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The auxiliary function method is an efficient technique for solving the radiative tranfer equation without add-
ing any assumption and was applied until now only for theoretical stratified media. The first application (to
our knowledge) of the method to a real case, the human skin, is presented. This makes it possible to validate
the method by comparing model results with experimental reflectance spectra of real skin. An excellent agree-
ment is obtained for a multilayer model of the skin made of 22 sublayers and taking into account the aniso-
tropic phase function of the scatterers. Thus there is the opportunity to develop interest in such models by
quantitatively evaluating the influence of the parameters commonly used in the literature that modify skin
color, such as the concentration of the scatterers and the thickness of each sublayer. © 2007 Optical Society of
America

OCIS codes: 030.5620, 170.3660, 290.4210, 300.6550, 330.1690.
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. INTRODUCTION
odeling skin color is of great interest, with diverse ap-

lications such as in cosmetics and in computer render-
ng. It needs a topographic model of the skin, which is a
ery complex structure [1] containing different layers (at
east epidermis, dermis, and hypodermis) and several
catterers (melanosomes, blood cells, keratin, and col-
agen). The light propagation can then be described by us-
ng the radiative transfer equation [2] (RTE) that leads to
eflectance spectra and trichromatic coordinates of hu-
an skin.
Several attempts to model skin appearance following

his scheme have already been published, two of which
re close to the process that is applied here. A rather simi-
ar study has been undertaken by Poirier [3] in the frame-
ork of skin color rendering in computer graphics. His
odeling is based on a four-layer skin model and uses the
ubelka–Munk [4] two-flux method, which cannot take

nto account the size of the scatterers and especially the
lready known fragmentation [5] of the melanosomes in
he epidermis. Its experimental validation is rather satis-
actory in the middle of the visible range, but not for small
nd large wavelengths. The influence of different param-
ters on the reflectance spectra, such as the concentration
f the various scatterers and the thickness of the different
ayers, is studied there; the results are interesting but
annot be compared with ours, since the values of the
xed parameters are not given. Another work carried out
y Nielsen [6] presents skin modeling mostly in the UV
omain. It takes into account the fragmentation of mel-
nosomes as they move up in the epidermis. It uses the
iscrete-ordinate method [7] to solve the RTE. The model
f the present work is inspired by Nielson’s 7-layer model
nd has been developed into a 22-layer model. In our
1084-7529/07/082196-10/$15.00 © 2
ork, the optical properties of the melanosomes are di-
ectly calculated from Mie theory [8] without using the
implified reduced scattering coefficients employed in the
revious paper. Unlike asymptotic methods, the N-flux
ethod [9] and the discrete-ordinate method [7], an exact
ethod is used here, the auxiliary function method [10]

AFM). This method has already been successfully devel-
ped for monolayers to explain the visual aspect of art
lazes [11]. The same method has also been developed for
ultilayers but has been applied only in theoretical cases

12]. The presented study deals with human Caucasian
kin, which is a concrete case, and it will allow the model
o be validated for the first time to our knowledge with ex-
eriments for multilayer media.
In Section 2, the RTE [2] is recalled and written for dif-

use flux, and the general AFM [12] is summarized. Sec-
ion 3 presents the structure of human Caucasian skin,
he optical properties of the main scatterers, and the mea-
ured reflectance spectra of real skins. In Section 4, a fi-
al 22-layer model is presented, and the modeled and
easured reflectance spectra are compared. For the first

ime to our knowledge the good agreement validates the
fficient AFM with experiments on a real case. The inter-
st of such modeling is then developed by quantitatively
valuating the influence of the parameters, commonly
sed in the literature, that modify skin color, such as the
oncentration of the scatterers, the oxygen saturation of
lood, and the thickness of each sublayer, and finally the
nfluence of the five parameters.

. RTE AND AFM
he AFM has already been developed to solve the RTE in

nhomogeneous stratified scattering media [12]. It has
007 Optical Society of America
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een applied to theoretical systems with a continuously
arying albedo and phase function, with different refrac-
ive index in sublayers. The present work deals with the
pplication of AFM for the human skin, which is a real
tratified medium. The results of simulations can be com-
ared with measurements, which would not be possible
or theoretical models. Although the RTE can be solved
ith the AFM for a stratified medium with a different re-

ractive index in each layer by using Fresnel and Snell
aws for boundary conditions at each interface, our appli-
ation on skin will use only one refractive index in all lay-
rs. The Fresnel and Snell laws are then used only at both
xtreme interfaces. We present here only an overview of
he RTE solved by the AFM applied to our system. All the
etails of the method can be found in a previous paper
12], and the same notation is used throughout.

