
Introduction to Computer Graphics
L1: Introduction, Application

Will Learn
Fundamentals of Computer Graphics Algorithms
Basics of real-time rendering: Basic OpenGL
C++

L2: Cubic Curves
Hermite Basis
Cubic Blossom
Bernstein Polynomials
Cubic Control Polygon
Three Bases for Cubic Curves

Monomial basis
Hermite basis
bernstein basis

L3: Curves and Surfaces
Curves

Order of Continuity
C0 = continuous
G1 = geometric continuity

tangents align at the seam

C1 = paraMetric continuity
same velocity at the seam

C2 = curvature continuity
tangens and their derivatives are the same

Cubic B-Splines
Automatically C2

Converting Between Bezier & BSpline

Surfaces
Trangle Meshes

Simple, rendered directly
not smooth, need many trangles to smooth

Tensor Product Splines

 



From Curves to Surfaces

Subdivision Surfaces
Corner Cutting

Subdividing Triangles



Catmull-Clark Cubdivision

Advantages
Arbitrary topology
Smooth at boundaries
Level of detail, scalable
Simple representation
Numerical stability, well-behaved meshes
Code simplicity

Disadvantage
Procedural definition
Not parametric
Tricky at special vertices

Implicit Surfaces
Surface defined implicitly by a function

f(x, y, z) = 0 (on surface)
f(x, y, z) < 0 (inside surface)
f(x, y, z) > 0 (outside surface)

Pros:
Efficient check whether point is inside
Efficient Bollean operations
Can handle weird topology for animation
Easy to do sketchy modeling

Cons:



Hard to generate points on the surface

Procedural

L4: Coordinates and transformations
Linear algebra notation

Matrix notation



Translation

Homogeneous Coordination



For perspective projection

For ray tracing algorithm

L5: Hierachical modeling and scene graphs
Coordinate System transformation



Translation Matrix

Rotation Matrix

Forward and inverse kinematics
Joints



Joint State Parameters

Offset
Orientation
Limit

Forward Kinematics



Inverse Kinematics

Hierarchical tree and scene graph

L6: Introduction to Animation and Skinning/Enveloping
Types of Animation:

Keyframing
Procedural

Express animation as as funciton
Physicial Based

Animation Controls
Forward Kinematic
Inverse Kinematic
Skinning Characters

Bind Skin vertices to bone
Motion Capture

Retargeting

Character Animation
Skinning/Enveloping

Skeletal subspace deformation (SSD)



Bind vertice to 1 bone or multiple bone

Vertex Weights
Linear Blend Skinning



Bind Pose and weight



L7 Particle System and ODE



L8: More ODEs, mass-spring modeling, cloth simulation
Euler's Method: Not Always Stable

Midpoint
Trapezoid
Runge-Kutta (RK4) Integrator

Mass-Spring Modeling
Hair



Mass-Spring Cloth

L9: Introduction to Rendering, Ray Casting
Rendering



Ray Casting

Shading

Surface/Scene Properties



Material Properties
Light Properties

Ray Casting vs. Ray Tracing



Ray Representation

Camera Obscura (Pinhole Camera)



Camera Description

Image Coordinates
Perspective vs. Orhographic



Ray-Plane Intersection

Ray-Sphere Interrsection



L10: Ray Casting II
Ray Casting

Ray-Triangle Intersection
Barycentric coorinates



Intersection with Barycentric Triangle

Barycentric Intersection Pros



Barycentric Interpolation

Constructive Solid Geometry (CSG)



Example

Ray Tracing CSG

Instancing and Transformations



Transform Ray

Calculated Normal after transformed



Position, Direction, Normal

L11: Ray Tracing
Example



Shadows



Soft Shadow

Reflection
Perfect Mirror Relfection



Amount of Relrection

Glossy Refection



Refraction



Antialiasing - Supersampleing

Send more ray in the pixel, and average them

Motion Blur



Depth of Field

Recursive Ray Tracing



Hall of mirrors

L12: Accelerating Ray Tracing; bounding volumes, Kd trees
Distributed Ray Tracing



