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Figure 1. Imperfections of the real world.

Abstract

Fast consumer graphics hardware enables graphic designersto cre-
ate very detailed objects that are used in real-time applications.
Even though it is common to utilize different kinds of mapping to
imitate small geometry, it is not that common to imitate long term
physical and chemical effects on surfaces. Nature is a dynamic
space in which subtle interaction between molecules and other par-
ticles takes place permanently. Processes as these are for exam-
ple oxidation, erosion and sedimentation. This paper discusses dif-
ferent methods to generate a more realistic impression by adding
imperfection to a virtual environment. The presented approaches
should ease the work of computer graphics artists. The document
also explains the underlying natural phenomena and the psychol og-
ical impact of modified scenes on test persons.

CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Color, shading, shadowing and texture;

Keywords: rendering dirt, rendering dust, rendering scratches,
wesathering, imperfections, perceived realism

1 Introduction
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One of the tasks of computer graphics is to create realistic virtua
worlds. Because it is not possible to build a complete physical
model of nature on a computer up to the present - chaotic pro-
cesseq[Gleick 1987] are not to 100% predictable - artists have to
find ways to create believable abstractions. The visual system of
humans can only process a limited data set. (see [Stone 2003] and
[Nassau 2001]) This is the reason why it is important to find out
which visual stimuli are adequate to produce the desired outcome
at low costs.

An input that is significantly influencing the subjective accuracy of
avirtual world isitsimperfection. ”A real environment is unlikely
to be pristine but will have accumulated dirt, dust and scratches
from everyday use. Although human observers do not perhaps con-
sciously take note of these phenomena, the absence of such fea-
tures from the synthetic representation of that real scene may in-
deed affect the viewer’s perceived realism of the virtua environ-
ment.” [Longhurst et a. 2003] Longhurst et a. verify thisin an
experiment where photographs, ”clean” scene renders and with dirt
and scuffs enhanced render images have been shown to participants
(Figure 2). The results (Figure 3) show that the modified pictures
are very close to photo-realism.

2 Exposition

To hand-paint effects such as dirt and scratches can often be very
labor-intensive. [Dorsey and Hanrahan 1996] Following algorithms
try to minimize the complexity of the working process. They are
sorted by theinitial data.



Figure 2: Photograph and artistically enhanced render image.

[Longhurst et a. 2003]

2.1 Process based Weathering Simulations
2.1.1 Simulation of Metallic Patinas

Dorsey and Hanrahan offer a method to create copper patinas (see
[Hayez et a. 2005]). They use a stack of layers and a set of oper-
ators which can be applied to the surface. Each layer resembles a
certain homogenous material. The attributes of the materialsare for
example shininess, roughness, diffuse and specular colors. Thereis
also a thickness term which depends on position and there are two
properties which control subsurface scattering ([Carr et al. 2003]).

Five operators are present. (Figure 4) Coat adds a new material
layer of acertain thickness to the layer stack of the surface. Erode
decreases the thickness of the layers one by one until it reaches the
specified depth. One can imagine it as digging into the surface. Fill
fills gaps in the material up to the given global height limit starting
from theinnermost layer. Polish removes hillsin the material down
to the given global height limit. Offset adds a new material layer
like the coat operation does and then removes it partialy by testing
if it is covered by agiven sphere.

Every operator is controlled by a texture map. This map contains
information about the thickness of a material at selective points.
The map itself varies over time. The thickness increases. Dorsey
and Hanrahan also implement a simple scripting language to ease
the handling of their system. The code example in Figure 5 shows
different kinds of growth models. ST means steady thickening and
isalinear model with a small amount of noise. RD stands for ran-
dom deposition. It randomly generates particles that fall vertically
until they hit the surface. An extension of this method is surface
relaxation. It generates a smoother surface because the particles are
placed at the innermost possible position in a certain radius. BD,
ballistic deposition is very similar to the previous method. The dif-
ference is that the particles are depending on neighboring particles
in the way that they stick to their edge. See Figure 6 for a better
understanding.

2.1.2 Simulation of Washes and Stains

Dorsey et a. propose a method to simulate the flow of water over
surfaces. The core of the approach is a particle system. The parti-
clesact likeraindrops. Thisrain influences the appearance of a sur-
face by washing away a small amount of material and transporting
it to other points. Thisimplies that there are two material classes.
One group of materials consists of the accumulations on the object
surface which can be replaced by the water. The other class holds
only the surface material itself which is static.

