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BRDF of human skin in the visible spectrum

Abstract

Purpose — Significant research has been carried out in terms of development of new BRDF instruments, however there is
still little research available regarding spectral BRDF measurements of human skin. This study aims to investigate the
variation in human skin reflectance using a new fibre optic based spectral-BRDF measurement device.
Design/methodology/approach — Design of our system mainly involves use of multiple fibre optics to illuminate and detect
light reflected from a sample, while a hemispherical dome was 3D printed to mount the fibres at various slant/tilt angles. In
order to investigate the spectral differences in BRDF of human skin, 3 narrowband filters in the visible spectrum were used
while measurements were taken from the back of the hand for Caucasian and Asian skin types.

Findings — The experiments demonstrate that the BRDF of human skin varies with wavelengths in the visible spectrum and
it is also different for Caucasian and Asian skin types. Both skin types exhibit off-specular reflection with increase in angle
of incidence and show less variation with respect to viewing angles when the angle of incidence is normal to the surface.
Research implications — A database of spectral BRDF measurements of human skin will not only help in creating realistic
skin renderings but also in development of novel skin reflectance models for biomedical and machine vision applications.
The measurements would also provide means to validate the predictions from existing light transport/ spectral simulation
models for human skin and will ultimately help in the accurate diagnosis and simulation of various skin disorders.
Originality/value — Our proposed system provides fast scatter measurements by utilising multiple fibres to detect light
simultaneously at different angles while also allowing easy switching between incident light directions. Due to its flexible
design and contact based measurements, the device is independent of errors due to sample movements and does not
require any image registration. Also, measurements taken from the device show that the BRDF of skin varies significantly in
the visible spectrum and it is different for Caucasian and Asian skin types.

Keywords Machine vision, Reflectance, Spectral analysis, Rendering, BRDF

Paper type Research paper

1. Introduction

As light interacts with a surface, some of it is transmitted through the material, some gets absorbed and the rest
is reflected. This complex light interaction with real world materials depends on the physical properties of light
and the composition and physical properties of materials. Because of the variation in material properties and
composition, surfaces can appear to be shiny, diffuse, opaque, translucent or a combination of these. Also, there
can be variation due to wavelength as some materials reflect/ absorb light differently at different wavelengths.
The Bidirectional Reflectance Distribution Function (BRDF) is used to describe this complex light interaction with
surfaces and it shows the distribution of reflected light as the direction of incident illumination varies relative to the
surface orientation.

The BRDF describes how a surface reflects light when illuminated from different directions. In its simplest form, it
is described using 5 variables: incidence and reflected light direction defined in terms of slant and azimuth angles
and a term for wavelength. The BRDF has a dimensionless unit of steradian inverse and It is a ratio of differential
radiance to the incident irradiance on a surface patch (equation (1)):

ALo(B0,PoN) _ ALo(80,90,4) ( )

BRDF(8:, 91,80, o, 1) = dE;(01.9:4)  Li(B;,03,0)cos6; dawy

Figure 1 BRDF description in terms of incident and reflected rays.



oNOYTULT D WN =

Sensor Review

The Incidence and viewing angles are represented in spherical coordinates and are measured with respect to
surface normal. A visual representation of BRDF measurements and the description of variables involved is
presented in Figure 1 and Table 1.

Table 1 Description of BRDF parameters.

Parameter Definition Unit of measurement
6;, 6, Slant angle for incidence and Radians [rad]
viewing direction
o, 9, Azimuth angle for incidence and Radians [rad]
viewing direction
do; ,do, Solid angle of viewer and detector  Steradian [sr]
dA Surface element Meter [m*]
Radiance Radiant power flow per unit solid Wm™sr”
angle ]
Irradiance Power flux density irradiating per Wm™

unit area of surface

The capture of dense BRDF measurements is a complex and time consuming process especially when the
surface exhibits varying reflective properties with varying wavelength. For each incident light direction, it requires
measurement of reflected light in all possible viewing directions leading to large storage requirements. However,
BRDF measurements find their usefulness in range of applications such as realistic image synthesis, simulation
models (Baranoski et al. 2014), reflectance and light transport models (Li & Carmen 2009), remote imaging,
photo realistic rendering, cosmetics, paint and coatings analysis (Seubert 2016; Gatebe & King 2016; Boher et al.
2015) and are often used as a validation tool (Westin et al. 2004).

