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Abstract. Establishing correspondence between features of a set of im-
ages has been a long-standing issue amongst the computer vision commu-
nity. We propose a method that solves the multi-frame correspondence
problem by imposing a rank constraint on the observed scene, i.e. rigidity
is assumed. Since our algorithm is based solely on a geometrical (global)
criterion, it does not suffer from issues usually associated to local meth-
ods, such as the aperture problem.

We model feature matching by introducing the assignment tensor, which
allows simultaneous feature alignment for all images, thus providing a
coherent solution to the calibrated multi-frame correspondence problem
in a single step of linear complexity. Also, an iterative method is pre-
sented that is able to cope with the non-calibrated case. Moreover, our
method is able to seamlessly reject a large number of outliers in every
image, thus also handling occlusion in an integrated manner.

1 Introduction

The establishment of correspondence between image features extracted from
different viewpoints of the same scene is an essential step to the the 3D re-
construction process. In fact, most reconstruction algorithms rely on previously
established correspondences to determine 3D structure. Clear examples of this
are classical factorization algorithms such as [15] and more recent methods as
[6], [14] and [7]. A notable exception is presented in [3], where correspondences
are not explicitly extracted - maximum likelihood structure and motion are cal-
culated using an EM framework.

The difficulty of the correspondence problem is associated to its combina-
torial nature. Furthermore, matching in multiple frames presents an additional
difficulty to the traditional correspondence problem: coherence between every
pairwise correspondence has to be guaranteed. Several models have been pro-
posed in order to obtain a matching solution with an acceptable computational
cost. In [12] and [8], the n-frame correspondence problem is formulated as a
maximum-flow problem and is solved through graph cut algorithms. Different
approaches involving graphs have been presented in [13] and in [5].

A natural way to associate a cost function to the correspondence problem is to
exploit a constant characteristic of an important class of 3D scenes: rigidity. The



use of rigidity presents the advantage of leading to intrinsically global algorithms;
moreover, it naturally overcomes the aperture problem, since features are not
characterized by their specific local properties. This geometric constraint can
be translated into a rank constraint on the matrix containing the coordinates
of the extracted features (the measurement matrix). Actually, it can be shown
that when features in different viewpoints are correctly aligned (and only then)
this matrix is highly rank-deficient - [9], [11]. Rank-deficiency for multi-frame
correspondence has also been exploited in [10].

A first approach to correspondence exploiting rigidity has been made in [9],
where the authors use a cost function based on the determinant of the mea-
surement matrix to match features in a pair of images. This approach, although
theoretically sound, has two main shortcomings: it is unable to handle the multi-
image case and the cost function is intrinsically non-linear, presenting a high
computational burden. In [11] the authors presented a new algorithm based on
an alternative cost function, which would detect rank-deficiency based on the
sum of the non-dominant singular values of the measurement matrix. This cost
function allows the rigidity constraint to be applied to a multi-frame system.
However, to obtain an acceptable computational complexity rank is imposed it-
eratively by matching each image individually with the remaining frames. Since
rank is a global constraint this is not a desirable formulation. Moreover, occlusion
cannot be modeled even within the iterative framework.

In this text, we propose a solution that generalizes the concept of assignment
matrix used in our previous work to establish correspondences between the fea-
tures in each of the frames. We introduce the assignment tensor that defines all
correspondences in a single structure. With this formulation, linear complexity
is retained even when dealing with more than two images, while occlusion is
easily modeled.

2 Problem Formulation

We present in this paper a formulation that is capable of dealing with the multi-
frame correspondence problem in the factorization context. Our objective is to
align the observations in each image in a matrix W so that corresponding features
share the same column. Optimal alignment is achieved by exploiting the intrinsic
rank-deficiency associated to a correctly matched W.

Since our method relies solely on global geometric constraints of the scene,
we place no constraints on the feature points selected - in particular, they do
not have to contain significant texture in their vicinity. To emphasize this issue,
our matching candidates are extracted from generic contour points, i.e. in areas
prone to the aperture problem, and not from corners.

The method described herein assumes an orthographic camera, although it
is easily extendable to any generic affine camera. In fact, the only factor limiting
the camera model is the validity of the rank-defficiency condition on W.



