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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

• Primer on Covariant-Contravariant Index conventions

• Why 3 views?

• Trifocal Tensor

• Quadrifocal Tensor
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The structure of 3D->2D projection matrix



U. of Milano, 5.7.04 Lecture 1: multiview 4

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,
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The Camera Center

Why is c the camera center?

cPQ )1()( λλλ −+=Consider the “optical ray”

P

c

pMPMPMQ ≅≅= λλ )(

p
All points along the line )(λQ
are mapped to the same point

)(λQ is a ray through the camera center

PMp 43×≅
M has rank=3, thus c∃ such that 0=Mc
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The Epipolar Points
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Choice of Canonical Frame

PMWWMPp 1−=≅

PWWMPMp 1''' −=≅

PW 1− is the new world coordinate frame

Choose W such that ]0;[ IMW =

We have 15 degrees of freedom (16 upto scale)
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Choice of Canonical Frame
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We are left with 4 degrees of freedom (upto scale): (nT ,λ )
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Choice of Canonical Frame

p ≅ [ I ;0]P 

p'≅ [ H ;e' ]P 

p ≅ [ I ;0]
I 0

nT 1 /λ
 

 
 

 

 
 

I 0

− λn T λ
 

 
 

 

 
 P 

P =
p

µ '

 

 
 

 

 
 p =

x

y

1

 

 

 
 
 

 

 

 
 
 

I 0

− λn T λ
 

 
 

 

 
 P =

x

y

1

µ

 

 

 
 
 
 

 

 

 
 
 
 

≡ P



U. of Milano, 5.7.04 Lecture 1: multiview 13

Choice of Canonical Frame

p'≅ [ H ;e' ]
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p i
j ≅ λH j + e j n

T ; e j[ ]Pi

Family of Homography Matrices

TneHH '+= λπ

πH Stands for the family of 2D projective transformations 

between two fixed images induced by a plane in space
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Tne
d

HH '
1+≅ ∞π

Family of Homography Matrices

n

d

∞→d

first camera frame

when

1' −
∞ ≅→ RKKHH π

1' −RKK is the homography matrix induced by 
the plane at infinity
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Reconstruction Problem

p'≅ H ; e'[ ]
p i

µ i

 

 
 

 

 
 = Hp i + µ ie'

We wish to solve for the motion              and structure      from matches
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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A primer on projective geometry of the plane
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Projective Geometry of the Plane

0=++ cbyax Equation of a line in the 2D plane

Tcbal ),,(=The line is represented by the vector 

and 0=lpT Tyxp )1,,(=

Correspondence between lines and vectors are not 1-1 because 

Tcba ),,( λλλ represents the same line 0,0)( ≠∀= λλ lpT

Two vectors differing by a scale factor are equivalent.
This equivalence class is called homogenous vector. Any
vector Tcba ),,( is a representation of the equivalence class.

The vector T)0,0,0( does not represent any line.
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Projective Geometry of the Plane

A point

),( yx

lies on the line (coincident with) which is represented

Tcbal ),,(=by iff 0=lpT

But also 0)( =lp Tλ

0,),,( ≠∀ λλλλ Tyx represents the point
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The vector T)0,0,0( does not represent any point.

Points and lines are dual to each other (only in the 2D case!).
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Projective Geometry of the Plane
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Lines and Points at Infinity

Consider lines Tcbar ),,(= Tcbas )',,(=
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Lines and Points at Infinity

The points
2121 ,,)0,,( xxxx T ∀ lie on a line
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A Model of the Projective Plane

1x

2x

3x

0,),,( 321 ≠λλλλ Txxx

Points are represented as lines (rays) through the origin

Lines are represented as planes through the origin

ideal point

Txx )0,,( 21

Tl )1,0,0(=∞

is the plane 21xx
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A Model of the Projective Plane

P n = [ x1, ..., x n ] ≠ [0, ..., 0] : [x1, ..., x n ] = [ λx1, ..., λx n ], ∀ λ ≠ 0{ }
={lines through the origin in 1+nR }

={1-dim subspaces of 1+nR }
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Projective Transformations in 2P
The study of properties of the projective plane that are invariant
under a group of transformations.

Projectivity: 22: PPh → that maps lines to lines (i.e. preserves colinearity)

Any invertible 3x3 matrix is a Projectivity:

Let 321 ,, ppp Colinear points, i.e.

0=i
T pl 01 =−

i
T HpHl

the points
iHp lie on the line lH T−

TH − is the dual.H is called homography, colineation

Therefore H preserves colinearity.

