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ABSTRACT

This paper presents various extensions of the so-called two-flux models for prediction of
reflectance and transmittance of diffusing media, i.e. the Kubelka-Munk model, introduced in
[HDI062], and the extension of Kubelka-Munk for stacks of diffusing layers. A first matrix
formulation of the Kubelka-Munk differential equations leads to a matrix framework based on
transfer matrices, which can be extended to stacks of diffusing layers, stacks of nonscattering
films, and stacks of scattering and non-scatterings films as a generalization of the Williams-
Clapper model for prediction of the reflectance of paper photographs, each of these
configurations being illustrated through various examples. This paper also exposes the limits
of the two flux approach and shows that the matrix formalism extends in a straightforward

manner to multiflux models, where the size of the matrices is increased.

1. INTRODUCTION

Although prints and paints are often considered as “surfaces”, they are actually made of
various layers of more or less scattering and absorbing media. This is obvious in printing
where a strongly scattering substrate (e.g. paper) is coated with absorbing, almost non-
scattering substances (inks). In glaze painting, the board is first coated with a white diffusing
paint layer aimed at reflecting light in a uniform way in every direction; it is then coated with
several absorbing layers, almost nonscattering, for coloration; it is finally coated with a clear
varnish for protection [1, 2]. More complex structures may be found everywhere, for example
photos under glass or books covered by a protection film: light is reflected multiple times

between the colored object and the protecting element, thus changing the color rendering of



the object. Optical models predicting the color rendering of transparent films, glass plates,
paints or printed papers taken individually are relatively well known (see [HDI062], Section
4.2, and [HDIO51]). However, the combination of these models, necessary when various
elements are on top of each other, is less common. In many cases, i.e. when each of the
stacked elements is strongly scattering or non-scattering, the spectral reflectance or
transmittance of the object can be predicted using a two-flux model describing the forward
and backward propagation of fluxes and their mutual exchanges due to scattering in layers
and reflections by their interfaces. The two-flux approach is theoretically permitted when the
angular distribution of light does not vary after several reflections between the stacked
elements [3]: this is the case for strongly scattering layers illuminated by a Lambertian flux,
addressed in Sections 2 and 3, and for nonscattering layers illuminated by a collimated flux,
addressed in Section 4. The two-flux approach also enables addressing stacks where strongly

scattering layers and non-scattering layers are alternated (Section 5).

In its classical form introduced by Kubelka and Munk [4, 5], the two-flux model is expressed
in terms of flux attenuations due to scattering and absorption, parameterized by scattering and
absorption coefficients. The flux attenuations in infinitesimal sublayers are written under the
form of scalar differential equations, or equivalently under the form of one vector differential
equation, involving an attenuation matrix, presented in Section 2. By integrating this vector
differential equation, the incoming and outgoing fluxes at both sides are related through one
matrix, which models the flux transfers between each other and is thus qualified as transfer
matrix. This transfer matrix formalism is shown to be very convenient when different media
are coated upon each other, or when several slides of media are stacked to each other. As
Kubelka in his paper of 1954 dedicated to non-homogeneous layers [6], the matrix model can
be extended to reflecting-transmitting components with distinct reflectances on their two
sides. The transferred flux fractions are thus represented by the reflectances and
transmittances of the layers, and possibly of their interfaces, which can be either predicted or
deduced from spectral measurements. Layers may have any thickness (provided they are
thicker than the coherence length of the incident light) and may be themselves composed of
various elements. Several examples will be developed in Section 3 to 5, illustrating the easy
computation of the reflectance and transmittance of stacked elements knowing, by
measurement or by prediction, their individual reflectances and transmittances. The matrix
formalism has also the advantage to be easily extensible to multiflux when several directions

of light need to be treated in parallel, as shown in Section 6 in the case of homogenous layers.



2. REVISITING THE KUBELKA-MUNK MODEL (TWO-FLUX MODEL)

This section revisits the Kubelka-Munk model whose classical formulation has been
introduced in [HDI062], Section 7. We present here a matrix formulation of the differential
equations which simplifies the computation of reflectance and transmittance of homogenous

scattering layers and enables appreciable extensions.

2.1. Matrix method to solve the Kubelka-Munk differential equation system

The Kubelka-Munk model considers a thin slice of diffusing medium whose thickness dz is
small compared to its two other dimensions. Let us denote as j a diffuse light flux oriented
upwards (increasing altitude z) and as i a diffuse light flux oriented downwards (decreasing
altitude z, see Figure 1). We assume that all variations of the light fluxes are only due to
absorption and scattering. We denote as K the linear absorption coefficient and as S the linear
backscattering coefficient. Flux i and j, as well as coefficients K and S may be functions of the
wavelength. In order to simplify the notations, we omit their dependence on wavelength and
implicitly assume that they may have distinct values in the different wavebands of the visible

spectrum. This also holds for every equation in this paper.

0 Z((% __________ ?_J_'(_QZ ___________

Figure 1: Upwards and downwards fluxes in a layer of thickness 4.

While crossing the slice of medium, flux ;j decreases by an amount K- j-dz due to
absorption and also by an amount S- j-dz due to back-scattering. It increases by the amount
of light S-i-dz lost by back-scattering if the flux i while crossing the same slice of medium

in the opposite direction:

di=—(K+S8)-j-dz+S-i-dz

Analyzing flux i leads to a similar equation. Since the orientation of this flux is opposite,
negative signs are introduced:

di=S-j-(~dz)—(K+S)-i-(~dz)=-S- j-dz+(K+S)-i-dz

(1)

)



Note that the Kubelka-Munk model does not distinguish between forward scattered light and
light that wasn’t deviated. In other words, this model makes no distinction between a
transparent medium, i.e. an absorbing but not scattering medium, and a hazy medium where
scattered light reduces the contrast of objects viewed through it. Haze is the percentage of
transmitted light that is scattered so that its direction deviates more than an angle of 2.5°
(0.044 rad) from the direction of the incident beam [7].

Combining equations (1) and (2) yields a system of differential equations:

dj
dz

£=—S]'+(K+S)i
dz

=—(K+8)j+Si
3)

There are several ways to solve this system of equations. This chapter will focus on a matrix
based approach that enables addressing more advanced models. Let us look at the system of

equations (3) as a differential equation in a vector space which can be written:

d(i\ (i
£{)owe

where My ¢ denotes the matrix of Kubelka-Munk coefficients, or “attenuation matrix”:

—(K+5S) S j

MKS:( S (K+S)

Before solving equation (4), let us first recall that the solution for a scalar differential equation

of the first order of the form

du
u_
dz
is
u(z) =" u(z,).

Similarly, the solution for the vector differential equation (4) is

N R 17 R

where ‘exp’ here denotes the matrix exponential function defined by the series:

eXp(M)—Z(‘; T —I+F+7+3—!+... (7)




where I denotes the 2x2 identity matrix.

Thus, by integrating the vector differential equation (4) between z,=0 and z=#h, one

obtains the following equation relating fluxes i and j at the altitudes 0 and 4:
(A (0
R RER
i(h) = Li(0)

MK,S,h = CXp I:MK,S “(h— 0)]

with

Note that the matrix My ¢, expressed in terms of the scattering and the absorption
coefficients, has a physical dimension in m ™', whereas M k.5 18 dimensionless. This matrix
relates the incoming and outgoing fluxes in the layer and models the flux transfers from each
other. It can thus be qualified as “transfer matrix”, a concept that will be generalized in

Section 3.

The exponential of a square matrix always exists and satisfies several interesting properties
[8]:
— The exponential of the zero matrix O is the identity matrix:

exp(0) =1
— Let M:A-B-Afl, then
exp(M) =exp(A~B-A*1) =A-exp(B)-A™

— Let A and B be two matrices that commute with each other, i.c. A-B=B-A, then the

exponential of the sum equals the product of the exponentials:
exp(A +B) =exp(A)-exp(B) = exp(B)-exp(A)
— The inverse of exp(M) is exp(-M).
exp(M)-[exp(M)] " = exp(M)-exp(-M) = exp(M ~M) =1
— Let x be an real number, then
exp(x-M)=[exp(M) ]’

— The exponential of a diagonal matrix is a diagonal matrix whose entries are the
exponential of the entries of the matrix (we will use this fundamental property to compute

M s, introduced in equation (8)):

)

)



exp(diag(vl,...,vn )) = diag(ev‘ AL ) .
det(My ¢ —vI) yields the characteristic polynomial of the matrix My ¢ defined by (5):
det(My g —vI) =V’ —2KSy— K* (10)
whose two roots are the two eigenvalues of My g:
v, =—VK? +2KS (11)
and

v, =\ K? +2KS (12)

Assuming My ¢ =V-D-V~' where D =diag(v,,v,) is a diagonal matrix, and

| (K+8)+VK* +2KS S
S (K +S)+VK?* +2KS

\%

we have:

My sn= eXP(MK,S h)
=V-exp(D-#)- V"' (13)

evlh 0 O
=V. -V
0 ev2h

Finally, equation (8) can be written as the following matrix product:

JY (e 0 ()

(i(h)j_V[() eVZh]V (z’(O)j o
or equivalently as the following one:

JOY (e 0 ) o (i)

(i(O)J_V( 0 e—VZh]V (i(h)j "

In this framework, the body reflectance p of a layer is given by the ratio p = j(4)/i(h). The
intrinsic transmittance t; is the ratio of the downward oriented fluxes i(0) and i(h) in

absence of upward incident flux, i.e. j(0)=0:

T, = @j (16)
(i(h) Jj(0)=0

Therefore the following holds for a free standing medium:



pi(h)) .evlh 0 g f 0
(i(h)]_v ( 0 eVth v (’Cii(h)j

i.e., by dividing both members of this equation with i (%),

vih
I
1 0 e T;

A substrate of reflectance p, in optical contact with the layer of thickness / at the lower side

(z=0) would impose a condition on the boundary ,(0) =p,i(0):

pi(h)) . "0 ey p,i(0)
[xm]‘%o ew}V (f(o)j )

Developing equation (18) leads to the hyperbolic solution of the Kubelka-Munk model, see
equation (26).
2.2. The classic formulae of the Kubelka-Munk theory

All classic formulae from the literature (e.g. Ref. [9]), can be derived from equation (14). Let

us introduce

K+S
a= 19
S (19)
and
b=~a* -1 :%\/K2+2KS 20)

under the assumption S #0. Note that K and S, @ and b are functions of wavelength. Since
the eigenvalues v; and v, of My ¢, given by equations (11) and (12), can be written —bS

and bS respectively, equation (14) can be written:

j(h) e 0 (0
(xh)jzv'(o 5 'Vl'(z‘m)) -

(S(a +b) S j ((a +5) 1 ]
V= =S
S S(a+b) 1 (a+b)

with

and

V71= 1 ((d+b) -1 ]
S[(a+b)> =11 -1 (a+b))



Developing equation (21) yields:

( j(h)} 1 [(a +b)e " —(a-b)e"™ S — S ] ( j(O))

- 22
i) 26 e = e (a+b)e" —(@—b)e " ) i(0) 22

Note that in the particular case of absence of scattering ( S =0), equation (22) does not apply.
We need to go back to equation (13), which simplifies as follows:

JmY (e 0 (j0)
= . (23)
i(h) 0 &) i(0)
2.3. Layer in optical contact with a background

Many practical cases, for example inks or paints deposited on a substrate, can be seen as

layers in optical contact with a background with given reflectance p, (Figure 2).

TSR IR R
Layer

(0
PN ()] B} (O —
Background

Figure 2: Upwards and downwards fluxes in a layer in optical contact with a background.

The boundary condition at z =0 can be written
J(0) =p,i(0) (24)

Substituting equation (24) in equation (22) yields:
_ j(h) _(1—ap,)sinh(bSh)+bp,, cosh(bSh)

p=-—== : (25)
i(h) (a—p,)sinh(bSh) + bcosh(bSh)
In the case where hSh # 0, equation (25) can be written:
1-p,| a—bcoth(bSh
p= il (bsi) (26)

a—p, +bceoth (bSh)

Equation (26) is the hyperbolic solution of the Kubelka-Munk equations. In absence of
scattering (S =0), equation (23) yields:



p=pge " 27)

Two special cases of interest are the reflectances p, and p, of a layer in optical contact with
an ideal black background (p,=0), and with an ideal white background (p,=1)

respectively. In the case of the black background, equation (26) becomes:

sinh (bSh) 1

_ _ 28
P0 = i sinh (bSh)+ beosh (bS) -+ b-coth (bSh) @
and in the case of the white background, it becomes:
_ (1-a)sinh (bSh)+bcosh(bSh) 1—a+b-coth(bSh) 29)
Pr= (a—1)sinh (bSh) + bcosh (bSh) a-1+b- coth(bSh)
Note that equation (28) can also be written
b~coth(bSh)=L—a. (30)
Po
and equation (29) can thus be written
1-2a+(1/
py = 12 00) 61
(1 /Po ) -1
or, using the defining expression (19) for a,
a=K+S=l 1+p1+1_pl (32)
S 2 Po
This equation (32) which by definition relates K and S to p, and p, is an important result
of the Kubelka-Munk theory.
Another important result is obtained by substituting relations (30) and (32) in equation (26):
I-p,|1+p [1 - lj
ST po)] poll=pg)+pepi (1-po)
p= 1 = 1 (33)
Po

This equation (33) allows for predicting the reflectance p of the layer on a substrate of

reflectance p,, knowing p, and p;.

In the case of paints, p,, p, and p are easily determined by experimental means. The paint is
applied to a contrast card as shown in Figure 3, made of a light area of reflectance p, and a
dark area that behaves like an ideal black background. The dark area covered by paint directly

provides the reflectance p,,. The light area covered by paint has a reflectance p. Once py, p,



and p have been measured, we can deduce the reflectance p, of the paint applied on an ideal

white background using the following formula, which comes from equation (33):

p(1-popg)=po(1-Py)

= (34)
pg (1 - pO )
Figure 3: Contrast card with white and black areas used to determine p, and py).
Note that the reflectances p, py, p;, and p, are all functions of wavelength.
2.4. |Intrinsic transmittance of a layer with defined thickness
The intrinsic transmittance of the layer of thickness 4, defined by equation (16), can be
expanded as follows, according to equation (22):
i(0) 2b b
L N = bSh “bSh T o (35)
i(h) ) 00 (a+b)e™ —(a—b)e asinh(bSh) + bcosh(bSh)

2.5. Infinitely thick layer

A layer of thickness /4 can be considered as “infinitely thick” when adding another layer of the
same medium with finite thickness X does not modify its body reflectance, denoted as p,, .

One can thus write:

10



(36)

Furthermore, one has:
{?(())((:Z))J:[piégz)h)}i(Xdrh)(p{”j 37)

which therefore means, by identification of equations (36) and (37)
MK’S,X-i(h)(p;"jzi()(+h)(p;°] (38)

In linear algebra, equation (38) means that the column vector (p.,l) is an eigenvector of
My s x attached to the positive eigenvalue A, =vVK 2 4 2KS . Another eigenvector attached
to this eigenvalue is (S,(K +8)+VK? +2KS ) . The two vectors being collinear, one thus has

Poo S
det =0
Ll (K+S)+\/K2+2KS]

which yields the following expression for p, as a function of Kand S, well-known in the

literature [9],

2
K |(K K
=1+=— = | +2= 39
Poo S (Sj S (39)

Following equation (39), the ratio of K to S can be expressed as a function of p_:

K _(-p,)

40
S 2p, “0)

11



Equation (40) is the most famous result from the Kubelka-Munk theory, widely used in the
paper and textile industry. Other important results introduced above are listed in the next
section.

2.6. Most important formulas

The Table below summarizes the most important formulas issued form the Kubelka-Munk

theory.

12



Table 1: Remarkable results from Kubelka-Munk theory

Parameter a as a function of the absorption coefficient K and
the scattering coefficient S

_K+S
S

a

Parameter b

b=+a*-1= %\/Kz +2KS

Hyperbolic solution of the Kubelka-Munk equations, for a
layer on a background with reflectance p g [equation (26)]

_l-pgla- bcoth(bSh))
~ a-p, +bcoth(bSh)

Reflectance of a layer on an ideal black background Py = 1

(pg =0) [equation (28)] O a+b- coth(bSh)

Reflectance of a layer on an ideal white background o = l—a+b-coth (bSh)
L=

(pg =1) [equation (29)]

a—1+b-coth(bSh)

Parameter a as a function of p, and p, [equation (32)]

S 2 Po

Reflectance of a layer on a background with reflectance p g

Po(1=pg)+pipg (1-po)

as a function of p, and p, [equation (33)] b= 1-pp,
Reflectance of a layer on an ideal white background as a p (1 — PP )_ po(l -p.)
function of the reflectance p of this layer on some p; = gl £
background with reflectance p, and of p, [equation (34)] Pe(1=po)

b

Intrinsic transmittance T; of a layer [equation (35)]

T, =
" asinh(bSh) + bcosh(bSh)

Reflectance p,, of an infinitely thick layer as a function of
the K /S ratio [equation (39)]

2
pw=a—b=1+£— (EJ +2£
S S S

K /S ratio as a function of p,, [equation (40)]

K_(-p,)°
S 2p.,

2.7. Matrix formulation of the Saunderson correction

Section 7.5 in [HDI062] introduced the Saunderson correction that accounts for the multiple

internal reflections that occur at the interface located at the altitude /# between air (medium 0)

and the layer (medium 1), assumed to be flat. The equations (120) in [HDI062] written at

altitude % can also be turned into a matrix form, by recalling that the reflectance for diffuse

13




light of the interface at the air side is 7,; defined by equation (37) in [HDI062] as a function
of the index of the medium; the transmittance from medium 0 to medium 1 is #,; =1-#,, the
transmittance from the medium 1 to the medium 0 is

1
Lo =— 1o (41)
n

where 7 is the relative refractive index of the media, and the reflectance at the side of medium

air-medium

i'(h) 7(h) interface

01, 7 to |
IS

i(h) j(h)

Figure 4: Reflection and transmission of diffuse fluxes at the air-layer interface.

