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Create Virtual Scenes
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Rendered Image
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Course Goals
• Introduction to Computer Graphics 

• Create and position objects in 3D 

• Create materials - write shaders 

• Visualize 3D scenes - render images 

• Introduction to OpenGL 
- Create interactive graphics

http://cs.lth.se/edaf80
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Assignments
• Five mandatory programming 

assignments 

• Done in pairs - book a lab! 
- Both students must be present at marking, and 

answer questions (including lab 5) 

• Seminars: Wednesdays 15-17 in E:1406
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Today(

•  Water(shader(
(Shallow(&(deep(color(
(Waves(
(Fresnel(reflec8on(
(Fresnel(refrac8on(
(Animated(bump(mapping(

•  GLSL(builtPins(

Game(ideas(

•  Asteroids&
– Shoot(asteroids(randomly(towards(
camera/spaceship(

Objec&ve:(Avoid(and/or(shoot(them(down(

•  Torus&ride&
– Place(torus(”rings”(along(path(
Objec&ve:(Gain(points(by(flying(through(

•  Your%own%idea%
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Organization
• Lectures : Theory and concepts 

• Seminars 
- Applied theory & hands-on examples 

• Assignments 
- Computer Graphics in practice, C++, OpenGL & 

GLSL 

• Examination 
- All five assignments approved  

- Written exam
!6
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Website
• cs.lth.se/edaf80 

• Lectures will be posted online 

• Online discussion forum 

• Booking system for assignment 
approval sessions 

• Code & assignments - GitHub 

• Links
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Course Material
• Literature 

- Edward Angel, Dave Shreiner,  
Interactive Computer Graphics: A Top-Down 
Approach with Shader-Based OpenGL,  
Pearson Education, 6th edition 

- Lectures & Seminars 

- Source Code Handouts for Lab 4 

• Prerequisites 
- Programming (first course) & Linear Algebra
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Staff
• Michael Doggett - Lectures, Seminars, 

Exam 
- Research Scientist at Facebook Reality Labs, 

Seattle, Docent, GPU architect at ATI/AMD, Post-
doc in Germany, PhD in Australia 

• Pierre Moreau, Marcus Klang, Tom 
Hansson 
- PhD students in Computer Graphics/NLP
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Pixel
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• Pixel - Picture element 

• Our task - compute color of each pixel

© Simon Fenney

512x512 pixels 22x22 pixels

http://cs.lth.se/edaf80
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Number of Pixels
• Smartphone (1920 x 1080) 

• iPad retina (2048 x1536)  

• MacBook Pro retina (2880 x1800) 

• 4K TV “Ultra HD” (3840 x 2160) 

• Apple iMac (5120 x 2880) 

• Hasselblad H4D-60: 60 Mpixel

!12
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Image Formation
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Mesh Tessellated Mesh Lit & Shaded Mesh

We need ways to represent geometry and move 
objects in three-dimensional coordinate systems

http://cs.lth.se/edaf80


EDAF80 - Computer graphics: Introduction to 3D

Vertex
• A set of attributes 

describing a point 
in space

!14

struct Vertex  
{ 
    float x,y,z;      // pos 
    float nx, ny, nz; // normal 
    float r,g,b;      // color 
};

http://cs.lth.se/edaf80
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Triangle in 3D 
• Defined by three 

connected vertices 
- Here: specified in the 

Cartesian system 

• Models are typically 
built from a large 
collection of triangles
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Geometry Meshes
• Model complex shapes from triangles
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Jacob Munkberg & Jon Hasselgren & Tomas Akenine-Möller / Non-Uniform Fractional Tessellation

Reference Regular Our technique

Figure 6: Brick road test scene. We use low tessellation to stress the algorithms.

[DH00] DOGGETT M., HIRCHE J.: Adaptive View Dependent
Tessellation of Displacement Maps. In Graphics Hardware
(2000), pp. 59–66.

[Dog05] DOGGETT M.: Xenos: XBOX 360 GPU. Eurographics
presentation, September 2005.

[HM91] HECKBERT P. S., MORETON H.: Interpolation for Poly-
gon Texture Mapping and Shading. In State of the Art in Com-
puter Graphics: Visualization and Modeling (1991), pp. 101–
111.