We consider a medium containing scatterers, assumed
o be spherical to allow us to simply use Mie theory [8].
hese scatterers are in low concentration, and the inci-
ent light is incoherent and unpolarized so that the RTE
an be applicable. Moreover, the incident light is colli-
ated in the direction of a unit vector u0 outside the sys-

em defined by the angle �0 as shown in Fig. 1. The inter-
aces of this system are supposed to be planes. The
ollimated and diffuse flux, respectively, are denoted F
nd f. Figure 1 summarizes collimated flux and diffuse
ux created by single (1) and multiple (2) scattering in-
ide the medium. The purpose of the calculation is to ex-
ress both reflected flux outgoing from the system for
ach wavelength and for all directions in order to obtain
ts reflectance spectrum, which is accessible to experi-

ents.
The collimated flux F is calculated separately. It is re-

racted at the first air–medium interface, following
resnel and Snell laws. F will then keep the same direc-

ion u� inside the system. In our case, the incident colli-
ated light will be taken normal to the surface ��0=0° � to
atch the experimental conditions.
The diffuse flux are calculated by using the RTE, which

xpresses the diffuse flux balance through an homoge-
eous elementary slab with an optical thickness d�. It is
ritten for a given wavelength �, depth z, and direction,
efined by the angles � and � or by the unit vector u. The
catterers embedded in the medium are characterized by
heir absorption and scattering coefficients, respectively,

and s. The albedo �=s / �k+s� and the optical depth �
�0

z�k+s�dz are used as reduced quantities to write the
TE:

ig. 1. Collimated flux and diffuse flux created by single and
ultiple scattering inside the medium.
df�u,��

d�
= −

f�u,��

�
+

�

4�

�

���

F�u�,��

����
p�u,u��

+
�

4�

�

����0

4� f�u1,��

��1�
p�u,u1�d�1, �1�

here �=cos � and p�u ,ui� is the phase function describ-
ng the probability for an incident light with the direction
i to be scattered in the direction u. Single and multiple
cattering are separated here and are respectively ex-
ressed by the second and third terms on the right-hand
ide of Eq. (1).

In order to solve this equation, the angle variables �
nd � must be separated. Therefore, the scatterers being
pherical, their phase function depends only on cos 	
u ·u1 and is expanded in �
max+1� Legendre polynomi-
ls, calling on the associated Legendre polynomials Pl

m,
here 
max is determinated with the Wiscombe criteria

13]. With the same aim, the diffuse flux f�� ,� ,�� is ex-
anded in a Fourier series. One RTE is obtained for each
omponent f�m��� ,�� of the Fourier series and reads as

df�m���,��

d�
= −

f�m���,��

�
+ �

l=m


max

rl
�m����Pl

m����F���Pl
m����

��m����

+�
−1

1 f�m���1,��

��1�
Pl

m��1�d�1� , �2�

ith rl
�m����=���l ,m��mpl��� /4, ��l ,m��m=2 for m=0 and

�l ,m��m=2�l−m�! / �l+m�! for m�0. Here pl��� are the
oefficients of the Legendre polynomials obtained by Mie
heory for each kind of scatterer. These �
max−m+1�
ntegro-differential equations are coupled because of the

ultiple-scattering term and are ill conditioned for �
� /2 ��=0�.
The AFM enables us to uncouple these equations, to

ransform them into integral equations, and to eliminate
he ill conditioning. The auxiliary function Al

�m���� is intro-
uced:

Al
�m���� =�

−1

1 f�m���1,��

��1�
Pl

m��1�d�1. �3�

his quantity is introduced in Eq. (2) and leads [12] to the
ntegral Fredholm equation (4) dealing with Al

�m����,
hich is easily solved:

Al
�m���� = �

l1=m


max �
0

�h

	H�m��l,l1,�,y� + U�m��l,l1,�,y�
�Al1
�m��y�

+ sl1
�m��y��dy. �4�

he term H�m��l , l1 ,� ,y� corresponds to the multiple scat-
ering and is a function of the medium involving its al-
edo and its phase function. The term U�m��l , l1 ,� ,y� de-
ends on the boundary conditions, and at this step each
ase leads to its own expression. Finally, sl

