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ABSTRACT

We develop models for light scattering approprifate glossy and matte paints. Volume scattering is
treated in the single scattering regime and thiuslife scattering regime. In the single scatteriegime,
scattering is treated in the Rayleigh-Gans appration, using a Henyey-Greenstein phase function.
Interaction of the light with the smooth or rougiterface is treated in the facet approximation. the®ry for
transmissive light scattering by a rough interfatdghe facet approximation is presented. To tredtime
scattering under a rough interface, a Monte Caslwr@ach is used, where light is allowed to intexsith the
surface twice, once upon entering the material amck upon exiting. We compare the polarization and
intensity predicted by the models with experimeidaia from glossy and matte paint samples. Thatses
indicate that the new models are an improvement tieMaxwell-Beard model.
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1. INTRODUCTION

The development of accurate surface light scatiemindels based upon first-principles calculatioas & variety of
applications, including the development of inspEttiools for smooth surfacéshe sizing of reference particlédthe
interpretation of remote sensing da&nd the modeling of the appearance of automothagings’ Recent work by our
group has indicated that a significant amount dbrimation can be obtained by measuring light scatie
polarization®? While the intensity function is affected by dé&taif the scatterer, such as the power spectraiityent
surface roughness or the size and shape of a dptdatization is often a unique signature of tbattering mechanism.
For example, polarized light scattering can distis rough surfaces from those that scatter byratberces, such as

material inhomogeneity, subsurface defects, oliqudate contaminants.

Polarized light scattering measurements have ateib the scattering by rough camouflage paint ngatito
reflection from the exposed rough interfateThe coating had a colored appearance, suggehtihgcattering must be
at least partially arising from subsurface pigmetttgs hard to imagine that dielectric functionfspaint materials and
the absence of thin dielectric coatings could yisldficient spectral variation to provide the colufrthe material.
Furthermore, the polarization properties fit thatsering by a rough surface only if the index dfraetion of the
material were allowed to be unphysically small.

In this article, we investigate the scattering lykidiffuse scatterers under smooth surfaces antarpresence of
surface roughness. The results indicate that mfithe polarization signature observed by the sdaty by the rough
coating can be attributed to subsurface scatteviity, the interaction with the rough surface taketo account. The
results are more consistent with the observed data.

2. THEORY

In this section, we outline the theory for diffuseattering under an interface. First, in Sec. &d describe the
polarized phase function that we use for volumdtsdag. Next, in Sec. 2.2, we use the phase fonaescribed in
Sec. 2.1 to calculate the singly scattered lighttewra smooth interface. In Sec. 2.3, we calculagescattering in the
total diffuse limit under a smooth interface. l&cS2.4, we calculate the scattering in transmisbioa rough surface in
the facet approximation. Finally, in Sec. 2.5, eedculate the scattering of a diffuse material uradleough interface,
using a Monte Carlo implementation of the theorgatibed in Secs. 2.1, 2.3, and 2.4.



In much of the following, we are concerned with aeller matrix probabilityP dQ that a ray traveling from a
direction defined by polar anglé and azimuthal angleg = 1t will scatter into a solid anglelQ about a direction
defined by polar angl#, and azimuthal angle, , wherej is r for reflective scatter and t for transmissive scattee Th

Mueller matrix bidirectional scatter distribution function SBF) is commonly used to characterize the scatter
distribution***and is defined as

f =P/cosg;. (1)

The BSDF is often referred to as the bidirectigeflectance distribution function (BRDF) for refta@ scatter, and the
bidirectional transmittance distribution functid®T(DF) for transmissive scatter.