Human skin is made up of a multi-layered structure with complex optical properties. It's reflectance is known to
vary with wavelength and skin type. However, little work has been done regarding spectral BRDF measurements
of human skin. The measurement of spectral BRDF of skin is not only useful for shape for shading algorithms but
also for biomedical applications. These measurements can be used to produce novel skin reflectance models
and can also be used for evaluation of existing models. Several light transport models exist (Baranoski et al.
2014) that predict skin reflectance using biologically inspired parameters. A database of these spectral
measurements could be used for quantitative evaluation of predictions made by these models.

The inspiration behind most of the BRDF measurements for human skin is based on producing realistic
renderings and hence are based on RGB triplets only. Also, it is believed that the BRDF of skin does not vary
considerably in the visible part of the spectrum (especially in RGB region). In this paper, we propose the use of a
fibre optic based device that can be used to create a large database of spectral-BRDF measurements of human
skin and we also present measurements of different skin types over narrowband wavelengths to show variations
in BRDF in the visible spectrum.

2. Review of existing techniques

BRDF is traditionally measured using a gonioreflectometer device (Li et al. 2006). The device mainly consists of
three basic components: a sample holder, detector and an illumination source. The illumination and detector are
designed to move over the entire hemisphere around the sample to capture reflected light for a specific incident
light direction. Gonioreflectometers can not only capture dense spectral measurements but can also provide
higher spatial coverage over the complete BRDF space. The detector used in these devices is usually based on
spectroradiometers/diode-arrays and can provide better precision/sensitivity to light variation as compared to the
image based techniques. Since these devices make use of multi-axis motorised stages/robots (Belcour et al.
2014; Hiinerhoff et al. 2006) to move around the light source, detector and sample, it makes the capture process
slow (tens of hours) and impractical for human skin measurements.

To speed up measurements, several alternative designs have been proposed which mainly involve reducing the
motorised components and speeding up acquisition time by detecting light simultaneously at all angular locations.
Dana came up with a concave mirror design for simultaneous measurement of spatially varying BRDF(Dana
2001). A half silvered hemisphere along with a fish eye lens was used by Ward to capture the outgoing reflected
light instantaneously in a single image, however the design still required motorised parts for changing the light
source direction (Ward 1992). (Marschner et al. 1999; Kim et al. 2009) used image based BRDF measurement
technique and reduced the capture time by using curved samples with different orientations. Given the 3D model
of the sample, the illumination and viewing directions relative to a number of different surface normals allowed
them to capture the BRDF in relatively less time than traditional gonioreflectometer measurements.

Non-spectral BRDF measurements are done in abundance and are also available for human skin, while limited
research is available regarding spectral BRDF measurements. An LED based device was proposed by Ben (Ben-
Ezra et al. 2008) that utilises the ability of LED’s to act as both detector and illuminator. The LEDS also has an
added advantage that they provide a higher dynamic range compared to the CCD based designs and are also
low cost. (Sun & Wang 2005) proposed two systems (sample fixed, sample rotation) based on a typical

Page 2 of 18



Page 30f 18

oNOYTULT D WN =

Sensor Review

gonioreflectometer design for handling different sample sizes. A modified image based measurement was
proposed by (Hullin et al. 2010), their design involved a rotary stage, camera and light source with an added
tunable filter in front of camera. The device was used to measure BRDF of a variety of fluorescent materials like
automobile paints, fabrics etc. .For taking spectral BRDF measurements of human skin, (Koch 2011) used the
CASI® scatterometer device to take measurements at 2 spectral bands while an image based multicamera
system was developed by (Jeffrey R. Bintz et al. 2016) for taking measurements at 4 spectral bands in the
VIS/NIR region. However, for both systems, limited sample measurements were made available for different skin
types.

Most BRDF measurement devices have one thing in common, they have to move the detector to cover a range of
viewing directions making the process slow and applicable to static objects only. The device presented in this
paper uses fixed detectors at various scatter angles thereby reducing the capture time by taking measurements
instantaneously. The motivation behind most of the BRDF measurement of human skin involves computer
graphics and rendering applications. Although there are a few cases where spectral BRDF measurements (over
a few wavelengths) were taken for human skin, but there is still lack of spectral BRDF measurements for different
ethnicities, age groups and gender. We present a prototype device that has the potential to provide reliable
spectral BRDF information for human skin and can be used to create a large database of human skin
measurements.

