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Measuring BRDFs of immersed materials
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Abstract

We investigate the effect of immersing real-world materials into media of different refractive indices. We show, that
only some materials follow the Fresnel-governed behaviour. In reality, many materials exhibit unexpected effects
such as stronger localized highlights or a significant increase in the glossy reflection due to microgeometry. In
this paper, we propose a new measurement technique that allows for measuring the BRDFs of materials that are

immersed into different media.

1. Introduction

A familiar effect in everyday life is that objects change their
appearance when immersed in water or other substances
with refractive indices different from air. Some common ex-
amples include diffusers that lose their diffusing characteris-
tics when coated e.g. with oil, becoming more transparent in
the process. Another effect is the subtly different appearance
of objects underwater that are observed, e.g., during diving:
Picking up an object observed under water and observing it
on the beach when dry will usually result in quite a different
look.

This refractive index dependence of bidirectional scatter-
ing distribution functions (BSDFs) has so far been mostly
ignored. Implicitly it is assumed to be governed by the Fres-
nel equations via the refractive index dependence of the
Fresnel reflection and transmission factors, as are used in
most physics-based BRDF models [TS67, CT81, HTSG91,
APS00]. An exception is the BRDF model for finished wood
by Marschner et al. [MWAMOS]. Here, however, the focus is
on the refractive properties of the surface finishing. The sur-
rounding medium is still assumed to be air.

In this paper we measure the reflectance properties of a
range of materials in the presence of a refractive immersing
medium such as water or salt solutions.

We present a measurement apparatus to measure BSDFs
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in different refractive media and acquire a database of a wide
range of representative materials.

The paper is structured as follows: After revisiting the re-
lated work in the field of BRDF capturing and modeling in
Section 2, we give a short overview about specular reflection
and refraction at material boundaries in Section 3. We show
that the Fresnel term is the governing factor for the surface
appearance of materials placed into different media. We then
introduce our measurement setup in Section 4 to measure the
BRDFs of immersed materials.

2. Related Work

Phenomenological Models are based on an intuitive mod-
eling of the reflection process such as the famous Phong
model [Pho75]. Usually, purely ad-hoc methods such as the
original Phong model, and physically plausible BRDF mod-
els fall into this category where the latter characterization
refers to the fact that ad-hoc models can be built such that
they do not obviously violate the principles of positivity,
reciprocity, and energy conservation.

Physics-Based Models originated in the optics literature.
The seminal work of Torrance and Sparrow [TS67] was
introduced to computer graphics by Blinn [Bli77]. Cook
and Torrance [CT81] extended the micro-facet model to use
Beckmann’s [BS63] micro-facet distribution function. Ka-
jiya [Kaj85] developed a micro-facet model for anisotropic
rough surfaces, based on an integral description using wave
optics. He tabulated the BRDF values for efficient computa-
tion.

Measurement-Based Models take a different approach. In-
stead of creating models from analytical descriptions of
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physical processes, they are based on measurements of the
reflection properties of real-world materials. Suitable func-
tions that describe the observed behavior are then fitted
while preserving the basic BRDF properties as in the phe-
nomenological models. Examples of this approach are the
anisotropic Ward model [War92]. He et al. [HTSG91] also
show fits of their physics-based model to real-world data.
The Lafortune model [LFTG97] was specifically developed
to fit observed data well. A different approach is taken by
Matusik et al. [MPBMO3a]. The authors acquire a large data
base of reflectance data for a wide range of materials. They
then analyze the data using PCA and nonlinear dimensional-
ity reduction techniques [Bra0O3] to derive a low-parametric
model given the initial data. Kautz et al. [KM99] present a
method that uses spherical harmonics as representation for
the captured data.

BRDF Acquisition has been performed using a variety
of devices. The most commonly used tool in optics is
the gonioreflectometer, where a planar sample is analyzed
by a hemispherical adjustable detector and light source.
Marschner et al. [MWLTO00] developed an image-based
BRDF measurement technique based on spherical samples.
This way, moving the detector can be avoided and BRDFs
with a high resolution in the viewing direction can be ac-
quired. This technique is the prevailing technique for BRDF
acquisition in graphics. Matusik et al. [MPBMO3c] use a
similar setup but propose to reduce the number of measure-
ments by using their data base [MPBMO03a]. An evaluation
of analytical BRDF models for data fitting purposes has been
performed by Ngan et al. [NDMO5]. Ghosh et al. [GHAOO8]
expand the BRDF measurements in an optical basis and di-
rectly measure the basis coefficients, removing the need for
any mechanical parts. Recently, Hullin et al. [HHA*10] have
extended the concept of a monochromatic BRDF to account
for bi-spectral interaction, i.e. conversion of the wavelength
of light by the material as e.g. in fluorescent materials. They
do not develop a model based on their measured data.

