Plotting & Drawing - 2D/3D

Python & Matlab

Winter 2022 - Dan Calderone
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- Surface
..plot f(x,y)

z:f(x,y)

varies along 1st index

varies along 2nd index

Meshgrid

Meshgri

Xi, g, Y1i, 3]

7], yli]

meshgrid(x,y)

X, Y

return // height of surface

def height(x,y):

apply function to each array

element wise

Z = height(X,Y)

values in Z give surface heights.

plot surface heights

surf(X,Y,Z)
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..plot f

varies along 1st index

varies along 2nd index

z:f(x,y)

Meshgrid

1, Y1i, J]

J

= XJi,

7] yle]

meshgrid(x,y)

X, Y

return // height of surface

def height(x,y):

apply function to each array

element wise

Z = height(X,Y)

values in Z give surface heights.

plot surface heights

surf(X,Y,Z)



Meshgrid - Surface

Meshgrid  ...plot f(x,y) x =[0,1,2,3,4,5,6,7,8,9]

y =1[0,1,2,3,4,5,6,7,8,9]

10

5 4

X,Y = meshgrid(x,y)

def height(x,y):
return // height of surface

apply function to each array
element wise

Z = height(X,Y)

values in Z give surface heights.

surf(X,Y,Z) plot surface heights

I

0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9;
0,1,2,3,4,5,6,7,8,9]

varies along 2nd index

Y

0,0,0,0,0,0,0,0,0, 0,
1,1,1,1,1,1,1, 1,1, 1,
2,2,2,2,2,2,2,2,2, 2,
3,3,3,3,3,3, 3,3, 3, 3,
4,4,4,4,4, 4,4, 4,4, 4,
55,55,5,5,5,5,5,5,
6, 6, 6, 6, 6, 6, 6, 6, 6, 6,
(,0,70,7,7,7,7,7,7,7,
8,8,8,8,8,8,8, 8,8, 8,
9,9,9,9,9,9,9,9,9, 9]

varies along 1st index
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Xi, g, Y1i, 3]

7], yli]

meshgrid(x,y)

X, Y

return // height of surface

def height(x,y):

apply function to each array

element wise

Z = height(X,Y)

values in Z give surface heights.

plot contours of surface

contour(X,Y,Z)
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Xi, g, Y1i, 3]

7], yli]

computeArrow(x[j],y[l])

100 102 104

88 90 92 94 96 98

86

meshgrid(x,y)

X, Y

quiver(X,Y,U,V)

vectors located at points

def computeArrow(X,y):

return // returns arrow vector

U
V

A

np.zeros(np.shape(X))
np.zeros(np.shape(X))

AN
=
. =
X O
L2
)
o I
S
-
C
= O
— Y=
S
o
Y

arrow = computeArrow(X[i,jl,Y[i,j));

Uli,j] = arrow]0]
VIi,j] = arrow[1]
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- | | | —>
Meshgrld 3D X=[[0,0,0,0, Y=[[[O’O’O’O’ Z:[[O,1’2,3,
(1,1,1, 1], 0,0,0,0], (0,1,2, 3],
x =[0,1,2,3,4,5,6,7,8,9] 2.2,2,2], '0,0,0,0], 0,1,2,3],
Meshgrid ...plot f(x,y,2) 3,3,3,3]], 10,0,0,0]], 0,1,2,3]],
9 y =[0,1,2,3,4,5,6,7,8,9] o _ /) _ _
4 100,0,0,0], [[1,1,1,1], [[0,1,2, 3],
. (1,1,1,1], 1,1,1, 1], 0,1,2,3],
z =[0,1,2,3,4,5,6,7,8,9] l 22,2 2] 1,1,1,1], 0,1,2,3],
< 1 3,3,3,3]], 1,1,1,1]], 10,1,2,3]],
1 ...cannot plot a surface in 4D [0,0,0,0], [[2,2,2,2], [[0,1,2,3],
T Y 1,1,1,1], 2,2,2,2], 0,1,2,3],
T mass, density, color, etc 3,3,3,3]], 2,2,2,2]] 0,1,2,3]]
+ at points in 3D space [0,0,0,0], [[3,3,3,3], [[0,1,2,3],
1 (1,1,1,1], 3,3, 3,3], 10,1,2,3],
€T [2,2,2,2], [ 3,3,3,3], 0,1,2,3],
3,3,3,3]]] (3,3,3,3]]] 0,1,2,3]]]
varies along varies along varies along
def density(x,y,z): Y T 77 /’/ (x,y,2) =
/S / /

2)
return // density at a point X, 5, k],Yi, 5, K|, Z[i, 5, k]

z|j], yli], z|k]

W = density(X,Y,Z) apply function to each array
element wise

values in W give density at x,y,z point




Axes & Coordinates - 2D

2

x=[05,075] AXES=[1,0],
[0, 1]]

X @ AXES

Matrix Multiplication

J/ P a/c2z—1 S

~

~"

A

1 @) {— ai —}



Axes & Coordinates - 2D

2

x=[05,075] AXES=[1,0],
[0, 1]]

