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Abstract

We describe a physically-based Monte Carlo technique for ap-
proximating bidirectional reflectance distribution functions
(BRDFs) for a large class of geometries by directly simulating
optical scattering. The technique is more general than pre-
vious analytical models: it removes most restrictions on sur-
face microgeometry. Three main points are described: a new
representation of the BRDF, a Monte Carlo technique to esti-
mate the coefficients of the representation, and the means of
creating a milliscale BRDF from microscale scattering events.
These allow the prediction of scattering from essentially ar-
bitrary roughness geometries. The BRDF is concisely repre-
sented by a matrix of spherical harmonic coefficients; the ma-
trix is directly estimated from a geometric optics simulation,
enforcing exact reciprocity. The method applies to rough-
ness scales that are large with respect to the wavelength of
light and small with respect to the spatial density at which
the BRDF is sampled across the surface; examples include
brushed metal and textiles. The method is validated by com-
paring with an existing scattering model and sample images
are generated with a physically-based global illumination al-
gorithm.

CR Categories and Subject Descriptors: I.3.7 [Computer
Graphics]: Three-Dimensional Graphics and Realism.
Additional Key Words: spherical harmonics, Monte Carlo,
anisotropic reflection, BRDF

1 Introduction

Since the earliest days of computer graphics, experimenters
have recognized that the realism of an image is limited by
the sophistication of the model of local light scattering [3, 12].
Non-physically-based local lighting models, such as that of
Phong [12], although computationally simple, exclude many
important physical effects and lack the energy consistency
needed for global illumination calculations. Physically-based
models [2, 5, 15] reproduce many effects better, but cannot
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Figure 1: Applicability of Techniques

model many surfaces, such as those with anisotropic rough-
ness. Models that deal with anisotropic surfaces [8, 11] fail to
assure physical consistency.

This paper presents a new method of creating local scat-
tering models. The method has three main components: a
concise, general representation of the BRDF, a technique to
estimate the coefficients of the representation, and a means
of using scattering at one scale to create a BRDF for a larger
scale. The representation used makes it easy to enforce the ba-
sic physical property of scattering reciprocity, and its approx-
imation does not require discretizing scattering directions as
in the work of Kajiya [8] and Cabral et al. [1].

The method can predict scattering from any geometry that
can be ray-traced: polygons, spheres, parametric patches,
and even volume densities. Previous numerical techniques
were limited to height fields, and analytical methods have
been developed only for specific classes of surface geome-
try. The new method accurately models both isotropic and
anisotropic surfaces such as brushed metals, velvet, and wo-
ven textiles.

Figure 1 shows several representations used in realistic ren-
dering, along with approximate scale ranges where each is
applicable. At the smallest scale (size 1 mm), which we call
microscale, the BRDF accurately captures the appearance of a
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Displacement and Bump/Normal Mapping

Mimic effect of geometric detail/meso geometry 
• Also detail mapping

Geometry Bump
mapping

Displacement
mapping



Displacement Mapping

Pnew = Pold + DM(u)* N
•

p0(u, v) = p(u, v) + h(u, v)n(u, v)



Displacement in vertex shader



Displacement Maps

Pros 
• Gives you very complex surfaces 


Cons 
• Gives you very complex surfaces

• Or boring with small numbers of vertices


Relationship with tesselation shaders



[wikiwand]



Original Tesselated Displacement
Mapped



Bump mapping

“Simulation of Wrinkled Surfaces” Blinn 78 

Blinn: keep surface, use new normals



• Displacement changes the surface normal, depending on: 
– derivative of height function
– orientation of texture coordinates
– speed of texture coordinates
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Normals in displacement mapping
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constant height function

varying height function

displaced  
surface

displaced  
surface

normals unchanged

normals tilted



How to change the normal?

