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Topics

A Computer Graphics main tasks
A Geometric Primitives

A Geometric transformations

A 2D and 3D visualization

A Projections



CG Malin Tasks

A Modeling

I Construct individual models / objects
I Assemble them into a 2D or 3D scene (ustagsformations

A Rendering
I Generate final images:
I How is the scene illuminated?
I What are the materials of the objects?
I Where is the observer? How is he/sloeking at the scen@

A Animation
I Static vs. dynamic scenes
T Movement and / or deformation



Geometric Primitives

A Simple primitives Examples:
I Points
i Line segments @roenGL Geometric Primitives
i Polygons A @

A Geometric primitives : L.;;:m, Ew:g .

s

I Parametric curves / surfaces-_~_~

vz v3

i Cubes, spheres, cylinders, eté.™ e

LA AL

https://threejs.org/manual/#en/primitives 4



https://threejs.org/manual/#en/primitives

Computer Graphics APlIs

A Create 2D / 3D scenes from simple primitives
AhwsSyp[ yR o @penGL ; CeenGLES

I Rendering @
i No modeling or interaction facilities ebGL.

Microsoft’

A Direct 3D¢ Microsoft DirectX

A VTK \V/ﬂ(

I 3D CG + Image processing + Visualization

A Three.js Whreejs

A+xdz 1y X uikan



Three.|s

A CrossbrowserJavaScript library/ARised to create and display
animated3D computer graphias aweb browser.

A UsesWebGL

three.js ™

gecieos CHRISTMAS XP : @ React VR

google I ‘ ! o - Hennesy

o DEPR(‘]'Q’RAMMEU ‘ B ] s S \|\~|||'<||\|lf|\|ll()>\\:( HAOS
Interactive

3D Graphics
T Enc Haines

https://threejs.org



https://threejs.org/

Geometric Primitives three.js examples

const width = 8; // ui: width

const height = 8; // ui: height

const depth = 8; // ui: depth

const geometry = new THREE.BoxGeometry(width, height, depth);

const radius = 6; // ui: radius

const height = 8; // ui: height

const radialSegments = 16; // ui: radialSegments

const geometry = new THREE.ConeGeometry(radius, height, radialSegments);

const radius = 7; // ui: radius
const widthSegments = 12; // ui: widthSegments
const heightSegments = 8; // ui: heightSegments

const geometry = new THREE.SphereGeometry(radius, widthSegments,
heightSegments);

https://threejs.org/manual/#en/primitives



https://threejs.org/manual/#en/primitives

3D visualization pipeline
(coordinate transformations)

Modcling

MO = :
. Transformation

e W g

Viewing
Transformation

. (1 cm—

Transformation

MC- Modelling coordinates
WCc¢ World coordinates

VC¢ Viewing coordinates
PCc Projection coordinates
NC¢ Normalized coordinates
DC¢ Display coordinates

| Progection PC

rmalizabon
Tnnskmbon

Viewport I
P — Transformation

(Hearn & Baker, 2004)



2D and 3D visualization pipeline

A We will start by 2D transformations and viewing a 2D scene

and then generalize to 3D

A Main operations represented as point transformations
I Basic transformation matrices
I Homogeneous coordinates

I Matrix multiplication and composed transformations



Basic 2D Transformations

p=(X,y) A original point

po = (Axtransformel point . X
A Basic transformations: LY _
- Translation T
. Paé
- Scaling v
- Rotation /

Vector notation

Complex transformations may be expressed as a composition of these

10



Translation

Alt IS necessary to specify translations<iand y

X0 =x YO+=yty +

/ PE= P+ T
p /

transformation matrix

11



Translation

Altis arigid body transformatior{it does not deform the object)

- To apply a translation to a B e, B
line segment we need only to 5 10 15 20
transform the end points

- To apply a translation to a
polygon we need only to
transform the vertices

i
1

Tage  as . e,
(b)
(Hearn & Baker, 2004) 12
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Rotation

ATo apply a 2D rotation we need to specify:

- a point (center of rotation)
(X1 W)

- arotation anglef (the convention is: positive> counter
clockwise

/ / Positive rotation
/
/

X 13



Rotation around the origin

AThe simplest case:
X 0 = 1 +d&)o=gcogl cosUTi rsind sinU

y 6 = @+ B)i=ncoqd sinU+rsini cosU

Polarcoordenates of the original point:

X =r cosUl
r sin|(d +d) (') y=rsind
Replacing:

X 6 = Uxysmbo s
yE= X sinU+y cosU

14



2D Rotation In matrix notation

X 6 = (U+U0)escost cosU¢rsint sinU

<
@)
[

@ +) ¥ rrcosd sinU+ r sin G cosU

x’ cosf) —sinb X
y'| = |sin@ cos6 | |y

rsin(@+d) 4

PP=R(@#)-P

Reminder:
cos(U + b=)cos Ucos b1 sinUsin b =

cos (UT B=)os Ucos b + sin Usin b




Scaling

A Modifies the size of an object; we need to speeifyling
factors s, ands,

X
o O
[
X
>
0p)

<
[
<
<
9]

HEREH

Trasformation matrix Transforming a square into a

\ larger square applying a
P = S . pscalingg(:z,syzz

(Hearn & Baker, 2004)



2D Transformations
(composed)

A Matrix representation
I Homogeneous coordinatds
I Concatenation #/latrix products

A Complex transformations ?
I Decompose into a sequencelwdsic transformations

17



Homogeneous coordinates

wMost applications involveequences of transformations
w For instance:

- visualization transformations involve a sequence of
translations and rotations to render an image of a scene

- animations may imply that an object is rotated and

translated between two consecutive frames

w Homogeneous coordinates provide atificient way to
represent and apply sequences of transformations



A It is possible to combine in a matrix the multiplying and
additive terms if we use 3x3 matrices

A All transformations may be represented by multiplying
matrices in homogenous coordinates

A Each point is now represented by 3 coordinates

(X1y) A (Xh’ yh’ h)’ hz0
X=x/h y=y/h

( X.h, y.h, h)

19



2D Translation
(in homogeneous coordinates)

P":T(fxffy].P A

5 10 15 20 x
T o

(Hearn & Baker, 2004)
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(@)

@)

2D Rotation

(in homogeneous coordinates)

(0 + t)a=scosl cosUT r sint sinU

¥ + B)i=ncogd sinU+ rsind cosU

[cosf —sind 0]
sinf cosf O
0 0 1
PP=R@#@)- P

r sin

A

@ +d)

rcos @ + d)
21



2D Scaling
(in homogeneous coordinates)

x ] T ¢ T ¥
Y| =10 sy 0 Y
d. | VR i L

(Sx = 9y)

P' = S(sy, s,) - P

(X1 sy)
(Hearn & Baker, 2004)
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Concatenation of two translations

=T (s tzy) - T(t1x, t]_y)} i

T 0 s 10 fy | 1 0 et by |
0 1 tZy o | AL f1y =10 1 t1y = t2y
_0 0TI _0 b 1 LO 0 1 d

T (t2x, tZy) - T(t1x, tly) = T(t1x + t2x, tly 5 t2_1/)

23



Concatenation of two scaling transformations

S(S2x, S2y) + S(81y, S1y)

r5’1.1( * 52x 0 O—
O q][/ ! S')y O
' 0 1

S(S1x - Sy, S1y - Say)

24



Arbitrary Rotation
(around any point)

(Hearn & Baker, 2004)

Translation + Rotation + Inverse Translatic
(to the origin) (around the origin) (to the initial position)

25



(X; vy

(a)

Arbitrary Scaling

(Xg, )

(c) (d)
(Hearn & Baker, 2004)

Translation + Scaling + Inverse Translation

26



Order Is iImportant !

Final Final
- P Position - Position
4 ~a P e"/ S 777
[ T | i A g I
i i . { i €. g
el S SBER N e |
a) Translation + rotation b) Rotation + translation

(Hearn & Baker, 2004)

Results may be different if transformations are applied in a different drt

27



The case of viewing 2D scenes

A Define a 2D scene in theorld coordinate system

A Select alipping windowin the XOY plane
I The window contents will be displayed

A Select aviewportin the display
A The viewport displays the contents of the clipping window

i | sass Note: Clipping window
‘ {nmiey and viewport are the
i | Jode ] /\/\ traditional terms in CG

World Co-ordinat
https://www.geeksforgeeks.org/window-to-viewport-
transformation-in-computer-graphics-with-implementation/



https://www.geeksforgeeks.org/window-to-viewport-transformation-in-computer-graphics-with-implementation/
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World -> display
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Coordinate mapping

Clipping Window Viewport
.\'N‘nm,\ SR e e e S . 1
| ® |
| (xw, yw) (
I[ ! A 4 max -1 P —!
| ' : (X V) l
| | - |
1 l . | |
| l Y min =+ e p——
.\‘”‘min T vt o e e e e -
* i 4 ——f
\‘l(’lliil ‘ u.ll’lll.\ () X min X max ]
World Coordinates Screen coordinates

(Hearn & Baker, 2004)

Obijects inside the clipping window are mapped to the viewport (the area on
the screen where they will be displayed).