X @ AXES

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.0]]

X @ CRDS @ AXES

Matrix Multiplication

[or a2 - q ]

R A

~

N 4
~

A




Axes & Coordinates - 2D

Matrix Multiplication

2
x=[05,0.75] AXES=[1,0], 11 ri2][— o -] =1 51311[— 0T
[0,1]] t wn|= e - 1
~ - ~—— T
x @ AXES z A R

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.07]

X @ CRDS @ AXES

x =[[0.5,0.7], CRDS =[[1.0,0.2],
[2.0,0.3]] [0.2,1.0]]

x @ CRDS @ AXES




Axes & Coordinates - 2D

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -51311 5612- |:— CL,%1 —:| —
[0,1]] 21 T32|(|— C’;zr —
x @ AXES Pal o8 M

X

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.07]

X @ CRDS @ AXES

x =[[0.5,0.7], CRDS =[[1.0,0.2],

[2.0,0.3], [0.2,1.0]]
[1.2,0.5]]

x @ CRDS @ AXES



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -51311 Ilg- |:— CL,{ —:| —
[0,1]] 21 T32|(|— ag —
x @ AXES Pal o8 >

N ) A

X

x=[0.5,0.75] CRDS =[[1.0,0.2],

[0.2,1.0]]
X @ CRDS @ AXES
Unit cube 9
SHAPE=[[0,0], CRDS =[[1.0,0.2],
1,01, [0.2, 1.0]]
1.1], 1
0,11]]

SHAPE @ CRDS @ AXES



Axes & Coordinates - 2D Shapes

5 Matrix Multiplication

X = [05, 0.75 ] AXES = [[ 1 ; 0 ], -CE11 Ilg- |:— CL,%1 —:| —
[0,1]] 21 T32

|31 32 ~

X @ AXES

X

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.07]

X @ CRDS @ AXES

Inf-norm ball

SHAPE = | . CRDS =[[{1.0,0.21,

1,-1

1,-1], [0.2,1.0]] 1
1,1

-1

[
[
[
[-1,1]]

SHAPE @ CRDS @ AXES



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -CE11 Ilg- |:— CL,%1 —:| —
[0,1]] 21 T32|(|— 0;21“ —
x @ AXES Pal o8 M

X

x=[0.5,0.75] CRDS =[[1.0,0.2],

[0.2,1.0]]
X @ CRDS @ AXES
Diamond
SHAPE =] 1,0], CRDS=][[1.0,0.2],
[ 0,1], [0.2,1.0]]
[ -1 9 0 :1
[ 0,-11]]

SHAPE @ CRDS @ AXES



2

x=[05,075] AXES=[1,0],
[0, 1]]

X @ AXES

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.07]

X @ CRDS @ AXES

Unit circle

SHAPE = [[ co0s(0.0), sin(0.0)], CRDS =[[11.0, 0.2 ],
- cos(0.1), sin(0.1)], [0.2, 1.0 ]]

- c0s(0.2), sin(0.2)],

(9 - c0s(0.3), sin(0.3)],

* [ cos(6.2), sin(6.2)]]

Axes & Coordinates - 2D Shapes

Matrix Multiplication

L11

L21

| 31

X

SHAPE @ CRDS @ AXES




Ellipse: Axis-Length Representation

Axes & Coordinates - 2D Sh

2

2x2 2 X2 2 X _2
matrix rotation rotation

x=[05,075] AXES=[1,0],

[0,1]]
x @ AXES ‘
9
x=[05 075] CRDS=[1.0,02]. '

Singular
Vi Value
Decomposition

CRDS @ AXES = U

[0.2,1.07]

X @ CRDS @ AXES

. 2
Unit circle o1V _ _
SHAPE = [[ cos(0.0), sin(0.0)], CRDS = [[1:0,0:27], | |
" cos(0.1), sin(0.1)], [0.2,1.0]] 1 v, --- U,
" cos(0.2), sin(0.2)], B |
4 " cos(0.3), sin(0.3)], ]

* [ cos(6.2), sin(6.2)]] o2 V1 SHAPE @ CRDS @ AXES



Axes & Coordinates - 2D Sh

Ellipse: Axis-Length Representation

2x2 2 X2 2 X _2
matrix rotation rotation

x=[05,075] AXES=[1,0],

[0, 1]]
x @ AXES ‘

2

Y/

Singular
Vi Value
Decomposition

CRDS @ AXES

|
Z

<+— Axis 1

<+ Axis 2

x=[0.5,0.75] CRDS=[1.0,0.2], Length 1 Length 2

[0.2,1.07]

X @ CRDS @ AXES

e 2
Unit circle oV,
SHAPE = [[ cos(0.0), sin(0.0)], CRDS =[[ 1.0, 0.2 ],
- cos(0.1), sin(0.1)], [0.2,1.0]] 1
- c0s(0.2), sin(0.2)],
(9 - c0s(0.3), sin(0.3)],

