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Figure 1: We propose a practical appearance model for foundation cosmetics that can be stacked on top of human skin. Left: Render of a
white female character skin without makeup. Middle: We apply a foundation layer with a matte finish, which reduces the specular highlights,
especially visible in the eye region and next to the nose, and slightly changes the skin color. Right: We apply an additional shinier layer
adding a reddish tint to the cheek.

Abstract
Cosmetic products have found their place in various aspects of human life, yet their digital appearance reproduction has
received little attention. We present an appearance model for cosmetics, in particular for foundation layers, that reproduces
a range of existing appearances of foundation cosmetics: from a glossy to a matte to an almost velvety look. Our model is a
multilayered BSDF that reproduces the stacking of multiple layers of cosmetics. Inspired by the microscopic particulates used
in cosmetics, we model each individual layer as a stochastic participating medium with two types of scatterers that mimic the
most prominent visual features of cosmetics: spherical diffusers, resulting in a uniform distribution of radiance; and platelets,
responsible for the glossy look of certain cosmetics. We implement our model on top of the position-free Monte Carlo framework,
that allows us to include multiple scattering. We validate our model against measured reflectance data, and demonstrate the
versatility and expressiveness of our model by thoroughly exploring the range of appearances that it can produce.

CCS Concepts
• Computing methodologies → Reflectance modeling;

1. Introduction

Since ancient times, decorative cosmetics have been used in vir-
tually all existing cultures around the globe. From the prehistoric
mineral-based pigments [Wat09] to modern sophisticated chemi-
cal makeup, cosmetics have been used for enhancing appearance

and hiding imperfections, for ritual painting, theatrical purposes,
or most recently, visual effects. However, despite their ubiquity,
cosmetics have not been explored much in graphics, most likely
because they are generally baked into the look-development pro-
cess for virtual humans. Rendering of cosmetics has received lit-
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tle attention, limited to image-space [XDZ13, NL17, YGZ∗23] or
texture-space manipulation [SRH∗11, YTK23], or simplistic phys-
ical models [HHLC13, LZL15, LZWL19]. Existing models either
directly manipulate an image or describe how cosmetics modify
the parameters of conventional analytic shading models. Our ap-
proach models the light-scattering particles in the cosmetic layer
and computes the effect of such a layer using position-free Monte
Carlo simulation.

Several types of cosmetics exist with different areas of appli-
cation and intended goals. In the case of facial makeup, one or
more relatively thin layers of cosmetics are applied on top of the
skin, resulting in a multilayered structure. Facial makeup cosmet-
ics, including foundation, concealers, rougers (blusher), bronzers
and highlighters, consist of a combination of microscopic col-
ored diffusers and platelets, either suspended in a water-based host
medium, or presented as powder that sticks to the outermost sebum
layer of the skin. At a macroscopic level, the diffusers and platelets
interact with light as a scattering medium.

In this work, we focus on the base layer or foundation. A foun-
dation aims to provide a uniform skin hue over the whole face upon
which other makeup layers can be stacked. A key visual attribute
of a foundation layer is its finish: Different foundation products ex-
hibit distinct visual characteristics ranging from a matte finish that
results in a non-shiny, velvety appearance; to a dewy finish that aims
for a more natural appearance making the skin brighter and shinier
to evoke an impression of a healthy skin.

Based on the observed types of appearance existing in founda-
tion cosmetics, we propose an intuitive empirical appearance model
for foundation makeup, where we model each cosmetic layer as
a finite volumetric scattering layer, and where the bulk scatter-
ing properties are derived from a mixture of spherical-like and
platelet-like scatterers. This enables us to stack an arbitrary num-
ber of makeup layers, resulting in a single bidirectional scattering
distribution function (BSDF). We implement our model using the
position-free Monte Carlo formalism [GHZ18], allowing for mul-
tiple scattering and arbitrary distributions.

Our model is able to reproduce a wide variety of appearances,
from dewy to matte. We compare our model against measurements
of real-world cosmetics, and show that our model closely fits such
measurements, while reproducing the main visual features of cos-
metics when applied on top of digital human skin. In addition, we
show that our model can be used to model other types of cosmetics
(e.g., blusher) and enables the stacking of multiple makeup layers
as exemplified in Figure 1.

2. Related Work

Volumetric materials. Simulation of light scattering in a vol-
ume generally involves solving the radiative transfer equa-
tion [Cha60] or its variants for anisotropic [JAM∗10] or corre-
lated media [BRM∗18, JAG18]. Based on this theoretical frame-
work, numerous appearance models have been proposed for ma-
terials such as skin [Sta01, DWd∗08, IGAJG15, AXX∗23], pa-
per [PdMJ14], cloth [ZJMB11, ZJA∗23], leaves [BR01], special
pigments [GMG∗20], ice [FCJ07], wood [MWAM05, LDHM16],
or granular media [MPH∗15, MPG∗16]. Our work follows this

line of work and models foundation makeup as a combination of
isotropic and anisotropic scatterers inside a scattering medium.

