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Raw First-person Footage



Lens configuration (internal parameter)

X

1

\
=LK

\

R 14

T__
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First person coordinate system World coordinate system

http://www.joshuanava.biz/perspective/in-other-words-the-observer-simply-points-in-the-same-direction-as-the-lines-in-order-
to-find-their-vanishing-point.html




Camera Model




Camera Model (1st Person Perspective)
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Camera Model (1st Person Perspective)

Camera

Recall camera projection matrix:

Ground plane

Camera intrinsic parameter
. metric space to pixel space




Camera Model (1st Person Perspective)

Camera

Recall camera projection matrix:

y

Ground plane

Camera intrinsic parameter
. metric space to pixel space




Camera Model (1st Person Perspective)

Camera . /

Recall camera projection matrix:

ul 1 oo X
AV | = Kop Y

2D image (pix) 3D world (metric)

Ground plane




Camera Model (1st Person Perspective)

Camera /

Recall camera projection matrix:
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Camera Model (multiple 1st Person Perspective)

Camera

Recall camera projection matrix:

Origin at camera u X
- ALV | = K Y
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Camera Model (3rd Person Perspective)

Camera

Recall camera projection matrix:
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AV |= K X
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Origin at world coordinate
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Coordinate Transform (Rotation matrix)

Camera

Recall camera projection matrix:
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Coordinate Transform (Rotation)

2D coordinate transform:




Coordinate Transform (Rotation)

2D coordinate transform:

A
X=(XY)
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Coordinate Transform (Rotation)

2D coordinate transform:




Coordinate Transform (Rotation)

2D coordinate transform:




Coordinate Transform (Rotation)

2D coordinate transform:

A
X=(xy)
*************** AR K= KaYe) X _{ e }m
" Camera Yo| [—SN@ cosf ||y
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World I, . x axis of camera seen from the world



Coordinate Transform (Rotation)

2D coordinate transform:
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X=(X,y)
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World I, . x axis of camera seen from the world

I, .y axis of camera seen from the world



Coordinate Transform (Rotation)

2D coordinate transform:

I, : x axis of world seen from the camera

I, .y axis of world seen from the camera



Coordinate Transform (Rotation)

Camera

Coordinate transformation from world to camera:
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Coordinate Transform (Rotation)

Camera

Coordinate transformation from world to camera:

X. = 2 X

T e«
X" ~~~~~~ kBD world

Origin at world coordinate

Ground plane
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:
rx1 rx2 rx3
— _C
Xe=|he T Mg |[X="RX
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Origin at world coordinate
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

rx1 rx2 rx3

X=|0, T, T X=“R, X

D e . r. r
X< ~~~~~ kBDworld SRS

.. _ Degree of freedom?
Origin at world coordinate J

Ground plane
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

r-xl r-x2 r-x3

X=|1, T, Fa | X=CRX

D e . r. r
X< ~~~~~ kCSDworld S

.. _ Degree of freedom?
Origin at world coordinate J

“Ry € SAQ)
- Orthogonal matee (R,)' (°R,)=1. det(°R,)=1

Ground plane
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Coordinate Transform (Rotation)

Camera

Coordinate transformation from world to camera:

X = I, X=“R X

T . I
X< ~~~~~~ kSD world -

Origin at world coordinate
‘R, € V)

« Orthogonal matrse (R,)'(R,)=L, det(R,)=1
* Right hand rule

15
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

X =1 K, |[X=°RX

S 1
X" ~~~~~~ kSD world -

Origin at world coordinate
‘R, € V)

« Orthogonal matrse (R,)'(R,)=L, det(R,)=1
* Right hand rule
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

X = I, X=“R X

T . I
X" ~~~~~~ kSD world -

Origin at world coordinate
‘R, € V)
« Orthogonal matrse (R,)'(R,)=L, det(R,)=1

Ground plane
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

X.=|h o I |X=R X
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Coordinate Transform (Rotation)

Camera Coordinate transformation from world to camera:

X.=|h o I |X=R X
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Camera Projection (Pure Rotation)

Camera Coordinate transformation from world to camera:
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Camera Projection (Pure Rotation)

Camera

Coordinate transformation from world to camera:
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Origin at world coordinate Camera projection of world point:
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Camera Projection (Euclidean Transform)

Camera

Coordinate transformation from world to camera:

r-xl r-x2 r-x3

X=|1, T, Fa | X=CRX

D e . r, r
X< ~~~~~ k:%Dworld S

Origin at world coordinate

Ground plane
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Camera Projection (Euclidean Transform)

Camera Coordinate transformation from world to camera:
rx1 rx2 rx3 tx X
_C C4 —
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Camera Projection (Euclidean Transform)

Camera Coordinate transformation from world to camera:
rx1 rx2 X3 tx X
_C C4 —
XK= RX+t=r, 1, rs t L}
B r.r., r, t
X( ~~~~~~ k3D world | 'z 2 z3 z |

Origin at world coordinate Where ©t s translation from world to camera
seen from camera.