2.1 The Assignment Tensor

Feature correspondence in a system containing ny viewpoints is uniquely defined
by a 2D point in each of the viewpoints such that all 2D points in the set are the
projections of the same 3D feature. Bearing this in mind, it is straightforward to
represent each correspondence in an ng-dimensional structure - the assignment
tensor. For the sake of simplicity, and without loss of generality, we will present
these properties for the 3 image case. Extension to an arbitrary number of images
is straightforward.

Suppose the three frames have p;, po and ps features, respectively. Each
dimension of the assignment tensor contains a number of entries equal to the
number of matching candidates (i.e. 2D features) in the associated frame: i =
Leupty j=1,0p2, k=1,...,p3. Tijx = 1iff the i, j*" and k** features in the
first, second and third frames respectively are projections of the same 3D point,
i.e., if they represent a correct match. Otherwise, T;;;, = 0.

We represent the three-frame case as an example in Fig. 1 below.
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Fig. 1. The assignment tensor for the three-frame case. If feature i in the first image,
j in the second and k in third are a valid correspondence, then Tj; =1

Although the tensor establishes correspondence for all frames, the match
between any subset of images can also be easily determined by summing over the
dimensions not associated to the aforementioned images. In the 3-frame case, the
relation P,,, between features in frame m and n can be easily obtained, as shown
below (note that in this special case P, actually reduces to an assignment
matrix). As will become evident in the next sections, the fact that any pairwise
correspondence (represented by an assignment matriz) can be extracted from
the assignment tensor is of key importance to our algorithm, as is the fact that
the expression for each assignment matrix is linear in the elements of T'. For the



three image case, all pairwise correspondences are represented by the assignment
matrices in Fig. 1:

b3 p2 p1
Pio= 3" Tiji, Pis= ) Tiji, Pas= ) Tij. (1)
k=1 j=1 i=1

To achieve a correct result, the assignment tensor must respect constraints
that are intrinsic to the correspondence problem, such as unicity - a certain
feature can be matched to at most one feature in another image. When matching
a pair of images, this constraint is formulated by demanding that the sum of the
rows/columns of the assignment matrix be less or equal to one. A similar set
of constraints applies to the assignment tensor. In this case, it is required that
the sum over any dimension is less or equal to one. This forces each feature to
correspond to at most another feature in each of the remaining frames. For the
three image case, the restrictions apply in the following manner:

P1 P2 P3
vjak Z Tijk < 13 VZ,k Z Ejk < ]-, Vl,] Z Tijk < ]-7 Tijk € {071} . (2)
i=1 j=1 k=1
To avoid the trivial (and undesirable!) result of a null assignment tensor, a
minimum number p; of ones (i.e. matches) is forced on the tensor. This is done

through the following restriction:

P1 P2 P3

ZZZTW“ =Dt (3)

i=1 j=1 k=1

The expressions for the three-frame case will be directly applied in the section
dedicated to experiments.

2.2 Feature Point Representation

Observations on each frame are represented as a set of image coordinates con-
taining the orthogonal projection of 3D feature points in the scene. Assuming
py feature points, we represent the u and v image coordinates of a frame f in
the u/ and v7 vectors. We assume that each set of p ¢ feature points is corrupted
by a certain number of outliers which will have to be rejected. The data corre-
sponding to frame f is thus represented by 2 x p; matrix w; containing the uf
and v7 vectors.

Measurements corresponding to several frames can be vertically stacked in
order to create a measurement matrix Wy that incorporates the projection of
the feature points up to scene f. However, outliers in each frame have to be
rejected beforehand; moreover, the remaining points have to be aligned so that
corresponding features share the same column in Wy. Matrix Py simultaneously
aligns the feature points and rejects the outliers in the corresponding measure-
ment matrix wy. Wy can consequently be written as
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We assume that only the best py matches are to determined, where pg <
Pk, Vk. In (4), each Py, for k > 2, represents a rank-py assignment matrix which
determines the correspondences between the first and the k" frame. It has been
seen in the previous section that these assignment matrices can easily be written

as a linear expression of the terms of T" as defined in (1). Under these assump-
tions, each assignment matrix is defined by the conditions in (5).

Py ={0,1},Vi=Lopp,Vj=1.py Y P, <1Vj=1l.p

. 2 )
Z-Pki,j S 1,VZ = ]-pk ZP]C” = Do ( )
J 2y

Note that P; has a slightly different structure: it is a rank-pg matrix where
ones are only allowed in the diagonal. Consequently, unlike the other Py, it does
not permute columns, it only forces certain columns of w; (corresponding to
features that become occluded and thus do not have a match) to zero. As a
result, W; will have a set of null columns. This does not have any influence in
subsequent calculations - in particular, this does not alter rank.

