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Modeling Transforms

Vast majority of transformations
are modeling transforms

Generally fall into one of two
classes

Transforms that relate a local
model’ s frame to the scene’s
world frame

~ Modeling
Transformations

s A

Transforms that move parts within
the model

Generally, only Similitude and
Euclidean transforms are needed
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Transformation Hierarchies

y models are composed of
pendent moving parts

h part defined in it’ s own
dinate system

pose transforms to position and
nt the model parts

mple “One-chain” Example
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Jel parts are nodes
sforms are edges

at transform is applied to the
d part to get it into world
dinates?

__ it Tbase sy=body=g=neck=g=head
0 Tworld -rbase -rbody .rneck
pose that you’ d like to rotate
Neck joint at the point where it
2ts the Body. Then what is the
d’ s transform to world space?

Bt . t neck
m3 - m2-|-body

B . t Tbase Tbodynr;?ji/kRThead

world " base neck
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Using Graphs to Model
Hierarchies
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Code Example (15t try)

public override void Draw() {
glClear(GL_COLOR_BUFFER_BITGL_DEPTH_BUFFER_BIT);
glLoadldentity();
glTranslated(0.0, 0.0, -60.0); // world-to-view transform
glColor3d(0,0,1);
glRotated(-90, 1, O, 0); // base-to-world transform
mom.Draw(Lamp.BASE);
mom.Draw(Lamp.BODY);
mom.Draw(Lamp.NECK);
mom.Draw(Lamp.HEAD);
glFlush();

T —
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Code Example (2" Try)

override void Draw() {
IClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
ILoadldentity();

ITranslated(0.0, 0.0, -60.0);  // world-to-view transform
IColor3d(0,0,1);

IRotated(-90, 1, 0, 0); // base-to-world transform
om.Draw(Lamp.BASE);

ITranslated(0,0,2.5); // body-to-base transform
om.Draw(Lamp.BODY);

ITranslated(12,0,0); /I neck-to-body transform
om.Draw(Lamp.NECK);

ITranslated(12,0,0); /[ head-to-neck transform

IFlush();
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erride void Draw() {
adldentity();

lor3d(0,0,1);
ated(-90, 1, 0, 0);
.Draw(Lamp.BASE);
nslated(0,0,2.5);
ated(-30, 0, 1, 0);
.Draw(Lamp.BODY);
nslated(12,0,0);
ated(-115, 0, 1, 0);
.Draw(Lamp.NECK);
nslated(12,0,0);
ated(180, 1, 0, 0);
.Draw(Lamp.HEAD);
sh();

Code Example (3 try)

2ar(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);

nslated(0.0, -12.0, -60.0); // world-to-view transform

/| base-to-world transform

// body-to-base transform
// rotate body at base pivot

/I neck-to-body transform
// rotate neck at body pivot

/I head-to-neck transform
// rotate head at neck pivot
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xercise: A Trackball Interface

ommon Ul for manipulating objects
tual trackball
legree of freedom device

)wever, its differential behavior
yvides a intuitive rotation
ecification
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A Virtual Trackball

agine the viewport as floating above, and just touching
actual trackball.

DU receive the coordinates in screen space of the
ouseDown() and MouseMove() events.

hat is the axis of rotation?
hat is the angle of rotation?

~
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ome help with virtual trackball

.cse.ohio-state.edu/~crawfis/cis781/Slides/VirtualTrackball.html
ouse to the sphere

// Utility routine to calculate the 3D position of a

// projected unit vector onto the xy-plane. Given any

// point on the xy-plane, we can think of it as the projection

// from a sphere down onto the plane. The inverse is what we
// are after.

// Still need to normalize, since we only capped d, not v.
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atermine Rotation Axis and Angle

ndle any necessary mouse movemenits

Left-mouse button is being held down

Map the mouse position to a logical

Iflittle movement - do nothing.

Rotate about the axis that is perpendicular to the great circle connecting the
mouse movements.
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Apply GL Rotation

ry important: the order!

