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CS 537/CPE 537 Interacti eCS 537/CPE 537: Interactive 
Computer Graphics

Lecture XIII

Instructor: Philippos Mordohai
Webpage: www.cs.stevens.edu/~mordohai
E il Phili M d h i@ dE-mail: Philippos.Mordohai@stevens.edu



ProjectProject

• Presentations in class next weekPresentations in class next week
– Bring your laptops or send your 

code/executable to me at least a day in 
advance

– Come see me outside regular office hours if 
necessarynecessary

• Final version and report due Dec. 16

• Don’t forget online evaluation
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OverviewOverview

• ANG Ch 13: Advanced RenderingANG Ch. 13: Advanced Rendering
– Ray tracing

Radiosity– Radiosity

– Parallel rendering
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Ray TracingRay Tracing

Angel: Interactive Computer Graphics 5E © 
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IntroductionIntroduction

• OpenGL is based on a pipeline model inOpenGL is based on a pipeline model in 
which primitives are rendered one at time
– No shadows (except by tricks or multiple ( p y p

renderings)
– No multiple reflections

• Global approaches
– Rendering equation
– Ray tracing
– Radiosity

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009 5



Ray TracingRay Tracing

• Follow rays of light from a point sourceFollow rays of light from a point source

• Can account for reflection and 
transmissiontransmission

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009 6



ComputationComputation

• Should be able to handle all physicalShould be able to handle all physical 
interactions

• Ray tracing paradigm is not• Ray tracing paradigm is not 
computationally efficient

M d ff h• Most rays do not affect what we see

• Scattering produces many (infinite) 
additional rays

• Alternative: ray casting
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Ray CastingRay Casting

• Only rays that reach the eye matterOnly rays that reach the eye matter

• Reverse direction and cast rays

N d l i l• Need at least one ray per pixel
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Ray Casting QuadricsRay Casting Quadrics

• Ray casting has become the standard wayRay casting has become the standard way 
to visualize quadrics which are implicit 
surfaces in CSG systemssurfaces in CSG systems

• Constructive Solid Geometry
P i iti lid– Primitives are solids

– Build objects with set operations

ff– Union, intersection, set difference
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Ray Casting a SphereRay Casting a Sphere
• Ray is parametric

• Sphere is quadric

• Resulting equation is a scalar quadraticResulting equation is a scalar quadratic 
equation which gives entry and exit points 
of ray (or no solution if ray misses)of ray (or no solution if ray misses)
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Shadow RaysShadow Rays
• Even if a point is visible, it will not be lit 

unless we can see a light source from that 
point

• Cast shadow or feeler rays
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ReflectionReflection

• Must follow shadow rays off reflecting orMust follow shadow rays off reflecting or 
transmitting surfaces

• Process is recursive• Process is recursive
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Reflection and Transmission
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Ray TreesRay Trees
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Ray TreeRay Tree
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Diffuse SurfacesDiffuse Surfaces

• Theoretically the scattering at each point ofTheoretically the scattering at each point of 
intersection generates an infinite number of new 
rays that should be traced

• In practice, we only trace the transmitted and 
reflected rays and use the Phong model to 
compute shade at the point of intersection

• Radiosity works better for perfectly diffuse 
( ) f(Lambertian) surfaces
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Building a Ray TracerBuilding a Ray Tracer

• Best expressed recursivelyp y
• Can remove recursion later
• Image based approachg pp

– For each ray …….
• Find intersection with closest surface

– Need whole object database available
– Complexity of calculation limits object types

C li h i f• Compute lighting at surface
• Trace reflected and transmitted rays
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When to stopWhen to stop

• Some light will be absorbed at eachSome light will be absorbed at each 
intersection

Track amount left– Track amount left

• Ignore rays that go off to infinity
P l h d– Put large sphere around scene

• Count steps
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Recursive Ray TracerRecursive Ray Tracer

color c = trace(point p, vector d, int step)
{
color local, reflected, transmitted;

i tpoint q;
normal n;
if(step > max) return(background color);( p ) ( g _ );

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009 19



Recursive Ray TracerRecursive Ray Tracer

q = intersect(p, d, status);
if(status==light_source) 
return(light_source_color);

if(status==no intersection)if(status==no_intersection) 
return(background_color);

n = normal(q);
r = reflect(q, n);
t = transmit(q n);t = transmit(q,n);
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Recursive Ray TracerRecursive Ray Tracer
local = phong(q, n, r);
reflected = trace(q, r, step+1);
transmitted = trace(q,t, step+1);

return(local+reflected+transmitted);
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Computing IntersectionsComputing Intersections

