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Material We Will Cover Today

* The structure of 3D->2D projection matrix
* A primer on projective geometry of the plane

« Epipolar Geometry and Fundamental Matrix
* Why 3 views?

e Primer on Covariant-Contravariant Index conventions

e Trifocal Tensor

e Quadrifocal Tensor
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The structure of 3D->2D projection matrix
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The Structure of a Projection Matrix
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The Structure of a Projection Matrix
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The Structure of a Projection Matrix
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The Structure of a Projection Matrix

Generally,
1:x 1:x COSH XO
?Iﬂ@ X
K=10 > \K
sing  °
0 0 1 Y

( Xor Y o) is called the “principle point” £

Y s “aspect ratio”

C
cosd is called the “skew”

s=f — f
sing X
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The Camera Center
pLM,,P

M  has rank=3, thus [ C Suchthat Mc = 0

Why is C the camera center?

Consider the “optical ray” Q) (/] ) = AP + (1 -/ )C

MQ (A)=AMP CMP [ p /,oP

All points along the line Q(A) |
are mapped to the same point ,p

’
s
’
s
[

m=) Q(A) isaray through the camera center
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The Epipolar Points
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Choice of Canonical Frame

p LI MP = MWW P
p'LUM'P=M"'WW P
W _1P is the new world coordinate frame

We have 15 degrees of freedom (16 upto scale)

Choose W such that MW =1 ;0]
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Choice of Canonical Frame

_ M7= (Mm)n" —-Q/A)M 'm
n' 1/

=[l-mn"+mnT; -@/A)m+ (@1/A)m]

=[1; 0]

We are left with 4 degrees of freedom (upto scale): (N T ) )
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Choice of Canonical Frame

1;0]P

H;e'lP

p O[1;0]
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Choice of Canonical Frame

| (p) o O [p
p D[H’e](ﬂ-]_[H’e]_nT 1//]JE,U)

=[H +en™; (@/2)e]

[H;€e']

D[/IH +e'n’; e']

p'O[AH +e'n'; e](flj

T )
where (N’ ,A) arefree variables
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Hﬂ

Family of Homography Matrices

p! O[AH +e;n"; e ]P

H_ =AH +e'n'

Stands for the family of 2D projective transformations

between two fixed images induced by a plane in space
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Family of Homography Matrices

H,TDHOO+£e'nT
d
when d - o

H - H_, OK'RK™

T

,
.
s
.
.
.
.

first camera frame

=> K ' RK "L s the homography matrix induced by
the plane at infinity
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Reconstruction Problem

p'O[H; e Ei =Hp. + ue

We wish to solve for the motion H ; g"] and structure y; from matches p; « p;
Without additional information we cannot solve uniquely for H because

H is determined up to a 4-parameter family (position of a reference plane
in space).
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U. of Milano, 5.7.04

A primer on projective geometry of the plane

Lecture 1: multiview
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Projective Geometry of the Plane
ax+by+c=0 Equation of a line in the 2D plane

==> The line is represented by the vector | = (a,b,c)’
and pTl =0 p — (X, y,l)T

Correspondence between lines and vectors are not 1-1 because
(Aa,Ab, Ac)" represents the same line p' (A)=0,01%20

The vector (0,0,0)" does not represent any line.

==) Two vectors differing by a scale factor are equivalent.
This equivalence class is called homogenous vector. Any

T . . .
vector (a,b,C)  isarepresentation of the equivalence class.
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Projective Geometry of the Plane
A point (X, Y) lies on the line (coincident with) which is represented
by | = (a,b,c)” iff P'1=0
Butalso (Ap)'I =0

=> (AX,Ay,A)",0A # 0 represents the point (X,y)

Xl X2 )
Xy Xq

= (X, X,, X3)T represents the point  (

The vector (0,0,0)" does not represent any point.

Points and lines are dual to each other (only in the 2D casel).

U. of Milano, 5.7.04 Lecture 1: multiview 19



Projective Geometry of the Plane

I S

pLTrxs
P

p'r=(rxs)'r=0
P's=(rxs)'s=0

note:  (axb)'c=det(a,b,c)

Likewise,

'L pxqg
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Lines and Points at Infinity
I

Consider lines r = (a,b,c)’ s=(a,b,c')’ //

S

( bc'—ch ) (b) (b
rxs=|ac—-ac'|=(c'-c)|—a || —a point at infinity
.0 L0 L0,

which represents the point (g , _Oa) with infinitely large coordinates

// (q) ‘b \
/// b | All meet at the same point | — g

\LeActu}re 1: multiview \21O )
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Lines and Points at Infinity

The points (X, X,,0)" ,X,, X, lie ona line
(0)
(X,,X%,,0)'{0|=0
1)

Theline |_ = (0,01)" iscalled the line at infinity

The points (X, X,,0)' ,0X,, X, are called ideal points.