2.3 The Rank Constraint

It has been shown in [15] that a measurement matrix similar to the one presented
in (2) is highly rank deficient. More specifically, when including translation Wy
is at most rank-4. To this end it is however assumed that image coordinates
corresponding to the same 3D feature point occupy the same column. In the
presence of incorrect alignment, the resulting Wy is (generally) of higher rank.
Note that in the presence of a limited amount of noise the rank-4 constraint for
a correctly matched Wy may still be assumed as valid, as shown in [9].

Our problem is thus equivalent to finding the correct assignment tensor T .
The tensor yields a set of assignment matrices Py - each of these matrices aligns
the corresponding wy, so that a rank-4 Wy is generated.

2.4 The Cost Function

The multi-frame correspondence problem can be stated as the search for the
assignment tensor that yields the optimal (pairwise) assignment matrices Py as



described in (1). The assignment matrices are optimal in a sense that these result
in a rank-4 Wy (recall that Wy is a function of the assignment matrices). We
consider the SVD decomposition of Wy = QXVT and define Z as

w1P1P1Tw? w1P1P2Tw2T ’LU1P1PJ¥1’LUT
wngPlwa wgPQPszg ’LUQPQPJ?U)f
Z=WW} = : : (6)

wafPlwa wangwg wafPJ?’LU?

Recall that the aim of our algorithm is to find the matching solution that
creates the best rank-4 W, in the least-squares sense. This can be achieved
by minimizing the sum of all eigenvalues \; of Z, with the exception of the
four largest ones. This is a heuristic similar to the one used in [4], where rank
minimization is achieved through minimization of the dual of the spectral norm.
The eigenvalues of Z can be obtained, by definition, as the result of the following
expression, where g; represents the i'h column of @, i. e. the i'h eigenvector of
Z:

XNi=q Z(P,Py,....Pf)q;, PL € D, P, € P%, ..., P; € Pf (7)

where P’ represents the set of rank-py assignment matrices of dimension
[pr x p1] and D represents the set of rank-py diagonal matrices of dimension
[p1 % p1].The eigenvectors of Z are assumed known because these are the columns
of ), that under the factorization context is related to motion. In a calibrated
system, () is thus not a variable. For a rank-deficient Z, each of the non-dominant
eigenvectors is a base vector for the null space of the column space of Wy defining
in fact camera movement.

Our matching problem must thus be formalized as the search for the optimal
set of assignment matrices Py, ..., P (e.g. optimal assignment tensor) such that:

Pyx, ..., P} = arg min (Z (P, ...,Pf)> —arg min <Z o' z(p, ...,Pf)qi>
Pl...,Pf

Pl,...,Pf i>4 >4
(®)

3 Minimizing the Cost Function using Linear
Programming

In general, solving the multi-frame correspondence problem through the mini-
mization of (8) is a very tough problem. In particular, when considering only iso-
lated assignment matrices, as was done in [11], the cost function in (8) is clearly
quadratic, since there are certain terms (the crossed terms wiPiPkkaT,i # k)
which cannot be expressed as a linear function of the elements of the associated
assignment matrices. Note that this is not an intrinsic property of the problem,
but rather a consequence of an inadequate formulation: in fact, when working



with single assignment matrices there are restrictions which are not considered.
This is not the case with the assignment tensor, which takes into account all
the inter-frame restrictions. In the present formulation, the crossed terms actu-
ally do have a linear form in the terms of the tensor - in other words, we can
solve the correspondence problem as a linear problem. Moreover, we show that
this problem can be easily solved through relaxation. In this section, the ten-
sor formulation of the correspondence problem will be used to generate a linear
formulation in the elements of T" for the cost function presented in the previous
section.

3.1 Unicity constraints revisited

The unicity constraints governing the structure of the assignment tensor, as they
have been presented in (2), are awkward to use in the following calculations. We
will consequently derive an equivalent formulation for these constraints.

