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Exploration of the hyperspectral domain offers a host of new research and
application possibilities involving material appearance modeling. In this article, we address these prospects with respect to human skin, one of the
most ubiquitous materials portrayed in synthetic imaging. We present the
first hyperspectral model designed for the predictive rendering of skin appearance attributes in the ultraviolet, visible, and infrared domains. The
proposed model incorporates the intrinsic bio-optical properties of human
skin affecting light transport in these spectral regions, including the particle
nature and distribution patterns of the main light attenuation agents found
within the cutaneous tissues. Accordingly, it accounts for phenomena that
significantly affect skin spectral signatures, both within and outside the visible domain, such as detour and sieve effects, that are overlooked by existing
skin appearance models. Using a first-principles approach, the proposed
model computes the surface and subsurface scattering components of skin
reflectance taking into account not only the wavelength and the illumination
geometry, but also the positional dependence of the reflected light. Hence,
the spectral and spatial distributions of light interacting with human skin
can be comprehensively represented in terms of hyperspectral reflectance
and BSSRDF, respectively.
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1.

INTRODUCTION

Despite significant advances achieved by the computer graphics
community with respect to the modeling of material appearance,
organic materials such as human skin continue to represent an
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ongoing challenge in this area due to their inherent optical complexity. Moreover, to date, the bulk of the work on light and skin interactions within the computer graphics field has been aimed at skin
imaging in the visible domain. In fact, only recently have computer
graphics researchers started to look more closely into the hyperspectral domain, spanning from the ultraviolet (UV) to the infrared
(IR) regions of the light spectrum, in order to broaden the scope of
traditional rendering frameworks [Kim et al. 2012]. Accordingly,
existing skin appearance models have been primarily employed in
image synthesis applications (e.g., Donner et al. [2008] and Jimenez
et al. [2010]) as well as in biomedical investigations (e.g., Baranoski
et al. [2012a] and Cavalcanti et al. [2013]) centered on the visible
appearance attributes of human skin. However, there are relevant
avenues of research associated with skin appearance modeling that
remain unexplored, notably involving the hyperspectral simulation
of light and skin interactions and the modeling of aging and weathering phenomena, a forefront topic in the pursuit of realism [Dorsey
et al. 2007; Mérillou and Ghazanfarpour 2008]. For example, many
skin appearance changes distinctly noticeable in the visible domain
are caused by natural processes, such as tanning [Chedekel 1995],
freckling [Fulton 1997], and photoaging [Schroeder et al. 2008]
triggered by exposure to UV and IR light. In order to predictively
simulate these processes, it is necessary in turn to employ models
that can correctly account for light and skin interactions, both within
and outside the visible domain.
The investigation and rendering of phenomena affecting skin
appearance attributes within a broader hyperspectral domain can
also lead to a diverse scope of applications in the life and health
sciences. For example, the presence of pigmentation irregularities
such as freckles, moles, and other forms of melanin clumping is
accentuated in the UV domain (Figure 2 (left)). Predictive images
depicting this phenomenon can be employed in appearance-based
interventions aiming at increasing the willingness of individuals to
adopt sun protection measures that can reduce photodamage effects
and skin cancer risk [Mahler et al. 2003]. In addition, the modeling
of skin hyperspectral responses can be utilized in noninvasive health
monitoring procedures of relevance for medical and cosmetics research as well as clinical practice. For example, UV responses can
be used in the assessment of the intrinsic photoprotective properties
of a skin specimen [Nielsen et al. 2004], while IR responses can be
used in the assessment of skin hydration [Attas et al. 2002], a key
factor contributing to skin health.
Hyperspectral modeling of skin appearance also offers a myriad
of creative opportunities for aesthetic applications. For example, in
the IR region, notably below 1300nm, one can observe a “soft”,
more diffuse skin appearance (Figure 2 (right)) that is also less
influenced by pigmentation irregularities [Anderson and Parrish
1982; Fredembach et al. 2009]. Unique, artistic images of human
subjects can be obtained by eliciting this “ethereal” appearance of
skin under IR light [Sandidge 2009].
There is a considerable amount of research on the simulation
of light and skin interactions being performed in fields as diverse as colorimetry (e.g., Tsumura et al. [2000]), remote sensing (e.g., Nunez [2009]), and tissue optics (e.g., Prahl [1988]). It is
worth noting, however, that the models proposed in these fields are
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Fig. 1. Images showing distinct skin appearance features in the ultraviolet (left), visible (center), and infrared (right) spectral domains. These images were
rendered using BSSRDF (top row) and BRDF (bottom row) representations of spatial light distributions provided by the proposed hyperspectral model
HyLIoS (Hyperspectral Light Impingement on Skin) in these domains. Note that HyLIoS can predictively simulate not only the intensification of pigmentation
irregularities in the ultraviolet range, but also the “soft”, “ethereal” (more diffuse and less affected by the presence of pigmentation irregularities) appearance
of human skin in the infrared range [Sandidge 2009], notably below 1300nm [Anderson and Parrish 1982]. The ultraviolet and infrared responses (at 365nm
and 1100nm, respectively) are depicted using pseudocolor.

Fig. 2. Photos taken with a Nikon D2X camera equipped with different
light transmitting filters. Left: UV filter. Center: no filter. Right: IR filter. Note the intensification of pigmentation irregularities in the UV range
(employed in appearance-based cancer prevention initiatives [Mahler et al.
2003; Fulton 1997]), and the more diffuse, “ethereal” skin appearance
that can be obtained in the IR domain (employed in artistic applications
[Sandidge 2009]). The UV and IR photos are depicted using pseudocolor.
Photos courtesy of Charles Schmitt.

not designed for the comprehensive simulation of material appearance within image synthesis frameworks, which involves both the
spectral and spatial distributions of light interacting with a given
material [Hunter and Harold 1987]. Instead, these models are primarily designed for specialized applications such as the detection
and analysis of skin spectral signatures within specific regions of
the light spectrum (e.g., Nielsen et al. [2004]).
In this article, we present the first hyperspectral skin appearance
model, henceforth referred to as HyLIoS (Hyperspectral Light
Impingement on Skin), capable of predictively simulating both
the spectral and spatial distributions of light interacting with this
complex biological material in the UV, visible, and IR domains,
from 250–2500nm. The first-principles approach used in the design
of the proposed model takes into account not only the detailed
layered structure of the skin tissues, but also the particle nature of its
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.

main light attenuation agents, namely the melanosomes (spheroidal
melanin-containing organelles [Olson et al. 1973]). Instead of relying on Mie-theory-based approximations in which light attenuation
agents are usually represented by uniformly distributed spheres,
we probabilistically incorporate the melanosomes’ size, shape,
orientation, and distribution into our light transport simulations.
These also account for the hyperspectral absorption and scattering
properties of the remaining light attenuation agents found in each
layer. As a result, the proposed model can predictively account for
phenomena that significantly affect skin spectral responses both
within and outside the visible domain, such as light detour and
sieve effects [Butler 1964; Latimer 1984], as well as the positional
dependence [Nicodemus et al. 1992] of light interacting with a
given skin specimen.
As highlighted by Greenberg et al. [1997], the evaluation of predictive simulations should involve comparison of their results with
physical measurements whenever such data is available. Accordingly, the predictions of the proposed model are primarily evaluated
through quantitative comparisons with measured data and qualitative comparisons with empirical observations reported in the literature. In addition, images rendered using the proposed model are
employed to further illustrate its predictive capabilities with respect
to the simulation of characteristic trends in the variation of skin
appearance attributes, both within and outside the visible domain.
Finally, practical issues related to its usability and performance are
also examined in this article.