2.1. Polarimetric phase function for single volume scattering

The angular dependence of volume scattétiigyoften characterized in terms of a phase funcgd), which

describes the probability density that an intecactvith the material will result in a ray scatterian angled. The phase

function, which is normalized to unit probabilifg,a scalar description of the scattering proceslsnaust be adapted to
enable its use in a polarimetric context. It isnooon to employ a generalized phase function tordesthe scattering

by an arbitrary scatterer, whose properties ar&knaivn well enough to provide anpriori phase function. By far the
most common phase function in the literature ig firaposed by Henyey and Greensteio describe scattering by
interstellar dust:
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The parameteg is the average of the cosine of the scatterindeandror g =0, the phase function describes an

isotropic scatterer, and asincreases, the phase function becomes more syrgpeglked in the forward direction. To
adapt this function to a polarimetric context, \eat the phase function as a Rayleigh-Gans formefa@/e begin by

defining a basis set for describing the polarizatidf the incident direction is propagating alceginit vectorl?l, and

the scattering direction is along a unit vecEqr, then an appropriate basis set in which to desdtib scattering matrix
is given by the four vectors

8, =k, xk, /| xk |, & =k, x6,, §,=6,, and#, =Kk, x8,, ©)

where the vectors with subscript 1 and 2 are usethé incident and scattered light, respectivéhg intend to create a
phase function whose probability for scatteringhwitnpolarized incident light is given by Eq. (2)dawhose
polarization properties match that expected from Rayleigh-Gans approximation. The dyadic relatimg incident
amplitude to the scattered amplitude is thus asdumbe proportional to the projection dyadic

P=0,0,+7a,m,. (4)
The Jones matrix for scattering can be found byyapgpthe basis vectors in Eq. (3) to the dyadieegiin Eq. (4):
J - é\;ZEb[&l &zmﬁl — 1 0 (5)
WA, b6, #,pEF,) (0 cosd)’

We choose to normalize the Rayleigh scattering @énad so that the probability for scattering unpiaked incident
light is unity. Therefore, the scattering Muelheatrix is proportional to

2M (‘] vol )

(1+cog@) ©)

where the functiorM(J) represents the Mueller matrix equivalent of a §ovectorJ, given in standard texts on the

subject*® We can then adapt the Henyey-Greenstein phasgidanto polarimetric applications by multiplying
Eq. (2) by Eq. (6):



(1_92) M(Jvol)
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We should note here that there is some arbitragiadspted in our derivation of Eq. (7). We couttvénr foregone the
normalization given in Eq. (6), which would have daathe choice off = 0 correspond to the Rayleigh scattering
function. We chose instead to keep the meanindi®fphase function as a description of a probabdisgribution.
Since the Henyey-Greenstein function is only anigog) parameterization of the phase function, ¢theice here is
one of personal taste.

2.2. Single volume scattering beneath a flat interface

We now develop a theory for reflective scatterifidight by a volume diffuser beneath a smooth ifstee. There
are two limits that we consider: the single scattglimit and the diffuse scattering limit. In tlmext section, we will
consider the diffuse scattering limit. In the $éngcattering limit, discussed in this section, amy consider a single
interaction with the volume diffuser. That is, rare allowed to be incident upon the material afinto the material,
scatter once using the phase function given in &d¢.and refract out of the material. All raysiethscatter more than
once in the volume are ignored.

We begin by defining unit vectors which are coneanifor describing the electric field for variowsys. For any
ray propagating in the direction of unit vector, we define polarization vectors
§:I2><ﬁ/|l2><ﬁ| and p =k x8, (8)

where i is the surface normal, which in this section is #ame as the unit vector in théirection, 2. An index is
affixed to these vectors to indicate those assediatith the incident direction (i) or the reflectéstattered) direction
(n. A prime is affixed to these unit vectorshey represent propagation inside the material.t ihéy Snell’s law,

kxA=nk'xf, (9)

where n is the index of refraction of the material. Theadic relating the incident amplitude to the trarttani
amplitude of the incident ray entering the matdsajiven by

t = (155 +4,PB) . (10)
where the amplitude transmission coefficients greand t,, evaluated at the incident direction for s and fagpred
light, respectively. The equivalent dyadic for g tiaansmitting out of the material is