Methods for acquiring spatially varying BRDFs have also
been developed [Dan01, LKG*03, MMS™*05] but are of less
interest in the context of the proposed method.

BTDF

The bidirectional transmittance distribution function
(BTDF) models describe the transmission of light at the
boundary of materials. While Dai et al. [DWL*09] and
Walter et al. [WMLTO7] present BTDF models for the entire
entrance and exit process of light, the following papers
present BTDFs for subsurface effects of opaque materials.
Weidlich et al. [WWO07] describe a multi-layer model for
rendering of metallic paints or frosted metal and Hanrahan
et al. [HK93] describe a layered surface model for subsur-
face reflectance that takes the Fresnel effect into account.
The interaction of water with surfaces has been adressed

by some papers beforehand. Lu et al. [LGR*05] describe
the geometry-based drying process of objects spilled with
water and Sun et al. [SSR*07] describe time-varying
BRDFS (TV-BRDFs), for example dust accumulation and
the drying of spray and oil paint. Gu et al. [GRBNO7]
describe a thin-layer BTDF model for rendering dirty and
contaminated glass.

All previously presented methods do not account for in-
tensity changes of reflected light for submerged surfaces.
Our work addresses this gap by introducing a new measure-
ment setup for capturing BRDFs of different materials that
are placed into media with different refractive index.

3. Background

Specular reflection and refraction at material boundaries
is caused by a change of the electric and magnetic fields
across the interface. The exact description of the effect re-
quires electromagnetic wave optics, i.e., solutions must sat-
isfy Maxwell’s equations. In graphics, however, geometric
optics is the dominant model for describing and simulat-
ing the effects of light’s interaction with matter. The ba-
sic tool for describing general reflections in graphics is the
bidirectional reflectance distribution function (BRDF), and
similarly, the bidirectional transmittance distribution func-
tion (BTDF) for refracted rays. Together these two functions
are known as bidirectional scattering distribution function
(BSDF). The BSDF can be considered the mean reflectance
and transmittance of a material due to micro-scale global il-
lumination effects at material structures much smaller than
the incident beam spot size.

Physics-based BRDF models, which are often used to
also describe BTDF’s [WMLTOS8], are based on analyti-
cal derivations which are usually based on a specific sur-
face micro-geometry and reflection model. Most commonly,
perfectly mirroring micro-facets, so called Fresnel reflec-
tors, are assumed as the basic building blocks of the micro-
geometry [TS67,CT81,HTSG91, APS00, MWAMOS].

Fresnel Reflection and Transmission are the main factors
in these models that influence non-diffuse surface appear-
ance. They are generally of the form [HTSG91]:

fr = Asps +AgaPaq + MuaPud; )

where Ag, Agq and A,y are the color multiplicative factors
and p; denotes perfect specular reflectance, p4; directionally
diffuse reflectance, p,4 perfect Lambertian reflectance, and
fr is the resulting BRDF. The specular and directionally dif-
fuse terms are influenced by Fresnel reflection which enters
the equation as a multiplicative factor

ps = F-L; )
Paa = F--D-S§, 3)

(© The Eurographics Association 2011.
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Figure 1: Geometry for micro-facet BRDF models. An in-
cident ray makes an angle 0; with the surface normal. The
surface is assumed to be a flat interface, representing the
mean of the surface micro-geometry (grey). The interface is
separating two media with refractive indices n; and ny, re-
spectively. Observe that opaque materials also have refrac-
tive indices, e.g. plastic has an index of ~ 1.46. The Fresnel
equations determine the amount of reflected and transmitted
light. The lobe of the BRDF is indicated in light blue.

where L; is the incident radiance, D is the statistical
micro-facet distribution, S is the shadowing term, and F; is
the Fresnel reflection coefficient. In the following, we as-
sume unpolarized light as this is the most common situation
in computer graphics. The Fresnel reflection coefficient F; is
then given by

1
Fo= 5 (R +1) @
(njcos0; —ns cosB;)
= 5
L (njcos®; + n; cosBy) )
(ny cos®; —njcosB;)
= 6
dl (ns cos©; +n;cos6;)’ ©)

see Fig. 1. Note that the Fresnel reflection coeffecient is
governed by the factors n;, the refractive index of the sur-
rounding medium, and #;, the refractive index of the mate-
rial. Both factors will be crucial for examining the effects
that we measured. Due to energy conservation, the transmit-
ted light is the light that is not being reflected off the surface
and thus the Fresnel transmission coefficient is F; = 1 — F;..