A homography is determined by 8 parameters.
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Projective Transformations in 2P

perspectivity

A composition of perspectivities from a plane π to other planes

and back to π is a projectivity. 
Every projectivity can be represented in this way.

(6 d.o.f)
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Projective Transformations in 2P

Example, a prespectivity in 1D:

Lines adjoining matching points are concurrent

a b
c 'a

'b
'c

Lines adjoining matching points (a,a’),(b,b’),(c,c’) are not concurrent
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Projective Transformations in 2P
Tl )1,0,0(=∞ is not invariant under H:

Points on ∞l are Txx )0,,( 21
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Projective Basis

A Simplex in 1+nR is a set of n+2 points such that no subset

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

In 2P a Simplex 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: 1D case pHp x 22' ≅ H has 3 d.o.f

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
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The cross-ratio of 4 points:
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Projective Invariants
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u
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5 points gives us 10 d.o.f, thus 10-8=2 invariants which represent 2D

uzyx ,,, are the 4 basis points (simplex)

yu

yp

xu yp

>=< xpuz xx ,,,α

>=< ypuz yy ,,,β

yx pp , are determined uniquely by βα ,

Point of intersection is preserved under projectivity (exercise)

yx pp , uniquely determined p

Projective Invariants



U. of Milano, 5.7.04 Lecture 1: multiview 33

Epipolar Geometry and Fundamental Matrix
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p'≅ λH + e' n T ; e'[ ]P
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πH Stands for the family of 2D projective transformations 

between two fixed images induced by a plane in space

Reminder:
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πPIp ]0,[≅

p

p’

),1,,( µyxP =

π

e’

p'≅ Hπ e'[ ]P'' epHp µπ +≅

pHπ

• what does µ stand for?

• what would we obtain after eliminating µ

Plane + Parallax
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Plane + Parallax

p'≅ H π p + µe'

P
0P

Z
0Z

0d d

We have used 4 space points for a basis:
3 for the reference plane
1 for the reference point (scaling)

Since 4 points determine
an affine basis:

µ is called “relative affine structure”

Note: we need 5 points for a projective basis. The 5th point is the
first camera center.

0

0

d

d

Z

Z=µ
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Note: A projective invariant

'' epHp µπ +≅

P
0P

Z
0Z

0d d

0

0

d

d

Z

Z=µd̂
0d̂

'ˆ' ˆ epHp µπ +≅

0

0

ˆ

ˆ

ˆ d

d

d

d=
µ
µ

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

5 basis points: 4 non-coplanar defines two planes, and
A 5th point for scaling.
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p

p’

),1,,( µyxP =

π

e’

'' epHp µπ +≅

pHπ

Fundamental Matrix

[ ] 2'' =epHprank π

0)'(' =× pHep T
π

0)]'([' =× pHep T
π 0' =Fpp T
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Fundamental Matrix

0)]'([' =× pHep T
π

0' =Fpp T
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

∞×∞×× ≅+= HeneHeHe T ]'[)'(]'[]'[ λπ
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Epipoles from F

Note: any homography matrix maps between epipoles:

c

e

'c

'e
'eeH ≅π
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Epipoles from F

0=Fe 0']'[]'[ =≅ ×∞× eeeHe

0'=eFT 0']'[ =− ×∞ eeH T

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

0' =i
T

i Fpp 8,...,1=i Linear solution

0' =i
T

i Fpp 7,...,1=i

0)det( =F

N on-linear solution

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

FH T
π is skew-symmetric (i.e. provides 6 constraints on F)

∞×∞∞×∞ =+= HeHHeneHFH TTTT ]'[]'[)'( λλπ

∞×∞∞×∞ −=+−= HeHneHeHHF TTTT ]'[)'(]'[ λλπ

ππ HFFH TT −=

2 homography matrices are required for a solution for F
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F Induces a Homography

p

π

δ
Fp

F×][δ is a homography matrix induced by the plane defined
by the join of the image line δ and the camera center
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Projective Reconstruction

1. Solve for F via the system 0' =i
T

i Fpp (8 points or 7 points)

2. Solve for e’ via the system 0'=eFT

3. Select an arbitrary vector δ 0'≠eTδ

4. [ ]0I [ ]'][ eF×δand are a pair of camera matrices.

'][' eFpp µδ +≅ ×
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Why 3 views?
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Trifocal Geometry

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

1

3

2
12e

32e

13e23e

21e

31e

32123112 eeeF ×=

0311232 =eFeT

Likewise: 0122313 =eFeT

0211323 =eFeT

Each constraint is non-linear in the entries 
of the fundamental matrices (because the 
epipoles are the respective null spaces)
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Trifocal Geometry

0311232 =eFeT

0122313 =eFeT

0211323 =eFeT

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?