- ncosf , .. ~ A
t =———T1(tSS +t ). 11
r COSHr (I’S ™~r rpp rpr) ( )

where the amplitude transmission coefficiertis,and t,,, are evaluated in the scattering direction fohtligncident
from the air. The net scattering dyadic is thuggiby combining Egs. (4), (10), and (11):

n ncosfd' ,, . A Al A A A A arn A
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The Jones matrix associated with Eq. (12) is
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The Mueller matrix ray energy equivalent of Eq.)(I&2

ncosd co® n?> cof ¢ g
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where we have included factors which account ferdmplitude/ray energy relationship. The factdatieg a solid
angle inside the materi@Q; to that outside the materidl, is given by
d_Q’r _sing
dQ, sing,

_ cod¥,
n’ cod

(15)
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Suppose that the material has a scattering mearp&thl. Then the probability that a ray will scatteraadlistance
betweené and & +dé in the material will be

P(E)AE =T exptE ) E (16)
The probability that the ray will travel a distaratdeasté is given by
p.() = [, €N = expt-£ 1), (7)

Therefore, the probability that a ray incident desthe material at an angl# scatters at a depthinto an angleg, ,
and makes it back to the surface is given by

Ps(2)dz= p,(2)p,(2) dz =

cosd expfz /{ cod )]exptz A cof )k (18)

If we consider all scattering depths, the probgbdf a ray scattering once and returning to théase is given by

o cosf,

= dz=——r . 19
b=, PRdz= g (19)

The net Mueller matrix BRDF is found by combiningsE (1), (6), (14), (15), and (19):
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An implementation of the theory described in thst®on can be found in trecATMECH library*® of scattering codes, as
FIRST_DIFFUSE BRDF_MODEL.

2.3. Totally diffuse scattering beneath a flat interface

In the limit of completely diffusive scatter, wesasne that the BRDF of the underlying material italtg
depolarizing and is a constant given pyz , wherepis the reflectance of the material. The Muell@tnix probability

of an incident ray scattering into a directigh and into solid anglelQ is then given by



D(p/n)cosd (21)

where D is the unit depolarizing Mueller matrix. The fractiof the diffusely scattered light which is refiesd by the
exposed interface is the weighted average refleetahthe top surface:

_ 11
R—E_.'Eﬂrp(a)

2 +|rs(9;)|2] cos. @' . (22)

wherer,(8) (j =s, p) is the internal reflection coefficient. Tiwgal intensity incident upon the diffuse mateigathat
incident upon it directly, plus that which is di§ely reflected by the material but reflected batth it by the exposed
interface. Therefore, the amount of light incidepon the material relative to that directly ingitlepon it is given by

1+ pR+ (pRY + (pR) ++- = — . (23)
1-pR

The Mueller matrix transmittance for light transtinigy into the material is given by

r (t, O
ncosé, M . (24)
cosé 0t
The Mueller matrix transmittance for light exitittyough the exposed interface is given by
r (t. 0
nCOS@r M rs . (25)
cosd, 0 t,

In Eq. (25), we have made use of the reciprocityhef transmittance. As in Sec. 2.2, the transmissaefficients in
Egs. (24) and (25) are those for light incidentnfraghe air, evaluated at the incident and refleatiéections,
respectively. The net Mueller matrix probability fan incident ray scattering into directi@nabout solid angl&Q, is

found by combining Eqs. (21), (23), (24), and (25):

(1, 0 (. 0
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That is, the Mueller matrix BRDF is given by
(o/m) cosd co®
=M. A r L, 27
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where the matrixM,,, has four non-zero elements:
Mdiff,OO = (ltrs F + |trp F)(Ls 1+ tip 2] )/‘
Mdiff,Olz(ltrsF+|trpf)(tis1_ tip 1)1 (28)

Mdiff,lO :(ltrs F - |trp F)(Itﬁ 1+ tip ﬂ )/‘
M1 = (It f- It )k, f- tio 1)1+

We have verified that for an infinite, non-absothsubstrate, i.e., fop =1, that the system has unit total integrated

reflectance. An implementation of the theory désadiin this section can be found in theATMECH library*® of
scattering codes, asHPUSE_SUBSURFACE BRDF_MODEL.



