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Abstract

Rendering of clean transparent objects has been well studied in computer graphics. However, real-world transpar-
ent objects are seldom clean—their surfaces have a variety of contaminants such as dust, dirt, and lipids. These
contaminants produce a number of complex volumetric scattering effects that must be taken into account when
creating photorealistic renderings. In this paper, we take a step toward modeling and rendering these effects. We
make the assumption that the contaminant is an optically thin layer and construct an analytic model following
results in radiative transport theory and computer graphics. Moreover, the spatial textures created by the differ-
ent types of contamination are also important in achieving visual realism. To this end, we measure the spatially
varying thicknesses and the scattering parameters of a number of glass panes with various types of dust, dirt, and
lipids. We also devel op a simpl e interactive synthesis tool to create novel instances of the measured contamination
patterns. e show several results that demonstrate the use of our scattering model for rendering 3D scenes, as

well as modifying real 2D photographs.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism

1. Introduction

In our daily lives, we are surrounded by transparent surfaces
such as windows, windshields, monitors, reading glasses,
drinking glasses, camera lenses, and mirrors. The render-
ing of the effects produced by clean transparent surfaces has
been widely studied, and today’s advanced rendering tech-
niques [Jen01] are able to accurately and efficiently ren-
der the most salient effects. However, rendered images of
clean transparent surfaces tend to look too perfect. As seen
in real photographsin Fig. 1, transparent objects almost al-
ways have surface contaminants such as dust (e.g., pollen,
skin cells, fabric fibers), dirt (e.g., powder, salt, other min-
eradls, organic materials, soil), and lipids (e.g., fingerprints,
lipstick, and other oils). These imperfections produce weath-
ered appearances critical to achieving realism in rendered
images [DHOO].

At first glance, it may seem that simply alpha-blending a
contaminant layer over the transparent surface is adequate.
However, the scattering, attenuation, and occlusion due to
a contaminant layer can produce striking visual effects. For
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example, in Fig. 1athe dirt looks darker against the sky on
the top, while it looks brighter against the ground on the
bottom. In Fig. 1b, the stains on the wine glass ater the
light transport through the surfaces and create an interest-
ing soiled appearance. Dust on a camera lens scatters light
from outside the field of view of the lens to the image detec-
tor to produce lens glare, as shown in Fig. 1c. Fingerprints
or other contaminants become clearly visible on a monitor
screen when the monitor is off, asseenin Fig. 1d. The visual
effects also vary dramatically with viewing and illumination
angles. For instance, contaminants on glass that are barely
visiblein afrontal view become clearly visible when viewed
from agrazing angle.

To model the light transport for contaminated transpar-
ent surfaces, we consider the contaminant to be a thin layer
of a scattering medium over a smooth transparent surface.
Our model followsdirectly from the layered subsurface scat-
tering models in the literature on radiative transport the-
ory [Cha60, Ish78] and is closely related to the layered sur-
face model of Hanrahan and Krueger [HK93]. To construct
our model, we modify [HK93] to include additional terms
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C)
Figure 1. Real photographs of scenes with transparent objects. ()
Window with dirt; (b) wine glass with stains; (c) image taken with a
dusty lens; and (d) monitor with fingerprints. Contaminants on the
transparent objects produce many striking visual effects.

as needed (see Sec. 3). The final model includes reflection
at the air-contaminant interface and the scattering of the
light reflected from the contaminated transparent surface. In
Sec. 4, we show that the model captures many of the canon-
ical visua effects common in the rea world, such as the
contrast reversals (i.e., darker/brighter) of the contaminated
regions against the background, lens flare/blurring caused
by stray light, and the angular dependency with the view-
ing/lighting direction (i.e., increased scattering at grazing
angles (Fig. 15) and the vertical “shadow” (Fig. 17d)).

In rendering contamination effects, we must also consider
the spatial distribution or “texture” of the contaminant. To
this end, we have devel oped methods for measuring the spa-
tial pattern and scattering parameters of a contaminant layer
on a thin sheet of glass or plastic (Sec. 5). To acquire the
spatial pattern, we use a projector to illuminate the sheet
from one side and create a shadow of the pattern on a Lam-
bertian surface placed on the other side. From a single im-
age of the shadow map of the pattern, we estimate the spa-
tially varying thickness of the contaminant. To measure the
scattering parameters, we use a thin collimated light beam
to scatter light through the layer onto a Lambertian surface
placed a small distance behind. From this second image, we
estimate the scattering parameters for a given contaminant
type. To date, we have measured the patterns and scattering
parameters of 30 transparent sheets contaminated with dust,
dirt, and lipids. These measurements have been incorporated
into a simple interactive tool that uses texture synthesis to
generate a contaminant layer of any desired size, with user-
selected combinations of contaminant types. Our database of
measured contaminants and the synthesis tool will be avail-
able at http://www.cs.columbia.edu/CAVE.