// We need to apply the rotation as the last transformation.
1. Get the current matrix and save it.
‘2. Set the matrix to the identity matrix (clear it).
‘3. Apply the trackball rotation

// 4. Pre-multiply it by the saved matrix.
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Projections

es are greatly simplified by the fact that viewing transformations

orm the eye to the origin and the look-at direction (optical axis) to a

led coordinate axis. This reduces the range of projection matrices.

e TR T

] N ‘N’; ? "_‘

2ction maps all 3-D b ph i % : A

ates onto a desired S Be, \~_

g plane. Thus, making our | T

orld into a 2-D image. This |

mapping is not affine like ¢

e transforms we've

ed thus far. In fact,

lon matrices do not

)rm points from our affine
pback into the same

= A

transform points into something different. Usually, we will use a
action matrix to reduce the dimensionally of our affine points. Thus,
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Orthographic Projection

mplest form of projection, is to simply project all points along lines

2l to the z-axis. This form of projection is called orthographic or

el. It is the common form of projection used by drafts people for top,

, and side views. The advantage of parallel projection is that the you
ake accurate measurements of image features in the two dimensions
main. The disadvantage is that the images don't appear natural (i.e.
ack perspective foreshortening).

IS an example of an
llel projection of our
e.

e that the parallel lines of
led floor remain parallel
orthographic projection.

"
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Orthographic projection

?
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Orthographic Projection

rojection matrix for orthographic projection is very simple

X7 11 0 0 07rx
vl 1o 1 0 olly
1" lo o 0 0l|z
1| o o o 1|l1

are some problems with this simple form, however. To begin with

» units of the transformed points are still the same as the model. This
great for drafting, but in our case we'd like to units that are model-
ependent. This will allow us to perform a wide range of operations
ng normalized coordinates.
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ormalized Device Coordinates

efore we will compose our projection with a set of scale
d a translation that maps our coordinates in world units
a normalized coordinates.

J—far

!
| i i
——near Normalized Device Coordinates
right
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X7 [or2

y 0
0

right —left

0

2

top—bottom

0

0
0

2

far —near

—(right +left) -
right —left
—(top+bottom)
top—bottom

—(far +near)
far —near

thographic Projections to NDC

IS the mapping:

We also scale
the z
coordinate in
exactly the
same way
(i.e.all z
values
between near
and far are
mapped from
-1to1l

respectively).

X
y
Z

1

1l 0 0 0

e sanity checks:

1 \y

J L= 4 Technically,
? this
coordinate is
not part of the
projection.
But, we will

use this value
of z for other

i I 2eft right +left _ right-left PUIPOSES.
g = Ieft — X = right —left ~— right—left — = right—left — —1

T I 2right right +left _ right-left
R = rlght = X = right —left ~— right—left — right—left — ]
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Orthographic Projection In
OpenGL

atrix is constructed by the following OpenGL call:

glOrtho(double left, double right,
double bottom, double top,
double near, double far);

he 2-D version (another GL utility function):

Jd gluOrtho2D( double left, GLdouble right,
double bottom, GLdouble top);

IS just a call to glOrtho( ) with near = -1 and far = 1;
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Perspective Projection

tists (Donatello, Brunelleschi, Durer, and Da Vinci) during the
naissance discovered the importance of perspective for making
ages appear realistic. This outdates mathematicians by more than
)O years. Perspective causes objects nearer to the viewer to appear
ger than the same object would appear farther away. Another for
roducing homogenous coordinates to computer graphics was to
complish perspective projections using linear operators.
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Signs of Perspective

e how lines known to be parallel in image space appear
converge to a single point when viewed in perspective.
IS IS an important attribute of lines in projective spaces,
2y always intersect at a point.
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Perspective Projection 1

sume project through origin onto plane z = d
XA

. (X!Y=Z)

(xpsypazp)

2= d z
at are the coordinates of the projected point x,
e
p
_d-l‘_l‘ _d-y_y o
R _z/d T _z/d P

Coneuren \ )