Multilayered materials. Early work on rendering of multilay-
ered materials simulated the reflection and transmission by the
multilayered structure of skin and leaves using subsurface scatter-
ing [HK93, DJ05], being limited to diffuse reflectance. Later work
proposed using the adding-doubling method on spatio-angular scat-
tering representations of thin slabs for stacks of isotropic [JdJM14]
and anisotropic layers [ZJ18]. These methods require expensive
precomputation and large storage requirements. On the other hand,
approximate models have been successful in practice, due to their
efficiency and simplicity [WW07, Bel18, WB20]; these methods
follow the microfacets formalism, which makes them very suit-
able for integration in modern offline and real-time renderers, at
the cost of reduced fidelity of the underlying light transport. A
more accurate precomputation-free solution was proposed by Guo
et al. [GHZ18] based on Monte Carlo random-walks inside the
layered material; they leveraged a position-free formulation of
light transport for providing bidirectional estimators of the BSDF,
leveraging variance reduction via multiple importance sampling.
This work was later extended to support more advanced sam-
pling estimates [GGN20, XWHM20]. Previous work [WJHY22]
proposed a different formulation for multilayered materials, by
proposing index-matched layers. This significantly simplified the
layer stacking, allowing for closed-form solutions for the single-
scattering BRDF, and allowing simple learning-based multiple
scattering approximations. This learning-based modeling of lay-
ered materials was further explored recently for all components of
the BRDF [GLH∗23]. In this work, we leverage multilayer mate-
rial formulations for the modeling of our makeup BSDF. Specif-
ically, we implement our model on top of position-free Monte
Carlo [GHZ18], following the index-matched simplifications that
previous work proposed [WJHY22] in the context of layered ma-
terials.

Visual reproduction of cosmetics. A considerable body of work
on visual reproduction of cosmetics has focused on image-space
makeup transfer [XDZ13, LOQ∗16, CLYF18, LQD∗18, SLL∗20,
JLG∗20, DHC∗21, WCA∗22, YHXG22, LJG∗22, YGZ∗23]. Such
works do not aim at characterizing the underlying properties of
cosmetics but rather transfers an example of makeup from an in-
put photograph to a target image, as in style-transfer methods. The
facial appearance of a 3D model is usually described by textures.
One way to encode makeup is to model how texture layers like
diffuse, specular, and scattering albedo change when the cosmetic
is applied [SRH∗11, YTK23]. While these methods are useful for
setting parameters in an analytic spatially-varying BRDF, like the
conventional microfacet model [TS67], they do not enable us to
compute the appearance of an applied cosmetic based on the con-
stituents of the makeup material. With reflectance measurements
from a gonioreflectometer one can fit a microfacet model to the data
and use this to analyze the appearances of different cosmetics. This
has been done for liquid foundation cosmetics [TM09, MTH09],
and the researchers found that a data-driven model based on princi-
pal component analysis (PCA) provided a better representation of
the data than the Torrance-Sparrow model. However, a data-driven
BSDF does not lend itself to editing and representation of related
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Natural State Product Powder Mixed

Figure 2: Scanning electron microscopic (SEM) image of differ-
ent minerals in their natural state (left, in clockwise order): Sil-
ica, Talc, Kaolin and Titanium Dioxide. Note how Talc and Kaolin
have a polygonal and plate-like geometry, while Silica and Tita-
nium Dioxide have a more round or cubic shape. SEM image of the
product powder mixed with the Sebum stratum (right). Courtesy of
Jeon and Chang [JC12].

materials. Closer to our work, Huang et al. [HHLC13] and Li et
al. [LZL15, LZWL19] reproduced the appearance of a liquid foun-
dation by modeling a cosmetic layer using Kubelka-Munk theory
for the diffuse reflectance and transmittance of the layer and a mi-
crofacet model for its specular reflectance. However, as found in
the PCA study, the conventional analytic microfacet BRDF model
cannot accurately capture the directional distribution of the scat-
tered light and the Kubelka-Munk theory is diffuse, .ie, there is
no directional dependency. In contrast, we model the appearance
of foundation makeup by computing the directional distribution of
the light due to scattering by the different types of particles inside
the layer.

3. Foundation Cosmetics

Foundation cosmetics, as well as other types of cosmetics (e.g.,
eyeshadows, lipsticks or primer), are generally made from a com-
bination of colorants, minerals, vitamins and other chemicals in-
cluded for skin health reasons [WSZT21]. A fundamental distinc-
tion between foundations is the base used for dispersing these con-
stituents. Liquid-based foundations typically disperse these parti-
cles within a host medium such as water or silicone. As the major-
ity of the particles are not soluble in the host medium (talc is not
water-soluble, for example) the final system is colloidal, meaning
that tiny particles are dispersed within the host medium. In contrast,
powder-based foundations use the sebum stratum to bind these ma-
terials together, forming a layer in which cosmetic particles are
mixed with the sebum [JC12]. Common colorants include minerals
such as talc, kaolin, silica, or titanium dioxide, which are present
as small powder-like particles with different shapes [JC12]. While
minerals like kaolin and talc have flake-like polygonal geometry,
titanium dioxide or silica tend to have spherical or cuboidal shapes
(Figure 2). This difference in shape results in radically different
scattering behaviour, leading to a different finish of the makeup.
The color and finish are thus the two most important visual at-
tributes for a correct reproduction of the appearance of a foundation
layer.

