Surface Graphics

» Objects are explicitely defined by a surface or boundary representation (explicit inside vs outside)

« This boundary representation can be given by:

- a mesh of polygons:

200 polys 1,000 polys 15,000 polys

an “empty” foot

- a mesh of spline patches:




Polygon Mesh Definitions

e? vl, v2, v3: vertices (3D coordinates)
v3 )
el, e2, e3: edges
el nl el=v2-vl and e2=v3-v2
el f1: polygon or face
v nl: face normal n1 = %
11xel2
: creen) _ ©
view plane (5 . nl = el
n
backface e xe2?2
2 = =_
:A! n4 n 21022 ,e21 =-el2
n2 Rule: if all edge vectors in a face are ordered counter-
e clockwise, then the face normal vectors will always
el2 i ds the outside of the obj
al e22 point towards the outside ot the object.
ell This enables quick removal of back-faces (back-faces

% are the faces hidden from the viewer):
view vector vp

- back-face condition: vp en >0




Polygon Mesh Data Structure

Vertex list (v1, v2, v3, v4, ..):

(x1,yl1, zl), (x2, y2, z2), (X3, y3, z3), (x4, y4, 74), ....

Edge list (el, €2, €3, e4, €5, ...):
(vl, v2), (v2, v3), (v3, vl), (vl, v4), (v4, v2), ...

Face list (1, £2, ..): v3 e V2
(el, e2,e3), (e4, e5, -el), ... or
e3 f1 nl €3
(vl, v2,v3), (vl, v4,v2), ... el m
e4 \ v4
Normal list (nl, n2, ...), one per face or per vertex vl )
n

(nlx, nly, nlz), (n2x, n2y, n2z), ...

Use Pointers or indices into vertex and edge list arrays, when appropriate




Object-Order Viewing - Overview

screen in world space Eye (Camera) y

transformed object
A Cop Viewing Transform

)(

screen in viewing space

o

X

A view is specified by:
- eye position (Eye) After the viewing transform:
- view direction vector (n) - the screen center 1s at the coordinate system origin
- screen center position (Cop) - the screen is aligned with the x, y-axis
- screen orientation (u, v) - the viewing vector points down the negative z-axis
- screen width W, height H - the eye is on the positive z-axis
u, v, n are orthonormal vectors All objects are transformed by the viewing transform ;




Step 1: Viewing Transform

The sequence of transformations is:
- translate the screen Center Of Projection (COP) to the coordinate system orgin (T ;qy)

- rotate the translated screen such that the view direction vector n points down the negative z-

axis and the screen vectors u, v are aligned with the x, y-axis (Ry;ew)

We get Myiew = Ryiew * Tview

m ] u_u_u_0 |100—-Cop | r-
X' Xy z X |x
' 0 (010-C
We transform all object (points, vertices) by Myjew: |7 | = x Ty 2 Pyl |y
z n.n n_0 (001 —-Cop z
i x'y z 2l 1y
- 00 01 (000 1 | ~--

Now the objects are easy to project since the screen is in a convenient position

- but first we have to account for perspective distortion...




Step 2: Perspective Projection

screen plane

» A (view-transformed) vertex with coordinates (x’, y’, z’) projects onto the screen as follows:

— ! eye — ' eye
= . x — x .
p Y eye—z' P eye—z'
* X, and y, can be used to determine the screen coordinates of the object point (1.e., where to plot

the point on the screen)




Step 1 + Step 2 = World-To-Screen Transform

* Perspective projection can also be captured in a matrix M, ,; with a subsequent perspective divide

by the homogenous coordinate w:

X _ _ _
h eye 0 0 O x' r = x_h
Ypl — 1 0 eye 0 0| |y pw
z 0O 0 1 O z' Yy
h y =2
0 0 -1 eye |1 p W
_W_
* So the entire world-to-screen transform is:
Mirans = Mproj “Myiew = Mproj "Ryiew " Tview

with a subsequent divide by the homogenous coordinate

* Mg 18 composed only once per view and all object points (vertices) are multiplied by it
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Step 3: Window Transform (1)