Perspective Projection

mplest transform for perspective projection is:

wxl [1L 0 0O O][x

wy'| |0 1 0 Ofly

wz'| [0 0 1 0|z

w| [0 0 1/d 1{|1] | W

e assume the COP is at the origin and implan = d

en apply our rules for a projective spaces, to find our preferred

nt (the one with a fourth component of 1) by dividing each element
he vector by w. In this example projection matrix, w is simply the z
ponent.
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0jection Plane atz=0
JPatz=-d

at happens when d
es to infinity

X\
. (K!er)
"#T-()’(pan:Zp)
o
z % 0 Z
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Normalized Perspective

n the orthographic case, perspective projection preserves
e units of world-space. Once again, to simplify later
perations we would like to specify a perspective projection
here some specific range of world-space coordinates are
apped to a Normalized coordinate system.

left ol
N

rightt 1

iop 1

bottom -1
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Viewing Frustum

right = fin, top = fin, —far)

(1,1, 1)
{right, top, —near)
projection plans -’_*
Z=-near y

=1, -1,-1)
right—handed; view is along —z axis left-handed; z increases into display
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NDC Perspective Matrix

an be accomplished with a clever composition of transforms with
projection matrix.

i / - ~  2-near —( right +Ieft) =\
WX right —left 0 right —left O X
/ 2. —(top+bottom)
\Ny _ O top—ggi'zom top—bottom O y
1 far +near —2-far -near
WZ O 0 far —near far —near z
W 0 0 1 0 1
alues ofleft, right, top, and bottom are specified at the near depth.
'S try some sanity checks:
- 2-near-left near(right +left)
X = left sy = right -left ~—  right —left _ —near _ _1
Z = near near near
— ri 2-near-right near(right +left)
S rlght sy = right -left ~—  right —left _ near _ 1
Z = near near neat
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Perspective in OpenGL

L provides the following function to define perspective
sformations:

void glFrustum(double left, double right,
double bottom, double top,
double near, double far);

2 think that using glFrustum( ) is nonintuitive. So
)enGL provides a utility function with simpler, but less
eral capabilities.

d gluPerspective(double vertfov, double aspect,
double near, double far);

e 2 1 ) Lecture 10



~

T [ AV T A

/
~

stituting the

aspect * near * tan(vert fov/2)

"~~~ near *tan(vert fov/2)

B (T A ) 3 10 |

~_near * tan(vert fov/2)

extents into glFrustum()

gluPerspective()

following figure illustrates the parameters of
gluPerspective()

-aspect * near * tan(vert fov/2)

Simple “camera-
like” model

Can only specify

' B CcoT (veréfov)
VX aspect 0 0
!/
wy'l | 0 COT(®™™ 0
28 far+near
/2 O O far—near
T 0 0 1
g Lecture 10

symmetric
frustums.
0 |[x
0 y
—2-farnear || Z
far—near
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Frame verses Coordinate

to render the scene it is
ary to reorient the entire e pmewew
uch that the camerais
at the origin. Moreover, if -;*,Yw .
the scene so that its ey 5
IS (the direction it is
IS along one of the
te axes and twist the
0 that the desired up
Is aligned with our
S up direction we can
simply the clipping
jection steps that

"'.
:\3.\

er, it is more “natural” to think of the camera as if it were an object
ned in the world frame. So we will define the mapping between

 @8lng the more intuitive model (considering the camera as a model).
S 15-3-9 Lecture30



First, we perform the rotations
needed to align the two coordinate
frames.

Then we need to perform a
translation that will move the origin
of our world space to the camera's
origin. (Why do we rotate first and
then translate?)

r3-4 LA
I R
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An Intuitive Specification

tify a point where the

S located (in world space),
it the eye point. Then we
some other world-space
he scene that we wish to
the center of our view.

| this point the look-at

2xt, we identify a world
actor that we wish to be
upwards in our final

nd this point we'll call the
.

specification allows us to specify an arbitrary camera path by

ging only the eye point and leaving the look-at and up vectors

ched Or we could pan the camera from object to object by leaving

WieBpoint and up-vector fixed and changing only the look-at point.
15-3-9 LecturesQ



eriving the Viewing Transform

mpute the rotation part of the viewing transformation first.