Physics-Based BRDF Models assume that Fresnel reflec-
tion is the only process that is influenced by refractive index
changes of the surrounding medium [TS67,CT81,HTSG91,
APS00, MWAMOS5].

We show that current physics-based BRDF models do
not adequately represent the refractive index dependence of
the reflectance observed in reality. According to specular
micro-facet BRDF models, the Fresnel effect is the dominant
source of change in the shape of the reflectance lobes. For
essentially diffuse objects, the Oren-Nayar [ON94] model
predicts a constant BRDF.

(© The Eurographics Association 2011.

0,0, incoming and outgoing angle w.r.t. nor-
mal for reflection at sample

6!,6, incoming and outgoing angle w.r.t. nor-
mal for transmission at screen

7, ) incoming and outgoing angle for reflec-
tion at sample

of, o), incoming and outgoing angle for trans-
mission at screen

fr BRDF of sample

fi BTDEF of screen

Aw! solid angle subtended by laser as seen
from sample

Ao, solid angle subtended by laser spot on
sample as seen from screen

L} radiance incident on sample (from laser)

L, =1L radiance exitant from sample (and inci-
dent on screen)

L =L radiance exitant from screen (and
recorded by camera)

(a) Table of symbols

sample

camera

....................................... N

(b) BTDF calibration

Figure 2: The table of symbols used in the paper and the
geometric layout for BTDF calibration

We analyze the dependence of material reflectance prop-
erties on the refractive index of the surrounding medium.
We present a measurement apparatus to measure isotropic
refractive index-dependent bidirectional scattering distribu-
tion functions. We record a database of representative ma-
terials to verify the reflectance properties under refractive
index changes.

Furthermore, we propose a method to measure the refrac-
tive index dependent BSDF and simultaneously determine
the refractive index of the material sample.
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Figure 3: Our measurement setup: a material patch is
placed in the diameter of the cylinder. The cylinder is filled
with the surrounding medium. A rotating laser then shines
in the range of 0° to 90°. The reflected light is imaged by a
screen, which is attached to the cylinder and captured by a
CCD camera.

4. BRDF Measurements
4.1. Measurement Setup

For the purpose of our experiment, we developed a new mea-
surement setup. This setup allows to measure the BRDF of
submerged materials. To our knowledge, existing devices are
not suitable for acquiring reflectance data for samples im-
mersed in a refractive medium.

Our setup is shown in Fig. 3. The material sample is im-
mersed in a medium with a refractive index different from
air. The cylinder contains the medium and the sample. A
laser, mounted on a rotation stage, illuminates the sample
from different angles. The laser ray hits the cylinder wall or-
thogonally for all acquisition angles, eliminating refraction
upon entry into the medium, which would occur otherwise.
A screen is attached directly to the cylinder wall in order to
minimize the refraction on the exitant light path. The screen
is imaged by a CCD camera (not shown), recording a slice
of the sample BRDF attenuated by the BTDF of the screen.

To calibrate our system, we first compute the geometry
of the setup using fiducial markers attached to the cylin-
der [SSS06]. We then proceed to calibrate the BTDF of the
screen by recording a calibration sample. We use Labsphere
Spectralon for this purpose [VZ06]. This material exhibits
almost perfect Lambertian reflectance and a high albedo of
~ 99% for a wide range of wavelengths including the visible
spectrum. To acquire the BTDF of the measurement screen
we perform an image-based measurement that is valid for
the geometric calibration determined previously.

First, we discuss the image formation in our BSDF mea-
surement device. We refer to Fig. 2 for a description of the
symbols used in the following. The radiance reflected from
the sample is given by

Lo(0p) = Li () fr(0f , @) cos 0] Aw; . ©)

We assume that L is approximately constant as opposed
to Gaussian over Aw;, therefore the integration is reduced
to a simple multiplication. We will see that this assumption
does not affect our calibration procedure. Similarly, the ra-
diance registered by the camera is

Le = Lo(w,) = Li(o}) fi (0f, 0, ) cos BjA®;,  (8)

and, as in the previous case, we assume L(@}) to be
constant over Aw. This is only an approximation since the
laser spot usually exhibits a Gaussian profile. Note, that A®;
varies as with cos®; due to projected area foreshortening.
Setting Aw} = cos8}, - c, the cosine times some diffuse con-
stant ¢y and combining Eqs. 7 and 8, we obtain

Le = Lj (0] fi (00}, ) ) (0], 00fy ) cos 0 cos 8, cos 8 co. (9)

This equation describes the recorded radiance due to a
sample illuminated by a laser from direction ;.