Note: our camera screen is still described in world coordinates

However, our display monitor is described on a pixel raster of size (Nx, Ny)

The transformation of (perspective) viewing coordinates into pixel coordinates is called window
transform

Assume:

- we want to display the rendered screen image in a window of size (Nx, Ny) pixels
- the width and height of the camera screen in world coordinates is (W, H)
- the center of the camera is at the center of the screen coordinate system
Then:
- the valid range of object coordinates 1s (-W/2 ... +W/2, -H/2 ... +H/2)
- these have to be mapped into (0 ... Nx-1, 0 ... Ny-1):

camera Window
B Nx—1 _( H).Ny—l
RO A s e - Ny
- »
- > Nx




Step 3: Window Transform (2)

* The window transform can be written as the matrix My,;ndow:

m ] Nx—1 Nx—1| 1 -

Y 7 0 2 *p

Y = 0 Ny—1 Ny—1|- yp
H 2

1 1

- 0 0 1 | = -

« After the perspective divide, all object points (vertices) are multiplied by My indow
* Note: we could figure the window transform into My,

- in that case, there is only one matrix multiply per object point (vertex) with a subsequent per-
spective divide

- the OpenGL graphics pipeline does this
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Orthographic (Parallel) Projection

* Leave out the perspective mapping (step 2) in the viewing pipeline

 In orthographic projection, all object points project along parallel lines onto the screen

y
A7 A
- 4 LYY
¥p \
|
z
perspective projection orthographic projection
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Rendering the Polygonal Objects - The Hidden Surface Removal Problem

* We have removed all faces that are definitely hidden: the back-faces

But even the surviving faces are only potentially visible

- they may be obscured by faces closer to the viewer

face A of object 1 is partially obscured by face B of object 2

obj 1

/| obj2

I /7

S 4

SCreen

Problem of identifying those face portions that are visible is called the hidden surface problem
 Solutions:

- pre-ordering of the faces and subdivision into their visible parts before display (expensive)

- the z-buffer algorithm (cheap, fast, implementable in hardware) 4




The Z-Bufter (Depth-Buffer) Scan Conversion Algorithm

* Two data structures:

- z-buffer: holds for each image pixel the z-coordinate of the closest object so far

- color-buffer: holds for each pixel the closest object’s color

 Basic z-buffer algorithm:

// initialize buffers
for all (x, y)
z-buffer(x, y) = -infinity;

color-buffer(x, y) = COIOI.background

// scan convert each front-face polygon
for each front-face poly
for each scanline y that traverses projected poly
for each pixel x in scanline y and projected poly

1f Zpo1y(x, y) > Z-butter(x, y)

z-buffer(x, y) = zyoly(x, y)

color-buffer(x, y) = color,giy(x., y)

color buffer z-buffer

initialize buffers

scan-convert face B of obj. 2

scan-convert face A of obj. 1 s




Polygon Shading Methods - Faceted Shading

vertex3

» How are the pixel colors determined in z-buffer?

rasterized
N pixel (x.y)

scanline y

» The simplest method is flat or faceted shading:

- each polygon has a constant color vertex2

vertex |

- compute color at one point on the polygon (e.g., at center) and use everywhere

- assumption: lightsource and eye is far away, 1.e., N-L, H-E = const.

» Problem: discontinuities are likely to

appear at face boundaries

16




Polygon Shading Methods - Gouraud Shading

» Colors are averaged across polygons along common edges — no more discontinuities
e Steps:

n n
- determine average unit normal at each poly vertex: N = >N / >N
k=1 k=1

n: number of faces that have vertex v in common \ /4 Ny

- apply 1llumination model at each poly vertex — C,

- linearly interpolate vertex colors across edges

- linearly interpolate edge colors across scan lines

C3
Ci
W
°
T Y Cn Cys '
L » X C2 .
17

* Downside: may miss specular highlights at off-vertex positions or distort

specular highlights




Polygon Shading Methods - Phong Shading

* Phong shading linearly interpolates normal vectors, not colors

— more realistic specular highlights
illumination model

» Steps: N3
- determine average normal at each vertex N,
Ny,— G,
- linearly interpolate normals across edges ®
. . . T Np Na3
- linearly interpolate normals across scanlines