3. Prototype Implementation

The device is based on the concept of using fibre optics as both illuminators as detectors. An assembly in the
form of a hemispherical dome was created using 3D printing to mount the fibres. The CAD model of the dome in
Figure 2(b) shows holes created at precise locations to illuminate the sample and to record the light reflected
from it. Since we are only interested in the forward scatter measurements of skin, fibres were added at 0, 2.5,
7.5, 12.5, 17.5, 25, 30, 37.5, 45, 52.5, 57.5, 67.5, 72.5, and 75 degrees angles to measure the scattered light
from the sample. Multi-mode plastic optical fibres were used with both ends of the fibre machined polished to
minimise any light losses. The size of the 3D printed dome was set at 25.4cm diameter, while a circular opening
of 3.5cm diameter was created at the centre of the dome for illuminating the samples. In order to collimate the
light over the samples, ball lens were also attached at the end of the fibres entering the dome.

Instead of making the illumination direction fixed, we can change the direction of illumination by dividing the light
feed into the dome in two stages. Stage-1 consists of fibre’s mounted over a high-power LED and the other end
is attached to a ball lens coupler. The ball lens takes the light from stage-1 fibre and transmits it to the stage-2
fibre which is ultimately taken inside the dome. Diving the light feed into two stages allows us to change the
direction of illumination easily by moving the stage-1 fibre over a series of fibres located in the docking area in
stage-2. A motorised linear stage was used to move the stage-1 fibres and a graphical representation of this two-
stage light feed is shown in Figure 2 (a) and (c). The advantage of using fixed individual fibres at different viewing
angles allows us to capture reflectance instantaneously and makes it robust to sample movement and faster than
traditional gonioreflectometer measurements.

Figure 2 (a) Proposed fibre optic based BRDF measurement device (b) CAD model of 3D printed dome (c) Magnified (CAD
model) of stage-1 and 2 of light feed.

Fibre Optic detectors
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Fibre Viewing Dock
(Stage 2)

Stage 1 lllumination

(b) (c)

For spectral BRDF measurements, narrowband filters with central wavelengths at 450nm ,530nm and 630nm
were added with FWHM bandwidth of 27nm, 25nm and 34nm respectively and transmission = 80%. High power
LEDs were used as source of illumination while a 12-bit monochrome camera was used to collect the light from
all the stage-2 fibres attached to the viewing dock. Absolute radiometric calibration was performed for each
narrow band filter to convert sensor digital numbers (DN) to spectral radiance.

Measurements can be taken by placing the sample in the opening provided at the centre of the dome. Light is
then fed in to the dome through stage-1 and 2 fibres and sample is illuminated from a particular light direction. All
scatter light is picked up by fibres at different viewing angles and is ultimately captured by the camera. Incident
light direction is then changed by moving stage-1 fibre over stage-2 viewing dock using the motorised linear
stage. The measurements are then repeated until all incident light direction have been covered. The camera is
connected to the PC where all the data is transferred and processed while the microcontroller is responsible for
hardware triggering and synchronisation of camera, LEDs and the control of motorised stage.

4. Experiments and discussion

For practical measurements, the BRDF is defined using the components such as incident and reflected power (P;
and P, respectively), solid angle (Q) due to the size of detector, distance to detector from sample (R) and the
scatter angle (6,). For a given incidence and scatter angle, the BRDF was calculated using:

Ps

BRDF = —92 )

P;cos 6

For each measurement, a dark image was taken along with an image without the sample in place to remove any
stray light in receiving fibres. Before taking any measurements for skin, we validated the measurements from our
device by taking BRDF measurements of a spectralon white sample. Measurements were taken at two incidence
angles (0 and 60 DEG) and are shown in Figure 3.

Figure 3 (a), (b)The BRDF of Spectralon white at 0 and 60 incidence angles (dotted vertical line shows angle of incidence).

BRDF of Spectralon 99% at 0 DEG incidence BRDF of spectralon 99% at 60 DEG incidence angle
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Using our device, we took measurements for Caucasian and Asian skin types at three wavelengths in the visible
spectrum. A total of six subjects were selected for this experiment, among them 3 were Caucasians and the other
3 Asians. Since we are only interested in the difference in BRDF for these two skin types, we took measurements
for forward scatter only and for two incidence angles at 0 and 60 degrees. Measurements were taken by placing
the back of hand at the sample area of the device. Figures 4 and 5 show BRDF measurements taken and are
plotted as a function of viewing angle and wavelength.