Bounding Volumes
Conservative Bounding Volume

Ray-Box Intersection



Bounding Volume Hierarchies (BVH)

Pros and Cons



Kd-trees

Construction



Traversal



Optimizing Splitting Planes

Pros and Cons



Ray Marching: Regular Grid

Pros and Cons

L13: Shading and Materials
Lighting and Material Apperance

Input for realistic rendering



Geometry, lighting and materials

Material apperance
Intensity and shape of highlights
Glossiness
Color
Spatial variation, i.e., Texture

Light Sources
Incoming Irradiance



Directional Lights



Spotlights

Quantifying Reflection - BRDF





Obtain BRDF

Parametric BRDFs
Ideal Diffuse Reflectance



Albedo = 0, Absorb all light, Albedo increse, more light relfected
Math



Non-ideal Reflectors

The Phong Specular Model

if a = 0, then reflect all light



q: how sharply it drop off

Ambient Illumination
Phong Illumination Model



Phong Example

Fresnel Reflection



Blinn-Torrance Half Vector Lobe that support fresnel relfection

Microfacet



Other BRDF Example



Phong Normal Interpolation

Spatial Variation

L14: Textures, parameterization, shaders, Perlin noise



Spatial Variation

Texture Mapping



UV Coordinate



Rendering Textured Triangles (Texture Lookup)



Texture Interpolation

Zoom far away, Pixel color too random



MIP Maps

Precompute small images when it is far away

How to Obtain UV Coordinates



Manual

Artist design key point in the texture
Closed-Form Mapping

Raycast get height and angle, calculate the shape and get
UV



Projective Mappings

Optimization Approach



Barycentric Parameterization



Texture Tiling

Texture Mapping & Illumination



Normal Mapping



Generating Normal Maps

1. Make a detailed mesh
2. Generate UV normal map based on detailed mesh
3. Simplily the mesh
4. Use the simplified mesh with normal map



Procedural Textures: Shader

Shaders



Pros and Cons



Perlin Noise

Requirements
Pseudo random
For arbitrary dimension

4D is common for animation
Smooth at prescribed scale
Little memory usage



1D Noise

Use spline
Reconstruct at P



Perlin Noise in 3D

Compute perlin noise



Example





Comparison

For solid Textures



Fur

L15: Antialiasing; Sampling and Reconstruction
Example of Aliasing

Aliasing appears as jagged edges, moiré patterns, or incorrect details.



Sampling vs Quantization

Sampling
Mapping a continuous function to a discrete one



Sampling Density

Quantization
Mapping a continuous function to a discrete one



Pixel

Reason of Aliasing



Insufficient Sampling
Make high frequencies look like low frequencies )Aliasing

Step 1: Sample the Function (Red Arrow)

Step 2: Reconstruct a continuous Function (Purple Line)
which is different from original green line (data loss)



Solution

Blue or Oversample
Theoretical

Fourier Transform: For perfect reconstruction

Any function can be combination of sin and cosina function



Transform the Image into the Frequency Domain

Apply a 2D Fourier Transform (e.g., Fast Fourier
Transform, FFT) to the image.

This decomposes the image into its frequency
components, where low frequencies represent
smooth variations and high frequencies represent
sharp edges and details.