* Downside: need more calculations since need to do illumination model at each pixel
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Rendering With OpenGl (1) look also in www.opengl.org

glMatrixMode(GL PROJECTION) Modelview Matrix Stack

Define the viewing window: aluLookat(...) A
glOrtho() for parallel projection ol Translate(x.y.z) o
IFrust f ti jecti
glFrustum() for perspective projection glRotate(¢,,0,1,0) execution
glMatrixMode(GL MODELVIEW)
glRotate(¢,,0,0,1)
Specify the viewpoint
glRotate(¢,,1,0,0)
gluLookat() /* need to have GLUT */
Model the scene rotate first, then translate, then do viewing...
glTranslate(), glRotate(), glScale(), ...
Vertex OpenGL rendering pipeline
.
y Modelview | Projection| |Perspective Viewport
N : R : . . | Transfor- N
zZ Matrix »  Matrix Division [ ation
_W_
object eye clip window normalized
coordinates coordinates coordinates coordinates device

coordinates 19




Rendering With OpenGl (2)

Specify the light sources: glLight() Enable the z-buffer: glEnable(GL DEPTH TEST)
Enable lighting: glEnable(GL LIGHTING)
Enable light source i: glEnable(GL LIGHT:) /* GL LIGHT: is the symbolic name of light i */
Select shading model: glIShadeModel() /* GL FLAT or GL SMOOTH */
For each object:
/* duplicate the matrix on the stack if want to apply some extra transformations to the object */
glPushMatrix();
glTranslate(), glRotate(), glScale() /* any specific transformation on this object */
for all polygons of the object: /* specify the polygon (assume a triangle here) */
glBegin(GL POLYGON);
glColor3fv(cl); glVertex3fv(vl); glNormal3fv(nl); /* vertex 1 */
glColor3fv(c2); glVertex3fv(v2); glNormal3fv(n2); /* vertex 2 */
glColor3fv(c3); glVertex3fv(v3); glNormal3fv(n3); /* vertex 3 */
glEnd();

glPopMatrix() /* get rid of the object-specific transformations, pop back the saved matrix */

20




Texture Mapping - Realistic Detail for Boring Polygons

Model with
Shading

o ]

Model with
Shading
and Textures

At what point
do things start
looking realistic?

Leonard McMillan, UNC




Texture Mapping - Large Walls

Take pictures, map as textures onto large polygon




Texture Mapping Large Walls - OpenGL Program

glEnable(GL TEXTURE 2D);
for each polygon
glBindTexture(textureName);
glBegin(GL_QUAD);
glColor3tv(cl); glVertex3tv(vl);
glColor3fv(c2); glVertex3fv(v2);
glColor3fv(c3); glVertex3fv(v3);
glColor3fv(c4); glVertex3fv(v4);
glEnd();

glTexCoord2D(0.0, 0.0); /* vertex 1 */
glTexCoord2D(0.0, 1.0); /* vertex 2 */
glTexCoord2D(1.0, 1.0); /* vertex 3 */
glTexCoord2D(1.0, 0.0); /* vertex 4 */

(1.0,0.0)y. 5 (1.0, 1.0)

(0.0, 0.0) (0.0, 1.0)

5




Texture Mapping - Small Facets

For each triangle in the model
‘establish a corresponding region
in a "texture map"

4

L L& L
| F

A E

L 4

VAY. /

During rasterization interpolate the
coordinate indices within the texture map

Leonard McMillan, UNC




Texture Mapping Small Facets - OpenGL Program

glEnable(GL TEXTURE 2D);
glBindTexture(textureName);
for each polygon i in the mesh
glBegin(GL QUAD);
glColor3fv(c[1][0]); glVertex3fv(v[1][0]); glTexCoord2fv(t[1][0]); /* vertex 1 */
glColor3fv(c[i][1]); glVertex3fv(v[i][1]); glTexCoord2fv(t[i][1]); /* vertex 2 */
glColor3fv(c[1][2]); glVertex3fv(v[i][2]); glTexCoord2fv(t[1][2]); /* vertex 3 */
glEnd();

polygon mesh -7 texture (image)

interpolated texel




vertex
transformation

/

vertex shader
(vertex engine)