* [ cos(6.2), sin(6.2)]] o2 V1 SHAPE @ CRDS @ AXES



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -51311 Ilg- |:— CL,{ —:| —
[0,1]] 21 T32|(|— ag —
x @ AXES :5’331 T32_ Y

X

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.07]

X @ CRDS @ AXES

Circle arc
SHAPE = [[ co0s(0.0), sin(0.0)], CRDS =[[1.0, 0.2 ],
- cos(0.1), sin(0.1)], [0.2, 1.0 ]]
- c0s(0.2), sin(0.2)],
(9 - c0s(0.3), sin(0.3)],

* [ cos(5.5), sin(5.9)]]



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -51311 Ilg- |:— CL,{ —:| —
[0,1]] 21 T32|(|— ag —
x @ AXES :”331 373%_ Y

X

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.0]]

X @ CRDS @ AXES

Circle arc

SHAPE = [[ cos ], CRDS =[[11.0, 0.2 |,

)

)], [0.2,1.0]]
)
)

(9 cos

‘ [ cos(3.9), sin(3.9)]] : SHAPE @ CRDS @ AXES




Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
X = [ 05, 0.75 ] AXES = [[ 1 ; 0 ], -51311 Ilg- |:— CL,%1 —:| —
[0,1]] 21 T32|(|— ag —
x @ AXES :”331 373%_ Y

X

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.0]]

X @ CRDS @ AXES

Circle arc

SHAPE = [[ cos ], CRDS =[[11.0, 0.2 |,

)

)], [0.2,1.0]]
)
)

(9 cos

* [ cos(2.4), sin(2.4)]] : SHAPE @ CRDS @ AXES



2

x=[05,075] AXES=[1,0],
[0, 1]]

X @ AXES

x=[0.5,0.75] CRDS =[[1.0,0.2],
[0.2,1.0]]

X @ CRDS @ AXES

Axes & Coordinates - 2D Shapes

Matrix Multiplication

11 L12
L21 I32

| L31  £32]

\ .

X

Circle arc
SHAPE = [[ co0s(0.0), sin(0.0)], CRDS =[[1.0, 0.2 ],
- cos(0.1), sin(0.1)], [0.2, 1.0 ]]
- c0s(0.2), sin(0.2)],
(9 - c0s(0.3), sin(0.3)],

* [ cos(1.6), sin(1.6)]]

at®
pt®
“““““
| |
at®

SHAPE @ CRDS @ AXES




Axes & Coordinates - 2D Shapes

5 Matrix Multiplication

x=[05,075] AXES=[1,0], T11 Ti2
[0, 1]] T21  X32

| L31  £32]

\

X @ AXES

S

x=[0.5,0.75] CRDS =[[1.0,0.2],
10.2,1.07]

X @ CRDS @ AXES

Circle arc
SHAPE = [[ cos(0.0), sin(0.0)], CRDS = [[410,02]
- cos(0.1), sin(0.1)], [0.2, 1.0 ]]
" cos(0.2), sin(0.2)], Code
g | cos0:3),snO3), e PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

plot( PTSJ[;,0] , PTS[;,1] )
* [ cos(1.6), sin(1.6)]]



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
_ _ : o
x=[0.5,0.75] AXES—[[[E) (1J]]] s {_ % _} m[— of ]+ @2[- of -]
x @ AXES e v [~ o ]+ @2 o -
v L31 [— al —]+$32 [— al  —

Drawing

x=[0.5,0.75] CRDS =[[1.0,0.2],
10.2,1.07]

X @ CRDS @ AXES

Circle arc
SHAPE = [[ cos(0.0), sin(0.0)], CRDS = [[410,02]
- cos(0.1), sin(0.1)], [0.2, 1.0 ]]
" cos(0.2), sin(0.2)], Code
g | cos0:3),snO3), e PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

plot( PTSJ[;,0] , PTS[;,1] )
* [ cos(1.6), sin(1.6)]]



Axes & Coordinates - 2D Shapes

Matrix Multiplication

2
_ _ : o
x=[0.5,0.75] AXES—[[[E) (1J]]] s {_ % _} m[— of ]+ @2[- of -]
x @ AXES e v [~ o ]+ @2 o -
v 2 L31 [— al —]+$32 [— al  —

/ﬂ 1 Drawing

x=[0.5,0.75] CRDS =[[1.0,0.2],
10.2,1.07]

X @ CRDS @ AXES

Circle arc
SHAPE = [[ cos(0.0), sin(0.0)], CRDS = [f~1.0.b21,
- cos(0.1), sin(0.1)], -0.2,1.0]]
" cos(0.2), sin(0.2)], Code
g | cos0:3),snO3), e PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

plot( PTSJ[;,0] , PTS[;,1] )
* [ cos(1.6), sin(1.6)]]



Axes & Coordinates - 3D Shapes Matrix Multiplication

1 Ty T3 — a; | = 2[- aof -
; | a3 Z| teel d -l
x=[0.8,1.0,05] AXES=[1.0,0 z A T
[0.0,1.0], — + 23|~ a3 —]
[-.7, - 7] A
1 ;
« @ AXES Drawing