�m��y� is the
ource function of the radiative transfer equation due to
he single scattering. In our case, where the incident light
s collimated, it is written as
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sl
�m���� = Fk���Pl

m��k�/���m��k��. �5�

The expressions for H�m��l , l1 ,� ,y� and U�m��l , l1 ,� ,y�
pplied to our particular case are given in Appendix A.
For each of the �
max+1� values of m, there are �
max

m+1� uncoupled integral equations (4) to be solved that
re divergence free. This number of equations is equal to
he number of unknown quantities Al

�m�. Therefore the fi-
al system of integral equations is exact and does not
eed any assumption to be solved, which is not the case in
he methods where an angular discretization is performed
N-flux and discrete ordinate methods) and an infinite
alues of directions and an infinite number of integro-
ifferential equations would be necessary to describe the
xact system. The auxiliary functions Al

�m� are numeri-
ally calculated. The �
max+1� components f�m� are then
educed and summed to obtain the diffuse flux f in each
irection and for each wavelength. The global diffuse flux
s deduced by integration over the upper half space. The
eflectance factor, needed to compare the modeling with
pectroscopic measurements, is then the sum of the inte-
rated diffuse flux and the collimated flux calculated
eparately, if the upper surface is assumed to be a perfect
iffuser. Finally, the reflectance factor for each wave-
ength of the visible spectrum are gathered to obtain the
eflectance spectrum.

. OPTICAL PROPERTIES AND
EFLECTANCE SPECTRA OF HUMAN SKIN
he description of the stratified model and the optical
roperties of the scatterers are necessary for solving the
TE. We recall here the data already published that will
llow us to obtain the albedo, the optical thickness, and
he phase function with its expansion in Legendre poly-
omials of each layer or scatterer. These quantities are
sed to deduce the coefficients rl

�m� and Pl
�m� that appear in

�m� and U�m� of Eq. (4) and that allow us to get the solu-
ion. We also point out the different parameters that in-
uence skin color, commonly found in the literature, in or-
er to later study their influence in a quantitative way.
Human skin is a natural stratified medium presented

n Fig. 2. It can be divided into three main layers [1]. The
ost superficial one is the epidermis, which can also be

ivided into five sublayers called the stratum corneum,
he stratum lucidum, the stratum granulosum, the stra-
um spinosum, and finally the stratum germinativum,
hich is the deepest. The thickness of the epidermis var-

es with the location of the skin on the body from
0 to 100 �m. The intermediate layer is the dermis,
hich is divided into the papillary dermis and the reticu-

ar dermis separated by the horizontal plexus. Its thick-
ess can reach several millimeters. The deepest layer of
he skin is the hypodermis, which can measure up to sev-
ral centimeters.

Each main layer has specific scatterers. In the epider-
is, melanin is contained in rather spherical cells called
elanosomes. These cells are created in the deepest sub-

ayer, the stratum germinativum. The melanosomes are
ragmented [5], and their radius shortens as they move
p from the lower to the upper layer. The skin color de-
ends on the volume concentration C of melanosomes con-
ained in the epidermis. C can vary from 1% for lightly
igmented skins (Caucasian) to 46% for strongly pig-
ented skins (Negroid). Keratin is also contained in the

pidermis and is located in cells called keratinocytes. In
he dermis, there are veins containing red blood cells,
omposed of oxyhemoglobin HbO2 and deoxyhemoglobin
b. The skin color depends on the volume concentration
S of blood cells in the dermis and on the oxygen satura-

ion S, which is the percentage of HbO2 in the blood. In
ur model, the red blood cells are assumed to be spheres
ith the same volume as the real ones. CS varies from 1%

o 10%. S varies from 30% for veins to 95% for arteries.
he dermis is also constituted of collagen fibers, which
ave an effect on skin color. In the hypodermis, white fat
nd blood vessels are found.

. Optical Properties of Scatterers
e first consider the melanosomes and the red blood cells

hat we assume to be spherical scatterers. We use Mie
heory [8] in our own code to determine the absorption
nd scattering coefficients k and s of the scatterers that
ill allow us to express the albedo and optical depth and

heir phase function p�cos 	�. The refractive index of the
urrounding medium and the radius and complex refrac-
ive index of the scatterers are needed to implement Mie
alculations. All these data are found in the literature, as
pecified afterward by a reference in each case. The em-
edding medium for each layer is assumed to have a re-
ractive index equal to 1.36 [6].

