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Figure 1: Our polydisperse micrograin-based BSDF model enables the representation of complex material appearances composed of multiple
non axis-aligned microscopic ellipsoidal elements. The car bodywork material consists of (a) a smooth aluminium bulk surface painted with

(b) flat, isotropic bluish particles and (c) elongated, oriented gold glitter. (d) A dusty appearance can be simulated by adding small, diffuse
micrograins, which affect retro-reflection at the object’s silhouette.

Abstract

We introduce a discrete polydisperse micrograin BSDF model for the rendering of porous surface materials composed of
microscopic elements of different size, shape and reflectance distributed on a bulk medium. Our approach generalizes the
anisotropic monodisperse micrograin model We first reformulate it in a non-axis-aligned configuration, allowing for the later
combination of different micrograin types elongated in arbitrary directions. We then extend the monodisperse model to the
polydisperse case, deriving its three key components: (i) a general filling factor that controls the mix between micrograins and
the bulk medium; (ii) an exact normal distribution function for surfaces composed of polydisperse micrograin distributions;
and (iii) the corresponding fully-correlated shadowing and masking term. This results in an analytical single-scattering BSDF
for discrete polydisperse surface materials, validated over ground truth simulations, for which we also derive a dedicated
importance sampling procedure. Our model supports varying heights and anisotropy orientations of different micrograin types
as input, giving additional control to simulate phenomena like retro-reflection from mixed materials, color mixture depending
on lighting and observation directions, multiple directions of anisotropy, etc.

CCS Concepts
¢ Computing methodologies — Reflectance modeling;

1. Introduction
Many natural or man-made materials are polydisperse: they are

composed of microscopic elements of different shapes, sizes and
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reflectance properties. The modeling of such polydisperse me-
dia is a difficult endeavor, with most previous work in Com-
puter Graphics focusing on volumetric materials having granular
(e.g., [MPH*15, MPG*16]), or layered (e.g., [EKMO1, JDIM14])
structures. In granular materials, polydispersity is handled through
simulation due to the difficulty of finding analytical solutions to
all the interactions that may occur among diverse microscopic el-
ements. In layered materials, a solution is to discretize a layer in
depth and to numerically combine the impact of thin sub-layers.

In this paper we focus on materials that have a porous surface,
composed of aggregates of microscopic elements of different sizes,
shapes, and reflectance, all distributed on the same bulk medium.
The recent micrograin formalism [LRPB23, LRPB24, LPB25]
deals with porous surfaces, but it is restricted to the mono-disperse
case: micrograins are half-ellipsoids having all the same size, shape
and reflectance. The main goal of this paper is to extend the micro-
grain formalism to the polydisperse case. As in the monodisperse
case, we only focus on single scattering in our approach, and leave
the extension to multiple scattering (e.g., see [ZSL*25] for a first
monodisperse solution) to future work.

Our key idea is to combine a finite number of different types
of micrograins — which we call discrete polydispersity — with the
objective of retaining the key properties of the micrograin formal-
ism: control over the filling factor, anisotropic normal distribution
functions and fully-correlated visibility terms. In terms of appear-
ance, the goal is to provide control over the optical mix of the dif-
ferent components (due to the micrograins of different types and
to the bulk medium on which they lie); to allow for highlights of
different sharpness, color and elongation across a surface; and to
generate interesting retro-reflection and grazing angle effects. An
important property of our approach is that it should be equivalent
to the monodisperse case when a single type of micrograin is used.

We first recall in Section 3 the basic different terms and formula
of the monodisperse micrograin model [LRPB24]. The original for-
mulation was given for an axis-aligned configuration, assuming the
full BSDF would later be aligned with local surface tangents. How-
ever, in the polydisperse case, different micrograin types may be
aligned in different directions. We thus also reformulate the origi-
nal monodisperse model for the non axis-aligned case in Section 4.
We then extend this formulation to the polydisperse case in Sec-
tion 5. This requires extending all three basic elements of the mi-
crograin formalism: filling factor, normal distribution function and
shadowing/masking term. We show the resulting polydisperse mi-
crograin BSDF is a generalization of the monodisperse micrograin
BSDF as required. We also describe an importance sampling rou-
tine for our polydisperse model in Section 6, which properly re-
verts to the monodisperse routine when a single type of micrograin
is used. Our model is validated against reference simulations and
compared to other models in Section 7, showing both its accuracy
and specificity. We illustrate the appearance effects afforded by our
approach in Section 8 and discuss its limitations and future exten-
sions in Section 9.

2. Previous work

Initially introduced by Torrance and Sparrow [TS67], the mi-
crofacet theory models the appearance of a rough microsurface

by considering stochastically distributed microfacets, with orien-
tations following a Normal Distribution Function (NDF). First
introduced to the computer graphics community by Cook and
Torrance [CT82], the model assumes mirror-like microfacets,
though the theory can also be extended to Lambertian micro-
facets [ON94, HD15]. Masking and Shadowing between micro-
facets are accounted by the Geometrical Attenuation Factor (GAF),
which is typically computed using Smith’s derivation [Smi67]. In
recent years, both the NDF [WMLT(07, DWMG16, RBMS17] and
GAF [vGSK98, APS00, RDP053, Heil4, TRM*25] have been the
subject of extensive research aimed at broadening the range of ap-
pearances that microfacet theory can represent. Although micro-
facet theory is limited to single scattering, various approaches have
been developed to account for multiple scattering among micro-
facets [HHdD16, XH18, LJJ*18, Bd22].

One limitation of basic microfacet theory is its assump-
tion that all microfacets exhibit identical optical behavior prop-
erties. To address this issue, a straightforward approach in-
volves blending of multiple microfacet-based models while en-
suring energy conservation [KSKO1]. This blending can be
implemented vertically, as a layered stack, where rough in-
terfaces are each modeled using a microfacet-based model
(e.g., [JDIM14, WWO07, MBT* 18, GHZ18]). Lateral blending has
also been explored, yielding hazy gloss effects [BPV18]. It may
also be used for the representation of porous materials [MDGO02],
in which case pores are modeled as cylindrical cavities with a dif-
fuse reflectance, with the base surface and pores combined using an
empirical porosity parameter. D’Eon et al. [{BWZ23] employed a
height-based mixture of multiple microfacet distributions to enable
retro-reflective effects at grazing angles.