2.

RELATED WORK

In this section, we briefly review key developments on the modeling
of skin appearance within the computer graphics field. The reader
interested in a more detailed examination of this body of work,
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especially outside the computer graphics domain, is referred to
comprehensive texts on this topic [Tuchin 2007; Igarashi et al.
2007; Baranoski and Krishnaswamy 2010].
Skin appearance models employed in realistic image synthesis
can be broadly categorized into two groups: deterministic and nondeterministic. Deterministic models (e.g., Stam [2001], Donner and
Jensen [2006], and Weyrich et al. [2006]) simulate the light and
skin interactions using formulations based on analytical approximations to the radiative transfer equation such as the Kubelka-Munk
theory, the diffusion theory, and the discrete-ordinate approximation [Igarashi et al. 2007; Baranoski and Krishnaswamy 2010].
Nondeterministic models (e.g., Hanrahan and Krueger [1993], Ng
and Li [2001], and Krishnaswamy and Baranoski [2004a]) simulate
these interactions using stochastic techniques based on Monte Carlo
methods [Prahl 1988].
Deterministic models are faster and amenable to analytical manipulation, which favors their use in real-time applications aimed
at generating believable images of virtual characters. However, it is
important to note that the predictive capabilities of these models are
bound by the inherent limitations of the analytical approximations
employed in their formulations. For example, it has been demonstrated [Hielscher et al. 1995; Chen et al. 2001] that the diffusion
theory approximation fails to accurately describe light propagation in highly absorbing media. In the case of human skin, strong
absorption is verified in the UV, visible (below ≈ 600nm), and
IR (above ≈ 1300nm) domains [Anderson and Parrish 1982]. Recently, algorithms have been proposed to relax the limitations of
the diffusion theory approximation [d’Eon and Irving 2011]. These
algorithms have been evaluated through comparisons with results
provided by general-purpose Monte Carlo simulations [Wang et al.
1995] involving the reflectance and transmittance profiles within
single- and two-layer homogeneous materials.
Nondeterministic models allow for the proper modeling of complex geometries and optical inhomogeneities [Prahl 1988; Hielscher
et al. 1995; Wang et al. 1995], thus supporting utilization of firstprinciples simulation approaches. These approaches in turn apply
fundamental principles of physics to a material’s microscopic structure in order to build up the bulk behavior of how it interacts with
light [Dorsey et al. 2007]. Accordingly, depending on the level of
abstraction employed in the characterization of the skin specimens,
they can lead to high-fidelity results. These models, however, are
bound to incur higher processing times due to their use of Monte
Carlo methods. For this reason, parallel processing strategies (e.g.,
Krishnaswamy and Baranoski [2004b]) and specialized graphics
hardware (e.g., Doronin and Meglinski [2011]) are often employed
to improve their performance.
Existing skin appearance models, either deterministic or nondeterministic, are not designed for providing predictive spectral responses with respect to a broader spectral domain, from UV to IR.
For instance, it has been established [Anderson and Parrish 1982;
Nielsen et al. 2006] that the effects of melanin on skin color and UV
light attenuation must be related not only to melanin content, but
also to where it is found and how it is dispersed within the cutaneous
tissues. None of the existing skin appearance models accounts for
the particle nature and distribution of melanosomes within the different epidermal layers, which impairs their predictive capabilities
even in the visible domain as further discussed in Section 5. In
addition, to the best of our knowledge, existing models do not account for the presence and distribution of other major contributors
to light attenuation outside the visible domain such as keratin, DNA,
urocanic acid, water, and lipids [Young 1997; Yang et al. 2009].
It is worth mentioning that there have been relevant computer graphics works involving the measurement of skin spectral
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responses and the capture of skin appearance data (e.g., Marschner
et al. [1999], Fuchs et al. [2005], Weyrich et al. [2006], Donner
et al. [2008], and Ghosh et al. [2008]). These efforts, however, were
also aimed at applications in the visible domain and consequently
primarily targeted the acquisition of skin appearance data in this
region of the light spectrum.

3.

BIOPHYSICAL BACKGROUND

In order to predictively model the appearance attributes of human
skin, it is necessary to account for its intrinsic bio-optical properties.
Although previous work in this area has examined these properties,
for completeness we briefly review it from a hyperspectral perspective in this section.
Human skin is usually described as being composed of three distinct tissues, namely stratum corneum, epidermis, and dermis [Yang
et al. 2009]. The stratum corneum and the epidermal layers (stratum lucidum, stratum granulosum, stratum spinosum, and stratum
basale, from outermost to innermost) are composed of stratified cells
with a combined thickness that may reach about 1mm [Anderson
and Parrish 1982; de Graaff 1995]. Note that the stratum lucidum
is a clear layer found only in thick skin regions such as palms and
soles [de Graaff 1995] and for these reasons not further addressed
in this work. The dermis can be divided into the outermost papillary
dermis and innermost reticular dermis, with a combined thickness
that may reach up to 4mm [Anderson and Parrish 1982]. Compared
to the reticular dermis, the papillary dermis is relatively thin and
contains smaller-sized structural fibers. The dermis also contains a
network of blood vessels, with wider vessels being located in the
reticular dermis.
Light impinging on the skin surface can be reflected back to
the environment or transmitted into its internal tissues, a process
that can be described in terms of the Fresnel equations [Anderson
and Parrish 1982]. Once light is transmitted into the skin tissues, it
can be absorbed or scattered by their constituent materials. In the
remainder of this section, we outline the most important of these
attenuation agents contributing to light absorption and scattering
within the cutaneous tissues in the UV, visible, and IR domains.

3.1

Light-Absorbing Materials

Relevant light-absorbing materials acting in the UV domain are
situated within the stratum corneum and epidermis [Young 1997].
These include DNA, keratin, urocanic acid, and melanin, which may
occur in two forms within human skin: the dominant brown-black
eumelanin and the yellow-red pheomelanin [Chedekel 1995].
Melanin is also a strong absorber in the visible range [Anderson
and Parrish 1982]. It is synthesized by melanocyte cells in the stratum basale, where it is preferentially concentrated [de Graaff 1995].
As the epidermal cells move upward, it is distributed throughout the
full thickness of the upper layers [Kollias et al. 1991]. Melanin may
occur in a colloidal form (also known as melanin dust) or clustered
within the melanosomes [Pathak 1995], where its content may range
from 17.9% to 72.3% [Kollias et al. 1991].
Blood-borne pigments (e.g., oxyhemoglobin, deoxyhemoglobin,
carboxyhemoglobin, methemoglobin, sulfhemoglobin, bilirubin
and beta-carotene) found in the dermis are also relevant absorbers
in the UV and visible domains [Jacquez et al. 1955b]. It is worth
noting that beta-carotene may be also found in the epidermis and
stratum corneum [Anderson and Parrish 1982]. Water and lipids
found throughout the skin dominate the absorption of light in the
IR domain [Jacquez et al. 1955a; Cooksey and Allen 2013], notably
within the thick dermis [Yang et al. 2009].
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.
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Fig. 3. Sketches depicting the distribution of melanosomes within the epidermal layers of skin specimens with different levels of melanin pigmentation. Left: melanosome complexes found in lightly pigmented specimens.
Center: more compact complexes found in moderately pigmented specimens. Right: individually dispersed melanosomes found in darkly pigmented
specimens.