The BRDF/BTDF model and measurements can be
plugged directly into a renderer to generate the appearance

of avariety of contaminants on different types of transparent
surfaces. In Sec. 6, we show rendered images of 3D scenes
(Figs. 13-17) that include al the effects seen in Fig. 1. We
also show how our model can be used to add contamination
effects to 2D photographs (Figs. 18-20).

2. Previous Work

Weathering of Surfaces: In recent years, modeling and
rendering of the weathered appearance of surfaces has re-
ceived significant attention, going back to the work on mod-
eling patina formation and flows by [DH96, DPH96]. Re-
cent work based on physical simulation and surface geom-
etry includes [Mil94, HW95, DEWJ"99, MDGO01, PPDO1].
Most recently, a data-driven approach has been used to
model the time-varying nature of appearance [WTL*06,
GTR*06]. Another body of work addresses how defects
such as scratches change surface reflectance [BPMG04] or
how wetness or dust change reflectance of opague materi-
as[LGR*05,SSR*06].

While these papers focus on weathering or time-varying
effects on opague objects, our focus is on the appearance of
thin layers of contaminants on transparent surfaces. These
previous works do not address the volumetric scattering and
transmission effects that are critical in our case.

Modeling of Thin Scattering Layers on Surfaces:
Blinn[BIi82] derived amodel for an opaque surface covered
with a thin layer of dust, based on the assumption of sin-
gle scattering. Koenderink and Pont [KPO3] derived a simi-
lar simplified model and found that it is the outer scattering
layer that causes the smooth and velvety appearance of many
soft materials like peaches and cloth.

To our knowledge, [HK93] is the first work in computer
graphicswhich systematically studied light transport for lay-
ered material's due to subsurface scattering. Based on results
from radiative transport theory [Cha60, 1sh78], they derived
analytic models for single scattering and developed an al-
gorithm for Monte Carlo simulation for multiple scattering.
Pharr and Hanrahan [PHOO] and Ershov et a. [EKMO01] de-
veloped arecursive procedure to extend the analytic models
for one layer to multiple layers for the purpose of interactive
rendering of paint-composition materials (e.g., pearlescent
paints) or simulation of multiple scattering effects.

In this paper, we consider a specific type of layered
material—athin contaminant layer on a transparent surface.
In addition to the scattering events modeled in the previ-
ous work [HK93], our specific problem has its own set of
scattering events. In particular, these events include reflec-
tion at the air-contaminant interface and the scattering of
thelight reflected from the contaminated transparent surface.
Our model for contaminated transparent surfaces includes
additional terms for handling these light transport events.

Diffusion Model in Subsurface Scattering: Our work
is also related to the diffusion model [JMLHO1] for sub-
surface scattering. Stam [Sta0l1] proposed a semi-analytic
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Interface with Air | Optical Thickness | Scattering
Dust No, ny=ny Small 0.4<g<0.9
Dirt Yes, ny #ny Medium 0<g<0.38
Lipids Yes, ny #ny Small 0.7<g<1

Figure 2: Definitions of the three types of contaminants.

model for multiple anisotropic scattering in alayer bounded
by two rough surfaces. Our problem is simpler. The con-
taminant layer on transparent surfaces is usualy optically
thin so that single scattering rather than diffusion domi-
nates. Also, unlike subsurface scattering in an optically thick
medium [JMLHO1], the spatial transport of light in the con-
taminant layer need not be considered.

M easurement of Scattering Parameters: In both physics
and computer graphics, thereis much previouswork on mea-
suring the scattering parameters for various kinds of materi-
als, such as minerals [WDE*97], tissues [CPW90], and lig-
uids [JDJ06, NGD*06, HMO03]. Nevertheless, there appear
to be few existing measurements for the kinds of contam-
ination, such as dust, lipstick, soap stains, etc., relevant to
the models in this paper. This is partially because of the
complexity of the measurement. Usualy it requires special-
ized equipments (e.g., scatterometer) or special procedures
only suitable for limited types of materials (e.g., dilution of
liquid [NGD*06]). In this paper, we develop a rather sim-
ple method to measure the scattering parameters for various
kinds of contamination based on the BRDF/BTDF model,
which requires only a single image and can be easily imple-
mented.

3. Modeling of Light Transport

In this section, we construct our model for light transport on
a contaminated transparent surface. Our model can be seen
as a modification to the layered surface model in [HK93].
For completeness, we detail all the termsin our model below.