tunately, we know some things about the rotation matrix that we are
ing for.

stance, consider a vector along the look-at direction:

1.7 [lookat,] [eye,’
|, | =|lookat, |- |eye,
I, | |lookat,| |eye,

After normalizing it
T I

- 2 2 2
JEHE 41

( .‘:":-‘"E . ) 15-3-9 Lecture39



First Constraint

asulting unit vector, | , is often called the “look-at” vector.

expect our desired rotation matrix to map | to the vector [0, O, -1]7
(Why?).

o
-

>

-
|
A

>

I
=

e g r 15-3-9 Lecture3@




Second Constraint

) |S another special vector that we can compute. If we find the cross
oduct between the “look-at” vector with our “up” vector, we will get a
tor that points to the right.

r=qup

Xpect this vector, when normalized, will transform to the vector [1, O,

r

=RV 2 2 2
I +ry+rz
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Third Constraint

ly, from these two vectors we can synthesize a third vector that is
2rpendicular to both the look-at and right vectors. It is also oriented in
e up direction.

u=rxl

—

1=R .

Vv
Juf+u§+uf

we’ ve specified everything that the viewing matrix must do.
@fieed only construct it.
15-3-9 Lecture8e



Putting It all Together

lets consider all of these constraints together.

o O o
© . O
- O O
[
I?I
>
|

Jer to compute the matrix, R, we need only compute the
erse of the matrix formed by concatenating our 3 special
tors. We will instead employ a little trick from linear
jebra.

\_ ) 15-3-9 Lecture3d



When Transpose Is Inverse

2mber that each of our vectors are unit length (we normalized them).
50, each vector is perpendicular to the other two. These two
nditions on a matrix makes it, orthogonal. Rotations are also
hogonal. Orthonormal matrices have the unique property that:

if M isOrthonormal M™* =M’

fore, the rotation component of our viewing transformation is just the
nspose of the matrix formed by our selected vectors as rows.

1
-
1

>

R, =
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Now for the Translation

dtation that we just derived is specified about the eye point in world

ore, before we can apply this rotation, we need to translate all
rld-space coordinates so that the eye point is at the origin.

< t . 1

e =WR,T_,
osing these transformations gives our viewing transform, V.

f, f, f, 0][1 0 0O -eye ? _f-eye]
G, G, G, 00 1 0 -eye (i _{-eye

T = -1 - Ty -1 of||0 0 1 -eye B _1 | -eye
0 0 0O 1(|0 0 O 1 _0 0 O 1
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lewing transforms in OpenGL

L provides a function for computing viewing
sformations specified in terms of world space coordinates in
ity library:

D0KAt(double eyex, double eyey, double eyez,
double centerx, double centery, double centerz,

double upx, double upy, double upz);

utes the same transformation that we derived and
noses it with the current matrix.

15-3-9 Lecturet©



Handling Occlusions

) most interesting scenes and viewpoints, some
lygons will overlap; somehow, we must determine which
rtion of each polygon is visible to eye.

Lecture 13



A Painter's Algorithm

2 painter's algorithm, sometimes called depth-sorting, gets its name
the process which an artist renders a scene using oil paints. First,
artist will paint the background colors of the sky and ground. Next, the
t distant objects are painted, then the nearer objects, and so forth.

2 that oll paints are basically opaque, thus each sequential layer
pletely obscures the layer that its covers.

ry similar technique can be used for rendering objects in a three-
ansional scene. First, the list of surfaces are sorted according to their
ance from the viewpoint. The objects are then painted from back-to-

e this algorithm seems simple there are many subtleties. The first
e IS which depth-value do you sort by? In general a primitive is not

ely at a single depth. Therefore, we must choose some point on the
y . —
itive to sort by.

y & d
>
THES Lecture 13




Problems with Painters

» painter's algorithm works great... unless one of the
INng happens: -2
triangles and little triangles. This

blem can usually be resolved using
her tests. Suggest some. o o

other problem occurs when the triangle
a model interpenetrate as shown

OW. This problem is a lot more difficult to "
dle. generally it requires that primitive
subdivided (which requires clipping). 2

les among primitives

% > X
8 Lecture 13



Pixel-Level Visibility

Thus far, we've considered visibility at the level of
primitives. Now we will turn our attention to a class of
algorithms that consider visibility at each pixel.