Axes & Coordinates - 3D Shapes Matrix Multiplication

[331 L9 513‘3} — a3 = I3 [_ aq _}
; | a3 Z| teel d -l
X — daz
- _ _ —+ I3 [— ag —}

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

« @ AXES Drawing

x=[0.8,1.0,0.5] CRDS=[[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]] 1

X @ CRDS @ AXES



Axes & Coordinates - 3D Shapes Matrix Multiplication

[5131 ) 513‘3} — a? | = [_ aj _}
-[0.8,1.0,0.5 _ | | I R A R
x=[0.8,1.0,0.5] AXES_[[[1O..OO,,O1.%:_: - n e[ af
[-.7,-.7] A
x @ AXES Drawing

x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]]
X @ CRDS @ AXES
Cube
SHAPE = [; ,0,0], CRDS=[[1.0, 0.0, 0.3],
,0,0 [0.3, 1.0, 0.0],
1,0 [0.0, 0.3, 1.0]] 1
0

A

SHAPE @ CRDS @ AXES

4 10021200




Axes & Coordinates - 3D Shapes Matrix Multiplication

[331 L9 513‘3} — a3 = I [_ aq _}
2 h e |l CL% - + X9 [— (5 —]
X — daz

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

X @ AXES

x=[0.8,1.0,0.5] CRDS=[[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]] 1
X @ CRDS @ AXES
Cube
SHAPE =1 0,0,0], CRDS =1[1.0, 0.0, 0.3],
1,0,0], (0.3, 1.0, 0.0],
1,1,0], [0.0, 0.3, 1.0]] | Code
0,1,0],
0,0,11, PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
B 3 OR + SHIFT @ AXES?
0,1,1] SHAPE @ CRDS @ AXES plot( PTS[:,0] , PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

T T T3] — a? | = = [- a -
; e I S S Y e
x=[0.8,1.0,05] AXES=[1.0,0.0 ], x - a3
| | 100,101 — tasl= e -
[_'7! _7] A
% @ AXES Drawing

x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3]

[0.3, 1.0, 0.0],

[0.0, 0.3, 1.0]] 1 2 SHIFT

X @ CRDS @ AXES

Cube
SHAPE =1 0,0,0], CRDS =1[1.0, 0.0, 0.3],
1,0,0], [0.3, 1.0, 0.0],
1,1,0], [0.0, 0.3, 1.0]] | Code
0,1,0],
0,0,11, PTS = convexhull( SHAPE @ CRDS @ AXES)
1,0,1], 5 PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES?
1,1,1],
0,1,1]] SHAPE @ CRDS @ AXES plot( PTS[:,0] , PTS[:;,1])



Matrix Multiplication

Axes & Coordinates - 3D Shapes

[5131 X9 56'3} — a? | = m [_ aj _}
; — | % 7| taw[- af ]

x=[0.8,1.0,05] AXES=[1.0,0.0 ] x 93 T T

[0.0,1.0], —_— + a3~ a3 —

[-.7,-7] A

« @ AXES Drawing

x=[0.8,1.0,0.5] CRDS=[[1.0,0.0,0.3],

10.3, 1.0, 0.0],

[0.0, 0.3, 1.0 I SHIFT

X @ CRDS @ AXES

Simplex
SHAPE =1[ 1,0,0], CRDS =1[1.0, 0.0, 0.3],
0,1,0], [0.3, 1.0, 0.0],
0,0,1]] [0.0, 0.3, 1.0]] Code

3
SHAPE @ CRDS @ AXES

PTS = convexhull( SHAPE @ CRDS @ AXES)
PTS = PTS + SHIFT @ AXES OR + SHIF

@ AXES?
plot( PTS[:,0] , PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

[331 L9 513‘3} — a3 = a1 [_ aq _}

2 b e “ CL% N —|—£E2[— a2T —]
X — Qa3 — -

- _ _ —+ I3 [— a3 —}

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

Drawing

X @ AXES

x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]] 1

X @ CRDS @ AXES
Unit circle
SHAPE = [ COS

(0.0), sin(0.0)], PLANE =[[ 1, 0, 0],

" cos(0.1), sin(0.1)], 10, 1, 0]

9 ' cos(0.2), sin(0.2)], —
' (0.3), sin(0.3)

‘ | " CRDS = [(1.0,0.0, 0.3],
[

0.3, 1.0, 0.0],
cos(6.2), sin(6.2)]] [[O_O 0.3 1.0]]]

1
Code

PTS = SHAPE @ PLANE @ CRDS @ AXES
PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates -3D S

for Axis-Length take SVD of PLANE @ CRDS @ AXES (see above
Representation: 2 x 2 matrix for details)

x=[0.8,1.0,0.5] AXES=]1.0,0.0 ],
[0.0,1.0],
[-.7,-7]
« @ AXES Drawing
x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
0.3, 1.0, 0.0],
0.0, 0.3, 1.0]]

X @ CRDS @ AXES
Unit circle
SHAPE = [ COS

(0.0), sin(0.0)], ¥ PLANE =[[1, 0, 0],

" cos(0.1), sin(0.1)], 10, 1, 0]