Complete Graphics Pipeline

transformed
vertices

transformed into screen space

rasterization
shading
texture mapping

fragment shader

(rasterizers)

screen display
(framebuffer)

88

(X X
(X X

°

— " oo

shaded and
texture fragments

\

fragments are interpolated
from texture image




Graphics Hardware - Peeking Under The Hood

 Graphics hardware accelerates vertex and fragment shaders

- (almost) fully programmable

- enables accurate physics and visuals

- realistic games

- latest: real-time movie production on the PC
- accelerate even general purpose, scientific

and numerical computations (GPGPU)
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	graphics.pdf
	. The exact position of the polygon vertex on a cube edge is found by linear interpolation:
	. Now interpolate the vertex color by:
	. Interpolate the vertex normal by:
	(the g1 and g2 are the gradient vectors at v1 and v2 obtained by central differencing)

	Polygon Mesh Data Structure
	. Vertex list (v1, v2, v3, v4, ...):
	(x1, y1, z1), (x2, y2, z2), (x3, y3, z3), (x4, y4, z4), ....

	. Edge list (e1, e2, e3, e4, e5, ...):
	(v1, v2), (v2, v3), (v3, v1), (v1, v4), (v4, v2), ...

	. Face list (f1, f2, ...):
	(e1, e2, e3), (e4, e5, -e1), ... or
	(v1, v2, v3), (v1, v4, v2), ...

	. Normal list (n1, n2, ...), one per face or per vertex
	(n1x, n1y, n1z), (n2x, n2y, n2z), ...

	. Use Pointers or indices into vertex and edge list arrays, when appropriate

	Rendering With OpenGl (1)
	. glMatrixMode(GL_PROJECTION)
	. Define the viewing window:
	glOrtho() for parallel projection
	glFrustum() for perspective projection

	. glMatrixMode(GL_MODELVIEW)
	. Specify the viewpoint
	gluLookat() /* need to have GLUT */

	. Model the scene
	glTranslate(), glRotate(), glScale(), ...


	Volume Graphics
	. Sampled data:
	- semi-transparent cloud of points on a discrete grid
	- no explicit notion of surfaces (i.e., no explicit inside-outside)
	- a gel-type material that reflects and attenuates light, controlled by transfer functions

	. Iso-surfacing: generate opaque and semi-opaque surfaces on the fly
	. Slicing: display the volume data, mapped to colors, along a slice plane
	. Transparency effects: volume material attenuates reflected or emitted light

	Surface Graphics
	. Objects are explicitely defined by a surface or boundary representation (explicit inside vs outside)
	. This boundary representation can be given by:
	- a mesh of polygons:
	- a mesh of spline patches:


	Volume Graphics vs. Surface Graphics
	. Volume graphics
	- maintains a representation that is close to the underlying fully-3D object (but discrete)
	- has high rendering complexity
	- hardware acceleration is complex and expensive (a commodity board costs over $3,000)

	. Surface graphics
	- discards the interior of the object and just maintains the object’s shell
	- fast rendering algorithms are available
	- acceleration in special hardware is relatively easy and cheap (many $200 game boards)
	- use OpenGL to specify rendering parameters
	- use object-order polygon mesh projection algorithms for rendering (described next)


	Polygon Mesh Definitions
	, e21 = -e12
	Rule: if all edge vectors in a face are ordered counter- clockwise, then the face normal vectors will always point towards the outside of the object.
	This enables quick removal of back-faces (back-faces are the faces hidden from the viewer):
	- back-face condition: vp · n > 0
	v1, v2, v3: vertices (3D coordinates)
	e1, e2, e3: edges
	e1 = v2 - v1 and e2 = v3 - v2
	f1: polygon or face
	n1: face normal

