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You have an Art History exam approaching, but you have been paying more attention to
informatics at school than to your art classes! You will need to write a program to take the
exam for you.

The  exam will  consist  of  several  paintings.  Each  painting  is  an  example  of  one  of  four
distinctive styles, numbered 1, 2, 3 and 4.

Style 1 contains neoplastic modern art. For example:

Style 2 contains impressionist landscapes. For example:

Style 3 contains expressionist action paintings. For example:

Style 4 contains colour field paintings. For example:
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What is an image? 



Not a little square! 

Illustrations: Smith, MS Tech Memo 6, Jul 17, 1995 
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Gaussian reconstruction filter 
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From: Lecture Notes – EAAE 
and/or Science “Nuggets” 2000  

Capturing photons 
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Blooming 

• The buckets have finite capacity 
• Photosite saturation causes blooming 
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Quantization 
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Quantization 
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Geometric resolution 

144x144 72x72 36x36 

18x18 9x9 4x4 
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Radiometric resolution 

256 128 64 32 

16 8 4 2 
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by Adrian Pingstone, based on the original created by Edward H. Adelson 
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by Adrian Pingstone, based on the original created by Edward H. Adelson 
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Pixel&Neighborhoods&

4-neighborhood 8-neighborhood 
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Convolu3on&
(e.g.&point&spread&func3on)&

=K(1,1)I(x-1,y-1) + K(0,1)I(x,y-1) + K(-1,1)I(x+1,y-1) 
+ K(1,0)I(x-1,y) + K(0,0)I(x,y) + K(-1,0)I(x+1,y) 
+ K(1,-1)I(x-1,y+1) + K(0,-1)I(x-1,y) + K(-1,-1)I(x+1,y+1) 

K(0,-1) K(-1,-1) K(1,-1) 

K(0,0) K(-1,0) K(1,0) 

K(0,1) K(-1,1) K(1,1) 

Kernel 

`&I�(x,y) 
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Linear&Filtering&&
(warm@up)&

0 0 0 
0 1 0 
0 0 0 

Original!

?!

Slide credit: D.A. Forsyth!
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Linear&Filtering&&
(warm@up)&

0 0 0 
0 1 0 
0 0 0 

Original! Filtered !
(no change)!

Slide credit: D.A. Forsyth!
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Linear&Filtering&

0 0 0 
0 0 1 
0 0 0 

Original!

?!

Slide credit: D.A. Forsyth!

(use convolution) 
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Linear&Filtering&

0 0 0 
0 0 1 
0 0 0 

Original! Shifted left!
By 1 pixel!

Slide credit: D.A. Forsyth!

(use convolution) 
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Linear&Filtering&

Original!

1 1 1 
1 1 1 
1 1 1 ?!
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Linear&Filtering&

Original!

1 1 1 
1 1 1 
1 1 1 
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Linear&Filtering&

Original!

?!
1 1 1 
1 1 1 
1 1 1 

Slide credit: D.A. Forsyth!
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Linear&Filtering&

Original!

1 1 1 
1 1 1 
1 1 1 

Blur (with a!
box filter)!

Slide credit: D.A. Forsyth!
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Linear&Filtering&

Original!

1 1 1 
1 1 1 
1 1 1 

0 0 0 
0 2 0 
0 0 0 -! ?!

(Note that filter sums to 1)!

Slide credit: D.A. Forsyth!
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Linear&Filtering&

Original!

1 1 1 
1 1 1 
1 1 1 

0 0 0 
0 2 0 
0 0 0 -!

Sharpening filter!
-  Accentuates differences with local 
average!

Slide credit: D.A. Forsyth!
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Slide credit: D.A. Forsyth!
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Smoothing with a Gaussian 

Slide credit: D.A. Forsyth!
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Smoothing with a box filter 

Slide credit: D.A. Forsyth!
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Scale&Space&Example&&
11x11; σ =3. 