In Fig. 2 we loosely define three categories of
contaminants—dust, dirt and lipids. The thresholds for the
scattering parameter g are determined conservatively from
the physics literature [Dra03, JDJO6, SFMMO01] and our own
measurements in Sec. 5.2. An important observation is that
most of the contaminant layer is optically very thin, either
because it is physically thin (such as a lipid layer), or be-
cause its density islow (such as dust). Therefore we assume
that single scattering dominates and aggregate the scattering
events to aloca BRDF/BTDF model. As shown in Fig. 4a,
for thelight L;(w;) incident from the air onto the transparent
medium, i.e., oj - N > 0, there are 4 components for reflec-
tion and 2 components for transmission, each of which has
been derived previously in [Cha60, Ish78]. Notation for se-
lected symbols are shown in Fig. 3.

3.1. Construction of the BRDF/BTDF M odel

Mirror Reflection from the Contaminant Surface
L§l> (er): If the contaminant layer has an interface with the
air (ng # ny), we will have amirror-reflection at the surface
of the contaminant, and
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L; Incident light radiance
Lr Reflected light radiance
Lt Transmitted light radiance
j Incident light direction (6;,¢;), i = cos6j
r Reflected light direction (6r, ¢r), pr = cOS6r
ot Transmitted light direction (8¢, dt), ¢ = cos6;
N Surface normal
Fio Amount of light reflected at air-contaminant interface
Fo3 Amount of light reflected at contaminant-glass interface
Ti2 Amount of light transmitted from air to contaminant
Tos Amount of light transmitted from contaminant to glass
ny Refractive index of air
ny Refractive index of the contaminant
n3 Refractive index of glass (transparent medium)
T Optical thickness of the contaminant layer
(o1} Albedo of the contaminant for single scattering
g Mean cosine of the scattering angle
p(6) Phase function
fr(wj,er) BRDF of the contaminated transparent surface
ft(wj, ) BTDF of the contaminated transparent surface

Figure 3: Notations for the main quantities used in the paper.

le) (or) = Fr2- 8(wj, or) - Li (o), Q)
where Fy2 is the Fresnel term for reflection [HK93], and

S(wj, @r) isthe deltafunction.
Mirror Reflection from the Transparent Surface

LSZ) (wr): This component models the light that makes it
through the contamination layer to the transparent surface
and then is mirror reflected back toward the contaminant
layer. As the light travels inside the contaminant layer it
is attenuated exponentialy with the optica path depth,
leaving the reduced intensity [Ish78]. Notice that the light
will be attenuated twice—when it is transmitted into the
contaminant and when it is reflected back. Thisyields

Wy +ir)

W Ty T Fs - 8(wi, or ) - Li(wi), (2)
where 1 is the optical thickness of the contaminant layer, of
and w; are the directions of the refracted raysin the contam-
inant layer computed by Snell’slaw (see Fig. 4a), and i and
W are the cosine of their zenith angles 8] and ;. Since we
consider mirror reflection, o = . Ty and Ty are Fresnel
termsfor transmission [HK93].

Scattering of thelncident Light L§3>(u)r): This component
is due to scattering and is called the diffuse intensity [1sh78].
Under the single scattering assumption, it is given by

TioTorllf —t(L+3
L)~ L (1) opi—ti ) L o)
©

where p(8) is the scattering function (phase function), @g is
the albedo for single scattering [Cha60] of the contaminant.
Scattering of the Mirror-reflected Light L§4) (or): Like
the previous term, this term involves single scattering of the
light reflected from the transparent surface (bottom lit):

TioT: { (-5 2\ -%
L?‘kw)z%ff“(e L w)e 7 .6iop(6]—0))-Li(w).
@
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Figure 4: Light transport for a contaminated transparent surface: (a) Incident light from air to transparent medium; (b) from transparent

mediumto air.
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Figure 5: Relationship of the model and individual components.

Transmission of thelncident Light Lfl) (mt): Thiscompo-
nent models the light that makes it through the contaminant
layer and is transmitted into the transparent surface:

LY (@) =& M TipTos- 8 of) - Li(@),  (5)
where of isthe direction of the ray before it is refracted into
the transparent surface as computed from wt by Snell’s law.

Scattering of the Incident Light Lt(z) (et): Thiscomponent
models the light scattered into the transparent surface:

() T12T23M

L

¢ (o) = W= W
(6)

Summary: From all the above components, the actua
BRDF/BTDF model can be obtained by dividing the com-
ponents by the cosine-weighted incident light L;(w;)y and
summing them. As shown in Fig. 5, the resulting BRDF
model will have both aspecular or mirror term fr s (coming

Y and L ) aswell asadiffuse component for scat-

from L;
tered light f, 4 (coming from LE ) and Lr ). The BTDF will

have both the attenuated term ft a (from Lt(l)) aswell asthe
diffuse term f; 4 (from the scattering Lt(2>). Similar results

are derived in the Appendix for the case when ;- N < 0,
i.e., light incident from the transparent surface to the air.