3.2

Light-Scattering Materials

Light is mostly scattered by heterogeneous structures, such as cells,
organelles, and fibers, found within the skin tissues [Anderson and
Parrish 1982]. Among these structures, the melanosomes, which
predominantly scatter light in the forward direction [Chedekel
1995], have a central role in the attenuation of UV and visible
light [Kollias et al. 1991]. The quantity of melanosomes produced
in human skin is determined by genetic factors and sun exposure.
In darkly pigmented specimens, the mean epidermal melanosome
content (volume fraction) may be as high as 10%, while in lightly
pigmented specimens may be as low as 1% [Lister 2013].
Melanosomes can be described as particles with the shape of a
prolate spheroid [Olson et al. 1973]. In lightly pigmented specimens,
they can occur in groups surrounded by a transparent membrane
forming melanosome complexes [Szabo et al. 1969; Olson et al.
1973], which are characterized as approximately spherical in shape
[Szabo et al. 1969; Kollias et al. 1991] (Figure 3 (left and center)).
In darkly pigmented specimens, however, they occur as denser and
individually dispersed particles [Szabo et al. 1969; Olson et al.
1973] (Figure 3 (right)).
The turbid dermal layers contain dense connective tissue. Light
traversing these layers is subject to Rayleigh scattering, that may
be caused by the presence of small-scale features, such as collagen
fibers and fibrils, in the papillary dermis [Anderson and Parrish
1982; Jacques 1996]. Moreover, as light penetrates deeper into the
dermal layers, it becomes progressively more diffuse [Jacques et al.
1987]. Eventually, the light traversing the dermis may reach the
hypodermis. Light remission by large cellular structures in this
adipose tissue can further contribute to an increase in the scattering
of light within the dermis [Yang et al. 2009].

3.3

Fig. 4. Sketch illustrating the different light and skin interaction processes
simulated by the proposed hyperspectral model (HyLIoS). From left to right:
surface reflection, absorption, transmission, and subsurface reflection. Note
that the distances that may separate light incidence (xi ) and outgoing (xo )
points are computed taking into account the physical distances that light
travels within the cutaneous tissues.

Detour and Sieve Effects

When light traverses a turbid medium, refractive index differences between pigment-containing structures and the surrounding
medium may cause multiple interactions that increase the light optical path length, a phenomenon known as detour effect [Butler 1964].
Conversely, the traversing light may undergo a sieve effect, that is it
may not encounter a pigment-containing structure [Latimer 1984].
While the former increases the probability of light absorption by
the pigment of interest, notably in bands of absorption minima, in
comparison with a homogeneous solution with equal concentration
of this pigment [Butler 1964], the latter reduces the probability
of light absorption, particularly in bands of absorption maxima
[Latimer 1984]. The net result of these effects depends on the
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.

Fig. 5. Diagram showing the skin layers considered by the proposed
hyperspectral model (HyLIoS). The main light-absorbing spectral domains
associated with each layer are identified as UV (UltraViolet), Vis (Visible),
and IR (InfraRed).

absorption spectra of the pigments as well as the distribution
and volume fraction of the pigment-containing structures (e.g.,
melanosomes and melanosome complexes) found in a given
medium [Butler 1964; Latimer 1984].

4.

THE HYLIOS MODEL

The proposed model employs stochastic techniques to simulate the
interactions of light with human skin. Using a first-principles approach, it accounts for the physical distances traveled by light within
the cutaneous tissues. As a result, the radiometric responses derived from the light interaction processes affecting skin appearance
can be quantified in terms of BSSRDF (bidirectional scatteringsurface reflectance-distribution function) since the distances that
may separate the light incidence (xi ) and outgoing (xo ) points (Figure 4) are provided by the simulations. Alternatively, these radiometric responses can be quantified in terms of BRDF (bidirectional
reflectance-distribution function) by ignoring this positional parameter [Nicodemus et al. 1992].
Within the proposed modeling framework, the main cutaneous
tissues, namely stratum corneum, stratum granulosum, stratum
spinosum, stratum basale, papillary dermis, and reticular dermis,
are represented by semi-infinite layers as depicted in Figure 5.
These layers are characterized by their thickness refractive index
as well as the presence and optical properties of light attenuation
materials.
The propagation and attenuation of light within the various skin
layers are simulated through an iterative random walk algorithm
which is schematically presented in Figure 6. Within this simulation framework, absorbers represent materials that primarily
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ray is terminated. In the case of attenuators that can significantly
contribute to both absorption and scattering, a probabilistic test
(Section 4.2.1) is used to determine whether the ray is absorbed. If
the test fails, the ray is scattered (Section 4.2.1) and the random walk
continues; otherwise, the ray is terminated. In the case of attenuators
that primarily scatter light, the ray is scattered (Section 4.2.2) and
the random walk proceeds.
In the following sections, we describe how the light attenuation contributions of absorbers, attenuators, and large-scale cellular
structures are accounted for in the algorithmic formulation of the
proposed model.

4.1

Absorbers

In order to account for the contributions of the absorbers present in
a given layer, we compute the spectral volumetric absorption coefficient associated with the layer, which corresponds to the weighted
sum of the specific spectral absorption coefficients of each absorber. For example, the absorption in the papillary dermis is primarily due to water, lipids, and blood pigments. Let the blood-borne
pigments oxyhemoglobin, deoxyhemoglobin, carboxyhemoglobin,
methemoglobin, sulfhemoglobin, beta-carotene, and bilirubin be
denoted by oh, dh, ch, mh, sh, bc, and bil, respectively. The corresponding volumetric absorption coefficient of the papillary dermis
can then be calculated as
p

p

μpa (λ) = ζwater (λ)vwater + ζlipids (λ)vlipids
b
b
b
+ (ζoh (λ)voh
+ ζdh (λ)vdh
+ ζch (λ)vsh
b
b
+ ζmh (λ)vmh
+ ζsh (λ)vsh
p

b
b
+ ζbc (λ)vbc
+ ζbil (λ)vbil
)vblood ,

(2)

p

Fig. 6. Flowchart depicting the general structure of the iterative random
walk algorithm employed by the proposed hyperspectral model (HyLIoS).
The distances to the next attenuation events are computed using Eq. (1).

absorb light, while attenuators represent materials that primarily scatter light (e.g., connective fibers) as well as materials that
significantly contribute to both absorption and scattering of light
(e.g., melanosomes). Although light is represented by discrete rays,
each one associated with a given wavelength λ, the attenuation
events are probabilistically accounted for using ray optics and,
when appropriate, data-driven procedures based on wave optics
observations.
At the start of each iteration, a Fresnel test is performed when
a ray hits a layer interface. If the ray exits the skin, a reflection or
transmission event is recorded and the iteration terminated. Otherwise, the distance to the next attenuation event is probabilistically
computed as follows. When a ray travels through a layer, it may
interact with various absorbers and attenuators. Each of these tissue
constituents may be associated with a different spectral attenuation
coefficient μ(λ). For each relevant μ(λ), we generate a distance
d(λ) [Prahl 1988] given by
1
ln ξ1 ,
d(λ) = −
μ(λ)

(1)

where ξ1 is a random number uniformly generated from (0, 1]. The
actual distance travelled by the ray to the next attenuation event
corresponds to the smallest of these generated distances, that is,
we advance the ray by this distance. If the ray hits a layer interface,
the process reiterates from the Fresnel test; otherwise, three possible
outcomes may take place (Figure 6). In the case of absorbers, the

where ζi , vi , and vib correspond respectively to the specific absorption coefficient of a given absorber i, its volume fraction within the
papillary dermis, and its volume fraction within whole blood.
Recall that melanin may be found dispersed in a colloidal form or
clustered within the melanosomes (Section 3.1). In the former case,
its specific absorption coefficients (for eumelanin and pheomelanin)
are aggregated to the specific absorption coefficients of the pigments
found in a given layer as described earlier. In the latter case, the
computation of its attenuation coefficient takes into account its
concentration within each individual melanosome. This coefficient
is then employed in the absorption tests performed considering the
specific geometrical and optical characteristics of these melanincontaining organelles (Section 4.2.1).

