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Abstract

Over the years, many tensor based algorithms, e.g. two
dimensional principle component analysis (2DPCA), two
dimensional singular value decomposition (2DSVD), high
order SVD, have been proposed for the study of high di-
mensional data in a large variety of computer vision appli-
cations. An intrinsic limitation of previous tensor reduction
methods is the sensitivity to the presence of outliers, be-
cause they minimize the sum of squares errors (L, norm).
In this paper, we propose a novel robust tensor factoriza-
tion method using Ry norm for error accumulation function
using robust covariance matrices, allowing the method to
be ef ciently implemented instead of resorting to quadratic
programming software packages as in other L; norm ap-
proaches. Experimental results on face representation and
reconstruction show that our new robust tensor factoriza-
tion method can effectively handle outliers compared to pre-
vious tensor based PCA methods.

1. Introduction

Principal component analysis (PCA) is a widely used
method for dimension reduction and PCA based techniques
have been successfully applied into many computer vision
application, e.g. image reconstruction, object recognition,
tracking, detection, appearance, and motion. In face repre-
sentation and recognition, PCA was rst used by Sirovich
and Kkirby to represent human facial images [7]. Later,
Turk and Pentland [9] proposed the well-known PCA based
eigenface method for face recognition. Because in classical
PCA the image matrix is mapped into a one dimensional
vector, the spatial correlation within each image are not
fully utilized. After realizing this intrinsic problem, many
researchers in computer vision and pattern recognition ar-
eas have begun to emphasize the image as matrix or tensor
to improve the performance of subspace dimension reduc-
tion. Based on PCA, some image-based subspace analy-
sis approaches have been developed. Shashua and Levine
[12] used rank-1 (one of the three tensor decompositions
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described by Tucker in [13]) matrices to represent a set of
images. Recently, Yang et al. [15] proposed a two dimen-
sional PCA (2DPCA) in which image covariance matrices
are constructed directly using original image matrices and
one-side low-rank approximation is applied. Ye et al. [16]
proposed a method called Generalized Low Rank Approx-
imation of Matrices (GLRAM) that is a two-side low-rank
approximation method and projects the original data onto a
two dimensional space L and R such that the project has
the largest variance among all two dimensional space. Ding
and Ye proposed a non-iterative algorithm in [2] called as
two dimensional singular value decomposition (2DSVD).
Although several other tensor based PCA research results
have been proposed, Inoue and Urahama have shown the
equivalence of them in paper [5].

It is commonly known that traditional PCA and novel
tensor based PCA (like 2DPCA and 2DSVD) minimize the
sum of squared errors, which is prone to the presence of out-
liers, because large errors squared dominate the sum. In the
vision community, some previous attempts to make PCA
robust have treated entire images as outliers [14] and sev-
eral other methods focus on intra-sample outliers [8]. Ke
and Kanade [6] proposed another approach using L; norm
or the least absolute deviance that is less sensitive to outliers
compared to L, norm (the Euclidean metric). This method
need solve the optimization problem through the quadratic
programming that is computationally expensive. In order
to improve the computational ef ciency, Ding et al. [3]
used the rotational invariant L; norm (R; norm) as the ob-
jective functions of PCA. All those methods were working
on robustness improvement of traditional PCA. An assem-
bled matrix distance metric [17] was proposed to measure
the distances between features matrices using L, norm and
work with 2DPCA together to improve the face recognition
rate. Since his method didn t apply the new distance func-
tion into the objective function of 2DPCA and still used L,
norm for tensor factorization optimization, the robustness of
2DPCA is still the same. Park and Savvides also proposed a
tensor method [11] to improve the robustness of face recog-
nition, but they also used L, distance. To our knowledge,
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so far there is no robust method to improve the performance
of tensor based PCA.

In this paper, we propose a novel robust tensor factor-
ization approach using R1 norm. By projecting the tensor
data (2D images) onto the (K1, K2)-dimensional space, we
expect to obtain optimal approximation of the original ten-
sor with less sensitivity to the outliers. In order to demon-
strate the ef ciency and effective of the proposed method,
experiments are carried out using the well known ORL face
database and YALE face database. Experimental results
show that, our method can effectively handle outliers com-
pared to previous tensor based PCA methods.

Our contributions are as follows:

1) We propose a novel robust tensor factorization method in
which the principal components of subspace are the princi-
ple eigenvectors of a robust covariance matrix (re-weighted
to soften outliers) with two-side low-rank approximation.
2) We also prove the solutions are rotational invariant. A
subspace is not uniquely determined up to an orthogonal
transformations

3) Anef cient robust tensor factorization algorithm is given
out in section 3 and its iterative steps are similar to previous
2DSVD related methods, but we use weighted covariance
matrices.