Comparison: Many of the components above overlap with
themodelsin [HK93,BIli82]. However, there are components
WhICh are in our model while not in [Bli82] (i.e., L(l) ng)’
L%y and [HK93] (i.e., L' and L{¥). These additional com-
ponents are used to model certain light transport events im-
portant for contaminated transparent surfaces, such as ren-
dering certain kinds of contamination (e.g., lipids and dirt)

(7MW — e M) aop(6] —87)-Li(@))-

&)
L@)\ L ( L, (@) (@)
n Ve //41/4 | Ar
\N A4 ' o O
n? o OO O: y 10 i O Conlamlnant
PO
n3 v i 3 Tran;zgrent
o N
h (az) h‘”(tq)

Figure6: Light transport for a thin transparent slab with contami-
nation, where theincident light goes fromair into the slab and again
into air. Thisis a special case of our model.

or rendering under certain lighting or view conditions (e.g.,
stray light or viewing at grazing angles).

Following others, we use the Henyey-Greenstein phase
function for p(8). Thus, there are 4 input parameters in the
model (assume ny and nz are known and fixed): t, the optical
thickness of the layer, usually is atexture of the contaminant
pattern; g, the parameter of the Henyey-Greenstein phase
function; @, the albedo of the contaminant; and ny, the re-
fractiveindex of the contaminant. Different kinds of contam-
inants, such as dust, lipid/fingerprints, water deposit, pow-
der, salt, dirt, etc., will have parameters in different ranges,
while their effects are captured with the same model.

Thin Transparent Slab with Contamination: The above
BRDF and BTDF model can be plugged into any raytracer
to render the effects of contaminants on arbitrary transpar-
ent surfaces. However, many transparent objects in the real
world are made of thin slabs which have two paralel inter-
faces with air, such as glass windows. To render these ob-
jects at the scales where the thickness of the slab does not
need to be taken into account, we can further simplify the
above BRDF/BTDF model, since both the direction and the
position of the incoming ray and the outgoing ray will not
change. Thisisessentially acombination of the above model
and the model for aclean transparent surface. If both sides of
the slab have contaminants, we can also combine the above
model twice to get a simplified model, each of which isfor
one side of the dlab. As shown Fig. 6, al the components
can be derived similarly as above and assembled together.
Details are given in the Appendix.

(© The Eurographics Association 2007.
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(b) Proposed Model

(a) Monte Carlo

Figure 7: A uniform layer of dust rendered with (a) brute
force Monte Carlo volumetric scattering and (b) our proposed
BRDF/BTDF model. Our model generates accurate results, while
being much more efficient for rendering.

Verification of Accuracy: In Fig. 7, we verify the accuracy
of our BRDF/BTDF model by rendering (with a global il-
lumination renderer) a simple scene of a dusty glass slab.
Figure 7a is rendered using Monte Carlo simulation with
2048 samples per pixel needed to reduce noise, taking about
1 hour. Figure 7b uses our BRDF/BTDF model, and is ren-
dered with 4 samples per pixel, taking about 10 seconds (this
is essentidly the same time as using other analytic BRDF
models such as Torrance Sparrow). The RMS relative dif-
ference between these two images is 2.2%, which shows the
accuracy of our model.

4. Canonical Visual Effects

InFig. 8, we present a set of canonical examples correspond-
ing closely to common real-world situations; in each a con-
taminant layer is placed on the surface of athin transparent
slab. Thetwo leftmost columns describe the various viewing
and illumination conditions considered here, as well as the
placement of the contaminant layer. On the transparent slab,
there are 2 x 3 patches of contaminants, as seen in the ren-
derings in the rightmost column. From left to right, the con-
taminants are dust, dirt, and lipids (e.g., fingerprints). These
three kinds of contaminants cover a large range of the pa-
rameters and are selected to demonstrate the typical effects.
The two patches in each column are identical. For dust and
dirt, the optical thickness of the patches are uniform; for fin-
gerprints, we crop a fingerprint texture and use it as the op-
tical thickness. Finally, the middle column of Fig. 8 shows
scattering diagrams, with the red components being reflec-
tion and the blue components being transmission. Moreover,
at the end of this section we describe the effects due to the
angular dependency of the model with the viewing/lighting
direction.