Microfacet theory can be further refined to simulate other types
of effects. Some approaches adopt a volumetric description, replac-
ing microfacets with microflakes [JDJM14, DHd16, WIHY22].
However, these volumetric approaches do not reproduce the
grazing-angle visibility effects observed in porous surface-based
models. Recently, Lucas et al. [LRPB23, LRPB24, LPB25] intro-
duced a novel microsurface representation based on micrograin the-
ory. Half-ellipsoidal micrograins, each sharing the same BSDF and
axis aligned elongation, are deposited atop a bulk surface. The au-
thors derive an exact, height-dependent, and fully-correlated GAF
that accounts for correlations between both incoming and outgo-
ing directions. Additionally, they proposed an accurate weighting
scheme for mixing contributions of the bulk surface and the micro-
grains. Zhou et al. [ZSL*25] took an initial step toward incorporat-
ing multiple scattering effects. However, their model remains lim-
ited to a biased version of micrograin theory, relying on the Smith
GAF rather than the fully correlated formulation.

3. Micrograin formalism

A fully-correlated anisotropic micrograin BSDF model has been
proposed to render porous materials by Lucas et al. [LRPB24]:
It improves their own model [LRPB23] by adding an anisotropic
NDF and an exact shadowing/masking term. The model assumes a
uniform random distribution of identical micrograins (opaque half-
ellipsoids) laid on a base bulk medium of arbitrary (potentially
transparent) appearance. The BSDF f (i, 0) is then defined as a mix-
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ture of the micrograins BRDF f¢(i,0) and bulk BSDF f3(i,0):
f(i70) :T()fg(ivo)+Vp(i30)f3(ia0) (D

where 1o € [0, 1) is the surfacic filling factor that controls the cover-
age of micrograins, V,(i,0) = (1 —19)G%(i,0,0) is the visibility
of the bulk interface in both incident direction i and outgoing direc-
tion o, with GY*!(i, 0, 1) the height-dependent distant bidirectional
GAF evaluated in this case at 7 = 0.

Filling factor The filling factor T is a fundamental property
of the micrograin model. In its general formulation, it defines a
height- and direction-dependent coverage of micrograins. Lucas et
al. [LRPB24] have shown that it is directly related to the projection
area ¢ of a single micrograin at height 4 from a direction d :

T(h,d) = 1 —exp(—po(h,d)), (2)

with p is the the micrograin density. The surface filling factor 7
of Equation 1 is defined as the micrograin coverage at the bulk
interface (i.e., at h = 0), projected along the macrosurface normal n:
in case of half-sphere micrograins, Ty = 7(0,n) with 6(0,n) = />
where r is the micrograin radius.

Normal distribution function

The NDF provided in [LRPB24]Section 4.1 allows to stretch the
micrograin shape anisotropically along two axis-aligned directions,
controlled by two roughness parameters Bx and By. Considering a
normal m’ on a spherical micrograin surface (i.e. Bx = By = 1), the
NDF D(m’) is defined as:

—In(1 —19)(1 —10)"™ O’

N — 3
D(m') = p— 3)

The subsequent non-axis-aligned micrograin (Section 4) and the
polydisperse extension (Section 5) are built upon this definition.

Shadowing and Masking term In the original micrograin
model, the GAF is classically composed of local and distant terms:
G(i,0,m,h) = G (i,0,m) GY*'(i,0, ), with the specificity that
the distant GAF also depends on the height A. For conciseness, we
also adopt the unidirectional notation de(v,h) when a single di-
rection is involved, following the conventions of the original micro-
grain formulation. The distant GAF is also used in the V), term of
Equation 1 for & = 0. To account for anisotropy, Lucas et al. com-
pute visibility terms on spherical micrograins after applying the
inverse of the stretching transform M = diag(&, B%, 1), and stretch

the result back to account for anisotropy [LRPB24]Section 4.2.

4. Non axis-aligned monodisperse micrograin

Here we introduce a more general form of non-axis-aligned
anisotropy, on which our polydisperse micrograin BSDF model
will be based.

Normal distribution function We extend NDF through a
3 x 3 homogeneous matrix M, which performs a non-axis-aligned
anisotropic stretching of the surface, with detM # 0 to avoid a van-
ishing of micrograins.

Following the established property of the filling factor recalled
in Equation 2, we rewrite the surface filling factor 1 as:

19 = 1 — exp(—pmr® | detM|) @)
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where we have used 6(0,n) = nrz\ det M| to account for anisotropy.

The non-axis-aligned anisotropic NDF is then expressed as:

detM ’
Dlm) = e D), ©
where D(m’) is defined in Equation 3, m’ = % is the normal
transformed back to spherical micrograin space, and the stretched
surface filling factor of Equation 4 is used for Ty for proper normal-
ization. Derivation details and the corresponding importance sam-
pling routine are given in Appendices A and B respectively. The
axis-aligned NDF is retrieved when M is a diagonal matrix.

Also note that since Ty is exposed as a material parameter, neither
p nor r need to be explicitly provided in the monodisperse case.

For shadowing and masking term, the process remains un-
changed when using a non-diagonal stretching matrix M.

5. Polydisperse micrograin BSDF model

We extend the monodisperse micrograin model to the polydisperse
case by considering that the microsurface is covered with a finite
number N of different types of micrograins, each having their own
size, shape and reflectance properties. An illustration is given in
Figure 2[a,b], for N = 2 types of micrograins.