Coloration Since foundation layers are used to create an even
layer, the color and hue of the foundation have to roughly match the

underlying skin hue, making colorants a key aspect of a foundation
layer. Colorants can be categorized into two types: dyers, derived
synthetically, and pigments, which have a biological origin. As col-
orants can have an impact on human health, efforts have been inten-
sified to develop new technologies to ensure a stringent control of
colorant concentration in cosmetic products [GCL∗15, GLGJ17].
The main source of coloration is scattering and absorption, since
regulations [BA09] do not allow coloration through photolumines-
cence or other chemical reactions. In addition, diffractive particles
are allowed to be used as colorants in effect pigments [MPR05],
though these are not common due to the need for running extra
safety studies. We focus on the most common scattering-based col-
orants.

Finish Different foundations exhibit distinct visual characteristics
ranging from a matte finish, resulting in a non-shiny, velvety ap-
pearance, to a dewy finish, aiming to achieve a more natural appear-
ance that makes the skin brighter and shinier to evoke an impression
of a healthy skin. The finish of a foundation layer is mainly caused
by the concentration and shape of the different particles that con-
stitute the bulk properties of the material, which directly affects the
scattering behaviour. While flake-like particles scatter light more
coherently, spherical particles scatter light in a more isotropic fash-
ion, leading to a more matte appearance.

Summary The appearance of foundation cosmetics is the result of
multiple scattering by a thin scattering medium, modeled by the
combination of two types of scattering behaviour: On one hand, we
can assume that diffusers are responsible for the diffusive look and
incoherent backscattering in matte appearances, while more direc-
tional scatterers (such as platelets) model the more coherent scat-
tering reflection responsible for the highlights prominent in dewy
foundations. These are somewhat aligned with different types of
particles used to produce foundation cosmetics. Based on these
different types of observed type of scattering, in the following we
present our model, defined using radiative transfer theory as a mix-
ture of different scatterers in a scattering medium.

4. A BSDF for Foundation Cosmetics

As described in section 3, foundation cosmetics are applied as a
layer on top of the skin, and its appearance is the result of the volu-
metric scattering in the layer. We model the layer statistically, as the
combination of two uncorrelated scatterers uniformly distributed in
the medium: spherical diffusers and anisotropic reflective platelets.
Figure 3 shows a diagram of our model for a single foundation layer
over the skin.

We assume elastic scattering, i.e., both the energy and scatter-
ers numbers are conserved, and negligible wave-optical coherence
in the multiple scattering component. In addition, given the small
thickness of foundation layers, we assume no horizonal scattering,
and therefore that light exits at the same position as it enters. Thus,
we represent the foundation layer using a BSDF, defined as the re-
sult of all light-matter interactions occurring in the cosmetic for a
ray of incident light at direction ωi and exiting the surface at direc-
tion ωo. Following Guo et al. [GHZ18] we model f (ωi,ωo) using
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Figure 3: We model a single foundation layer as a medium
filled with two types of particles: platelets and spherical diffusers.
Platelets generate specular lobes, using a more anisotropic phase
function. In contrast, spherical diffusers generate rougher finishes,
due to a more isotropic phase function. We account also for the
subsurface scattering due to the underlying skin model.

a position-free variant of the path integral as

f (ωi,ωo) =
∫

Ω(ωi,ωo)
Φ(x)dµ(x), (1)

with Ω(ωi,ωo) the space of light paths entering and exiting the
differential surface at directions ωi and ωi respectively, Φ(x) the
contribution of the path x ∈ Ω(ωi,ωo) as the sequence of scatter-
ing and absorption events inside the foundation volumetric layer,
and µ(x) the measure of path x. By construction, the BSDF mod-
eled by Equation (1) is energy conserving and reciprocal only if the
scattering events conserve energy and are reciprocal. Table 1 lists
all the parameters used in our model (BSDF), including both bulk
and user parameters.

4.1. Optical properties of the foundation layer

We model the foundation layer as a statistical volumetric scattering
plane-parallel layer with thickness t. To account for specular-like
scattering, we describe light transport using the anisotropic radia-
tive transfer framework [JAM∗10], and describe radiance L in the
direction of observation ωo following

(ωo ·∇)L(ωo)+σt(ωo)L(ωo) = σs(ωo)
∫

Ω

fp(ωo → ω)Li(ω)dω,

(2)
with σt(ωo) and σs(ωo) the direction-dependent extinction and
scattering coefficients, Ω the unit sphere of directions, fp(ωo → ω)
the phase function, and Li(ω) the incoming radiance in direction ω.
Note that we omit the spatial and spectral dependencies for clarity,
and assume that the source term is outside the scattering layer.

We assume a match of the indices of refraction of the particle
host medium and the outside medium (as in powder-based founda-
tions). The resulting absence of scattering and refraction at the in-
terface allows for a simpler evaluation at render time and simplifies
the parameterization of our model. Even liquid foundations tend to
form a semi-dry film once applied. Most of the appearance is thus
the result of the interaction with only the minerals and colorants. In
Section 5 we validate this choice.