Layer

Let us denote as i'(#) and j'(h) the respectively downward, and upward fluxes in air (Figure
4). The downward and upward fluxes in the layer are i(4) and j(/). One can write the two

following equations

{i(h) = t,i' (h) + Kgj (h) (42)

7' () =ryi' (W) + 1,4 (h)

which may written in a matrix form:

0 it \(j' (W)Y _(—np 1Y(j(h)
)G o)

This vector equation yields:

j'(h) j(h)
—f 44
(i'(h)j Ol(i(h) 49
with
£, - L[fmtlo —Tnilio 7’01] (45)
lo1 ~Tio 1

14



or equivalently, according to the relations between reflectances and transmittances of the

interface:

1—r01(1+n2)
I I

f, =
01 ]—r()l (1—]"01)_1 1

2
n

When considering the layer and its interface with air, the combination of the equations (44)

and (8) yields:
WY ()
(z”(h)]_fm Mg 5.1 (i(O)]

We see through this equation (47) that the matrix model enables expressing the superposition
of two reflecting-transmitting components (here a flat interface and a diffusing layer) by the
product of matrices attached to each of them. This interesting property will be developed and

generalized in Section 3, where the matrices are given the name of “transfer matrices”.

Note that the reflectances and transmittances of a rough interface are numerically very close
to those of a flat interface, tabulated in Appendix B of [HDI062] for various refractive
indices. Note also that equation (47) applies to diffuse fluxes only. Most measuring devices
use at least one collimated beam of light. This needs to be accounted for when considering a

particular measuring geometry.

2.8. Limitations of the Kubelka-Munk model

In order to illustrate the limits imposed by the assumptions made in the Kubelka-Munk
framework, let us consider two extreme cases where reflectance p~0 and transmittance

t=0.

A dark piece of film has a high absorption (K >0) and no scattering S=0. Its high
absorption makes it almost opaque. However, it can be used to observe very bright objects, as
for instance, the filament of a light bulb. The absence of scattering yields a sharp picture. A
piece of black cardboard has a high absorption K >0 and a high scattering S>> 0. An
observer will not be able to distinguish a sharp picture while observing a bright object behind

the piece of cardboard.

The Kubelka-Munk theory successfully predicts the reflectance and transmittance of a

material assuming the light fluxes remain Lambertian through the medium. If this assumption
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does not hold, the absorption and scattering coefficients computed from the reflectance and
the transmittance does not correspond to the properties of the medium [10]. The Kubelka-
Munk equations predict large absorption and scattering coefficients in both cases described

above.

This limitation makes the Kubelka-Munk theory inapplicable to media where light fluxes are
not always lambertian. The theory can be applied to paint where scattering is strong and
guarantees the lambertian distribution, but not to inks where transparency favors collimated

light fluxes.

Let us consider another special case where non-absorbing transparent film ( K =0) contains
small scattering particles that induce forward scattering. Such a film looks blurry. An
observer would not be able to distinguish a sharp picture when putting this film in front of
him. Surprisingly, the scattering coefficient S would be zero since it represents back-
scattering only. Actually, this scattering coefficient is not exactly zero but very small. As the
thickness of the layer tends to infinity, backscattered flux produced by multiple scattering

may become well perceptible.

3. MATRIX MODEL FOR STACKS OF DIFFUSING LAYERS

In 1954, Kubelka published an extension of the Kubelka-Munk model in case of non-
homogeneous layers [6]. When several layers are stacked together, Kubelka derived
expressions for the reflectance and transmittance of the stack as functions of the individual
reflectances and transmittances of the layers. These expressions were first derived for two
layers according to a simple method based on geometrical series. However, this method
becomes rapidly tedious when the number of layer increases. Pursuing the matrix formulation
introduced in Section 2 in the context of the Kubelka-Munk model, we propose here to
generalize the concept of transfer matrices relating the upward and downward fluxes entering
and exiting the layers, which appeared through the definition of matrix My g, in equation
(8). In this section, we also consider, like Kubelka in his paper, non-homogenous layers, i.e.
layers having different reflectance at their front and back sides, which is not allowed in the
original Kubelka-Munk model.

Throughout this section, the following notations are used: the layers are labeled with a
number k£ =1,2,... incremented in the order of superposition. The reflectances of their front

face (“front reflectance”) and back face (“back reflectance”) are denoted respectively as p,
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and pj . These two reflectances are a priori different due for example to a gradient of
absorption coefficient across the thickness of the layer. Their transmittances are denoted as T«
and 1), when light transits from front to back (“forward transmittance”), and respectively
from back to front (“backward transmittance”). In practice, the transmittances 14 and t) are
identical according to Kubelka’s nonpolarity principle for transmittance. However, we
propose to maintain a distinction between the two notations. Downward and upward fluxes
are respectively denoted using letters i and j. Subscripts k£ =0,1,... correspond to their
position in the stack: 0 when the flux is in the surrounding medium at the front side, 1 when it

is between layers 1 and 2, and so on. Figure 5 shows an example for two layers.

-

27 T A Layer 1
eS|
P1 )
4] 0y il
- >----"" ’i L
i : ayer 2
YTZ Té A 4

___________
- -
- =~

Figure 5: Kubelka’s model described the reflections and transmissions (dashed arrows) of Lambertian fluxes
(white arrows) between nonsymmetric diffusing layers.

3.1. Transfer matrices

Let us consider one layer, for example Layer 1 in Figure 5. By describing how each flux

contributes to each other flux, we obtain the following relations:
Jo = Piig +T1j
Iy =Ty + PiJi

which may also be written

or
{ijzi(ﬁfi - PP} Plj(ﬁ]
lhy) T —P AN
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The matrix in equation (51), denoted as My, is the transfer matrix attached to layer 1

T T, _ !
M, :i( 1T 531P1 Plj (52)
T —Pi 1

This line of reasoning stands for any layer (or interface, see Section 2.7). It also stands for a
group of layers (or of layers and interfaces), for example for the two layers described in

Figure 5. Let us denote as p,, their global front reflectance, t,, their forward transmittance,

p}, their back transmittance and 1), their upward transmittance. We have:

' T,y — 4 '
({ojzi( 12712 ’912912 Plzj({zj (53)
) T2 P12 AN

The matrix in equation (53), denoted My, is the transfer matrix attached to the two layers.

(J..O]=M1(].‘1JZM1 ‘M, (]2] (54)
) h L

which show that the transfer matrix of two layers is the product of the individual transfer

We can also write the equalities:

matrices of the layers. This was already noticed in Section 2.7, equation (47). Note that the
left-to-right position of the matrices in the product reproduces the forward position of the

corresponding layers. This also holds for many layers, i.e. for any integer k

This matrix product for successive layers extends the product of the transmittances of

successive nonscattering layers according to Beer’s law.

Every transfer matrix, even when obtained by a product of transfer matrices, has the same
structure of the form:
1 TT! _ '
M= PP P (56)
T —p 1
From a given transfer matrix M = {m pq } , we retrieve the front reflectance p, back reflectance
p', downward transmittance t and upward transmittance 1’ in the following way:
p=myy [ my
t=1/m
! 22 (57)
p'=—my [ my,
v =det(M)/ m,,

where the symbol ‘det’ denotes the determinant of the matrix.
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Note that similar transfer matrices are used in wave optics to model the propagation of
electric fields [12] or incoherent light beams [13, 14] in thin multilayers. Compared to the
geometrical series, the matrix method becomes very advantageous as soon as more than two

layers are superposed.

3.2. Examples

Let us come back to the example of two layers and expand the transfer matrix M,

M), =M, -M,
T TI _ ! T Tf _ !
_ 1 [ 1t {31P1 PlJ_( 212 rpzpz sz (58)
T, —pP; 1 —p5 1
1 (—plp’ﬁ(mi—plpi)(fzf'z—pzp’z) pl+pz(flfi—plpi)j
T —p5 —pi (1275 —Pap) 1-pip,

By applying formulas (57) on the matrix M, expanded in equation (58), we retrieve the
Kubelka’s formulas expressing the reflectances and transmittances of two layers as a function

of the individual reflectances and transmittances of the layers.

m T
P =—2=p +— 1[,)2 ) (59)
my) 1-pip,
1 T
Ty =—=——, (60)
My, 1-pip,
, —-m L THTHP]
pl, =—=py+ 221 2’p1 ) (61)
my) 1-pip,
and
det(M !
T}, = ( 12) __ub (62)

my, 1-pip, '

These formulas are generally derived by reducing the geometrical series [6]. The individual
reflectances and transmittances of layers, if they are homogenous, may be computed using the
Kubelka-Munk mode and in any case, they can also be measured. Most of the time, they
depend on wavelength. In this case, the matrix model, as well as Kubelka’s formulas, applies

for each waveband.

In a diffusing multilayer, the interfaces between layers have no optical effect if the layers
have the same refractive index. Otherwise, light reflections and refractions occur at the

interfaces and modify the flux transfers between the layers. We thus proceed as in Section 2.7,
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by using the transfer matrices attached to the interfaces between media with refractive indices

n, (on the front face) and n; (on the back face), similarly defined as in equation (45):

gty —1yly T
£, :LL Kt = Tia i kzj 63)
T ik 1
Let us consider for example a symmetric layer (medium 1 with reflectance p and
transmittance 1) bordered on its two faces by air (medium 0). The incoming lights at front and
back sides are Lambertian. The transfer matrix attached to the layer with interfaces is
my, m
M=f01'M1'f10=( " 12] (64)
My My
where M, denotes the matrix attached to the layer defined by equation (56), and f,, and f,
denote the matrices attached to the front, respectively back interfaces, defined by equation
(63). After computation, we obtain:
' 2 ' '
My, = 1_”10(P+P)_’”10(TT_PP)
lo1Tho [ ]
and
1 ! !
My = +;[P +1o (17"~ pp )]
According to equations (57), we retrieve the well known formulas for the reflectance R and
the transmittance 7 of the layer with its interfaces with air [15]
_ Ip1Tho
my  1=rig(p+p") =10 (v~ pp')
m p+rip (Tt —pp’
R=—12 =75, +141 ,( > ,) ;
My I=1i9(p+p") = 7o (t7' ~pp’)
We may generalize the method for two layers with different refractive indices, as represented
in Figure 6. Once again, light sources are Lambertian at both sides. Transfer matrices M, and
M, defined in equation (52) are attached to the layers and transfer matrices f,;, f;, and f,,
defined in equation (63) are attached to the front, middle and back interfaces reflectively. The
transfer matrix of the stack is thus given by:
M =1, -M,;-f;,-M, -1, (65)

The reflectances and transmittances of the multilayer are then deduced from the entries of M

according to the formulas (57).
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Medium 0 (ny)

Interface n,/n,

Layer 1 (n,)

Interface n,/n,

Layer 2 (n,)

Interface n,/n,

Medium 3 (n,)

Figure 6: Flux transfers between diffusing layers (dashed blued arrows) and by interfaces (solid red arrows).

4. MATRIX MODEL FOR STACKS OF FILMS

Although nonscattering media are not reflective by themselves, their surface reflects light.
When several layers with distinct indices are stacked together, light is thus reflected multiple
times. We will see that transfer matrices can also be defined in this context. Layer thicknesses
are assumed much thicker than the coherence length of light, which thus avoid interference
effects and enable using laws of geometrical optics. The main difference between
nonscattering and scattering media is the fact that light propagates along straight lines, or
broken straight lines due to refraction at the interfaces, with orientations well determined
according to Snell’s law (Figure 7). These orientations determine the reflectance and
transmittance at the interfaces, as well as their attenuation while crossing the layers. This is
the reason why nonscattering layers, multilayers and flat interfaces will be first characterized
by an angular transfer matrix, based on angular reflectance and transmittance functions. When

the incident light is diffuse, we can integrate these functions over the set of incident angles.
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Medium 0

Layer 1

Interfaces

Layer 2

Medium 3

Figure 7. In a nonscattering multilayer, the direction of the light rays in each layer is fixed. It depends only on
the direction of the incident light, 6,, and on the refractive index of the layer.

The reflectance of nonscattering multilayers also depends on polarization of light due to the
polarization-dependant Fresnel formulae. If the incident light is linearly polarized in the
incidence plane or perpendicularly to it, this polarization is maintained in the whole multiple
reflection process and determines which Fresnel formula must be used for the reflectances
contained within the reflectance and transmittance expressions. In the case of natural light,
which is the type of light emitted by most light sources, we assume that the two linearly
polarized components flow in parallel, independently of each other and with equal initial
power (see [HDI062], Section 2.2). The multilayer's reflectance and transmittance is the
average of the reflectances and transmittances attached to the parallel (p) and perpendicular
(s) polarizations. This may be written by the following equation

f(R,)+1(R,)

2

X =

where X denotes a multilayer reflectance (or transmittance) for natural light, f the analytical
reflectance (or transmittance) expression being a function of Fresnel reflectance R, for the

parallel polarization or R for the perpendicular polarization.

Nevertheless, many nonscattering materials such as polymers have a strong optical anisotropy
which decreases the degree of polarization of light. In practice, it is more exact to consider
that light remains unpolarized along the whole multiple reflection process and to insert the
Fresnel reflectance or transmittance for unpolarized light, the average of the reflectances or
transmittances for p- and s-polarized lights, in the multilayers' reflectance and transmittance

expressions which thus becomes
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Rp+RS
X=f1- (67)

We will consider hereinafter this latter case. In addition to being simpler because it prevents
having to expand expressions for each polarization and to average them, this choice is
justified by the fact that polymers are used in our experimental applications. Nevertheless, it
is not an issue to follow one approach or to the other: the model in itself provides only the f

function.

4.1. Single film at normal incidence

Let us first consider the simple case of a nonscattering film illuminated by collimated light at
normal incidence. The film is made of nonscattering medium with index ;. Its transmittance
at normal incidence is denoted as 7. It is bordered by a clear medium with index ng at front
side, e.g. air, and by a possibly different medium with index n, at back side, e.g. water.
Regarding the Fresnel reflectances of the interfaces, similar notations are used as in

[HDI062], Section 3. Since light is normal to the interfaces, we have:

2
_ _| T
Rﬁ(O)—R@(O)—(nk+an (68)
and
T (0) =Ty (0) =1- Ry (0). (69)

In this section, the short notation R ik for R e (0) is used.

Figure 8 shows the flux transfers between the different media. As for a diffusing layer

[equations (48) to (51)], we may write the following matrix equation for an interface between

ol w )
1 =R\ )0 1 Ly,

or, since 7' % cannot be zero at normal incidence,

[JJJZL(TJ‘"T’V’_RJ"‘R’V Rf"j(J"‘] (70)

J

mediajand k= j+1

The matrix in equation (70), denoted F, is the transfer matrix attached to the interface:

1 (Tjkaj — Ry Ry Rjkj
Fk En—

(71)
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Medium 0 (n)

Interface n,/n,

Layer 1 (n,)

Interface n,/n,

Medium 2 (n,)

Figure 8. Flux transfers through the interfaces and nonscattering layer of a film of index 7, bordered by media of
index n at the front side, and of index », at the back side.

Note that using the relations (68) and (69), we can transform equation (71) into

Jk 1— Rjk _Rjk 1

Regarding the film bulk layer 2, denoting /{ and J; the fluxes /, and J, after transmission

1 0Y(J (5 0)(J, o3
o tJ\r,) Lo 1)l
Jl'—LJ1 (74
L) '\ )

where L, is the transfer matrix attached to the layer, which depends upon orientation but not

across the layer, we have

Le.,

on polarization of light:

2
Lt = i Ti 0 s (75)
Lo 1
Combining equations (70) and (73)
Jo Iy

shows that the matrix product F;L,F,, is the transfer matrix of the film:
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1 (T021 _Rgl)(lez _R122)le —RoiRiy Ry + Ry (T021 _Rgl)le

- 2 2\ 2 2
ToiiTh —Ry3 — Ry (le _RIZ)TI 1= R, Ry T,

(77)

We can retrieve the front and back reflectances and the forward and backward transmittances

of the film using similar equations as (57). For example, the front reflectance of the film is

2 2
R, =2 _ Ry + TR T . (78)
‘ my; 1=R, Ry T
and its forward transmittance is
Tf _ 1 TyhLiT, (79)

my 1- ]312]3017112

4.2. Single film at oblique incidence

At oblique incidence, the same line of reasoning applies, except that the orientation of light is
different in the three media. However, in a given medium, all light components form the same
angle with the normal, as shown in Figure 7. The orientation of fluxes /, and J, is 6, the
one of fluxes /,, I{, J, and J| is 0, and the orientation of fluxes 7/, and J, is 0,. Writing

Snell’s sine law at the successive interfaces yields the following equality
from which we deduce that the angle 6, in medium k= 1 or 2 depends only on 6y, 9 and 7,
not on the indices of the other medium:
0, =arcsin(n,sin 6, /n, ) (81)
Equation (70) remains valid but with different definition for the transfer matrix of the

interface, ij, whose entries are now function of the angles 0 j (front reflectance, forward

transmittance) and 0, (back reflectance and backward transmittance):

1 (Tu(0;)T (8)~ Ry (6,) Ry (86) Ry(8))

Fu(0,)=—— (82)
P T (6;) ~Ry; (0;)
The properties of the Fresnel reflectance and transmittance formulas enable transforming the
above equation into:
1-2R.(06.) R, (6.
1 Jk ( J) Jk ( J)
O E—— @
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Note that there is a computational problem in case of total reflection, i.e. when R (6 1-) =1.
The way to work around this problem is to use an alternative definition of transfer matrices,

presented in appendix, which avoids the division by the term 1-R (6 j) .