13 2
12e
32e

13e

23e
21e
31e

2131 ee ≅

3212 ee ≅

2313 ee ≅

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



U. of Milano, 5.7.04 Lecture 1: multiview 50

What Goes Wrong with 3 views?

13 2
12e
32e

13e

23e
21e
31e

3t
2t 1t

213 ttt α+=

Thus, to represent 3t we need only 1 parameter

(instead of 3).

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

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

1

3

2
p'p

''p

'23pFpF13

''' 2313 pFpFp ×≅

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

This fails when the 3 camera centers are collinear
because all three line of sights are coplanar
thus there is only one epipolar line!
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Trifocal Constraints
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The Trifocal Constraints

p = I 0[ ]P p'≅ A e'[ ]P p' '≅ B e' '[ ]P
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p = I 0[ ]P

p'≅ A e'[ ]P

p' '≅ B e' '[ ]P

0'1 =psT

0'2 =psT

0''1 =pr T

0''2 =pr T

s1
T A e'[ ]P = 0

s2
T A e'[ ]P = 0

r1
T B e' '[ ]P = 0

r2
T B e' '[ ]P = 0

( ) 0001 =− Px

( ) 0010 =− Py

The Trifocal Constraints
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Every 4x4 minor must vanish!

12 of those involve all 3 views, they are arranged in 3 groups
Depending on which view is the reference view.

The Trifocal Constraints
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

























−
−

''

''

'

'

010

001

22

11

22

11

erBr

erBr

esAs

esAs

y

x

TT

TT

TT

TT

The reference view

Choose 1 row from here

Choose 1 row from here

We should expect to have 4 matching constraints 0)'',',( =pppf i

The Trifocal Constraints
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Expanding the determinants:

'' eApp µ+≅ 0' =+ esAps T
i

T
i µ 2,1=i

'''' eBpp µ+≅ 0'' =+ erBpr T
j

T
j µ 2,1=j

eliminate µ

''' er

Bpr

es

Aps
T
j

T
j

T
i

T
i =

))('())(''( BpresApser T
j

T
i

T
i

T
j = 2,1, =ji

The Trifocal Constraints
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P

r

sC

C’

C’’

p















−

x

0

1

















−
y

1

0

4 planes intersect at P !

What is going on geometrically:

)',( esAps TT[ ] 0' =PeAsT is a plane

The Trifocal Constraints
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Primer on Covariant-Contravariant conventions
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),,( 321 ppppi =

),,( 321 ssssj =

Index Notations

A vector has super-script running index when it represents a point

Goal: represent the operations of inner-product and outer-product

A vector has subscript running index when it represents a hyperplane

Example:

Represents a point in the projective plane

Represents a line in the projective plane
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An outer-product:

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

mnnm vuvuvuvu ,...,,...,,..., 1111

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

mnmnn

m

T

vuvu

vuvu

uv

×

















=

...
.

.

.

.

.

.
...

1

111

(rank-1 matrix)

jijijiij xxddcca '....'' +++=

A general 2-valence tensor is a sum of rank-1 2-valence tensors
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Likewise,

j
ivu

jivu

j
ivu

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 inner-product (contraction):

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

n
n

j
j vuvuvuvu +++= ...2

2
1

1
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The inner-product (contraction):

jnj
n

jjij
i vuauauaua =+++= ...2

2
1

1

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

Note: the 2-valence tensor
j

ia maps points to points
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Likewise,

ij
j

i vua = Maps hyperplanes (lines in 2D) to hyperplanes

Note: this is equivalent to vuAT =
We have seen in the past that if 'pHp ≅ is a homography

Then 'llH T ≅− maps lines from view 1 to view 2

Let 321 ,, ppp Colinear points, i.e.

0=i
T pl 01 =−

i
T HpHl

the points
iHp lie on the line lH T−

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

ij
j

i vua = Maps hyperplanes (lines in 2D) to hyperplanes

jij
i vua = Maps points to points

j
i

ji vua = Maps points to hyperplanes

j
i

ij vua = Maps hyperplanes to points
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More Examples:

k
i

j
i

k
j cba = CAB=This is the matrix product

runs over the rows

runs over the columns

jk
ij

i Hvu Must be a point

jk
iH Takes a point in first frame,  a hyperplane in 

the second frame and produces a point in the 
third frame

jk
i

i Hu Must be a matrix (2-valence tensor)

if u=(1,0,0…0) then this is a slice
jkH1

of the tensor.
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jkH1

i

k
j

jkH5
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








































−










=×=

22

11

33

11

33

22

det

det

det

qp

qp
qp

qp
qp

qp

qps

k
ji

ijk sqp =ε
p

q

k
ji

ijk sqp =ε
p q

The Cross-product Tensor
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vuvu ×=× ][

