Now, we perform a measurement with the calibration
sample. We thus obtain a reference measurement

. 1
LIpeetralon — 17 (o) f; (ko)) , cos 6% cos 8], cos 0l ¢,

(10)

where 1 ~0.99- ﬁ is the BRDF of Spectralon. Now, tak-
ing an arbitrary BRDF measurement, Eq. 9, and dividing by
the Spectralon reference measurement, Eq. 10, the geometric
terms cancel and we obtain

Lc
“Spectralon ’
Lﬁ pectralon

fr=p- (11)

i.e. we can directly measure a value proportional to the
BRDF of the sample. Since we are recording a full slice of
the BRDF for every incident angle of the laser, we perform
the calibration for every laser angle. This is not strictly nec-
essary since the diffuse BRDF of Spectralon does not vary
with the incident angle. However, since our laser beam is
only approximately centered we ensure a proper measure-
ment this way. Note, that the diffuse constant ¢y has to be
fitted to the measured data, e.g. with a suitable BRDF model.

Processing

Each incident angle is imaged with different exposure times
(ﬁs, ﬁ& 2;—0& 6—10s, 2‘—5s7 £s7 Ls) to account for the dy-
namic range of the reflected laser light. The resulting images

(© The Eurographics Association 2011.
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Figure 4: Backprojection of the captured images onto the surface of a parametrized cylinder. The captured specular highlight

(red) matches the predicted reflection point (6, = 6;, yellow).

for each incident angle are backprojected [EveO1] onto the
surface of a cylinder which is fitted with RANSAC to the
reconstructed geometry of the setup, 4. Then, the backpro-
jected images are combined to one HDR-image [MKMSO07]
which is then downsampled to size 249 x 180 px and stored
according to the corresponding incident angle.

5. Results

We captured the following classes of materials: Acrylic
paint, aluminum, bamboo, ceramics, cloth, oil paint, plas-
tic, sandpaper, stone, Teflon and wood. We found that only
bamboo and plastic show significantly different reflectance
behaviour for different media. The other materials did not
show a different reflectance behaviour for different refrac-
tive indices, Fig. 5. To render our results we loaded the mea-
sured BRDF-data in the MERL-file format [MPBMO03b] and
rendered a scene in PBRT [PHO4]. The rendering time took
approximately 10 minutes per frame on a 2.2 Ghz Intel Core
2Duo processor with a NVIDIA GeForce G210M graphics
card, the image resolution was 768 x 576 pixel, Fig. 6.

6. Conclusion

We have investigated the effect of immersing a material
into different media and compared the measured behavior
with the prediction of the Fresnel term. We presented a new
method to measure the material behaviour by placing it at
the center of a cylinder and imaging the reflected laser light
with a screen attached to the cylinder. The measured data
were used for rendering virtual scenes of objects immersed
into water. We figure, the main applications of the capturing
setup is the provide data for realistic underwater renderings
or renderings of plastic materials exposed to liquids. In the
future we want to extend the measurement setup to account
for anisotropic materials and retroreflectance. Furthermore
we want to investigate the effect with submerged multi-layer
materials.
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Figure 5: The differences in measured reflectance for refrac-
tive indices 1.0 (red) and 1.44 (green) of the surrounding
medium for different materials. While Ceramics and Stone
do not show significant differences, Bamboo and Red Plastic
are clearly distinguishable. The exitant reflectance is mea-
sured for 0, = 0° and 0, € [45°,75°] for incident angles
50°,60° and 70° w.r.t. the surface normal. The vertical lines
denote 0, = 0; for each incident angle.

(b) Red Plastic

(a) Bamboo

Figure 6: The effects of different surrounding media to the
size of the specular reflection in the proposed model: In each
image, the left side of the model shows the reflection of the
material for air (= 1.0) and the right side shows for water
with refractive index =~ 1.33. The small boxes show a close-
up view to the particular highlight. Note, that the intensity
and the extent of the highlight decreases with increasing re-
fractive index for both materials. Black spots correspond to
input angles outside the measured range
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