4.2

Attenuators

Melanosomes and connective fibers are incorporated into the proposed model as attenuators. Based on experimental investigations
[Latimer 1984], the perturbations caused by these materials on the
propagated light are assumed azimuthally symmetric. Accordingly,
the corresponding azimuthal angle of perturbation is uniformly sampled from [0, 2π ).
4.2.1 Melanosomes and Melanosome Complexes. Individually dispersed melanosomes (in darkly pigmented specimens) and
melanosome complexes (in lightly and moderately pigmented specimens) are probabilistically generated, positioned, and oriented onthe-fly in a given epidermal layer (Figure 7). This approach enables
the simulation of light interactions with each melanosome without having to explicitly store these organelles, as well as avoiding
expensive ray-melanosome intersection tests.
Melanosomes are modeled as prolate spheroids employing dimensions reported in the literature [Olson et al. 1973], while
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.
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Fig. 7. Diagram illustrating a possible path (from left to right) that can be followed by a ray traversing an epidermal layer occupied by individual melanosomes
(represented by prolate spheroids). The distance to the next melanosome is probabilistically computed according to a path-length distribution. The orientation
of the melanosome as well as a hitting point on its surface are also probabilistically generated. The light interaction with the melanosome is simulated, and the
ray is either terminated inside the melanosome or scattered. In the latter case, the melanosome is discarded and a new one generated. This process is repeated
until the ray is either absorbed or scattered outside of the layer. The same stochastic procedure is employed for melanosome complexes.

melanosome complexes are modeled as spheres [Kollias et al. 1991].
Based on experimental observations [Szabo et al. 1969], for lightly
pigmented specimens the sphere diameter is set to be twice the major
axis of the spheroids representing the encapsulated melanosomes.
Similarly, for moderately pigmented specimens this diameter is set
to be equal to the major axis of the spheroids [Szabo et al. 1969].
The attenuation coefficient of a melanosome is given by its geometric attenuation coefficient [Kimmel and Baranoski 2007]
μg =

S v
,
V 4

(3)

where S is the surface area, V the volume, and v the volume fraction.
The ratio S/V for a prolate spheroid is calculated as
3 a
arcsin c 
S
=
+
,
(4)
V
2a b
c
where a and b correspond to the lengths
 of the semi-minor and
semi-major axes, respectively, and c = (1 − a 2 /b2 ).
Once the distance d is computed by substituting μg into Eq. (1),
the orientation of the prolate spheroid is selected by sampling the
Probability Distribution Functions (PDFs) associated with the orientation that was considered while generating the distance. These
PDFs [Yim et al. 2012] are given by
Pm (α) =

χ1 (1 − | cos α|) + χ2 | cos α|
,
χ1 + χ2

(5)

1
,
(6)
2π
where α and β correspond, respectively, to the polar and azimuthal
angles defining the ray direction, and χ1 and χ2 correspond to
the cross-sectional areas of the spheroid associated with its minor
and major axes, respectively. Note that if the spheroid overlaps its
predecessor, it is rejected and another one generated. Similarly, the
spheroid is also rejected if it crosses a layer boundary. Finally, the
hitting point on the spheroid surface is randomly selected among
the set of points facing the ray, that is, by uniformly selecting a
random point from the spheroid’s projected surface facing the ray.
After the position, orientation, and hitting point are selected,
the model simulates the light-melanosome interactions taking into
account the dual photon-wave nature of these interactions. As observed by Latimer [1984], when light traverses an organelle, the
light waves tend to reach out and interact with parts of the organelle
that are geometrically outside their straight-line path, resulting in
an absorption enhancement. In order to account for this absorption
enhancement, the ray traversing the melanosome is tested for absorption considering the possibility of multiple internal interactions
Pm (β) =
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as described next. The distance that the ray can travel until the next
attenuation event is computed employing Eq. (1) and using the aggregated specific absorption coefficients of eumelanin and pheomelanin as the corresponding attenuation coefficient (Section 4.1). If
this distance does not allow the ray to exit the melanosome, the ray
is terminated, otherwise, a Fresnel test is performed to determine
whether the ray is transmitted out of or bounced inside the spheroid
due to the refractive index difference between the clustered melanin
and the surrounding medium (epidermal tissue). When the ray is
bounced, it is diffusely perturbed to account for the irregular morphology of the different melanosome parts [Kollias et al. 1991] subjected to the light-organelle interactions [Latimer 1984] mentioned
earlier. Accordingly, the polar perturbation angle is sampled from
[0, π/2) using a PDF based on the cosine √
distribution, that is, the
polar perturbation angle is given by arccos( 1 − ξ2 ), where ξ2 represents a random number uniformly sampled from [0,1). Rejection
sampling is employed to guarantee that the perturbed ray, denoted
by rp , remains inside the melanosome, that is, if rp · n < 0, where n
corresponds to the inward normal at the intersection point, the ray is
rejected. In this case, another perturbed ray is obtained and the rejection test repeated. After applying this perturbation procedure, the
process inside the melanosome reiterates from the absorption test.
In the case of the melanosome complexes, their attenuation coefficient is also obtained using Eq. (3), with the ratio S/V given
by 3/rs [Kimmel and Baranoski 2007], where rs is the radius of
the corresponding sphere. When a ray encounters a melanosome
complex, it interacts with at most nm encapsulated melanosomes,
where nm corresponds to the ratio of the diameter of the encapsulating sphere to the minor axis of the spheroid representing the
melanosomes [Szabo et al. 1969]. Each of these interactions will
involve the melanosome orientation selection and the absorption
test described before.
If a ray is not absorbed by an individually dispersed melanosome
or a melanosome complex, it is scattered. The forward scattering behavior of the melanosomes [Chedekel 1995] is simulated
using a data-driven procedure that also follows the dual photonwave nature of the light-organelle interactions [Latimer 1984] mentioned earlier. More specifically, the corresponding polar scattering angle θm is sampled from an exponential distribution that has
a mean angle θ◦ . This mean angle was selected to be 5◦ based
on wave optics experimental observations on the scattering behavior of pigment-containing organelles [Latimer 1984]. Furthermore,
since light-melanosome interactions have an increasingly diminished contribution to light attenuation from 780nm–1300nm, being
essentially negligible beyond ≈ 1400nm [Anderson and Parrish
1982], we linearly reduce θ◦ to 0 over this region. Accordingly, the
polar angle θm is generated using Algorithm 1, where ξ3 and ξ4
are random numbers uniformly sampled from [0, 1). Similarly, in
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the case of a melanosome complex, Algorithm 1 is applied if all
encapsulated melanosomes fail the absorption test.
ALGORITHM 1: Exponential perturbation (mean angle θ◦ )
φ = arctan (θ◦ )
max = (1/θ◦ ) × exp (−φ/θ◦ ) × sin (φ)
repeat
ξ3 , ξ4 = random[0, 1)
θm = π ξ3
until max × ξ4 ≤ (1/θ◦ ) × exp (−θm /θ◦ ) × sin (θm )
return θm