• Implicit ObjectsImplicit Objects
– Quadrics

Planes• Planes

• Polyhedra

• Parametric Surfaces
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Implicit SurfacesImplicit Surfaces

Ray from p0 in direction dRay from p0 in direction d
p(t) = p0 +t d

G l i li i fGeneral implicit surface

f(p) = 0
Solve scalar equation

f(p(t)) = 0f(p(t))  0
General case requires numerical methods
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QuadricsQuadrics

General quadric can be written asGeneral quadric can be written as

pTAp + bTp +c = 0
Substitute equation of ray

p(t) = p +t dp(t) = p0 +t d
to get quadratic equation
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SphereSphere

(p – p ) • (p – p ) – r2 = 0(p pc)  (p pc) r  0

( )p(t) = p0 +t d

p0 • p0 t2+ 2 p0 • (d – p0) t + (d – p0) • (d – p0) 
– r2 = 0r  0
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PlanesPlanes

p • n + c = 0p  n + c  0

( )p(t) = p0 +t d

t = -(p0 • n + c)/ d • n 
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PolyhedraPolyhedra

• Generally we want to intersect with closedGenerally we want to intersect with closed 
objects such as polygons and polyhedra 
rather than planesrather than planes

• Hence we have to worry about 
inside/outside testinginside/outside testing

• For convex objects such as polyhedra 
h fthere are some fast tests
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Ray Tracing PolyhedraRay Tracing Polyhedra

• If ray enters an object, it must enter a front facingIf ray enters an object, it must enter a front facing 
polygon and leave a back facing polygon

• Polyhedron is formed by intersection of planesy y p

• Ray enters at furthest intersection with front facing 
planes

• Ray leaves at closest intersection with back facing 
planes

• If entry is further away than exit, ray must miss the 
polyhedron
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Ray Tracing PolyhedraRay Tracing Polyhedra
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Ray Tracing a PolygonRay Tracing a Polygon
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Ray Tracing a PolygonRay Tracing a Polygon
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Radiosityy
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IntroductionIntroduction

• Ray tracing is best for highly specularRay tracing is best for highly specular 
sufaces

Not characteristic of real scenes– Not characteristic of real scenes

• Rendering equation describes general 
shading problemshading problem

• Radiosity solves rendering equation for 
f ff fperfectly diffuse surfaces
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TerminologyTerminology

• Energy ~ light (incident, transmitted)Energy light (incident, transmitted)
– Must be conserved

• Energy flux = luminous flux = power =Energy flux  luminous flux  power  
energy/unit time
– Measured in lumensMeasured in lumens
– Depends on wavelength so we can integrate 

over spectrum using luminous efficiency curve
of sensor

• Energy density (Φ) = energy flux/unit area

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009 34



Rendering EquationRendering Equation

• Consider a point on a surface p

N
I (Φ )

Iout(Φout)
Iin(Φin)
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Rendering EquationRendering Equation

• Outgoing light is from two sourcesOutgoing light is from two sources
– Emission

Reflection of incoming light– Reflection of incoming light

• Must integrate over all incoming light
– Integrate over hemisphere

• Must account for foreshortening of 
incoming light
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Rendering EquationRendering Equation

Iout(Φout) = E(Φout) +  ∫ 2πRbd(Φout, Φin )Iin(Φin) cos θ dω

angle between normal and Φin
emission

bidirectional reflection coefficient

angle between normal and Φin

Note that  angle is really two angles in 3D and wavelength is fixed
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Rendering EquationRendering Equation
• Rendering equation is an energy balance

– Energy in = energy out

• Integrate over hemisphere

• Fredholm integral equation
– Cannot be solved analytically in general

V i i ti f R i t d d• Various approximations of Rbd give standard 
rendering models

• Should also add an occlusion term in front of right• Should also add an occlusion term in front of right 
side to account for other objects blocking light from 
reaching surface