Melanosomes. Melanosomes have a radius r ranging
rom 31.25 to 500 nm [6]. The complex refractive index of
elanin is given by the following phenomenologic law ac-

ording to Nielsen [6]:

ñmel = 1.57 + i
�a�

4�
, �6�

here � is the wavelength in �m and �a is the absorption
n �m−1, whose variations are shown in Fig. 3. Mie calcu-
ations lead to the absorption coefficient k and the scat-
ering coefficient s of the scatterers (Fig. 4). k and s de-
rease monotonically like �a when � increases, and they
ncrease with the radius. s dominates k except for the
mallest melanosomes. The albedo � and the optical
epth � can then be determinated. � is independent of the
olume concentration C and almost independent of the

Fig. 2. Skin structure.
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avelength in the visible range but increases with the ra-
ius from �=0.4 for r=31.25 nm to ��1 for r=500 nm. �
s proportional to C; it decreases with � but increases with
and C. As shown in Fig. 5, the phase function p�cos 	� of

he melanosomes depends on their radius. For the small-
st scatterer �r=31.25 nm�, it tends to be isotropic,
hereas for the largest scatterer �r=500 nm�, it presents
strong asymmetry with a predominantly forward scat-

ering. The more anisotropic the phase function is, the
arger the number of Legendre polynomials that are used
n its expansion. For the smallest melanosomes, only four
olynomials are needed. For the largest melanosomes, 22
olynomials are required. On the one hand, all these mel-
nosomes are present in the studied medium. On the
ther hand, calculations are done simultaneously by tak-
ng into account the global system. The maximum order of
he Legendre polynomials corresponding to the largest
elanosomes must be taken into account in each slab,

nd the final runtime is proportional to this order. To re-
uce this runtime, we have studied the influence of this
aximum order on the integrated diffuse flux and on the

nal reflectance factor. For more than eight polynomials,

Fig. 3. Variation of the absorption �a of melanin with �.

ig. 4. Variations of the absorption and scattering coefficients k
nd s with �, for r=125 nm.

ig. 5. Angular variation of the phase function at �=380 nm for
wo melanosomes r=31.25 nm (left) and r=500 nm (right).
he variation of the reflectance factor is always less than
%, which is the experimental precision of the spectrom-
ter. So we limit our expansion to the seventh order.

Red blood cells. Red blood cells are assumed to be
pheres of 2.78 �m radius [14]. The refractive index of
lood is taken as a linear combination of the refractive in-
exes of HbO2 and Hb, so that ñblood=n+ i
, where n
nHbO2

S+nHb�1−S� and 
= �� /4��	�a,HbO2
S+�a,Hb�1−S�
.

he variation of the real part of the refractive index [14]
nd of the absorption [15] �a of HbO2 and Hb are shown
n Fig. 6. Some wavelengths are noticeable, especially for
a���, where the minima will fit the maxima of the reflec-

ance spectrum. Local minima for Hb at �=480 nm and
or HbO2 at �=505 nm and �=560 nm will thus be the
ignature of blood. Both absorptions are negligible for �
600 nm and will correspond to a large and rather con-

tant reflectance factor in this range. The coefficients k
nd s of the red blood cells follow the combined absorption
f HbO2 and Hb, with s always larger than k. However,
ith our hypothesis red blood cells are large spheres with
=2.78 �m, which implies an even more important for-
ard scattering than the largest melanosomes. Mie calcu-

ations also give the asymmetric factor g, which is the
roportion of light scattered forward, and here is larger
han 0.99. Because of this strong anisotropy, 132 Leg-
ndre polynomials would be needed for the expansion of
he phase function. That is why the blood scattering will
e approximated below by the reduced scattering coeffi-
ient s�=s�1−g� associated with an isotropic phase func-
ion. We then calculate the albedo and the optical depth of
he red blood cells, and only the latter depends on the vol-
me concentration CS of blood in the dermis. Figure 7
hows the variation of the albedo and of the optical depth
f a blood cell according to � for CS=2% and S=30% us-
ng k and s�.