0 ' cos(0.2), sin(0.2)], —
' (0.3), sin(0.3)

‘ | "~ CRDS = [[1.0,0.0,0.3],
0.3, 1.0, 0.0],
[ cos(6.2), sin(6.2)]] [[0_0 0.3 1.0]]]

Code

PTS = SHAPE @ PLANE @ CRDS @ AXES
PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates -3D S

for Axis-Length take SVD of PLANE @ CRDS @ AXES (see above
Representation: 2 x 2 matrix for details)

x=[0.8,1.0,0.5] AXES=][1.0,0.0 ],
[0.0, 1.0,
[-.7,-.7]
1 -
« @ AXES Drawing
x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
0.3, 1.0, 0.0],
0.0, 0.3, 1.0]] 1 ) SHIFT

X @ CRDS @ AXES

Unit circle

SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 1, 0, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
9 " cos(0.2), sin(0.2)], D 1
" c0s(0.3), sin(0.3)], Code
* CRDS = [[[ s 8?6]] \ PTS = SHAPE @ PLANE @ CRDS @ AXES
[ c0s(6.2), sin(6.2)] 10.0, 0.3, 1.0]] PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates -3D S

for Axis-Length take SVD of PLANE @ CRDS @ AXES (see above
Representation: 2 x 2 matrix for details)

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

Drawing

X @ AXES

x=[0.8,1.0,05] CRDS-=|

X @ CRDS @ AXES

Unit circle

SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 0, 1, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
6 " cos(0.2), sin(0.2)], D 1
" c0s(0.3), sin(0.3)], Code
* CRDS = [[[ s 8?6]] \ PTS = SHAPE @ PLANE @ CRDS @ AXES
[ c0s(6.2), sin(6.2)] 10.0, 0.3, 1.0]] PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates - 3D Shapes Matrix Multiplication

— a7 = I [— alT —}

e - |7 42 N —I—LEQ[— ag —}

3x3 2 X2
3 X 2 matrix rotation rotation

0 fas[— af -]

Singular

CRDS@AXES = | U 0 oo v Value
Decomposition

Drawing

Unit circle
SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 0, 1, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
0 " cos(0.2), sin(0.2)], P 1
" c0s(0.3), sin(0.3)], Code

PTS = SHAPE @ PLANE @ CRDS @ AXES

| CRDS = [[1.0, 0.0, 0.3],
‘ | 10.3,1.0, 0.0],
[ cos(6.2), sin(6.2)] PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES?

(0.0, 0.3, 1.0]]
SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates - 3D Shapes Matrix Multiplication

3 3 5y D r1 X2 5133} — a; | = L1 [_ afll” _}
X : ~— |~ 4y _ 4T _
3 X 2 matrix rotation rotation . B a/%v B -+ L9 [ Ao }
i _ o
Singular —_— + 23 |~ ag }
CRDS@AXES = | U 0 oof | VT Value A
I ) 0 0 | L ] Decomposition Drawin g

00— V&' —J <— 2D Axist
U 09 _ |/ _
OI 0 :

Length Axis1

SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 0, 1, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
0 " cos(0.2), sin(0.2)], D 1
" co0s(0.3), sin(0.3)], Code
* CRDS = [[[ g)g ?g 8?6]] PTS = SHAPE @ PLANE @ CRDS @ AXES
[ cos(8.2), sin(6.2)] 10.0, 0.3, 1.0]] PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[:,0], PTS[;,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

- _| |- 01
— v, v U
‘1 f 8 V2 <«— 2D Axis2

3D Axis2 Length AXis2

Unit circle
SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 0, 1, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
0 ' cos(0.2), sin(0.2)], 7Y 1
| c0s(0.3), sin(0.3)],
‘ CRDS =[[ 1.0, 0.0, 0.3],
0.3, 1.0, 0.0],
[ cos(6.2), sin(6.2)]] [[0.0 0.3 1_0]]]

SHAPE @ PLANE @ CRDS @ AXES

2y 9 L1 T2 5133} — a; 1 = L1 [— alT —}
L . — |7 % | o[ ]
3 X 2 matnx rotation rOtatlon T o a/%"’ o 2 2
i _ o
I 1 (o1 O T - Singular e + 73|~ a3 |
CRDS@AXES = | U 0 02 v Value A
i I 0 _ Decomposition Drawing

Code

PTS = SHAPE @ PLANE @ CRDS @ AXES
PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES2

plot( PTS[;,0] , PTS[;,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

— = I [— alT —}

e O I —I—LEQ[— ag —}

3x3 2 X2
3 X 2 matrix rotation rotation

S .