Parameter Definition
η Complex refractive index (=1)
t Layer thickness

cd Diffuser particles concentration
Λd Single scattering albedo for spherical diffusers

g1, g2 Anisotropy of diffuser’s lobes
wg Weighting factor of diffuser’s lobes
Λp Single scattering albedo for Platelets
αp Platelets roughness value
θp Platelets rotation along the tangent direction

Table 1: Parameters of our model for a single layer.

Modeling the optical parameters The anisotropic RTE (2) is
characterized by the extinction and scattering coefficients, Σt(ωo)
and Σs(ωo), and the phase function fp(ω → ωo). We assume that
the host medium has negligible effect on these optical properties,
and thus only spherical diffusers and platelets are responsible for
the appearance. This is reasonable since the thickness of founda-
tion layers is usually small, and the layer is in a semi-dry state.

Building on top of the spatial uncorrelation assumption, we
model the extinction coefficient as the combined probability of ex-
tinction for both diffusers σd(ωo) and platelets σp(ωo), following

σt(ω) = σd(ω)+σp(ω) = Nd Cd +Np Cp(ω), (3)

with Nd and Np the number density of spherical diffusers and
platelets in m−3, respectively, and Cd and Cp(ω) their extinction
cross sections in m2. Note that the extinction cross-section of the
spherical diffusers has no dependency on the direction. To find
practical user parameters, we model extinction as a function of a
base extinction

σbase = σd +Np max
ω

Cp(ω) (4)

representing the non-directional part of the extinction coefficient
for all the scattering particles in the material. To include the direc-
tional dependency, we use

σt(ω) = σbase
(
cd +(1− cd)Ĉp(ω)

)
, (5)

with Ĉp the normalized version of the extinction cross-section of
the platelets and cd the relative concentration of spherical diffusers
out of the total concentration of particles:

Ĉp(ω) =
Cp(ω)

maxω Cp(ω)
and cd =

σd
σbase

. (6)

Since we do not include absorption in our model for computing
the extinction cross-section and assume that all chromatic effects
are due to absorption, our Cp(ω) has no spectral dependency. To
introduce practical parameters for specifying the part not being ab-
sorbed, we use non-directional spectral single-scattering albedos
for the spherical diffusers Λd and the platelets Λp. The single-
scattering albedo is defined by Λ(ω) = σs(ω)/σt(ω), so we use
the factors for diffuse and directional extinction in Equation 5 to
model this:

Λ(ω) =
Λd cd +Λp (1− cd)Ĉp(ω)

cd +(1− cd)Ĉp(ω)
. (7)
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Finally, we build our phase function as a linear blend of the phase
functions of diffusers and platelets fd and fp, weighted by the total
scattered light by each of the particles following

f (ω → ωo)

=
Λd cd fd(ω → ωo)+Λp (1− cd)Ĉp(ω) fp(ω → ωo)

Λd cd +Λp (1− cd)Ĉp(ω)
. (8)

This phase function is normalized if both fd and fp are normalized.
The phase function is not reciprocal, but reciprocity is achieved due
to f (ω → ωo)σs(ω) = f (ωo → ω)σs(ωo). Thus, our BSDF (1) is
energy-conserving and reciprocal. In the following, we detail the
scattering behaviour of both diffusers and platelets, and the imple-
mentation of our model.

4.2. Scattering by Diffusers

Following the measurements by Wang et al. [WXN∗19], who an-
alyze colloidal systems made of nanoscopic titanium dioxide par-
ticles, we use a mixture of phase functions to model the scattering
of diffusers. This is common practice in computer graphics and re-
lated areas [GXZ∗13,DHV∗23,d’E16]. In particular, we model the
scattering from diffusers using a mixture of two Henyey-Greenstein
lobes fHG(ω → ωo|g) each parameterized by the mean cosine of
the scattering angle g [HG41]. This is similar to previous work
modeling the scattering of sunscreen lotions [NNN∗22]. The re-
sulting phase function is

fd(ω → ωo) = wg fHG(ω → ωo|g1)+(1−wg) fHG(ω → ωo|g2),
(9)

with wg ∈ [0,1] the blending parameter between the two lobes.

4.3. Scattering by Platelets

To reproduce the glossy appearance required by a dewy finish, we
use platelet particles, i.e., flat particles suspended in the medium
that generate a glossy reflection. Platelets are purely reflective
micro-flakes [JAM∗10] suspended in the medium, following the
SGGX distribution of normals DSGGX(ωm) [HHdD16], with ωm
the microflake normal.

We assume a disk-like distribution of platelets, and parametrize
DSGGX(ωm) by a roughness αp parameter along the distribution’s
mean direction, and a rotation angle θp that rotates the mean direc-
tion of the distribution with respect to the tangent direction of the
surface, so that the distribution does not need to be aligned with the
surface normal.

The distribution of normals DSGGX(ωm) directly enables us to
compute the projected area of the platelets, which we, as in previ-
ous work [JAM∗10, HDCD15], assume equal to Ĉp(ω). As phase
function, we opt for a specular SGGX phase function without Fres-
nel effects, so that the phase function for platelets is defined by

fp(ω → ωo) =
DSGGX(ωh)

4Ĉp(ω)
, (10)

with ωh = (ω+ωo)/∥ω+ωo∥ the half vector.