Regarding the layer, equation (73) also remains valid but, once again, the transfer matrix
attached to the layer is modified in order to account for the orientation of light in the layer.
Note that rays oriented by an angle 0, from the normal are attenuated by the factor ¢/*%
where 7, as previsouly, denotes the transmittance of rays perpendicular to the layer. The
transfer matrix attached to the layer is therefore:

1 le/cose, 0
Iq(91)=:337a567( o 1) ®4)
1

Equation (76) becomes

[Jo@o)j:m(e())Ll(e])F]z(el)["z(ez)] )

Io(8) 1,(6,)

and the transfer matrix of the film is given by the matrix product K, (GO)L1 ((91)F12 (91). It
seems not necessary to expand the full expression of this matrix, but it is easy to verify that

the front reflectance, obtained by dividing the top-right entry by the bottom-right entry, is
Ty (09) Ry (6,) 13"

R (0y)=Ry (0y)+ 86
f( 0) 01( 0) 1—R12(91)R01(90)T12/00561 (86)
and that the forward transmittance, inverse of the bottom-right entry, is
T (0 Tl/coselT 0
Tf (60)_ 01( 0) 1 12( 1) (87)

B l_Rl2 (el)ROl (60)7*]2/00561

We can also verify that equations (78) and (79) are special cases of these expressions (86) and
(87) when 6, =0, and that equations (61) and (62) of [HDI062], obtained from geometrical

series, are also special cases of (86) and (87) when media 1 and 3 are air.

4.3. Nonscattering multilayers

The line of reasoning presented for the case of one film extends in a straightforward manner
to the case of nonscattering multilayers where the layers have distinct indices. By way of

illustration, the flux transfers in the case of two layers are represented in the Figure 9.
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1,(6) :
Layer 1 (n,) V T11 / cosdy /E\Tll / cosby
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Figure 9. Flux transfers in two nonscattering layers with different indices.

Medium 3 (n,)

The orientation of light in media £ = 1, 2 and 3 are functions of the incident angle 6, in

medium 0
0, = arcsin (n3 sinB / nj) (88)
If we want to consider illumination from the back side, the orientation of light in media j = 0,

1 and 2 can be expressed as functions of the incident angle 6, in medium 3,

0, = arcsin(n3 sinB / nj) (89)

The matrix model directly enables writing the transfer matrix M of the bilayer as
M(6,) =Fy, (eo)Lt1 (6,)F;, (el)Lt2 (6,)F>;(6,) (90)

where the matrices F, (Gk) are the transfer matrices attached to the interfaces defined by
equation (83) and the matrices L, (6;) are the transfer matrices attached to the layers defined

by equation (84).

The matrix method applies with any stack of nonscattering layers, for any incident angle,
provided each layer is thicker than the coherence length of light. Various examples are
proposed in the next sections. The orientation of light in the different layers is automatically

embodied in the transfer matrices provided they are defined and multiplied correctly. Since

27



total reflections may occur, it is recommended that one adopts the alternative matrix

formalism proposed in appendix.

The reflectance and transmittance expressions given above are relative to collimated fluxes. If
we rather consider radiances, we must consider the changes of solid angle due to the
refractions at the interfaces, which modifies the density of flux per unit solid angle. We
follow the reasoning developed in HDI062, Sections 3.5 and 3.6 for one interface: the
incident, reflected and transmitted radiances, respectively denoted as L,, L, and L, , are
oriented according to the angles 0,, 0, =0,, and respectively 0, where N denotes the
labeling number of the surrounding medium at the back side. Since reflected and incident

radiances fulfill equal solid angles, we have
Ly (90) = Rituck (eo)Lo (90)
where R, , (80) is the front reflectance of the stack of nonscattering layers at the angle 6.

The transmitted radiance fulfills a different solid angle in medium N. This introduces a factor

(ny /ng )2 , which depends only on the refractive indices of the surrounding media 0 and N
Ly (8y)=(ny /o )2 Tyvack (80) Lo (69)

where T,,,.. (60) is the forward transmittance of the stack of nonscattering layers at the angle
0.

When the sample is illuminated with Lambertian light from medium 0, the reflectance R,
accounts for all the rays in the hemisphere by integrating the angular reflectance R, (60) in
a similar way as in equation (46) in [HDI062]:

~ /2 .
R 0 Rstack (60 ) Sin zeodeo

stack = 0,=
This integral holds for transmittance, by replacing R, (60) with T, . (90) .

4.4. Stacks of identical nonscattering films

Let us now consider stacks of identical films illuminated at normal incidence. We first assume
that there is no optical contact between the films, i.e. a thin air slice remains between them.
Since a layer of air transmits all light and does not reflect it, the corresponding transfer matrix
is simply the identity matrix. The reflectance Ry and transmittance 7y of one film at normal
incidence (including multiple reflections between their interfaces with air and transmissions
through the film bulk) are given by equations (78) and (79). The corresponding transfer

matrix, given by (77), may also be written
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1 (T?-R%> R,
:T_( V; . 1 lf] (94)
A

Since light is not scattered in the stack, it remains perpendicular to all films. Matrix M can

therefore be attached to each of them. The transfer matrix for the stack of films is therefore
M, =M" (95)

whose computation can be performed through the diagonalization of M [16]:

1 v 0 1
M=—E. ‘E (96)
Iy \0 v

where v =1-(a—B)R;, v, =1-(a+P)R, and

- +
go|* 7P o) 97)
1 1
with
1+R2-T?
a=—w-t "/ (98)
2R,
and
B=+o?-1 (99)

Note that the relationship between a and B [equation (99)] is similar to the one between a and
b in the Kubelka-Munk model [equation (20)]. We thus have (a.+B)(a—p)=1, and

Ty 0o W

/ "2 (100)
L (e g

2beN v =l (OL+B)V]N—(OL—B)V£V

The reflectance Ry is given by the ratio of entries m,, / m,, of matrix M, :

N N
Vi =V

(a—B)v —(a+B)vy

Ry = (101)

After replacing v, and v, with their respective expressions and rearranging, equation (101)

becomes:
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RN=

2

1{1_(%3)@?

1-(a—B)R,

oa—B|1-

The transmittance of the stack of films is the inverse of entry m,, of My
26T}
T. = .
N N N
(a+B)[1-(a=B)R, | ~(a=B)[1=(x+B) Ry ]

As N increases, the stack contains more interfaces and thus becomes more reflecting. It also

contains more layers and becomes more absorbing. The reflectance varies until a limit value
corresponding to the reflectance of an infinite stack, denoted as R . Since the term raised at
the power N in equation (102) is smaller than 1, it tends to zero. The infinite stack reflectance
is therefore

1

Rw=a+[3 =o-p

This variation is illustrated by the top-left graph in Figure 10 showing the spectral
reflectances of stacks of blue acetate films (7, =1.54), studied in depth in Ref [17]. In this
case, the reflectance increases with the number of films for all wavelengths, despite reaching
rapidly a limit value in the spectral domain where the acetate is the more absorbing (570 —
680 nm). Outside this waveband, the reflectance increases more regularly according to the
number of added film-air interfaces. In contrast, since the photons have less chance to cross
the multilayer without being absorbed or back-reflected by interfaces, the transmittance
decreases. It strives rapidly towards zero in the absorption waveband 570 — 680 nm and

decreases more regularly and slowly outside the absorption waveband.

In order to change the relative index of the film surfaces, we can fill the interstices between
films with a clear liquid, e.g. oil or water, with index denoted as n, (Figure 11). In this case,
the interfaces in contact with the liquid are less reflecting than the front and back interfaces of
the stack which are in contact with air. The global reflectance and transmittance of the stack
are thus modified, as shown by comparing the top and middle graphs in Figure 10,

corresponding respectively to interstices filled with air and alcohol-based liquid (n, =1.4).
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Figure 10. Predicted spectral reflectances and transmittances at normal incidence of stacks of blue acetate films
(1,2,3,4,5, 6 and 10 films as well as, for reflectance, infinity) separated with different media (index 7, ).
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liquid (n,)
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air ()

Figure 11. Stack of two acetate films pasted with liquid.
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The transfer matrices of the interfaces are denoted F, according to the indices of the media ;
and k being respectively at the front and back side of the interface. They are defined in
equation (71). The transfer matrix of a film layer, L,, is given by equation (75). Recall that
all these transfer matrices are defined for normal incidence of light. For a stack of two films,

the transfer matrix is given by

M, =(F,-L,-F,)-(F, -L,-F) (105)
and for a stack of N films, it becomes:
M), =(Fy;-L;-F,)-(F -L, - F, )N_z (Fy-L,-Fy) (106)

The reflectances and transmittances of the stacks of films are deduced from the entries of the
transfer matrices as indicated by equations (57). Their analytical expressions are too long to

be shown here, but their numerical computation is not difficult.

It is interesting to observe in the middle graphs of Figure 10 that incrementing the number of
films increases the reflectance in the waveband 440 — 510 nm where the films are less
absorbing and decreases outside this domain. At 440 nm and 510 nm, the reflectance does not
vary because there is a perfect compensation between the gain due to back-reflection of light
by the interfaces and the loss due to absorption. The transmittance follows a similar evolution
when the films are separated by air, despite a slower decrease due to the higher transmittance

of the interfaces.

In the special case where the liquid has the same refractive index as the films (oil with index
1.54), the interfaces in contact with it do not have optical effect any more. The transfer matrix

can be written

M, =F, L} -F, (107)

The stack becomes equivalent to one thicker film with normal transmittance " , N being the
number of films. The reflectance and transmittance of this layer are similarly expressed as
those of a single film, with /" in place of #. The reflectance comes only from the reflection of
light by the front and back interfaces which are in contact with air. As the number of films
goes to infinity, the light entering the stack is entirely absorbed and only the light reflected by
the front interface is observed. The spectral reflectance is 0.04 for all wavelengths, thus

yielding an achromatic color.
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4.5. Stacks of printed films

As an extension of the previous example, we propose to study stacks of films printed with
inks, illuminated at normal incidence. Assuming that the refractive index of the films and the
inks are equal, from an optical point of view, the printed film is very similar to a colored film:
it is bounded by similar interfaces and the film substrate layer is replaced with two layers in
optical contact with same index. The transfer matrix of the printed film, L, is thus the
product of those of the film substrate, L, and the ink layer, L,

L,=L, -L Lt (108
P t"_EO 21 )

which indicates that the normal transmittance of the printed film is simply the product of the
normal transmittances of the film and the ink layer, respectively #; and ;. In theory, the printed
film should have the same reflectance and transmittance on its two faces: flipping it without
changing the illumination and observation conditions should not modify its visual aspect.
However, optical phenomena sometimes generate a colored sheen only visible on the face
with ink. Figure 12 shows the different spectral reflectances of inked and non-inked faces of a
film printed with a Canon inkjet printer. The inked face displays a purplish aspect which is
not observed on the other face. The higher reflectance measured on the inked face below 350
nm and beyond 550 nm is at the origin of the purplish sheen, while the opposite face has a
bluish color characteristic of cyan ink deposited on a weakly reflecting support. In
transmittance, the difference between front and back sides is much smaller. We can consider
with inkjet prints that the relative difference between the two transmittances, generally

inferior to 1%, is independent of wavelength.

R(0°)

0,15
Inked face

01|\

0,051 Non-inked face

0 T T T T T T T
400 500 600 700 A (nm)

Figure 12. Spectral reflectance measured at normal incidence on the inked and non-inked faces of a film printed
with cyan and yellow ink halftones at nominal surface coverages 0.57, respectively 0.12.
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Let us denote as R, and R} the reflectances of the printed film at the front side, and
respectively the back side, and as 7 and T} its front-to-back, and respectively back-to-front
transmittances. These reflectances and transmittances embody the multiple reflections and
transmissions of light by the interfaces, the film layer and the ink layers. The transfer matrix
attached to the printed film is

T.T"—R,R, R
M:L£ oty =Ry fj (109)

When N identical films printed with the same color are superposed, matrix M is raised to the
power N. We may follow similar reasoning as in Section 4.4 by diagonalizing matrix M.

Equations (96) to (103) remain valid, except the expressions for a, B and R, :

1+R,R,-T,T,
e At i (110)

2R,
RI
B= [o?——L. (111)
Ry
and
R.
R, =(a—B)-L= 1 (112)
Ry a+f

Since each film has different reflectances on their two sides, stacks also have different

reflectances on their two faces. The front and back reflectances are related according to:

: Ry
RN :RNR—, (113)
7

and the forward and backward transmittance are related according to:

N
: Iy
S

The model is not only valid with films coated with uniform ink layer but also with films
printed with halftone colors [18]. This is shown in the following experiment based on
CG3460 films from 3M printed in inkjet. The halftones were generated by stochastic
screening according to the algorithm proposed by Ostromoukhov [19]. Four colors were
selected called "green", "blue", "magenta" and "yellow" samples. They were generated by
error diffusion halftoning and produced by printing cyan, magenta, yellow and green inks at

the respective surfaces coverages {c, m, y, g} = {0, 0, 0, 0.5} for green, {0.35, 0.15, 0, 0} for
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blue, {0, 0.70, 0, 0} for magenta and {0.10, 0.10, 0.80, 0} for yellow. For each color, R, R’
and T were measured on one film, then the number N of films was incremented and R, , Ry
and 7, where measured until 16 films (15 film stacks were therefore measured for each of
the three geometries). In this experiment, 7, =y7, was assumed, where y is a constant
independent of wavelength specified in Table 2 for each type of film. Lower y coincides with

higher scattering: the yellow ink is more scattering than the other inks.

For each color, the front reflectances, back reflectances and forward transmittances of the 15
stacks were predicted and compared to the corresponding measured spectra in terms of
equivalent color distance expressed by CIELAB AE¢ values. For each series of 15
measurements-predictions, the average (and maximal in bracket) AEq4 values are given in
Table 2. Figure 13 shows the front reflectance and the forward transmittance of a single film
of each color (measured, green solid lines), those of stacks of 2 to 15 films (measured, black
solid line; predicted, red dashed line) and the reflectance of an infinite stack of films

(predicted according to formula (112), blue dotted line).

Table 2: Average and maximum AEq, values obtained for the different films and geometries.

Film color y value Ry R'y Ty

av. (max) av. (max) av. (max)
Green 0.994 0.12 (0.23) 0.45 (0.64) 0.49 (0.96)
Blue 0.993 0.24 (0.30) 0.50 (0.63) 0.35(0.74)
Magenta 0.993 0.39 (0.43) 0.20 (0.24) 1.21 (1.68)
Yellow 0.990 0.55 (0.68) 0.97 (1.17) 2.41 (3.94)

For the green and blue colors, the prediction accuracy is excellent in both reflection and
transmission modes. For the other two colors, the accuracy is good in reflectance mode and
poorer in transmission mode. This is certainly due to scattering: in this experiment, the yellow
ink was more scattering than the other inks. By looking at far objects through different films,
blurring was more pronounced with films with much yellow. This is consistent with the fact

that the y value is lower for the yellow films.
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Figure 13. Front reflectances (left) and forward transmittances (right) at normal incidence of single film
(measured, green lines) and of stacks of 2 to 16 green films (measured, solid black lines, and predicted, red
dashed lines). The numbers at the right of the curves indicate the number of films in the stack and the symbol o0
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4.6. Stacks of printed films on top of a specular reflector

Mirrors are also nonscattering reflectors and can be treated, despite zero transmittance, by the

matrix model. The transfer matrix attached to a mirror with reflectance at normal incidence

(&, o
M, = . (115)

When nonscattering elements, e.g. films, are placed on it, only the front reflectance can be

R, is simply defined as

m

defined, the back reflectance and the transmittance making no sense in this case.

Let us place a stack of N identical printed films in front of the mirror. As previously, we
denote as R o R’f , T 2 and T JL the front reflectance, back reflectance, forward transmittance

and backward transmittance of one film at normal incidence. The transfer matrix attached to

!’ ! N
M ={m }_L IpTy —ReRy Rpyo (10
ey -R), 1 R, 0

1 (0 Ry +(TyTy, —RyRy)R,,
Ty \0 1-RyR,

the specimen is

(116)

where Ry, Ry, Ty and 7y denote the front reflectance, back reflectance, forward
transmittance and backward transmittance of the stack of N films at normal incidence,
respectively given by Egs. (102), (113), (103) and (114), with a and b given by equations
(110) and (111).

Finally, the reflectance of the stack with mirror, ratio of entry m, to entry myy, is

INTyR,,

R, y =Ry +-—2N"m
NN T RYR,,

(117)

valid for all wavelengths and for any N >0.

Measured spectral reflectances R, y (A) are plotted in Figure 14 for stacks of the blue and
green printed films previously studied, respectively placed in front of a red reflector (copper
mirror covered by a film coated with red ink) and a magenta reflector (achromatic mirror
covered by a film coated with magenta ink). In both cases, the number of films was
incremented from 1 to 13. The predictions given by Eq. (117) satisfyingly match the

measurements: the average AE94 value assessing the deviations between predicted and
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measured spectra was 0.42 units (maximum 0.66 units) for the green films on the magenta

background, and 0.64 units (maximum 0.75 units) for the blue films on the red background.

Through these examples, we observe that as the number of films in front of the mirror
increases, the spectral reflectance of the samples varies differently with the wavelength, or
more precisely according to the relative values of the mirror reflectance and the infinite stack
reflectance. Hence, R, , either increases or decreases and may even be constant for

wavelengths where the spectral reflectances of background and infinite stack meet.

IR (A (@ (b)

0.9 m,N( ) J— 0 0.7 Rm,N(}“)
0
1
2
g
4
o0

400 500 600  700nm 400 500 600  700nm

Figure 14. Spectral reflectances of (a) blue films in front of a red reflector and (b) green films in front of a
magenta reflector. The numbers denote the numbers of films and line colors roughly reproduce the colors
associated to the plotted spectra. Spectral reflectances of the mirror alone (label 0) and of an infinite stack of
films (label o) are in dotted and dashed lines respectively.