Aline (a,b,A)" meets |_= (0,01)" at ESJXESJ:[_ZJ

(which is the direction of the line)
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A Model of the Projective Plane

X,
(X, X%,,0)" !
ideal point
| = (0,0,1)T
: > Xy
is the plane X X,
X, (AX, A%, AX)", A 20

Points are represented as lines (rays) through the origin
Lines are represented as planes through the origin
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A Model of the Projective Plane

Pn i {[Xl""’ Xn] # [O,..., O] ) [Xl""’ Xn] = [Axl""’AXn]a (1A # O}
={lines through the originin gn+1 }

={1-dim subspaces of R"*! }
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Projective Transformations in P 2

The study of properties of the projective plane that are invariant
under a group of transformations.

Projectivity: h: P 2 _, P2 that maps lines to lines (i.e. preserves colinearity)

Any invertible 3x3 matrix is a Projectivity:
Let Piy Py, P53 Colinear points, i.e.
T — T -1 —
m==> the points Hp . lie on the line H "I
Therefore H preserves colinearity.

H s called homography, colineation H ~T s the dual.
A homography is determined by 8 parameters.

U. of Milano, 5.7.04 Lecture 1: multiview 25



Projective Transformations in P 2

perspectivity
(6 d.o.f)

A composition of perspectivities from a plane 71 to other planes

and back to 71 is a projectivity.
Every projectivity can be represented in this way.
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Projective Transformations in P 2

Example, a prespectivity in 1D:

Lines adjoining matching points are concurrent

Lines adjoining matching points (a,a’),(b,b’),(c,c’) are not concurrent
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Projective Transformations in

| = (0,01)" is not invariant under H:

Pointson |

X3

are

(X, )
X2

L0

(X1, %,,0)"

= thl t X2h2 =

is not necessarily O

(X))

X5

\ X3

=== Parallel lines do not remain parallel |

==> | ismappedto H TI_

00

U. of Milano, 5.7.04
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Projective Basis

A Simplex in R""*' is a set of n+2 points such that no subset

Of n+1 of them lie on a hyperplane (linearly dependent).

In P2 aSimplex is 4 points

Theorem: there is a unique colineation between any two Simplexes
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Projective Invariants

Invariants are measurements that remain fixed under colineations

# of independent invariants = # d.o.f of configuration - # d.o.f of trans.

Ex:1Dcase p'LH,,p ==> Hhas3dof
A point in 1D is represented by 1 parameter.

4 points we have: 4-3=1 invariant (cross ratio)

2D case: H has 8 d.o.f, a point has 2 d.o.f thus 5 points induce 2 invariants

U. of Milano, 5.7.04 Lecture 1: multiview 30



Projective Invariants

The cross-ratio of 4 points:

b
g = ac
od
b

d

24 permutations of the 4 points forming 6 groups:

1 a-1 a 1
a1_11_a1 ’ y
a a a-11-a
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Projective Invariants

5 points gives us 10 d.o.f, thus 10-8=2 invariants which represent 2D

X,Y,Z2,U are the 4 basis points (simplex)

a =< zu,p,,X>=

/8 =< Z,Uy, py’y>

Z u, Py
== P,, P, aredetermined uniquely by a, 3

Point of intersection is preserved under projectivity (exercise)

===> Dy, Py uniquely determined P
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U. of Milano, 5.7.04

Epipolar Geometry and Fundamental Matrix

Lecture 1: multiview
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Reminder:
(%)

p O[1;0]1P —_(p]

B p=|y| P= "
p'U[H;€e]P (1)

p'0[AH +e'n; e]P P :[p]

7,

— P'LH_ p+ ue

H_ =AH +e'n'

H _ Stands for the family of 2D projective fransformations

between two fixed images induced by a plane in space
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Plane + Parallax 1] O] P

pLH,p+He pC[H, €]P

* what does U stand for?

 what would we obtain after eliminating U

U. of Milano, 5.7.04 Lecture 1: multiview 35



Plane + Parallax

pLH,p+ ue

We have used 4 space points for a basis:

3 for the reference plane

1 for the reference point (scaling)

d
==> Since 4 points determine /O/

an affine basis:

MU is called “relative affine structure”

P

P
N

N

Note: we need 5 points for a projective basis. The 5™ point is the

first camera center.
U. of Milano, 5.7.04
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Note: A projective invariant

This invariant (“projective depth”) is
independent of both camera positions,
therefore is projective.

