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* Auto-Calibration:
v How to determine K directly from multiple uncalibrated images
v And then compute a metric reconstruction

* Goal:
v" Given projective reconstruction {Pi,X j}
v" Determine rectifying homography H such that {Pi H, H’IXJ.} isa
metric reconstruction

x' =P, X,
P, =K'[R|t/|=PH, i=1-m
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* Rectifying homography H:
P, =P'H

|

K'[T|0]=[I|0]H

P'=[1]0] P, =K'[I|0]

KI 0 ax S xO
H= K= a,
VT 1 y 0
1
* Plane at infinitym,,
0 0
o g O DT —(K)TvO (KT
* 0 0 1 0 1
1 1 Tk o
T\ IN-T H= Tyl
= 1) — p=—(K)"v > -p'K' 1
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* Basic equation for auto-calibration | K' 0
v For P'=[A"|a'] -p'K' 1

<=P"H for i=2,...,m
Ri — (Ki)—l(Ai _aipT)Kl

! RR” =1
KiKiT — (Al _aipT)KlKlT(Ai _aipT)T

*Consider 3x3 term

v In terms of AC (or DIAC) K'K7 ="

m*i _ (Az _aipT)‘D*l(Ai _aipT)T
mi — (Az _aipT)—Tml(Ai _aipT)—l
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* How to find o' (o™) and p?
. Methods:
« Calibration using the absolute dual quadric

. The Kruppa equations

. A stratified solution
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. Absolute dual quadric Q, :
. 4x4 homogeneous matrix of rank 3

. PSD (positive semi-definite)

. n, =0
. KK'=0 =PQ_P’
. Idea of calibration: |constraints on K >Q. de;"m’miﬁ"n >H

. Simple property of absolute dual quadric

- Canonical form in Euclidean frame

i 0

1o 0

- Ina projective coordinate frame |Q. = HIH"
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» Equivalence to auto-calibration equations

T

Kl 0 I3><3 0 Kl 0
-p’K' 1[0 O0]-p'K" 1

KIK]T _K]KlTp 0)*1 _m*lp
_pTKlKlT pTKlKlTp - _me*l pT(D*lp

Q. =HIH' =

— o= PiQ*wPiT _ (Ai _aipT)KlKlT(Ai _aipT)T

+ How to estimate Q. :
v Utilize constraints on the internal parameters of K
(equivalently on @’ or ™)
v’ Linear solution
v’ Non-linear solution
v Tterative methods
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« Linear solution for Q. from a set of images

The forms of w = (KK')™! and w* = w™! = KK for a camera with calibration matrix
K as in (5.10-p143) are ‘ '
o2 +s?+33 say+zoyo o
w* = | say+ zoyo g+ w (18.9)
Zo Yo 1
and
) a ;say2 : —zoal ;— yusoz,,2
w = alaz ;sav g -g 8 QySTo — QzYo — Yo
—Zoay +Yosay  aysTo — adyo — s%yo  aZo? + aZyd + (aywo — syo)?
(18.10)
If the skew is zero, i.e. s =0, then the expressions simplify to
a2 +af  woyo mo
w* = Zoyo o2+u¢ wo (18.11)
zo Yo 1
and
af 0 —aZxo
1
W= — 0 a? —a2yo 18.12
aZa? @ « (18.12)
—agzo —aZyo ool + a2xd + oy}
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« Specifying linear constraints on Q.
v" Assume that principle point is known and transformed to the origin.

al+s> sa, 0

* 2
0 = sa, a, 0
0 0 1

*i i iT *i in* piT
o;=FPQ.P");=0,;=PQ.P"),,=0
o =P'Q P =), =P,/Q P," =0 — 2 equations
v" DAQ may be parameterized linearly by 10 homogeneous parameters.
Ax =0

v' From five images a total of 10 equation are obtained.
% 8DOF = 10 — I(scale factor) — 1 {det(DAQ) =10}
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e Auto-calibration constraints derived from the DIAC

Condition constraint type # constraints

zero skew quadratic m —
principal point (p.p.) at origin 0 linear 2m

zero skew (p.p. at origin) wiy =0 linear m

fixed (unknown) aspect ratio quadratic m1_
(zero skew and p.p. at origin) ;

known aspect ratio r=ay /s (zero 2wt = why linear m
skew and p.p. at origin)

« Example: variable focal length
v’ Zero skew, principal point at origin, unit aspect ratio
v 4 constraints per view —if m >3, unique solution exists
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+ Nonlinear solution for Q_, :

1) Constant internal parameter case (same cameras)
0" =0’ «——P'Q. PT=P/Q P’ (up tpscale)

@l /oif =@ 01 =01 ) = 6 =5 [0 =i

v’ 5 equation for 2 view
v" 10 equations for 3 view — sufficient

i1) Calibration assuming zero skew
PR I
0,053 =0;0;
v’ Single quadric constraint per view
v’ m equations with m views + detQ_ =0
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¢ Jterative methods

v" The known scale factor problem can be eliminated by using a matrix
norm.

v" Cost function
Zj:"Kz‘KiT B PiQ’;PiT"i

v In case of the focal length is the only unknown per view, cost function
would be minimized over m+3 parameters.