1 2 3 

4 5 6 
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High@pass&filters&

!
!
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High-pass filter: 
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High@pass&filters&

Laplacian High pass 



PrewiS&operator&example&

−1 0 1
−1 0[ ] 1
−1 0 1

" 

# 
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& 

' 
' 

−1 −1 −1
0 0[ ] 0
1 1 1

" 
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& 

' 
' 

magnitude of  
image filtered with 

magnitude of  
image filtered with Original Bridge 

220x160 



PrewiS&operator&example&(cont.)&

−1 0 1
−1 0[ ] 1
−1 0 1
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' 
' 

−1 −1 −1
0 0[ ] 0
1 1 1

" 
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 log magnitude of  
image filtered with 

log magnitude of  
image filtered with Original Billsface 

310x241 



PrewiS&operator&example&(cont.)&
log sum of 
squared 

horizontal and 
vertical 

gradients 
 
 
 
 

different 
thresholds 

 



•  Very&efficient&face&detec3on&using&integral&images&&

Viola@Jones&cascade&face&detec3on&&

Figures from Viola and Jones 2001 



Fourier basis functions 

� 

e�i2S ux�vy� �

= cos 2S(ux+vy) � i sin2S (ux+vy) 

(note: basis functions are global) 
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Image&pyramid&



Lossy&Image&Compression&(JPEG)&
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Hao Aiqiang!
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Henrik Wann Jensen!
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Teaser - Light Transport 

Camera 

Surface  

Scattering 
Light 

Distribution 

Ray-Object 

Intersections 
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Digital shapes are pervasive 
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Medicine/Biology 

Engineering/Product design 

Architecture 

Games/Movies Geometry of Multi-layer Freeform Structures for Architecture

Helmut Pottmann�
TU Wien

Yang Liu †

TU Wien / Univ. of Hong Kong
Johannes Wallner‡

TU Graz
Alexander Bobenko§

TU Berlin
Wenping Wang†

Univ. of Hong Kong

Figure 1: This architectural free form structure – built of beams of constant height meeting in optimized nodes and covered with planar glass
facets – was designed using the theory and algorithms presented in this paper. Our method also allows for the construction of secondary
parallel offsets at a variable distance, here physically realized as a structure designed to cast shadows which is optimized to reduce heat load
for particular sun positions.

Abstract

The geometric challenges in the architectural design of freeform
shapes come mainly from the physical realization of beams and
nodes. We approach them via the concept of parallel meshes, and
present methods of computation and optimization. We discuss pla-
nar faces, beams of controlled height, node geometry, and multi-
layer constructions. Beams of constant height are achieved with
the new type of edge offset meshes. Mesh parallelism is also the
main ingredient in a novel discrete theory of curvatures. These
methods are applied to the construction of quadrilateral, pentago-
nal and hexagonal meshes, discrete minimal surfaces, discrete con-
stant mean curvature surfaces, and their geometric transforms. We
show how to design geometrically optimal shapes, and how to find
a meaningful meshing and beam layout for existing shapes.

CR Categories: I.3.5 [Computer Graphics]: Computational Ge-
ometry and Object Modeling—Geometric algorithms, languages,
and systems; I.3.5 [Computer Graphics]: Computational Geometry
and Object Modeling—Curve, surface, solid, and object represen-
tations

Keywords: discrete differential geometry, surfaces in architec-
ture, offset mesh, support structure, multi-layer construction, paral-
lel mesh, curvatures, edge offset, hexagonal mesh, Koebe polyhe-
dron.

�email: pottmann@geometrie.tuwien.ac.at
†email: {yliu,wenping}@cs.hku.hk
‡email: j.wallner@tugraz.at
§email: bobenko@math.tu-berlin.de

1 Introduction

Freeform shapes in architecture is an area of great engineering chal-
lenges and novel design ideas. Obviously the design process, which
involves shape, feasible segmentation into discrete parts, function-
ality, materials, statics, and cost, at every stage benefits from a com-
plete knowledge of the complex interrelations between geometry
requirements and available degrees of freedom. Triangle meshes
– the most basic, convenient, and structurally stable way of repre-
senting a smooth shape in a discrete way – do not support desirable
properties of meshes relevant to building construction (most impor-
tantly, “torsion-free” nodes). Alternatives, namely quad-dominant
and hexagonal meshes tend to have less weight, and can be con-
structed with geometrically optimized nodes and beams. However,
the geometry of such meshes is more difficult. Especially challeng-
ing are aesthetic layout of edges and the geometric constraints of
planar faces and optimized nodes.

Only recently, researchers have become interested in the geometric
basics of single- and multilayer freeform structures which are not
based on triangle meshes. Existing literature has been motivated
by problems in the fabrication of steel/glass and other structures
and mostly aims at the realizations of freeform shapes by meshes
with planar faces [Glymph et al. 2002; Schober 2003; Cutler and
Whiting 2007; Liu et al. 2006]. The latter paper introduced con-
ical meshes which have planar faces and possess offset meshes at
constant face-face distance from the base mesh. They can serve as
the basis of multi-layer constructions, and so for the first time the
problem of multilayered realization of a freeform surface by means
of planar parts was solved in principle.

