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Geometric Camera Calibration
Chapter 2

Guido Gerig
CS 6320 Spring 2012

Slides modified from Marc Pollefeys, UNC Chapel Hill, Comp256,
Other slides and illustrations from J. Ponce, addendum to course book,
and Trevor Darrell, Berkeley, C280 Computer Vision Course.




Equation: World coordinates to

= image pixels
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Calibration target
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The Opti-CAL Calibration Target Image
Find the position, u; and v;, in pixels,
of each calibration object feature point.

etic.bc.ca/CompVision/opti-CAL.htmi
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Camera calibration
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ot E From before, we had these equations m;- P
— relating image positions, "= m,- P
u,v, to points at 3-d positions P (in m..p

homogeneous coordinates): V=
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So for each feature point, I, we have:
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Camera calibration
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Stack all these measurements of i1=1...n points
(M —u;my)-R =0
(mz _Vims) ' |3| =0

Into a big matrix:

(BT 0" —uP" 0

0" P’ —vPT (M) |o
coe m2 —
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—~ Camera calibration "
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We want to solve for the unit vecfor m (the
stacked one) that minimizes |Qm

The eigenvector assoc. to the minimum eigenvalue of
the matrix QTQ gives us that because it is the unit
vector X that minimizes x™ QTQ x.

W. Freeman
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Homogeneous Linear Systems

il
(i

Square system:
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A X | =10 * unique solution: 0

e unless Det(A)=0

Rectangular system ??

* 0 isalways a solution

Minimize |AX| :
under the constraint |x| =1
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How do you solve overconstrained
homogeneous linear equations ??
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e Orthonormal basis of eigenvectors: ey, ..., e,.
e Associated eigenvalues: 0 < A\ < ... < A,

eAny vector can be written as
T = [ne]+ ...+ g€

for some p; (i = 1,...,q) such that pf +... +p2 = 1.

E(z) — E(e)) = (z/fa) —ef(UU)er
— )\lu1+ Aquq A The solutionis e

> N(p? + .. +uq—1)—0
remember: EIG(UTU)=SVD(U), i.e. solution is V,
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Degenerate Point Configurations
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Are there other solutions besides M ??
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 Coplanar points: (A,u,v )=(I1,0,0) or (0,I1,0) or (0,0,IT)

* Points lying on the intersection curve of two quadric
surfaces = straight line + twisted cubic

Does not happen for 6 or more random points!
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Camera calibration
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Once you have the M matrix, can recover the
Intrinsic and extrinsic parameters.

Estimation of the Intrinsic and EXxtrinsic
Parameters, see pdf slides S.M. Abdallah.
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Other Slides following
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—— Calibration Problem
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Given n points Py, ..., P, with known positions and their images
P1y---3Pn

Find 2 and e such that

2
) ] is minimized




]
il

Analytical Photogrammetry
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Given n points Pi,..., P, with known positions and their images
P1;---3Pn
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Find 2 and e such that
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Non-Linear Least-Squares Methods

e Newton
e Gauss-Newton
e Levenberg-Marquardt

Iterative, quadratically convergent in favorable situations
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Linear Systems
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Square system:

e unigue solution
A X =1Db |
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e Gaussian elimination

Rectangular system ??

e underconstrained:
Infinity of solutions
A X | = b 4

e gverconstrained:
no solution

BE) Minimize [Ax-b|’




How do you solve overconstrained linear equations ??
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e Define F = |e|> = e - e with

i
1

Ax — b =

-H

C | Cy

= z1C1+ T2Cy + - - Ty, — b

e At a minimum,

08 _ de ., Oe_,0e
8:1:,- B 837,' ere 632,'_ 8371' €
_26( + -4 _b) = 92¢;: -
= o ri1C) TnCn €=124C-€
= 2¢/(Az —b)=0
® Or
ci
0= (Az — b) = AT(Az — b) = AT Az = ATb,
T
cn

wherg & = A'b and AT = (AT A)~'AT is the pseudoinverse of A'!
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Homogeneous Linear Systems
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Square system:
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A X | =10 * unique solution: 0

e unless Det(A)=0

Rectangular system ??

* 0 isalways a solution

Minimize |AX| :
under the constraint |x| =1
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How do you solve overconstrained
homogeneous linear equations ??
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e Orthonormal basis of eigenvectors: ey, ..., e,.
e Associated eigenvalues: 0 < A\ < ... < A,

eAny vector can be written as
T = [ne]+ ...+ g€

for some p; (i = 1,...,q) such that pf +... +p2 = 1.

E(z) — E(e)) = (z/fa) —ef(UU)er
— )\lu1+ Aquq A The solutionis e

> N(p? + .. +uq—1)—0
remember: EIG(UTU)=SVD(U), i.e. solution is V,
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Linear Camera Calibration

Given n points Pi,..., P, with known positions and their images
P1y- -5 Pn

[y - P;)
m;3 - P;
mz-Pi
\m3 - P;)

Pm = 0 with P ¢

)Pi=0

and m
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Once M is known, you still got to recover the intrinsic and
extrinsic parameters !!!
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This iIs a decomposition problem, not an estimation
problem.

(ar] —acotOr] +uprl  at, — acotBt, + ugt,
6, 6,
M = : TT T’T —1 vt
p sin 0 2 + UpT'3 sin 0 [/} + 0tz
\ rg t, )

e Intrinsic parameters

 EXtrinsic parameters
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Section 3.2.2
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e Estimation of the Intrinsic and Extrinsic
Parameters (S.M. Abdallah)
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Useful Links
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Demo calibration (some links broken):

e http://mitpress.mit.edu/e-
Journals/Videre/001/articles/Zhang/Calib

Env/CalibEnv.html
Bouget camera calibration SW:

e http://www.vision.caltech.edu/bouguetj/
calib_doc/

CVonline: Monocular Camera calibration:

e http://homepages.inf.ed.ac.uk/cgi/rbf/C
VONLINE/entries.pl?TAG250