Home work:

Compute (x,y) given (xw, yw

30



yw

yu

max |

min |

Coordinate mapping

Clipping Window

World Coordinates

(X,y) given (xw, yw :

XWT Xwmin = X Xmin

xwmaxi xwmin Xxmaxxmin

Viewport

max = | YR e At

Y min + R

0 A min X max ]

Screen coordinates

ywi ywmin = y ymin
ywmaxi ywmin ymaxymin

31



Coordinate mapping

If the aspect ratiois not the same in both situations the result
IS distortion

.\‘“'m‘xx s T e e ey e 1
1 ® | |
, (xw, yw) ,
| |
{ |
I i
| |
I |
| |
.\ 2 min | e et -
! |
- ' I—
Xu min X u‘mux

(Hearn & Baker, 2004)

max T |——-;——-]
¢ (X))
| | |
7 min -1 e
+ —
0 min Y max 1

32



World -> screen y p
5 @ . >
% Screen Coordinates X
%
c Theaspect ratiois
‘; not the same Iin
AN both s?tuations:
" de Aveiro distortion!

Praceta Afonso Gomes 63

World Coordinates X



3D Transformations
(in homogeneous coordinates)
A Translation

—x,q 1 0 0 t_\. X L
y| [0 1 0 ¢ Y X
| = |0 O 1 % Z P = y
i O VT R e 8 | Z
A Scaling
e
s, 0 0 0] P 6 y 0
G B 0= 8 00 | Z |
D= ) &0 /
=0 1 2 A 3D point in vector notation

34



A Rotation around each one of the

3D Rotation
(iIn homogeneous coordinates)

coordinate axis

A Positive rotations are CC\Wounter

clock wisg!!

y4

y

‘\

=

X

3D coordinate system in CG

(Hearn & Baker, 2004)
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Rotation aroundzzQ

36



i
0
0
0

C
S

Rotation aroundX>qQ -

0

0s 6
mnao
0

0 0
—sinf 0
cost ()

0 1

(Hearn & Baker, 2004)
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—siné ()

0

0

sin @
0
cos

0

NP dzy R

(Hearn & Baker, 2004)
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Other useful 3D Transformations

A Shears

A Reflections

39



Transformations in three.|s

Matrix4

& class representing a 4x4 matrix.

The most common use of a 4x4 matrix in 3D computer graphics is as
a ITransformation Matrix. For an introduction to transformation
matrices as used in WebGL, check out fhis tutorial.

This allows a2 ¥ectord representing a point in 30 space to undergo
transformations such as translation, rotation, shear, scale,
reflection, orthogonal or perspective projection and so on, by
being multiplied by the matrix. This is known as gpplying the
matrix to the vector.

https://three|s.org/docs/#api/math/Matrix4



https://threejs.org/docs/#api/math/Matrix4

_makeTranslation ( x, ¥, Z )

- the amount to translate in the X axis.
- the amount to translate in the Y axis.
- the amount to translate in the £ axis.

LI S E

Sets this matrix as a translation transform:

_makeScale ( x, ¥, Z )

- the amount to scale in the X axis.
- the amount to scale in the Y axis.
- the amount to scale in the 7 axis.

[

Sets this matrix as scale transform:

— & & &



.makeRotationX { theta )

theta — Rotation angle in radians.

Sets this matrix as a rotational transformation around the X axis
by theta (8) radians. The resulting matrix will be:

10 @ @
@ cos(8) -sin(8) @
@ sin(8) cos(B8) 5]
e e @ 1
.makeRotation¥ { Lheta )
theta — Rotation angle in radians.
Sets this matrix as a rotational transformation around the Y axis
by theta (6} radians. The resulting matrix will be:
cos(B) @ sin(B) @
@ 1@ @
.makeRotation? ({ theta ) -sin(®) @ cos(@) @
@ e e 1
thets — Rotation angle in radians.

Sets this matrix as a rotationzl transformation around the £ axis
by theta (6) radians. The resulting matrix will be:

cos(B) -sin(B) @ @
sin(B) cos(8) @ @
@ @ 1@
@ @ @



<

3DViewing

(Hearn & Baker, 2004)
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Camera specification

A Position and orientation

A Lens

A Image size

A Orientation of image plane

(Angel, 2012)

45



3D Viewing
(2D representation of a 3D scene)

A Where is the observer / the camera ?
I Position?
I Close to the 3D scene ?
I Far away ?