2.4. Rough surface scattering in transmission

Reflection scattering by a rough surface in theefapproximation is well known and discussed intklep the
literature™®%% There exists, however, very little discussionfatet scattering in transmission, and that whicistex
lacks theoretical basf3.In this section, we develop a theory for transimésscattering by a rough surface using the
facet approximation. We begin by assuming thattlugh surface is isotropically rough and can baté® as a locally
flat surface, with a local surface normal givenspherical coordinates by a polar andle and azimuthal angleg, .

The local slope is given in theandy directions by, =tang, cosg, and {, =tang, sing,, respectively. The surface

statistics can be described by a slope distribitiontion P({), where{ = ,/Zf +Zy2 . This function is defined such
that the probability o, being betweer(, and{, +d{,, and{, being betweer?, and {, +d{, , choosing a point
uniformly on the mean surface plane, is

P({)d{,dd, . (29)

A ray which is incident upon this rough surfacehndt direction given by unit vectdEi and which transmits into a

direction given by unit vectoﬁ‘ is assumed to have struck a single interface miewith a unit surface normat,
such that the rays are related by the Snell’s law:

k,xfi=nk, xf. (30)
wheren is the index of refraction of the substrate matefsivenk, , k,, andn, we find that
A ==%X(sind —ncosy sird, )DFyn sig sifh Dz c&- cés P/ (31)

are solutions to Eq. (30), where

D :\/1— 2ncod) cod,— @ si sl cgs+n’. (32)

We choose the signs in Eq. (31) so thaztbemponent off is positive. The local angle of incidence onte thcet is

1, = arccosk, [ |, (33)
and the local angle of transmittance is
1, = arccosk, [ ). (34)
The slope of this facet is
¢ =[(n/n)?*+(n,/n)? "= (35)

The angles given in Egs. (33) and (34) must liesvbeh 0 andv2 in order for the analysis to be valid. Thatere are
combinations of incident and transmitted directiforswhich no facet can exist with positive slopattrefracts one into
the other.

The probability given in Eq. (29) is for points galed uniformly on thexy plane. If one considers the slope
distribution for points sampled uniformly on a pdaperpendicular to the incident direction, thathe probability for
striking a facet of a specific slope, then one has

P'(¢) 0 P({)cos; sed,. (36)

To normalize this distribution function, we assutinat the slope distribution is sufficiently narrdat {cosq) O cod .
Then

P'({) OP({)cos, sed sef, . (37)



The probability distributionP'({) is the probability per unit differential slopd(,d{, that a ray will scatter into a

direction k,. We are interested, however, in the probability peit solid angledQ, =sing,dd,dg. We make the

necessary change of variables in two steps. , Fiestchange from slope coordinates to solid angtgemided by the
surface normal using the factor

dZ,d 0,108, 9{, /0
Zx Zy _ 1 ‘ Zx n ZX ¢n :Seéé’n. (38)

dQ,  sing,|0¢,/08, 9,104,

Next, the ratio of the differential solid angledb®nded by the surface normd®, to that subtended by the scattering
direction, dQ, , is found to be

dQ, _sing,|06,/06, 0¢,108,
dQ, ~ sing, |06, /0¢ a%/aﬂ‘
=(n*{{ 3 +cos20,)cod } coy sin@ sl + cés Cud+ (39)
co§, (t @ cag s h+ n2- S NP n(osd - cod )

We let the transmission coefficients for light ikent onto the surface at an anglée t; andt, for s- and p-polarized
light, respectively. The transmission dyadic igegi by

tface'[ = (éfgt + ﬁ tﬁlt) mgtgits-'_ ﬁ'pyltp) mgi’éi + ﬁ:ﬁ) 1 (40)

where

é’j:lz.xr“\/|k.><ﬁ|, Pl =k, x8

(i =i, t) are unit polarization vectors in the glbbhad local coordinates, respectively. After asidarable amount of
algebra, we find the Jones matrix associated Withdiyadict,