Every material has its own properties. These properties consist not
only of attributes which are important for the interaction with light
but also contain parameters for the interaction with water. (Table
1) presents these parameters at a glance. (Table 2) and (Table 3)
show the properties of the particle system and the environmental
properties respectively.

2.2 Image based Simulations

2.2.1 Weathering using the STAF

The previous methods base on physical simulations and therefore
do not require photographs as input data. Nevertheless these sys-
tems have a drawback. They are only applicable to a certain type of
material or aging process. The following technique [Gu et al. 2006]
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Figure 3: How does the image approximate reality (0-not at al,
10-very redlistic). [Longhurst et al. 2003]
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Figure 4: The coat and erode operators. [Dorsey and Hanrahan
1996]

new copper;

coat tarnish 1 0.35 texture(BD linear 1 20);

coat cuprite 2 1.2 texture(DPD linear 5 40);

coat marine patina 3 3.0 texture(BD linear 10 20)
coat marine patina 4 1.8 texture(DPD linear 20 40);
erode 0.5 texture(BD linear 5 20);

render maps;

Figure 5: Script for Copper Patinas in a marine environment.
[Dorsey and Hanrahan 1996]

(a) (b)

Figure 6: (a) Random deposition: The bent arrowsindicate RD with
surface relaxation. (b) Ballistic deposition. [Dorsey and Hanrahan
1996]

| Material Properties |

Properties Notation
Material | Diffuse color Cly
Specular color Cs
Shininess C
Roughness T
Absorption a
Absorptivity ka
Deposits | Dittuse color Cy
Adhesion rate constant ks
Solubility rate constant kp

Table 1: Attributes of the two major classes of materials: Base
materials and |oose deposits. Rate constants (properties beginning
with k) are used in the differential equations controlling absorption
of water and sedimentation of loose deposits (see Table 4). [Dorsey
et a. 2006]

| Water Particle Properties |

Attribute Notation
Mass m
Position x
Velocity v
Soluble material ¢ S;

Table 2: Particle attributes. [Dorsey et al. 2006]

uses an underlying database with sets of time and spatialy varying
materials.

The capture device for the data acquisition is arack in form of an
icosahedron which holds 16 cameras and 150 light emitting diodes.
Figure 7 shows the hardware. The custom design makes it very
difficult to adopt the whole concept. Thereforeit ismore likely that
other ingtitutions use existing datasets.

The generated dataset is the base for a reflection model. Because
this model represents a process that varies in time, a homogenous
BRDF (See 3.1) isnot appropriate. Thefunction used inthiscaseis
an extension of a Spatially Varying Bidirectional Reflectance Dis-
tribution Function called TSV-BRDF. (See 3.2) The T is short for
time and indicates that the function also varies temporarily. A mi-
nor weak point of this method isthat it is not suitable for rough sur-
faces. For these cases a Time Varying Bidirectional Texture Func-
tion, short TBTF is the better solution.

One of the challenges that might occur when using adiscreet dataset
isthat the images can not be used directly on arbitrary objects. The
datahasto beinterpolated but in this caseit isnot appropriate to use
adirect interpolation method. As you can see in Figure 8 double
barycentric interpolation (as presented in [Vlasic et al. 2003]) does
not produce acceptable results. There is a hard boundary between
the dark and bright parts of the model and the highlights are not
accurate aswell.

The solution is given by the Space-Time Variance Factorization,
short STAF. This interpolation method is independent of the used
BRDF and thus can be applied to other representations of the func-
tion as well. There are different distributions of the parameters at
every spatial location over time, so it is reasonable to seperate tem-
poral variations from spatial ones. Exactly this is what the STAF



| Environment attributes |

Attribute Notation
Rain Ly, ;.
Sunlight Waun
Deposits Ip,

Table 3: Environmental attributes. [Dorsey et a. 2006]

| Absorption and Deposition Process |
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Sedimentation
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Table 4: Sedimentation equations. The top two equations control
the absorption of water by the surface; the bottom two equations
control the sedimentation of loose deposits. In thislast set of equa-
tions, the subscript j is used to signify different types of deposits. S;
isthe concentration of dissolved material in awater particle, and D;
is the concentration of material deposited on the surface. All other
parameters and functions are described in Tables 2 and 3. [Dorsey
et al. 2006]

model provides. It isdefined by the following equations (1, 2):

p(X,y,t) = A(va)(p(t/) + D(va) D

t'= R(X,y)t —O(x,y) )

The parameters for temporal variations: ¢(t') is a tempora
characteristic curve. The definition of the curve depends on the
acquired data set and therefore differs in respect to the underly-
ing physical effect. For the measurement of the curve an estimated
value is used and then approximated recursivly. t' = R(x,y)t —
O(x,y) isthe so called effective time ([Gu et al. 2006]). Itisatime
valuethat differs between local positions. Whilet isthe global time.