A How is the camera/observer looking at the scene ? N\

I Orientation? Y } k@
> %

/ /// \\
//\/ )
A How to represent as a 2D image ? \/

—

I Projection? }\% J/ 7

46



3D visualization pipeline

A Instantiatemodels of the scene
I Position, orientation, size
A Establishviewing parameters
I Camera position and orientation
A Computeilluminationandshade polygons
A Perform clipping
A Projectinto 2D ¢ummmm

A Rasterize

a7



Projection (from 3D to 2D)

2D representations of a 3D scene may be done in different ways (in CG
geometric planar projections are used: straight projectors/planar viewing plane)

Parallel Projection Perspective Projection

(allows measures) (more realistic images)

https://www.britannica.com/science/projection-geometry 48



https://www.britannica.com/science/projection-geometry

Planar geometric projections

Projection

l

Y Y
Parallel Perspective
Y
! ! ! ! !
Orthographic Obligue One Point Two Point Three Point
General
A 4 Y
Multiview Axcnometric 1
Cavalier Cabiner
! L -
https:/_/www.|_ava_tpomt.com/com|outer-
graphics-projection



https://www.javatpoint.com/computer-graphics-projection

Projections

P,
P; -

P P] / e
Parallel P; Py proltectlon
projectors center
(projection
center at Examples of resulting o7
Infinity) representation on the ey

k., ,~viewing plane o
Z by
Parallel Projection Perspective Projection

(Hearn & Baker, 2004) 50



Parallel Projections

Orthographic/ Multiview projection

(Hearn & Baker, 2004)

Orthographic /

Axonometric projectiol

Obligue projection

4

|




Perspective Projections

One vanishing point perspective projection
=
Two vanishing points perspective project_i.__o_n:. |

A 4

(Hearn & Baker, 2004)
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How to limit what is observed and represented ?

A Clipping windowon the projection plane

A View volume (frustumin 3D

Rectangular
Frustum
View Volume

Clipping
Window

Far Clipptag _”,_-,/
Cli pplng Projection
WIndOW Far C]Ippmg Near C]_lpplng Rc'fercnce
' Plane Point
Plane <

~

Near Clipping plane
(Hearn & Baker, 2004)

Parallel projection Perspective projection



Examples usinghree.|s

three. js ™

CHRISTMAS XP

?

(38 % &b React VR

P
L - - —
DEPROWAMMED s HARMONY
editor et Saddd B ‘ s I.:i-SEG < MASTERED FROM CHAOS
L TEL : s ¢ Sy AKUMI HA AWA
; ;e .
£ 8NN 4
Interactive
3D Graphics
Taught by Eric Haines W | PARH&L? LOVE

https://threejs.org
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Projections

et
| 4%
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https://threejs.org/examples/#webgl_camera

Clipping (and shadows)

v Controls

v Local Clipping
Enabled v
Shadows v

Plane

v Global Clipping

Enabled

Plane

https://threejs.org/examples/#webql clipping



https://threejs.org/examples/#webgl_clipping

Thee.Js first example

1. Defining the scene, the camera and where the scene is rende

var scene = new THREE.Scene();

var camera = new THREE.PerspectiveCamera( 75,

window.innerWidth /window.innerHeigh?.l, 1000 );
var renderer = new THREE.WebGLRenderer();
renderer.setSize( window.innerWidth, window.innerHeight );

document.body.appendChild( renderer.domElement )i



2.Creating an object and camera position

/

var geometry = new THREE.BoxGeometry(1,1,1);
var material = new THREE.MeshBasicMaterial( {

color: OxO‘O}TOO }); \

var cube = new THREE.Mesh( geometry, material );

\

scene.add( cube );

camera.position.z = 5;

\



3. Scene rendering
function render() {

requestAnimationFrame(render);

renderer.render(scene, camera);

) \

4. Scene animation

render(); o

cube.rotation.x +=0.1;

cube.rotation.y +=0.1;



Adding lights and shading

/

var material = new THREE.MeshPhongMaterial({
ambient: '#006063',
color: '#00abbl',
\ specular: ‘#a9fcff',
shininess : 100

Dk N



(N

var aspect = window.innerlWidth / window.innerHeight;

camera = new THREE.OrthographicCamera( frustumSize # aspect 7 - 2, frustumSize * aspect
camera.position.y = 488; \

scene = new THREE.Scene();
scene.background = new THREE.Color({ @xfafafe };

(uses orthographic projection)

Jf arid

var gridHelper = new THREE.GridHelper( 1888, 28 );
scene. add{ gridHelper };

Ff Cubes

new THREE.BoxGeometry( 5@, 58, 58 );
new THREE.MeshLambertMaterial( { color: @xffffff, overdraw: .5 } );

var geometry

var material

é
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