View of Window in Daytime: In the first row of Fig. 8,
we simulate the case when we are in a dark room and look
through the window outwards in daytime. Only the top re-
gion (or “sky”) of the environment is (uniformly) bright.
In the renderings, the upper half is bright and the bottom
half is dark since only the upper half has environment light.
However, the contaminated patches in the upper half look
darker because of attenuation. By contrast, the contami-
nated patches (dust and fingerprints) in the bottom half ook
brighter because of scattering of the environment light. The
dirt patches behave amost completely like an attenuator,
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with minimal scattering (consider the blue lobe in the mid-
dle scattering diagram). Therefore, that patch isblack in both
upper and lower regions. Similar effects can be seen in real
photographs (Fig. 1a) and in rendering results (Fig. 14 and
Fig. 20), where the contaminant |ooks darker against the sky,
and brighter against the ground.

View of Window in Nighttime: The second row of Fig. 8
corresponds to the situation when we are in a bright room
(the upper half islit) and look through the window in night-
time. Unlike the previous case, the contaminantsin the upper
half will look brighter than the clean regions, because there
is not only reflection from the slab but also scattering from
the contaminant. The contaminants in the bottom half will
aso look brighter because of scattering. This is true even
for dirt-while the light transmitted through the window is
attenuated as before, in this case we see primarily the light
reflected from dirt. Figure 14c¢ showsthis effect in rendering.

Monitor Turned Off: Thethird row in Fig. 8 mimicsthe sit-
uation in which a computer monitor is turned off. Note that
the contaminant is on the other side, the side closer to the
camera. In this case, the contaminated regions in the bottom
half still look brighter than the background due to scattering.
The contaminantsin the upper half look slightly darker than
before because the reflected light from the monitor screen
will be attenuated by the contaminant before it comes to the
camera. As the rendering results in Fig. 15 (and the photo-
graph in Fig. 1d) show, the contaminant patterns are visible
on the monitor when it is turned off.

Monitor Turned On: When the monitor is turned on, as
shown in the fourth row in Fig. 8, there is another textured
area light source behind the screen (i.e., the light from the
monitor itself) in addition to the environment light. The area
light is so close to the slab that the attenuated flux from the
area light is much stronger than the flux scattered from the
environment. Therefore, the difference between the clean re-
gions and the regions with dust and fingerprints is not obvi-
ous, i.e., the contaminantsareamost invisible. For dirt, since
itsoptical thicknessislarger, its brightnesswill be attenuated
more and thus it appears dark like an occluder.

Collimated Beam from the Side: The fifth row in Fig. 8
mimics the scenario of sunlight striking a window or lens.
In this case, a collimated beam is incident on the transpar-
ent slab from the side. The camera sees no light from the
collimated beam (e.g., sunlight) in the clean regions because
the transmission does not change the incident direction. In
contrast, in the contaminated regions, the scattering due to
the contaminants will redirect some of the light toward the
camera. Thisis one of the reasons why a camerawith adirty
lens or filter usually generates lens flare or a washed-out ef-
fect when there is strong stray light. For example, Fig. 1c
and Fig. 18 show photographs taken with a dirty lens and
the corresponding rendering result.

Angular Dependency with Viewing/Lighting: One com-
mon effect of contaminated transparent surfacesis that they
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Figure 8: Visual effects predicted by our model, illustrated for a set of canonical scenarios common in the real world. See text for details.

are view-dependent. For example, if we look at a patch of
dust on a glass pane, its appearance changes dramatically as
the view changes from perpendicular angles to more grazing
angles. This is caused by two factors: the Fresnel effect of
the glass, i.e., at more grazing angles there is more reflected
light; and the angular dependency of f; 4 in the BRDF. This
effect is shown in both the real photograph (Fig. 1b) and
our renderings (Fig. 17a and Fig. 15). Moreover, Fig. 17a
also shows the vertical “shadow” and the “shading” on the
cognac glass. Thiseffect, caused by the scattering of the con-
taminants, is both view- and lighting-dependent and is con-
sistent with real world experience.

5. Measurement

There exist a large variety of contaminants on transparent
surfaces. These contaminants can be described both by the
spatial distribution of the contaminant and by the scattering
properties of the contaminant type. In this section, we detail
our method for measuring the optical thickness t(x,y) and

the scattering parameter g for real examples of contamina-
tion. For ny and @, we choose their values either from cer-
tain manual s[Sto90] or user input. To date, we have gathered
30 examples of representative materials, including many ex-
amples of dust, dirt, and lipids. All of our gathered data, as
well as a simple interactive tool for synthesizing new con-
tamination layers will be released online.

5.1. Optical Thickness

To measure the spatial pattern of thickness or “texture’
T(x,y), we use the shadow map generated by attenuation
from the contaminant layer. Figure 9a shows our setup. The
projector illuminates a thin glass slab with contaminants on
the far side. Behind it is a Lambertian board, and the cam-
erais on the side. The camera is radiometrically calibrated
beforehand. The intensity of each point in the shadow map
comes from two parts: the attenuated transmitted light Lt(l)
(Eq. 5) from this point, and the scattering component Lt(z)
(Eg. 6) from neighboring points. Since the albedo of the con-
taminant layer is assumed to be small (otherwise it would

(© The Eurographics Association 2007.
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Figure 9: Setups used to measure (a) the optical thickness t(x,y) and (b) the scattering parameter g of a contaminant.