The parameters for spatial variations: R(x,y) isthe spatia rate,
meaning that it describes the evolution speed of a certain spatial
location.

O(x,y) is an offset of the starting point in time. Positive values
mean earlier in time.

A(x,y) and D(x,y) describe static SV-BRDFs (See 3.2). They are
time independent and correspond to static patterns in the material,
e.g. wood grain.

Figure 7. A photograph of the multi-light source multi-camera
dome used for acquisition of the database of time-varying measure-
ments. [Gu et al. 2006]

Figure 8: Barycentric interpolation. [Gu et al. 2006]

2.2.2

Wang et a. [Wang et al. 2006] present amethod which significantly
reduces the effort for image generation. As seen in section 2.2.1
a simulation based on linear interpolation does not deliver good
results. So this technique also generates a non linear aging process
with the advantage of very fast data acquisition.

The observation that points of a surface age in varying rates de-
pendent on their spatial location, leads to the assumption that only
one material sample contains enough information to interpolate the
missing stages of weathering. The gained data can be transferred to
arbitrary models or used to simulate the aging of the object on the
captured image itself.

The user of the system has to distinguish between surface pat-
terns and weathering effects manually. In the first step he plots the
per pixel BRDF values of the image into an appropriate parameter
space. A so called appearance manifold ([Wang et a. 2006]) iscre-
ated. The model bases upon the assumption that the effects of aging
can not decrease over time. Figure 9 shows this graph wherein the
user has to associate weathering degrees with appearance states.
The marking happens in image space | (x,y) where the user can see
the different weathering stages best. It is only required to mark the
most weathered and the most unscathed parts on the texture.

A neighborhood space is created by utilizing the k- and e-rule (See
3.3). The e-value —which is a distance threshold — has to be cal cu-
lated. To do so the system creates a vector by sampling the BRDFs
of the point pairs of the k-rule graph over aset of viewing and light-
ning directions. After that the distance can be calculated. Therefore
the vectors have to be transferred into logarithm space where the
square distance is computed. (See [Matusik et al. 2003])

The elements of the user defined regions (the most and least weath-
ered parts of the texture as described above) are separated from



the others to calculate an extended set of weathered points X;. (3)
shows the underlying formula as presented in [Wang et a. 2006].

X1 = {xi[ ¢ (xi,Xp) > A®(Xy,X1) } (3)

Xg and X{ are the user defined sets of the most intact and the most
weathered sections of the material respectively. ¢(xi,xp) is the
shortest distance along the connecting paths of the graph. x; isthe
reference point to mesure the distance between x; and Xé and thus
is closest element to x; of the set. A is athreshold value to define
the maximum extension of X;. ®(X3,X1) isthe minimum distance
between the sets. An extension of X{ isalso created similarly.

ek
00 = 5o + o (o)) @

To control the aging process a scalar is computed. It is the distance
of an arbitrary point x to the least weathered set by the sum of the
distances to the least and the most weathered set (4). Wang et a.
advises against calculating the values for each frame seperatly be-
cause there isno spatial consistency between frames. The approach
to calculate the data for an initial moment and then interpolate the
values over the frames does not show natural behaviour either. The
proposed technique is to calculate key frames and interpolate be-
tween them. To preserve the detail and to avoid repetitive textures
the computation model includes an area around every pixel.

Figure 9: Appearance manifolds constructed from a rusted iron
sample. (@) Diffuse image of the material sample, and the ini-
tial manifold. (b) Associated weathering degrees determined using
Isomap reduction to 1D, exhibited in both the appearance manifold
and the degree map. Two unweathered points (indicated by arrows)
with different BRDFs are mistakenly assigned to different weath-
ering degrees. (c) With user input, our technique assigns the same
weathering degreeto these two points. Thered (green) setin (b) and
(c) indicates the least (most) weathered points. [Wang et a. 2006]

3 Further Definitions and Formulas

3.1 BRDF

BRDF is an acronym for Bidirectional Reflectance Distribution
Function. In its smplest form it has four dimensions, two for the
angle of incidence and two for the angle of reflection.

dL¢ (64, ¢i; Or, ¢r; Ei)

fr(®i7¢i;@r>¢r) dLi(@i,¢i)'Cos®i'dwi

©)

E;j...incident irradiance
L;j...incident radiance
Lr...reflected radiance

0j,¢;...angles of incident ray
Or, ¢r...angles of reflected ray
@j...solid incident angle

The equation in (5) describes a homogenous materia without fluo-
rescence, wavelength dependence, subsurface scattering (see [Carr
et al. 2003]) or variations in space or time. Figure 12 shows the
principles of asimple BRDF. Further readings which go deeper into
detail of BRDF and extended versionsthereof are [Nicodemus et al.
1977] and [Horn and Sjoberg 1978].