Until now the wealth of interesting geometry relevant to the con-
struction of freeform structures in architecture has been explored
only to a small extent. It is the aim of the present paper to show
how the local structure of single- and multi-layer constructions can
be analyzed with mesh parallelism as the main tool. This con-
cept allows us to encode the existence of node axes and offsets
in a discrete Gauss image, and to define discrete curvatures in a
natural way. Optimization in the linear space of meshes parallel
to a given mesh yields a modeling tool. A particularly important
and interesting type of meshes are those possessing edge offsets.
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Polygonal Meshes 
•  Boundary representations of objects 

–  Piecewise linear 
–  Store: geometry and connectivity (topology) 

42 
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Polygonal Meshes 

44 

The Stanford Bunny 
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Polygonal Mesh 

9 

•  A finite set M of closed, simple 
polygons Qi is a polygonal mesh 
•  The intersection of two polygons 

in M is either empty, a vertex, or 
an edge 

vertices edges 

M = hV,E, F i

faces 
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Halfedge data structure 

•  Introduce orientation into data structure 
–  Oriented edges 

•  Vertex 
–  Position 
–  1 outgoing halfedge index 

•  Halfedge 
–  1 origin vertex index 
–  1 incident face index 
–  3 next, prev, twin halfedge indices 

•  Face 
–  1 adjacent halfedge index 

•  Easy traversal, full connectivity 

44 
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Triangle Meshes

870 K

1 M 28 M

70 K6 K

2 B
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Scanning the David

• 480 individually aimed scans

• 2 billion polygons

• 7,000 color images

• 32 gigabytes

• 30 nights of scanning

• 22 people
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Scanning the David
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Computer Graphics
Ray Tracing I
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• Forward Ray Tracing

Ray Tracing - Overview

eye point

image plane

light source
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• Backward Ray Tracing

Ray Tracing - Overview

eye point

image plane

light source

primary ray

secondary rays

shadow rays
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Basic Ray Tracing Pipeline

Ray Generation
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Basic Ray Tracing Pipeline

Ray Generation

Intersection
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Basic Ray Tracing Pipeline

Intersection

Shading

Ray Generation
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Basic Ray Tracing Pipeline

Shading

Ray Generation

Intersection
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Basic Ray Tracing Pipeline

Intersection

Ray Generation

Shading
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Basic Ray Tracing Pipeline

Intersection

Shading

Ray Generation
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Basic Ray Tracing Pipeline

Intersection

Ray Generation

Shading
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Rays
• Parametric form

origin directionray
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• Sphere equation (implicit)

• Algebraic approach:
– insert ray equation:

– and solve for t

Ray-Sphere Intersection

point of 
interest

center radius
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Visual Break



Dr. Oliver Wang
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Computer Graphics
Shading
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Direct Illumination
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Direct + Indirect Illumination
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Shading

ambient diffuse specular

• Simple shading model 
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Diffuse Shading

http://www.3dluvr.com/marcosss/
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Specular Refraction
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• Snell’s law

Specular Refraction

view direction

refracted direction

reflected direction
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Total Internal Reflection

52
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Tomatoes

63
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view direction

light direction

• Problem: Point light sources
• Solution: Blurry reflection of light 

source

• Phong model
– compute cosine of angle between 

reflection direction and light 
direction, raise to a power

Simulating Highlights

reflected direction
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• Phong model
– “shininess” parameter

Specular Highlights
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Computer Graphics
Ray Tracing II

Acceleration Structures

Andreas Byström

Some images borrowed from Pharr and Humphreys

Physically Based Rendering 2010
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• Classical divide-and-conquer approach

• Several variations

Spatial Hierarchies

kd-treeoctree bsp-tree
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Comparison

uniform grid kd-tree
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KD-Tree

• Worst case scenario?
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Participating Media (Fog)

Wojciech Jarosz
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Caustics Are Pretty

44

http://www.flickr.com/photos/0olong/23446852/
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More Caustics!

46

http://www.flickr.com/photos/33351978@N00/271590472/
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• Subsurface Scattering

Advanced Effects

Henrik Jensen

UC San Diego