Take dot product with the Fourier and the original
function

Tell how common (similarity) are they



Definition of Fourier Transform

How much is the frequency hiding in Orignal Function F(x)

By taking dot product
Cosine is the real part of the Fourier
Sine is the imaginary part

Nyquist rate



Convolution Theorem

Not pratical
because practical signals cannot have finite bandwidth.
Neagtive lobe
Ifinite extent



Sharp edges miss (Miss of High Frequency)

In Practice
Supersampling Anti-Aliasing (SSAA)

average the color in the pixel



Uniform supersampling



Recommended filter
Bicubic (piecwise polynomial): Sinc approximation

Advantages:
Capture hight frequencies
Downsampling can use a good filter
Works well for edges

Issues:
Frequencies above supersampling limit still aliased



Not good for repetitive textures

Jittering



Magnification: Linear Interpolation



Minification

MIP Mapping



Example

Drawback



Fix with Elliptical Weighted Average



Subpixel rendering /ClearType for Text

Control the subpixel (RGB)

L16: Global Illumination and Monte Carlo
Reason of GI

Does Ray Tracing Simulate Physics?

No, It is backward ray tracing



lot of physical

Correct Transparent Shadow



Forward Ray Tracing

Global Illumination



Example:
Current Ray Tracing (Direction Light)

Global Illumination (Indrect Lighting)

Rendering Equation



Reflectance Equation

Path Tracing
Monte Carlo intergration



Monte-Carlo Ray Tracing

Result

very noisy



Monte Carlo Path Tracing

Trace only one reflected ray (Random) per time
And do the Trach Path n times for every pixel, randomize the color
10 paths/pixel



100 paths/pixel

Irradiance Caching

for better optimization
Store the value of that point for nearyby usage



Photon Mapping



More Global Illumination
Ohter Topic: Monte Carlo Integration

for average the results



Better sampling
Importance sampling

biased sampling
More Sampling at more lighing area



Math

Divede by the likelihood p(xi)
High propability (for sampling) gonna be low weight because it gonna
be averaged together in small space

Example



Stratification

L17: Rasterization
Ray Casting vs. GPUs for triangles

Ray casting
Draw 1 pixel at a time

GPU
Draw 1 trangle at a time



Different Order

Main Difference

Ray tracing need the entire scene in memory
Rasterizer only need one triangle at a time, and the image and depth
Rasterization use less memory



GPU Rasterization Overview

What rasterization actually do (Scan Conversion)

z-buffer
determine the depth of the traingle, only show the closest one



Rasterization Pros

use less memory

Rasterization Cons



Modern Graphics Pipeline

Procedure
Step 1: Project vertices to 2D



Step 2: Rasterize triangle: find which pixels shoud be lit

Step 3: Compute per-pixel color
Step 4: Test visibility, update frame buffer color

Double-buffer



show the current frame, prepare the next frame in another buffer, then flip
the buffer back and forth.

Psudo code

Step in details
Projection vertices to 2D

Prthographic vs. Perspective



Perspective



Rasterize triangle+ find which pixels shoud be lit



2D Scan Conversion

Edge Functions



Easy Optimization

Hierarchical Rasterization



Clipping

Frustum Culling



Homogeneous Rasterization

Compute Per Pixel Color
Pixel Shader

Test visibility, update freame buffer
Painters algorithm

Draw 1 obj at a time

Z buffer



distance to camera

L18: Rasterization II: Z buffer, rasterized antialiasing
Test visibility, update freame buffer (Continue of last lecture)

Interpolation in Screen Space![[Pasted image 20250121104158.png]
Find it depth by converted it back from 2D to 3D

Back to the basics: Barycentrics



Basic Strategy: get 3D barycentrics

From barycentric to screen-space (before homogenization)

CP is projection on 2D of the 3D triangle



Dehomongenized point on the computer screen

Goal: calculate Barycentric coordinates in 3D



How to Calculate a b r

Pseudocode - Rasterization

Rasterization Anti-aliasing



Supersampling

Render more than 1 sample per pixel, average the result
Scale up the the image, average it



Multisampling

average the color of the pixel which has multiple triangle
Multisampling Pseudocode



Comparision

Texture Filtering

Prefiltering
Apply Low-pass filter to the texture to blur it



MIP-Mapping

Tri-Linear MIP-Mapping
Use two closet scales, compute reconstruction results from
both, and linearly interpolate between them
Example