Keratin and collagen. Unlike the previous scatterers,
eratin and collagen fibers are not spherical. Even if it

ig. 6. Variations of the real parts of the refractive indexes (top)
nd of the absorption (bottom) of HbO2 and Hb with �.
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ere possible to implement Mie calculations, the phase
unctions would not be expressed according to cos 	, and
he AFM could not be applied. Consequently we use the
bsorption coefficients [16] k and the reduced scattering
oefficients [17] s� found in the literature associated with
n isotropic phase function as for blood. Their variations
re presented in Fig. 8. Values of k are supposed to be
dentical [16] for keratin and collagen fibers, but s� values
re different, mostly for small wavelengths. In the hypo-
ermis, we will follow all the authors who do not care

ig. 7. Variation of the albedo (top) and of the optical depth
bottom) for CS=2% and S=30% according to �.

ig. 8. Variation of the absorption coefficient k (top) and of the
educed scattering coefficients s� (bottom) of keratin and collagen
bers accordng to �.
bout the absorption of blood vessels and consider only
he scattering of white fat, which implies �=1 associated
ith an isotropic phase function.
Every optical property of each layer is now determined

y the couple (albedo, optical depth) and the phase func-
ion of the scatterers. They are introduced into Eq. (4),
nd the system is numerically solved at last to obtain the
eflectance factor for each wavelength, as explained at the
nd of Section 2.

. Skin Reflectance Spectra
o test the model, reflectance spectra of real skin were re-
orded to be compared with the modeling results. A class
pectrophotometer CARY 5 is used, with an integrating
phere, which collects both the diffuse and specular light.
he incident light is set at normal incidence. The reflected

ight is then collected in the same configuration as the re-
ults of our calculations. Typical reflectance spectra are
resented in Fig. 9. It shows different measurements on
eal skin for two different subjects, at different locations
nd at different times separated by 14 days. We can no-
ice in all these spectra that the wavelengths of the rela-
ive maxima are identical to the wavelengths of the ab-
orption minima (� between 460 and 505 nm and �
560 nm).
The skin color depends on several factors, already

uoted in the previous section and commonly used in the
iterature. First, the skin color varies according to the
erson, mainly because there are more or fewer melano-
omes in the epidermis. Second, the color can be different
n the same person according to the location on the body.
enerally, different factors must be then taken into ac-

ount:

• The volume concentration C of melanosomes,
• The volume concentration CS of blood in the dermis,
• The oxygen saturation S,
• The thickness of both epidermis and dermis.

Third, the outer conditions play a role in skin color.
easurements on the same person at the same place but

eparated by several days can show differences. In fact,
he outside temperature and the hygrometry can change
he structure of the skin, for example by modifying the
hickness of the skin. Exposure to UV radiation can also
hange the skin color by increasing the number of mel-
nosomes produced in the stratum germinativum and so
hanging the concentration of melanosomes C.

Fig. 9. Different reflectance spectra of real Caucasian skins.
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. MODELING RESULTS
. From a 5-Layer Model to a 22-Layer Model
o study the reflectance spectra in the UV range, Nielsen
t al. [6] proposed a model based on the skin stratification
ith 7 layers, presented in Fig. 10 (box 2). The epidermis

s composed of five layers of equal thickness �10 �m� and
qual volume concentration C of melanosomes. The ra-
ius of the scatterers embedded in the lower layer is
00 nm and is divided by two each time they move up to-
ard the upper layer. The dermis has a thickness of 2 mm
nd includes blood. Finally, the hypodermis of 3 cm thick
kin does not absorb light as already mentioned. The cal-
ulations of Nielsen et al. [6] show that a strongly pig-
ented skin absorbs less UV radiation than a lightly pig-
ented skin owing to the scattering of melanosomes.
hey did not try to compare in detail the measured reflec-
ance spectra with the modeling in the visible range. We
ry to do this, begining with their model.

In a first step, we consider the epidermis with the same
ve layers as Nielsen, containing only melanosomes in
igs. 10 (box 1). The light is assumed to be totally re-
ected at the lowest interface. Figure 11 shows the reflec-
ance spectrum resulting from this model (squares) and
ts comparison with one of real skin (solid curve). Both
pectra are different, except for their quasi-similar slope
ver 600 nm. The reflectance factor is too large, and all
he characteristics, previously described and linked to the
lood are obviously missing, showing that the blood is
laying a great role in Caucasian skin color.
In a second step, we add the dermis and the hypoder-
is in a seven-layer model including red blood cells but
ithout keratin and collagen fibers, Fig. 10 (box 2). The
btained reflectance spectrum is presented in Fig. 11 (dia-
onds) and is still not satisfactory. Although the charac-

eristics due to the blood fortunately appear, the reflec-
ance factor is too low for the short wavelengths and too
arge for wavelengths over 600 nm. This will be corrected
y introducing the collagen fibers and the keratin, be-
ause they scatter more light in the short wavelengths.