[HT04] HORMANN K., TARINI M.: A Quadrilateral Rendering
Primitive. In Graphics Hardware (2004), pp. 7–14.

[LS07] LOOP C., SCHAEFER S.: Approximating Catmull-Clark
Subdivision Surfaces with Bicubic Patches. Tech. rep., MSR-TR-
2007-44, Microsoft Research, 2007.

[Mor01] MORETON H.: Watertight Tessellation using Forward
Differencing. In Graphics Hardware (2001), pp. 25–32.

[NS79] NEWMAN W., SPROULL R.: Principles of Interactive
Computer Graphics, 2nd ed. New York: McGraw-Hill, 1979.

[TOM⇤07] TATARCHUK N., OAT C., MITCHELL J. L., GREEN
C., ANDERSSON J., MITTRING M., DRONE S., GALOPPO N.:
Advanced Real-Time Rendering in 3D Graphics and Games.
SIGGRAPH course, 2007.

[VPBM01] VLACHOS A., PETERS J., BOYD C., MITCHELL
J. L.: Curved PN triangles. In Symposium on Interactive 3D
graphics (2001), pp. 159–166.

c� The Eurographics Association 2008.
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Poly counts of RT characters
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Imagination UK© Imagination Technologies

Game animation requirements

8

Source: Sony
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Materials
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• Determine the appearance of objects 
- How objects interact with light 

• Specified as “small” programs called 
shaders

http://cs.lth.se/edaf80


EDAF80 - Computer graphics: Introduction to 3D

Simple Pixel Shader
• Set pixel color to red

!19

out vec4 fColor; 

void main() 
{ 
    fColor = vec4(1,0,0,1); 
}

http://cs.lth.se/edaf80
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Light
• Light is the part of the electromagnetic 

spectrum that causes a reaction in our 
visual systems 

• Wavelengths in 380-750 nanometers 

• Long wavelengths appear as reds and 
short wavelengths as blues

!20
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Color Perception
• Color stimulates cones in the retina 

• Three different kinds of cones

!21

2

Color perception
• Color stimulates cones in the retina

• There are three different kinds of cones

Three color model

• Almost all perceptible colors can be 

created by mixing three basic colors.

• RGB-model (Red-Green-Blue):

– White = (1,1,1)

– Black = (0,0,0)

– Gray = (0.5,0.5,0.5)

• Color is then a point in RGB space 

(the RGB cube)

• RGB-color is often stored using eight 

bits per basic color which gives 16.8 

million colors, true color.

Geometry - Polygon meshes The polygon paradigm

• Sample space in discrete points

• Connect points/vertices in grids

• Make polygons from grid loops

• Interpolate surface points

Geometric representations

PixelsPolygon 
meshes

Geometric 
abstractions

rasterizationtesselation

center: (5,2,3)
radius: 14

Perspective projection

(y,x)

x

y

(yp,f)

x
yfy

x
y

f
y

p
p =⇔=

f
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Human Visual System (HVS)
• HVS has two types of sensors 

- Rods: monochromatic, night vision 

- Cones: Color sensitive,  
three types of cones 

- Only three values (the tristimulus values)  
are sent to the brain 

• Need only match these three values 

• Need only three primary colors: RGB

!22
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Color
• Additive color 

- Form a color by adding amounts of three 
primaries: Red (R), Green (G), Blue (B) 

- Often stored using 8 bits per primary 
which gives (28)3 = 16.8M unique colors 

• Subtractive color 
- Form a color by filtering white light with  

Cyan (C), Magenta (M), and Yellow (Y) filters 

- Light-material interactions, printing

!23
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RGB Color
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(0,0,255)

(255,0,0)

(0,255,0)

(255,255,0) (255,0,255)

(0,255,255)

(255,255,255)
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Rendering a 2D image

Perspective drawing in the Renaissance: “Man drawing a 
lute” by Albrecht Dürer, 1525