First, need some frame of reference 
• Normal is modified with respect to that

• Have tangent space basis: t and b

• Normal, tangent and bitangent vectors



• geometric inputs 
– u tangent (unnormalized) as vertex attribute
– v tangent (unnormalized) as vertex attribute
– height field as a texture

• vertex stage 
– compute displaced vertex position

– look up displacement value from texture
– compute normal to displaced surface

– compute derivatives of height by finite differences
– add offset to the base surface tangents
– normalized cross product is the shading normal

• fragment stage: just compute shading
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Geometry for displacement
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(or compute them  
ahead of time  
and store height and
derivatives in a 
3-channel texture)



Bump Mapping

Alter normals of surface  
• Only affects shading normals


Also, mimics effect of small scale geometry  
• Detail map

• Except at silhouette 

• Adds perceived bumps, wrinkles



Bump mapping

4. DEPENDANCE ON SCALE

One feature of the perturbation calculation
is that the perturbation amount is not invariant
with the scale at which the object is drawn. If
the X, Y, and Z surface definiton functions are
scaled up by 2 then the normal vector length, INI,

scaled up by a factor of 4 while the
perturbation  amount, IDI, is only scaled by 2.
This effect is due to the fact that the object is
being scaled but the displacement function F is
not. (Scale changes due to the object moving
nearer or farther from the viewer in perspective
space do not affect the size of the wrinkles, only
scale shanges applied directly to the object.) The
net effect of this is that if an object is scaled
up, the wrinkles flatten out. This is illustrated
in figure 9.

norma  l stretched

Figure 9 - stretched Bump Texture

This effect might be desirable for some
applications but undesirable for others. A scale
invariant perturbation, D', must scale at the same
rate as N. An obvious choice for this is

D' = a D INI/IDI

50 ID’1 = a INI

where a is independent of scales in P. The value
of a is then the tangent of the effective rotation
angle.

tan+'  = ID'l/lNl  = a

This can be defined in various ways. One simple
choice is a generalization from the simple, flat
unit square patch

X(u,v)  = u
Y(u,v)  = v
Z(u,v)  = 0

For this patch the original normal vector
perturbation gives

N = (0,0,1)
D = (-Fu,-Fv,0)

tan+ = sqrt(Fu'+Fv')

Here the value of a is purely a function of F.
Use of the same function for arbitrary patches
corresponds to a perturbation of

a = sqrt(Fu'+Fv.')
D' = a D lNl/lDl

N"  = N + D'

The texture defining function F is now no longer
being used as an actual displacement added to the
position of the surface. It just serves to
provide (in the form if its derivatives) a means
of defining the rotation axis and angle as
functions of u and v.

5 . ALIASING

In an earlier paper 121, the author described
the effect of aliasing on images made with color
texture mapping. The same problems can arise with
this new form. That is, undesirable artifacts can
enter the image in regions where the texture
pattern maps into a small screen region. The
solution applied to color textures was to average
the texture pattern over the region corresponding
to each picture element in the final image. The
bump texture definition function, however, does
not have a linear relationship to the intensity of
the final image. If the bump texture is averaged
the effect will be to smooth out the bumps rather
than average the intensities. The correct
solution to this problem would be to compute  the
intensities at some high sub-pixel resolution and
average them. Simply filtering the bump function
can, however, reduce the more offensive artifacts- -.
o f  aliasing. Figure 10 shows the result of such
an operation.

Before
:

After

Figure 10 - Filtering Bump Texture

291

[Blinn 1978]

sznple results that can be achieved with this 
technique. The first pattern, a hand drawn unit 
cell of bricks was mapped onto the sphere on the 
cover. 