MIP Maps only store 1/3 more space



Anisotropic filthering

Comparison



Finding the MIP level

Review
Ray Casting vs. Rasterization



Graphics Hardware

Movies
Combination

Games (2020)
Mostly Rasterization
Some Ray Tracing

CAD-CMD
Ray Tracing

Architecture
Ray Tracing

Vitual Reality
Rasterization

Visualization
Combination

Medical Imaging
Combination

Challenges of Rasterization



Transparency

Alternative approaches
Reyes (Pixar's Renderman)
Defered shading



Pre-Z pass

Tile-based rendering

Shadows
Reflections
Global illumination

L19: Real-Time Shadows



Importance of Shadow
Depth cue

Scene Lighting
Realism
Contact Points



Shadow in Ray Tracing

Shadow Maps
Example



Key Idea

Rasterize with the depth only to check if visible from the light source
By apply the camera position the the light source which can get z-
buffer



Compute the Shadow Map

Different Light Types require different projection matrices



The Bias (Epsilon) for Shadow Maps

Example

for avoiding self shadow



Shadow Map Aliasing

Shadow Map Filtering

Does not make sense



Percentage Closer Filtering

Compute the pencentage of pixel which is occluded
Example



Cascaded Shadow Maps

Multiple depth shadow maps
Distance-base cascading



Pros and Cons

Shadow Volumes (Stencil Buffer)
Basic Idea

Create a shadow volume, check all object in the volume or not, if in, draw
shadow, if not, lit it.



But very computational heavy

Better Shadow Volumes

Stencil Buffer

unprecise z-buffer



Shadow Volumes with the Stencil Buffer

Calculate the dot product with normal and the direction to the eye

, if positive, then it is front faccing, if
negative, then it is back facing. apply the increment/decrement
counter again. draw the lighting with counter = 0



Solutions if eye in the shadow

Deep Shadow Maps

for volumetric effect, semi-transparenet object, small occluders



Results



L20: Color
Spectra



Crayons

Cones and spectral response
How the Eye Works

Photon go through Cornea, Lens, Virtreous, finally to Retina, Retina
perceive light signal and convert to biological signal.



Retina Element

==Color blindness and metamers
Implication for Displays

Long, Medium, Short wavelength of cone



Metamerism & Light source

Context matter, Example

==Color matching



Wrong Way

They are not all independent (orthagonal), blue also have green and red
cone

Example



CIE RGB Color Matching

==Color spaces
Chromaticity Diagram (Full Color Space)



CIE Primaries (triangle)

HSV (Hue, Saturation, Value(Luminance))



CMYK

Subtract color from white

Gamma
Color quantization gamma



Gamma encoding

Example



Summary

L21: Image Processing (Post processing)
Basic Concept

Image processing can touch up images after rendering
Lots of per pixel filters



Alpha Blending



Green Screen

Compositing Algebra



Color Space Operations

Apply every pixel to a function
Brightness

Multiplay by a constant



Contrast

Strengh the value to 0 - 1



Desaturation

Dynamic Range (HDR)



Approximate Dynamic Rnage

Exposure Fusion



Tone Mapping

Minification
Smaller image

Magnification
Gigger image

Filters involving larger neighborhoods, onlinearity
Convolution



3x3 3x3. calculate

Example: Blur



Example: Edge detect

Example: Emboss



Big-O for convolution

Edge-perserving filtering
Unsharp Mask
Bilateral Filtering



Median filtering

L22: Output Devices
Graphics Stack



2D Displays

CRT Display
LCD (Liquid Crystal Displays)

LED (Light-Emitting Diode)



PDP (Plasma Display Panels)
OLED (Organic Light-Emitting Diode)

DLP (Digital Light Processing)
3D Displays



Binocular Vision - Stereopsis
Depth Perception
Autostereoscopic Displays

Virtual Reality & Augmented Reality Displays
Field of View