We recall that the unicity condition requires that the sum over any dimension
of the assignment tensor be at most one. Although these restrictions are trivially
extendable to an arbitrary number of frames we will once more focus on the three-
frame case, which allows a simple insight on the technique. This formulation
would amount to:

Vjv k,m7n, Z Tz;kﬂmn = ( Tz;kT’zmn) '6jm6kn7
i i=1

=1

j=

Vi k,lLn, Y TijieTijn = Tijk-len> 0310k, 9)
j=1 1

v7:7.].7la7n’7 Z ﬂjkj_‘lmk = Z ﬂjk'ﬂﬂlk) 5zléjm7
k=1 k=1

In practice, this formulation is equivalent to saying that any two vectors
in the same dimensions are orthogonal. This in turn will prevent two non-zero
elements of the tensor of sharing the same dimension, thus enforcing the unicity
conditions.

3.2 Solving for the Assignment Tensor

In this section we show that the cost function can be written as a linear pro-
gram, thus effectively solving multi-frame correspondence with a low computa-
tional cost. Recall that the cost function has the following structure (the index
i represents the order of the eigenvectors of Z):

> dWiWf g, (10)
i>4
Our objective is to extract the optimal assignment tensor 7', which is uniquely
determined by the optimal set of assignment matrices Ps, ..., Py. Given a tensor
T, the vec operator stacks its dimensions successively (from the first to the last)
in order to form a vector: z = vec(T).



Note the relation between T' and the structure of the assignment matrices
(Ps, ..., Py): the elements of these matrices are a linear function of the elements of
T, as explained in section 2.1. Furthermore, products of matrices (such as P, P{)
actually represent pairwise correspondences (in this case between the second and
third frame - Ps3) and are thus also a linear cost function of z - the simplification
becomes evident when using the constraints in the form presented in (9). Given
each of the ¢;, we can thus rearrange (10) as a linear function of x. Optimal
correspondence will consequently be given by (11), where 7 represents the set
of all assignment tensors of dimension p; X ps X p3 and rank pg; in the generic
case, the number of dimensions contained in the dimension set is determined by
the number of frames in the system.

x+ = arg minc.xz, st.x=wvec(T),TeT (11)
xr

The coefficient vector ¢ can be calculated directly from the original formu-
lation of the cost function by developing the expression in (10) in order to the
elements of the assignment tensor. The calculation of ¢ for the three image case
is presented in the Appendix.

The formulation presented in (11) still remains an integer minimization prob-
lem and as such has no efficient solution. However, in the continuous domain
there are algorithms that allow the solution to this problem to be obtained in
a simple and swift manner. Fortunately, it can easily be shown that the assign-
ment tensor possesses equivalent properties that allow an exact relaxation to
take place - all that is needed is to demonstrate that the matrix containing the
restrictions on the vector x is totally unimodular, as shown in [2].

The resulting problem is thus equivalent to the original, but for this class of
problems (linear programming problems) there exist several efficient algorithms
that can provide an adequate solution such as the simplex algorithm.

This method of solving the integer optimization problem has originally been
proposed in [9].

4 Extensions to the algorithm

4.1 The non-calibrated case

Up to this point,  has been considered as known. However, an iterative solu-
tion has been devised which allows the solution of non-calibrated systems with
small baselines provided a reasonably good initialization is available. Under this
assumption, an initial estimate of the g; is used to solve an approximate match-
ing problem, which in turn returns an improved value for the ¢;. This process
is repeated until convergence is achieved; a similar method has already been
published by the authors in [11].

Note that in the non-calibrated case two sets of unknowns are present: the
elements of T and the columns of Q). Our iterative optimization scheme is anal-
ogous to a cyclic coordinate descent algorithm, in the sense that it optimizes a
set of unknowns while keeping the remaining unknowns constant.



4.2 The support tensor

As can be inferred from the previous sections, the size of the linear program to
be solved in order to obtain a matching solution can be potentially rather large.
If some a priori knowledge is available, improbable matches can be excluded,
thus reducing the dimensionality of the problem. To this end, a support tensor
is used, which is a binary structure in which allowable matches are marked. All
null variables are consequently eliminated from the x vector, thus rendering a
smaller z¢ vector.

5 Experiments

We describe in this section a set of experiments in order to validate the algo-
rithm that has been presented. An experiment with real data provides a proof-
of-concept solution, while demonstrating the ability of the algorithm to function
under less than optimal conditions (i.e., with noise and deviations to the theo-
retical model). A non-calibrated example is also presented that illustrates how
absence of information regarding motion may be circumvented.