!25
MD14
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Pinhole Camera

• Projection of a 3D point (x,y,z) on 
image plane: 
- Equal triangles: 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xp = �d
x

z
, yp = �d

y

z
x

z
=

xp

zp
, xp = zp

x

z
= �d

x

z
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Synthetic Camera Model

!27

center of projection

image plane

p = (x, y, z)

projection of p = (xp, yp)
xp = d

x

z

yp = d
y

z

d
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Image Formation
• Create geometric models 

- Position the models in a 3D scene  

- Assign materials to each model 

- Add lights & position a virtual camera 

• For each pixel - find visible object 

• Compute color of pixel based on the 
visible object’s material and light  

!28
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Challenges
• Create geometric models 1M triangles 

- Position the models in a 3D scene (Move 1M tris) 

- Assign materials to each model 

- Add lights & position a virtual camera 

• For each pixel (5M), compute which 
triangle (of the 1M tris) that is visible 

• Compute color of pixel (5M) based from 
the object’s material and light  

!29
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Graphics Hardware
• Pipeline that accelerates the costly 

tasks of rendering

!30

Vertex Shader

Rasterizer

Pixel Shader

Move geometry

Compute visibility 
per pixel

Compute color 
per pixel

http://cs.lth.se/edaf80
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Graphics layers

!31

3D Engines Unreal Unity

Bonobo

Hardware CPU GPU

Graphics APIs OpenGLDirectX

VulkanDirectX12

MD16

EDAF80
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Real-time vs Offline
• Real-time 

- Render image in ~16 ms 

- Instant feedback 

- User interactions 

• Offline (feature films) 
- Each image may take hours or days 

- Photorealism 

- No user interaction

!32
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Real-Time 2019

• RTX Quake  

• Control

 33
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Offline

• Alita

 34
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Linear Algebra
• Points vs Vectors 

• Angles between vectors 

• Dot (scalar) product 

• Cross product 

• Coordinate system

!36
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Points & Vectors
• A point is a location 

in space 

• A vector represents 
a direction and 
magnitude

!37

P

Q

R

v1

v2 v3

v4 = v3
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• Vector-vector addition 

• Vector-vector subtraction 

• Point-point subtraction

Basic Operations

!38

a

bc=a+b

a

b = c-ac

v = Q-P ⬄ Q = P + v P Q
v

http://cs.lth.se/edaf80
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Lines
• Parametric form 

- Start with a point Q and a 
vector d 

- If α>0, the line is called the 
ray from Q in the direction d

- α is a scalar parameter 
that determines how far we 
have travelled along the line

!39

P (↵) = Q+ ↵d

Q

d P(α)

http://cs.lth.se/edaf80
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Triangle
• Defined by three points 

P, Q and R

• Points inside triangle: 

• u,v,w : barycentric 
coordinates

!40

P Q

R

wP + uQ+ vR

u+ v + w = 1

u, v, w � 0

http://cs.lth.se/edaf80
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Cartesian Coordinates

!41

x

y v = 4x+ 6y

= 4


1
0

�
+ 6


0
1

�
=


4
6

�

|v| =
p
(42 + 62)

v

v2=v
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Cartesian Coordinates in 3D
• Express vector in terms of three 

orthonormal basis vectors
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x

y

z

o ax

az

ay

Basis

In this basis, the vector a 
can be expressed as  

a = ax

2

4
1
0
0

3

5+ ay

2

4
0
1
0

3

5+ az

2

4
0
0
1

3

5 =

2

4
1 0 0
0 1 0
0 0 1

3

5

2

4
ax
ay
az

3

5

a =

2

4
ax
ay
az

3

5
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Vector notation
• To avoid clutter, we introduce the 

notation: 

• Note that                             is still a 
column-vector, expressed in a 
certain basis

!43

a =

2

4
ax
ay
az

3

5 = (ax, ay, az)

a = (ax, ay, az)

http://cs.lth.se/edaf80
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Points in 3D
• Coordinate frame 

- Basis vectors + origin

!44

• In this frame, a point is given by:

x

y

z

P = (β1, β2, β3)

o
v1 = (1, 0, 0)

v2 = (0, 1, 0)

v3 = (0, 0, 1)

o = (0, 0, 0)

P = o+ �1v1 + �2v2 + �3v3

= �1(1, 0, 0) + �2(0, 1, 0) + �3(0, 0, 1)