Ground plane

Camera

World



Geometric Interpretation

Camera
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Coordinate transformation from world to camera:
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Origin at world coordinate where ¢t is translation from world to camera



Geometric Interpretation

Camera

rx1

... X = RX+°t=|r,

T e« r
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seen from camera.
Ground plane
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Origin at world coordinate where €t is translation from world to camera

Coordinate transformation from world to camera:
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Camera Projection Matrix

Camera Coordinate transformation from world to camera:

rx1 rx2 rx3 tx
"~ -C X Cs — X
Xe="RX+7t=r, 1, rs t .
R kSD world T2 T2 T U]
X
Origin at world coordin&amera projection of world point:
Ground plane u Xe
XC = (Xciy(yzc) AV |= K YC
....... ® - (X,¥,2) 1 7, |
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Image Projection: Sanity Chec
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Image Projection

Es (0 -1 O]
C=|0 R=/0 0 -1
0 10 0
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Image Projection

001];
radius = 5;
theta = 0:0.02:2*pi;
fori=1:length(theta)

camera_offset = [radius*cos(theta(i)); radius*sin(theta(i)); 0];
camera_center = camera_offset + center_of mass';

rz = camera_center-center_of _mass';
rz=rz /norm(rz);

ry=[001]}
rx = Vec2Skew(ry)*rz; % cross product
R=1[rx’; ry’; rz'];

C = camera_center;
P=K*R*[eye(3)-C];

proj = [];
forj=1:size(sqaure_point,1)
u="P *[sqaure_point(j,:)";1];
proj(j,:) = u'/u(3);
end
end



CRN,tC

Geometric Interpretation
/!

Camera

Ground plane

@ lw [
3D world Ay | =

Camera projection of world point:
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K P |[Ke R, B

l _rzl r22 r.23 tz
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Geometric Interpretation
/

Camera

Camera projection of world point:

_U_ _f px _ _rxl rx2 I'-x3 tx_ * X
\kﬁm world 31y 1o i n, [y o % Y :p{ }
1 1k, r, . |t ‘ 1

0 . Jtz 'z2 z3 2101

Ground plane (1) o
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What is point at infinity in world x direction?




Geometric Interpretation

Camera /

CRN,tC

Camera projection of world point:

0 N K By || ha qRN s CTy
1 1|

O L dz1 r22 r.23 t_
0
_1_

_U_ _f px__rxl rx2 I'-x3 tx_ X
Geowns 111 1

~ N < X

Ground plane

u Py P P Py
AV |= Por Pr Py Py

1 p31 p32 p33 p34

m O O 8

What is point at infinity in world x direction?
This point is at infinite but finite in image.
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Geometric Interpretation

Camera /

CRN,tC

Camera projection of world point:

0 N K By || ha qRN s CTy
1 1|

O L dz1 r22 r.23 t_
0
_1_

_U_ _f px__rxl rx2 I'-x3 tx_ X
Geowns 111 1

~ N < X

Ground plane

u Py P P Py
AV |= Por Pr Py Py

1 p31 p32 p33 p34

m O O 8

What is point at infinity in world x direction?
This point is at infinite but finite in image.




Geometric Interpretation

Camera /

CRN,tC

Camera projection of world point:

k |d _U_ _f px__rxl rx2 I'-x3 tx_
3D wor
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Geometric Interpretation

Camera 4

ﬂ'uXoo = Py
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Geometric Interpretation

Camera = Pro
HUy,, =1 Py
P=] " camera projection of world point:
ul | f o, [ t__x_
kSD world A B f X x1 X2 X3 X % _ P X
V= pr rquRNrﬁ CTy 7 1
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Geometric Interpretation

Camera

KU, = p23

Ground plane

mera projection of world point:

Ca
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1 r

L z1

r22

u Py P Pys
—> AV I|=|Py Py Py
1 Pa  Ps; Py

U= lim Pl * Py _ P

X—»00 pSSZ + p34 p33

v = lim Pl + Py _ Pas
X—w p332 + p34 p33

r

[

|

X3

z3

o X

X % X
=p

tz—_l_

L 8 O O

u Pis
> KUy, =KV | =] Py
1 Pas

|



Celestial Navigation

Far far away: point at infinity




Practice

f= fm% = 0.00153——— = 1224pix
[ 0.0048
3840 . H 2160 .
=_" - 7™ _ 1920pix =M =" _—1080pix
Py 5 5 P P, 5 5 p
0.0070 -0.8496 0.0498 0.5731
C=| 0.7520 R=|-0.3216 -0.8203 -0.4067