4) There is no extra time and space complexities compared
to the general tensor based PCA methods.

2. Subspace analysis

To illustrate the concept, in this section we introduce the
relevant preliminary material concerning robust PCA (ro-
bust factorization of a 2D tensor consisting of a set of 1D
vectors data) and tensor based PCA.

2.1. Rotational invariant L; norm

Given n data points in d-dimensional space, we denote
them as X = (X1,***,Xp). The Frobenius and L; norms
are de ned as

n d ) 172 n
[1XI1le = Xji o XL, =
i=1j=1

[xjil. (1)
i=1j=1

In matrix X = (xji), index i sum over data points,
i = 1,¢¢¢ nand index j sum over spatial dimensions,
j=1,¢¢¢ d. The Ry normis de nedas [3]

n d
”X”R1 = X'z' ) (2)
i=1 j=1

For some matrices Xq4 n, the properties of Ry norm are:
[1XIlr, + 1Y IR,

2. Rotational invariance: ||RX||r, = [||X]||r, for any
orthogonal R (a rotation transformation).

1. Triangle inequality: [[X + Y ||r,

Rotational invariance is a fundamental property of Eu-
clidean space with L, norm. It has been emphasized in the
context of learning algorithms [10]. When we apply PCA
into reducing the dimension of high-dimensional data, we
hope to project data into a low-dimensional subspace which
reduces the noise at same time. A subspace is not uniquely
determined up to an orthogonal transformations. Therefore,
we prefer to model data with distributions that satisfy rota-
tional invariance.

In standard PCA, the subspace can be estimated by the
following matrix factorization:

Xd n=Ud kVk n. (3)
where U = (ug,***,uy) dk agnd Vv =
(V1,00 , V) k' n_ The standard PCA is formulated
as:

n
H — 2 _— 2
f&{/nJ =X UVIZ= X Uvill~. (4)

i=1

The robust version of PCA, R1-PCA, uses Ry norm and the
cost function is:

minJg, =[IX UVilk,= X Uvill. (9
’ i=1
L1-PCA has the cost function:
n
mindy, =[IX UV, = X UvillL,,  (6)

i=1

This requires quadratic programming which is computa-
tionally expensive. It also has a drawback of a skewed iso-
surface [3].

Both standard PCA of Eq. (4) and R;-PCA of Eq. (5)
can be simpli ed as:

n

min Jeca= (X xi X] UUTX;). (7
uTu=l i=1

n
min Jgr, = xIXi X UUTx;. (8)
uTu=l

i=1
From two above equations, we know Jpca(U) and
Jr, (U) are convex functions of UUT . Thus, both PCA and
R1 PCA have a unique global optimal solution. Although
UUT is unique, U is unique up to an orthogonal transfor-
mation R.

2.2. Two dimensional PCA and 2DSVD

In 2D approach [15], the image matrix does not need
to be previously transformed into a vector, thus a set of N
sample images is represented as {X1, X2, , XN} We
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assume the sample images have been centerized with the
mean image ® = L, X; = 0. 2DPCA uses all sample
images to construct the image covariance matrix G as:

N
G= XX 9)
i=1

where X; is the i-th sample image with size of r  ¢. Only
one dimensional column by column correlation is consid-
ered.

Ye [16] and later Ding and Ye [2] considered the problem
of computing low rank approximations of matrices by min-
imizing the approximation error and gave out an iterative
algorithm 2DSVD. Formally, they consider the following
optimization problem:

min J.(LAM}LR) = [
JRAMi} i=1

. LMiRT|[Z. (10)

where L r ki R ¢ k2 and M ki k2 | ets
de ne the row-row and column-column covariance matrices
as:

N

XiRRT X, (11)
i=1
N

X LLTX;. (12)
i=1

G

The 2DPCA of Yang et al. [15] is a special case of Eg. (10)
by setting L = I (i.e. ignoring L).
The 2DSVD solutions are calculated as following steps:
(1) Initialize RRT = I, . and an error threshold;
(2) Form a new F according to Eq. (11) and compute the
rst ky eigenvectors Iy, ¢« , l,, to form the updated L =
[Ilv °ee, Ikl];
(3) Form a new G according to Eq. (12) and compute the
rst ko eigenvectors rq,*¢ , ry, to form the updated R =
[rl, oo rkz];
(4) Go back to (2) until the J, of Eq. (10) is less than the
error threshold.
We will formulate a robust version of Eq. (10). From
there, a robust version of 2DPCA can also be constructed.