A A A A AL R AL L R R LR . - SESTIIRRIEREMS
A A A A A A L 0 LA ALl LR LA A A L A LA AL
LA A A A A A L A L L L L L L L AN 2 A A A A0 0 0 AL
A A A A L A A A A L L L L L L L L LN e L L L L L 2Ll
A A A A A A A L L L AL LRl FOO0NNRBIRIRAEYS
A A A A A A L A A L LA Ll A A A L A L L A L LA L
A A L L L A L L L L L L4
e A A 2 2 2 A B4

e
A A
LA L
e
a«er

-

B
® @
° ~
e o
- e
o
.

sSoBBeaeer
S
°
.-
"2 T I
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Ray Casting

thm: Cast a ray from the viewpoint through each pixel to find the
sest surface

ring Loop:
2ach pixel in image
ompute ray for pixel /
set depth = Z,, 5« ?“
oreach primitive in scene '
If (ray intersects primitive) then §§'
if (distance < depth) then §
pixel = object color
depth = distance to object
endif
endif
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Ray Casting

vantages

Conceptually simple

Can support CSG

Can take advantage of spatial coherence in scene

Can be extended to handle global illumination effects (ex: shadows
and reflectance)

sadvantages
Renderer must have access to entire retained model
Hard to map to special-purpose hardware

Visibility determination is coupled to sampling
» Subject to aliasing
 Visibility computation is a function of resolution
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Depth Buffering

t a ray from the viewpoint through each pixel to find the closest surface
dering Loop:

depth of all pixels to Z,,,
ach primitive in scene

etermine pixels touched
yreach pixel in primitive /

compute z at pixel

if (z < depth) then
pixel = object color \

depth =2z
endif
dfor

|
i
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Depth Buffering

Jvantages

Primitives can be processed immediately (Hence: Immediate mode
graphics API's)

Primitives can be processed in any order (Exception: primitives at same
depth)

Well suited to H/W implementation simple control of low-level (per pixel)
operations

Spatial coherence
* Incremental evaluation of loops
« Good memory access pattern

sadvantages

Visibility determination is coupled to sampling (Subject to aliasing)
Requires a Raster-sized arrray to store depth

Read-Modify-Write (Hard to make fast)

Excessive over-drawing
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think that | shall never see...

ry Space Partition (BSP) tree is a simple
atial data structure:
Select a partitioning plane/face.

Partition the remaining planes/faces
according to the side of the
partitioning plane that they fall

on (+ or -).

Repeat with each of the two new sets.

rtitioning facets: —_—
rtitioning requires testing all facets in the \
tive set to find if they 1) lie entirely on the

itive side of the partition plane, 2) lie

tirely on the negative side, or 3) if they

)Ss it. In the 3" case of a crossing face

2 clip the offending face into two halves

5ing our plane-at-a-time clipping

ithm).

i
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omputing Visibility with BSP
ng at the root of the tree. treeS

. Classify viewpoint as being in the positive
or negative halfspace of our plane

. Call this routine with the negative child
(if it exists)
. Draw the current partitioning plane

. Call this routine with the positive child
(if it exists) =

vely, at each partition, we first draw \

e stuff further away than the current
ane, then we draw the current plane,
d then we draw the closer stuff. BSP
aversal is called a "hidden surface elimination™

gorithm, but it doesn’t really "eliminate" anything; it

orders the drawing of primitive in a back-to-front order.

i
i
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BSP Tree Example

puting visibility or depth-sorting
BSP trees is both simple and fast. 1

solves visibility at the primitive level.

ility computation is independent of
Bh size

uires considerable preprocessing of
scene primitives

itives must be easy to subdivide
g planes

ports Constructive Solid Geometry
modeling
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