5. STACKS OF DIFFUSING AND NONSCATTERING LAYERS

The two-flux models presented in the previous sections for strongly diffusing layers and for
non-scattering layers can be extended to mixed stacks of strongly diffusing and nonscattering
layers. The transfer matrices attached to the diffusing layers are similarly defined as in
equation (52). Those attached to the nonscattering layers and flat interfaces, however, must be
adapted to the angular distribution of the light they receive. We saw in Section 4 that the
trajectories and the attenuation of collimated light within a nonscattering multilayer are fully
determined by the incident angle. Hence, every sequence of consecutive nonscattering layers
and flat interfaces in the multilayer is considered as one nonscattering component. The

angular transfer matrix model developed in Section 3 will help to get the analytical
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expressions for their front reflectance R(0), back reflectance R ’(0), forward transmittance 7(0)
and backward transmittance 7°(0). When the incident light is diffuse, we integrate these
angular functions with respect to the angular distribution of light, which is in practice either
collimated when it comes from a directional light source or Lambertian when it comes from a
Lambertian light source or a diffusing layer. In this latter case, the angular function X(0) is

integrated over the hemisphere, thus yielding an integral similar to the one of equation (93):
X:jm){(e)smzede (118)
0=0

This is the case when the nonscattering component is located between two diffusing layers
(Figure 15.a). The transfer matrix is therefore
1(??'—1%1%’ RJ

119
7 (119)

T\ R 1

where symbol ~ denotes the integration defined by equation (118).

Lam'bertian Diffusing layer Air | Light Observation
light source device
* A
T' Rs Tout
— ——— Nonscattering AY =4
—— component —— | M I—
T * Tin g R’ *
v
Lambertian . . Lambertian
light Diffusing layer light
(a) (b)

Figure 15. Flux transfers through a nonscattering element located (a) between two diffusing layers, (b) at the
front edge position.

When the nonscattering component is in an external position, for example at the front side, its
global front reflectance, back reflectance, forward transmittance and backward transmittance,
respectively denoted Ry, R;, T;» and T, account for the angular geometry of the light source
and detection system (see Figure 15.b). Their expressions in terms of the angular functions
R(0), R’(0), T(0) and T'(8), are given in Table 3 for typical configurations: collimated (e.g. 0°
or 45°) or Lambertian incident light and observation over the hemisphere or in one direction.
The forward transmittance depends only on the illumination geometry and the back

transmittance only on the observation geometry. If light is collected over the hemisphere, and
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since the light coming from the diffusing layer is also Lambertian, the back transmittance is
T . In the case of a directional observation, only the radiance directed toward the observer is
considered. It corresponds to a fraction 1/m of the Lambertian irradiance issued from the
diffusing layer, attenuated by the angular reflectance of the nonscattering component, and
divided by the term »” in order to take into account the change of solid angle due to the
refractions, where n is the refractive index of the diffusing medium (see equation (92), the
index of air being 1 in the present case). The front reflectance R; depends on both illumination
and observation geometries. When the incident light is collimated, it is the angular reflectance
R(0) evaluated at the incidence angle provided the reflected light is collected by the detection
system; otherwise it is zero. When the incident light is Lambertian, R, is the diffuse
reflectance R if all the reflected light is collected by an integrating sphere; it is the angular
reflectance R(0) evaluated at the observation angle if the detection device is collimated,
knowing that only a fraction 1/m of the Lambertian irradiance is in the concerned direction.
Lastly, the back reflectance R; is independent of the measuring geometry: it accounts for the

reflection of the Lambertian light issued from the diffusing layer:
R—R~ j’”zR'(e)sinzede (120)
L 0=0

The transfer matrix attached to the nonscattering component is

1 T;'nTout - RSRi Rs
T —R. 1

in 1

(121)

Table 3: Expressions for R, T, and T,, according to the illumination and observation

geometry

RS 7—}” Tout
Collimated incident light at angle
o and observation over the R (a) T (a) T’
hemisphere
Collimated incident light at angle R ( oc) if o=y
a and observation in one direction {O . T(a) T!(W) P
v otherwise
Lambertian incident light and ~ . -
observation over the hemisphere R r r
Lambertian incident light and . , 5
observation in one direction R(y)/m r T'(y)/ mn

40



Once all the transfer matrices attached to the nonscattering components (i.e. the sequences of
nonscattering layers and interfaces) are determined, they can be multiplied with those attached
to the diffusing layers. For example, a nonscattering component on top of a symmetric
diffusing layer with reflectance p and transmittance t has the transfer matrix given by

Q: 1 TmTout RSRi Rs l TZ_pZ o)
T -R. L)t —p 1

mn 1

| [Rp+ (T, T~ RR) (7 =p?) R +(T, T~ RR)p (122)

n*-out in~out
Ty -p-R (7 -p’) 1= Rp

We can deduce from it the front reflectance (ratio of entries g, / g, )

— R + Tm Toulp

Rsample 1—R. P

(123)

or the back transmittance (detQ/ g,, ), corresponding to the same observation conditions as

the front reflectance, with the light coming from beside the diffusing layer:
1,7

T ppte = —24—

sample 1—-R o (124)

We may imagine specimens consisting of several alternations of diffusing and nonscattering
components. The examples which are proposed in the next sections will be based on this

configuration, the simplest being a nonscattering component is on top of a diffusing layer.

5.1. Paper coated with gelatin (Extended Williams-Clapper model)

In 1953, Williams and Clapper proposed a prediction model for the spectral reflectance of
glossy photographs, made of paper coated with photochromic gelatin [20]. The original
Williams-Clapper reflectance formula, derived from a description of the multiple reflections
between the paper and the surface yielding a geometrical series, is based on the 45°:0° bi-
directional geometry. A formula based on the diffuse-directional geometry was later derived
by Shore and Spoonhower [21] and has been recently extended to the transmittance [15]. All
these formulas can be obtained with the matrix method, for which the interest is rather limited
in such a simple case but offers a good example of application. The interest of the method will

be more striking when increasing the number of layers.

The photographic paper is composed of the air-gelatin interface, the gelatin layer with spectral

normal transmittance 7, (K), and the paper support with spectral reflectance p(?») and
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spectral transmittance T(X) . Paper and gelatin are assumed to have the same refractive index

n. Since, they are in optical contact, the interface between them has no optical effect.

The air-gelatin interface and the gelatin layer are two consecutive nonscattering elements
located at the front position. They are considered as one nonscattering component whose
transfer matrix is similar to equation (121). The transfer matrix attached to the photographic
paper is therefore similar to equation (122) and its reflectance has an expression similar to
equation (123). In this reflectance expression, Ry, Tin, Tou and R, are functions of the normal
transmittance 7, (k) and the index n, of the gelatin and depend on the measuring geometry.

They are obtained in two steps.

The first step is to compute the angular transfer matrix G(OO) of this nonscattering
component. It is the product of the angular transfer matrix attached to the air-gelatin interface,
given by equation (82) with labels j = 0 for air and k=1 for the gelatin, and the angular

transfer matrix attached to the gelatin layer given by equation (84):

G(eo) =Ky, (eo)Lg(el)
1 [751(80) Tio (8) ~ Ror (80) Rig (0) ][ T ()™ Ry (6y)

1/cos® 2/cosO
1 Ry (8)[ T, (2)]
(125)

T (00)[7,(1)]

1

where 6, denotes the orientation of light in air, 6, =arcsin(sin®,/n) the corresponding
orientation in the gelatin and R, (60) the Fresnel angular reflectance of the interface at the

air side.

We deduce from G(8,) the front angular reflectance, Ry, (6, ), the back angular reflectance,

2/cos 6 1/cos©
Ro(0)[T,(x)] "
The exponents can be expressed as functions of 6, thanks to the following transformation:

, and the upward and downward transmittances, Ty, (60)[T . (k)]

cos 0, = cos (arcsin(sin 6, /n)) = \/1 —(sin®, /n)2 (126)

In a second step, we consider the orientations of light in the nonscattering component,
assuming a 45°:0° measuring geometry as Williams and Clapper in their original paper.
According to the formulas given in Table 3, we obtain:

R, =0,

T, (M) =Ty (45°) TP (1)

2

42



with

p=—+—"=—.
1/4n§—1
T, (0)T., (A
NG
g

and

exp(TgY (X)) -1

exp(1)-

R, ()= _[;/2 Rio (91)[Tg (K)]z/cosel $in20,d0; ~ Ry

where R, is the diffuse reflectance of the surface at the gelatin-side (also denoted as 7, in
[HDI062], Section 3.6) and y a coefficient minimizing the difference between the integral and
the approximation function for the considered refractive index (y=2.91 for n, = 1.53, see
Table 4).

Finally, the reflectance formula (123), multiplied by &, gives the spectral reflectance factor of
the photographic paper which would be measured with a commercial instrument calibrated

with respect to the reflectance of a perfectly white diffuser (equal to 1/x):

_REE() 1 T (45°) o (0) 7 (e (3)
1/n n; 1—”10(6Xp[rg_(lk)}l)9(7¥)

545:0
Ry (M) (127)
Since the spectral reflectance p(A) of the paper substrate cannot be measured directly due to

the presence of the paper-air interface, we want to deduce it from measurement. We thus take

the paper in an area where the gelatin is uncolored (normal transmittance 1) or, if available,

the paper without gelatin provided its surface is flat. The reflectance factor given by equation
(127) thus becomes

A Ty, (45°) 71, (0°)p (A
Rp(k):iz 0 (45°) T30 (0°)p () (128)
ng 1_’”109(7‘)
Assuming n is known, we can compute the Fresnel functions and only the background
reflectance p remains unknown. We obtain it by reversing the equation (128):
5
n“R, (A
p(r)= » () (129)

Ty, (45°) 1 (0°) + ”;”mkp (%)

In the case of a d:0° geometry, according to the formulas of Table 3, we obtain:
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S b
T

7, ()= 7 T (00)[ 7, ()] sin20,d0, = T, 7 ()
0 g \/7 g

where T, is the diffuse transmittance of the surface from air to gelatin (also denoted as ¢, in
[HDI062], Section 4.6) and p is again a coefficient minimizing the difference between the
integral and the approximation function for a given refractive index (u = 1.13 for n, = 1.53,
see Table 4), and

(7\,) _ TiO (OO) Tg (}\’)

2
TCI’lg

T,

out

The spectral reflectance factor in respect to the perfect diffuser is [21]

1 Tyl (09) 7™ (M)p (%)
1= Ry (O o )

e—1

Ry (M) =Ry (0°) + (130)

Equation (124) gives the transmittance of the photographic paper observed in the same way as
in reflectance and illuminated from behind. For a d:0° geometry, the spectral transmittance

factor is

. (131)

This method can be easily adapted to different measuring geometries. It automatically takes
into account the flux transfers between the diffusing layer and the nonscattering component

by respecting the orientation-dependent attenuation of each ray in the nonscattering layer.

Table 4. Values for parameters y and p as a function of the refractive index

n, Y u
1.45 3.03 1.15
1.47 2.99 1.14
1.50 2.95 1.13
1.53 2.91 1.13
1.55 2.88 1.12
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5.2. Diffusing support protected with colored films

After the photographic paper, a book cover protected by a plastic film is a second example
where a nonscattering component is on top of a diffusing background. Since the film and the
cover are generally not in optical contact, there is an interstice between them filled by air. We
may generalize this example by considering several films identical to each other. The
structure of the specimens is represented in Figure 16 for two films. Since there is a
nonscattering component on top of a diffusing layer, the reflectance and transmittance have
similar expressions as (123), and respectively (124). We just have to compute the parameters
R, Tin, Tous, and R; in terms of the different refractive indices, the spectral reflectance p(2.)
and transmittance t(A) of the diffusing layer, and the spectral normal transmittance 7} (1) of
each film deduced using equation (66) of [HDI062] from the measured spectral transmittance
T (1) of the film:

) \/64nl4+(1—n12)4 T2,, (1) —8n}
1 (1=m)" T (1)

where n; is the refractive index of the film.

Air (ng = 1)
Nonscattering Air (ng) Air-film interfaces
component
Film (n;)
Air (ng)
- Air-background
Diffusing background (n,) interface

Figure 16. Nonscattering films on top of a diffusing background.

Regarding the nonscattering component, we can use the matrix model to determine its angular
reflectances and transmittances, which will then be integrated with respect to the measuring
geometry. We denote as 6, the incident angle in air, 6; = arcsin(sin 0, /nj) the subsequent
angles in the media of index n;. The angular transfer matrix attached to it is the product of
the transfer matrices attached to the different components, i.e. the interfaces and the layers,

respectively, defined by equations (82) and (84). The air layers are optically neutral and the
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transfer matrices attached to them are unit matrices, and therefore omitted in the calculation.

For N films, the angular transfer matrix My g, (6,) of the nonscattering component is given
by

My s (80) =[ For (80) Ly (8))Fi (6,)]" Foyy (8) (133)

From this angular transfer matrix, using equations (57), we obtain analytical expressions for
the front reflectance R, (6,), back reflectance R} (6,), downward transmittance T (6,)
and upward transmittance 7y (6, ). It would take too much place to show them here, but there

is no difficulty obtaining them using symbolic or numerical computation software.

Then we consider the orientations of light in the nonscattering component with respect to the

measuring geometry. For the d:0° geometry that we have selected, the formulas of Table 3

give
R, =Ry(0°)/m
T;'n = TN
73, (0°) (134)
T = 5
TN,
R, = R;v

where symbol ~ has the same meaning as in equation (118). Note that since these four terms

embody the film’s normal transmittance 7, (k) , all of them depend of wavelength.

In order to obtain the spectral reflectance p(A) and transmittance t(A) of the diffusing layer,
we measure the spectral reflectance and transmittance factors of the diffusing support with an

instrument base on the d:0° geometry. Their respective expressions are, for each wavelength,

1 7~102T02 (OO)P

R =R, (0°)+ A (135)
and
. Ty, (0°
Tp:%.M (136)
ny  1=Ryop

where Ry, (0)=1-"T;,(0)=(n, - 1)2 /(ny + 1)2 is the Fresnel reflectance of the interface at
normal incidence, Rzo is its diffuse reflectance of the interface at the paper side [see HDI062,
equation (46)] and Toz =1 =n§ (1—]?20) is its transmittance for Lambertian light coming

from air. Since these terms, independent of wavelength, can be computed as soon as 7, is
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known, we can deduce p(A) and t(A) from equations (135) and (136). After some

rearrangements, we get:

R, (M)= Ry, (0°)

p(1) = —— (137)
*) RyR, (L) +1= Ry, (0°)
and
(1) -2 2) -(I_R”(OOHEEORPZ(OO)J (138)
1= Ry (0°) { 1= Ry, (0°)+ RyoR,, (1)

Finally, the spectral reflectance and the transmittance of the specimen have similar
expressions as equations (123) and (124) respectively. By multiplying them by &, we obtain

the following expressions for the reflectance and transmittance factors, for each wavelength:

Lo 1 TyT (0°)p
R =R, . (0°)+— NN I 139
Nﬁlms( )+I’l§ I_R],vp ( )
and

(140)

Be aware of that all terms in these equations (139) and (140), except n,, depend on

wavelength.

As a first application of the model, we selected glossy papers printed in inkjet with various
fulltone colors (cyan, magenta, red, green, blue and black) and halftone colors (cyan and
magenta inks at 50%). Figure 17 shows the normal transmittance of the blue acetate film as
well as the changing of reflectance spectrum due to the presence of the film for the fulltone
magenta sample. The reflectance and the transmittance of each paper covered by one film
were predicted by the model above, with £ = 1 in this case. The differences between
predictions and measurement were calculated in terms of color distances by computing the
CIELAB AEg4 values in respect to the D65 standard illuminant. In reflectance mode, we
obtained an average AEoqs value of 0.46 for the 12 samples, which proves the excellent
accuracy of the model. In transmittance mode, satisfying predictions are also obtained, even

though slightly less accurate than in reflectance model with an average AEo4 value of 1.15.
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400 500 600 700 nm

Figure 17. Spectral reflectance of (solid line:) a magenta printed paper and of (dashed line:) this paper covered
by a blue acetate film of normal transmittance 7, (7\.) .

A second application of the model was carried out from 125 printed CMY halftones printed
by a Canon Pixma Pro9500 inkjet printer on Canon MP101 papers, and covered them by a
standard transparent film for electrophotographic printing. Predictions were performed in
reflectance mode and compared to the measured spectra. Good prediction accuracy is also
proved by obtaining an average AEoq4 value of 0.50. This experiment is representative of the
model's capacity to predict the change in spectral reflectance of prints when they are placed
under glass or under protection film. This change in reflectance, and therefore of color, is not
only due to the wavelength-dependent absorption of light by the protection film, but also on
the direct reflection of light by the film and the multiple reflections of light between the film

and the print.
~d:0° A~ 4:0°
TR (a) White PVC 1) R (b) Green paper

400 500 600 700 nm 400 500 600 700 nm
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Figure 18. Measured (solid lines) and predicted (dashed lines) spectral reflectances of 1 to 5 acetate films on top
of (a) white PVC and (b) green paper with respective reflectance R, plotted in dotted line. R., denotes the
reflectance of an infinite stack of films.

A third application of the model was based on stacks of blue acetate films deposited on top of
green glossy paper and white glossy PVC. One to five films were deposited in each case. The
spectral reflectances measured with a d:8° geometry (or equivalently with a d:0° geometry) as
well as the predicted ones are plotted in Figure 18. The AEg4 values computed between
predicted and measured spectra are all below 0.25 unit in the case of the white PVC and 0.49
unit in the case of the green paper, thus showing the high accuracy of the model. In the case
of the green paper, we observe similar phenomenon as for film in front of a specular
background: the different spectra have same value at a given wavelength, presently 500 nm.
This invariance occurs precisely at the wavelength where the reflectance of the paper, R,
coincides with the reflectance R, of the infinite stack of films. This is well-known in the case
of oil paintings, particularly regarding the art-glaze technique where a white diffusing board is

coated with several weakly pigmented, almost nonscattering layers [1, 2].