4.2.2 Connective Fibers. It has been proposed [Jacques 1996]
that the scattering caused by the thin connective fibers in the papillary dermis follows the Rayleigh scattering formulation. Hence,
the attenuation coefficient associated with these fibers is calculated
using the following expression [McCartney 1976] for the Rayleigh
scattering coefficient:
2

 
128π 5 r 6 vf 4 3 −1 η2 − 1
μRs (λ) =
,
(7)
π
r
3λ4
3
η2 + 1
where r and vf represent the radius and the volume fraction occupied by the connective fibers, respectively, and η corresponds to the
ratio between the refractive index of these scatterers to the refractive index of their surrounding medium. Based on data provided
by Jacques [1996], we consider r = 100nm, η = 1.5/1.33, and
vf = 0.22 as default values in our simulations.
The ray direction of propagation is perturbed considering the
Rayleigh scattering distribution [McCartney 1976]. Accordingly,
the polar angle θR is generated using Algorithm 2, where ξ5 and
ξ6 are random numbers uniformly sampled from [0, 1). Since the
attenuation coefficient computed for these materials describes bulk
scattering, the contributions of these attenuators are taken into account only once per ray pass through the papillary dermis.
ALGORITHM 2: Rayleigh perturbation
repeat
ξ5 , ξ6 = random[0, 1)
θR = π ξ5 √ 
until ξ6 ≤ 3 8 6 (1 + cos2 θR ) sin θR
return θR

4.3

Large-Scale Cellular Structures

A portion of the light that interacts with the skin surface (stratum
corneum) cells may be reflected back to the environment following
the execution of a Fresnel test [Anderson and Parrish 1982]. To
account for the influence of the skin surface roughness on the distribution of the reflected rays, the surface normals are perturbed using
a procedure based on the Trowbridge-Reitz function [Trowbridge
and Reitz 1975] that represents rough air-cell interfaces using randomly curved microareas. Accordingly, when a ray impinges on
the skin surface, the azimuthal angle of the perturbed surface normal is uniformly sampled from [0, 2π ), while the polar angle θs is
generated using the following distribution:
Ps (θs ) =

s4
sin θs ,
(s 2 cos2 θs + sin2 θs )2

(8)
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where s is the roughness parameter associated with the aspect ratio
of the stratum corneum cells, that is, the flatter the cells (lower
s), the closer the spatial distribution of reflected rays approaches a
specular distribution.
Since the large cellular structures found in the hypodermis reflect
most of the impinging light (Section 3.2), the dermal-hypodermal
junction is set to have a reflectance equal to 1. In addition, considering that light becomes progressively more diffuse as it travels further within the dermis [Jacques et al. 1987], the rays reflected at the dermal-hypodermal junction are diffusely perturbed,
that is, the azimuthal perturbation angle is uniformly sampled from
[0, 2π ) and the polar perturbation angle is sampled from [0, π/2)
using the PDF based on the cosine distribution previously provided
(Section 4.2.1).

5.

RESULTS AND DISCUSSION

In order to evaluate the predictive capabilities of the proposed
model, we have compared its results with measured data and
experimental observations reported in the literature. In the absence
of measured skin characterization data for the specimens used in
the actual experiments, the values assigned to the pigmentation
parameters employed in the computation of the HyLIoS modeled
curves (Table I) were selected based on the specimens’ original
descriptions and the corresponding ranges for these parameters
provided in related scientific work [Kollias et al. 1991; Jacques
1996; Hennessy et al. 2005; Lister 2013]. In order to account for
melanosome degradation in the upper epidermal layers [Nielsen
et al. 2006], the axes of the melanosomes located in the stratum
spinosum and stratum granulosum were set, respectively, as 50%
and 25% of the values (in μm × μm) provided by Olson et al.
[1973], namely 0.40 × 0.17 and 0.69 × 0.28 for lightly and darkly
pigmented specimens, respectively.
For conserving space, the values selected for the remaining model
parameters, such as the thickness, refractive index, and water content associated with each skin layer, are provided in a supplementary
data file [Chen et al. 2014] along with the concentrations and absorption spectra of the absorbers employed in our simulations, which
include all those cited in Section 3.1. In addition, we note that
HyLIoS can be run online [Natural Phenomena Simulation Group
(NPSG) 2014] via a model distribution system [Baranoski et al.
2012] that enables researchers to specify simulation conditions (e.g.,
angle of incidence and spectral range), modify specimen characterization parameters, and obtain modeled directional-hemispherical
reflectance curves including those depicted in the quantitative comparisons presented in this work. Regarding the rendered images in
the visible domain presented herein, unless otherwise stated, they
were generated considering BSSRDF readings and light sources
that approximate a standard D65 illuminant [Hunter and Harold
1987].

5.1

Quantitative and Qualitative Comparisons

Existing skin appearance models designed for applications in the
visible domain, such as the diffusion-theory-based model proposed
by Donner and Jensen [2006] (henceforth referred to as DJ06) and
the stochastic model proposed by Krishnaswamy and Baranoski
[2004a] (known as BioSpec), assume melanin to be uniformly distributed in a single layer representing the epidermis. Moreover,
they take into account neither the particle nature nor the distribution patterns of the melanosomes (Section 3.2). These limitations
preclude these models from accounting for detour and sieve effects
(Section 3.3), which can lead to prominent discrepancies, notably
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.
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Table I. Main HyLIoS Pigmentation Parameters Used to Generate Reflectance Curves for Different Skin Specimens
Parameter
Epidermal Melanosome Content (%)
Epidermal Colloidal Melanin Content (%)
Melanosome Eumelanin Concentration (mg/mL)
Melanosome Pheomelanin Concentration (mg/mL)
Papillary Dermis Blood Content (%)
Reticular Dermis Blood Content (%)

S1
1.0, 1.0, 1.0
0.8
90.0
4.0
0.2
0.2

S2
0.00, 0.00, 3.75
1.25
50.0
2.0
0.7
0.7

S3
0.00, 0.00, 3.0
1.35
32.0
2.0
0.3
0.3

S4
10.0, 10.0, 10.0
15.0
50.0
4.0
2.5
2.5

The triples given in the top row correspond to values assigned to the three epidermal strata: granulosum, spinosum, and basale, respectively. Note that
the datasets S1, S2, and S3 correspond to specimens with relative low level of melanin pigmentation [Vrhel et al. 1994; Cooksey and Allen 2013], while
dataset S4 corresponds to a specimen with a high level of melanin pigmentation [Jacquez et al. 1955a, 1955b]. Accordingly, the simulations consider
the melanosomes distributed as complexes (Figure 3 (left)) when using datasets S1, S2, and S3, and as individually dispersed particles (Figure 3 (right))
when using dataset S4 [Szabo et al. 1969; Olson et al. 1973].