5 basis points: 4 non-coplanar defines two planes, and

A B point for scaling. .
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Fundamental Matrix

‘T H,p+ ue
p np ,ue P:(X,y,l,ﬂ)

rank[p' H.p e']:2
— pT(¢ x H,p)=0
p" ([e].H,)p=0 p" Fp=0
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Fundamental Matrix

p" (€]l.H,)p=0

p'T Fp = (0 Defines a bilinear matching constraint whose coefficients
depend only on the camera geometry (shape was eliminated)

* F does not depend on the choice of the reference plane

[e].H, =[€].(AH, +en") O[] H,
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Epipoles from F

Note: any homography matrix maps between epipoles:

C

U. of Milano, 5.7.04 Lecture 1: multiview
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Epipoles from F

Fe=0 [eé] . H elL[e].e=0

FTe'=0 -H,'[€¢].e=0

Fp is the epipolar line of p - the projection of the line of sight onto the second
image.
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Estimating F from matching points

P, T Fp =0 1=1...8 Linear solution
P, T Fpi =0 1 =1,....7 N on-linear solution
det(F) =0

det(F) =0 is cubic in the elements of F, thus we should expect
3 solutions.
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Estimating F from Homographies

H 7Tr F is skew-symmetric (i.e. provides 6 constraints on F)

HTF =(AH_ +en")"[e],H, = AHT[e].H.
FTH_ =-HT[e].(AH_ +en") =-AH][e],H.

=>  HIF=-F'H,
= 2 homography matrices are required for a solution for F
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F Induces a Homography

>

[ﬂx F is a homography matrix induced by the plane defined
by the join of the image line O and the camera center
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Projective Reconstruction
1. Solve for F via the system 3 T Fp. =0 (8 points or 7 points)

2. Solve for e’ via the system FETa@'=(

3. Select an arbitrary vector O 0'ez0

4, [| O] and [[a]x F e'] are a pair of camera matrices.

p'L[Oo].Fp + ue'
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U. of Milano, 5.7.04

Why 3 views?

Lecture 1: multiview
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Trifocal Geometry

The three fundamental matrices completely describe the trifocal
geomeftry (as long as the three camera centers are not collinear)

Flzeslzelzxesz 5 A m s 1

— 9;2 F.€5, =0

) €0
Likewise: e.F,.e,=0
= fes
T _ 3
€53F136); =
Each constraint is non-linear in the entries
of the fundamental matrices (because the 3

epupoles are the respective null spaces)
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Trifocal Geometry

e;,F.e, =0
e.-LI_BFZBelZ — O
63F8, =0

3 fundamental matrices provide 21 parameters. Subtract 3 constraints,
Thus we have that the trifocal geometry is determined by 18 parameters.

This is consistent with the straight-forward counting:
3x11-15=18

(3 camera matrices provide 33 parameters, minus the projective basis)
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What Goes Wrong with 3 views?
e31 [ %1
€, L&,
€, L &5 3 e \,613 2 .
3

2 constraints each, thus we have
21-6=15 parameters

U. of Milano, 5.7.04 Lecture 1: multiview 49



What Goes Wrong with 3 views?

3 e \eﬁz. b RN 1
; e: eﬂ.
;=1 +at, ‘

t3 2 1 tl

Thus, to represent U3 we need only 1 parameter
(instead of 3).

\ 4

18-2=16 parameters are needed to represent the trifocal
geomeftry in this case.

but the pairwise fundamental matrices can account for only 15!
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What Else Goes Wrong: Reprojection

p”[ |:13p>< |:23pI

Given p,p’ and the pairwise F-mats
one can directly determine the position
of the matching point p”

F.P Fp3P
This fails when the 3 camera centers are collingar/
because all three line of sights are coplanar 0"
thus there is only one epipolar line! &
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U. of Milano, 5.7.04

Trifocal Constraints

Lecture 1: multiview
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p=[l O]P
—1)

Sl: 0 52:
LX)
(—1)

n=| 0 r, =
X

U. of Milano, 5.7.04

The Trifocal Constraints

oC[A €lP  pC[B €]P
\ S
O sl p'=0
_1 > T, .
Y %P=0 P
0 r p"=0
_1 ) T ”_O
Y 2P =

Lecture 1: multiview
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The Trifocal Constraints

" T ] —
SP=0  yr[a ap — S[A €JP=0
S, p'=0 si[A €]P=0
T '[B €]P=0
rr p'=0 p"[[B é']P . 1[ ]

r, p"=0 r,[B €]P=0

(-1 0 x 0)P=0
p=[| O]P —
0 -1 y 0)P=0
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-1

The Trifocal Constraints

O x O
-1 vy O
s A S €
SA  s¢€
r' B r'e"
r, B r,e"

dex4

Every 4x4 minor must vanish!