3. Robust tensor factorization

In this section, we formulate the subspace estimation as
an Ry norm problem, and then present a concrete robust
tensor factorization algorithm to minimizing the Ry norm.

3.1. R; norm based tensor factorization

In order to improve the robustness of tensor based PCA,
we use R; norm to replace the L, norm as cost function.

In 2DSVD, the optimization function is the sum of squared
errors in Eq. (10). Similar to Eq. (5), the cost function using
the Ry norm is de ned as:

min  J.(L,{M;},R) = [IXi LM;RT|2.
R.{Mi}

L _
! i=1

(13)
A L1 norm based cost function is:

n

min ) JF(L!{Mi}! R) = ”Xl

LMiR™||,. (14
L.RAM:} - i ”L1 ( )

The L, version is computationally expensive and will not
be discussed further. The right side of Eq. (13) can be cal-
culated as:

n

[IXi LM;RT[|?

= Tr(XT X;
i=1

2LM;RTXT + MT M;) (15)

First, we solve the optimization problem on M. Taking
J/ M; =0, we have
Jr LT X;R + M;
M; TrX{ Xi 2LMiRTX + M," M;)
=0 (16)

Thus, we obtain
M; = LT X;R.

Using it, Eq. (13) is written as:
T,IIQ Jr(L,R)

n
= Tr(XJ X;
i=1

2XTLLTX;RRT). (17)

Now we solve for L and R. To enforce, the orthogonal-
ity: LTL =1 and RTR = I, we follow the standard theory
of constrained optimization and introduce the Lagrangian
function as follows:

minl = J, +Tr (L' D+Tr (RTR 1) (18)
where the Lagrangian multiples and are symmetric ma-

trices. The KKT condition for optimal solution speci es
that the gradient of L must be zeros. We obtain:

—t = 2FL+2L =0, (19)
where
X;RRTXT
Fr= = : = I (20)
TroX X 2X'LLT X;RRT)
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and

L
== 2G,R+2R =0, (21)
where
XTLLT X;
Gy = — ! . (22)
; TrX{ Xi 2XLLTX;RRT)

(Fr, Gy) of Egs. (20,22) are the robust (weighted) version
of (F, G) in Egs. (11,12). We call them as robust covariance
matrices.

3.2. Computational algorithm

In paper [3], the problem is solved by the subspace iter-
ation method. Here, we use solve them in a new method by
eigen decompositions.

From Eq. 19, we get FrL = L and calculate the rst
ki eigenvectors of Fr with Frlx = g (kK = 1,00 k3).
L can be formed as [l1,¢*¢,lx,]. From Eq. 21, we have
GrR = R and calculate the rst ko eigenvectors of G,
with Gerg = krk (K = 1,¢¢¢ ,k2). R can be formed as
[ri,eee ]

Theorem 1. The solutions of robust 3D tensor factor-
ization of Eq.(13) are the principal eigenvectors of the rota-
tional invariant covariance matrices (a weighted version of
the covariance matrices):

Fr= WiXiRRTX{, Gy =  w;iX{LL"X; (23)
i i
where
1
w; = . (24)
Tr(XTXi 2XLLTX;RRT)

In practice, we use the popular Huber s M-estimator:

_ s? if |s|] ¢
G)= gs] @ if |s|>c (25)
as the generalized Lj-norm: (s) reduces to Lj
when the cutoff ¢ 0. We minimize Jyy =

ey ( IPXi  LM;RT][?) instead of Eq.(13). The so-
lution is the same as in Theorem 1, with the weights re-
placed by

1 if ri<c
c/ri ifri ¢

whereri = Tr(X{ Xi 2XLLTX;RRT).

We summarize the robust tensor factorization algorithm
in Table 1. From 2DSVD solution algorithm in section 2.2,
we know it is an iterative algorithm. The rst step in our
algorithm is the same of the rst step of 2DSVD. Start-
ing from 2nd step, our algorithm uses the weighted (see
Eq.(26)) form of the same matrices in 2DSVD, thus has the
same computational complexity. It is possible that our al-
gorithm may needs slightly more iterations than 2DSVD.

Wi = (26)

1) Compute the rst step of 2DSVD to get L and R;

2) Calculate residue errors {ri}.
Set cutoff = median of {r;}.

3) Using current L, R to compute F, and its eigenvectors.
This gives the new L.

4) Update R. Using current L, R compute G, and its
eigenvectors. This gives new R.

Repeat 3) and 4) until convergence,

i.e. J is no longer decrease.

Table 1. Robust tensor factorization algorithm.