Fig. 8. Comparisons of modeled spectral curves obtained using DJ06
[Donner and Jensen 2006], BioSpec [Baranoski and Krishnaswamy 2010],
and HyLIoS models with measured NCSU spectral curves 117 (left) and
113 (right) [Vrhel et al. 1994]. The HyLIoS curves on the left and right were
computed using the pigmentation datasets S1 and S2, respectively (Table I).

in the blue end of the spectrum characterized by higher melanin
absorption. Such discrepancies can be observed in the graphs presented in Figure 8. These graphs show comparisons of modeled
results provided by DJ06, BioSpec, and HyLIoS with measured
results provided by Vrhel et al. [1994] considering an angle of incidence of 45◦ , which are made available in a spectra database at
the North Carolina State University (NCSU). In these comparisons,
we employed NCSU curves used as references in the original evaluations of DJ06 and BioSpec. Note that the DJ06 modeled results
depicted in Figure 8 were originally computed with the amount of
eumelanin set to zero as reported by Donner and Jensen [2006].
Although this can mitigate the absorption-related limitations of the
diffusion theory approximation outlined in Section 2, we remark
that eumelanin is the dominant form of melanin present in human
skin under normal physiological conditions [Anderson and Parrish
1982; Chedekel 1995; Hennessy et al. 2005; Kollias et al. 1991].
According to the trichromatic theory of color perception [Hunter
and Harold 1987], the human eye’s response to short-wavelength
light stimulus is significantly less strong than its response to
medium- and long-wavelength light stimuli. Since the previously
mentioned discrepancies are located in the blue end of the visible
spectrum, it is expected that they have a lower impact in the rendering of believable images of human skin. In order to illustrate this
aspect, we have generated skin swatches using the data presented
in Figure 8 (reflectance from 400–700nm with a resolution of 5nm)
in conjunction with a standard XYZ-to-sRGB conversion procedure [Stone 2003]. As can be observed in the images depicted in
Figures 9 and 10, despite these discrepancies, all three models can
be effectively employed in the rendering of believable skin images.
We remark, however, that the parameter values used in the computation of the BioSpec and HyLIoS curves depicted in Figure 8
were in closer agreement with the biophysical characteristics of skin
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.

Fig. 9. Skin swatches generated using modeled spectral curves provided
by DJ06 (left) and HyLIoS (center) models along with a reference swatch
(right) generated using measured data (NCSU spectral curve 117) provided
by Vrhel et al. [1994]. The respective spectral curves are depicted in Figure 8
(left).

Fig. 10. Skin swatches generated using modeled spectral curves provided
by BioSpec (left) and HyLIoS (center) models along with a reference swatch
(right) generated using measured data (NCSU spectral curve 113) provided
by Vrhel et al. [1994]. The respective spectral curves are depicted in Figure 8
(right).

specimens under normal physiological conditions, particularly with
respect to eumelanin content.
The first-principles simulation approach employed by HyLIoS
accounts not only for detour and sieve effects, but also for the
strong forward scattering behavior of the epidermal layers, most
notably in the UV domain [Bruls and van der Leun 1984] as shown
in the plot presented in Figure 11. Recall that the particle nature
and distribution patterns of the melanosomes have an even stronger
influence on the skin spectral responses in the UV range [Anderson
and Parrish 1982; Chedekel 1995], and the existing spectral models,
different from HyLIoS, do not account for these factors. Hence,
the simple incorporation of additional absorbers acting in the UV
domain into these models would likely lead to discrepancies similar
to those observed in the blue end of the visible spectrum (Figure 8).
In order to demonstrate the predictive capabilities of HyLIoS
across the UV-visible-IR range, we compared modeled curves
with measured curves provided by Cooksey and Allen [2013] and
Jacquez et al. [1955a, 1955b] obtained for lightly and darkly pigmented skin specimens considering angles of incidence of 8◦ and
16.75◦ , respectively. As can be observed in the graphs provided
in Figure 12, the relevant hyperspectral features (represented by
the peaks and valleys) and trends are reproduced by the modeled
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Fig. 11. Comparison of modeled subsurface scattering data obtained using
HyLIoS with measured subsurface scattering data provided by Bruls and
van der Leun [1984] for the epidermis of a lightly pigmented skin specimen
considering normal incidence of UV light (at 302nm). The modeled data
was computed using the pigmentation dataset S2 (Table I). The insets depict
orthographic projections of the measured and modeled subsurface scattering
data presented in the graph.
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Fig. 13. Comparison of modeled BRDF curves (H) provided by HyLIoS
with measured BRDF curves (M) provided by Marschner et at. [1999]
for a lightly pigmented specimen considering two angles of incidence: 0◦
(left) and 60◦ (right). The modeled curves were obtained considering the
pigmentation dataset S1 (Table I).

Fig. 14. Scattering plots provided by HyLIoS showing surface (Rs ), subsurface (Rd ), and total (Rt ) reflectance distributions in the UV (left) and IR
(right) domains. Note the more diffuse total reflectance distribution of IR
light (below 1300nm) as reported in the scientific literature [Anderson and
Parrish 1982; Hansen et al. 2010]. These plots correspond to normalized
bidirectional reflectance values at 365nm (left) and 1100nm (right) multiplied by the cosine of the reflection angle. The bidirectional reflectance
values were computed considering an angle of incidence of 45◦ and using
the pigmentation dataset S1 (Table I).

Fig. 12. Comparisons of modeled hyperspectral curves obtained using
HyLIoS with measured curves for a lightly pigmented specimen (top) provided by Cooksey and Allen [2013] and a darkly pigmented specimen (bottom) provided by Jacquez et al. [1955a, 1955b]. The HyLIoS curves (from
250nm–2500nm) for the lightly and darkly pigmented specimens were computed using the pigmentation datasets S3 and S4, respectively (Table I).

curves. For example, for wavelengths longer than ≈1300nm, the
absorption is dominated by the presence of water and lipids instead
of melanin pigmentation [Anderson and Parrish 1982], resulting in
a similarity between the measured reflectance spectra in this region.
Such a similarity can also be observed between the modeled reflectance spectra. We note that localized quantitative variations can
be expected across the UV-visible-IR domains since we employed,
for both specimens, the same average values [Chen et al. 2014] for
key characterization parameters such as the water content and the
refractive index associated with each skin layer. As demonstrated by
Cooksey and Allen [2013], population variability is the most significant source of uncertainty in the measurement of skin reflectance.
We note, however, that our modeled results were obtained using
parameter values within physiologically valid ranges indicated in
the scientific literature.
We also examined the predictions of HyLIoS with respect to
the spatial distribution of light. Although these predictions can be
represented in terms of BSSRDF, we quantified them in terms of
BRDF and integrated the resulting values over the visible domain to
obtain BRDF curves that could be compared to the measured BRDF