−
−

−
=×

0

0

0

][

12

13

23

uu

uu

uu

u

i
ijkuεThe cross-product tensor is defined such that

Produces the matrix ×][u i.e., the entries are 1,-1,0
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















−
−

−
=×

0

0

0

][

12

13

23

uu

uu

uu

u

















−=
010

100

000
1 jkε

















−
=

001

000

100
2 jkε















 −
=

000

001

010
3 jkε

×=++= ][3
3

2
2

1
1 uuuuu jkjkjkijk

i εεεε
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The Trifocal Tensor
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The Trifocal Tensor

))('())(''( BpresApser T
j

T
i

T
i

T
j =

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

0' =+ esAps TT µ 0' =+ j
j

ij
ij espas µ

js is a line in image 2

ip is a point in image 1

je' is a point in image 2
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The Trifocal Tensor

0' =+ jl
j

ij
i

l
j espas µ

l
js 2,1=l are the two lines coincident with p’, i.e. 0' =jl

j ps

m
kr 2,1=m are the two lines coincident with p’’, i.e. 0'' =km

k pr

0'' =+ km
k

ik
i

m
k erpbr µ

Eliminate µ

0))(''())('( =− ij
i

l
j

km
k

ik
i

m
k

jl
j paserpbres
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The Trifocal Tensor

0))(''())('( =− ij
i

l
j

km
k

ik
i

m
k

jl
j paserpbres

Rearrange terms:

0)'''( =− j
i

kk
i

jm
k

l
j

i aebersp

The trifocal tensor is:

j
i

kk
i

jjk
i aebeT ''' −=

2,1, =ml
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x” Ti
13pi - x”x’ Ti

33pi + x’ Ti
31pi- Ti

11pi = 0
y” Ti

13pi - y”x’ Ti
33pi + x’ Ti

32pi- Ti
12pi = 0

x” Ti
23pi - x”y’ Ti

33pi + y’ Ti
31pi- Ti

21pi = 0
y” Ti

23pi - y”y’ Ti
33pi + x’ Ti

32pi- Ti
22pi = 0

0=jk
i

m
k

l
j

i Trsp










−
−

=
'10

'01

y

x
s j

l










−
−

=
''10

''01

y

x
r k

m

The Trifocal Tensor

The four “trilinearities”:
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The Trifocal Tensor

21
jjj sss βα +=

'p

2s

1s
s

21
kkk rrr δγ +=

0))(( 2121 =++= jk
ikkjj

ijk
ikj

i TrrsspTrsp δγβα

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?

?=jk
ij

i Tsp
The result must be a contravariant vector (a point). This point
is coincident with r for all lines coincident with ''p

kjk
ij

i pTsp ''≅

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

'' pes ×≠

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).
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Slices of the Trifocal Tensor

p3

2
1

s

''p

'p

kjk
ij

i pTsp ''≅



U. of Milano, 5.7.04 Lecture 1: multiview 80

Slices of the Trifocal Tensor

?=jk
ikj Trs

The result must be a line.

i
jk

ikj qTrs ≅

rk

sj

O

O’

O’’

qi
13 matching lines
are necessary for
solving for the tensor
(compared to 7 matching points)

Line reprojection equation
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Slices of the Trifocal Tensor

?=jk
ikTδ

The result must be a matrix.

δ

3

2
1

p

jk
ik

j
i TH δ=

Hp
H is a homography matrix

jk
ikTδ δ∀

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

jk
ik

i Tp δ is the reprojection equation
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Slices of the Trifocal Tensor

jk
ijTδ is the homography matrix from 1 to 3 induced by the plane

defined by the image line δ and the second camera center.

?=jk
i

iTδ

δ3

2
1

s

δ13F

jk
ij

i Tsδ is the reprojection equation

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

image 3
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Slices of the Trifocal Tensor

jkjk
i

i GT =δ

δ3

2
1

s

δ13F

Gs Is a point on the epipolar line δ13F

2)( =Grank

(because it maps the dual plane
onto collinear points)

null(G) = F12δ

null(GT ) = F13δ
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18 Parameters for the Trifocal Tensor

j
i

kk
i

jjk
i aebeT ''' −=

)'('')''(' j
i

j
i

kk
i

k
i

j enaeenbe +−+
kj

i
kj

i
jk

i eeneenT '''''' −+=
jk

iT=
jk

iT 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 in such that B has a vanishing column

n∀

= 18 independent parameters

We should expect to find 9 non-linear constraints among the
27 entries of the tensor (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).