Since micrograins of different types may intersect, our model
remains a mix between a micrograins BRDF (of different types)
and a bulk BSDF, having a form very similar to Equation 1:

f(i,0) =T fe(i,0) + Vs (i,0) f5(i,0). (6)

The only difference with the monodisperse case is that %y, f and
V), now respectively denote the surface filling factor, micrograins
BRDF and bulk visibility due to the global distribution of micro-
grains (i.e., considering all types of micrograins). We begin by de-
riving Ty in Section 5.1. Next, in Sections 5.2 and 5.3, we introduce
the two main ingredients of f,, namely the polydisperse NDF and
GAF,; the latter being used to define Vp. Both the NDF and GAF
are lastly incorporated in the diffuse and specular terms of f; as
detailed in Section 5.4.

5.1. Global filling factor

The filling factor remains a fundamental property of the polydis-
perse micrograin model. We refer to it as the global filling factor to
denote the coverage made by micrograins of all types.

Denoting by p the combined density of all different types of mi-
crograins, the density of the ith type is defined as ®;p, where ; is
a weighting factor with Zﬁy: 1 ®; = 1. Using a weighted sum of the
micrograin areas ¢; of different types in Equation 2, we obtain (see
Appendix C for details):

T(h,d) =1 —exp (pimﬁ(h,d)) . 7)

i=1

The filling factor t;(h,d) of each type of micrograin may be de-
rived in the same way, yielding t;(h,d) = 1 — exp(—pw;c;(h,d)).
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Figure 2: (a) Multiple, potentially non axis-aligned micrograins
are distributed across a bulk interface. An example of a slice at
height h where two different micrograins intersect is also shown.
(b) The global filling factor, denoted as T(h,n), is evaluated for a
slice at height h, encompassing all the micrograins.

As a result, the global filling factor may be rewritten in terms of 7;:

T(h,d) =1 Hl—t,hd (8)

=1
Intuitively, Equation 8 means that the area covered by all micro-
grains is obtained by the complement of the area not covered by
any type of micrograin, as illustrated in Figure 2[b].
The global surface filling factor T is then trivially given by:
N

fo=1—n(1—fi,0)7 )

i=1
where T; o := 7;(0,n) is the surface filling factor of the ith micro-
grain type:

%(0,n) = 1 — exp(—poimry | detM;|) (10)

with r; and M; the micrograin radius and stretching matrix for type
i respectively. As required, when N = 1 we get Tp = T; o as in the
monodisperse case.

5.2. Normal distribution function

As derived in Appendix D, the polydisperse NDF is given by:

|detM |
D(m In(1—7;p
)= 2 s "~
rcosd N\ 2]t (11)
N [p( - m; ) }
< [T (1=750) :
Jj=1
—1
where m} = ”g_] ] is the normal mapped back to the spherical
micrograin space of type i, with cos 0, |\C11(/)15Tem|\ The clamping

operator [-]7 ensures that its argument remains within [0,400).
Here, r;cos em; represents the geometric height reached by the
transformed normal m; on micrograin type i, see Figure 3. Divid-
ing by r; gives its normalized height relative to micrograin type j.

Accordingly, the factor of the product in the second line of Equa-
tion 11 acts as an attenuation term expressing how much type j
occludes or intersects the contribution of type i at that elevation.
Since all micrograin types are assumed to be randomly distributed
and may mutually overlap, the contribution of type i is reduced pro-
portionally to the overlap probability with type j at the same height
(Figure 3[a]). When the current height exceeds the extent of type j,

. r;icosO,/
1.€. .
T

> 1, the exponent becomes zero, the attenuation

term reduces to 1, and type j ceases to affect the contribution from
type i, as no intersections can occur beyond that elevation (Fig-
ure 3[b]).

Note that when N = 1, only the case i = j = 1 remains in the
second line of Equation 11; hence we have (sin6y, ) > 0 for the
exponent and we recover the monodisperse NDF of Equation 5 as
required.

In terms of material parameters, we choose to expose all surface
filling factors 7T; o, from which the global surface filling factor T is
derived using Equation 9. As in the monodisperse case, the density
p does not need to be provided; however the different micrograin
radii r; must be specified, up to a scaling factor since only ratios of
radii are involved in Equation 11.

7; COS Oy

a)

b)

Figure 3: Surface points of micrograin type i at height r;cos 0y,
are shown as a green ring. (a) When r; cose + < 1j, these pomts
can be occluded by type j. (b) When r;cos 0y, > rj, these points
can never be occluded by type j.

5.3. Shadowing and masking term

As in the monodisperse case, the polydisperse GAF is a product of
alocal and distant terms: G(i,0,m) = G'° (i,0,m)G"'(i,0,h).

The local term remains unchanged as it only depends on local
vectors: G (i,0,m) = ¥ (i-m)y " (0o-m), where 37 (x) is the
Heaviside step function, equal to 1 if x > 0 and 0 otherwise.

The distant term is more involved, since for any micrograin type,

© 2026 Eurographics - The European Association
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we need to account for the visibility according to all micrograin
types. We first introduce the following effective distant GAF for a
micrograin of any type i:

J

. N ()"
G35 (i,0,m) = [T 6 <i707 [—h’g")} ) : (12)
=1 0

where the point under consideration is assumed to lie on a micro-
T

grain of type i at height h;(m) = (H%IT%H -n) r; . Each factor is

based on the monodisperse distant GAF G?m applied to micro-

grains of type j (Section 3). Clamping by [](1) ensures there is no
shadowing nor masking (i.e., Gj!m(im, 1) = 1) when the consid-
ered point is above all micrograins of type j (i.e., ;(m) > r;). The
product over all micrograin types implies that, to be visible, a point
must not be masked by any other micrograin type. Using this nota-
tion, the polydisperse distant GAF writes compactly as:

. N .
"' (i,0,m) = Y p(ilm)G™ (i,0,m). (13)
i=1

The p(ilm) term characterizes the probability of the considered
point to be on a micrograin of type i, knowing that it has a nor-

= 1;2((1;:? . Here

mal m. Following Bayes’ rule, it is given by p(i/m)
p(m) = D(m)cos(Bm), while p(i,m) has a similar form, except
that it is restricted to the ith micrograin type (see Equation 31):

—cosOm |detM;]

— In(1—r7;
o mfm ")

p(i,m) =
N [l_(r,cors/em; )2:|+ (14)
< [T(1=70)
=1

The visibility term V) (i,0) of Equation 6 has a simpler form
since it only considers points on the bulk interface (i.e., at a height
h = 0, with a coverage of 1 —7Tj). Yet it still has to account for
visibility according to all types of micrograins, yielding:

N
Vp(i,0) = (1-79) [] G7™(i,0,0). (15)
j=1

5.4. Polydisperse micrograin BRDF

The polydisperse micrograin BRDF f; is composed of a diffuse and
a specular term, as in the monodisperse case: f;(i,0) = f; (i,0) +
fg (i,0). However, polydispersity allows for micrograins of differ-
ent types to have different reflectance properties. This requires a
slight adjustment of the common microfacet equations.