12 of those involve all 3 views, they are ar'r'anged in 3 groups

’rhe reference view.
Lecture 1: multiview

Degendm
U. of Milano

q o&which view is

P

0
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The Trifocal Constraints

-1 0 x O |
>  The reference view
O -1 vy O ]
T T )
A e
SlT SlT — Choose 1 row from here
S, A S, € _
T T At )
B [ € - Choose 1 row from here
I r, B ne'| _

We should expect to have 4 matching constraints fi (p,p,p")=0
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The Trifocal Constraints

Expanding the determinants:
PLApP+UE = S ' Ap+us'e=0 i =12
p'CBp + ue" e r'Bp+purle'=0 j=12

eliminate U

— (r/€e")(s'Ap)=(s'e')(r'Bp)| i ji=12
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The Trifocal Constraints

ST[A e']P:() —)> (STAp, STe') is a plane

What is going on geometrically:

-1

4 planes intersect at P !
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Primer on Covariant-Contravariant conventions

U. of Milano, 5.7.04 Lecture 1: multiview
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Index Notations

Goal: represent the operations of inner-product and outer-product
A vector has super-script running index when it represents a point

A vector has subscript running index when it represents a Ayperplane

Example:

pi — ( pl, p2, p3) Represents a po/ntin the projective plane

Sj — (Sl’ SZ’ 53) Represents a /ine in the projective plane
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An outer-product.

UV is an object (2-valence tensor) whose entries are

]
UV,,...,UV, U V.UV

Note: this is the outer-product of two vectors:

uyV, ... UV
T _ .
uv = (rank-1 matrix)
LU VAVAS I

a; =CC'+d,d" +....+ XX,

A general 2-valence tensor is a sum of rank-1 2-valence tensors
U. of Milano, 5.7.04 Lecture 1: multiview 61



Likewise,

Are outer-products consisting of the same elements, but as a mapping
carry each a different meaning (described later).

These are also called mixed tensors, where the super-script is called
contra-variant index and the subscript is called covariant index.
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The /nner-product (contraction):

Summation rule: same index in contravariant and covariant positions
are summed over. This is sometimes called the “Einstein summation
convention”.

| — 1 2 n
UV =V +UVve +..+Uu v
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The /nner-product (contraction):
a'u=a'u+a’u+..+a'u"=v

Note: this is the familiar matrix-vectors multiplication: AU =V
where the super-script j runs over the rows of the matrix

Note: the 2-valence tensor aiJ maps points to points
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Likewise,

a’'u, =V,

| Maps hyperplanes (lines in 2D) to hyperplanes

Note: this is equivalent to A'u=v

We have seen in the past that if Hp L p' is a homography
Then H "] []]* maps lines from view 1 to view 2

Let Py, P,, P; Colinear points, i.e.

|"p,=0 == |["H *'Hp =0
==)> the points Hp . lie on the line H |

With the index notations we get this property immediately!
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The complete list:

ai jui — Vj Maps points to points

ai uj =V Maps hyperplanes (lines in 2D) to hyperplanes
Maps points to hyperplanes

aij U = Vj Maps hyperplanes to points
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More Examples:

/ runs over the rows

a:.<b|J = Clk This is the matrix product AB=C

N\

runs over the columns

UIVJ- H ijk Must be a point

jk
== H" Tokesa point in first frame, a hyperplane in
the second frame and produces a point in the
third frame

UI H ijk Must be a matrix (2-valence tensor)
if u=(1,0,0...0) then this is a s/ice H{*

of the tensor.
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U. of Milano, 5.7.04

\ 4

Lecture 1: multiview
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The Cross-product Tensor

S=p X Q=

Eiik p'q’ = S

ik _ -k
e pPg; =S

U. of Milano, 5.7.04

de{

_de{

!