Household Dust (Dust) Powder (Dust) Detergent (Dust)

Water Stripes (Dirt) Salt Water (Dirt) Salt Deposit (Dirt)

Soil (Dirt) Smudges (Lipids) Fingerprints (Lipids)

Fingerprints (Lipids) Soap Water (Lipids) Oil Stain (Lipids)

Figure 10: Examples from 30 contamination patterns, measured with the setup in Fig. 9a. Intensity is proportional to t(x,y).
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Figure 11: Examples of images acquired using the setup in Fig. 9b for measuring the scattering parameter g.

generate multiple scattering) and it is mostly forward scat-
tering, therewill be much less contribution from neighboring
points due to scattering. Thus Lfl) ismuch stronger than Lt(z)
and it istheintensity of the shadow map. Based on Eq. 5, the
intensity of point (x,y) in the shadow map is attenuated by
e "0 (i = 1 sinceillumination is head on). Note that the
attenuation isonly related to t(x, y) and isindependent of the
scattering parameter g. The formula used to compute t(X,y)
isasfollows:

w(xy) = ~Int<Y) @

lclean
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where | eqn iStheimage intensity in the clean regions of the
glass. For some samples we can indeed observe the effect of
scattering from neighboring points in the shadow map, for
which the shadow map usually is blurry, especially when the
board is far from the glass. In those cases, we let the projec-
tor shine light through the glass and put the camera on the
other side. This setup allows usto measuret(x,y) by scatter-
ing (L% in Eq. 6) and the result is then scaled by the initial
measurement. Figure 10 shows some acquired textures with
different kinds of contaminants. Image intensity is propor-
tional to the optical thickness.
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5.2. Scattering Parameter
We aim to obtain qualitatively correct estimates of g for dif-
ferent materials. As shown in Fig. 9b, the setup is similar to
the previous one, except in two places. First, we use a laser
instead of a projector. Second, we use auniform contaminant
layer. With the previous method, we measure the thickness
of thislayer. When the laser beam hits the contaminants, part
of it will scatter towardsthe Lambertian board and generate a
falloff (or lobe) pattern on the board. The center region will
have a very strong spike due to the attenuated laser, while
the brightness of other regions is due to the scattering Lt(2>.
Based on Eq. 6, the intensity of point (x,y) is

—T efr/ cos@

(%) =B p(O:0) S

where  isascale factor, p(6;g) isthe phase function, and 6
isthe angle of the scattered ray from the normal. The deriva-
tion of this formula can be found in the Appendix.

-cos’ 0, (8)

We have measured 10 samplesin total which contain rep-
resentative contaminants in each of the three categories (i.e.,
dust, dirt and lipids). For other samples, we use the g values
from the corresponding category for rendering. Figure 11
shows some images for different kinds of contaminants. We
also show the image we acquired for clean glass for veri-
fication, where as expected the scattering is minimal. With
the assumption of isotropic scattering, each circle around the
center of the image corresponds to asingle angle 6. We then
compute the average | (x,y) in the circle, and use it to fit the
phase function. The second row in Fig. 11 shows the results.
The red dots are the data and the blue curves are thefit. The
third row showsthe fit g values.

5.3. Synthesis Tool

To increase the applicability of the acquired data, we have
developed a simple tool to synthesize the contaminant pat-
terns and scattering parameters according to a user’s input.
The synthesized texture, in which each channel corresponds
to onekind of parameter for the contaminant, can be mapped
on arbitrary transparent objects for rendering.

Wefirst build a database by selecting acollection of proto-
types for each of the three categories of contamination (dust,
dirt, and lipids) from the measured data. For synthesis, as
shown in Fig. 12, a user selects prototypes from each cate-
gory for the desired contamination pattern and specifies the
size of the output texture. For example, the desired pattern
might be a combination of fingerprints or smudges, some
stripes of water deposit, and a layer of dust. The tool then
synthesizes a contamination layer for each prototype indi-
vidually. For dust, we use image quilting [EFO01] for synthe-
sis. For lipids (fingerprints), we randomly transform (scale
and rotate) the prototype and randomly tile several copieson
the canvas. For dirt, we use a similar random placement but
we limit the range of rotation and translation since the water
stripes usually are on the top of an image. The three synthe-
sized layers are then apha-blended together to generate the

Control Panel Synthesis Panel

Prototype
Selection
Panel

Figure 12: Interactive synthesis tool developed to generate novel
contaminant patterns from the set of measured ones.

final texture. A user can control the amount and the range of
transformation for each prototype and al so add/remove more
prototypes interactively.