Singular
v Value
Decomposition

|
-
-
Q
(\V)

CRDS @ AXES

Drawing

Unit circle
SHAPE = [[ cos(0.0), sin(0.0)], PLANE =[[ 0, 1, O]
" cos(0.1), sin(0.1)], [O, O, 1]’
0 " cos(0.2), sin(0.2)], LY 1
" c0s(0.3), sin(0.3)], Code
* ORDS = (. PTS = SHAPE @ PLANE @ CRDS @ AXES
[ cos(6.2), sin(6.2)]] [O..O,, O.IS,, 1_'0]]’ PTS = PTS + SHIFT @ AXES OR + SHIFT @ AXES?2

SHAPE @ PLANE @ CRDS @ AXES plot( PTS[;,0] , PTS[;,1])



Axes & Coordinates - 3D Shapes Matrix Multiplication

[331 L9 513‘3} — a3 = I [_ aq _}
2 h e | a% - + X9 [— a2T —]
X — Q3 —

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

Drawing

X @ AXES

x=[0.8,1.0,0.5] CRDS=[[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]] 1

X @ CRDS @ AXES

Plane - 2D

SHAPE = [[-1,-1,0], CRDS = [[1:0,0:0,03], ’
[1,-1,0], [0.3, 1.0, 0.0],
[1, 1,01, [0.0, 0.3, 1.0]] | Code
[ _15 | 3 0 ]

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
OR + SHIFT @ AXES2

SHAPE @ CRDS @ AXES plot( PTS[:,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

[5131 L9 513‘3} — = &1 [_ aq _}
; | % C| twl e
X — Q3 —

x=[0.8,1.0,0.5] AXES=[1.0,0.0 ],
10.0,1.01,
[-.7,-.7]

Drawing

X @ AXES

x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
[0.3, 1.0, 0.0],
[0.0, 0.3, 1.0]] 1
x @ CRDS @ AXES
Plane - 2D 2
SHAPE =[[-1,-1], CRDS = [[1.0, 0.0, 0.3], ’
[1,-1], [0.3, 1.0, 0.0]]
[1, 1], | Code
[-1,1]]
PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
¢ 5 OR .+ SHIFT @ AXES2

SHAPE @ CRDS @ AXES plot( PTS[:,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

1 Ty T3 — a,; | = 2[- aof -
) |- % 7| tawl- o -]
x=[0.8,1.0,05] AXES=[1.0,0.0 ], L .
| | 100,101 — tasl= e -
[ _'75 -/ ] A
« @ AXES Drawing
x=[0.8,1.0,0.5] CRDS=[1.0,0.0,0.3],
[0.3,1.0, 0.0],
10.0, 0.3, 1.0]] ! SHIFT
X @ CRDS @ AXES
1
Plane - 1D 2
SHAPE ={[[-1], CRDS =[[1.0, 0.0, 0.3]]
[ 1],
| Code
PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
3 OR + SHIFT @ AXES2

SHAPE @ CRDS @ AXES plot( PTS[:,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

1 zo 3| alT = 1 [~ af -
b e | CL% B —I—IEQ[— ag —}
B
b perpendicular to plane v 0 fas[— al ]
A
Drawing

Plane - 2D, normal vector 2

SHAPE = [[-1,-1], CRDS =1[1.0, 0.0, 0.3],
[1,-1], [0.3, 1.0, 0.0]]
[1, 1],
[-1,1]]

| Code

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

- OR + SHIFT @ AXES2
plot( PTS[:,0] , PTS[:,1] )

SHAPE @ CRDS @ AXES



Axes & Coordinates - 3D Shapes

b perpendicular to plane

b! = [U1] [or O 0]

Plane - 2D, normal vector

SHAPE = [[-1, -1 ],
[1,-1],
[1, 1],

[_15‘:

CRDS = [[1.0, 0.0, 0.3],
10.3, 1.0, 0.0]]

SHAPE @ CRDS @ AXES

Matrix Multiplication

1 zo 3| alT = 1 [~ af -
N ;C, ~ : Z? : + I9 [— ag —}
— = 4o -]
A
Drawing

| Code

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

OR + SHIFT @ AXES2
plot( PTS[:,0] , PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

1 T2 a3 - a; | = 21|= a -]
N —~ — : Z% : + X9 [— ag —}
b perpendicular to plane v 0 fas[— al ]
A
pT = [U)] o 0 0)(C Drawing

direction

Plane - 2D, normal vector 2

SHAPE ={[-1,-1], CRDS =[[1.0, 0.0, 0.3],
[1,-1], [0.3, 1.0, 0.0]]
[1, 1],

_ | Code
[ _15 | ]

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

- OR + SHIFT @ AXES2
plot( PTS[:,0] , PTS[:,1] )

SHAPE @ CRDS @ AXES



Axes & Coordinates - 3D Shapes Matrix Multiplication

[Il L9 333} — af{ | = L] [_ aff _}
- _ — CLT — T
- T + a2 |- ag
N _ _
b perpendicular to plane 0 fas[— al ]
A
Drawing

3D In plane
directions

Plane - 2D, normal vector 2,

SHAPE =[[-1,-1], CRDS = {— vy —}
[15_‘ :s
[1, 1], | Code
[-1, 11]]

. PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
OR + SHIFT @ AXES2

SHAPE @ CRDS @ AXES . olot( PTS[,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

(21 @ a3]|— a; | = o |- a —]
—— |02 | +wl d
. _ _
b1,b2  perpendicular to line 0 +ag[— af -]
A
Drawing

SHIFT
1
Plane - 1D, normal plane 2
SHAPE = [[-1], CRDS =[[1.0,0.0,0.3] b1
[ 1],
| Code
b PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
; OR :+ SHIFT @ AXES?