Dewy 1 Matte 1 Matte 2Dewy 2

θo θo θo θo

θi

20

−40 0 70 −40 0 70 −40 0 70 −40 0 70

40

70

Figure 4: Measured samples (top row), wrapped around a cylin-
der for demonstration purposes. Reflectance profile measured with
our setup (bottom row), with angles of observation θo on the hor-
izontal axis and angles of incidence θi on the vertical axis. Neg-
ative angles of observation represent retro-reflectance configura-
tions. Black pixel areas indicate that no information was available.

4.4. Implementation & Properties

We implemented our model in PBRT v4 [PJH23] on top of the
position-free Monte Carlo framework from Guo et al. [GHZ18].
This allows us to compute multiple scattering as an average of ran-
dom walks inside the layer with next-event estimation for variance
reduction, and to easily stack multiple layers of cosmetics. The
source code, scenes and reflectance measurements are available on
the project page.

We compute Equation (1) using a Monte Carlo estimate, by
randomly sampling paths starting at direction ωi. We build the
random walk by using exponential mean free path sampling with
pdf(s) = σt(ω) exp(−σt(ω)s). A collision is found as long as the
sampled distance s remains inside the layer. Otherwise, we move to
the contiguous layer (the skin or outside). At each interaction inside
the medium, we select a lobe (platelet or one of the two Henyey-
Greenstein lobes) using Shirley’s remapping [SLH∗19] (with prob-
abilities driven by cd and wg). Then, platelets are sampled us-
ing SGGX visible normals sampling [HDCD15], while Henyey-
Greenstein phase functions are sampled using the usual CDF-
inversion-based routine. Absorption is handled by multiplying the
throughput by the single-scattering albedo (Equation 7) at each
bounce. To reduce variance, we only use Russian Roulette as a path
termination criterion after 128 bounces. The sampling routines and
PDF functions are evaluated following PFMC [GHZ18], using a
forward path sampling inside the medium, with PDF the probabil-
ity density of generating the path.

5. Analysis and Evaluation

In this section, we validate our model against measurements of
cosmetics reflectance. We capture the reflectance from four liquid-
based foundations from Clarins, with varying colors and finishes,
from dewy to matte. In particular, we select Skin Illusions 105 Nude
(Dewy 1), Skin Illusions 112 Nude (Dewy 2), Skin Illusions Velvet
103 Nude (Matte 1) and Skin Illusions Velvet 108 (Matte 2). We
show samples for each of them in Figure 4, top row.
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5.1. Sample Preparation

We captured the reflectances using a home-built setup, consisting
of a gonioreflectometer, a light source (Xenon lamp emitting in
about 6200K temperature), and an Ocean Optics spectrometer with
fibre input and an attached collecting lens, as shown in Figure 5.
We directed a collimated beam with a diameter of 4 mm onto the
sample. The direction of incidence was explored by rotating the
sample holder, and the direction of observation by independently
rotating the receiver’s arm. Reflectance values were estimated by
dividing the received spectral values by the signal reflected from a
white reference, a 99% spectralon by Labsphere. Calibration with
spectralon additionally compensates for the geometrical foreshort-
ening [War92]. We collected our measurements on a flat black slab
made of matte polymer, which we found easier to calibrate than
synthetic skin, and that simplified the layer beneath the cosmetic,
which was useful for optimization. We could not directly measure
the thickness of the samples, however, we performed several mea-
surements on a silicon plate (mirror) to validate that we were in the
multiple scattering regime. We added thin layers of the cosmetic
product until we found no difference in measurements with respect
to the number of layers.

In preparation for our samples, we applied a thick layer of cos-
metic product on a black substrate. This is different from previous
work [MTH09], where measured cosmetics were applied on top of
synthetic skin that might interfere with the cosmetic’s reflectance
data. We measure our samples in a semi-dry state, leaving them
resting for an hour to allow the formation of a homogeneous layer.
This resembles better the condition of a product when it is applied
since usually a small quantity of product is spread over a compara-
tively large surface. Air exposition is likely to evaporate the product
into a semi-dry state. This mechanism might also impact the hue of
the product [YLHS20].

5.2. Captured Data

Figure 4 shows the captured data for our four liquid foundations.
We plot measured data as sRGB- colored patches to better visual-
ize the color and highlight shape changes. As we sparsely gather
measurements we linearly interpolate between measurements and
leave black pixels to represent lack of data. We measure both for-
ward and backscattering for all products, although our setup does
not allow us to measure for all light-view configurations, in some
cases due to low a signal-to-noise ratio.

We only capture the inclination angle and not azimuthal data as
our setup did not allow it. However, we believe that this is not a
major issue since cosmetics are often applied on the skin without
following any precise stroke direction, but rather in a circular man-
ner, precisely to hide any anisotropy. Therefore, it is reasonable to
assume that a small amount of reflectance changes occurs in the
azimuthal plane and that most of the changes in appearance happen
along the inclination angle.