Figure 8 Hand Drawn Functions Figure A- Hand Drawn Bump Funtions



Bump  Mapping



Bump mapping

Displacement mapping is expensive 
• requires densely tessellated geometry

• many triangles to rasterize


For small displacements, the most important effect is on the normal 
• so just do that part; don’t displace the surface


Bump mapping is then a fragment operation 
• doesn’t require dense tessellation

• doesn’t actually displace the surface

• gives shading that looks just like displaced surface



Bump Mapping



Bump mapping

Geometric inputs 
• tangent vectors (unnormalized) as vertex attributes

• height field as a texture

• no dense triangulation needed


Vertex phase 
• simply transform and pass through the position and tangents


Fragment phase 
• compute normal to displaced surface


- compute derivatives of height by finite differences

- add offset to the base surface tangents; cross product is the shading normal


• compute shading using displaced normal



Normal mapping

[Paolo Cignoni]



Normal mapping

Geometric prerequisites 
• Texture map (3 channels) representing normal field


- single lookups into normal map required

• Smooth normals

• Unit tangent vectors


- if you want to store normals in tangent space (and you do)

• No dense triangulation needed

• No finite differencing needed


Geometric logic 
• look up normal from map

• transform into (tangent-u, tangent-v, normal) space



Heightfield: Blinn’s original idea

Single scalar, more computation to infer N’



Perturbed normal given height map

Normal is determined by partial derivatives of height 
• in the local frame of the displacement map:


• approx: heights are small compared to radius of curvature (constant normal)

• then the displaced surface is locally a linear transformation of the height field

• normal transforms by the adjoint matrix (as normals always to)

• perform 4 lookups to get 4 neighboring height values

• subtract to obtain finite difference derivatives

ndisp = (hu, hv, 1)



Height Field Bump Maps

Older technique, less memory 

Texture map value is a height 

Gray scale value: light is +, dark is -



Bump Mapping

Look up bu and bv 

N’ is not normalized 

N’ = N + bu T + bv B



Rendering with Bump Maps

N’.L 

Perturb N to get N’ using bump map 

Transform L to tangent space of surface 
• Have N, T (tangent), bitangent B = T x N



Normal Maps

Preferred technique for bump mapping for modern graphics cards 

Store new normals in texture map 
• Encodes (x, y, z) mapped to [-1, 1]


More memory but lower computation

Normal Map Height Map



colorComponent = 0.5 * normalComponent + 0.5

•   

normalComponent = 2* colorComponent -1
  

• Store

• Use



Normal Map



Creating Normal Maps

First create complex geometry 

Simplify (in modeling time) to simple mesh with normal map



Displacement Maps vs. Normal Maps



Compare with the opposite view

Original Tesselated Displacement
Mapped



Creating Normal Maps



Which space is normal map in?

World space 
• Easy computation, but can’t use the same normal map for…


- two walls

- A rotating object


Object space 
• Better, but cannot be reused for…


- deforming objects

- different objects with similar material


Tangent space 
• Can reuse for deforming surfaces

• Transform lighting to this space and shade



Parallax Mapping

Problem with normal mapping 
• No self-occlusion

• Supposed to be a height field but never see this occlusion across different viewing angles


Parallax mapping 
• Positions of objects move relative to one other as viewpoint changes



Parallax Mapping

Want Tideal 

Use Tp to approximate it

v

h

Tp = T+ h
vxy

vz
<latexit sha1_base64="7Lh2TIycb7jiRVun1kISM+TqRlI="></latexit>



Parallax Offset Limiting

Problem: at steep viewing, can offset too much 

Limit offset 
• results in a simpler formula

padj = p+ hvxy
<latexit sha1_base64="wu+6vBWmp695jXNcwjoll++2d20="></latexit>



Parallax Offset Limiting

Widely used in games 
• the standard in simple bump mapping

Normal Mapping Parallax Mapping Offset Limiting



1,100 polygon object w/
parallax occlusion mapping

 1.5 million polygon



Relief Mapping

Aka Parallax occlusion mapping, relief mapping, steep parallax mapping 

Tries to find where the view ray intersects the height field 
• Kinda



Relief Mapping



Sample along ray (green points)
Lookup violet points (texture values)

/* Inferthe black line shape */
Compare green points with black points
Find intersect between two conditions

prev: green above black
next: green below black



Parallax Mapping Relief Mapping
http://www.youtube.com/watch?v=5gorm90TXJM



Crysis, Crytek