SHAPE @ CRDS @ AXES plot( PTS[:,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes Matrix Multiplication

[5131 o 33‘3} — 3 — 1 [_ afll” _}
- —~ _ — ag — T
N B ag B + X9 [— a5 —}
N _ _ —+ I3 [— ag —}
A
Drawing

SHIFT
1
Plane - 1D, normal plane 2
SHAPE = [[-1], CRDS =[[1.0,0.0,0.3] b1
[ 1],
| Code
b PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES
; OR :+ SHIFT @ AXES?

SHAPE @ CRDS @ AXES plot( PTS[:,0], PTS[:,1] )



Axes & Coordinates - 3D Shapes

b17 b perpendicular to line

Plane - 1D, normal plane 2
b1

SHAPE =[[-1], CRDS =1[[1.0, 0.0, 0.3]]
[ 1],

b2

SHAPE @ CRDS @ AXES

Matrix Multiplication

[5131 o 33‘3} — — 1 [_ afll” _}
R P (R .
N B ag B + To [— a5 —}
N _ _ —+ I3 [— ag —}
A
Drawing

SHIFT

Code

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

OR + SHIFT @ AXES?
plot( PTS[:,0] , PTS[:,1] )



Axes & Coordinates - 3D Shapes

b17 b perpendicular to line

Plane - 1D, normal plane 2

SHAPE =[[-1], CRDS = [[1.0,0.0,0.3]] b1

[ 1],

b2

SHAPE @ CRDS @ AXES

Matrix Multiplication

[5131 o 33‘3} — — 1 [_ afll” _}
R P (R .
N B ag B + To [— a5 —}
N _ _ —+ I3 [— ag —}
A
Drawing

SHIFT

Code

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

OR + SHIFT @ AXES?
plot( PTS[:,0] , PTS[:,1] )



Axes & Coordinates - 3D Shapes

perpendicular to line

Plane - 1D, normal plane 2

SHAPE=[[-1], cRos=[- VI -] b
[ 1],

b2

SHAPE @ CRDS @ AXES

Matrix Multiplication

[:1:1 X9 Ig} — 3 = a1 [_ CLT{ _}
R P .
N B ag B + 9 [— a5 —}
N _ _ —+ I3 [— ag —}
A
Drawing

SHIFT

Code

PTS = SHAPE @ CRDS @ AXES + SHIFT @ AXES

OR + SHIFT @ AXES2
plot( PTS[:,0] , PTS[:,1] )



Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES=[[-0.7,-0.71,
[1.0,0.0],

[0.0,1.07]]
X @ AXES

| )\
Viewing position  p = [p1 p2 P3| Viewing position

P

Viewing
position

Ll




Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,05] AXES-=[-0.7,-0.7],
[1.0,0.0],

[0.0,1.07]]
X @ AXES

| )\
Viewing position  p = [p1 p2 P3| Viewing position

Viewing
] p position
P
Viewing 2
position

Ll




Camera Views - 3D

x=[0.8,1.0,0.5] AXES=[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]]

X @ AXES

Viewing position p = [pl D2 pg}

P

Viewing
position

Ll

Drawing - 2D Projection

Viewing position *

Cartesian coordinates

P = [p1 P2 ps}

Viewing
p position

P2

P3

P1



Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES =[-0.7,-0.7],
[1.0,0.0],

[0.0,1.07]]
X @ AXES

| )\
Viewing position  p = [p1 p2 P3| Viewing position

Polar coordinates

[7“ 0 O]
Viewing
p position
3
P
Viewing 2
position

Ll ;




Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,05] AXES-=[-0.7,-0.7],
[1.0,0.0],

[0.0,1.07]]
X @ AXES

| )\
Viewing position  p = [p1 p2 P3| Viewing position

Polar coordinates

[7”‘ 0 O] _cogw (1) —sg)nzp_
siny 0 cosy

D Viewing
] position
D T
Viewing 2
osition
" P

Ll




Camera Views - 3D

x=[0.8,1.0,0.5]

AXES = [[-0.7,-0.7 ]
[1.0,0.0°

[0.0,1.0°

X @ AXES

Viewing position p = [pl D2 pg}

P

Viewing
position

4

Viewing position

Polar coordinates

cosy 0
0 1

siny 0

—sin |
0
cos Y

3

COS @
—sin @

0

sing 0
cos®p 0
0 1

P

P

Drawing - 2D Projection

Viewing
position



Camera Views - 3D

x=[0.8,1.0,0.5]