As seen in Figure 4, the selected samples exhibit different re-
flectance behaviors: Dewy 1 and Dewy 2 displays a dewy finish,
characterized by sharp highlights. Matte 1 can be considered an in-
termediate foundation, similar to a velvet finish, showing highlights

Light source
θiθo

Sample

Receiver

Figure 5: Experimental setup for measuring reflectance. We modify
a commercial gonioreflectometer to collect spectral reflectance in
non-specular directions.

for only grazing angles. In contrast, Matte 2, is clearly matte (ab-
sence of highlights). In all cases, we found some backscattering, in
agreement with previous work [MTH09].

5.3. Comparison between model and captured data

To analyze how accurately our model can represent the actual ap-
pearance of cosmetics, we fit our model to the measured data for
each of the four samples, by solving

argmin
πππi

∑
(θi,θo)∈M

d (I (θi,θo) , fs (θi,θo,πππi)) , (11)

where πππi is the appearance model parameters (see Section 4),
I(θi,θo) is the measured data in linear RGB space at incoming an-
gle θi and outgoing angle θo, fs (θi,θo,πππi) is our BSDF, and d(·, ·)
is the L2 distance metric. Our model is evaluated using Monte Carlo
integration as described in Section 4. We use a derivative-free op-
timizer (modified Powell algorithms from the SciPy library); since
this approach is sensitive to initialization we first perform a manual
selection of the parameters and then use the optimizer to refine the
solution. We use the L2 distance function in linear RGB space, al-
though we show the results in sRGB space. We prepared the digital
replica by setting the underlying layer as a black Lambertian sur-
face and set the foundation layer thickness to 16 optical depths to
enforce the multiple scattering conditions in which samples were
taken. Computation-wise, we limit the number of bounces to 512,
we then sample each direction 128 times. We evaluated this setup
with preliminary experiments and found that it offered a good
trade-off between time of execution and energy loss. We run the
optimization described, allowing the model to optimize also for the
IoR and surface roughness parameters (using the Trowbridge-Reitz
distribution). At the end of the optimization cycle, we found values
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Figure 6: Ablation study results: reference data from measured
samples (first column), a media composed only of diffusers par-
ticles (second column), a media made of only platelet particles
(third column), a media with both types of particles (diffusers and
platelets) with a single lobe phase function and our full model (last
column). For each configuration, we report the error under the L2
distance. Notice how the models using only one type of particle can-
not approximate well both types of appearances (matte and dewy)
and the full model in overall exhibits the lowest error across all the
products.

close to 1.0 for the index of refraction, thus supporting the validity
of our interface-free simplification of the medium, which allows us
to further reduce the number of parameters and reduces the compu-
tational cost by removing an interface from the computations.

Figure 6 shows the results of the optimization process for the
four samples (last row), among the error measured under the L2
loss function. Our model captures the general behavior of the mea-
sured data in terms of reflected energy, color and highlight shapes.
Some small differences are present in the intensity gradients of the
diffuse part of the darker samples at grazing angles (Matte 2 and
Dewy 2). We discuss these differences in Section 7.

Ablation study. We ran an ablation study of our model to examine
the effect of its various components. Using the approach discussed
above, we optimized three incremental versions of our proposed
model: One composed of spherical diffusers only (Diffusers Only),
one that is composed of platelets only (Platelets Only), and one that
uses both particles but with a single lobe for the spherical diffuser
particles (Full, Single Lobe). We initialize the optimization of each
variation using the fitted parameters of our full model (Full, Two
Lobes). Figure 6 shows the results of this ablation study: It demon-
strates that a model with only one particle type, either diffusers or
platelets, is unable to properly reproduce the highlights of glossy
appearances (Dewy 1 and Dewy 2). The reason is that one type
cannot simultaneously generate highlights at grazing angles and in
near-specular directions. In contrast, the combination of both parti-
cles with single-lobe diffusers generates results that are comparable
with our full model, except for minor hue differences in Dewy 2.
This suggests that a model with single-lobe diffusers could be suf-

ficient to represent some real-world cosmetics, at the cost of losing
expressivity, as we show in the next section.

6. Results

In this section, we visually analyze our model in realistic use
cases. We implemented our model as a layered material in PBRT
v4 [PJH23]. For the base skin, we use the random-walk-based de-
fault PBRT skin model. We first demonstrate our model using the
realistic materials captured in the previous section; then we analyze
the appearance space defined by the parameters of our model.

We report rendering times and sample counts, in addition to
the user parameters obtained through optimization of the measured
foundations, in Appendix A.

Captured data Figure 7 shows our model with the parameters ob-
tained from captured data, applied on top of the PBRT skin model.
As expected, while the two dewy foundations enhance the high-
lights, matte foundations remove the highlights. Note how both
dewy and matte foundations also slightly reduce the effect of skin
subsurface scattering.

In Figure 8, we qualitatively evaluate our model against pictures
of cosmetics applied on real skin. Our model reproduces the trends
shown in the pictures: an increase in reflection when Dewy 1 is ap-
plied to the skin, and a more matte appearance, especially at grazing
angles, for Matte 2.