Starting with the specular term, we separate the local and distant
GAFs in order to treat both visibility and reflectance per type of
micrograin, yielding:

. D(h Glocal -7 ,h N ' o
fe(i,0) = W Y p(ih)Gi(i,0,h),  (16)
=1

i
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where G (i,0,h) = G¥'(i, 0, h) F;(i-h, h) encapsulates both the dis-
tant GAF and the Fresnel reflectance for micrograins of type i. Note
that we also retain the possibility of having a varying reflectance
according to the location on the micrograin, here identified by the
halfway vector h = H:iigll’ used as an additional parameter to F;.

The definition of the diffuse term follows a similar separation:

7i,0) = /Q ) 7% .mnHZ.nm|‘D(m)Gl°°dl(i,o,m)
N (17)
x Y p(ijm)G{ (i,0,m)dm

i=1

where GZ(i,0,m) = G¥!(i,0,m) K"dT(tm) Ti(i,0,m) encapsulates
both the distant GAF and the effective diffuse reflectance
for micrograins of type i, which is given by the product
of the diffuse albedo Kid and the bidirectional transmittance
Ti(i,o,m) = (1—F;(i-m,m)) (1 —F;(o-m,m)) at the surface of
a micrograin. We also retain the possibility of having a varying dif-
fuse reflectance according to the location on the micrograin, here
identified by the vector m used as a parameter to Kid .

6. Importance sampling

The sampling of Equation 6 first requires to choose which one of
its two components, f, or fp, should be sampled. This is done ac-
cording to the probability pp of sampling the bulk medium:

pui) = 1 - WIEL GRG0

T+ (1-%) [T, G*'(3,0)
Compared to the monodisperse case, pp must account for the vis-
ibility due to all types of micrograins at the bulk interface. This is
done through the unidirectional GAFs G3*!(i,0) (Section 3). Then
the probability to sample the polydisperse micrograin component
fo is 1 — pp(i). At normal incidence, since Gg‘ft(n,O) =1 (e, no
shadow), pp(n) = 1 — T as expected.

18)

Figure 4: We order the micrograin types with increasing radii for
importance sampling. This simplifies the partitioning of heights
into N slices Sy (here N = 3), circumventing discontinuity issues.

Sampling of the micrograins BRDF As the micrograins BRDF
is based on the microfacet theory, a common approach is to sam-
ple its NDFE. However, this is a challenging task as the NDF of
Equation 11 is not smooth: the different sizes of micrograins cause
C! discontinuities in the NDF (illustrated in Figure 3[a-b]). Our
solution is to order the micrograin types by sizes, which allows
us to divide the micro-surface into N height slices, denoted Sy in
Figure 4 (here we use N = 3). Now the height distribution inside
a given slice is continuous. As detailed in Appendix E, our sam-
pling process then works in four main steps: (1) we sample a slice
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Sk according to the probability p(S); (2) we sample a micrograin
type i among the ones appearing in Sj according to the probabil-
ity p(i|Sk); (3) we sample the diffuse or specular component de-
pending on the probabilities p¢ (i) and 1 — p¢ (i); (4) if the specular
component is chosen, we sample a normal m in the NDF restricted
to slice Sy and micrograin type i according to the PDF p(m|i, Sy).
In case of diffuse component, the normal is sampled via cosine-
weighted hemisphere sampling.

7. Validation

We validate our model in two steps. First, we assess the accuracy
of the polydisperse NDF of Section 5.2. Next, we evaluate the full
BRDF of Section 5.4 (with an opaque bluk medium). In addition,
we qualitatively compare our model to related existing approaches.

We construct an explicit mesh for the polydisperse micrograin
surface. We sample its normals to validate our NDF, and use it in
light transport BRDF simulations [BRMS20] to validate the full
BRDE. A subset of validations are shown here; additional results
are provided in supplementary materials.

Validation of the NDF We construct four monodisperse sur-
faces, each built from a distinct configuration of non-axis-aligned
micrograins (denoted as A, B, C and D) and with:

- Config. A :r4 =0.66 and T4 o = 0.2 (conductor aluminium (Al))
- Config. B : g = 1 and 159 = 0.15 (conductor gold (Au))

- Config. C: rc = 0.66 and Tc o = 0.1 (bluish plastic)

- Config. D : rp = 0.53 and tp o = 0.2 (greenish diffuse).

Next, we combine these configurations pairwise to create two addi-
tional surfaces (denoted as AB and CD). Finally, we generate a final
configuration that integrates all four initial configurations (denoted
as ABCD), based on predetermined radius parameters. The NDFs
obtained from these configurations are shown in Figure 5. Our ana-
lytical NDF model exhibits near-perfect agreement with simulation
results. Notably, the polydisperse NDF exhibits C ! discontinuities
(see Figure 2[c,d]). Our analytical formula fully captures this char-
acteristic.