-0.2738

04180 -0.5299 0.6835



Practice

f= fm% = 00015329 _ 1904pix
0.0048

o
3840 . H 2160 .
=_" - 7™ _ 1920pix =M =" _—1080pix
Py 5 5 P P, 5 5 p
0.0070 -0.8496 0.0498 0.5731
C=| 0.7520 R=|-0.3216 -0.8203 -0.4067
-0.2738 0.4180 -0.5299 0.6835

-0.2374 -0.9565 20138 1.2723
P=KRI, —-C|]=| 00578 -15763 0.2404 1.2508
0.0004 -0.0005 0.0007 0.0006



—t Y _ 0015330 _ 120pix
W 0.0048
0. _Vh === -1020px  p,= %“‘9 = —21260 ~ 1080pix
[-0.2374 0.0578]/ 0.0004
[__593 5 144.5] 0.0070 08496 00498 05731
c=| 07520 R=|-03216 -0.8203 -0.4067
02738 04180 -05299 0.6835

-0.2374 109565 20138 1.2723
P=KRI, -C|=||0.0578 15763 0.2404 1.2508
0.0004 0.0005 0.0007 0.0006

R=[-0.8496 0.0498 0.5731
-0.3216 -0.8203 -0.4067
0.4180 -0.5299 0.6835];

C=1[0.0070
0.7520
-0.2738];

P=K*R*[eye(3)-C]
u_x="P(1:2,1)/P(3,1)
u_y="P(1:2,2)/P(3,2)
u_z="P(1:2,3)/P(3,3)




Practice

[-0.9565 -1.5763] / -0.0005

[1,913 3,152]

&

X:1809

JY: 3173

= fm% = 0001532220 _ 1904pix
W, 0.0048
W . Hyy _ 2160 .
__=_—1920 X =M =" _—1080pix
P > px p=—"=— p
0.0070 -0.8496 0.0498 0.5731
C=| 07520 | R=|-0.3216 -0.8203 -0.4067
-0.2738 04180 -0.5299 0.6835
-0.2374| -0.9565 | 2.0138 1.2723
P=KRI, —C|=| 00578 | -1.5763| 0.2404 1.2508
0.0004 | -0.0005 | 0.0007 0.0006

R=[-0.8496 0.0498 0.5731
-0.3216 -0.8203 -0.4067
0.4180 -0.5299 0.6835];

C=1[0.0070
0.7520
-0.2738];

P(1:2,1)/P(3,1)
P(1:2,2)/P(3,2)
3)

P=K*R*[eye(3)-C]
u =
u =
u_z="P(1:2,3)/P(3,

_X
-y
_z



f= fm% = 00015329 _ 1904pix
0.0048

ccd
_ W _ 3840 : _H, _2160 _
[2.0138 0.2404]/0.0007 p,=—F=—-=1920px  p,=—%=———=1080px
[2877 343] 0.0070 -0.8496 0.0498 05731
C=| 0.7520 R=|-0.3216 -0.8203 -0.4067
-0.2738 04180 -0.5299 0.6835

-0.2374 -0.9565 | 2.0138 [1.2723
P=KRI, -C|=| 00578 -157630.2404 (1.2508
0.0004 -0.0005 | 0.0007 |0.0006

R=[-0.8496 0.0498 0.5731
-0.3216 -0.8203 -0.4067
0.4180 -0.5299 0.6835];

C =[0.0070
0.7520
-0.2738];

P=K*R*[eye(3)-C]
u x="P(1:2,1)/P(3,1)
u_y="P(1:2,2)/P(3,2)
u_z="P(1:2,3)/P(3,3)










+z,=[0 0 1 0]

Z point at infinity

Z direction in the world coordinate system

ru ® V, : z vanishing point
V









Weak perspectiveness Strong perspectiveness




Orthographic Camera
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Affine camera;

f px rx1 rx2
P, = f P, ([ T,
1110 O

Orthographic camera:
f - 1 px = pY = O
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Orthographic Camera
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NG
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\h
¥
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Affine camera;

Orthographic camera:
f - 1 px = pY = O

rxl rx2 r-x3 0
P = e o T 0
O 0 0 1



Lens configuration (internal parameter)

X

1

\
=LK

\

R 14

T__

Spatial relationship between sensor and pinhole  Camera body configuration

(internal parameter)

(extrinsic parameter)
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