Appearance exploration Figure 9 (a) explores the effect of the
concentration of diffusers cd and the thickness t (in mean-free-
path units). In this experiment, we use a single phase function
for the spherical diffusers. Increasing the thickness reduces the ef-
fect on the appearance of the underneath layer, while increasing
the concentration of platelets (smaller cd) increases the glossiness
of the skin. In contrast, when increasing cd the appearance shifts
to matte, as expected. The reason for brighter highlights with in-
creasing thickness in dewy foundations was observed by Yoshida et
al. [YO21], where the authors explained that multiple applications
of cosmetics lead to an increase in the reflected light. We have to
clarify that this is not necessarily a general characteristic of all cos-
metics, but rather a behavior that is shown by a certain subset of
products.

In Figure 9 (b), we investigate the influence of cd and αp, the
concentration of diffusers and the roughness of the platelets. We
see that both parameters alter the perception of glossiness, although
in different ways. While cd affects the intensity of the highlights,
αp alters the shape of the highlights, going from sharper to broader
highlights. Similar to before, these phenomena can be explained by
observing that increasing cd only decreases the chances of hitting
a platelet, without altering the scattering behavior of the particle
itself. On the other hand, αp affects the scattering behavior of the
particle, with rougher appearances obtained for bigger particles. We
believe that these two parameters, cd, and αp can be helpful during
editing, as they allow artists to edit two different dimensions of
gloss perception, contrast, and sharpness of the highlight [PFG00].

We investigate the influence of using one or two-lobed phase
functions in Figure 9(c) to see how t and cd alter the appearance
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Figure 7: Analysis of our model applied over realistic skin. In the first row, we show the effect that cosmetics have on highlights. As can be
seen in the insets ( blue boxes), the matte cosmetics tend to reduce the brightness of highlights, while the two dewy products enhance them.
In the second row, we show how a layer of cosmetics affects the subsurface scattering of the underlying skin. In each column, we apply the
optical parameters retrieved for each product.
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Figure 8: We compare renderings obtained with our model (right)
with photographs (left) of cosmetics applied over bare skin on the
forehead. In both renderings and pictures, we apply the cosmetic
on the left side of the forehead, leaving the right side with bare skin
for reference. Our model captures the subtle increase in reflectance
when Dewy 1 is applied (central area of the forehead). On the other
hand, the model is also capable of generating a matte appearance
for grazing angles when Matte 2 is applied.

when diffusers are modeled with different phase functions. We ob-
serve that when diffusers are defined with a two-lobed phase func-
tion, the same parameters yield darker and more saturated colors.
This can be explained by noting that when having two strongly
anisotropic lobes, light tends to be either forwarded or backscat-
tered, thus resulting in a darker appearance, since less light gets
scattered horizontally.

As expected, the influence of the skin layer is greater for small
thickness values, while for higher values the appearance converges
to a similar result, regardless of the appearance of the skin.

In Figure 10, we explore the capabilities of our model to repro-
duce the adequate hue for different skin types, for different product
types. In each row, we apply four cosmetics strips, with only one of
them matching the hue of the underlying skin type. This illustrates
how a cosmetic product that does not match the hue of the under-
lying skin can be easily spotted. We run this experiment for both
dewy and matte foundations, showing that our model is capable
of generating an adequate hue for the different types of products.
Matte cosmetics, as expected, provide a closer color match, while
dewy foundations provide more desaturated colors in exchange for
increased highlights
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Figure 9: Appearance exploration - we investigate the influence of the parameters of our model on the final appearance. In (a) we show the
influence of thickness t and concentration of diffusers cd. Thickness has a major impact on perceived reflectance. In (b) we explore how αp,
the roughness of platelets, with cd affect the shape and brightness of highlights. αp mainly affects the shape of the highlights, while cd alters
their intensity. In (c) we study the effect of using a single or a two-lobed phase function for diffusers. Two-lobed phase functions generate
darker and more saturated appearances.

Matte Dewy

Figure 10: Experiment matching the hue of different skin types. In
each row, we simulate different cosmetic strips aimed to match the
hue of different skin types. We apply the same cosmetics to all rows
changing the underneath skin type. Note how incorrect hues can be
easily spotted if not applied to the correct skin type. We repeat this
experiment for the two categories of matte and dewy cosmetics. All
results are obtained using t = 0.5

Figure 11: Effect of stacking two layers of foundation. (a) the bot-
tom layer uses a dewy foundation, while the top layer is composed
of a matte foundation. In (b) the bottom layer uses a matte founda-
tion, while the top layer is a dewy foundation. Note how the top-
most material dominates the final appearance.

We also observe that the effect of glossiness is more prominent
for darker skin tones, as observed in previous work on glossiness
perception [PFG00]. This is a key aspect that has to be considered
for different skin types.

Finally in Figure 11, we explore the results of applying layers
of foundations characterized by different final appearances. We run
this experiment by taking dewy and matte foundation cosmetics
and observing how they interact with each other depending on the
order in which they are applied. We observe that the topmost layer
dominates the final appearance. This is expected as the brightness
of highlights is dominated by the first bounce, therefore the first
few bounces are key in determining the final appearance.

