parameters obtained by the inverse solving process
re in quite good agreement with those used to obtain the
imulated spectra. The method can now be applied to
easured reflectance spectra of real skin for which the

revious parameters are unknown. It can be noticed that
he minimization of 	 leads to better results for C and S.
oreover, in this case, the wavelength range can be

dapted to a more significant one.
To improve the method, the range of wavelengths used

o calculate the standard deviation is then discussed and
djusted. The results obtained by the minimization of the
tandard deviation calculated in the adequate range and
f the color change calculated in the whole visible range
re then compared.

on the modeled reflectance spectrum of Caucasian skin.

Table 2. Relative Error in Percentages on the
Determination of the Parameters C, CS, and S for

Both Minimizations of � or �E

arameters Method 	 Method �E

1.4% 2.8%
S 4.9% 3.4%

1.9% 3.74%
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. Wavelength Range for Standard Deviation
alculation
n a previous paper [4], we have shown that our modeling
rocess can lead to spectra with a very different reflec-
ance factor for large wavelengths (red color), mostly
igher than those of the measured spectra. We used the
educed scattering coefficient s�=s�1−g� for the red blood
ells where g is the asymmetry factor. As shown in [13],
his factor is overestimated with Mie theory because of
heir real shape. This could explain the difference be-
ween the real spectrum and the simulated ones since the
lood cells are responsible for the shape of the spectra at
his range and since the absorption of melanosomes is
ow. Nevertheless this difference does not clearly emerge
n the color change, which uses all of the visible range, be-
ause the human eye and then the standard observer is
ess sensitive to the large wavelengths. In the case of the

inimization of the standard deviation, it is possible to
imit and adjust the wavelength range. We here compare
he results using this method on the whole visible range
nd on a smaller wavelength range from 380 to 600 nm on
real skin spectrum with unknown parameters. The val-

Table 3. Parameters Obtained by Minimizing the
Standard Deviation Calculated over the Ranges
380–780 nm and 380–600 nm and the Values of �

for a Real Skin Spectrum

arameters 380–780 nm 380–600 nm

3.44 0.51
1.5 1.13

S 6.85 6.21
49.15 63.65

Table 4. Determination of the Parameters of the

ethod Spectrum 1 2 3

E �380–780 nm� C 1.7 3.0 2.2
CS 1.1 1.3 5.4
S 81.4 131.1 64.4

�380–600 nm� C 1.7 2.1 1.6
CS 1.1 2.2 6.4
S 67.5 85.9 59.4

ig. 4. Results of the inverse problem for a measurement (sol
80–780 nm (squares) and 380–600 (triangles).
es of the obtained parameters C, CS, and S are slightly
ifferent but the standard deviation is always smaller for
he restrained domain, as summarized in Table 3.

Figure 4 shows the spectrum of this Caucasian skin
solid curve) and the modeled spectra corresponding to
he best match and obtained first by taking into account
he whole visible range (squares) and second by taking
nto account the narrow range 380–600 nm (triangles).
bviously, better results for the spectra and the standard
eviation are obtained by considering the narrow range
80–600 nm. Moreover, the parameters obtained by using
he whole visible range can sometimes leave the biological
oundaries.

. Minimization of � or �E
ne can think that the effect of the previous reduced
avelength range used to calculate the standard devia-

ion is equivalent to the function of the standard observer
sed to calculate the color change, which reduces the per-
eption of the large wavelengths. So, both methods are
ow compared for solving the inverse problem: The mini-
ization of the color change or the standard deviation

ver the range 380–600 nm. Table 4 shows the param-
ters obtained by using the software for the 11 different
eal skin reflectance spectra.

The calculated values of the parameters are quite simi-
ar and biologically relevant for the concentration of mel-
nosomes C and for the concentration of red blood cells
S. However for the oxygen saturation S, the minimiza-

ion of the color change leads to some values outside the
iological range: S can be greater than 100% or smaller
han 47% [9] as shown in Fig. 5 for the 11 previous cases.