Validation of the full BRDF To further validate our approach,
we assign distinct BRDFs to each micrograin within the previously
studied polydisperse configurations (AB, CD and ABCD), deposited
on absorbing bulk. We then compare the resulting BRDFs against
light transport simulations, demonstrating precise agreement be-
tween our model and simulation data. Results are shown in Fig-
ure 6. Each image represents a BRDF slice parametrized according
to azimuthal (x-axis) and polar (y-axis) outgoing angles. The rela-
tive errors are computed by taking the difference between the model
and the reference, and normalizing by the reference. The artefacts
that appear at grazing angles mainly stem from finite-patch bound-
ary visibility discontinuities and increased Monte Carlo variance
at grazing angles; moreover, relative-error normalization amplifies
small absolute deviations when the reference BRDF value becomes
small, which often leads to inaccuracies in simulations under such
extreme conditions. Nonetheless, our model faithfully reproduces
the fused retro-reflection effects observed at these angles, captur-
ing the complex interactions between micrograin materials.

Comparison between models We compare our model against

Simu. Ours Simu. Ours Simu. Ours

Ll

1 %2 Rel. Diff.
Y

-1 T

112 \»

Figure 5: Validation of the NDF (solid lines) against simulations
(dots) as a function of the incident angle 0; and for 3 polydisperse
non axis-aligned anisotropic configurations, from left to right : 2
categories AB, 2 categories BC and 4 categories ABCD.

Simu. Ours Rel. Diff. Simu. Ours Rel. Diff.

N CIEE

e e
wEErrs

Figure 6: Validation of BRDF slices (x-axis : ¢o € [0;21) and y-
axis : B € [0;5])

for 2 incident angles (left: 8; = 0°, right: 6; = 87°) considering
various micrograins arrangement and materials from Figure 5: AB
(first row), CD (second row) and ABCD (third row).

the most closely related approaches in the literature in Figure 7.
Few BRDF models are capable of blending multiple material ap-
pearances to accurately represent color variations depending on
both observation and incident light directions. We parameterize our
polydisperse model with two categories of isotropic micrograins
(r1 = 0.5, gold material for the first; » = 1, copper material for
the second), deposited onto a black bulk surface. We observe vari-
ations in appearance by adjusting the filling factor. Our analysis
compares these configurations with the model proposed by d’Eon
et al. [dBWZ23], which can represent asymmetric surface height-
fields by combining multiple NDFs. Each NDF can be linked to
a distinct BRDF, enabling color variations at grazing angles. The
second benchmark model is from Lucas et al. [LRPB24]. We use
a nested version of the original model, where copper micrograins
are deposited atop a bulk surface represented by a gold micrograin
model on top of a black bulk surface. Differences are subtle at low
filling factors, where the bulk surface appearance dominates (see

© 2026 Eurographics - The European Association
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the false color insets encoding ALIP error [ANA*20] in Figure 7).
However, as the filling factor increases, differences become more
pronounced, particularly at grazing angles, where our model pre-
serves the appearance of the golden micrograins. It is important to
note that our goal is not to claim superiority over existing mod-
els. Instead, our model offers broader parameterization, especially
through polydispersity, enabling finer control over retro-reflection
effects and color mixing. This is particularly evident on the silhou-
ettes of the objects and at grazing incident and observation angles.

(a) Ours

(b) Lucas et al. (c) d'Eon et al.

Figure 7: Comparisons between global illumination renderings
using our polydisperse micrograin model (a), the model of Lucas et
al. [LRPB24] (b) and the one d’Eon et al. [dBWZ23](c). Polydis-
persity in our model is achieved with two isotropic micrograins:
one made of gold (ri = 0.5) and the other of copper (r, = 1).
The first row shows results for T 9 = Tp0 = 0.1; the second row
for t19 = 19 = 0.5. For the model of d’Eon et al. [dBWZ23],
an equivalent roughness is derived using the same procedure as
in [LRPB24]; polydispersity is simulated using a nested version of
their approach.

8. Results

We have implemented our model in Mitsuba renderer [JSR*22] and
used it to compute all renderings in this paper.

Since variations in radius directly influence the surface filling
factors 7T; ¢ (as defined in Equation 10), which is the key parameter
directly governing an object’s visual appearance, we adopt an ap-
proach similar to the monodisperse model: weights ®; and density p
are treated as hidden parameters, while the T; o are exposed as user-
adjustable parameters. This approach also provides the added bene-
fit of enabling appearance control through independent adjustments
to the radii ratio of different categories. However, this mechanism
introduces a limitation: users cannot directly modify the global sur-
face filling factor 7. Instead, it is computed by Equation 9.

The non-axis-aligned property of our model enables easy con-
trol over the orientation of anisotropy. Figure 8 illustrates this ca-
pability with three types of conductor micrograins, each with iden-
tical shape but different orientations, deposited on a dark gray dif-
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fuse bulk. This results in highlights of different colors, elongated in
three different directions.

Figure 8: The non-axis-aligned property provides precise control
over anisotropy orientation, especially when applied to conductor
micrograins. By incorporating polydispersity, complex anisotropic
appearance is easily designed. In the bottom-right image, all cate-
gories share the sames shape and surface filling factor.

Beyond complex anisotropy, our model allows for different mi-
crograin types to exhibit distinct sizes (varying radii r;), while char-
acterizing the amount of their protrusion above the bulk surface.
This feature influences material appearance at grazing angles, as il-
lustrated in Figure 9. By adjusting the size of each micrograin type,
users gain additional control over the appearance at grazing angles,
with these effects further modulated by variations in the surface
filling factors T; 9. We show these variations of appearance in the
isotropic case: we vary radii ratios and surface filling factors. When
the filling factor is fixed, increasing the radius ratio enhances the
protrusion of micrograins from the surface while simultaneously
reducing density to maintain the filling factor (see the diagrams at
the top right of Figure 9). The HLIP error between each line shows
the visual difference between the upper and lower images. When
the height of one micrograin category exceeds that of another, the
corresponding material dominates visually at grazing angles. As
the filling factor increases, this dominance progressively extends
for viewing angles closer to the normal direction. However, once
a material reaches its dominant limit at grazing angles for a fixed
filling factor, further height increases produce no perceptible visual
effect. Additionally, with a fixed filling factor, height variations do
not influence the appearance near the normal direction. Figure 10
shows similar manipulations using anisotropic micrograins, on top
of opaque and transparent bulks.