6. MULTIFLUX MODELS

The shortcomings of the two-flux model regarding collimated light and forward light
scattering can be addressed by taking additional fluxes into account, corresponding to various
angular distributions. This is especially needed when the medium is sufficiently scattering to
not be considered as non-scattering, and not sufficiently scattering to be considered as
strongly diffusing, i.e. Lambertian. We thus come back to the Kubelka-Munk formalism
where the propagation of light in uniform layers is expressed in terms of absorption and
scattering coefficients. Here, we present two classical configurations based on both collimated
and diffuse fluxes: the four-flux model [22, 23], and the three-flux model [24].

6.1. The four-flux model

Let us consider an upward collimated flux, denoted J,, and a downward collimated flux
denoted I,, where 0 is the angle of incidence of the collimated beam. Looking at a slice of
thickness dx, the upward oriented flux is attenuated by Kdx/2cos6 due to absorption and
Sdx / cos0 due to scattering. The same process applies also to the downward oriented flux.
For the collimated fluxes, there is no gain from any other flux. The variation of intensity is

summarized in the following equation system:
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dly K

cosO-—+=—-—Jy -8/,

CZX K2 (141)
cos@-—% =—1,+SI,

dx 2

Applying the same matrix form as for the Kubelka-Munk model yields:
K

sy |72 (h—Oj [(0) 1)
Iy )~ P o K o [leoso) | Ui
2

Note that the amounts of light lost by scattering by 7, and J, contributes to the diffuse fluxes

i and j.Combining equations (142) and (8) leads to

Jo(h) J(0)
I,(h 1,(0
o | g [ 10 1)
J(h) ()
i(h) i(0)
where Mg g, is the 4 x4 matrix defined as follows:
- (£+S) 0 0 0
cosO\ 2
0 ! (£+Sj 0 0
My g =exp cos 2 (h=0)|  (144)
o) S —(K+S8) S
2cos0 2cos0
_— __3 -S (K+S)
2cos0 2cosH ]

The same calculation methods apply to this 4 x4 matrix denoted M ¢ ;, as for the Kubelka-
Munk matrix My g, introduced in Section 2.2, equation (9). The matrix exponential, as
defined by equation (7), can be calculated by diagonalization of M, ¢, i.e. the matrix inside

the exponential function in equation (144).

The Saunderson correction applies to j(#) and i(/#) the same way as described in Section 2.7
for the Kubelka-Munk model. However, another transfer matrix must be defined for the
collimated fluxes [7,4(0) and J4(0), similar to the one introduced in Section 4.2, equation
(82). Assuming nsin® <1, the external collimated fluxes, denoted I}, (0) and J,(0) where

v denotes the orientation of light in air, are related to the collimated fluxes in the medium,
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denoted 7,(0) and Jy(0), by the Fresnel angular reflectances using the transfer matrix

Fy, (v) defined as in equation (72):

Jy (0)) Jo(h)
[1“', (o)j =t (W)'[le(h)j

(145)
_ 1 (I_ZRm (W) Ry (W)].[Je(h)j
1= Ry (W) =Ry (w) 1 1g(h)
Combining equations (145) and (44) yields a 4 x4 Saunderson correction matrix:
1-2R) (yv) Ry (v) 0 0
I=Ry (v)  1-Ry(v)
—Ry, () 1
0 0
Fy(y) O 1=Ry (w) 1Ry (w)
M4Saunderson = = ( ) (146)
Combining equation (146) and equation (143) yields a new relation that relates the fluxes in
the external medium with the fluxes at the bottom of the layer:
J,, (0) Jg(0)
I, (0) 14,(0)
M =M aunderson ‘M |70 (147)
7(0) 4Saund 4K,S,h (0)
i'(0) i(0)

where y and 0 denote the orientations of light in air, and respectively in the medium.

6.2. The three-flux model

In most experimental set-ups a Lambertian reflector is used as background for the medium to
be analyzed. As a consequence the incident collimated light beam is turned into a Lambertian
light flux after the first reflection on the background: J(0)=0 and ;(0)=R,(i(0)+7(0)).

The four-flux model can be simplified accordingly:
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! [£+ Sj 0 0
I(h) cos0 S2 1(0)
{'(h) =exp o0s0 —(K+S) S |(h-0)] {'(0) (148)
i(h) T i(0)
) K+S
I 2cos0 |

For decades, the three-flux model was the most effective model to be implemented in color
formulation packages. It offered a good compromise between precision and computation

effort [11].

In the special case of a non-scattering material (S =0) in optical contact with a substrate of

reflectance R, , equation (148) simplifies as follows:

K
J(h) |=exp 0 -K 0/(h-0)|] )
i(h) 0 0 K i(0)
(149)
Kh

eZcos@ 0 0 [(0)
=l 0 e* 0 ||R,(i(0)+1(0))

0 0 & i(0)

7. CONCLUSIONS

The main interest of the two-flux models, i.e. the Kubelka-Munk model and Kubelka’s
layering model, lies in the analytical expressions they provide for reflectance and the
transmittance of layers and stacks of layers. This is probably the reason of their amazing
success. In these analytical expressions, the parameters attached to the layers can be directly
or indirectly related to reflectances and transmittances measured using a spectrophotometer,
and those attached to the interfaces can be computed from the Fresnel formulas when the
optical indices are known. Thanks to the extensions presented here based on transfer matrices,
the Kubelka-Munk model, Kubelka’s model and Saunderson’s correction can be easily
transposed to more complex configurations, for example the case of many layers with distinct
optical indices. They thus enable the prediction of the visual rendering of many common
colored surfaces such as inked papers, paintings, photographs, protection films... Fairly good
prediction accuracy can be achieved provided the implicit assumptions of the two-flux

approach are well satisfied. The Kubelka-Munk model assumes homogeneous, significantly
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scattering layers and Lambertian illumination. In Kubelka’s model, layers are not necessarily
homogenous: their scattering and absorption coefficients can vary as a function of the depth,
and in a stack, they can have distinct optical indices. The model applies with stacks of
strongly scattering layers illuminated with Lambertian flux, and with stacks of nonscattering
layers illuminated with collimated flux. By extension, the model also applies to stacks of
nonscattering layers illuminated with diffuse flux by considering this diffuse flux as a
collection of collimated rays: the angular reflectances and transmittances yielded by the
model are summed up over the range of orientations of the rays. Thanks to this, stacks of
strongly scattering and nonscattering layers can also be addressed provided the geometry of

illumination for each layer is specified.

When these assumptions are not satisfied, the two-flux approach may fail and more complex
models must be used. The three-flux and four-flux models extending the Kubelka-Munk
model, presented in Section 6, apply for example in the case of scattering layers illuminated
by collimated light. There exist other approaches, for example a numerical solving of the
radiative transfer equation (see [HDI062], Section 6, as well as reference [24] for the
relationship between the radiative transfer theory and the three- and four-flux
approximations), but they generally need modeling the optical properties of the media at small
scale as well as more important computational effort, while no analytical expression can be
expected. This is the reason why in most applications the two-flux approach is tested at first
and, when it is not accurate enough, simple extensions are often developed hoping to reach

the expected prediction accuracy.

8. APPENDIX — ALTERNATIVE DEFINITION OF TRANSFER
MATRICES

The transfer matrix of a flat interface as defined in Section 4.2 by equation (82) becomes
indefinite when the orientation of light exceeds the critical angle because the reflectance Ry is
1, therefore the transmittance Ty is 0. In order to prevent computational problems, we
recommend using an alternative general definition for the transfer matrices where the

downward transmittance is incorporated into the matrix in a third row and third column:

w-pp" p 0
M= —p 10
0 0 1
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where p, p’, 1, T resp etivdy deno € the u p ¢ reflectance, the back reflectance, the

downward reflectance and the upward transmittance.

These 3x3 matrices can be multiplied in the same way as the 2x2 transfer matrices without
any chance of division by zero. Reflectances and transmittances are deduced from the entries
my (i,j=1,2,3) of the 3x3 matrix in the following way:

p=myy/ my

T=myy/ My,
p'=—myy/my (3D

T = [det(M)/mzz]/m323

Let us examine what happens in the matrix product of equation (90) when a total reflection

occurs at the middle interface. The transfer matrix of the middle interface, F, (61), is given

by (82) with the Fresnel reflectance Ry, (8,) equal to 1. After conversion into the 3x3 matrix
format, we have

-1 1

F,(0,)=-1 1

0 0

(152)

oS O O

With this matrix F,(6,), the product of matrices in equation (90) provides the following
front reflectance for the multilayer, which contains no terms relative to the second layer or the

back interface:

Tio(8,) Ty, (eo)ﬁz/cosel

R 0,)=R, (6,)+
0123( 0) 01( 1) l_Rlo(el)tlz/Cosel

(153)

The fact that no light enters the second layer is therefore automatically taken into account by
the model. The downward transmittance is zero. The back reflectance and the upward

transmittance, in this case, make no sense anymore.
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Abstract


This paper presents various extensions of the so-called two-flux models for prediction of reflectance and transmittance of diffusing media, i.e. the Kubelka-Munk model, introduced in [HDI062], and the extension of Kubelka-Munk for stacks of diffusing layers. A first matrix formulation of the Kubelka-Munk differential equations leads to a matrix framework based on transfer matrices, which can be extended to stacks of diffusing layers, stacks of nonscattering films, and stacks of scattering and non-scatterings films as a generalization of the Williams-Clapper model for prediction of the reflectance of paper photographs, each of these configurations being illustrated through various examples. This paper also exposes the limits of the two flux approach and shows that the matrix formalism extends in a straightforward manner to multiflux models, where the size of the matrices is increased.   

1. Introduction


Although prints and paints are often considered as “surfaces”, they are actually made of various layers of more or less scattering and absorbing media. This is obvious in printing where a strongly scattering substrate (e.g. paper) is coated with absorbing, almost non-scattering substances (inks). In glaze painting, the board is first coated with a white diffusing paint layer aimed at reflecting light in a uniform way in every direction; it is then coated with several absorbing layers, almost nonscattering, for coloration; it is finally coated with a clear varnish for protection [1, 2]. More complex structures may be found everywhere, for example photos under glass or books covered by a protection film: light is reflected multiple times between the colored object and the protecting element, thus changing the color rendering of the object. Optical models predicting the color rendering of transparent films, glass plates, paints or printed papers taken individually are relatively well known (see [HDI062], Section 4.2, and [HDI051]). However, the combination of these models, necessary when various elements are on top of each other, is less common. In many cases, i.e. when each of the stacked elements is strongly scattering or non-scattering, the spectral reflectance or transmittance of the object can be predicted using a two-flux model describing the forward and backward propagation of fluxes and their mutual exchanges due to scattering in layers and reflections by their interfaces. The two-flux approach is theoretically permitted when the angular distribution of light does not vary after several reflections between the stacked elements [3]: this is the case for strongly scattering layers illuminated by a Lambertian flux, addressed in Sections 2 and 3, and for nonscattering layers illuminated by a collimated flux, addressed in Section 4. The two-flux approach also enables addressing stacks where strongly scattering layers and non-scattering layers are alternated (Section 5). 

In its classical form introduced by Kubelka and Munk [4, 5], the two-flux model is expressed in terms of flux attenuations due to scattering and absorption, parameterized by scattering and absorption coefficients. The flux attenuations in infinitesimal sublayers are written under the form of scalar differential equations, or equivalently under the form of one vector differential equation, involving an attenuation matrix, presented in Section 2. By integrating this vector differential equation, the incoming and outgoing fluxes at both sides are related through one matrix, which models the flux transfers between each other and is thus qualified as transfer matrix. This transfer matrix formalism is shown to be very convenient when different media are coated upon each other, or when several slides of media are stacked to each other. As Kubelka in his paper of 1954 dedicated to non-homogeneous layers [6], the matrix model can be extended to reflecting-transmitting components with distinct reflectances on their two sides. The transferred flux fractions are thus represented by the reflectances and transmittances of the layers, and possibly of their interfaces, which can be either predicted or deduced from spectral measurements. Layers may have any thickness (provided they are thicker than the coherence length of the incident light) and may be themselves composed of various elements. Several examples will be developed in Section 3 to 5, illustrating the easy computation of the reflectance and transmittance of stacked elements knowing, by measurement or by prediction, their individual reflectances and transmittances. The matrix formalism has also the advantage to be easily extensible to multiflux when several directions of light need to be treated in parallel, as shown in Section 6 in the case of homogenous layers.  

2. Revisiting the Kubelka-Munk model (two-flux model)

This section revisits the Kubelka-Munk model whose classical formulation has been introduced in [HDI062], Section 7. We present here a matrix formulation of the differential equations which simplifies the computation of reflectance and transmittance of homogenous scattering layers and enables appreciable extensions.


2.1. Matrix method to solve the Kubelka-Munk differential equation system


The Kubelka-Munk model considers a thin slice of diffusing medium whose thickness 
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 is small compared to its two other dimensions. Let us denote as 
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 a diffuse light flux oriented upwards (increasing altitude 
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) and as 
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 a diffuse light flux oriented downwards (decreasing altitude 
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, see Figure 1). We assume that all variations of the light fluxes are only due to absorption and scattering. We denote as K the linear absorption coefficient and as S the linear backscattering coefficient. Flux i and j, as well as coefficients K and S may be functions of the wavelength. In order to simplify the notations, we omit their dependence on wavelength and implicitly assume that they may have distinct values in the different wavebands of the visible spectrum. This also holds for every equation in this paper. 
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Figure 1: Upwards and downwards fluxes in a layer of thickness h.

While crossing the slice of medium, flux 
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 due to back-scattering. It increases by the amount of light 
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 while crossing the same slice of medium in the opposite direction:
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Analyzing flux 
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 leads to a similar equation. Since the orientation of this flux is opposite, negative signs are introduced:
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Note that the Kubelka-Munk model does not distinguish between forward scattered light and light that wasn’t deviated. In other words, this model makes no distinction between a transparent medium, i.e. an absorbing but not scattering medium, and a hazy medium where scattered light reduces the contrast of objects viewed through it. Haze is the percentage of transmitted light that is scattered so that its direction deviates more than an angle of 2.5° (0.044 rad) from the direction of the incident beam [7]. 


Combining equations (2)

 yields a system of differential equations:
(1)

 and 
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There are several ways to solve this system of equations. This chapter will focus on a matrix based approach that enables addressing more advanced models. Let us look at the system of equations (3)

 as a differential equation in a vector space which can be written:
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where 
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 denotes the matrix of Kubelka-Munk coefficients, or “attenuation matrix”:
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Before solving equation (4)

, let us first recall that the solution for a scalar differential equation of the first order of the form
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Similarly, the solution for the vector differential equation (4)

 is 
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where ‘exp’ here denotes the matrix exponential function defined by the series:
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where I denotes the 2×2 identity matrix. 


Thus, by integrating the vector differential equation 
(4)

 between  GOTOBUTTON ZEqnNum759684  \* MERGEFORMAT  and 
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, one obtains the following equation relating fluxes i and j at the altitudes 0 and h:
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with
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Note that the matrix 
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, expressed in terms of the scattering and the absorption coefficients, has a physical dimension in 
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  is dimensionless. This matrix relates the incoming and outgoing fluxes in the layer and models the flux transfers from each other. It can thus be qualified as “transfer matrix”, a concept that will be generalized in Section 3. 

The exponential of a square matrix always exists and satisfies several interesting properties [8]:

· The exponential of the zero matrix O is the identity matrix:
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· Let A and B be two matrices that commute with each other, i.e. 
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· The inverse of 
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· Let x be an real number, then
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· The exponential of a diagonal matrix is a diagonal matrix whose entries are the exponential of the entries of the matrix (we will use this fundamental property to compute 
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whose two roots are the two eigenvalues of 
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Finally, equation (8)

 can be written as the following matrix product:
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or equivalently as the following one:
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In this framework, the body reflectance 
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 of a layer is given by the ratio 
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Therefore the following holds for a free standing medium:
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i.e., by dividing both members of this equation with 
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A substrate of reflectance 
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 in optical contact with the layer of thickness h at the lower side (
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Developing equation (26)

. 
(18)

 leads to the hyperbolic solution of the Kubelka-Munk model, see equation 

2.2. The classic formulae of the Kubelka-Munk theory


All classic formulae from the literature (e.g. Ref. [9]), can be derived from equation (14)

. Let us introduce 
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under the assumption 
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with
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Developing equation (21)

 yields:
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Note that in the particular case of absence of scattering ( 
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, which simplifies as follows:
(22)

 does not apply. We need to go back to equation 




[image: image81.wmf](


)


(


)


(


)


(


)


0


0


0


0


-


æö


æöæö


=×


ç÷


ç÷ç÷


ç÷


èøèø


èø


Kh


Kh


e


jhj


ihi


e



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (23)


2.3. Layer in optical contact with a background


Many practical cases, for example inks or paints deposited on a substrate, can be seen as layers in optical contact with a background with given reflectance 
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 (Figure 2). 
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Figure 2: Upwards and downwards fluxes in a layer in optical contact with a background.
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Substituting equation (22)

 yields:(24)

 in equation 
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In the case where 
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Equation 
(26)

 is the hyperbolic solution of the Kubelka-Munk equations. In absence of scattering ( GOTOBUTTON ZEqnNum589049  \* MERGEFORMAT ), equation (23)

 yields:
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Two special cases of interest are the reflectances  
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and in the case of the white background, it becomes:
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Note that equation (28)

 can also be written
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and equation (29)

 can thus be written
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or, using the defining expression (19)

 for a, 
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This equation 
(32)

 which by definition relates  GOTOBUTTON ZEqnNum814267  \* MERGEFORMAT  and 
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Another important result is obtained by substituting relations (26)

: 
(32)

 in equation (30)

 and 
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This equation 
(33)

 allows for predicting the reflectance ρ of the layer on a substrate of reflectance  GOTOBUTTON ZEqnNum911830  \* MERGEFORMAT , knowing 
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[image: image117.jpg]





Figure 3: Contrast card with white and black areas used to determine 

[image: image118.wmf]1


r


 and 

[image: image119.wmf]0


r


.