Thus, for the minimization of the color change, 8 out of
1 values of S leave the biological limits, whereas all but

easured Reflectance Spectra for Both Methods

5 6 7 8 9 10 11

4.0 1.8 1.4 2.2 1.8 2.5 1.4
4.5 1.4 1.6 1.1 0.7 1.0 5.6

108.9 112.0 10.2 25.3 29.2 30.6 60.5

2.6 1.4 1.3 2.1 1.8 2.6 1.1
6.7 1.7 1.7 1.3 0.8 1.0 6.2

81.1 88.0 62.0 35.2 46.9 37.3 63.6

e), the minimization of the standard deviation 	 is realized on
11 M

4

9.4
0.7

173.0

8.3
2.3

103.5
id curv
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hree are consistent with the biological range using the
inimization of the standard deviation calculated over

he domain 380–600 nm. The ones outside the range are
ess unrealistic than the ones obtained with the minimi-
ation of the color change.

The best method to find the values of the main three
arameters is then the minimization of the standard de-
iation 	 over the range 380–600 nm. It can be noticed
hat the biological ranges are the only possible validation
nd that there is no tool to choose between two close
alues of C, CS, and S inside these ranges.

Figure 6 shows four measured spectra (solid curves)
nd the best match simulated spectra (symbols) corre-
ponding to the first four cases of Table 4. The calculated
eflectances are also in good agreement with the ones of
eal skin, although they branch off for the larger wave-
engths.

The solving of the inverse problem presented here is
till limited to pale Caucasian skin. Actually, for the lower
pectrum No. 4 the oxygen saturation S exceeds 100%,
hich is inconsistent with the biological boundaries. The

mall value of the reflectance factor means that the Cau-

ig. 5. Values of the oxygen saturation S obtained for 11 reflec-
ance spectra for both methods, the minimization of the color
hange �E (solid circles) and the standard deviation 	 on
80–600 nm (open circles). Unrealistic values for S have been
haded.

Fig. 6. Four real skin reflectance spectra (solid curves) an
asian skin is really tanned, which is also shown by an
mportant concentration of melanosomes C of 8.3%. It is
hen harder to determine the parameters when the con-
entration of melanosomes increases because the spec-
rum is then smoothed. Moreover it also shows the limi-
ation of the used model (Fig. 1), that has been validated
or Caucasian skin but cannot be applied as it is for
arker skin such as highly tanned Caucasians, Negroids,
r Mongoloids.

. CONCLUSION
o study Caucasian skin color a complex multilayered
odel has been previously developed, based on the real

kin structure. The radiative transfer equation describes
he interaction between light and matter and the auxil-
ary function method is used to solve it. The color of Cau-
asian skin depends on three main characteristic param-
ters, which are the concentration of the melanosomes,
he concentration of the red blood cells, and the oxygen
aturation. The model has been validated for different
eal skin spectra measured with a Cary spectrometer.
his paper deals with the inverse problem, the determi-
ation of the three main parameters from an experimen-
al reflectance spectrum obtained on real skin. The soft-
are developed for this purpose uses the minimization of

tandard deviation calculated over the range 380–600 nm
etween the experimental spectrum and a database of
imulated spectra. It has been validated on reflectance
pectra simulated with known parameters different from
he database ones. This software has then been used to
etermine the three parameters of 11 experimental spec-
ra of Caucasian persons. The obtained values of the char-
cteristic parameters belong to the biological ranges and
re satisfactory for Caucasian skin. Solving the problem
an also be very helpful for the biomedical field to statis-
ically study the evolution of C, CS, and S according to
he location of the skin or of the origin of the person.

The evolution of skin color as well as the evolution of
ach of the three main characteristic parameters could
ow be easily studied according to different factors such
s the UV exposure of the skin in vivo, without any sam-
ling (biopsies). In particular, the evolution of the mela-
in content could be studied. This method could also be
sed for early detection of skin diseases.

r simulated spectra (symbols) calculated with our method.
d thei
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The database and the inverse problem solving are
oing to be extended with configurations other than the
°/diffuse. A portable goniospectrometer in a backscatter-
ng configuration has been developed in our laboratory
nd will be used to measure skin reflectance spectra.
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