P

Ps
P

P;
Py

P2

4, }
Qs
ql}
Qs

ql}

d,
p

\\‘i
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uxv=[u].v

O -u, u
[u]x — u3 O _ul
—u, U 0

The cross-product tensor is defined such that g”k |

Produces the matrix [u]>< i.e., the entriesare 1,-1,0
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O 0 O 0O 0 1 0
g¥=10 0 -1| &*=l0 0 0| &k=1
01 0 -10 0 0

K — 1jk 2 |k 3]k —
UE" =UuET +U,E7" +U,E™" =]U],

o O
o O O

[ul, =

U. of Milano, 5.7.04
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0
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U. of Milano, 5.7.04

The Trifocal Tensor

Lecture 1: multiview
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The Trifocal Tensor

(r; e")(s Ap) = (s e')(r] Bp)

New index notations: i-image 1, j-image 2, k-image 3

sS'Ap+pus'e=0 == sa'p +use’'=0

P IS a point in image 1
S; is a line in image 2
a' is a point in image 2

U. of Milano, 5.7.04 Lecture 1: multiview

73



The Trifocal Tensor

Sj | = 1,2 are the two lines coincident with p’, i.e. SIJ. p'j =0
rkm m =12 are the two lines coincident with p”, i.e. rkm p"k =0
| ] i | 1] —
sia/ p' + psie'’ =0
m 4 K i m 11k —
oo p +ur-e” =0
Eliminate

(sje” )(r"bfp') = (1™ )(s|a/p') = O
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The Trifocal Tensor
(sie’ )(r"bp') = (r,"e" )(sija'p') =0
Rearrange terms:
pisljrkm(eljbik_ellk aIJ):O |,m:1’2
The trifocal tensor is:

Ti jk — elj bik _ ellk aj
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The Trifocal Tensor
[ kK
D s'j T =0

. _[-1 0 x I
0 -1 vy

The four “trilinearities™
X” Ti13pi _ X”x’ Ti33pi + X’ Ti3lpi_ Tillpi
y” Til3pi - y”X’ Ti33pi + X’ Ti32pi_ Tilzpi
X” Ti23pi - X”y’ Ti33pi + y’ Ti31pi_ Ti21pi
y” Ti23pi - y”y’ Ti33pi + X’ Ti32pi_ Ti22pi

U. of Milano, 5.7.04 Lecture 1: multiview
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0 -1
s
=0
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The Trifocal Tensor g

— 1 2
S; =as; + (s S

1 2
e = ¥ +or,

p's.r " = p'(as; + 557) (e + X)T =0

A trilinearity is a contraction with a point-line-line where the lines
are coincident with the respective matching points.
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Slices of the Trifocal Tensor

Now that we have an explicit form of the tensor, what can we do with it?

i k _
psT™ =7?
The result must be a contravariant vector (a point). This point
is coincident with I for all lines coincident with

) pISJ-I-IJk |:| pllk SZ e|x p|

The point reprojection equation (will work when camera centers
are collinear as well).

Note: reprojection is possible after observing 7 matching points,
(because one needs 7 matching triplets to solve for the tensor).
This is in contrast to reprojection using pairwise fundamental matrices

Which requires 8 matching points (in order to solve for the F-mats).
U. of Milano, 5.7.04 Lecture 1: multiview 78



Slices of the Trifocal Tensor

pISJ-I-| jk D pllk
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Slices of the Trifocal Tensor

k _
The result must be a line.

K
Sj rkTi "0 0  Linereprojection equation 0"

E—

13 matching lines
are necessary for ‘

solving for the tensor

(compared to 7 matching points) gk
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Slices of the Trifocal Tensor
o T, * =2

The result must be a matrix. Hij =0, 1. Ik

i k. S :
p'O.T" isthe reprojection equation
>

H is a homography matrix

OT" Do 2

is a family of homography matrices (from 1 to 2) induced by the family
of planes coincidant with the 3¢ camera center.
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Slices of the Trifocal Tensor

13
5 T ¥ is the homography matrix from 1 to 3 induced by the plane
defined by the image line @ and the second camera center.

5iTijk :?