curves provided by Marschner et al. [1999]. As can be observed in
the comparisons depicted in Figure 13, HyLIoS can capture the
angular dependency of the spatial distribution of light interacting
with human skin in the visible domain. Moreover, recall that IR
light can penetrate deeper into the cutaneous tissues than can UV
light [Anderson and Parrish 1982], and can reach the dermal layers
where it becomes progressively more diffuse [Jacques et al. 1987].
As a result, the subsurface reflectance has a more dominant role
in the IR domain, and the overall reflected IR light, notably in
the region below 1300nm (less susceptible to water absorption),
has a more diffuse distribution than does UV light [Anderson and
Parrish 1982; Hansen et al. 2010]. The scattering plots presented
in Figure 14 indicate that HyLIoS can capture these distinct spatial
distribution patterns of UV and IR light interacting with human
skin.
The images presented in Figure 1 further demonstrate that
HyLIoS can capture the distinct scattering behaviors of human skin
in the hyperspectral domain. For example, the subject’s face shows
a more specular (glossier) behavior under UV light and a more diffuse behavior under IR light (below 1300nm), which are consistent
with observations reported in the scientific literature [Anderson and
Parrish 1982; Hansen et al. 2010]. It can also be observed that,
although a more compact BRDF representation may be sufficient
to capture the scattering profile in the UV domain (Figure 1 (left)),
it cannot fully describe the “soft”, more diffuse “ethereal” skin appearance in the IR domain [Fredembach et al. 2009; Sandidge 2009]
provided by a BSSRDF representation (Figure 1 (right)).
It has been observed that a progressive increase in the overall
epidermal melanin content leads to a fast convergence to low reflectance values in the UV domain [Fulton 1997]. As demonstrated
by the images presented in Figure 15, HyLIoS can reproduce this
trend, moreover, these images are consistent with measurements
showing practically identical reflectance responses for moderately
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.
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Fig. 15. Images showing the effects of increased overall melanin pigmentation on skin UV responses as reported in the scientific literature [Anderson
and Parrish 1982; Cooksey and Allen 2013; Fulton 1997; Jacquez et al.
1955b; Nielsen et al. 2004]. Left: 1.5%. Center: 7%. Right: 30%. The UV
responses (at 365nm) provided by HyLIoS are depicted in pseudocolor.
Polygonal mesh courtesy of XYZ RGB, Inc.

Fig. 17. Images showing IR responses at 1200nm (left) and 1400nm (right)
for a lightly pigmented specimen (1.5% epidermal melanin content). Note as
reported in the scientific literature [Anderson and Parrish 1982; Jacquez et al.
1955a], the disappearance of pigmentation irregularities that occurs beyond
1100nm, as well as the more specular and darker appearance resulting from
reduced subsurface scattering at a wavelength (1400nm) characterized by
strong water absorption. Both (pseudocolor) images had their brightness
increased for visualization purposes.

Table II. MSI Values Computed Considering the Complete Dataset
S3 [Chen et al. 2014] as the Baseline and Its Modified Versions: No
Melanin, No Blood, No DNA, No Keratin, No Water and No Lipids

Fig. 16. Images showing the magnifying effects of water loss on skin
IR responses as reported in the scientific literature [Anderson and Parrish
1982; Attas et al. 2002]. These effects were simulated by reducing the
water content of the cutaneous tissues of a lightly pigmented specimen
(1.5% epidermal melanin content) within physiological limits [Blank 1952].
Left: no reduction. Center: 20% reduction. Right: 40% reduction. The IR
responses (at 1650nm) provided by HyLIoS are depicted in pseudocolor.
Polygonal mesh courtesy of XYZ RGB, Inc.

and darkly pigmented specimens in the UV domain [Jacquez et al.
1955b; Cooksey and Allen 2013].
Within the IR domain, the skin spectral responses are primarily
determined by the absorption bands of water [Cooksey and Allen
2013; Jacquez et al. 1955a]. A myriad of physiological and environmental factors can alter the barrier activity of skin, thus intensifying
water loss [Attas et al. 2002]. A reduction of water content in the
cutaneous tissues Blank [1952] in turn results in an increase in reflectance in the IR domain [Anderson and Parrish 1982; Attas et al.
2002]. As shown by the images presented in Figure 16, this behavior
is also captured by HyLIoS.
The presence of pigmentation irregularities, such as freckles and
moles, is accentuated when a skin specimen is viewed under UV
light due to the strong attenuation properties of melanin in this
spectral domain [Pathak 1995; Fulton 1997]. This phenomenon is
predictively simulated by HyLIoS as depicted in the images of
a lightly pigmented individual (1.5% epidermal melanin content)
presented in Figure 1. In these images, it can also be observed that
the presence of these irregularities is less apparent in the IR domain,
which is also consistent with empirical observations reported in the
IR imaging literature [Fredembach et al. 2009; Sandidge 2009].
Due to the increasingly diminished contributions of melanin
to light attenuation beyond 1100nm, the presence of pigmentation irregularities may become completely undetectable in this region dominated by water absorption [Anderson and Parrish 1982;
Jacquez et al. 1955a]. In addition, the subsurface scattering contributions to skin reflectance tend to decrease due to the dominant
role of water absorption, resulting in a more specular (glossier) and
darker (lower reflectance) appearance of skin in this domain. As
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.

MSI
SD
MSIH

Melanin
0.415
Vis
0.123

Blood
0.229
Vis
0.049

Removed Materials
DNA
Keratin
0.135
0.068
UV
UV
0.018
0.012

Water
0.611
IR
0.491

Lipids
0.026
IR
0.022

MSI values were computed for the spectral domain, denoted by “SD”, in which the
removal of each selected material has the highest impact. The MSI values computed
considering the entire hyperspectral region of interest (250–2500nm), denoted by MSIH ,
are also included for reference.

Fig. 18. Comparison of modeled results provided by HyLIoS depicting
the impact of melanin and blood on skin reflectance, obtained considering
the complete dataset S3 [Chen et al. 2014] as the baseline and two modified
versions: with no melanin and no blood. Left: reflectance curves in the visible
domain. Right: MSI values for each modified reflectance curve with respect
to the baseline curve across the UV, visible, IR, and entire hyperspectral
region of interest (250–2500nm) denoted by “Hyper”.

demonstrated by the images presented Figure 17, these trends are
also predictively reproduced by HyLIoS.

5.2

Input-Sensitivity Analysis

In the previous section, we have illustrated some of the effects that
the main absorbers found within the cutaneous tissues have on modeled skin appearance attributes obtained using HyLIoS. Due to the
different roles of these materials in the UV (250–400nm), visible
(400–700nm) and IR (700–2500nm) regions of the light spectrum,
it is expected that, for applications targeting a specific spectral domain, the parameters associated with a number of these materials
may be kept fixed, that is, set to standard (average) values. In order
to assess this possibility, we have performed an input-sensitivity
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Fig. 19. Skin swatches illustrating the impact of melanin or blood removal
on the visible appearance of human skin considering the complete dataset
S3 [Chen et al. 2014] as baseline (left) and two modified versions: with no
melanin (center) and no blood (right).

Fig. 20. Comparison of modeled results provided by HyLIoS depicting
the impact of DNA and keratin on skin reflectance, obtained considering
the complete dataset S3 [Chen et al. 2014] as the baseline and two modified
versions: with no DNA and no keratin. Left: reflectance curves in the UV
domain. Right: MSI values for each modified reflectance curve with respect
to the baseline curve across the UV, visible, IR, and entire hyperspectral
region of interest (250–2500nm) denoted by “Hyper”.