AXES = [[-0.7,-0.7 ],
11.0,0.01,

[0.0,1.0°

X @ AXES

Viewing position p = [pl D2 pg}

Viewing
position

4

Viewing position

Polar coordinates

cosy 0
0 1

siny 0

—siny ||

0

cos Y

3

cosgp sing 0
—sing cos¢ 0
0 0 1

2

Drawing - 2D Projection

P

=7 [COS Ycosp cosyYsing —sin w]
Viewing
p position
r
(2



Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,05] AXES-=[-0.7,-0.7],
[1.0,0.0],

[0.0,1.07]]
X @ AXES

| )\
Viewing position  p = [p1 p2 P3| Viewing position

Polar coordinates

p= |rcostpcos¢ rcosysing —rsiny]

Viewing
p position

P

Viewing 2
position

- 1 f A
¢

L~




Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES=[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]]

X @ AXES 2 *
Viewing position  p = [p1 p2 P3| Viewing position

Polar coordinates

p= |rcostpcos¢ rcosysing —rsiny]
[ P1 P2 P3 ]

Viewing
p position

P

Viewing 2
position

—\ ! — .

= :

Y P2




Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,05] AXES-=[-0.7,-0.7],
[1.0,0.0],

[0.0,1.0]]
X @ AXES

| )\
Viewing position  p = |p1 p2  p3] Vertical Direction

Vertical direction vV = [O 0 1}

p= |rcostpcos¢ rcosysing —rsiny]
[ P1 P2 P3 ]

Viewing
p position

P

Viewing 2
position

— y .

= :

Y P2




Camera Views - 3D

x=[0.8,1.0,0.5] AXES=[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]]

X @ AXES

Viewing position p = [pl D2 pg}

Vertical direction vV = [O 0 1}

C'y = normalize(p)

P

Viewing
position

4

Drawing - 2D Projection

| *
Constructing

Camera Coordinates

[rcoswcos¢ T COS 1 Sin @ —rsinw]

3
|

[ P1 D2 P3 ]

Viewing
p position

1

P3

P1



Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,05] AXES-=1[-0.7,-0.7],
[1.0,0.0],
[0.0, 1.0 ]

X @ AXES 2
I .'02
Viewing position  p = |p1 p2  p3] Constructing

Camera Coordinates

Vertical direction vV = [O 0 1}

O, = normalize(p) D= [r COSY Ccos @ rcosysing —rsin w]
(5 = normalize(v x Ch) — [ D1 P2 P3 ]
Viewing
p position
P . Y P2
Viewing
position
1
P3

4

P1



Camera Views - 3D Drawing - 2D Projection

x=1[0.8,1.0,05] AXES=[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]] )
X @ AXES
Viewing position  p = |p1 p2  p3] Constructing

\ertical direction vV = [O 0 1} Camera Coordinates

[TCOS¢COS¢ T COS 1 Sin @ —rsinw]

C1 = normalize(p) P =
(5 = normalize(v x Ch) — [ D1 D2 P3 ]
C's = normalize(Cy x C5) Viewing
p position
Viewing
position
1
p3

4

P1



Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES=][[-0.7,-0.7],
11.0,0.0],
[0.0,1.0]] )
X @ AXES
Viewing position p = [pl D2 pg} 3D Coordinate
Transform
Vertical direction v = [O 0 1}
C'y = normalize(p) — C; -
(s = normalize(v x C) C= |- CZT -
('3 = normalize(Cl X CQ) . CS -

P

Viewing
position

4




Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES=][[-0.7,-0.7],

11.0,0.01,

[0.0,1.0]] )

X @ AXES
Viewing position  p = |p1 p2 ps] 3D Coordinate
Transform
Vertical direction v = [O 0 1}
_ - World w o

Cl — normalize(p) o C%: o Coords L= [mf(lu gjéu Qjéu}
(s = normalize(v x C) C= |- CZT -
('3 = normalize(Cl X CQ) . CS -

P

Viewing
position

4




Camera Views - 3D

x=[0.8,1.0,0.5] AXES=[[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]]

x @ AXES

Viewing position p = [pl D2 pg}
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Camera Views - 3D

x=[0.8,1.0,0.5] AXES=[[-0.7,-0.7],
[1.0,0.0],
[0.0,1.0]]

x @ AXES
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C'y = normalize(p)
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Camera Views - 3D Drawing - 2D Projection

x=[0.8,1.0,0.5] AXES=][[-0.7,-0.7],
[1.0,0.0],
10.0, 1.0]] :
X @ AXES
Viewing position p = [pl D2 pg} 2D Projection
Transform
Vertical direction v = [O 0 1}
_ - World w __ [,w w w
C1 = normalize(p) - Ci; - Coords L= [331 L2 273]
(s = normalize(v x C) C= |- C%F -
C's = normalize(Cy x C5) - O3 — %ir:z: ¢ — [xclz x5 ajg}
i QZ‘C __ xw C—l
Cs P
Viewing Code:
position Xc = xw @ inv(C) eyew = |l 1(5 ’ 01' ’ Od ]i
AXEScam3D = eyew @ inv(C) 0 0.,0., 1]
/ AXES = AXEScam3D[:,1:] Select second two columns