In a third step, we add the keratin in the epidermis and
he collagen fibers in the dermis. Unfortunately, for the
pidermis melanosomes and keratin do not have the same
hase functions, a mean phase function is not realistic,
nd the RTE is not currently adapted to such an inhomo-
eneous medium. Each of the five layers is then split into

ig. 10. Box 1, 5-layer model, box 2, 7-layer model, and box 3,
ublayers of the same thickness, containing only one type
f scatterer. Several configurations with an increasing
umber of sublayers are tested, ensuring that the global
ptical thickness � is equal to that of a unique layer
0 �m thick containing a mixture of both scatterers. The
esults are satisfactory for four sublayers, and over this
umber the reflectance factor does not vary more than
ur experimental precision. Each layer is then split into
our parts, two sublayers containing melanosomes with
he concentration C and two sublayers containing keratin
ith the concentration �100−C�. Moreover, the results are
etter when the upper sublayer contains melanosomes as
hown in Fig. 10 (box 3).

For the dermis, the collagen and the red blood cells are
ssumed to have the same isotropic phase function, and it
s not necessary to split the dermis into sublayers. The
oncentration of collagen fibers is assumed to be �100
CS�. Both scatterers can be considered to be contained

n an homogeneous layer, with the scattering and the ab-
orption coefficient being the sum of those of the red blood
ells and of the collagen fibers with sdermis=sblood�
scollagen� and kdermis=kblood+kcollagen.
Our final satisfactory model is a 22-layer stratified me-

ium, summarized in Fig. 10 (box 3). It leads to the spec-
rum presented in Fig. 11 (triangles) and is in excellent
greement with C=1.5%, CS=2%, S=95%. In this case,
he standard deviation � between model and experiment
s equal to 1.3%. It will be verified in the next subsection
or different skins and thus for different values of the pa-
ameters.

. Experimental Validation
he spectra for two different Caucasian persons at three
ifferent places (back of the hand, palm, and forearm) are
epresented as solid curves in Fig. 12. All of them have
he same overall shape already discussed in the previous
ubsection. However, these spectra are different, with re-
ectance factors more or less large and with various
lopes around 600 nm.

The spectra with symbols represent the results of the
odeling after adjusting the parameters C, CS, and S

nd the total thickness of the epidermis to fit the experi-
ental data. They are in rather good agreement with the
easured spectra of real skin. Similar results were ob-

ained with other persons. The same features due to the
lood are present once more. However, it can be seen that
he calculated spectra do not perfectly fit those of the real

ig. 11. Comparison between reflectance spectra for skin mod-
ls of 5, 7, and 22 layers and a measured spectrum.
2-layer model.
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kin for large wavelengths (red, over 630 nm). Neverthe-
ess, this graphic difference has low impact on the final
olor change �E between experiment and modeling. This
uantity is calculated from the coordinates L*, a*, and b*

f each spectrum (measured and modeled) in the CIE-Lab
pace (see Appendix B):

�E = 	�Lmeas
* − Lmod

* �2 + �ameas
* − amod

* �2 + �bmeas
* − bmod

* �2
1/2.

�7�

or a large reflectance factor, the relative gap is smaller.
his conclusion can be seen in Table 1, where the stan-
ard deviation

� =
��

N
�Rmeas − Rmod�2

N − 1
, �8�

ith N=41 being the number of wavelengths for which
he modeling has been implemented between 380 and
80 nm, and the color change �E is calculated for each set
f Fig. 12.

Actually, set 3 clearly shows that an important stan-
ard deviation due to the noticeable gap with a large re-
ectance factor for large wavelengths is associated with a
mall color change. The opposite case appears for set 1.
fter this validation, we are now able to fully use the pos-
ibilities of the modeling to go beyond experiments.

. Influence of the Parameters
e here study the influence of the parameters already

mphasized in previous sections: volume concentration C
f melanosomes, oxygen saturation S, volume concentra-

Table 1. Standard Deviation � and Color Change
�E Sets of Fig. 12

Set � �E

1 2 4.4
2 4.6 2
3 2.8 0.8
4 1.3 2.7

ig. 12. Reflectance spectra of real skins (solid curves 1–4) and
ssociated modeling (1, pluses; 2, triangles; 3, diamonds; 4,
quares).
ion CS of blood, and epidermal and dermal thicknesses.
he reflectance spectra and the induced range of skin
olor change are calculated by changing only one of these
arameters and are presented in Fig. 13.
First, the influence of the volume concentration C of
elanosomes is shown in Fig. 13(a), for S=50%, CS=2%,

nd thicknesses of epidermis and dermis ze=50 �m and
d=2000 �m. As C varies from 1.5% to 7.5%, the reflec-
ance spectrum is lowered and flattens; the features are
moothed. Actually, the number of melanosomes increases
ith C, and so does the light absorption. The less light

eaches the dermis, the lower the scattered light by red
lood cells and the smoother the features of the final spec-
rum. With this variation of C, the maximun skin color
hange �E is equal to 13.7.