facet *

1 [(tpaZ +ta) (t A, ta gj

J. = 41
facet ,—Fle (tpa3 _tsa4) (t pa_l+t a ) (“41)

where
a =(cosl, sird. + cog, cod cdg )cs &n apste, +
(cosd, sing + cog, cad s#) )cés
a, =sing, sin@, - @,)sif 6,
a, =[cos@, sing, sird,+ cof, sim, s, cag(—@, )Ih
a, =(cosg, sing, + cog, cod sH), )sth sm(-@,
F, =2cosp co®¥ cod, sifi sth+ co8 S+ (bgs B ‘gin  J8in
F, =sin’ g, sirf g, sirf (g, — @, }+ (cop, cad, s+ cgs s 6ir+) (6os @innbsi cod, sinp, sid,)
The Mueller matrix transmittance is
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=—"""tM(J 42
facet cos. ( face) ( )
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The Mueller matrix BTDF is thus found by combiniigs. (1), (37), (38), (39), and (42):

dQ_ncos, setd
Frager = 0 P(Z)M(J 43
facet th Coﬁ CO:ﬁt (Z) ( facet) ( )

An implementation of the theory described in thgst®on can be found in trecATMECH library*® of scattering codes, as
Facer_BRDF_MODEL.

2.5. Single and diffusive volume scattering beneath a rough surface

Reflective scattering by a diffuse substrate bénaatough surface requires combining the modelsritbesl in the
sections above. Any ray which scatters in theuddf substrate and is re-reflected must necessardigrgo at least
three scattering events, two at the rough surfackame in the bulk. For that reason, there musarbeappropriate
averaging over the propagation directions in thi&.b@his averaging can be performed in a varidtways. Here, we
chose to perform the averaging by a Monte Carldhotstwhich we outline below.

We begin by choosing a slope distribution functiand creating a random surface normal generatbreépeoduces
the particular distribution when sampled uniforroly thexy plane. Due to the assumed isotropy of the surfaueh a
distribution is uniform in azimuthal angle, , and so one only needs to select anglesWe must create a second

random surface normal generator which reproducesligiribution sampled uniformly by the incidenysgropagating
at an oblique angle. For oblique incidence, tlgsosd distribution will not be uniform i, . If our external

propagation direction i& (and this can be an incident or a scattered dimggtwe choose a surface nornfalfrom the
distribution using the first random surface normgaherator. We then determine the projection ofitbi@ent direction

onto that surface normak [, and, if the projection is positive, we choosendarm random number in the range
(0,1). We continue to choose surface normals uhél uniform random number is less than the prigect The
resulting surface normal will reproduces the disttion sampled uniformly by the incident rays.

We assume that the scattering occurs deep enotmlthia material that the facet that a ray enteesntiaterial is
different than the facet the ray exits. For a giimcident and scattering direction, we choose swdace normals, one
for the incident direction and one for the scatigrdirection. By Snell's law [Eq. (30)], these bamiquely determine
the directions of propagation inside the mateadakl the Mueller matrix transmittance through theefs. We then
apply the scattering functions given by Eqs. (4 €21l) to determine the probability for single andltiple scattering
into this direction. We average the resulting tecatg probability over an ensemble of pairs offate normals.
Generally, about 50 pairs of surface normals aggired to obtain sufficient statistics to matchttb&the data, and
about 5000 pairs of surface normals to obtain aosmourve. We also calculate the direct reflectiwattering from the
rough surface in the facet approximation, usingslepe distribution functiof®**?° This contribution is added to the
total calculated scatter.

3. EXPERIMENT

Measurements were performed using the Goniometpiic@l Scatter Instrument (GOSI) at NI& GOSI is a
laser-based angle-resolved scattering system havinigh angular resolution, wide dynamic rangel, fiolarimetric
capabilities, and the ability to measure scatteiingnd out of the plane of incidence. Measurememi®e performed
using a fixed incident anglég( = 6C), scanning the scattering angle in the plane c@flence and using either a HeNe
laser { = 632.8 nm) or a HeCd lasek € 441.6 nm). While the instrument is capable df Mueller matrix
measurements, only measurements of the Stokes weete performed, using atcident polarization, a configuration
which yields a high degree of discrimination betwseattering sources. For measurements carriedt@41.6 nm, an
interference bandpass filter was used to remové aidbe sample fluorescence from the signal.