5.1 The LEGO Grid

In this experiment three images of a LEGO grid are used. The grid defines two
perpendicular planes in the 3D space. In this experiment, only contour points
in the images are considered. In the first image, 99 points from the contour
are selected as features. Note that the features are selected in areas where the
contour is a straight line , so as to demonstrate the robustness of the method
to the aperture problem. In the remaining images, the matching candidates are
simply the contours of the images. In order to illustrate the handling of occlusion,
parts of the contour have been removed in the second and third frames in order
to create a situation under which some features in the first image do not have a
valid match. No ground-truth is available, but correspondences can be verified
by visual inspection.

Note that only a minimal error is noticeable by visual inspection, despite the
fact that the camera was modeled as orthographic and that only approximate
values were available for the ¢;. Features which did not have valid matching
candidates were successfully rejected. In this experiment a support tensor based
on epipolar geometry was applied, so that candidates for each feature only exist
in the vicinity of its epipolar lines. In total, ca. 3600 matching candidates were
available for the 99 features in each of the frames. Using support, only 11000
matches were possible - consequently, only a subset of the total number of match-
ing candidates is an actual candidate for each feature. It should be underlined
that the use of the support tensor does not alter the result of the experiment;
however, it does speed it up considerably - this problem, including support com-
putation, can be solved in less than 15 min. on MATLAB. The actual matching
algorithm, implemented in C, takes but a few seconds.



Fig. 2. Results for the LEGO Grid data set. Counter-clockwise from upper left: First
image with features selected in red; second and third images with matching candidates
in green and correspondences in red; feature trajectories in the third image.

5.2 The Hotel Sequence

In this experiment information about camera motion is inexistent in the se-
quence, except in the first three frames. In the first two images 43 points (37
features and 6 points without matching candidates) have been singled out. Ev-
ery image is matched against the first two using approximate values for motion
information, i.e. the g;. These are extrapolated based on the movement of frames
already matched. These estimates are then iterated upon as referred in section
4.1. Note that this is a simplified version of the presented algorithm, used only to
illustrate the possibility of applying this work to uncalibrated images sequences;
as such, matches are done pairwise to accelerate the procedure. Support based
on maximum disparity between images is used.

No significant error is noticeable in this experiment, as the 37 features are
correctly tracked and the 6 occluded points are rejected in every frame. Recon-
struction based on the matches is precise. Each of the frames presents a total
of ca. 11000 matching candidates, which after application of support reduces to
only 1100 points.

6 Conclusions

We have presented in this text a novel approach to multi-view matching that
allows correspondence to be obtained with linear complexity. This is achieved
through a generalization of the concept of assignment matrix to the multidi-
mensional assignment tensor. This tensor shares most of the properties of the



Fig. 3. Results for the Hotel data set. Counter-clockwise from upper left: First image
with features in red and occluded points in blue; last image with correspondences in
red; last image with trajectories; point cloud resulting from reconstruction, viewed from
above.

assignment matrix, while adding constraints that allow a coherent solution be-
tween frames to be enforced. A cost function based on rigidity, as understood
under the factorization context, has been used in conjunction with the assign-
ment tensor to successfully determine correspondence between images. This cost
function not only yields a global solution but also overcomes the aperture prob-
lem, owing to the fact that it does not depend on photometry as most present
methods.
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Appendix

In this section an explicit expression for the coefficient vector of the linear pro-
gram in (11) is presented, for the three-frame case. Each ¢; is divided into a set
of terms as in (12) corresponding, respectively, to the terms depending only on
P,, and Ps, and to the terms in P,Ps”, PP, PP, and P3Ps7.

C; = 2CP2 + 28133 + 26132133 +cplP1 + Cp, Py + CPy Py,

= lixp ® (Qil;gTwl ® 6]1'3:4Tw2)
(ql‘MTwa & Qil;szl) ® 115py]
coimy = Tiepey © (07, 11) o (g1 201)) © Ty
cpypy = V€0 (G  W3) @ (Qigy” w2

Cpyp, = VeC (Lp, xpy) ® (diag ((I[m xp2] @ quAng) EQE?T (I[Pz xpa] © w2Tqi3:4))>T
Cpypy = VEC (diag ((I[ps xps] ® qiS:aTw3) E3E3T (I[Ps xp3] & w3Tqi5:6)))T ® 1[1% Xpa2]

Ccp,
Cp3

E;, = [ele? e epiegi}T
(12)

The wvec, operator acts in a similar way to vec, except that it stacks the
rows of a matrix instead of its columns. e; represents the i*" versor in the p;-

dimensional space. The complete ¢ is constructed by the sum of all ¢;.