Note that the reflectances 
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2.4. Intrinsic transmittance of a layer with defined thickness 

The intrinsic transmittance of the layer of thickness h, defined by equation (22)

:(16)

, can be expanded as follows, according to equation 
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2.5. Infinitely thick layer


A layer of thickness h can be considered as “infinitely thick” when adding another layer of the same medium with finite thickness X does not modify its body reflectance, denoted as 
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Furthermore, one has:
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which therefore means, by identification of equations (37)

(36)

 and 
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In linear algebra, equation 
(38)

 means that the column vector  GOTOBUTTON ZEqnNum291610  \* MERGEFORMAT  is an eigenvector of 
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which yields the following expression for 
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Following equation 
(39)

, the ratio of K to S can be expressed as a function of  GOTOBUTTON ZEqnNum162601  \* MERGEFORMAT :
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Equation (40)

 is the most famous result from the Kubelka-Munk theory, widely used in the paper and textile industry. Other important results introduced above are listed in the next section. 

2.6. Most important formulas


The Table below summarizes the most important formulas issued form the Kubelka-Munk theory. 

Table 1: Remarkable results from Kubelka-Munk theory


		Parameter a as a function of the absorption coefficient K and the scattering coefficient S
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		Hyperbolic solution of the Kubelka-Munk equations, for a layer on a background with reflectance 
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		Reflectance of a layer on an ideal black background (
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		Reflectance of a layer on an ideal white background (
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		Parameter 
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		Reflectance of a layer on a background with reflectance 
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		Reflectance of a layer on an ideal white background as a function of the reflectance ρ of this layer on some background with reflectance 
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		Intrinsic transmittance 
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		Reflectance 
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2.7. Matrix formulation of the Saunderson correction


Section 7.5 in [HDI062] introduced the Saunderson correction that accounts for the multiple internal reflections that occur at the interface located at the altitude h between air (medium 0) and the layer (medium 1), assumed to be flat. The equations (120) in [HDI062] written at altitude 
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 defined by equation (37) in [HDI062] as a function of the index of the medium; the transmittance from medium 0 to medium 1 is 

[image: image169.wmf]0101


1


=-


tr


, the transmittance from the medium 1 to the medium 0 is





[image: image170.wmf]1001


2


1


=


tt


n



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (41)


where n is the relative refractive index of the media, and the reflectance at the side of medium 1 is 
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Figure 4: Reflection and transmission of diffuse fluxes at the air-layer interface.

Let us denote as 
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which may written in a matrix form:
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This vector equation yields:
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with
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or equivalently, according to the relations between reflectances and transmittances of the interface:
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When considering the layer and its interface with air, the combination of the equations (8)

 yields: (44)

 and 
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We see through this equation (47)

 that the matrix model enables expressing the superposition of two reflecting-transmitting components (here a flat interface and a diffusing layer) by the product of matrices attached to each of them. This interesting property will be developed and generalized in Section 3, where the matrices are given the name of “transfer matrices”. 

Note that the reflectances and transmittances of a rough interface are numerically very close to those of a flat interface, tabulated in Appendix B of [HDI062] for various refractive indices.  Note also that equation (47)

 applies to diffuse fluxes only. Most measuring devices use at least one collimated beam of light. This needs to be accounted for when considering a particular measuring geometry.

2.8. Limitations of the Kubelka-Munk model


In order to illustrate the limits imposed by the assumptions made in the Kubelka-Munk framework, let us consider two extreme cases where reflectance 
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 and transmittance 
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A dark piece of film has a high absorption (
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) and no scattering 
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. Its high absorption makes it almost opaque. However, it can be used to observe very bright objects, as for instance, the filament of a light bulb. The absence of scattering yields a sharp picture. A piece of black cardboard has a high absorption 
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 and a high scattering 
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. An observer will not be able to distinguish a sharp picture while observing a bright object behind the piece of cardboard.


The Kubelka-Munk theory successfully predicts the reflectance and transmittance of a material assuming the light fluxes remain Lambertian through the medium. If this assumption does not hold, the absorption and scattering coefficients computed from the reflectance and the transmittance does not correspond to the properties of the medium [10]. The Kubelka-Munk equations predict large absorption and scattering coefficients in both cases described above. 


This limitation makes the Kubelka-Munk theory inapplicable to media where light fluxes are not always lambertian. The theory can be applied to paint where scattering is strong and guarantees the lambertian distribution, but not to inks where transparency favors collimated light fluxes.


Let us consider another special case where non-absorbing transparent film (
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) contains small scattering particles that induce forward scattering. Such a film looks blurry. An observer would not be able to distinguish a sharp picture when putting this film in front of him. Surprisingly, the scattering coefficient S would be zero since it represents back-scattering only. Actually, this scattering coefficient is not exactly zero but very small. As the thickness of the layer tends to infinity, backscattered flux produced by multiple scattering may become well perceptible.  

3. Matrix model for stacks of diffusing layers 


In 1954, Kubelka published an extension of the Kubelka-Munk model in case of non-homogeneous layers [6]. When several layers are stacked together, Kubelka derived expressions for the reflectance and transmittance of the stack as functions of the individual reflectances and transmittances of the layers. These expressions were first derived for two layers according to a simple method based on geometrical series. However, this method becomes rapidly tedious when the number of layer increases. Pursuing the matrix formulation introduced in Section 2 in the context of the Kubelka-Munk model, we propose here to generalize the concept of transfer matrices relating the upward and downward fluxes entering and exiting the layers, which appeared through the definition of matrix  
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 in equation (8)

. In this section, we also consider, like Kubelka in his paper, non-homogenous layers, i.e. layers having different reflectance at their front and back sides, which is not allowed in the original Kubelka-Munk model. 

Throughout this section, the following notations are used: the layers are labeled with a number 
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 incremented in the order of superposition. The reflectances of their front face (“front reflectance”) and back face (“back reflectance”) are denoted respectively as 
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 and 
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. These two reflectances are a priori different due for example to a gradient of absorption coefficient across the thickness of the layer. Their transmittances are denoted as τk and 
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 when light transits from front to back (“forward transmittance”), and respectively from back to front (“backward transmittance”). In practice, the transmittances τk and 
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 are identical according to Kubelka’s nonpolarity principle for transmittance. However, we propose to maintain a distinction between the two notations. Downward and upward fluxes are respectively denoted using letters i and j. Subscripts 

[image: image196.wmf]0,1,...


=


k


 correspond to their position in the stack: 0 when the flux is in the surrounding medium at the front side, 1 when it is between layers 1 and 2, and so on. Figure 5 shows an example for two layers. 
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Figure 5: Kubelka’s model described the reflections and transmissions (dashed arrows) of Lambertian fluxes (white arrows) between nonsymmetric diffusing layers.

3.1. Transfer matrices

Let us consider one layer, for example Layer 1 in Figure 5. By describing how each flux contributes to each other flux, we obtain the following relations:
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which may also be written 
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or 
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The matrix in equation (51)

, denoted as M1, is the transfer matrix attached to layer 1
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This line of reasoning  stands for any layer (or interface, see Section 2.7). It also stands for a group of layers (or of layers and interfaces), for example for the two layers described in Figure 5. Let us denote as 
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 their global front reflectance, 
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 their forward transmittance, 
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 their upward transmittance. We have: 
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The matrix in equation (53)

, denoted M12, is the transfer matrix attached to the two layers. We can also write the equalities:
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which show that the transfer matrix of two layers is the product of the individual transfer matrices of the layers. This was already noticed in Section 2.7, equation (47)

. Note that the left-to-right position of the matrices in the product reproduces the forward position of the corresponding layers. This also holds for many layers, i.e. for any integer k
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This matrix product for successive layers extends the product of the transmittances of successive nonscattering layers according to Beer’s law. 

Every transfer matrix, even when obtained by a product of transfer matrices, has the same structure of the form:





[image: image210.wmf]1


1


¢¢


tt-rrr


æö


=


ç÷


¢


-r


t


èø


M



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (56)


From a given transfer matrix 
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, we retrieve the front reflectance ρ, back reflectance 
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where the symbol ‘det’ denotes the determinant of the matrix.  

Note that similar transfer matrices are used in wave optics to model the propagation of electric fields [12] or incoherent light beams [13, 14] in thin multilayers. Compared to the geometrical series, the matrix method becomes very advantageous as soon as more than two layers are superposed. 

3.2. Examples

Let us come back to the example of two layers and expand the transfer matrix M12
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By applying formulas (58)

, we retrieve the Kubelka’s formulas expressing the reflectances and transmittances of two layers as a function of the individual reflectances and transmittances of the layers. 
(57)

 on the matrix M12 expanded in equation 
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and
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These formulas are generally derived by reducing the geometrical series [6]. The individual reflectances and transmittances of layers, if they are homogenous, may be computed using the Kubelka-Munk mode and in any case, they can also be measured. Most of the time, they depend on wavelength. In this case, the matrix model, as well as Kubelka’s formulas, applies for each waveband. 

In a diffusing multilayer, the interfaces between layers have no optical effect if the layers have the same refractive index. Otherwise, light reflections and refractions occur at the interfaces and modify the flux transfers between the layers. We thus proceed as in Section 2.7, by using the transfer matrices attached to the interfaces between media with refractive indices 
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 (on the back face), similarly defined as in equation (45)

:
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Let us consider for example a symmetric layer (medium 1 with reflectance ρ and transmittance τ) bordered on its two faces by air (medium 0). The incoming lights at front and back sides are Lambertian. The transfer matrix attached to the layer with interfaces is 
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where 
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 denotes the matrix attached to the layer defined by equation 
(56)

, and  GOTOBUTTON ZEqnNum910279  \* MERGEFORMAT  and 
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 denote the matrices attached to the front, respectively back interfaces, defined by equation (63)

. After computation, we obtain: 
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According to equations 15(57)

, we retrieve the well known formulas for the reflectance R and the transmittance T of the layer with its interfaces with air [ GOTOBUTTON ZEqnNum817170  \* MERGEFORMAT ]
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We may generalize the method for two layers with different refractive indices, as represented in Figure 6. Once again, light sources are Lambertian at both sides. Transfer matrices 
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 defined in equation 
(52)

 are attached to the layers and transfer matrices  GOTOBUTTON ZEqnNum438754  \* MERGEFORMAT , 
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 defined in equation (63)

 are attached to the front, middle and back interfaces reflectively. The transfer matrix of the stack is thus given by:
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The reflectances and transmittances of the multilayer are then deduced from the entries of M according to the formulas (57)

. 
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Figure 6: Flux transfers between diffusing layers (dashed blued arrows) and by interfaces (solid red arrows).

4. Matrix model for stacks of films

Although nonscattering media are not reflective by themselves, their surface reflects light. When several layers with distinct indices are stacked together, light is thus reflected multiple times. We will see that transfer matrices can also be defined in this context. Layer thicknesses are assumed much thicker than the coherence length of light, which thus avoid interference effects and enable using laws of geometrical optics. The main difference between nonscattering and scattering media is the fact that light propagates along straight lines, or broken straight lines due to refraction at the interfaces, with orientations well determined according to Snell’s law (Figure 7). These orientations determine the reflectance and transmittance at the interfaces, as well as their attenuation while crossing the layers. This is the reason why nonscattering layers, multilayers and flat interfaces will be first characterized by an angular transfer matrix, based on angular reflectance and transmittance functions. When the incident light is diffuse, we can integrate these functions over the set of incident angles. 
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Figure 7. In a nonscattering multilayer, the direction of the light rays in each layer is fixed. It depends only on the direction of the incident light, θ0, and on the refractive index of the layer.  

The reflectance of nonscattering multilayers also depends on polarization of light due to the polarization-dependant Fresnel formulae. If the incident light is linearly polarized in the incidence plane or perpendicularly to it, this polarization is maintained in the whole multiple reflection process and determines which Fresnel formula must be used for the reflectances contained within the reflectance and transmittance expressions. In the case of natural light, which is the type of light emitted by most light sources, we assume that the two linearly polarized components flow in parallel, independently of each other and with equal initial power (see [HDI062], Section 2.2). The multilayer's reflectance and transmittance is the average of the reflectances and transmittances attached to the parallel (p) and perpendicular (s) polarizations. This may be written by the following equation
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where X denotes a multilayer reflectance (or transmittance) for natural light, f the analytical reflectance (or transmittance) expression being a function of Fresnel reflectance 
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 for the parallel polarization or 
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 for the perpendicular polarization. 


Nevertheless, many nonscattering materials such as polymers have a strong optical anisotropy which decreases the degree of polarization of light. In practice, it is more exact to consider that light remains unpolarized along the whole multiple reflection process and to insert the Fresnel reflectance or transmittance for unpolarized light, the average of the reflectances or transmittances for p- and s-polarized lights, in the multilayers' reflectance and transmittance expressions which thus becomes
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We will consider hereinafter this latter case. In addition to being simpler because it prevents having to expand expressions for each polarization and to average them, this choice is justified by the fact that polymers are used in our experimental applications. Nevertheless, it is not an issue to follow one approach or to the other: the model in itself provides only the f function. 


4.1. Single film at normal incidence

Let us first consider the simple case of a nonscattering film illuminated by collimated light at normal incidence. The film is made of nonscattering medium with index n1. Its transmittance at normal incidence is denoted as T1. It is bordered by a clear medium with index n0 at front side, e.g. air, and by a possibly different medium with index n2 at back side, e.g. water. Regarding the Fresnel reflectances of the interfaces, similar notations are used as in [HDI062], Section 3. Since light is normal to the interfaces, we have:
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and 
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In this section, the short notation 
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Figure 8 shows the flux transfers between the different media. As for a diffusing layer [equations 
(51)

], we may write the following matrix equation for an interface between media j and (48)

 to  GOTOBUTTON ZEqnNum191169  \* MERGEFORMAT 
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or, since 
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The matrix in equation 
(70)

, denoted  GOTOBUTTON ZEqnNum255975  \* MERGEFORMAT , is the transfer matrix attached to the interface:
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[image: image253.wmf]

Figure 8. Flux transfers through the interfaces and nonscattering layer of a film of index n1 bordered by media of index n0 at the front side, and of index n2 at the back side.  


Note that using the relations (71)

 into
(69)

, we can transform equation (68)

 and 
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Regarding the film bulk layer 2, denoting  
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i.e., 
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where 
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 is the transfer matrix attached to the layer, which depends upon orientation but not on polarization of light: 
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Combining equations (73)

(70)

 and 
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shows that the matrix product 
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 is the transfer matrix of the film:
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We can retrieve the front and back reflectances and the forward and backward transmittances of the film using similar equations as (57)

. For example, the front reflectance of the film is 
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and its forward transmittance is
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4.2. Single film at oblique incidence


At oblique incidence, the same line of reasoning applies, except that the orientation of light is different in the three media. However, in a given medium, all light components form the same angle with the normal, as shown in Figure 7. The orientation of fluxes 
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. Writing Snell’s sine law at the successive interfaces yields the following equality





[image: image279.wmf]001122


sinsinsin


q=q=q


nnn



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (80)


from which we deduce that the angle 
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 in medium k = 1 or 2 depends only on θ0, n0 and nk, not on the indices of the other medium:
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Equation 
(70)

 remains valid but with different definition for the transfer matrix of the interface,  GOTOBUTTON ZEqnNum255975  \* MERGEFORMAT , whose entries are now function of the angles 
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The properties of the Fresnel reflectance and transmittance formulas enable transforming the above equation into:
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Note that there is a computational problem in case of total reflection, i.e. when 
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. The way to work around this problem is to use an alternative definition of transfer matrices, presented in appendix, which avoids the division by the term 
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Regarding the layer, equation 
(73)

 also remains valid but, once again, the transfer matrix attached to the layer is modified in order to account for the orientation of light in the layer. Note that rays oriented by an angle  GOTOBUTTON ZEqnNum972238  \* MERGEFORMAT  from the normal are attenuated by the factor 
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 where t, as previsouly, denotes the transmittance of rays perpendicular to the layer. The transfer matrix attached to the layer is therefore:
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Equation (76)

 becomes 
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and the transfer matrix of the film is given by the matrix product 
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. It seems not necessary to expand the full expression of this matrix, but it is easy to verify that the front reflectance, obtained by dividing the top-right entry by the bottom-right entry, is
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and that the forward transmittance, inverse of the bottom-right entry, is
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We can also verify that equations 
(87)

 when (86)

 and (79)

 are special cases of these expressions (78)

 and  GOTOBUTTON ZEqnNum574122  \* MERGEFORMAT , and that equations (61) and (62) of [HDI062], obtained from geometrical series, are also special cases of (87)

 when media 1 and 3 are air.
(86)

 and 

4.3. Nonscattering multilayers

The line of reasoning presented for the case of one film extends in a straightforward manner to the case of nonscattering multilayers where the layers have distinct indices. By way of illustration, the flux transfers in the case of two layers are represented in the Figure 9. 
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Figure 9. Flux transfers in two nonscattering layers with different indices.  


The orientation of light in media k = 1, 2 and 3 are functions of the incident angle 
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If we want to consider illumination from the back side, the orientation of light in media j = 0, 1 and 2 can be expressed as functions of the incident angle 
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The matrix model directly enables writing the transfer matrix M of the bilayer as
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where the matrices 
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 are the transfer matrices attached to the interfaces defined by equation 
(83)

 and the matrices  GOTOBUTTON ZEqnNum906907  \* MERGEFORMAT  are the transfer matrices attached to the layers defined by equation (84)

. 