Our model provides multiple adjustable parameters for each mi-
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Diffuse bulk

Lucas et al.

ro/r1 = 2.0 ro/r1 =1.0 ra/ry =0.5

7‘2/7‘1 =4.0

Figure 9: Variation of appearance by varying radii ratio and sur-
face filling factor. An additional isotropic gold micrograin with
B =2 is added on the monodisperse case (top-middle image), which
is a mixture of a purple diffuse reflectance bulk and silver micro-
grains (o = 0.3 and B = 0.2). B corresponds to parameters a and
d in our strectching matrix M as in [LRPB24] for isotropic grains.
The diagrams at top right illustrate the effect of increasing radii
ratio. The HLIP errors between each line show the visual difference
between upper and lower images.

crograin type deposited onto the microgeometry. This flexibility
enables the representation of complex material appearance effects,
such as retro-reflection from mixed materials on the silhouette of
objects, color variations dependent on lighting and observation an-
gles and multiple anisotropy direction, all illustrated in Figure 1 on
the car bodywork. The properties of each micrograin category can
also be controlled using textures to modulate their respective pa-
rameters. As demonstrated in Figure 11, the appearance of the car
bodywork varies across its surface, where two textures are applied
to adjust the surface filling factor of two micrograins types. This ap-
proach effectively simulates rusty and dirty appearance, layered on
top of a clean, polished paint finish, represented by blue isotropic
and golden flake micrograins deposited on an aluminium bulk.

Performance We evaluated our model on an NVIDIA GeForce
RTX 3060 GPU. Table 1 reports the rendering times, which approx-
imately follow a function of the number N of micrograin types:
T(N) =~ 6.03 x N'2. The results indicate an O(N?) increase in
rendering time with respect to the number of micrograin types N.
This behavior is expected, as the evaluation of our model involves
O(Nz) operations arising from the summation in Equations 16
and 17, as well as the pairwise products in Equation 11 and 12.
Since the number of micrograin types used in practical applica-
tions is typically small (e.g., N < 8), the computational overhead
remains acceptable.

# of micrograin types | 2 4 6 8
Render time (s) 24.03 | 76.92 | 188.04 | 340.56

Table 1: Rendering times (in seconds) of the simple scene shown
in Figure 9, with a varying number of plastic micrograin types.
Rendered image size is 512 x 512 pixels with 2048 samples per
pixel.

9. Discussion

We have introduced a novel polydisperse anisotropic BSDF model
that generalizes and extends the capabilities of the micrograin
framework [LRPB24]. We derive the exact NDF for microsurfaces
composed of multiple micrograin types, each characterized by dis-
tinct shapes, orientations and sizes. Additionally, we extend the
corresponding fully correlated GAF and an importance sampling
procedure, enabling seamless integration into path-tracing render-
ers. Our model is validated through comparisons against reference
simulations. We demonstrate how material appearance can be con-
trolled by adjusting various parameters that govern distinct visual
effects including retro-reflection from mixed materials, color mix-
tures with respect to lighting and observation angles, and multiple
directions of anisotropy.

Limitations and future work. Our model inherits the current lim-
itations of the micrograin formalism. Most importantly, it is lim-
ited to single scattering, and exhibits losses of energy as shown
in the white furnace tests of Figure 12. Taking into account mul-
tiple scattering is more challenging in the case of polydisper-
sity and using the fully-correlated GAF model. A recent solu-
tion has been introduced in the monodisperse case with the Smith

© 2026 Eurographics - The European Association
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B NN

Bulk Lucas et al.

Ty0=0.1

Ty0= 0.5

Figure 10: By modulating the filling factor of the larger micrograins, the visibility of the smaller grains can be controlled, depending
on both incident and observations angles. First row : a diffuse bulk combined with an axis-aligned anisotropic silver micrograin (Lucas
et al. [LRPB24]). A non-axis-aligned gold micrograin (polydisperse model) is subsequently added. Second row : a rough dielectric bulk
incorporates greenish plastic micrograins (Lucas et al.) followed by the addition of the same gold micrograins. In both case, the filling factor

is varied while maintaining a fixed height ratio of % =4.0.

GAF [ZSL*25]. An alternative would be to extend monodisperse
vNDF sampling [LPB25] to our polydisperse model and introduce
it in a stochastic approach [HHdD16, Bd22].

An interesting avenue of future work would be to further gener-
alize polydispersity by deriving the model using a continuous rep-
resentation of micrograin shapes, sizes and orientations. As a first
step, it might be possible to introduce continuous perturbations of
shape, size and reflectance within a given micrograin type. We be-
lieve this would be necessary to represent the appearance of real-
world materials, which are usually characterized by microscopic
irregularities. In particular, we would like to explore the possibility
of fitting micrograin distribution parameters directly to measured
microstructures, with an additional segmentation step to identify
the different types of micrograins that could be used to reproduce
the appearance of a real-world surface.
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Figure 12: White furnace test for 3 configurations using 4 micro-
grain categories (A, B, C, D with same shape as in Figure 5) : A and
B are perfect mirror materials, C is white plastic, and D is white
diffuse, all deposited on a white diffuse bulk.
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Appendix A: Monodisperse non-axis-aligned anisotropic NDF

We derive the monodisperse NDF by first re-expressing it in terms
of micronormal angles Om and ¢m and using Bayes’ rule:

_ P(Bm|0m)p(¢m) (19)

I

p(em, q)m)
D = =
(m) sin Oy cos Om sin Oy cos Om

where p(0m) is a marginal probability density function and
p(Bm|dm) is a conditional probability density function.