	Rendering With OpenGl (2)
	Specify the light sources: glLight() Enable the z-buffer: glEnable(GL_DEPTH_TEST)
	Enable lighting: glEnable(GL_LIGHTING)
	Enable light source i: glEnable(GL_LIGHTi) /* GL_LIGHTi is the symbolic name of light i */
	Select shading model: glShadeModel() /* GL_FLAT or GL_SMOOTH */
	For each object:
	/* duplicate the matrix on the stack if want to apply some extra transformations to the object */
	glPushMatrix();
	glTranslate(), glRotate(), glScale() /* any specific transformation on this object */
	for all polygons of the object: /* specify the polygon (assume a triangle here) */
	glBegin(GL_POLYGON);
	glColor3fv(c1); glVertex3fv(v1); glNormal3fv(n1); /* vertex 1 */
	glColor3fv(c2); glVertex3fv(v2); glNormal3fv(n2); /* vertex 2 */
	glColor3fv(c3); glVertex3fv(v3); glNormal3fv(n3); /* vertex 3 */
	glEnd();
	glPopMatrix() /* get rid of the object-specific transformations, pop back the saved matrix */

	Ambiguous Cases
	CSE 564: Scientific Visualization
	Lecture 20: Polygon-Based Volume Rendering
	Klaus Mueller
	Stony Brook University
	Computer Science Department
	” Klaus Mueller, Stony Brook 2003

	Object-Order Viewing - Overview
	A view is specified by:
	- eye position (Eye)
	- view direction vector (n)
	- screen center position (Cop)
	- screen orientation (u, v)
	- screen width W, height H
	u, v, n are orthonormal vectors
	After the viewing transform:
	- the screen center is at the coordinate system origin
	- the screen is aligned with the x, y-axis
	- the viewing vector points down the negative z-axis
	- the eye is on the positive z-axis
	All objects are transformed by the viewing transform

	Step 1: Viewing Transform
	. The sequence of transformations is:
	- translate the screen Center Of Projection (COP) to the coordinate system orgin (Tview)
	- rotate the translated screen such that the view direction vector n points down the negative z- axis and the screen vectors u, v are aligned with the x, y-axis (Rview)

	. We get Mview = Rview · Tview
	. We transform all object (points, vertices) by Mview:
	. Now the objects are easy to project since the screen is in a convenient position
	- but first we have to account for perspective distortion ...


	Step 2: Perspective Projection
	. A (view-transformed) vertex with coordinates (x’, y’, z’) projects onto the screen as follows:
	. xp and yp can be used to determine the screen coordinates of the object point (i.e., where to plot the point on the screen)

	Step 1 + Step 2 = World-To-Screen Transform
	. Perspective projection can also be captured in a matrix Mproj with a subsequent perspective divide by the homogenous coordinate w:
	. So the entire world-to-screen transform is:
	Mtrans = Mproj · Mview = Mproj · Rview · Tview
	with a subsequent divide by the homogenous coordinate

	. Mtrans is composed only once per view and all object points (vertices) are multiplied by it

	Step 3: Window Transform (1)
	. Note: our camera screen is still described in world coordinates
	. However, our display monitor is described on a pixel raster of size (Nx, Ny)
	. The transformation of (perspective) viewing coordinates into pixel coordinates is called window transform
	. Assume:
	- we want to display the rendered screen image in a window of size (Nx, Ny) pixels
	- the width and height of the camera screen in world coordinates is (W, H)
	- the center of the camera is at the center of the screen coordinate system

	. Then:
	- the valid range of object coordinates is (-W/2 ... +W/2, -H/2 ... +H/2)
	- these have to be mapped into (0 ... Nx-1, 0 ... Ny-1):


	Step 3: Window Transform (2)
	. The window transform can be written as the matrix Mwindow:
	. After the perspective divide, all object points (vertices) are multiplied by Mwindow
	. Note: we could figure the window transform into Mtrans
	- in that case, there is only one matrix multiply per object point (vertex) with a subsequent perspective divide
	- the OpenGL graphics pipeline does this