7. Conclusions

We proposed a scattering model for characterizing cosmetic mate-
rial using colored volumetric spherical diffusers and platelet par-
ticles. We demonstrated that this model is capable of reproducing
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the main characteristics of foundation layers by fitting the model
to measured bidirectional reflectance data of sample products. We
investigated the appearance space that our model spans, confirming
that is possible to achieve believable results with our model. As op-
posed to previous work, we offer a model that can be easily edited
and used to predict different appearances without necessarily being
entangled with the skin type on which it was applied. We believe
that our model offers a solid base but additional work is required to
capture all the subtle nuances of cosmetic materials.

Strictly speaking, our model focuses on foundation makeup, and
we have only validated it against this type of cosmetics. However,
as shown in Figure 1, we can use our model to replicate the look
of other types of makeup, which shows the versatility of our ap-
proach. Nevertheless, a more thorough analysis against measure-
ments would be required for validating other ranges of cosmet-
ics. Note also that the foundation samples are specific for light
skin; however, as shown in Figure 10 our model is able to qual-
itatively capture the appearance of cosmetics targeting other skin
types. Particularly interesting for future work is to investigate re-
flectance models for foundation layers that incorporate glittering
effects. However, measuring this class of materials can prove to be
a challenging task, as it is not clear how to measure the reflectance
of a material that glitters if not by taking the aggregated behav-
ior. An additional limitation is that our model builds upon pure
ray optics, and thus it ignores diffraction effects occurring due to
the powder-like nature of the scatterers. That might explain why
our model is not able to fully reproduce the reflectance behavior
exhibited by Dewy 2, which we hypothesize is caused by the in-
terference caused at grazing angles observed in previous work for
different materials [LKYU12,EBM18]. Adding a diffraction reflec-
tion lobe [HP17] could help our model better fit the captured data
and appearance behavior at grazing angles, and we think it is an
interesting research direction for future work.

Studying the effect of heterogeneous and uncorrelated scatterers
is an interesting avenue for future work as concurrent work shows
that varying pigments radius and mass fraction can have a signif-
icant impact on the colored appearance of cosmetics [TLAV23].
Nevertheless, we found that using the classical RTE formulation
for uncorrelated media fits well with measurements, while it also
reduces the additional complexity of specifying non-exponential
mean-free-paths.

In terms of implementation, our model is based on the PFMC
framework, which requires several samples to converge to a noise-
free solution. Implementing our model using faster position-free
approaches [Bd22] or using the SpongeCake model [WJHY22]
should be trivial, and would likely reduce significantly the overhead
of our method. Finally, our model focuses on the local microscopic
appearance of cosmetics, and thus does not account for the meso-
scopic effects of cosmetics masking small crevices or pores which
should change the normal or displacement mapping modeling of
the skin mesogeometry.
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Parameter Dewy 1 Dewy 2 Matte 1 Matte 2

αp 0.13 0.002 0.15 0.49
θp 1.47◦ 5.5◦ 2.01◦ 52.2◦

Λp (0.75,0.85,0.99) (0.8,0.8,0.8) (0.91, 0.89,0.85) (0.93,0.83,0.71)
cd 0.90 0.99 0.89 0.29
Λd (0.99,0.98,0.95) (0.97,0.93,0.87) (0.95,0.94,0.91) (0.9,0.9,0.84)
g1 0.55 0.77 0.37 0.24
g2 0.09 -0.23 -0.25 -0.22
wg 1.0 0.79 0.62 0.51
t 16 16 16 16

Table 2: Optimized parameters fit from our measured reflectance
data using our cosmetic appearance model for several cosmetic
products.

Figure Resolution SPP Time Thickness

7 (First row - Matte 1) 1223×1269 128 11.4 min 0.5
7 (First row - Matte 2) 1223×1269 128 11.0 min 0.5
7 (First row - Reference) 1223×1269 128 9.25 min 0.5
7 (First row - Dewy 1) 1223×1269 128 9.95 min 0.5
7 (First row - Dewy 2) 1223×1269 128 10.95 min 0.5
7 (Second row - Matte 1) 1332×1187 512 25.3 min 0.35
7 (Second row - Matte 2) 1332×1187 512 24.8 min 0.35
7 (Second row - Reference) 1332×1187 512 24.8 min 0.35
7 (Second row - Dewy 1) 1332×1187 512 24.2 min 0.35
7 (Second row - Dewy 2) 1332×1187 512 25.3 min 0.35
11 (First row - no foundation) 1332×1187 512 25.3 min 0.0
11 (First row - one layer) 1332×1187 512 25.3 min 0.25
11 (First row - two layers) 1332×1187 512 25.3 min 1.25

Table 3: Rendering times for the the figures in the paper.

Appendix A: Optimized Parameters and Rendering Time

In the following, we report the optimized parameters (see Table 2)
for the four foundation samples measured and rendering time for
some of the figures 2. Notice how our cosmetic layer only intro-
duces a small overhead in terms of rendering time despite our work
being more focused on rendering accuracy than computational per-
formance and we do not perform any sophisticated performance
optimization strategies.
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