. . . .. / 1

In the isotropic case, the marginal PDF is simply p(¢m) = 7.
To derive p(dm) in the anisotropic case, we consider the unit pro-
jected vector uy,, of a micrograin surface normal m on the XY-

05m , (N

plane: ug, = | singwm |. We also define uy = | o/ | =M uy,,.
0 0

The mapping function ¢y, (¢m) of Om (in stretched space) to ¢y, (in

isotropic space) and its corresponding derivative are given by:

/ ¢y dom |detM|
=arctan2(uy,uy), —(— = ——— . 20
¢m(¢m) ( y X) d(I)m ||MTu¢m||2 ( )
The marginal PDF p(0m) = p((])fn);l%:"“‘ is then given by:
|detM|
P(Om) = S — 77 @n
21| M7 g, |2

For the conditional PDF p(8m|0m), we start by defining the re-
lated PDF of surface heights p(h). The corresponding CDF P(h)
is a function of filling factors: P(h) =1 — T(i'—(’)n), with T(h,n) the

filling factor at height 4. p(h) is then obtained by differentiation:

p(n) = 9PO) _ 2pmldetMih (—omdetm|(? ~12)). @2)
dh To
Knowing the normal m on a micrograin, its corresponding height is
given by A(m) = (n%jﬁu -n) r. In terms of micronormal angles,
the height and its derivative according to Oy are given by:
r oh(m t(m)?r
nm) = )T
t1(m)*>+1 m cos?Om (t(m)2+1)2

where we have used #(m) := \|MTu¢m|\tan9m. The conditional
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PDF p(8m|0m) = p(h(m)) agg:) is then given by:

2pnr2|detM| tanGmHMTu m||2
P(Bm|om) = .

Ty cos? Om ((m)? + 1)2

2

2 #(m)
X —prr”|detM|————— | .
exP( prr”|de |t(m)2+l>

24

By putting Equations 21 and 24 in Equation 19, followed by a
few simplifications (notice that |[M”m||> = (#(m)? 4 1) cos’ Om),
we arrive at the sought-for monodisperse NDF:

_ coszem
D) — LM —In(1l—10)(1 %) T )
M7 mJ* T
By using the microsurface transformation introduced

. o coszem a2 .
in [AKDW22], we have 1 Mml” = sin” Oy, (Figure 13),

Thus, Equation 25 can be rewritten as Equation 5.

o MTm
m, M-! -
o 08 O
/_\(' - N > cOS O
a) b)

Figure 13: (a) Surface transformation from stretched space (with
normal m) to spherical micrograin space (with normal m'), using
matrix M. (b) Illustration of the relationship between normal
polar angles in stretched space Om and in spherical micrograin

space Oy . Thales’s theorem yields cos Oy = % [AKDW22].

Appendix B: Monodisperse non-axis-aligned anisotropic NDF
importance sampling

We begin with the isotropic spherical NDF D(m’) of Equation 3.
The azimuthal marginal density is: p(¢n) = ﬁ The conditional
density of the polar angle is:

—In(1 —Tg) (1 — 19" ®’

PO’ |0m’) = T

28in 0y, COS Oy .
(26)
Integrating gives the CDF:

0,/ 1—(1— sin 0,/
POy |0 ) = /0 p(e\q)m,)de:%. @7

For &4 and &g, two uniform random numbers in [0, 1), the sam-
pling is obtained by inversion:

¢m’ = 2nE.:(D7

In(1 — 7o) (28)

O = i .
m/ = arcsin In(1 1)

—INT 7
The sampled normal in the anisotropic domain is m = M

Its corresponding density is:

p(m) = D(m) cos Om. (29)
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Appendix C: Global filling factor

In the finite case, consider a randomly distributed surface consist-
ing of K discrete elements. These elements are divided into N dis-
tinct categories. The number of elements in i-th category is given
by K; = ®;K where ®; represents the fraction of elements belong-
ing to i-th category, i.e., va ; = 1. The corresponding density of
i-th category elements is p; = ®;p. Let each element of i-th cate-
gory has a projected area o;(h,d) at height 4 and direction d. For
notation simplicity, we write 6; = G;(h,d). Then, the probability
that a randomly chosen point on the surface lies outside a sin-
gle element of i-th category iS pou; = 1 — p’—c’ Accordingly, the
probability that this point lies outside all K; elements of i-th cate-
gory is ( pom,,) . The probability that the point lies inside at least
one element—referred to as the finite filling factor pj, x is given
by: Tk = 1 — [T¥ (pour.i)Xi. We thus have the global filling factor
T(h,d) = limg o0 Pink-

(hd) = lim 1 ﬁ 1oy ivl
T(h,d)= lim 1-— ( - ) =l—exp|—p) 00
k=oo i K i=1

(30)

Appendix D: Polydisperse non-axis-aligned anisotropic NDF

As in Appendix A, we derive the polydisperse NDF by first re-
expressing it in terms of micronormal angles Om and Om. However,
in the polydisperse case, we must also account for the different
micrograin types when applying Bayes’ rule, yielding:

vazl ©;p(8m|dm, ) p(Pmi) )

$in Om cos Om

D(m) = 31)

The PDF p(0m|i) is directly obtained by adapting Equation 21:

| det M;|

P(9mli) = 2 MTug, P

(32)

For the PDF p(6m|0m, ), we once again start by defining a PDF
of surface heights p(hli), now restricted to micrograins of type i.
Following a similar derivation, we arrive at:

. _ —pdoi(h) -
p(hli) = % dn P *Pj; 0;c;(h) ), (33)
where the area o;(h) = nt[r? — h*]|detM;| uses a clamping op-
erator [-]* to ensure that the ith micrograin makes no contribu-
tion to heights when i > r;. Consequently, transforming p(hl|i) to

T
p(Bm|dm, ) only requires the mapping h; = (II%IT%H ~n> ri

) N
(Ol gm,) — =2 ) ) (—p Y chxhi(m))) .

j=1
Developping 4;, 6; and their derivatives, we obtain:
2pmr? | det M;| tan Om || M; Tu¢m\|2
%9 cos2 Om (1;(m) +1)2

P(Om|[om, i) =

)

N 2

2 Ti
xexp | —pm ) o;|detM;| |rj — ——5—
xp | —p j; il Jl{r,, fi(m)2 +1

(34)
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which is of a form similar to Equation 24 (here with
ti(m) = HMiTuq)m ||tan Om), with the difference that the second
line now accounts for intersections among different types of micro-
grains.