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009

g

38



Another versionAnother version

Consider light at a point p arriving from p’Consider light at a point p arriving from p

i( ’) ( ’)( ( ’)+ ∫ ( ’ ’’)i( ’ ’’)d ’’)i(p, p’) = υ(p, p’)(ε(p,p’)+ ∫ ρ(p, p’, p’’)i(p’, p’’)dp’’)

occlusion = 0 or 1/d2
emission from p’ to p

light reflected at p’ from all 
i t ’’ t d
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RadiosityRadiosity

• Consider objects to be broken up into flatConsider objects to be broken up into flat 
patches (which may correspond to the 
polygons in the model)polygons in the model)

• Assume that patches are perfectly diffuse 
reflectorsreflectors

• Radiosity = flux = energy/unit area/ unit 
i l i htime leaving patch
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NotationNotation

n patches numbered 1 to nn patches numbered 1 to n
bi = radiosity of patch I
a = area patch Iai = area patch I
total intensity leaving patch i = bi ai

itt d i t it f t h Iei ai = emitted intensity from patch I
ρi = reflectivity of patch I
fij = form factor = fraction of energy leaving 

patch j that reaches patch i
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Radiosity EquationRadiosity Equation

energy balanceenergy balance

biai = eiai + ρi ∑ fjibjaji i i i ρi ∑ ji j j
reciprocity

f a = f afijai = fjiaj 

radiosity equation

bi = ei + ρi ∑ fijbj
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Matrix FormMatrix Form

b [b ]b = [bi]

e = [ei]e  [ei]

R = [rij] rij = ρi if i ≠ j rii = 0 [ ij] ij ρi ≠ j ii 0

F = [fij]
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Matrix FormMatrix Form

b = e - RFbb  e RFb

formal solution

b = [I-RF]-1e

Not useful since n is usually very large
Alternative: use observation that F is sparseAlternative: use observation that F is sparse

We will consider determination of form factors later
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Solving the Radiosity Equationg y q

F t i it ti th d llFor sparse matrices, iterative methods usually
require only O(n) operations per iteration

Jacobi’s method 

bk+1 = e - RFbkb  e RFb

Gauss-Seidel: use immediate updatesGauss Seidel: use immediate updates
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Series ApproximationSeries Approximation

1/(1-x) = 1 + x + x2+ ……

[I-RF]-1 = I + RF +(RF)2+…

b = [I-RF]-1e = e + RFe + (RF)2e +… 
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PatchesPatches
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Rendered ImageRendered Image
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Computing Form FactorsComputing Form Factors

• Consider two flat patchesConsider two flat patches
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Using Differential PatchesUsing Differential Patches

foreshorteningforeshortening
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Form Factor IntegralForm Factor Integral

fij = (1/ai)  ∫ai ∫ai (oij cos θi cos θj / πr2 )dai daj

occlusion
foreshortening of patch j

foreshortening of patch i
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Solving the IntergralSolving the Intergral

• There are very few cases where the y
integral has a (simple) closed form 
solution
– Occlusion further complicates solution

• Alternative is to use numerical methods
• Two step process similar to texture 

mapping 
– Hemisphere
– Hemicube
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Form Factor Examples 1Form Factor Examples 1
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Form Factor Examples 2Form Factor Examples 2
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HemisphereHemisphere

• Use illuminatingUse illuminating 
hemisphere

• Center hemisphere on• Center hemisphere on 
patch with normal 
pointing uppointing up

• Must shift hemisphere 
for each point on patchfor each point on patch
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HemicubeHemicube

• Easier to use a hemicube instead of aEasier to use a hemicube instead of a 
hemisphere

• Rule each side into “pixels”• Rule each side into pixels

• Easier to project on pixels which give delta 
f f h b dd d iform factors that can be added up to give 
desired from factor

• To get a delta form factor we need only 
cast a ray through each pixel
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HemicubeHemicube
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Instant RadiosityInstant Radiosity

• Want to use graphics system if possibleWant to use graphics system if possible

• Suppose we make one patch emissive

Th li h f hi h i di ib d• The light from this patch is distributed 
among the other patches

• Shade of other patches ~ form factors

• Must use multiple OpenGL point sources p p p
to approximate a uniformly emissive patch
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Parallel RenderingParallel Rendering
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IntroductionIntroduction

• In many situations a standard renderingIn many situations, a standard rendering 
pipeline might not be sufficient

Need higher resolution display– Need higher resolution display

– More primitives than one pipeline can handle

W t t dit t t• Want to use commodity components to 
build a system that can render in parallel