The intensity and polarization of the scatteredntligs characterized by the polarization-averagetirdxitional
reflectance distribution function (BRDH), the principal angle of the polarizatiop(measured counterclockwise from
s-polarization when looking into the direction abpagation), the degree of circular polarizati®a, and the total
degree of polarizatior?. These parameters can be obtained from the Spaltameters. While use of the linear Stokes
parameters simplifies many calculations, presemmatif data with the parameters Pc, and P often simplifies



interpretation. In particulary and Pc parameterize the polarization state of the pagripart of the beam, while
characterizes the unpolarized part. Furthermanepfany scattering mechanisms and experimental gem®,Pc is
close to zero, so thgtalone distinguishes amongst dominant scatteringhar@sms.

All of the measurements were performed on nineedifiit spots on the sample. The statistical sowtesror are
believed to dominate the uncertainty in these measents. Therefore, all experimental data are shasv marks
whose length represent the standard deviationeofrtban of the measurements or 68 % confidenceslevel
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Figure 1. (left) The BTDF, normalized to its peak value, frvariety of Gaussian slope distribution functions
calculated using the facet scattering model insimsiasion. The standard deviation of the slapes indicated in the
figure. The incident angle was 60° and the indesefsaction was 1.5. (right) The sine of the BTiMéighted-mean
of the scattering angle as a function of the sirt@@incident angle for the facet scattering madetansmission.

4. RESULTSAND DISCUSSION

Figure 1(left) shows calculated BTDFs, normalizgdteir peak values, for scattering in transmissama variety
of slope distribution functions. The material vessumed to have an index of refractiomof 1.5, and the incident
angle for the calculations wag =60°, which corresponds to a normally refracted andlefo=35.3. The facet

distribution functions were all Gaussian in slop&h different slope standard deviatioos For the narrowest slope
distribution, the angle at which the BTDF peaksupsds até, = 36°, close to the normal refraction angle. As the slop

distribution widens, the BTDF widens and the pdaiksto larger angle, eventually approaching netirté same angle
as the incident angle. This behavior is charagtierof scattering by surface facets in transmissifs the distribution
gets wider, those facets which present themselvest strongly to the incident beam dominate theribistion as
observed by the incident beam, and these facetxtéhe angle the least. In Fig. 1(right), wewlibe calculated sine
of the mean refraction angle as a function of tme ©f the incident angle, for different For narrow slope
distributions, the results show a linear relatiogpshkith slope 1, as expected from Snell’s law. As the distribatie
widened, the results indicate that the mean saagt@ngle follows Snell’'s law approximately, butthva substantially
lower index of refraction.

Figure 2(left) shows measurement results for tlatexing by a glossy white paint, measured ugirg632.8 nm,
along with calculated results for totally diffuseattering beneath a smooth interface (solid curv&he index of
refractionn was approximately 1.5 and the substrate diffuieatancepwas set to 0.93 to obtain good results. The
theory predicts the principal angle of the polai@a; to be +90°. In the near specular direction, tbattering is
dominated by the roughness of the exposed interfane the polarization in this region confirms thigerpretation
(dashed curve). In the rest of the measured rathge calculated BRDF and the polarization stateches the
measurements very well. The shape of the BRDFetample, shows a large flat region curving dowreir large
angles, which results from the angle dependenc¢heftransmission coefficients. The scattered lighhighly
depolarized, except at large angles, where therdifice between transmission of s- and p-polarigéd desults in an



excess of p-polarized light and a rise in the degEpolarization. There is also no measurableaegf circular
polarization. For most of the measured rangeditextion of the polarization is poorly defined,edio the low degree
of polarization.
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Figure 2. (left) Light scattering parameters for a glossyitetpaint measured at= 632.8 nm. The model curves
represent the subsurface diffuse scattering madid] and the facet scattering model (dashed)easribed in the
text. (right). Light scattering parameters for asgly red pigmented paint measuredl at 441.6 nm. The model
curves represent the facet scattering model (dottdte single volume scattering model (dashed), &mel
combination model (solid) as described in the text.