Second, the influence of the oxygen saturation S is
hown in Fig. 13(b), for C=2%, CS=2%, ze=50 �m, and
d=2000 �m. The reflectance factor of the plateau over
00 nm increases with S because HbO2 absorption is
maller than that of Hb. This absorption also decreases
ore rapidly for HbO2 than for Hb (Fig. 6), which ex-

lains the increase of the sharp slope in the spectra
round 590 nm. The influence of HbO2 can also be seen in
he local maximum of the spectra at 560 nm: HbO2 has a
inimum of absorption at this wavelength that does not

xist for Hb; therefore the reflectance factor increases
ith S. The last observation concerns the second local
axima of the spectra between 430 and 540 nm: its wave-

ength increases with S and is due to the different posi-
ion of the local minimum of the absorption �a (Fig. 6, bot-
om) for HbO2 and Hb. Finally, as S increases from 30% to
0%, the color change �E is equal to 3.6.
Third, the influence of the volume concentration CS of

lood is shown on Fig. 13(c), for C=2%, S=50%, ze
50 �m, and zd=2000 �m. The reflectance spectra is low-
red as CS increases. Moreover the spectrum flattens
hen CS decreases. The variation of the reflectance factor
etween 580 and 780 nm increases with CS. By looking at
he mean absorption spectrum deduced from Fig. 6, the
revious observation can be explained. As CS varies from
% to 10%, the skin color change �E is equal to 13.5.
Fourth, the influence of the epidermal thickness ze is

hown in Fig. 13(d) for C=1.5%, S=70%, CS=2%, and
d=2000 �m. When the epidermis becomes thicker, the
eflectance spectrum is lowered and flattens. As ze varies
rom 50 to 70 �m, the skin color change �E is equal to
.7.
Fifth, the influence of the dermal thickness zd is shown

n Fig. 13(e) for the same parameters and ze=50 �m. In
he same way, the reflectance spectrum is lower when zd
s larger but only in the plateau range, after 600 nm. As
d varies from 1000 to 2000 �m, the skin color change �E
s equal to 1.4.

On the one hand, these five parameters always influ-
nce the plateau, either on its reflectance factor or on its
lope, and thus the redness of the skin. On the other
and, for smaller wavelengths, the influence of these five
arameters on the spectra is variable: nil for zd, low for S,
little more important for ze, and important for CS andC.
ith the variation domains previously mentioned, the

mallest color change is obtained by varying the dermal
hickness, and the largest color change, as expected, is ob-
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ained by varying the volume concentration C of melano-
omes, which is the accurate parameter that discrimi-
ates Caucasian or Negroid skin types, for example.

. CONCLUSION
his is the first time to our knowledge that RTE resolved
y AFM has been applied to concrete examples and thus
as been verified by experimental results. Starting from
revious publications, a 22-layer model of human Cauca-
ian skin has been developed and fully validated. Using
his model, the results are satisfactory compared with the
eflectance spectra of real skin by adjusting the character-
stic parameters of the different scatterers as well as the
ifferent thicknesses of the layers. The possibilities of the
odel are then fully used for studying the influence of the

haracteristic parameters on the reflectance spectra of
he skin and the corresponding color change, such as the
olume concentration of melanosomes in the epidermis,
he volume concentration and the oxygen saturation of
lood in the dermis, the thicknesses of the epidermis and
he dermis. Each of these parameters has a particular ef-
ect on the spectra and can be singled out. For Caucasian
kin, although red blood cells lie under a 50 �m thick
cattering medium, the influence of blood is predominant

ig. 13. Influence of each parameter on the reflectance spectra: (
olume concentration CS of blood, (d) epidermal thickness ze, (e)
n skin color and is emphasized in each feature of the
pectra. The volume concentration of melanosomes gener-
tes an important variation of the spectra and thus of the
kin color and explains the different colors according to
thnic pigmentation, localizations on the body, and tan-
ing.
The successful stratified model and software developed