''' 11 eBeA −− ≅ 13 2

'e''e
''1eB−

'1eA−

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

l’

s’

p’

'ppH ≅π
Where π is any plane coincident with L

slslp x][)( =×≅

⇒ 0'][' == sGsslHs T
x

T
ππ

P

S
L

Linear Line Complex

For all lines s passing through p and all lines s’ passing through p’



U. of Milano, 5.7.04 Lecture 1: multiview 89

l

l’

v’

is unique

TlvHH '12 += ππ λ

1112 ][])['( ππππ λ GlHllvHG xx
T =≅+=

πG

1π2π
L
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P
L

PIp ]0[≅

PvAp ]'['≅

PvBp ]''['' ≅

PvCp ]'''[''' ≅

t

r
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P
L t

r

]''[ vBr T

]'''[ vCtT

We wish to construct an LLC mapping Q(r,t) whose kernel is L

0),( =qtrQsT

For all lines s passing through p’ and all lines q passing through p

s

q

0=ijkl
lkji Qtrsq
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P
L t

r

]''[ vBr T

]'''[ vCtT

]0[ ITλ

λ











+








=









tv

tC

rv

rB
T

T

T

T

'''''0
βα

λ

tCrvrBtv TTTT )''()'''( −≅λ
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P
L t

r

λ

σ

π

n

PIp ]0[≅

PvAp ]'['≅
PvBp ]''['' ≅

PvCp ]'''[''' ≅

TnvAA '+≅σ

TnvAAtrQ )('][][),( λλλσ ×+≅= ××

tCrBn TT ×≅× )( λ

A
B
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×× +−×= ][)'''(][)''()('),( rBAtvtCArvtCrBvtrQ TTTTTT

TnvAAtrQ )('][][),( λλλσ ×+≅= ××

tCrBn TT ×≅× )( λ

tCrvrBtv TTTT )''()'''( −≅λ

0][)'''(][)''())('( =+−× ×× qrBAstvqtCAsrvqtCrBvs TTTTTTTTT

0),( =qtrQsT
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PL

r

q

π

rBT

A
B

s

LLC between views 1,2 with kernel L is:

×][ rBA T

0][ =× qrBAs TT
For all q,s,r through p,p’,p’’

0][)'''(][)''())('( =+−× ×× qrBAstvqtCAsrvqtCrBvs TTTTTTTTT
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0][)'''(][)''())('( =+−× ×× qrBAstvqtCAsrvqtCrBvs TTTTTTTTT

P

r

q

π

rBT

A
B

s

0][ =× qrBAs TT

For all q,s,r through p,p’,p’’

sAT

0)( =× sArBq TTT

[ ] 2=rBsAqrank TT



U. of Milano, 5.7.04 Lecture 1: multiview 97

P

r

q

π

A
B

s

Dual Homography Tensor

0)( =× sArBq TTT

0)( =k
n

j
u

iun
kji barsq ε

0=ijk
kji Hrsq
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0][)'''(][)''())('( =+−× ×× qrBAstvqtCAsrvqtCrBvs TTTTTTTTT

0)'''()''()'( =+− kji
ijkl

llji
ijlk

klki
iklj

j rsqHvttsqHvrtrqHvs

0=ijkl
lkji Qtrsq

ijklijlkikljijkl HvHvHvQ '''''' +−=

Quadrifocal Tensor

j
i

kk
i

jjk
i avbvT ''' −= The trilinear (trifocal) tensor
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• Gauge Invariance

I 0[ ], A+ v'wT v'[ ], B+ v' 'wT v' '[ ], C + v' ' 'wT v' ' '[ ]

0=ijkl
lkji Qtrsq

ijklijkl QQ = For all choices of w
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How Many matching points are needed?

''p

p

'p

'''p

0=ijkl
lkji Qtrsq σνµη 2,1,,, =σνµη

• 1st point: 16 quadlinear equations for Q
• 2nd point: 15 equations
• 3rd point: 14 equations
• ……
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Single Contraction

ijkijkl
l HQ =δ

''p

p

'p

δ

π

P
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Double Contraction

ijijkl
kl EQ =µδ

δ

µ

LLC between views 1,2

Triple Contraction

iijkl
lkj pQtrs ≅
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• Quad constructed from Trifocal and Fundamental Matrix

• Fundamental Matrix from Quadrifocal

• Trifocal from Quadrifocal

• Projection Matrices from Quadrifocal

• 51 Non-linear Constraints

Items not Covered