6. Rendering Results

We now show some rendering results of transparent ob-
jects with various kinds of contamination both in 3D scenes
and on 2D photographs. In all the examples, sampling of
the BRDF/BTDF models is done by sampling the Henyey-
Greenstein phase function. The parameters of the contami-
nant layer are generated with the synthesistool.

6.1. Rendering of 3D Scenes

We plug our BRDF/BTDF models into a physically-based
ray tracer PBRT [PHO4] and render with either direct light-
ing or global illumination algorithms.

Glass Sphere Covered with Uniform Dust: Figure 13
shows a glass sphere covered with a uniform dust layer in
a complex lighting environment while the optical thickness
of the dust, t, increases. As shown, the appearance of the
glass sphere changes from completely transparent to semi-
transparent and finally will become an opaque dusty surface.
As 1 increases, the sphere becomes smoother and softer, es-
pecialy near the contour. This is consistent with the effects
of dusty opague surfaces since our model subsumes Blinn's
dust model. However, we also capture the transmission ef-
fects of the dust layer on the glass sphere.

Looking Through a Window in Daytime and Nighttime:
Figure 14 shows a view through a window of a room.
The outside scene is from the Weather and Illumination
Database [NWNO2] with lighting changing over time (from
morning to night). Inside the room, we have a fixed envi-
ronment light. The contamination pattern is composed of
dried water streaks (dirt) in the left of the window, smudges
and fingerprints (lipids) in the right, and a very thin layer
of dust. As shown, against the sky the contaminant pattern
looks darker because of attenuation; while against the build-
ing (or in the shadow of the building), the contamination pat-
tern looks brighter because of scattering. Moreover, when
viewing the window at different times of day, with differ-
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T=0.25

T=0.5

T=0.75 T=1

Figure 13: A glass sphere rendered with different thicknesses of a uniform layer of dust. As the optical thickness increases (from left to right),
both the transmission and the reflection become smoother and give the sphere a more velvety appearance, especially near the boundary

Morning (6:00 AM)

Afternoon (2:00 PM)

Night (1:00 AM)

Figure 14: A contaminated window rendered with a background that changes with time of day. Note how the contaminants appear very

different for the different illuminations of the background.

ent types of illumination, the contaminant pattern generates
various effects, as predicted by our model in Fig. 8.

Monitor On/Off: Figure 15 shows a monitor screen with
contaminant when it is turned on and off. As predicted in
Sec. 4, when turning on the monitor, we cannot see the con-
taminants most of the time; when turning off the monitor,
details of the contaminants are visible to us. Moreover, as
either view or illumination moves more toward grazing an-
gles, the effective optical thickness of the contaminant layer
increases and exaggerates scattering effects.

Dirty Cognac Glass: Figure 16 shows a cognac glass cov-
ered with a uniform layer of contaminant while the optical
thickness of the contaminant increases. We render the re-
sultswith photon mapping. The body of the cognac glass has
a similar appearance as the glass sphere example, while the
base of the cognac and the caustics show interesting changes
due to the scattering and the attenuation of the contaminant.
In Fig. 17, we show a cognac glass with atextured contami-
nant rendered with and without scattering. Notice the subtle
visual effects produced by the scattering of the contaminant,
including the vertical “shadows’ on the glass body, the con-
trast reversals of the contaminant against the background,
and the increased scattering effects at grazing angles.

6.2. Creating Contamination Effects on Photographs
Besides rendering 3D scenes, we also show that our model
can be used as an “effectsfilter” for 2D photographs to add
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Figure 15: A monitor screen rendered with dust and fingerprints.
The contaminants become more clearly visible when the monitor is
off. Their brightness increases as the viewing angle approaches the
grazing angle.

the appearance of contamination to images of clean trans-
parent surfaces.

Scattering on a Camera Lens: Contaminants on camera
lenses will scatter lights and generate effects such as lens
flare from stray lights and blurring, as seen in Fig. 1c. Based
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7=0 7=0.05

7=0.10

Figure 16: A cognac glass rendered with different thicknesses of a uniform dust layer (increasing from left to right). The caustics and the base

of the glass become dimmer and smoother as the dust thicknessincreases.

@ (b)
Figure 17: A cognac glass rendered with stains. The glassis ren-
dered (a) with and (b) without scattering from the stains.

on our model, we can use an image taken with a clean lens,
such as Fig. 18a, and composite it as if it were taken with
adirty lens, as shown in Fig. 18b. The texture of the con-
tamination pattern is created to be similar as that in Fig. 1c.
Chromatic effects of lenses could also be added by assigning
different refraction indices for R/G/B channelsin the model.
The same method can be applied to other 2D images. For
example, Fig. 19c shows an image rendered as if it were
taken through a glass that had been sprayed by sea water.
Figures 193, 19b show the original image and the pattern of
salt deposits used for rendering.