We arrive at the sought-for polydisperse NDF (Equation 11) by
putting Equations 32 and 34 in Equation 31, once again followed
by a few straightforward simplifications as HMTmH2 (;(m)* +

1) cos? Om and cos By, = cosOy
)cos”Bm = T

Appendix E: Importance sampling of the polydisperse NDF

As pointed out in Section 6, the polydisperse NDF exhibits C ! dis-
continuities which hampers importance sampling. We circumvent
this issue by decomposing heights in N slices Sy, and reorganize
the sampling process in four main steps.

The first step is to sample a slice Si, which requires a PDF p(Sy).
We start from the distribution of heights p(h) = Y; o;p(hli). Using
Equation 33, we obtain:

— N . N
p(h) = ‘T:Tf) <Z wijZ}ih)) exp (—p ) cojcj(h)) .

i=1 j=1

If we now restrict heights to the slice Sy and order micrograin types
with increasing radii, the sum only has to go from k to N. As a
result, the area term does not need to rely on clamping: 6;(h) =
Tl',(rjz- —h?)] detM;|. Assuming h € [ry_1,ry) in S, we obtain:

N 2

exp (prnY i, ;| detM;|h
p(h,S;) = 2™ (Zw,|detM|> () )
T €

xp (pr Y)Y o] detM;|r?)

The sought-for probability p(Sy) is then obtained by integration:

ps= [ pihsoan

Tk—1

2N 2 N
B exp(pnri Lj_y @;] detM j|) — exp(prri_; Lj—y ©;|detM )
Toexp(pn ), o r?|detM;])

_ T (1—710)

where we have used Equation 10 to obtain the third line above.
1

Using A = H[}’:k(l — 'cjwo)i 7 yields a more compact formulation:

1 " 'f 1 N
p(Sk) = % (7»/; =N ) [T —750). (35)

j=k

Observe that if 7, = r;_1, then p(S;) = 0, hence the slice vanished
between two successive micrograin types of the same radii.

The second step consists in sampling a micrograin type i appear-
ing inside the chosen slice Sy, which requires a probability p(i|S).
Using Bayes’ rule, we have:

p(i,S) I, pGH S)dn’
p(Sk) P(Sk) '

;| detM;|
T, o] detas;| P

p(ilSk) = (36)

Writing p(i,h,S¢) = (h,Sx) and observing that
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7% p(h,S;)dh = P(Sy), we obtain (assuming k < i < N):

Tk—1

. ;| det M;| 1 ( —%)
i|Sy) = = In{ (1—1; .| (37
p( | k) Z?]:k 0)1|detM1| 111(7%) ( 170) ( )

The third step is to sample the specular component or diffuse
component based on the selected micrograin type i in slice Sy, we
define the probability of sampling the diffuse component as:

d K{(n)
pi(i) = Kid(n) +Fi(i~n,n). (38)

The probability of sampling the specular component is 1 — p,‘! (i).

The fourth and last step consists in sampling a micronormal m
on a micrograin of type i in a slice S for the specular component,
which requires a PDF p(m|i,S;). Expressing this PDF in terms of
micronormal angles, we have:

p(em|¢m7 l,Sk)p((I)m‘l,Sk)
SinBm

p(mli,Sy) = . (39)
The PDF p(¢m|i,Sy) is the same as p(dm|i) (Equation 32) since ¢m
does not depend on height, and is thus independent of the choice of
slice Si. To derive the PDF p(6m|dm,,S;) we begin by considering

the conditional PDF of heights p(hli,S;) = 2 (WASe) 1t we write

| | p(i,Sk)
_ ;| detM; . .
= T orlden] p(Si), we directly obtain

' B, i ; o\
p(hli,Sy) = ”p((sfk))_ Now using p(8m|0m,i,S;) = P(Mh&c)%‘:)

in conjunction with Equation 23 and after several straightforward
simplifications, we obtain:

its denominator p(i,Sy)

2

221(m)? In(A)h ™"
€08 Om Sin Om (7;(m)2 + 1)2 2 xrl%—l '
kK Mk

p(em|¢’mvlvsk) =

(40)
Putting it all together, we have:

2) (7\‘ )xr?cosz 6,/
detM;| riln '
p(mli,S;) = [deti] 77 Inthi) oS Om 1)

- T
HMi mH4 B <7\';1% _}\'2%71)

cos O
[[M]m]|

where cos em{ = . Also, note that when there is only one

1
type of grain (i.e., r; =ry =r,rr_; =0,A, = (1—19) "~ ), the PDF
above reduces to Equation 29 as expected.

As in the monodisperse NDF sampling procedure (Section B),
we first draw sphere-space micro-normals m’ for grain type i, and
subsequently apply the stretching transform

( M- 1 )Tm/

l

(v T

1

We define two arbitrary random values &g and &, uniformly dis-
tributed in [0, 1) to sample Oy, and 0. By assuming the stretching
matrix M; to be the identity in Equation 40, we obtain the condi-
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tional PDF of the polar angle in sphere space:

11‘1(7» )7\]’12 cos? O/
. 2 . k
PO [ Si) = 277 $in Oy O3 Oy ———b——— . (42)
ke
k k

Then we calculate its corresponding CDF by integrating over 0y

in the corresponding height range 0.,;, = arccos (%) Omax =

F— . .
arccos (%) in the current slice Sy as:
1

O/ 7\,2% _ 7\'/?2 cos” B,/
P(em’|¢m',iask):/ p(9|¢m/,z,Sk)d9: -
Onmin er _krl;7|

k k
(43)
When we reduce 32 to isotropic case, we obtain p(Ony |i,Sx) = ﬁ
By inverting Equation 43, the sampling formula for ¢y, and also

for Oy is:

Om (i) = 21y

n ’1371
In <(1 — &)\ + 8ol ) (44)
rizln(lk)

O (i,S;) = arccos

Note that when there is only one type of grain (i.e., r; = rp =

1
rre—1=0,A = (1—=19)" #), the above sampling formulas reduce
to Equations 28 as expected.





