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Announcements

e Project #2 artifacts voting.
» Project #3 will be online tomorrow, hopefully.
 Scribe schedule.

Outline

» Factorization methods

- Orthogonal

- Missing data

- Projective

- Projective with missing data
e Project #3
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Structure from motion

DigiY24

Structure from motion

DigiV24

Factorization methods

2D feature |__, . .|| optimization |__,| geometry
tracking 3D estimation (bundle adjust) fitting
SFM pipeline
.
Notations

I[1: projection matrix
7. projection function

q; :ﬂ(iji)

n 3D points are seen in m views
q=(u,v,1): 2D image point
P=(x,Vy,z,1): 3D scene point

qj; is the projection of the i-th point on image j
A;; projective depth of g;;

w(x,y,z)=(x/z,y/z)

A. =z

)




o o . - VFX . . . - VFX
SFM under orthographic projection - factorization (Tomasi & Kanade) -
2D image 0;12?52?0*? 3D scene image projection of n features in one image:
point matrix point offset [ql q, - qn]: H [pl p, - pn]
\ | 2xn 2x3 3xn
q — Hp + t projection of n features in m images
I
, 2x1 2x33x1 2x1 A e s !
o Trick A 9 o Q|| b p, - pl
- Choose scene origin to be centroid of 3D points : oo : ! éxn g
- Choose image origins to be centroid of 2D points qQ, 9, - q,, I,
- Allows us to drop the camera translation: Tmxn 2mx3
q — Hp W measurement M motion S shape
Key Observation: rank(W) <=3

Factorization

known—— M S ——solve for
2mx3 3xn

» Factorization Technique
— W is at most rank 3 (assuming no noise)
— We can use singular value decomposition to factor W:

W =M'S'

2m xn 2mx3 3xn

— §’ differs from S by a linear transformation A:
W =M'S'= (MA ")(AS)

— Solve for A by enforcing metric constraints on M

Metric constraints

» Orthographic Camera M- - {1 o}
— Rows of IT are orthonormal: o1

» Enforcing “Metric” Constraints

— Compute A such that rows of M have these
properties

M'A=M

Trick (not in original Tomasi/Kanade paper, but in followup work)
 Constraints are linear in AAT :

Ll) ?}:nnfzn'A(An')Tzn'cn'f where G = AA”

» Solve for G first by writing equations for every IT, in M
* Then G = AAT by SVD (since U = V)




Factorization with noisy data

W=M S+ E

2mxn 2mx3 3xn 2mxn

» SVD gives this solution
— Provides optimal rank 3 approximation W’ of W

W =W'+ E
2m xn 2m xn 2mxn
* Approach
— Estimate W’, then use noise-free factorization of W’
as before

— Result minimizes the SSD between positions of image
features and projection of the reconstruction

Factorization method
with missing data

Why missing data?

Frame number

800 . . . . .
0 500 1000 1500 2000 2500 3000 3500

Track index

e occlusions
« tracking failure

—->W is only partially filled, factorization doesn’t
work

i
Tomasi & Kanade
 Hallucination/propagation
-'Ua11 U1z Uiz ’u14-
U21 U2z U2z U2a
Uz1 Uzz Uzz Uza
W = [l] _ | Uar U4z g 5
\4 Vi1 Uiz Uiz Vg
Va1 V32 Vaz V24
V31 U3z Uszz Vsz4 _ i
| Va1 v vazs 7] U1 U1z Uiz Uig
U1 U2 Uz U4
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. DigiY24 . DigiV24
Tomasi & Kanade Tomasi & Kanade
e Solve fori, and j,:
Wexa = R6x33‘|‘t6xle:f 4 Ja
[l why wlg] = i [s) sp 8]
S=[s1 s s:(s5)] [vi vie vhs] = 5[l 8% si]
[ ay 1 [ if ]
iT
“ T Uy, = Ugp — @y '
a 1 p - TP S —=8,—C
tex1 = bf and Reys = J% vy, = Vap — b} A
by Jz 1
. o1 c=—(s;+s2+s3)
[ bs | | _]g | ey = 3(u41+u42+u43) 3
o1
b, = 3(U41+U42+U43)

Tomasi & Kanade

Tomasi & Kanade

« Alternatively, first apply factorization on

U1 U1z Uiz -
Ug1 Uz TUaz
Ugz1 U3z Usz
Ways = Uq1 Ugz U4z
V11 Uiz Vi3
Va1 V22 Tas
V31 U3z V33

V41 Va2 V43

» Disadvantages
- Finding the largest full submatrix of a matrix with
missing elements is NP-hard.

- The data is not used symmetrically, these
inaccuracies will propagate in the computation of
additional missing elements.




Shum, Ikeuchi & Reddy

» Treat SVD as a PCA with missing data problem
which is a weighted least square problem.

» Assume that W consists of n m-d points with
mean t and covariance X. If the rank of Wisr,
the problem of PCA is to find U,S,V such that

HW —et’ — USVTH is minimal.

o If Wis incomplete, it becomes
. 1 2
m1n¢:5 Z(q,.j—tj—ufvj)

q;; is visible

Shum, Ikeuchi & Reddy

e To be solvable, the number of observable
elements ¢ in W must be larger than r(m+n-r)

 If we arrange W as an c-d vector w, we can
rewrite it as

1
ming=—f'f
¢ 2
f=w—-t—Bu=w-Gv
e To reach minimum, u and v satisfies:

B'Bu-B'(w-t)
=0
G'Gv-G'w

Shum, Ikeuchi & Reddy

« Nonlinear, solved by iterating between “fixing
v and solving u” and “fixing u and solving v”

—

initialize v

update u=B"(w—t)

update v=G'w

stop if convergence, or go back to step 2

w N
N N

N

» The above procedure can be further simplified
by taking advantage of the sparse structure.