. 1o
O SjTi J is the reprojection equation
F..0

The result is a point on the
epipolar line of 5 on

image 3
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Slices of the Trifocal Tensor

i K _ ~jk
OTH =G
(GS Isa point on the epipolar line F;0

= rank(G) =2

(because it maps the dual plane
onto collinear points) )
nul(G)=F,8 37 0\ ’d

null(G") =F,,8 "i
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18 Parameters for the Trifocal Tensor

T k — @'l bik _ ek gl

e (b“+ne™)-e"(a' +ne’) On
— Ti jK + nielj enk_nielj ellk
_ T jk
=T

T K Has 24 parameters (9+9+3+3)

| minus 1 for global scale

minus 2 for scaling e’,e” to be unit vectors
minus 3 for setting N. such that B has a vanishing column

= 18 independent parameters

==>  We should expect to find 9 non-linear constraints among the

27 entries of the ’rensor& admissibility constraints).
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18 Parameters for the Trifocal Tensor

What happens when the 3 camera centers are collinear?

(we saw that pairwise F-mats account for 15 parameters).

A'e'0 B 'e"

This provides two additional (non-linear) constraints, thus
18-2=16.

U. of Milano, 5.7.04 Lecture 1: multiview 85



Items not Covered

» Degenerate configurations (Linear Line Complex, Quartic Curve)

* The source of the 9 admissibility constraints (come from the
homography slices).

« Concatenation of trifocal tensors along a sequence
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Quadrifocal Tensor

Lecture 1: multiview
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Linear Line Comple»

7\

L
S
\P
H T p |: p' Whererttis any plane coincident with L

pC( x 9)=[,s

= S'"H]l],s=s"Gs=0
For 2!l lines s passing through p aadlines s’ passing through p’
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G,. is unique

H_ =AH  +VI

Gy, = (AH , +VIT)[I1, OH ,[1], =G
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)
ANV
V%

pC[l O]P
pPCIA VP
p'C[B V']P
p"'C[C Vv"]P
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| ‘\g\%

r[B

| A\v

We wish to construct an LLC mapping Q(r,t) whosmkeéis L

s'Q(r,t)q=0

ikl —
For all lines s passing through p’ and all linesagging through p
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—>

U. of Milano, 5.7.04

A0W" T t)B'r - (v r)C't

Lecture 1: multiview
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pU[l O]P g
pO[A V]P

p"0O[B V']P 71
p"'0[C Vv"]P

A OA+vN
Q(r,t) = A AL, OAAL +V(nxA)’

(nxA)OB'r x C't

U. of Milano, 5.7.04 Lecture 1: multiview 93



(nxA)OB'r x C't

A0W" T t)B'r - (v r)C't

Q(r,t) = A[AL, OAAL +V(nxA)’

U

Q(r,t) =v'(B'rxC't) - (v"" r)AC't], +(v"" ) AB'r],

s'Q(r,t)q=0
= (S'V)(B'rxC't)g-(v"" r)s ACTt], g+ (V" t)s AB'r],q=0
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(s'V)(B'rxC't)g—(v'" r)s' ACt].q+(v"" t)s' AB'r].qF 0

JL P

&‘\&%

LLC between views 1,2 with kernel L is:

AB'r],

—) STA[BTr]Xq =0 Forall d,s,r through p,p’,p”
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(sTv')}(BTr xCTt)g (V" r)s" ACTt], g+ (v t)s' AB'r].q=0
/1

e

rank{q ATs BTrJ -9 For all g,s,r through p,p’,p”

!

q(B'r x A's)=0

s'AB'r],q=0
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Dual Homography Tensor

q(B'r x A's)=0

—- Qisjrk(giunadb:) =0

gsirH™ =0
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Quadrifocal Tensor

(s'V)(B'rxC't)g—-(v'" r)s' ACt].q+(v"" t)s' AB'r].q=0

!

(s;v!)H"grt —(rv™)H"gst +(tv'" )H™gsr, =0

!

0 St Q™ =0

Qijkl =\ H Kk iy ik

T k=] b,k — 'K aij The trilinear (trifocal) tensor
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e Gauge Invariance

O]’[A+V'WT V][B+V" w' v][C+v"' w' v]

st QM =0

Qijkl — (jijkl For all choices of w
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How Many matching points are needed?

S

g’s‘rt’Q™ =0 M v, 0=12

e 15t point: 16 quadlinear equations for Q
e 2nd point: 15 equations
e 3'd point: 14 equations
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Single Contraction

a-IQijkI — i
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Double Contraction
ikl — —ij
ouQ" =E

LLC between views 1,2 b

\ \ )Y\/Iu
!
Triple Contraction

S It Q™ Op
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Items not Covered

e Quad constructed from Trifocal and Fundamental Matrix

* Fundamental Matrix from Quadrifocal

 Trifocal from Quadrifocal

* Projection Matrices from Quadrifocal

51 Non-linear Constraints
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