The measurements show considerable difference in BRDF for both skin types as the BRDF changes not only
with wavelength but also with angle of incidence. For each wavelength, BRDF seems to be more close to
Lambertian at normal incidence angles. However, as the angle of incidence increases, there is an increase in
reflectance at higher viewing angles. This variation is true for both skin types as shown in Figures 4 and 5. Due
to higher melanin content in Asian skin type, there is a decrease in reflectance compared to Caucasian skin type
which can be seen at all wavelengths and for both angle of incidence. However, both skin types have one thing in
common, both show off-specular reflection at 60 deg incidence angle and the effect is same irrespective of
wavelength. This off-specular reflection behaviour has also been observed for human skin when the reflectance’s
were taken as an aggregate over the visible spectrum (Marschner et al. 1999).

Figure 4 (a), (b)BRDF of Asian skin type at 0 and 60 degree’s incidence angles (dotted vertical line shows angle of

incidence).
BRDF of Asian skin at 0 DEG incidence angle BRDF of Asian skin at 60 DEG incidence angle
0.2
+ 625nm(red) + 625nm(red)
+ 462nm(blue) osH * 462nm(blue)
0.15k, 523nm(green) 523nm(green)
+ + + + 3 1
.": + + + : 0.4 +
E3 o 4 b +
o 01 + uw 03 +
: : + 4
@ @ 9.2
0.05 + +T
1+ +
Tt + + 1"t
+ + + + O+ o+ o+ 01 + + 4+ + +
+ +
0 gty + + +, + ¥
0 20 60 80 0 20 40 60 80

40
Viewing Angle (DEG)

(a)

Viewing Angle (DEG)

(b)

Figure 5 (a), (b)BRDF of Caucasian skin type at 0 and 60 degree incidence angles (dotted vertical line shows angle of
incidence).
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The combination of lightweight 3D printed dome and fibre optics makes for a flexible design and allows it to be
placed in-contact over the sample. Since the dome is always in contact with the sample, it moves as the sample
underneath starts moving. This feature is particularly useful for human skin where it is difficult to stay still for long
periods and makes the whole measurement process very simple. When the dome comes in to contact with
human skin, it moves in synchronous to skin movements whether it is a large or an involuntary small movement.
Another advantage of this dome based design is that the illumination directions are not fixed and can be easily
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changed using the stepper motor, while the receiving fibres can capture light at all viewing directions
simultaneously hence reducing the measurement time considerably.
5. Conclusion

A fibre optic based spectral-BRDF measurement device is presented in this paper. Although the device was
used for measurement of skin BRDF at narrowband wavelengths in the visible spectrum, it can be used for
measurement of other materials. It provides simultaneous measurements of scattered light at varying viewing
angles while its motorised light feed system allows easy switching of incidence angle of light. Since the dome
base detector is always in contact with the skin sample, it is not effected by movements between scans and also
does not require any registration in postprocessing.

Most BRDF measurements of human skin are taken as an aggregate over the visible spectrum and very limited
research is available regarding spectral BRDF of human skin. The spectral measurements taken from our device
show clear differences in BRDF for both Caucasian and Asian skin types while also showing some similar
characteristics in terms of off-specular reflection behaviour with increase in angle of incidence. The proposed
device can be easily modified to measure BRDF for a range of wavelengths by simply changing the filter. In
future, we are looking to expand the measurements for a wider range of incoming and viewing angles, for a larger
set of wavelengths including the infrared region and for a variety of age groups/gender/ethnicities.
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Parameter Definition Unit of measurement
6, 6r Slant angle for incidence and Radians [rad]
viewing direction
¢, O, Azimuth angle for incidence and Radians [rad]
viewing direction
do; ,dor Solid angle of viewer and detector ~ Steradian [sr]
dA Surface element Meter [m?]
Radiance Radiant power flow per unit solid Wm?2sr!
angle
Irradiance Power flux density irradiating per Wm?2

unit area of surface
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BRDF of spectralon 99% at 60 DEG incidence angle
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BRDF of Asian skin at 0 DEG incidence angle
0.2 ' .

? + 625nm(red)
1 + 462nm(blue)
12 - 523nm(green)

13 0.15...|.

BRDF (sr'1)
o
+

Tt + +
24 + + + $ £ 4 a4
+

28 0 20 40 60
29 Viewing Angle (DEG)



oNOYTULT D WN =

BRDF (sr'1)

Sensor Review

BRDF of Asian skin at 60 DEG incidence angle

+ 625nm(red)
0.5} + 462nm(blue)
523nm(green)
0.4} +
3 ¥
0.3} +
t o+
0.2}
+ +T
“+ + . ¥ +
0.1f + + + +
T
gred £ BT
0 20 40 60

Viewing Angle (DEG)

80

Page 16 of 18



Page 17 of 18 Sensor Review

BRDF of Caucasian skin at 0 DEG incidence angle
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