Fig. 21. Skin swatches illustrating the impact of DNA or keratin removal
on the UV appearance of human skin considering the complete dataset S3
[Chen et al. 2014] as baseline (left) and two modified versions: with no
DNA (center) and no keratin (right). The UV responses are depicted in
pseudocolor.

analysis Hamby [1994, 1995] in which we compared those obtained considering the complete dataset S3 [Chen et al. 2014] with
those computed using modified versions of this dataset. These versions in turn account for the removal of specific materials, namely
melanin, blood, DNA, keratin, water, and lipids. Note that we selected, without loss of generality, dataset S3 as baseline since its
corresponding modeled reflectance curve (Figure 12 (top)) covers
the entire hyperspectral region of interest. We also remark that this
dataset is available at the HyLIoS Web site [Natural Phenomena
Simulation Group (NPSG) 2014], which can be used to reproduce
the results presented in this section by setting the parameters associated with a specific material to zero. The impact of each of the
selected materials was quantified in terms of the mean sensitivity
index Hamby [1994, 1995] expressed as
MSI =

N
1  |ρb (λi ) − ρm (λi )|
,
N i=1 max{ρb (λi ), ρm (λi )}

(9)
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Fig. 22. Comparison of modeled results provided HyLIoS depicting the
impact of water and lipids on skin reflectance, obtained considering the
complete dataset S3 [Chen et al. 2014] as the baseline and two modified
versions: with no water and no lipids. Left: reflectance curves in the IR
domain. Right: MSI values for each modified reflectance curve with respect
to the baseline curve across the UV, visible, IR, and entire hyperspectral
region of interest (250–2500nm) denoted by “Hyper”.

Fig. 23. Skin swatches illustrating the impact of water or lipids removal
on the IR appearance of human skin considering the complete dataset S3
[Chen et al. 2014] as baseline (left) and two modified versions: with no water
(center) and no lipids (right). The IR responses are depicted in pseudocolor.

Fig. 24. Rendered images illustrating changes in the visible appearance
of human skin considering an increase in epidermal melanin content from
1.5% (left) to 7% (right). Note that we employed a back/side light source to
make the translucency effects prominent. Polygonal mesh courtesy of XYZ
RGB Inc.

where ρb and ρm correspond to the reflectances associated with
the baseline and modified datasets, respectively, and N is the total
number of wavelengths sampled with a 5nm resolution.
The overall results of our analysis presented in Table II show
that melanin and water have the largest impact on the modeled
reflectances. It is necessary to consider, however, that although a
given material may not have a large impact in a certain spectral domain, it can still have a significant effect in the model’s predictions.
In order to demonstrate this aspect, we also present the results of
our analysis grouped by materials that have their greatest impact
in the visible, UV, and IR domains, respectively. These results in
turn are further illustrated by skin swatches rendered using the corresponding modeled reflectances. The swatches depicting visible
traits (Figure 19) were generated using the same approach employed
in the rendering of the swatches depicted in Figures 9 and 10. The
colors of the swatches in the UV and IR domains (Figures 20 and
22) were obtained by integrating the respective reflectance values
ACM Transactions on Graphics, Vol. 34, No. 3, Article 31, Publication date: April 2015.
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Fig. 25. Images illustrating rendering applications of HyLIoS in the UV (left), visible (center), and IR (right) spectral domains. The scene depicts an upper,
back/shoulder (epidermal melanin content equal to 1.5%) with sunscreen and water in an outdoor beach setting. The UV and IR responses (at 365nm and
1650nm, respectively) are depicted using pseudocolor. The dark appearance of sunscreen and water outside the visible domain are attributed to their strong
absorptive behavior in the UV and IR regions, respectively. Note that we have positioned the light source high above the subject in order to mimic a typical
outdoor beach setting.

over the relevant spectral region and applying a tinted grayscale
filter to the resulting values.
As can be observed in Figure 18 (left), the contributions of
melanin and blood to skin appearance are prominent in the visible domain as the removal of either material significantly increases
skin reflectance. Also, note that the characteristic omega shape observed in 500–600nm range vanishes with the removal of blood.
These effects are reflected in the skin swatches (Figure 19), which
depict a lighter appearance associated with the modified datasets.
In addition, these materials have a significant impact outside the
visible domain (Figure 18 (right)). Note that the baseline dataset
corresponds to a lightly pigmented specimen, while specimens with
higher melanin pigmentation levels, the dominant role of melanin is
expected to be even more pronounced [Anderson and Parrish 1982].
Besides melanin and blood, other materials also have an impact,
albeit not as pronounced, in the UV domain. For example, the removal of DNA or keratin yields higher reflectance (Figure 20 (left)),
and results in a lighter UV appearance of skin (Figure 21). Although
the removal of these materials affects other spectral regions, its effect is more significant in the UV domain (Figure 20 (right)).
The presence of water and lipids primarily affects the skin reflectance in the IR region, with water being the more dominant
material (Figure 22 (left)). Accordingly, after water removal, skin
appears significantly brighter in the IR domain (Figure 23). On the
other hand, these materials have comparably negligible impact in
the UV and visible domains (Figure 22 (left)).
In summary, for simulations aimed at believable rendering applications (Figures 24 and 25), the results presented in this section
indicate that only the HyLIoS parameters associated with specific
materials need to be modified in order to generate images of skin
specimens with distinct appearance traits in a selected spectral region. For example, in the case of the visible domain dominated by
melanin and blood, Table I provides the subset of parameters that
can lead to the most significant skin appearance variations in this region. We note, however, that the HyLIoS detailed parameter space
enables experimentation with a wider range of those biophysical
factors associated with different physiological conditions affecting
skin appearance. Such a capability is an asset for simulations aimed
at broader applications in the life and health sciences.

5.3

Performance Issues

We observe that the current (CPU-based) implementation of
HyLIoS is not particularly suitable for those real-time applications
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in the visible domain that demand results on the order of milliseconds. For example, it took ≈30s on a dual 6-core 2.66GHz
Intel Xeon machine to obtain the 5nm resolution curves depicted in
Figure 8 using 105 sample rays. Since several factors (e.g., image
resolution, spectral sampling, and geometry) affect rendering time,
it may take minutes or hours to generate an image, however, there
are several hardware and software strategies that can be explored
to enhance performance. For example, appearance attributes can be
computed offline and quickly accessed on demand during the image
generation process. We intend to explore such alternatives in our
future work, as outlined in the next section.

6.

CONCLUSION AND FUTURE WORK

In this article, we have described the first skin appearance model
designed for the comprehensive simulation of spectral and spatial
distributions of light interacting with human skin in the hyperspectral domain, from 250–2500nm. The proposed model represents the
layered structure of the cutaneous tissues in more detail in comparison with existing skin appearance models, notably incorporating
the particle nature and the different distribution patterns of the
melanin-containing organelles. These features enable it to appropriately account for the positional dependence of skin reflectance
as well as sieve and detour effects affecting light absorption within
the cutaneous tissues.
By addressing the predictive modeling of skin appearance attributes in the hyperspectral domain, we aimed to contribute not
only to the realistic rendering of human skin for entertainment,
aesthetic, and educational purposes, but also for potential interdisciplinary applications such as the investigation of adverse effects of
UV exposure and water loss on skin appearance. Accordingly, the
predictive capabilities of the proposed model were evaluated primarily through comparisons with measured data and experimental
observations reported in the scientific literature.
As future work, we plan to examine strategies for incorporating the proposed model into real-time rendering frameworks by
exploiting specialized graphics hardware and numerical reconstruction approaches based on the use of principal component analysis and regression methods. In addition, we intend to address the
simulation of phenomena such as skin fluorescence, in which the
energy of different wavelengths is not decoupled (as opposed to
the energy decoupling assumption traditionally employed in image
synthesis).

Hyperspectral Modeling of Skin Appearance

ELECTRONIC APPENDIX
The electronic appendix to this article can be accessed in the ACM
Digital Library.
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