Figure 2(right) shows measurement results for apigthented paint coating, measuredlat 442 nm, where the
reflectance of the material is relatively low. this sample, it is expected that the signal willdmminated at large
angles by single volume scattering in the pigmetagdr. Fig. 2(right) shows three theoretical @sfor the parameter
n. The dotted curve corresponds to that predictethb reflective facet scattering model and agree with the
experimental data for a region near the specutaction. The dashed curve corresponds to thaigiesl by the single
volume scattering model under a smooth surfacegtwagrees fairly well with the experimental datadagles farther
from the specular direction. The agreement at lage angles is not perfect, however. A thircbtieical curve was
hand-fitted with an incoherent combination of tb#ective facet scattering model, the single volwsoattering model,
and the totally diffuse volume scattering modeheTagreement between the combination model andxperimental
data is very good. The results for the combinatioodel are also shown fd? and the BRDF, and reasonable
qualitative agreement is observed. The combinatiodel is very similar to the model developed byxMell-Beard?
but differs in a number of features. The MaxwedalBd model does not fully describe the polarizatitate, does not
include material refraction, and accounts for thétiply diffuse scatter with only a Lambertian termithout including
the interface as described in Sec. 2.3. The Md®edrd model, however, includes a geometrical shaay and
obscuration factor, which we have chosen to ighere.

Figure 3 shows measurement results for scatterin@ lgreen chemical agent resistant coating (CARThis
coating is very rough and exhibits no speculaectibn peak. Data taken from a similar sample wtespreted in the
past using a facet scattering model. However, astioned in the Introduction, it is difficult to gencile the color
(spectral dependence) of the scatter with any digere on the dielectric function of the materidgteTsolid curve
passing through the data represents a calculafidheoscattering by a diffuse material under a tougerface, as
described in Sec. 2.5. The index of the binderen@twas assumed to be 1.5. The facet distributvas set to be
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exponential in slope with a rms slope of 2, the yégnGreensteiig-factor was set to be 0.3, and the subsurfacessiffu
reflectancep was set to be 0.05. Despite the large rms slapshadowing was included in the calculation. Tiveas
no attempt to optimize these parameters, so thegjodmecessarily represent best fit parameters. iideh of the
parameter; to the measured values is very good. This isiquéarly significant, since this parameter was used
previously to justify the use of the reflective éascattering model for a similar sample, albethvain unrealistic index
of refraction'® The dashed curve represents the results of thectigé facet scattering model, usings 1.5. While a
very good agreement can be obtained usirgl.2, such an index of refraction is unreasondtde the CARC sample,
we find reasonable agreement between the Mont® @Gatel and the measured data without resortirag tonrealistic
index. While other aspects of the calculation apé an perfect fit to the measured data, it can besicered to be
surprisingly close considering the simplicity oetimodel and the lack of treatment of effects suglstzadowing,
retroreflection, and diffraction. While the modkdes not predict any circular polarization, theitold of the effect of
absorbing pigments to the model would be expectedrhedy that deficiency.
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Figure 3. Light scattering parameters for a green chemigahgresistant coating (CARC) measured at632.8 nm.
The model curves represent the predictions of #fieative facet scattering model (dashed) and thuntl! Carlo
model described in the text (solid).

The Maxwell-Beard model has been used with quiket @f success to model the scattering by diffusattering
paints? Even if the model is extended to account forgblarization behavior of the facet and volume sttt terms,
it does not account for refraction into and outref material. For very rough surfaces, howeverfowad above that
refraction from a rough surface tends to occur ainaller angle than that predicted by the Snedlig, land seems to
follow an approximate Snell’'s law behavior withigrsficantly lower index of refraction. This findg might explain
the apparent success of the Maxwell-Beard modeVdoy rough surfaces. Very rough surfaces enaideto ignore
refraction in the material. What we hope to hageelbped here is an improvement on the Maxwell-8eandel that
extends the range of materials that can be modeled.
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