Contaminating Clean Transparent Surfaces. As shown
in Fig. 20, our goal is to make the window region in the
input photograph dirty. We first estimate the 3D positions of
the window plane and camera from the four corner points
of the window. The outside illumination is assumed to be
the image intensity in the window region synthesized and
mapped onto the hemisphere. Using our BRDF and BTDF,
we can compute the image intensity in the regions of the
window with contamination. In Fig. 20, (8) isthe photograph
with a clean window [DDO02], (b) is the estimation of the
illumination outside and the 3D positions for the window
and camera, (c) is a synthesized contaminant pattern used
for rendering, and (d) is the final composite result. Notice
the brighter appearance of the window on the bottom right
and the darker appearance in the top regions in (d). Simple
alpha-blending could not generate these effects.

Figure 18: Compared with the real photograph Fig. 1(c), our
model can be used to modify (a) a photograph of the scene taken
with a clean camera lens to create the effects of (b) an image asif it
were taken with a dirty camera lens.

7. Conclusion

Contamination such as dust, dirt, and lipids create a weath-
ered appearance on transparent objects due to scattering. In
this paper, we have presented a comprehensive study for ren-
dering these scattering effects. By modeling the contaminant
as an optically-thin layer of a scattering medium, we con-
struct an analytic BRDF/BTDF model based on pre-existing
results in computer graphics and radiative transport theory,
which accurately captures most of the canonical visua ef-
fects of contaminated transparent surfaces and allows effi-
cient rendering. We also propose novel methods to measure
both the thickness patterns and scattering parametersfor var-
ious kinds of contamination in the real world. We show that
our model and the measurements can be used for rendering
of 3D scenes and 2D photographs to create a photorealistic
appearance for contaminated transparent surfaces. An inter-
esting area for future work isto extend our model to the ren-
dering of contaminated translucent materials, such as lipids
on skin, dust on marble, and dirt on transparent vessels hold-
ing participating media (e.g., wine and various other liquids).
Moreover, the BRDF/BTDF model may aso be helpful in
solving inverse problems, such as removing contamination
effectsin photographs, e.g., “cleaning” dirty glass.
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Figure 19: The modified image in (c) was created using the real
image in (a) and the measured salt deposit pattern shown in (b).
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Appendix

In this appendix, we list some formulae and definitions used in
Secs. 3and 5.

BRDF/BTDF Model When w; -N < 0: Inthe case of wj - N < O,
the light is incident from the glass to the air (Fig. 4b), we need to
change the derived componentsin Egs. 1-6 accordingly and the cor-
responding BRDF and BTDF models need to be changed asfollows:
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where of, ®/, and @{ should also be computed with different refrac-
tive indexes.

Changesin the Modelsfor Thin Transparent Slab: Specifically,
asshowninFig. 6, for thecase ; - N > 0 (i.e., theincident light first
hits the contaminant layer and then transmits into the transparent

slab and finally goes out to the air), for the BRDF, Lﬁl) and L
are unchanged. For L? and L, we need to replace Fp3 by Fo3 +
TosTa2F31 in Eq. 2 and Eq. 4, since we need to take into account
that a part of the transmitted light in the slab will be reflected back
into the contaminant layer (the ray marked with x in Fig. 6). For the
BTDF, both Lt(l) and sz) in Eq. 5 and Eq. 6 need to be multiplied
by an additional term Ts; when the refracted rays come out from the
slab to the air. The directions of the refracted rays, ®{, also need to
be changed accordingly.

Derivation of Eq. 8 for Scattering Measurement: As shown in
Fig. 9b, for a point (x,y) on the Lambertian board, its outgoing ra-
diance is proportional to the irradiance L¢(x,y) = p - E(X,y), where
p isthe albedo of the board, and the irradiance E(x,y) can be com-
puted asE(x,y) = sz) (o) cosh dey, where Lt(z)(ml) isthe outgoing
radiance of the contaminant due to scattering of the incident beam,
and the solid angle dwt is given by dot = m%;‘;z, where dAp is
the area of the contaminant layer illuminated by the beam and d is
the distance from the slab to the board. Based on these and Eq. 6 in
Sec. 3 for Lt(z)(u)t), we can derive that (note that the incident direc-
tion wj is perpendicular to the slab and thus cost; = cosd] = 1):
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1(X,y) o< Le(x,y) o< p(6;9) - € -cos’e,

 l-co®
where we approximate the angle of the refracted ray inside the con-
taminant layer as 6. From this equation, we fit the phase function
p(8;g) with anonlinear optimization algorithm to estimate g.
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