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Optics : the light travels along straight line segments

The light travels along straight lines if one assumes a single
material (air, glass, etc.) and a single frequency. Otherwise . ..
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Optics : behavior of a lens

Assuming the Gauss' assumptions, all light rays coming from the
same direction converge to a unique point on the focal plane.
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Optics : an aperture




Optics : a pinhole camera

A pinhole camera is a camera with a very small aperture. The lens
becomes completely useless. The camera is just a small hole. High

exposure durations are needed due to the limited amount of light
received.




What is a camera ?

A camera is a function:
point in the 3D world — pixel
(x y z)—><u v)
(X y z)—>(x 3% z)(c)—><u v)(f)—>(u v)

> (x y z) in the world 3D Cartesian coordinate system

Cc
> (x y z)( ) in the 3D Cartesian coordinate system located

at the camera’s optical center (the hole), with the axis z(¢)
along its optical axis, and the axis y{(¢) pointing upperwards.
(f) . : : .
> (u v) in the 2D Cartesian coordinate system locate in the
focal plane
> (u v) in the 2D coordinate system screen or image
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(xyz) = (xyz)")

x(€) X ty
y(c) =Rsx3|y|+ |t
Z(C) zZ tz

R is a matrix that gives the rotation from the world coordinate
system to the camera coordinate system. The columns of R are
the base vectors of the world coordinate system expressed in the
camera coordinate system. In the following, we will assume that
the two coordinate systems are orthonormal. In this case, we have
RTR=1< R 1=RT.



(xy2)'9 = (uv))




(xy2)'9 = (uv))

We suppose that the image plane is orthogonal to the optical axis.
We have :
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(uv)H) — (uv)

We have :

v(f)

— () _
Y Y tand

Yky + uo v=vOk, + v

The parameters k, and k, are scaling factors and (up, vy) are the
coordinates of the point where the optical axis crosses the image

plane. We pose s, = _tak:ﬂ and obtain:
su ky Ssuww U su(f)
sv| =10 k, w svl(f)
s 0 0 1 s

Often, the grid of photosensitive cells can be considered as nearly
rectangular. The parameter s, is then neglected and is considered
as 0.
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The complete pinhole camera model

With homogeneous coordinates the pinhole model can be written
as a linear relation:

su ke sw w] [F 0 0 0 . ix x
svl=10 k w||0 f 0 0 3x3 J i
S 0o 0 1 0 010 0 0 0 12 1
su oy Suw uw O R EX x
s lsvl=10 a, w 0 3x3 ty )z/
Z
S 0 0 1 0 0 0 01 1
X
su mp1 mi2 M3 Mia y
S | SV | = [m21 mxp Mmp3 Mo S
S ms1 m32 mM33 M34 1

with o, = f ky, oy, = k,, and S, = s,,.
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What is the physical meaning of the homogeneous coordinates ?

Think about all concurrent lines intersection at the origin and the
three first elements of the homogeneous coordinates with (x y z)
on a sphere ...

How many degrees of freedom has M3yx4 7

(m31m32ms33) is a unit vector since (m31msams3) = (r31r3ar33).
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The calibration step: finding the matrix M3, 4

X silhouette 1.0 : calibration de caméra ... Mémoire utilisée : 22 Mo de 27 Mo ( max : 63 Mo ) BEER

v= [1321fy= 21

v= 610
2= [616.||z = 351
[15.702117:[r1.06945 1535 4.642772[-210187.12 0.9984215;]-26.80248¢[370.8503 8( [o.0982225(0.05117382[-0.05 1016113645, 441¢
M- [5.6079527([71.582847:[195 41135¢[-114278.0¢ = 0.0 [18.084043;207.39758; 3 [Fo.072336¢[0.9523713¢[-0.2582304[329.10719¢
0.0333505:(0.2611002+[0.9647354(-579.72201 0.0 0.0 L0 0.03335053[0.2611002<[0.9647354(-575.72201
oK
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The calibration step: finding the matrix M3, 4

su mi1 M2 M3 Mg
SV | = |ma1 My M3 My
s m31 Mm32 Mm33 M3

=N < X

therefore

mi1 X+ mip y +mi3 z+ mia

m31 X+ m3p y + m33 z+ M3
Mo1 X+ Moo y + Mo3 Z 4 Moy

m31 X+ m32 y + m33 z+ m34

and

(m31 u— mu)x + (M3 u—my)y + (M33 u—mz)z+ (M3a u— M) =

(m3y v —mo)x + (M3 v—m)y + (msz v—mp)z+ (ms v—my) = 0
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The calibration step: finding the matrix M3, 4

mi1
fx1 y1 zn 1 O 0 0 0 —wixy —wyr —wzy —u | mi2
x2 y» z2 1 0 0 0 0 —wxx —wyr —uzy —up mi3
miq4

Xn yn zn 10 0 0 O —unxn —Unyn —UnZp —Up m22 -0
0 0 0 0 xx y1 1 1 —-vixy —wviy1 —vizz —v mo3
0 0 0 0 x y2 2 1 —wxx —wy —wzn -—-Ww mog
m3y
: : : : m3o
L O 0 0 0 x» Yo 2Zn 1 —VpXn —Vp¥n —VaZn —Vp | m33
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Questions
What is the minimum value for n ?

55

How can we solve the homogeneous system of the previous slide ?

Apply a SVD and use the vector of the matrix V corresponding the
smallest singular value.

Is there a conditions on the set of 3D points used for calibrating
the camera 7

Yes, they should not be coplanar.
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Intrinsic and extrinsic parameters

mi1 M2 M3 M ay Sy Uo tx
my myp m3 ma| =0 a w Rixz  ty
m31 M3 mM33 M3y 0 0 1 t;

intrinsic parameters extrinsic parameters

The decomposition can be achieved via the orthonormalising
theorem of Graham-Schmidt, or via a QR decomposition since

mi1 mp M3 ay Suyv Uo| |n1 n2 ns
mpy myp m3| = |0 a, w| |1 2 3
[Mm31 m32 m33| |0 0 1] |m1 rm2 r3
m33 M3 M3 rs3 3 n3| |1 w wo
& |m2 myn mp| = |2 r2 rn2| |0 a, Su
|M31 M1 M| (31 21 ] [0 0 oy



What is the minimum of points to use for recalibrating a camera
that has moved 7

3 since there are 6 degrees of freedom in the extrinsic parameters.

What is this ? \
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