The matrix method applies with any stack of nonscattering layers, for any incident angle, provided each layer is thicker than the coherence length of light. Various examples are proposed in the next sections. The orientation of light in the different layers is automatically embodied in the transfer matrices provided they are defined and multiplied correctly. Since total reflections may occur, it is recommended that one adopts the alternative matrix formalism proposed in appendix. 

The reflectance and transmittance expressions given above are relative to collimated fluxes. If we rather consider radiances, we must consider the changes of solid angle due to the refractions at the interfaces, which modifies the density of flux per unit solid angle. We follow the reasoning developed in HDI062, Sections 3.5 and 3.6 for one interface: the incident, reflected and transmitted radiances, respectively denoted as 
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 where N denotes the labeling number of the surrounding medium at the back side. Since reflected and incident radiances fulfill equal solid angles, we have
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where 
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 is the front reflectance of the stack of nonscattering layers at the angle 
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The transmitted radiance fulfills a different solid angle in medium N. This introduces a factor 
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, which depends only on the refractive indices of the surrounding media 0 and N:
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where 
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 is the forward transmittance of the stack of nonscattering layers at the angle 
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When the sample is illuminated with Lambertian light from medium 0, the reflectance 
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 accounts for all the rays in the hemisphere by integrating the angular reflectance 
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 in a similar way as in equation (46) in [HDI062]:
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This integral holds for transmittance, by replacing 
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4.4. Stacks of identical nonscattering films


Let us now consider stacks of identical films illuminated at normal incidence. We first assume that there is no optical contact between the films, i.e. a thin air slice remains between them. Since a layer of air transmits all light and does not reflect it, the corresponding transfer matrix is simply the identity matrix. The reflectance Rf and transmittance Tf of one film at normal incidence (including multiple reflections between their interfaces with air and transmissions through the film bulk) are given by equations (77)

, may also be written  
(79)

. The corresponding transfer matrix, given by (78)

 and 
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Since light is not scattered in the stack, it remains perpendicular to all films. Matrix M can therefore be attached to each of them. The transfer matrix for the stack of films is therefore
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whose computation can be performed through the diagonalization of M [16]:
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where 
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with
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and
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Note that the relationship between α and β [equation 
(20)

]. We thus have (99)

] is similar to the one between a and b in the Kubelka-Munk model [equation  GOTOBUTTON ZEqnNum370274  \* MERGEFORMAT , and
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The reflectance RN is given by the ratio of entries 
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After replacing 
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 with their respective expressions and rearranging, equation (101)

 becomes:
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The transmittance of the stack of films is the inverse of entry 
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As N increases, the stack contains more interfaces and thus becomes more reflecting. It also contains more layers and becomes more absorbing. The reflectance varies until a limit value corresponding to the reflectance of an infinite stack, denoted as 
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. Since the term raised at the power N in equation (102)

 is smaller than 1, it tends to zero. The infinite stack reflectance is therefore
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This variation is illustrated by the top-left graph in Figure 10 showing the spectral reflectances of stacks of blue acetate films (
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), studied in depth in Ref [17]. In this case, the reflectance increases with the number of films for all wavelengths, despite reaching rapidly a limit value in the spectral domain where the acetate is the more absorbing (570 – 680 nm). Outside this waveband, the reflectance increases more regularly according to the number of added film-air interfaces. In contrast, since the photons have less chance to cross the multilayer without being absorbed or back-reflected by interfaces, the transmittance decreases. It strives rapidly towards zero in the absorption waveband 570 – 680 nm and decreases more regularly and slowly outside the absorption waveband. 

In order to change the relative index of the film surfaces, we can fill the interstices between films with a clear liquid, e.g. oil or water, with index denoted as 
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 (Figure 11). In this case, the interfaces in contact with the liquid are less reflecting than the front and back interfaces of the stack which are in contact with air. The global reflectance and transmittance of the stack are thus modified, as shown by comparing the top and middle graphs in Figure 10, corresponding respectively to interstices filled with air and alcohol-based liquid (
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Figure 10. Predicted spectral reflectances and transmittances at normal incidence of stacks of blue acetate films (1, 2, 3, 4, 5, 6 and 10 films as well as, for reflectance, infinity) separated with different media (index 
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Figure 11. Stack of two acetate films pasted with liquid.

The transfer matrices of the interfaces are denoted 
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 according to the indices of the media j and k being respectively at the front and back side of the interface. They are defined in equation 
(71)

. The transfer matrix of a film layer,  GOTOBUTTON ZEqnNum103945  \* MERGEFORMAT , is given by equation (75)

. Recall that all these transfer matrices are defined for normal incidence of light. For a stack of two films, the transfer matrix is given by
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and for a stack of N films, it becomes:
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The reflectances and transmittances of the stacks of films are deduced from the entries of the transfer matrices as indicated by equations (57)

. Their analytical expressions are too long to be shown here, but their numerical computation  is not difficult. 

It is interesting to observe in the middle graphs of Figure 10 that incrementing the number of films increases the reflectance in the waveband 440 – 510 nm where the films are less absorbing and decreases outside this domain. At 440 nm and 510 nm, the reflectance does not vary because there is a perfect compensation between the gain due to back-reflection of light by the interfaces and the loss due to absorption. The transmittance follows a similar evolution when the films are separated by air, despite a slower decrease due to the higher transmittance of the interfaces.

In the special case where the liquid has the same refractive index as the films (oil with index 1.54), the interfaces in contact with it do not have optical effect any more. The transfer matrix can be written
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The stack becomes equivalent to one thicker film with normal transmittance 
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, N being the number of films. The reflectance and transmittance of this layer are similarly expressed as those of a single film, with 
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 in place of t. The reflectance comes only from the reflection of light by the front and back interfaces which are in contact with air. As the number of films goes to infinity, the light entering the stack is entirely absorbed and only the light reflected by the front interface is observed. The spectral reflectance is 0.04 for all wavelengths, thus yielding an achromatic color. 

4.5. Stacks of printed films

As an extension of the previous example, we propose to study stacks of films printed with inks, illuminated at normal incidence. Assuming that the refractive index of the films and the inks are equal, from an optical point of view, the printed film is very similar to a colored film: it is bounded by similar interfaces and the film substrate layer is replaced with two layers in optical contact with same index. The transfer matrix of the printed film, 

[image: image357.wmf]p


L


, is thus the product of those of the film substrate, 

[image: image358.wmf]s


t


L


, and the ink layer, 

[image: image359.wmf]i


t


L




   


[image: image360.wmf]22


10


1


0


æö


=×=


ç÷


èø


si


ptt


si


si


tt


tt


LLL



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (108)


which indicates that the normal transmittance of the printed film is simply the product of the normal transmittances of the film and the ink layer, respectively ts and ti. In theory, the printed film should have the same reflectance and transmittance on its two faces: flipping it without changing the illumination and observation conditions should not modify its visual aspect. However, optical phenomena sometimes generate a colored sheen only visible on the face with ink. Figure 12 shows the different spectral reflectances of inked and non-inked faces of a film printed with a Canon inkjet printer. The inked face displays a purplish aspect which is not observed on the other face. The higher reflectance measured on the inked face below 350 nm and beyond 550 nm is at the origin of the purplish sheen, while the opposite face has a bluish color characteristic of cyan ink deposited on a weakly reflecting support. In transmittance, the difference between front and back sides is much smaller. We can consider with inkjet prints that the relative difference between the two transmittances, generally inferior to 1%, is independent of wavelength. 
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Figure 12. Spectral reflectance measured at normal incidence on the inked and non-inked faces of a film printed with cyan and yellow ink halftones at nominal surface coverages 0.57, respectively 0.12. 


Let us denote as 
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 the reflectances of the printed film at the front side, and respectively the back side, and as 
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 its front-to-back, and respectively back-to-front transmittances. These reflectances and transmittances embody the multiple reflections and transmissions of light by the interfaces, the film layer and the ink layers. The transfer matrix attached to the printed film is 
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When N identical films printed with the same color are superposed, matrix M is raised to the power N. We may follow similar reasoning as in Section 4.4 by diagonalizing matrix M. Equations 
(103)

 remain valid, except the expressions for α, β and (96)

 to  GOTOBUTTON ZEqnNum729729  \* MERGEFORMAT :
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and





[image: image370.wmf](


)


1


¥


=a-b=


¢


a+b


f


f


R


R


R



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (112)


Since each film has different reflectances on their two sides, stacks also have different reflectances on their two faces. The front and back reflectances are related according to:
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and the forward and backward transmittance are related according to:
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The model is not only valid with films coated with uniform ink layer but also with films printed with halftone colors [18]. This is shown in the following experiment based on CG3460 films from 3M printed in inkjet. The halftones were generated by stochastic screening according to the algorithm proposed by Ostromoukhov [19]. Four colors were selected called "green", "blue", "magenta" and "yellow" samples. They were generated by error diffusion halftoning and produced by printing cyan, magenta, yellow and green inks at the respective surfaces coverages {c, m, y, g} = {0, 0, 0, 0.5} for green, {0.35, 0.15, 0, 0} for blue, {0, 0.70, 0, 0} for magenta and {0.10, 0.10, 0.80, 0} for yellow. For each color, R, R' and T were measured on one film, then the number N of films was incremented and 
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 where measured until 16 films (15 film stacks were therefore measured for each of the three geometries). In this experiment, 
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 was assumed, where γ is a constant independent of wavelength specified in Table 2 for each type of film. Lower γ coincides with higher scattering: the yellow ink is more scattering than the other inks. 


For each color, the front reflectances, back reflectances and forward transmittances of the 15 stacks were predicted and compared to the corresponding measured spectra in terms of equivalent color distance expressed by CIELAB ΔE94 values. For each series of 15 measurements-predictions, the average (and maximal in bracket) ΔE94 values are given in Table 2. Figure 13 shows the front reflectance and the forward transmittance of a single film of each color (measured, green solid lines), those of stacks of 2 to 15 films (measured, black solid line; predicted, red dashed line) and the reflectance of an infinite stack of films (predicted according to formula (112)

, blue dotted line). 


Table 2: Average and maximum E94 values obtained for the different films and geometries. 


		Film color

		γ value

		RN

		R'N

		TN



		

		

		av. (max)

		av. (max)

		av. (max)



		Green 

		0.994

		0.12 (0.23)

		0.45 (0.64)

		0.49 (0.96)



		Blue 

		0.993

		0.24 (0.30)

		0.50 (0.63)

		0.35 (0.74)



		Magenta 

		0.993

		0.39 (0.43)

		0.20 (0.24)

		1.21 (1.68)



		Yellow 

		0.990

		0.55 (0.68)

		0.97 (1.17)

		2.41 (3.94)





For the green and blue colors, the prediction accuracy is excellent in both reflection and transmission modes. For the other two colors, the accuracy is good in reflectance mode and poorer in transmission mode. This is certainly due to scattering: in this experiment, the yellow ink was more scattering than the other inks. By looking at far objects through different films, blurring was more pronounced with films with much yellow. This is consistent with the fact that the γ value is lower for the yellow films. 
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Figure 13. Front reflectances (left) and forward transmittances (right) at normal incidence of single film (measured, green lines) and of stacks of 2 to 16 green films (measured, solid black lines, and predicted, red dashed lines). The numbers at the right of the curves indicate the number of films in the stack and the symbol 
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 designates the predicted infinite stack reflectance (dashed blue line). 


4.6. Stacks of printed films on top of a specular reflector


Mirrors are also nonscattering reflectors and can be treated, despite zero transmittance, by the matrix model. The transfer matrix attached to a mirror with reflectance at normal incidence 
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When nonscattering elements, e.g. films, are placed on it, only the front reflectance can be defined, the back reflectance and the transmittance making no sense in this case. 


Let us place a stack of N identical printed films in front of the mirror. As previously, we denote as 
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 the front reflectance, back reflectance, forward transmittance and backward transmittance of one film at normal incidence. The transfer matrix attached to the specimen is
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where 
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 denote the front reflectance, back reflectance, forward transmittance  and backward transmittance of the stack of N films at normal incidence, respectively given by Eqs. (111)

. 
(110)

 and (114)

, with a and b given by equations (103)

 and (113)

, (102)

, 

Finally, the reflectance of the stack with mirror, ratio of entry m12 to entry m22, is
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valid for all wavelengths and for any 
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Measured spectral reflectances 
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 are plotted in Figure 14 for stacks of the blue and green printed films previously studied, respectively placed in front of a red reflector (copper mirror covered by a film coated with red ink) and a magenta reflector (achromatic mirror covered by a film coated with magenta ink). In both cases, the number of films was incremented from 1 to 13. The predictions given by Eq. (117)

 satisfyingly match the measurements: the average ΔE94 value assessing the deviations between predicted and measured spectra was 0.42 units (maximum 0.66 units) for the green films on the magenta background, and 0.64 units (maximum 0.75 units) for the blue films on the red background. 


Through these examples, we observe that as the number of films in front of the mirror increases, the spectral reflectance of the samples varies differently with the wavelength, or more precisely according to the relative values of the mirror reflectance and the infinite stack reflectance. Hence, 
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 either increases or decreases and may even be constant for wavelengths where the spectral reflectances of background and infinite stack meet.  


[image: image394.wmf]

Figure 14. Spectral reflectances of (a) blue films in front of a red reflector and (b) green films in front of a magenta reflector. The numbers denote the numbers of films and line colors roughly reproduce the colors associated to the plotted spectra. Spectral reflectances of the mirror alone (label 0) and of an infinite stack of films (label ∞) are in dotted and dashed lines respectively. 


5. Stacks of diffusing and nonscattering layers

The two-flux models presented in the previous sections for strongly diffusing layers and for non-scattering layers can be extended to mixed stacks of strongly diffusing and nonscattering layers. The transfer matrices attached to the diffusing layers are similarly defined as in equation 4(52)

. Those attached to the nonscattering layers and flat interfaces, however, must be adapted to the angular distribution of the light they receive. We saw in Section  GOTOBUTTON ZEqnNum438754  \* MERGEFORMAT  that the trajectories and the attenuation of collimated light within a nonscattering multilayer are fully determined by the incident angle. Hence, every sequence of consecutive nonscattering layers and flat interfaces in the multilayer is considered as one nonscattering component. The angular transfer matrix model developed in Section 3 will help to get the analytical expressions for their front reflectance R(θ), back reflectance R’(θ), forward transmittance T(θ) and backward transmittance T’(θ). When the incident light is diffuse, we integrate these angular functions  with respect to the angular distribution of light, which is in practice either collimated when it comes from a directional light source or Lambertian when it comes from a Lambertian light source or a diffusing layer. In this latter case, the angular function X(θ) is integrated over the hemisphere, thus yielding an integral similar to the one of equation (93)

:
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This is the case when the nonscattering component is located between two diffusing layers (Figure 15.a). The transfer matrix is therefore
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where symbol  ~ denotes the integration defined by equation (118)

. 

[image: image397.wmf]

Figure 15. Flux transfers through a nonscattering element located (a) between two diffusing layers, (b) at the front edge position. 

When the nonscattering component is in an external position, for example at the front side, its global front reflectance, back reflectance, forward transmittance and backward transmittance, respectively denoted Rs, Ri, Tin and Tout, account for the angular geometry of the light source and detection system (see Figure 15.b). Their expressions in terms of the angular functions R(θ), R’(θ), T(θ) and T’(θ), are given in Table 3 for typical configurations: collimated (e.g. 0° or 45°) or Lambertian incident light and observation over the hemisphere or in one direction. The forward transmittance depends only on the illumination geometry and the back transmittance only on the observation geometry. If light is collected over the hemisphere, and since the light coming from the diffusing layer is also Lambertian, the back transmittance is 
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. In the case of a directional observation, only the radiance directed toward the observer is considered. It corresponds to a fraction 1/π of the Lambertian irradiance issued from the diffusing layer, attenuated by the angular reflectance of the nonscattering component, and divided by the term n2 in order to take into account the change of solid angle due to the refractions, where n is the refractive index of the diffusing medium (see equation 
(92)

, the index of air being 1 in the present case). The front reflectance Rs depends on both illumination and observation geometries. When the incident light is collimated, it is the angular reflectance R(θ) evaluated at the incidence angle provided the reflected light is collected by the detection system; otherwise it is zero. When the incident light is Lambertian, Rs is the diffuse reflectance  GOTOBUTTON ZEqnNum687275  \* MERGEFORMAT  if all the reflected light is collected by an integrating sphere; it is the angular reflectance R(θ) evaluated at the observation angle if the detection device is collimated, knowing that only a fraction 1/π of the Lambertian irradiance is in the concerned direction. Lastly, the back reflectance Ri is independent of the measuring geometry: it accounts for the reflection of the Lambertian light issued from the diffusing layer:
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The transfer matrix attached to the nonscattering component is 
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Table 3: Expressions for Rs, Tin, and Tout according to the illumination and observation geometry 

		

		Rs

		Tin

		Tout



		Collimated incident light at angle α and observation over the hemisphere
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		Collimated incident light at angle α and observation in one direction ψ
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		Lambertian incident light and observation over the hemisphere
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		Lambertian incident light and observation in one direction ψ
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Once all the transfer matrices attached to the nonscattering components (i.e. the sequences of nonscattering layers and interfaces) are determined, they can be multiplied with those attached to the diffusing layers. For example, a nonscattering component on top of a symmetric diffusing layer with reflectance ρ and transmittance τ has the transfer matrix given by
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We can deduce from it the front reflectance (ratio of entries 
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or the back transmittance (
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), corresponding to the same observation conditions as the front reflectance, with the light coming from beside the diffusing layer: 
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We may imagine specimens consisting of several alternations of diffusing and nonscattering components. The examples which are proposed in the next sections will be based on this configuration, the simplest being a nonscattering component is on top of a diffusing layer. 