( focal length of each view (total m) , and 3 parameters of p)
v Method

~ Get Initial value from linear solution
~ Use LM method with cost function to unknown parameter (m+3) .
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e Consider m views

* Assume k parameters are known, f parameters are fixed but
unknown (k+f <3)

* The number of total constraints: mk + f(m-1)
* The requirement for calibration

mk+(m-1)f=>8

* Limitations of absolute quadratic approach

« Limitations of least-square algebraic solution
v Solution does not satisfy the constraints precisely
v" Enforcing the PSD condition is difficult, leading spurious

calibration
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e First auto-calibration method

- Two-view constraints on @ that require only F to be known

[e], C"[e]. (degenerate line conic)

[el.cle] =17 (e].C'fe] )

=FC'F’
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* Let C'=0',C"=0"(and H=H_) then
[e].0"[e'], =FoF’

» This can be rewritten as

T 2.7 % where
u,m u, oV, V,
T *1 T *
-u,0u, |xX|o0o,v,o v, |=0
R S F=UDV' =U o, [V’
uou, o,V,0V, 0

v' 3 quadric equations for ®; of ©°

» For identical Ks,

o =0"= [lo]e] =Fo'F
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« Example
v' Assume all the parameters are known except the focal length.
v Then

o = diag(az,az,l), o = diag(a’z,a’z,l)

v" And the Kruppa equations become

T, T, T,
uLou,  uoOu,  Uou,

2T, * - T, _* T 2 T, *
o vV,OVv, 00,Vy®OV, O0,V,0V,

S

‘ 2 quadratic egs. in o and a2
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» Calibration steps

Projective Affine Metric
v determine determine K
T, given 77
w> — —
12 DOF
7 DOF
15 DOF plane at infinity

absolute conic

parallelism N :
angles, dist. ratio

* How to determine 7 :
1) The modulus constraint
v Assumption : The internal parameters are constant.
A-ap’ =(KRK™'«— (KiRi =(A'- aiPT)Kl)
Scale factor

KRK "'is conjugate to a rotation — eigenvalues: {1,e” e}

A—ap” — eigenvalues: {u, ue”, e ™}
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det(AT-A+ap”)=(A-4 A-4, NA-4,)
=X -+ il 1,
where /4, are the 3 eigenvalues.
fi=A4+A4+4;, =u(l+2cosb)
fo =l + A4+ A4 = i’ (1+2c0s0)
f= Audody = 47

Eliminating the scalar 2 and angle @ we obtain

L =1

det(/il —A+ apT ) _ v+, Quarticpolynomial
in the 3 elements p, of p
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i1) Other methods of finding 7,

v Straightforward method (Using 3 vanishing points) [Chap.9]
v’ Pure translation : No rotation, constant internal parameter
- 7, is determined uniquely.
v Using ADC Q. @ =0
v" Quasi-affine reconstruction. [Chap.20]
v Bounds imposed by cheirality.
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* Affine to metric conversion

n_(p) >H_ >o(n’)— K

v’ How to find the infinite homography H

n, =) ,and P’ = [Ai |ai]are known

then

H =A"-ap’ ;if P =[10]
H = (Ai —al‘pTXA1 —alpr)_1 ;if P! = [Al \al]

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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v’ Transformation of IAC (DIAC) throughH

*

o= H;m*H;T and ®' = (H;)_T(D(H;)-l

H/, is normalized as det H', =1 for the scale factors.

v If fixed camera (@ = @" )

A : 6x6 matrix

¢ :conic ® written as a 6 - vector
. . . fivel el e
v If m=2 views, A is a 6 m X 6 matrix. L 2.2
o =| cc, fitec, ¢,
c>o—->K & ¢ 1
Cholesky decomposition 1 Y ; 0 -/ ;‘zcx
o=—— 0 12 - fle,
v’ Linear solution using IAC is more Sl fle, = fle, [P+ fiE+fi
practical than using DIAC
Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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e Auto-calibration constraints derived from the IAC

Condition constraint type # constraints
zero skew wizg =0 linear m
principal point at origin wiz =wo3 =10 linear 2m
known aspect ratio r = a,, /« .
P! v/ w11 = 2was linear m

(assuming zero skew)

fixed (unknown) aspect ratio

i i J :
(assuming zero skew) Wiy /why = wiy/wh,  quadratic =l

 In order to make the solution satisfy the constraints
precisely, one may impose the known info. as hard
constraints

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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I Objective

)

Given a projective reconstruction {P?,X;}, where P{ = [A’ | a?], determine a metric
reconstruction via an intermediate affine reconstruction.