• Use standard network to connect
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Power WallsPower Walls

• Where do we display large data sets?Where do we display large data sets?
– CRTs have low resolution (1 Mpixel)

– LCD panels improving but still expensive

– Need resolution comparable to data set to see detail
• CT/MRI/MEG

• Ocean data

• Solution?
– Multiple projectors
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Tiled Display
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CS Power WallCS Power Wall
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CS Power WallCS Power Wall
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Power WallPower Wall

• Inexpensive solution but there are someInexpensive solution but there are some 
problems

Color matching– Color matching

– Vignetting

Alignment– Alignment 
• Overlap areas

Synching– Synching
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Graphics ArchitecturesGraphics Architectures
• Pipeline Architecture

– SGI Geometry Engine

– Geometry passes through pipeline

– Hardware for
• clipping 

• transformations

• texture mapping

P j t/S tCliT f R t i S

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009

Project/SortClipTransform Rasterize Screen

66



Building BlocksBuilding Blocks
• Graphics processors consist of geometric 

bl k d iblocks and rasterizers
– Geometric units: transformations, clipping, 

li h ilighting

– Rasterization: scan conversion, shading

• Parallelize by using mutiple blocks

• Where to do depth check?
G G G

p
G G G
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Sorting ParadigmSorting Paradigm

• We can categorize different ways ofWe can categorize different ways of 
interconnecting blocks using a sorting 
paradigm: each projector is responsible for p g p j p
one area of the screen. Hence, we must 
sort the primitives and assign them to the 

jproper projector

• Algorithms can be categorized by where 
this sorting occurs

Angel: Interactive Computer Graphics 5E © Addison-Wesley 2009 68



Three Rendering MethodsThree Rendering Methods

G G G

Sort G G G G G G

R

G G G

R R

Sort R R R

R R R R R R Composite

Sort-First Rendering Sort-Middle Rendering Sort-Last Rendering
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Sort MiddleSort Middle
• Geometric units and rasterization units decoupled

• Each geometric unit can be assigned any group of 
objects (to balance load)

• Each rasterizer is assigned to an area of the 
screen

M t t b t t• Must sort between stages G G G

S

R R R

Sort
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Sort LastSort Last
• Couple rasterizers and geometric units

• Assign objects to geometric units to load 
balance or via application

• Composite results at end

• All rasterizers must have frame 
b ff l h ibuffer equal to the size 
of the entire display

G G G

R R R

C it
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Tree CompositingTree Compositing
• Composite in pairs

• Send color and depth 
buffers

• Each time half 
processors become idleprocessors become idle
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Binary Swap CompositingBinary Swap Compositing
• Each processor responsible for one part of 

display

• Pass data to right n timesg
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Sort-Last Rendering for a Random 
T i l A li tiTriangles Application
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Sort FirstSort First

• Each rasterization unit assigned to an areaEach rasterization unit assigned to an area 
of the screen

• Each geometric unit coupled to its own• Each geometric unit coupled to its own 
rasterizer

M i i i fi• Must sort primitives first

• Can use commodity cards G G G

Sort

• No load balancing
R

G G G

R R
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Sort-First Rendering for a Random 
Triangles ApplicationTriangles Application
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Comparison

• Sort first
– Appealing but hard to implement 

• Sort middle
– Used in hardware pipelines
– More difficult to implement with add-on 

dit dcommodity cards

• Sort last
E t i l t ith iti t– Easy to implement with a compositing stage

– High network traffic
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Mapping to ClustersMapping to Clusters

• Different architecturesDifferent architectures
– Shared vs distributed memory

Communication overhead– Communication overhead

– Parallel vs distributed algorithms

E t d t l t• Easy to do sort last

• Must evaluate communication cost
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Comparison Between Sort-First and Sort-
LLast

Sort Last Rendering vs. Sort First Rendering
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Performance on a PC ClusterPerformance on a PC Cluster

• Experiments were done by Ye CongExperiments were done by Ye Cong 
(UNM)

6 Intellestations– 6 Intellestations

– Gigabit Ethernet

GForce 3 graphics– GForce 3 graphics

• Show the effect of network 
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Sort-First vs. Sort Last Random TrianglesSort First vs. Sort Last Random Triangles
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Sort First vs. Sort Last Teapotp
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