Figure 10: Taxonomy of appearance representation. The dimen-
sion of the most general description of light interacting with matter
isreduced by adding more and more assumptions resulting in man-
ageable functions like the BRDF. [Nicodemus et al. 1977]

3.2 SV-BRDF

Spatially Varying BRDFsinclude two more dimensions for the spa-
tial location. The additional parameters allow the simulation of ma-
terials with surface patterns. Figure 11 gives a brief overview over
different BRDF types and their dimensions.

Figure 12 shows a render of the Minerva of Arezzo using a ho-
mogenous BRDF. Figure 13 is a representation of the same object
with a SV-BRDF. The spatially varying BRDF clearly reproduces
the pattern of the surface of the real statue (Figure 14) while thisis
not possible with the homogenous approach.

3.3 Dimensionality Reduction

Tenenbaum et al. present a technique to filter out the outliners of
huge datasets. They introduce the k- and the e-rule (See [Tenen-
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Figure 11: Taxonomy of appearance representation. The dimension of the most general description of light interacting with matter is reduced
by adding more and more assumptions resulting in manageable functions like the BRDF. [Lensch et a. 2005]

baum et al. 2000]). By applying the k-rule one has to connect the
k nearest neighbors of one point to form a graph. Points that are
farther away than a certain threshold e are then discarded.

4 Conclusion

As Longhurst shows in his work ([Longhurst et al. 2003]) there
are several factors that influence the feeling or realism obtained by
viewing a rendered image. One of these factors is the transfer of
imperfections from the real to the virtua environment. Only afew
studiesin thisfield exist, so further research would help to find bet-
ter ways to trick the human perception. Even Longhurst uses only
28 participants in the presented work, which produces an arguable
significance. Neverthelessit isagood start.

There are two main groups of methods to generate imperfections
in a virtual scene presented in this paper. The first type is based
on physical models. ([Dorsey and Hanrahan 1996], [Dorsey et al.
2006] You have the freedom to script your own materialsin nearly
infinite ways but the problem is that the system covers only a small
part of the whole lot of processes that can happen to different ma-
terials. You get a very accurate simulation for a very special case
but it is not very likely that you generate good results with a patina
generation algorithm if you want to let avirtual banana decay.

By contrast an image based system is applicable to most different
cases of aging. Themost difficult part in aworking processwith this
model isthe data acquisition. ([Gu et a. 2006], [Lu et al. 2007]) To
get an accurate simulation you have to shoot many pictures of the
model from many different viewing angles, illumination variants
and stages in the weathering process. There are methods which

work with single shot picture acquisition ([Wang et al. 2006]) but
the visual correctness of the result is questionable.

Finally | want to give you some of the resulting images of the dif-
ferent methods. Figure 15 shows aresult of the algorithm presented
in 2.1.1. Another model based on physical equations is Figure 16.
It is presented in 2.1.2. The image based models produce output
as seen in Figure 17 and 18 and are presented in 2.2.1 and 2.2.2

respectivly.
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Figure 14: A photograph of the real statue, taken at Museo archeologico di Firenze. [Sailko 2006]

Figure 15: A sense of time. On the left is a sequence of images showing the aging of a statuette. Time progresses from top to bottom. The
larger image above illustrates the buildup of both the underlying smooth copper sulphide tarnish and the rough green patina. [Dorsey and
Hanrahan 1996]

Figure 16: Simulated flows on a gargoyle. Rendering with flow patterns. [Dorsey et a. 2006]

Figure 17: Creating ephemeral patterns by adjusting rates. The bowl uses the burning wood dataset, and on the table is drying orange cloth.
Control is provided by a virtual heat source. We start with the static appearance, gradually evolving into the Siggraph logo, and then into a
fully charred and dry state. [Gu et al. 2006]

Figure 18: Three bananas at different stages of weathering. (a) The original sample and its degree map after analysis. (b)(c)(d) Rendering
results of bananas under global illumination. The most weathered banana at the bottom is kept constant for reference. [Wang et al. 2006]




