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Resectioning
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Basic Equations
Ap=0

minimal solution

P has 11 dof, 2 independent eq./points

= 5% correspondences needed (say 6)

Over-determined solution

N > 6 points

minimize || Ap|| subject to constraint
p|=1

or 1P




Degenerate Configurations

More complicate than 2D case

() Camera and points on a twisted cubic

(i) Points lie on plane or single line passing
through projection center



Data Normalization

Less obvious

(i) Simple, as before
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(i) Anisotropic scaling




Line Correspondences

Extend DLT to lines

[T=P'l.  (back-project line)

I.TPX1i I-TPX2i (2 independent eq.)




Geometric Error
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Gold Standard Algorithm

Objective
Given n=6 2D to 2D point correspondences {X;

Algorithm
Linear solution:
Normalization: X, =UX, X =Tx
DLT:

] "'!55(!2
lllPlllZ((X )

¢

Denormalization: P =T?PU

«—

X; },

determine the Maximum Likelyhood Estimation of P

Minimization of geometric error: using the linear estimate
as a starting point minimize the geometric error:




Calibration Example

() Canny edge detection
(i) Straight line fitting to the detected edges
(i) Intersecting the lines to obtain the images corners

typically precision <1/10

(HZ rule of thumb: 5n constraints for N unknowns
‘BB BRIEE S &
gaaaiEEEEN

Ty fz/f, skew 0 Yo residual
linear 1673.3  1.0063 1.39 379.96 305.7%  0.365
iterative  1675.5 1.0063 1.43 379.79 305.25  0.364




Errors in the World

. v \2
Z d(in XE) X. = P>A<

Errors in the image and in the world

_ NG v \2
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Geometric Interpretation of
Algebraic error

3 (Wd (x,,%,))

W (%, 9,,1)=PX, W ==|p’|depth(X;P)
therefore, if Hff’” =1then
Wed (x;, %) ~ fd(X., X.)

X' g T
Xi g1




Estimation of Affine Camera

Last row = (0, 0, O, 1)

1
0' —w; X, ! i X i EQ —0
w; X, ! 0' —2; X, ! p3 B
X; ' o' P? - x; )

|Ap]|* = Z (z; — PlTXi)2 + (yi — PQTXz’.)Q = Zd(xiaf{i)z
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note that in this case algebraic error = geometric error



Gold Standard Algorithm

Objective

Given n=4 2D to 2D point correspondences {X|<|x’},
determine the Maximum Likelyhood Estimation of P

(remember P37=(0,0,0,1))
Algorithm

Normalization: X =UX, X =Tx

For each correspondence

o' -x;' p! Yi
X' 0' P2 + —x; =0
Asps =D
solution is
N
Pg = A8 b

Denormalization: P =T PU




Restricted Camera Estimation

Find best fit that satisfies

« skewsis zero

*  pixels are square

e  principal point is known

« complete camera matrix K is known

Y o S Wiy
K= a, Yo
1

9 unknown parameters



Restricted Camera Estimatio

Oy S
K= |: v,
Initialization
« Use general DLT
«  Clamp values to desired values, e.g. s=0, a,= a,

Note: can sometimes cause big jJump in error
Alternative initialization

« Use general DLT
* Impose soft constraints

Z d(x;,PX;)* + ws® + w(ay, — (1-;'1;)2

« gradually increase weights



Exterior Orientation

Calibrated camera, position and orientation unkown
— Pose estimation

6 dof = 3 points minimal (4 solutions in general)



| e = § o I

[y fe/f, skew 70
algebraic  1633.4 1.0 0.0

geometric  1637.2 1.0 0.0

Y0 residual
371.21  293.63 0.601

371.32 293.69 0.601

fy f x / f-y skew L0
linear 1673.3 1.0063 1.39 379.96
iterative  1675.5 1.0063 1.43  379.79

Yo residual
305.78 0.365
305.25 0.364




Covariance Estimation

ML residual error

€Eres — U(l — d/??’?)l/z

€res « O

Example: n=197, €peg =0.365, (7=0.37
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Radial Distortion

short and long focal length
radial distortion linear image

correction

P







radial distortion

Q correction

(z,9,1)" =[I|0]Xcam

(

—

linear image

X, y: non-distorted projection
X4, Vq: distorted projection



Correction of Distortion

r=ux.4+ L(r)(x—z.) y=1y.+ L(r)(y—uy.)
Choice of the distortion function and center

L(r) = 14 kir + Kor? + K3r® + .. .