Algorithm

(i) Affine rectification: Determine the vector p that defines 7., using one of
the methods described in section 18.5.1. At this point an affine reconstruction
i may be obtained as {P‘Hp,H;1X;} with

I 0
o Be = [ -pT 1 ] :
(ii) Infinite homography: Compute the infinite homography between the refer-
ence view and the others as
= (a*—a’pT).
; Normalize the matrix so that detH, = 1.
(iii) Compute w:

i . In the ca,se of constant calibration: rewrite the equations
= (Hi,)T Tw(Hi,)™!, i =1,...,m as Ac = O with A a 6m X 6 matrix, and
‘e the elements of the conic w arranged as a 6-vector, or
e For variable calibration parameters, use the equation w’ = (Hi,)~ Tw(Hi,) ™!

to express linear constraints on entries of w' (e.g. zero skew) as lmear equa-
tions in the entries of w.

t (iv) Obta.m a least-squares solution to Ac = 0 via SVD.

(v) Metric rectification: Determine the camera matrix K from the Cholesky
decomposition w = (KK')~! . Then a metric reconstruction is obtained as
{P*HpH,, (HoHa)~1X;} with

K O
& 0]
(vi) Use iterative least-squares minimization to improve the solution- (see
section 18.3.3).

Stratified auto-calibration algorithm using IAC constraints.
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* Examples:
v' Pan-tilt zoom surveillance camera
v’ broadcasting camera
v" handheld camcorder at a single position

* Determining H, from rotating camera views
=H'x
H =H, =K'R'(K)"
v Example : Rotation about center with varying internal parameters
= Zero skew (( io)_T(o( ;)’1)12: 0
~ Unit aspect ratio ((H’w )_T(,)( ;)'1)”: ((H;)_T(,)( ;)1) ’
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Objective

Given m > 2 views aéquired by a camera rotating about its centre with fixed or varying
internal parameters, compute the parameters of each camera. It is assumed that the
rotations are not all about the same axis.

Algorithm

i) Inter-image homographies: Compute the homography H between each view
ag L h
i and a reference view such that x* = Hx using, for example, algorithm 3.6-
(p108). Normalize the matrices such that detH! = 1.

(ii) Compute w:

e In the case of constant ~calibration: rewrite the equations
w=H)"TwH) ', i=1,...,m as Ac = O where A is a 6m x 6 ma-
trix, and c the elements of the conic w arranged as a 6-vector, or
For variable calibration parameters, use the equation w® = (H) Tw@E)~! to
express linear constraints on entries of w? in table 18.4 (e.g. unit aspect ratio)
as linear equations in the entries of w.

(iif) Compute K: Determine the Cholesky decomposition of w as w = uuT, and
thence K =U"T,
(iv) Iterative improvement: (Optional) Refine the linear estimate of K by mini-
mizing
ST ded, kRixg)?
i=2,m; j=1,n
over K and R, where xj,x} are the position of the j:th point measured in the

first and -th images respectively. Initial estimates for the minimization are
obtained from K and R* = K~1H'K.
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* Potential applications - Only requires homographies
v" Ground plane, aerial images between planes
* Auto-Calibration from scene planes | - No need of F or T
H/
The plane of first image Ideal plane

v Let the imaged circular points in the first view to be
¢, =H'(1,£i,0)" =12
v" Then given HY, in the i-th view
(H'e,f o'(H'e,)=0,i=1...m j=12 H'=I
v’ Solution is possible if 2m ‘\# of parameters in ¢,

# of unknown parameters in K

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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* Avoid ambiguous motion sequences
» Use as much info. you have

* Refine using bundle adjustment
2

arg min i Zn: D(xi. P’ (Xj ))
P’ X

X, =l =l

v" Enforce constraints or priors on intrinsics during minimization

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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* AR (Augmented Reality)

input images i
p g P— SIFT features feature 2-View matches
extraction matching
— —f
object-to-scene match
transformation scene model validation
virtual object bundle
insertion adjustment
v = G—
S multi-view
matches offline
virtual object model online
rendering camera pose recognition
estimation (E\u
g = ,7\/3
augmented video frame  current video frame slide of Iryna Gordon
Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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* Urban 3D Modelling from Video

( — )

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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+ 4D Cities: Spatio-Temporal Reconstruction from Images

E r;l “ n D m 2 e e ) T 5 S R
-
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9 .

) Photo Tourism Microsoft
e o Exploring photo collections in 3D

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU
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Photo Tourism

Exploring photo collections in 3D

Noah Snavely Steven M. Seitz  Richard Szeliski
ersity of Washington Microsoft Research

SIGGRAPH 2006

Multi View Geometry (Spring '08) K. M. Lee, EECS, SNU

18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