Shum, Ikeuchi & Reddy

» Disadvantages: sensitive to the starting point




Linear fitting

« Try to find a rank-r matrix W so that [W-w|
is minimal.

» Each column of W is an m-d vector. SVD tries to
find an r-d linear space L that is closest to
these n m-d vectors and projects these vectors
to L.

» A matrix describes a vector space.

Linear fitting R

» Without noise, each triplet of columns of M
exactly specifies L. When there is missing data,
each triplet only forms a constraint.

e For SFM, r=3, We can combine constraints to
find L Lc N span(4;,4;,4,)
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Linear fitting

L=NS, = L=US
t t J—
Let N, denote a matrix representation of St, that is, each
column of N, is a vector orthogonal to the space St.

If N=[N,, N;,... N]], then L is the null space of N.

Because of noise, the matrix N will typically have full rank.
Taking the SVD of N, and find its three least significant
components. If fourth smallest singular value of this
matrix is less than 0.001, the result is unreliable.

This method can be used as the initialization for Shum’s
method.




Factorization method with
projective projection

Factorization for projective projecti

projective ~
depth A‘[jqjj = Hj P,

Ady Ad, o A, II,
/121:(121 /122:(122 /12n:(12n _ H:Z [pl p, pn]
: : 4xn
ﬂ’mlqml ﬂ“qumZ ﬂ“mnqmn Hm
3mxn 3mx4

W has rank at most 4. The problem is
that we don’t know A.

(o eI e R |

Sturm & Triggs

For the p-th point, its projective depths for the i-th
and j-th images are related by

v lei Adip) - (Fijgp)
ip —

les; A qip|? v

. Normalize the image coordinates, by applying transformations T';.

. Estimate the fundamental matrices and epipoles with the method of [Har95].

. Determine the scale factors A;, using equation (3).

. Build the rescaled measurement matrix W.

. Balance W by column-wise and “triplet-of-rows”-wise scalar mutliplications.

. Compute the SVD of the balanced matnix W

. From the SVD, recover projective motion and shape.

. Adapt projective motion, to account for the normalization transformations T'; of step 1.

Sturm & Triggs

Compute an initial estimate of the projective depths z;;,
withi=1,..,mand j=1,. ,n

Repeat:

(1) normalize each row of the data matrix Z, then normal-
ize each one of its columns;

(2) use singular value decomposition to compute the ma-
trices M and P minimizing |Z — MP|?;

(3) for i = 1,..,m and j = 1,..,n, find the value of z;
minimizing |2i;p,;; — MiP;|? using linear least squares;
until convergence.




Factorization method with projective

Mahamud et. al. RIEIVEX

Ey =312, = MP =3 g, x(MP)[
ED =g, < (M2 =|Com
j=1

( —’UJﬂPT OT ’U,ﬂP"lr\

C.m,

projection and missing data o7 —wy PT vy PT
T T
—UﬂPl u’ilp]_ OT
—wip, PT o” Uin PT
\ —Vin P, uin P, 0T
MVFX . MVFX
Mahamud et. al. Project #3 Matchmove
Compute an initial estimate of the vectors P; ..., P, and * Assigned: 5/4
normalize these vectors. e Due: 11:59pm 5/24
Repeat: o

(1) for i =1 to m, compute the unit vector m; that mini-
mizes |Cim@-|2;

(2) for j =1 to n, compute the unit vector P; that mini-
mizes |D; P;|*;

until convergence.

Work in pairs

Implement Tomasi/Kanade factorization
method.

Some matlab implementations are provided as
reference for implementation details.




& Bells & whistles

» Tracking

» Extensions of factorization methods (Jacobs,
Mahamud are recommended)

e Bundle adjustment
» Better graphics composition

Artifacts

Take your own movie and insert some objects
into it.

Sony TRV900, progressive mode, 15fps
Capturing machine in 219

Demo of how to capturing video

. N _- VFX
Submission Diai

* You have to turn in your complete source, the
executable, a html report and an artifact.

» Report page contains:

description of the project, what do you learn, algorithm,
implementation details, results, bells and whistles...

 Artifacts must be made using your own program.
artifacts voting on forum.

Reference software

« Famous matchmove software include 3D-
Equalizer, boujou, REALVIS MatchMover,
PixelFarm PFTrack... Most are very expensive

o We will use Icarus, predecessor of PFTrack. It
will be available at project’s page
(id/password).




ICARUS

Digi\YI4

» Three main components:
- Distortion
- Calibration
- Reconstruction
o Capturing video
- Enough depth variance
- Fixed zoom if possible
- Static scene if possible

Reference

Digi\YI24

Heung-Yeung Shum, Katsushi lkeuchi and Raj Reddy, Principal
Component Analysis with Missing Data and Its Application to
Polyhedral Object Modeling, PAMI 17(9), 1995.

David Jacobs, Linear Fitting with Missing Data for Structure from
Motion, Computer Vision and Image Understanding, 2001

Peter Sturm and Bill Triggs, A factorization Based Algorithm for
Multi-Image Projective Structure and Motion, ECCV 1996.
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Provably-Convergent Iterative Methods for Projective Structure
from Motion, ICCV 2001.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