= (�1,�2,�3)
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Example: Triangle in 3D 
• Defined by three points,  

P = (0,0,1) 
Q = (1,0,0) 
R = (0,1,0) 
specified in the 
Cartesian system 

!45

x

y

z
P o

Q

R

P =

2

4
0
0
0

3

5+ 0

2

4
1
0
0

3

5+ 0

2

4
0
1
0

3

5+ 1

2

4
0
0
1

3

5
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Euclidean 3D Space
• Coordinate frame 

- Basis vectors + origin

!46

• The Cartesian coordinates express the 
three basis vectors, origin at (0,0,0) 

• How to define the angle between two 
vectors in this coordinate frame?

x

y

z

o
v1 = (1, 0, 0)

v2 = (0, 1, 0)

v3 = (0, 0, 1)

o = (0, 0, 0)

𝜃
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Dot Product (scalar product)
• Given two 3D vectors a = (ax, ay, az) 

and  b = (bx, by, bz), the dot product is 
given by

!47

a · b = axbx + ayby + azbz = |a||b| cos ✓

a

b

𝜃

• Angle between  a  and  b: ✓ = arccos

✓
a · b
|a||b|

◆
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Dot Product (scalar product)
• Use cases 

- The projection of b on a

- Square magnitude of vector 

- a and b orthogonal if 
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a · b = axbx + ayby + azbz = |a||b| cos ✓

a

b

𝜃|b| cos ✓ =
a · b
|a|

|b| cos ✓

a · b = 0

a · a = |a|2 , |a| =
p
a · a
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Cross Product
- Given two 3D vectors a = (ax, ay, az) and  

b = (bx, by, bz), the cross product is given by 

- Signed area of the parallelepiped spanned by 
vectors a and b:

- a × b is orthogonal to both a and b 

- a × a = 0 

- Note: a × b  = -b × a

!49

a⇥ b = (aybz � azby, azbx � axbz, axby � aybx)

|a⇥ b| = |a||b| sin ✓

a
b

a⇥ b

𝜃

http://cs.lth.se/edaf80


EDAF80 - Computer graphics: Introduction to 3D

Triangle Normal
• Introduce two edge 

vectors a, b 

• Triangle face normal

• Plane equation: 
- X belongs to the triangle 

plane if

!50

P Q

R

a = Q� P

b = R� P

n · (X � P ) = 0

n

P
Q

R

a

b

n =
a⇥ b

|a⇥ b|

X
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Example: Triangle in 3D 
• Edge vectors 

• Face normal 

• Plane:
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x

y

z
P o

Q

R

P = (0,0,1) 
Q = (1,0,0) 
R = (0,1,0)

n · (X � P ) = 0

x+ y + z � 1 = 0

a

ba = Q� P = (1, 0,�1)

b = R� P = (0, 1,�1)

n =
a⇥ b

|a⇥ b| =
(1, 1, 1)

|(1, 1, 1)| =
1p
3
(1, 1, 1)

X = (x, y, z)
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Matrices 
• We will use 

- Matrix-matrix multiplication: A B = C 

• Concatenate transforms, change basis 

- Matrix-vector multiplication A x = y 

• Transform vectors and points

!52

http://cs.lth.se/edaf80


EDAF80 - Computer graphics: Introduction to 3D

Matrix-vector multiplication

!53

2

4
a00 a01 a02
a10 a11 a12
a20 a21 a22

3

5

2

4
x
y
z

3

5 =

2

4
a00x+ a01y + a02z
a10x+ a11y + a12z
a20x+ a21y + a22z

3

5

Ax = y
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Matrix-matrix multiplication
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2

4
a00 a01 a02
a10 a11 a12
a20 a21 a22

3

5

2

4
b00 b01 b02
b10 b11 b12
b20 b21 b22

3

5 =

2

4
c00 c01 c02
c10 c11 c12
c20 c21 c22

3

5

cij =
2X

k=0

aikbkj

AB = C
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Next lecture
• Transforms 

• Coordinate Spaces 

• Homogeneous Coordinates 

• Seminar: OpenGL intro & C++ basics 

!55
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