n this study will be applied, in the near future, to model
he color of Negroid and Asian skins, where the main dif-
erences with Caucasian skins are the size, the shape, and
he space distributions of the melanosomes in the epider-
is. The calculations will also be done for different con-
gurations, bidirectional and backscattering ones. This

ast original configuration is fully justified because such a
ortable goniospectrophotometer is at our disposal and al-
ows us to measure real skin reflectance spectra on any
art of a body. A method allowing two scatterers with dif-
erent phase function in the same layer will be developed.
n this study, the interfaces have been assumed to be pla-
ar, so their roughness will be introduced later in the
odeling. We already know that the rms roughness of the

urfaces is larger than the wavelengths in the visible
ange, and this surface scattering, inducing an upward
ranslation of the previous reflectance spectra, will not
hange their shapes. Finally, the effects of external condi-

me concentration C of melanosomes, (b) oxygen saturation S, (c)
l thickness zd.
a) volu
derma
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ions, such as UV radiation, temperature, and hygrom-
try, will be analyzed and included in the model.

PPENDIX A: CALCULATIONS OF Al
„m…

„�…

he equation we have to solve is

Al
�m���� = �

l1=m


max �
0

�h

	H�m��l,l1,�,y� + U�m��l,l1,�,y�


�	Al1
�m��y� + sl1

�m��y�
dy. �A1�

e shall now express each term, H�m��l , l1 ,� ,y� and U�m�

�l , l1 ,� ,y�, by taking into account the characteristics of
ur application. We consider a slab (1) with an optical
hickness �h between an upper (0) and a lower (2) medium
ith refractive indices respectively named n1, n0, and n2.
The boundary conditions for the diffuse flux are writ-

en, at each interface,

for � = 0, f+�m���,0� = R10f
−�m���,0�, �A2�

for � = �h, f−�m���,�h� = R12f
+�m���,�h�, �A3�

here f+�m� and f−�m� are the diffuse flux, respectively, in
he direction of increasing � and decreasing � and Rij���
re the Fresnel’s reflexion coefficients from medium i to
edium j.
We are looking for the total flux, integrated on the up-

er half-space. Only the case m=0 leads to a nonnull re-
ult, due to the integration on �, and must be calculated.

The right-hand terms of Eq. (A1) are written as

H�0��l,l1,�,y� = Crl1
�0��y��

0

1 Pl
0���Pl1

0 ���

�
exp�− x/��d�,

�A4�

ith C=1 for y�� and C= �−1�l+l1 for y��,

U�0��l,l1,�,y� = rl1
�0��y��

0

1

d�

�

Pl
�0����Pl1

�0����

�

1

exp�2�/�� − R10���R12���

� 
R10���R12����exp�y − �

�
�

+ �− 1�l+l1 exp�−
y − �

�
��

+ �− 1�lR12���exp�y + �

�
�

+ �− 1�l1R10���exp�−
y + �

�
�exp�2�

�
�� .

�A5�
PPENDIX B: CIE-LAB SPACE
or more details concerning colorimetric caculations, see

18].
The trichromatic coordinates of the color are computed

rom the measured reflectance spectrum. These coordi-
ates take into account the spectral density of the illumi-
ant ���, the three relative sensibility curves of the stan-
ard observer x̄���, ȳ���, z̄���, and the diffuse reflectance
pectrum of the sample ���. Here the illuminant D65,
hich simulates daylight, and the standard observer de-
ned by the CIE-1931 are chosen. The calculation of the
, Y, Z trichromatic components is first implemented ac-

ording to

X = K� S���x̄���R���d�,

Y = K� S���ȳ���R���d�,

Z = K� S���z̄���R���d�,

K =
100

� S���ȳ���d�

.

Then the L*a*b* space, defined by the CIE-1976, which
s more uniform than the X, Y, Z space, can be deduced
rom the former according to

L* = f� Y

YB
� ,

a* =
500

116�f� X

XB
� − f� Y

YB
�� ,

b* =
200

116�f� Y

YB
� − f� Z

ZB
�� ,

ith

f�A� = 116A1/3 − 16 if f�A� � 8,

f�A� = �29

3 �3

A if f�A�

� 8 �Pauli correction�.

XB, YB, and ZB are the white reference XYZ coordinates
RB=1 for all of the visible range) with the chosen illumi-
ant and standard observer.
The three coordinates of the CIE-Lab space are the ach-

omatic lightness L* and the two chromatic components:
* (green–red axis) and b* for the Cartesian coordinates.
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