	Orthographic (Parallel) Projection
	. Leave out the perspective mapping (step 2) in the viewing pipeline
	. In orthographic projection, all object points project along parallel lines onto the screen

	Remove Ambiguities Using the Asymptotic Decider Method
	. Explain in 2D:
	- surface created by bilinear interpolation
	- function
	- gives rise to two hyperbolas B(s,t) = a (isovalue)
	- ambiguity: both hyperbolas intersect domain (0,0), (1,1)
	- resolve ambiguity by comparing B(Sa,Ta) with a


	Rendering the Polygonal Objects - The Hidden Surface Removal Problem
	. We have removed all faces that are definitely hidden: the back-faces
	. But even the surviving faces are only potentially visible
	- they may be obscured by faces closer to the viewer

	. Problem of identifying those face portions that are visible is called the hidden surface problem
	. Solutions:
	- pre-ordering of the faces and subdivision into their visible parts before display (expensive)
	- the z-buffer algorithm (cheap, fast, implementable in hardware)


	The Z-Buffer (Depth-Buffer) Scan Conversion Algorithm
	. Two data structures:
	- z-buffer: holds for each image pixel the z-coordinate of the closest object so far
	- color-buffer: holds for each pixel the closest object’s color

	. Basic z-buffer algorithm:
	// initialize buffers
	for all (x, y)
	z-buffer(x, y) = -infinity;
	color-buffer(x, y) = colorbackground
	// scan convert each front-face polygon
	for each front-face poly
	for each scanline y that traverses projected poly
	for each pixel x in scanline y and projected poly
	if zpoly(x, y) > z-buffer(x, y)
	z-buffer(x, y) = zpoly(x, y)
	color-buffer(x, y) = colorpoly(x, y)
	Polygon Shading Methods - Faceted Shading

	. How are the pixel colors determined in z-buffer?
	. The simplest method is flat or faceted shading:
	- each polygon has a constant color
	- compute color at one point on the polygon (e.g., at center) and use everywhere
	- assumption: lightsource and eye is far away, i.e., N·L, H·E = const.

	. Problem: discontinuities are likely to appear at face boundaries
	Polygon Shading Methods - Gouraud Shading

	. Colors are averaged across polygons along common edges Æ no more discontinuities
	. Steps:
	- determine average unit normal at each poly vertex:
	n: number of faces that have vertex v in common
	- apply illumination model at each poly vertex Æ Cv
	- linearly interpolate vertex colors across edges
	- linearly interpolate edge colors across scan lines

	. Downside: may miss specular highlights at off-vertex positions or distort specular highlights
	Polygon Shading Methods - Phong Shading

	. Phong shading linearly interpolates normal vectors, not colors
	Æ more realistic specular highlights

	. Steps:
	- determine average normal at each vertex
	- linearly interpolate normals across edges
	- linearly interpolate normals across scanlines
	- apply illumination model at each pixel to calculate pixel color

	. Downside: need more calculations since need to do illumination model at each pixel

	The Marching Cubes Polygonization Algorithm
	. The Marching Cubes (MC) algorithm converts a volume into a polygonal model
	- this model approximates a chosen iso-surface by a mesh of polygons
	- the polygonal model can then be rendered, for example, using a fast z-buffer algorithm
	- if another iso-surface is desired, then MC has to be run again

	. Steps:
	- imagine all voxels above the iso-value are set to 1, all others are set to 0
	- the goal is to find a polygonal surface that includes all 1-voxels and excludes all 0-voxels
	- look at one volume cell (a cube) at a time Æ hence the term Marching Cubes
	- here are 2 of 256 possible configurations:


	Marching Cubes (2)
	. One can identify 15 base cases
	- Use symmetry and reverses to get the other 241 cases
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	CSE 332: Introduction to Visualization
	Lecture 14: Hardware Accelerated Rendering
	Klaus Mueller
	Stony Brook University
	Computer Science Department
	” Klaus Mueller, Stony Brook 2003
	Dear Santa - Bring Me Graphics Hardware
	. Commodity graphics hardware boards for PCs have become available for less than $400
	- performance grows at triple of Moore’s law
	- currently run at 400 GFlops/sec (the speed of 1990’s $1M supercomputers)
	- work best for SIMD (Same Instruction, Multiple Data) operations
	- SIMD = long for-loops with little inter-loop dependencies, for example:
	for (i=0; i<1000000; i++) a[i] = b[i]+c[i]; end;
	- graphics operations are like this
	- lots of polygons that need to be transformed, shaded, rasterized, and texture-mapped


	Texture Mapping - Realistic Detail for Boring Polygons
	Texture Mapping - Large Walls
	Texture Mapping - Small Facets
	Texture Mapping Small Facets - OpenGL Program
	glEnable(GL_TEXTURE_2D);
	glBindTexture(textureName);
	for each polygon i in the mesh
	glBegin(GL_QUAD);
	glColor3fv(c[i][0]); glVertex3fv(v[i][0]); glTexCoord2fv(t[i][0]); /* vertex 1 */
	glColor3fv(c[i][1]); glVertex3fv(v[i][1]); glTexCoord2fv(t[i][1]); /* vertex 2 */
	glColor3fv(c[i][2]); glVertex3fv(v[i][2]); glTexCoord2fv(t[i][2]); /* vertex 3 */
	glEnd();

	Texture Mapping Large Walls - OpenGL Program
	glEnable(GL_TEXTURE_2D);
	for each polygon
	glBindTexture(textureName);
	glBegin(GL_QUAD);
	glColor3fv(c1); glVertex3fv(v1); glTexCoord2D(0.0, 0.0); /* vertex 1 */
	glColor3fv(c2); glVertex3fv(v2); glTexCoord2D(0.0, 1.0); /* vertex 2 */
	glColor3fv(c3); glVertex3fv(v3); glTexCoord2D(1.0, 1.0); /* vertex 3 */
	glColor3fv(c4); glVertex3fv(v4); glTexCoord2D(1.0, 0.0); /* vertex 4 */
	glEnd();

	Complete Graphics Pipeline
	Graphics Hardware - Peeking Under The Hood
	. Graphics hardware accelerates vertex and fragment shaders
	- (almost) fully programmable
	- enables accurate physics and visuals
	- realistic games
	- latest: real-time movie production on the PC
	- accelerate even general purpose, scientific and numerical computations (GPGPU)


	Graphics Hardware - Potential to Accelerate Volume Rendering
	. Recall:
	- a volume can be regarded as a stack of 2D images
	- a 2D image can be regarded as a 2D texture
	- graphics hardware is optimized for fast 2D texture rasterization (i.e., interpolation)
	ﬁ looks like graphics hardware will be able to help to accelerate volume rendering

	. The remaining questions are:
	- is the level of programmability sufficient to perform the required operations?
	- we also need normal estimation, dot products, phong exponentiation, compositing, ...


	Volume Rendering with 2D Textures
	. Represent the volume as a stack of axis-aligned “proxy polygons”
	. Texture-map volume slices onto corresponding proxy polygons
	. Render polys to the screen, properly shifted according to viewing direction, in front-to-back order
	. Add or composite and shade slice by slice
	. There are two main disadvantages with this approach:
	- sampling distance d is larger than 1.0 for off-axis viewing directions
	- need three stacks of volumes, one for each major viewing direction


	Volume Rendering with 3D Textures
	. Create a stack of view-aligned “proxy polygons”
	. 3D texture-map the volume onto proxy polygons
	. Render the polys to the screen in front-to-back order, interpolating densities via tri-linear interpolation from the 3D texture
	. Look up RGBA from the transfer functions, using the interpoated density as the index
	. Add or composite and shade slice by slice
	. With this approach:
	- sampling distance d is always 1.0 (or any other as desired)
	- need only one volume (for 3D texture)

	. Nowadays all high-end graphics boards support 3D textures
	- somewhat slower than 2D textures
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