5.1. Paper coated with gelatin (Extended Williams-Clapper model)


In 1953, Williams and Clapper proposed a prediction model for the spectral reflectance of glossy photographs, made of paper coated with photochromic gelatin [20]. The original Williams-Clapper reflectance formula, derived from a description of the multiple reflections between the paper and the surface yielding a geometrical series, is based on the 45°:0° bi-directional geometry. A formula based on the diffuse-directional geometry was later derived by Shore and Spoonhower [21] and has been recently extended to the transmittance [15]. All these formulas can be obtained with the matrix method, for which the interest is rather limited in such a simple case but offers a good example of application. The interest of the method will be more striking when increasing the number of layers. 

The photographic paper is composed of the air-gelatin interface, the gelatin layer with spectral normal transmittance 
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, and the paper support with spectral reflectance 
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 and spectral transmittance 
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. Paper and gelatin are assumed to have the same refractive index n. Since, they are in optical contact, the interface between them has no optical effect. 

The air-gelatin interface and the gelatin layer are two consecutive nonscattering elements located at the front position. They are considered as one nonscattering component whose transfer matrix is similar to equation 
(123)

. In this reflectance expression, Rs, Tin, Tout and (122)

 and its reflectance has an expression similar to equation (121)

. The transfer matrix attached to the photographic paper is therefore similar to equation  GOTOBUTTON ZEqnNum259692  \* MERGEFORMAT  are functions of the normal transmittance 
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 of the gelatin and depend on the measuring geometry. They are obtained in two steps.  

The first step is to compute the angular transfer matrix 
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 of this nonscattering component. It is the product of the angular transfer matrix attached to the air-gelatin interface, given by equation (84)

:
(82)

 with labels j = 0 for air and k = 1 for the gelatin, and the angular transfer matrix attached to the gelatin layer given by equation 
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where 
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 denotes the orientation of light in air, 
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 the corresponding orientation in the gelatin and 
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 the Fresnel angular reflectance of the interface at the air side. 

We deduce from 
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 the front angular reflectance, 
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In a second step, we consider the orientations of light in the nonscattering component, assuming a 45°:0° measuring geometry as Williams and Clapper in their original paper. According to the formulas given in Table 3, we obtain:
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where 
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 is the diffuse reflectance of the surface at the gelatin-side (also denoted as 
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 in [HDI062], Section 3.6) and γ a coefficient minimizing the difference between the integral and the approximation function for the considered refractive index (
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 for 
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 = 1.53, see Table 4). 

Finally, the reflectance formula (123)

, multiplied by π, gives the spectral reflectance factor of the photographic paper which would be measured with a commercial instrument calibrated with  respect to the reflectance of a perfectly white diffuser (equal to 1/π):
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Since the spectral reflectance ρ(λ) of the paper substrate cannot be measured directly due to the presence of the paper-air interface, we want to deduce it from measurement. We thus take the paper in an area where the gelatin is uncolored (normal transmittance 1) or, if available, the paper without gelatin provided its surface is flat. The reflectance factor given by equation (127)

 thus becomes
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Assuming n is known, we can compute the Fresnel functions and only the background reflectance ρ remains unknown. We obtain it by reversing the equation (128)

:
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In the case of a d:0° geometry, according to the formulas of Table 3, we obtain:
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where 
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 is the diffuse transmittance of the surface from air to gelatin (also denoted as 
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 in [HDI062], Section 4.6) and µ is again a coefficient minimizing the difference between the integral and the approximation function for a given refractive index (µ = 1.13 for 
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The spectral reflectance factor in respect to the perfect diffuser is [21]
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Equation (124)

 gives the transmittance of the photographic paper observed in the same way as in reflectance and illuminated from behind. For a d:0° geometry, the spectral transmittance factor is  
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This method can be easily adapted to different measuring geometries. It automatically takes into account the flux transfers between the diffusing layer and the nonscattering component by respecting the orientation-dependent attenuation of each ray in the nonscattering layer.  

Table 4. Values for parameters γ and μ as a function of the refractive index
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		γ

		μ



		1.45

		3.03

		1.15



		1.47

		2.99

		1.14



		1.50

		2.95

		1.13



		1.53

		2.91

		1.13



		1.55

		2.88

		1.12





5.2. Diffusing support protected with colored films

After the photographic paper, a book cover protected by a plastic film is a second example where a nonscattering component is on top of a diffusing background. Since the film and the cover are generally not in optical contact, there is an interstice between them filled by air. We may generalize this example by considering several films identical to each other. The structure of the specimens is represented in Figure 16 for two films. Since there is a nonscattering component on top of a diffusing layer, the reflectance and transmittance have similar expressions as 
(124)

. We just have to compute the parameters Rs, Tin, Tout, and Ri in terms of the different refractive indices, the spectral reflectance (123)

, and respectively  GOTOBUTTON ZEqnNum949179  \* MERGEFORMAT  and transmittance 
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where n1 is the refractive index of the film. 
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Figure 16. Nonscattering films on top of a diffusing background.

Regarding the nonscattering component, we can use the matrix model to determine its angular reflectances and transmittances, which will then be integrated with respect to the measuring geometry. We denote as 
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 the incident angle in air, 
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 the subsequent angles in the media of index 
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. The angular transfer matrix attached to it is the product of the transfer matrices attached to the different components, i.e. the interfaces and the layers, respectively, defined by equations 
(84)

.  The air layers are optically neutral and the transfer matrices attached to them are unit matrices, and therefore omitted in the calculation. For N films, the angular transfer matrix (82)

 and  GOTOBUTTON ZEqnNum528528  \* MERGEFORMAT  of the nonscattering component is given by
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From this angular transfer matrix, using equations 
(57)

, we obtain analytical expressions for the front reflectance  GOTOBUTTON ZEqnNum817170  \* MERGEFORMAT , back reflectance 
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. It would take too much place to show them here, but there is no difficulty obtaining them using symbolic or numerical computation software. 

Then we consider the orientations of light in the nonscattering component with respect to the measuring geometry. For the d:0° geometry that we have selected, the formulas of Table 3 give
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where symbol ~ has the same meaning as in equation 
(118)

. Note that since these four terms embody the film’s normal transmittance  GOTOBUTTON ZEqnNum734415  \* MERGEFORMAT , all of them depend of wavelength. 


In order to obtain the spectral reflectance ρ(λ) and transmittance τ(λ) of the diffusing layer, we measure the spectral reflectance and transmittance factors of the diffusing support with an instrument base on the d:0° geometry. Their respective expressions are, for each wavelength,
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and
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where 
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 is the Fresnel reflectance of the interface at normal incidence, 
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 is its diffuse reflectance of the interface at the paper side [see HDI062, equation (46)] and 
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 is its transmittance for Lambertian light coming from air. Since these terms, independent of wavelength, can be computed as soon as n2 is known, we can deduce 
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. After some rearrangements, we get:
(135)

 and 




[image: image481.wmf](


)


(


)


(


)


(


)


(


)


02


2002


ˆ


0


ˆ


10


l-°


rl=


l+-°


p


p


RR


RRR


%



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (137)


and
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Finally, the spectral reflectance and the transmittance of the specimen have similar expressions as equations (124)

 respectively. By multiplying them by π, we obtain the following expressions for the reflectance and transmittance factors, for each wavelength: 
(123)

 and  
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and
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Be aware of that all terms in these equations 
(140)

, except (139)

 and  GOTOBUTTON ZEqnNum202422  \* MERGEFORMAT , depend on wavelength. 


As a first application of the model, we selected glossy papers printed in inkjet with various fulltone colors (cyan, magenta, red, green, blue and black) and halftone colors (cyan and magenta inks at 50%). Figure 17 shows the normal transmittance of the blue acetate film as well as the changing of reflectance spectrum due to the presence of the film for the fulltone magenta sample. The reflectance and the transmittance of each paper covered by one film were predicted by the model above, with k = 1 in this case. The differences between predictions and measurement were calculated in terms of color distances by computing the CIELAB E94 values in respect to the D65 standard illuminant. In reflectance mode, we obtained an average E94 value of 0.46 for the 12 samples, which proves the excellent accuracy of the model. In transmittance mode, satisfying predictions are also obtained, even though slightly less accurate than in reflectance model with an average E94 value of 1.15. 
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Figure 17. Spectral reflectance of (solid line:) a magenta printed paper and of (dashed line:) this paper covered by a blue acetate film of normal transmittance 
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A second application of the model was carried out from 125 printed CMY halftones printed by a  Canon Pixma Pro9500 inkjet printer on  Canon MP101 papers, and covered them by a standard transparent film for electrophotographic printing. Predictions were performed in reflectance mode and compared to the measured spectra. Good prediction accuracy is also proved by obtaining an average E94 value of 0.50. This experiment is representative of the model's capacity to predict the change in spectral reflectance of prints when they are placed under glass or under protection film. This change in reflectance, and therefore of color, is not only due to the wavelength-dependent absorption of light by the protection film, but also on the direct reflection of light by the film and the multiple reflections of light between the film and the print. 
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Figure 18. Measured (solid lines) and predicted (dashed lines) spectral reflectances of 1 to 5 acetate films on top of (a) white PVC and (b) green paper with respective reflectance Rp plotted in dotted line. R∞ denotes the reflectance of an infinite stack of films. 


A third application of the model was based on stacks of blue acetate films deposited on top of green glossy paper and white glossy PVC. One to five films were deposited in each case. The spectral reflectances measured with a d:8° geometry (or equivalently with a d:0° geometry) as well as the predicted ones are plotted in Figure 18. The E94 values computed between predicted and measured spectra are all below 0.25 unit in the case of the white PVC and 0.49 unit in the case of the green paper, thus showing the high accuracy of the model. In the case of the green paper, we observe similar phenomenon as for film in front of a specular background: the different spectra have same value at a given wavelength, presently 500 nm. This invariance occurs precisely at the wavelength where the reflectance of the paper, 
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 of the infinite stack of films. This is well-known in the case of oil paintings, particularly regarding the art-glaze technique where a white diffusing board is coated with several weakly pigmented, almost nonscattering layers [1, 2].  

6. Multiflux models


The shortcomings of the two-flux model regarding collimated light and forward light scattering can be addressed by taking additional fluxes into account, corresponding to various angular distributions. This is especially needed when the medium is sufficiently scattering to not be considered as non-scattering, and not sufficiently scattering to be considered as strongly diffusing, i.e. Lambertian. We thus come back to the Kubelka-Munk formalism where the propagation of light in uniform layers is expressed in terms of absorption and scattering coefficients. Here, we present two classical configurations based on both collimated and diffuse fluxes: the four-flux model [22, 23], and the three-flux model [24]. 


6.1. The four-flux model


Let us consider an upward collimated flux, denoted 
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, and a downward collimated flux denoted 
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, where 
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 is the angle of incidence of the collimated beam. Looking at a slice of thickness 
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, the upward oriented flux is attenuated by 
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 due to scattering. The same process applies also to the downward oriented flux. For the collimated fluxes, there is no gain from any other flux. The variation of intensity is summarized in the following equation system:
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Applying the same matrix form as for the Kubelka-Munk model yields:
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Note that the amounts of light lost by scattering by 
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 contributes to the diffuse fluxes 
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 leads to 
(142)

 and 
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where 

[image: image504.wmf]4,,


KSh


M


 is the 
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 matrix defined as follows:
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The same calculation methods apply to this 
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 matrix denoted 

[image: image508.wmf]4,,


KSh


M


 as for the Kubelka-Munk matrix 

[image: image509.wmf],,


KSh


M


 introduced in Section 2.2, equation 
(7)

, can be calculated by diagonalization of (9)

. The matrix exponential, as defined by equation  GOTOBUTTON ZEqnNum368722  \* MERGEFORMAT , i.e. the matrix inside the exponential function in equation (144)

.


The Saunderson correction applies to 
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 the same way as described in Section 2.7 for the Kubelka-Munk model. However, another transfer matrix must be defined for the collimated fluxes  
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(82)

. Assuming  GOTOBUTTON ZEqnNum528528  \* MERGEFORMAT , the external collimated fluxes, denoted 
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 where ψ denotes the orientation of light in air, are related to the collimated fluxes in the medium, denoted 

[image: image518.wmf](0)


q


I


 and 

[image: image519.wmf](0)


q


J


, by the Fresnel angular reflectances using the transfer matrix 

[image: image520.wmf](


)


12


y


F


 defined as in equation (72)

:




[image: image521.wmf](


)


(


)


(


)


(


)


(


)


(


)


(


)


0101


01


01


0


()


0


()


()


12


1


()


1


1


y


q


y


q


q


q


¢


æö


æö


=y×


ç÷


ç÷


¢


èø


èø


-yy


æö


æö


=×


ç÷


ç÷


-y


-y


èø


èø


J


Jh


I


Ih


Jh


RR


Ih


R


R


12


F



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (145)


Combining equations 
(44)

 yields a (145)

 and  GOTOBUTTON ZEqnNum473979  \* MERGEFORMAT  Saunderson correction matrix:
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Combining equation (143)

 yields a new relation that relates the fluxes in the external medium with the fluxes at the bottom of the layer:
(146)

 and equation 
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where ψ and θ denote the orientations of light in air, and respectively in the medium. 

6.2. The three-flux model


In most experimental set-ups a Lambertian reflector is used as background for the medium to be analyzed. As a consequence the incident collimated light beam is turned into a Lambertian light flux after the first reflection on the background: 
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. The four-flux model can be simplified accordingly:
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For decades, the three-flux model was the most effective model to be implemented in color formulation packages. It offered a good compromise between precision and computation effort [11].


In the special case of a non-scattering material 
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 simplifies as follows:





[image: image530.wmf](


)


(


)


(


)


(


)


(


)


(


)


(


)


(


)


(


)


(


)


(


)


(


)


2cos


00


0


2cos


exp0000


000


00


0


0000


0


00


q


-


éù


æö


êú


ç÷


æöæö


q


êú


ç÷


ç÷ç÷


=--×


êú


ç÷


ç÷ç÷


ç÷


ç÷ç÷


êú


èø


ëû


èøèø


æö


ç÷


æö


ç÷


ç÷


=××+


ç÷


ç÷


ç÷


ç÷


èø


èø


Kh


Kh


g


Kh


K


IhI


jhKhj


ihKi


e


I


eRiI


i


e



 MACROBUTTON MTPlaceRef \* MERGEFORMAT (149)


7. Conclusions

The main interest of the two-flux models, i.e. the Kubelka-Munk model and Kubelka’s layering model, lies in the analytical expressions they provide for reflectance and the transmittance of layers and stacks of layers. This is probably the reason of their amazing success. In these analytical expressions, the parameters attached to the layers can be directly or indirectly related to reflectances and transmittances measured using a spectrophotometer, and those attached to the interfaces can be computed from the Fresnel formulas when the optical indices are known. Thanks to the extensions presented here based on transfer matrices, the Kubelka-Munk model, Kubelka’s model and Saunderson’s correction can be easily transposed to more complex configurations, for example the case of many layers with distinct optical indices. They thus enable the prediction of the visual rendering of many common colored surfaces such as inked papers, paintings, photographs, protection films… Fairly good prediction accuracy can be achieved provided the implicit assumptions of the two-flux approach are well satisfied. The Kubelka-Munk model assumes homogeneous, significantly scattering layers and Lambertian illumination. In Kubelka’s model, layers are not necessarily homogenous: their scattering and absorption coefficients can vary as a function of the depth, and in a stack, they can have distinct optical indices. The model applies with stacks of strongly scattering layers illuminated with Lambertian flux, and with stacks of nonscattering layers illuminated with collimated flux. By extension, the model also applies to stacks of nonscattering layers illuminated with diffuse flux by considering this diffuse flux as a collection of collimated rays: the angular reflectances and transmittances yielded by the model are summed up over the range of orientations of the rays. Thanks to this, stacks of strongly scattering and nonscattering layers can also be addressed provided the geometry of illumination for each layer is specified. 

When these assumptions are not satisfied, the two-flux approach may fail and more complex models must be used. The three-flux and four-flux models extending the Kubelka-Munk model, presented in Section 6, apply for example in the case of scattering layers illuminated by collimated light. There exist other approaches, for example a numerical solving of the radiative transfer equation (see [HDI062], Section 6, as well as reference [24] for the relationship between the radiative transfer theory and the three- and four-flux approximations), but they generally need modeling the optical properties of the media at small scale as well as more important computational effort, while no analytical expression can be expected. This is the reason why in most applications the two-flux approach is tested at first and, when it is not accurate enough, simple extensions are often developed hoping to reach the expected prediction accuracy. 

8. Appendix – Alternative definition of transfer matrices


The transfer matrix of a flat interface as defined in Section 4.2 by equation (82)

 becomes indefinite when the orientation of light exceeds the critical angle because the reflectance Rjk is 1, therefore the transmittance Tjk is 0. In order to prevent computational problems, we recommend using an alternative general definition for the transfer matrices where the downward transmittance is incorporated into the matrix in a third row and third column: 
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where ρ, ρ’, τ, τ’ respectively denote the upper reflectance, the back reflectance, the downward reflectance and the upward transmittance. 


These 3×3 matrices can be multiplied in the same way as the 2×2 transfer matrices without any chance of division by zero. Reflectances and transmittances are deduced from the entries 
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Let us examine what happens in the matrix product of equation 
(90)

 when a total reflection occurs at the middle interface. The transfer matrix of the middle interface,  GOTOBUTTON ZEqnNum371275  \* MERGEFORMAT , is given by 
(82)

 with the Fresnel reflectance  GOTOBUTTON ZEqnNum528528  \* MERGEFORMAT  equal to 1. After conversion into the 3×3 matrix format, we have
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With this matrix 
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, the product of matrices in equation (90)

 provides the following front reflectance for the multilayer, which contains no terms relative to the second layer or the back interface:
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The fact that no light enters the second layer is therefore automatically taken into account by the model. The downward transmittance is zero. The back reflectance and the upward transmittance, in this case, make no sense anymore. 
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