{Iﬁll, Ko, K3, ..., Te, yc}:interior parameters

T = + (xo — ez ) (K1 + Kar' +...)
Y =Y+ {yﬂ. - ﬂp}(ﬂlfz + Hg'f‘l + .. }

r =($u_¢m}2+(yu_ﬂy}2 .

Computing the parameters of the distortion function
() Minimize with additional unknowns
(i) Straighten lines

(iii) ...



Correction of Distortion
" ETTT T
gl EREN
§ guiiiR RN N

g g LN N |
e
g Ry
LRy || B S
fy fz/fy  skew X Yo residual
linear 1580.5 1.0044 0.75 377.53 299.12 0.179
iterative  1580.7 1.0044 0.70 377.42 299.02 0.179
algebraic 1556.0 1.0000 0.00 37242 291.86 0.381
iterative  1556.6 1.0000 0.00 37241 291.86 0.380
linear 1673.3 1.0063 1.39 379.96 305.78 0.365
iterative 16755 1.0063 143 379.79 30525 0.364
algebraic 16334 1.0000 0.00 371.21 293.63 0.601
iterative 1637.2 1.0000 0.00 371.32 293.69 0.601

After radial
correction



Another Method of Calibration

* Notation K
o la ¢ wug
sffl:A[R t}ﬁ withA =10 (G v
0 0 1

« Homography between the model plane and its
Image

U X |
slv|l = A [I‘l rs I3 t} Y

1

— A [I‘l | ) t}

-
Y
0

_1_

sm = HM with H=A [rl ro t}

Ref: Zhengyou Zhang, “Flexible camera calibration by viewing a plane from unknown orientations,” ICCV1999.



Another Method of Calibration

* Constraints on the intrinsic parameters
[hl h2 hg] — M [I‘l Irs t]

r, and r, are orthonormal =»
hi A" A t'hy, =0
hi A~ "A'h; =hj A "A 'h,



Another Method of Calibration

* Close-form solution
° Let

B = A_TA_l = Blg BQQ B23

-1
o2
__c
— o273
cvg —ug 3

L a2

Bi1 Bi2 DBis
| B13  Baz  DBss]|
__c cvo—uof T
a?3 a2
c? 41 _c(cvo—uofB)  wg
a262 62 Oé2;822 i 62
_ C(C"ZSQTBTQL()@ _% (Cvtzl—gggﬁ) _|_%_|_1_

h?Bh; = vI b’

b = [Bi1, Bi2, B2a, Bi3, Bas, Bss)"
the i'" column vector of H be h; = [h;1, hsa, hig]T
Vi; = [hithji, hithjo + hiohj1, hiahjo,

hishji + hithjs, hizhjo + hiohjs, hishjs]®
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Another Method of Calibration

* Close-form solution
* From the two constraints on the intrinsic parameters

PR
(V11—V22)T N

Vb =0

* Visa 2n x 6 matrix, if n = 3, we will have in general a
unique solution b defined up to a scale factor. Once b is
estimated, we can compute the camera intrinsic matrix
A.



Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#texamples

Click an the four extreme carners of the rectangular pattern (first cormer = origin)... Image 1
——
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Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#examples

The red crosses should be close to the image carners Extracted corners
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Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#texamples

Extracted comess Extracted comers
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Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#examples

* |If the location of the corners are not correct =2
adjust radial distortion manually

The red crosses should be close to the image cormers The red crosses should be on the grid cormers. ..

100 200 300 00 500 500
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Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#examples

Feprojection errar {in pixel) - To exit: right button
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Calibration Procedure

http://www.vision.caltech.edu/bouguetj/calib_doc/index.html#examples

Extrinsic parameters

Extrinsic parameters

300
EDD
T

-200 - :
=200

weorldd
Switch to camera-centerad view I

Suwitch to warld-centered view I
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