3.3. 2D rotational invariance

We introduce a new concept of rotational invariance
property of tensor factorization. We will show both
GLRAM/2DSVD of Eq. 10 and the robust version of
Eqg.(13) have the nice rotational invariance property. We
de ne the rotational transformation of tensor factorization
as:

Xi RiXiRJ,L RiL,R R;R (27)
where Ry, R, are orthonormal: R/ R; = I,RJ R, = I.
Ry I T performs the rotational transform on the rows
of matrix X ' ¢and R, ¢ ¢ makes the rotational
transform on the columns of matrix X. If the projection
results (e.g. M;) remain unchanged under the rotation, we
say they are invariant. We note pure L;-PCA of Eq. (6) and
L;-2DSVD of Eqg. (14) don t have this property.

Theorem 2. Both GLRAM/2DSVD and robust tensor
factorization are rotational invariant.

Proof: For each term in Eq. (10,13), we have:

[IXi LM;RT||
=|I[(R{R)(Xi LMiRT)(R] Rl
=||IR:(Xi LM;iRT)R]]|

=[IRiXiR;  (RiILMi(R:R)DII (28)
Therefore, M; remains unchanged in the rotational transfor-
mation.

3.4. Space and time complexities

In Table 2, we summarize the storage and matrix sizes
for which we need to compute k largest eigenvectors (sup-
pose we use the same number of largest eigenvectors on
both Fr and G, K; = Ky = k). For a matrix of size
a b, the computational complexity is O(kab). Our robust
tensor factorization approach has the same time and stor-
age complexity as 2DSVD. In our method, The robustness
is improved without introducing any extra computation.
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method storage matrix size
PCA rck + nk rc n
2DSVD rk+nks+sc | r rorc ¢
Ourmethod | rk+nks+sc | r rorc ¢

Table 2. Storage and matrix sizes, for n images of sizer c.

4. Robust tensor factorization for higher order
tensors (D-1 decomposition)

We can extend our robust tensor factorization from 3D
tensor to higher order tensors. Given a D-dimensional ten-
sor, we introduce D-1 subspaces to form a D-1 decompo-
sition [1]. For 2D tensor, D-1 decomposition is PCA. For
3D tensor, D-1 decomposition is GLRAM/2DSVD. Their
robust version are discussed in §2.1 and §3.1. Here, we
give an example for 4D case. Given a set of 3D tensors
[Y1,°¢¢,Yn], the robust version of D-1 tensor factorization
using Ri-norm is:

min J = Iy uU 1V W
=1
s.t. VIV =1, UTU =1, WTW =1(29)

3M [|r,,

At rst, let sde ne F, G, H are covariance matrices:

Fi = w  XEX( e (VT WW i
Ji kk
Gjj = w XX (Ui (WW T )
ii kk
Hoo = w  X5X) (WU (vv )5 (30)
i jj

The initial U,V, W are the eigenvectors of F,G,H in
Eq. 30, respectively. In this step, w = 1. When calculating
F,wesetupVTV = 1and WTW = I; when calculating
G,wesetupWTW =1.

We iteratively use current U,V,W and c to up-
date the residue {r } and the weights w as Eq. 26,

r= ijkxi(jl)< Xl(jli ijk Xi(j)k(UUT)ii V'V 1)jj
(WW ) and the cutoff c = median {r }. Using the

weights w , we compute U,V, W as the eigenvectors of
F, G, H in Eq. 30.

5. Experimental results

In this section, three benchmark face databases ORL and
YALE are used to evaluate the effectiveness of our pro-
posed robust tensor factorization approach. Because Inoue
and Urahama have shown the equivalence of tensor based
PCA in paper [5], we can compare our method to 2DSVD
(GLRAM) without losing generality.

5.1. Experimental results on the ORL database

In the ORL database, there are ten different images of
each of 40 distinct subjects. For some subjects, the images
were taken at different times, varying the lighting, facial
expression (open/close eyes, smiling/no-smiling) and facial
details (glasses/no glasses). All images were taken against
a dark homogeneous background with the subjects in an up-
right, frontal, position (with tolerance for some side move-
ment). For each subject, we randomly generate an image
as outlier using random value between 0 and 255 for ev-
ery pixel on the noise image. Both 2DSVD and robust ten-
sor factorization algorithms are performed to reconstruct all
face images (including the outlier one) under the same sub-
ject. Meanwhile we also gradually increase the noise level
by adding more outlier images.

5.1.1 lustration

Fig. 1 illustrates the images reconstruction difference be-
tween 2DSVD and robust tensor factorization algorithm
with one outlier image (both methods use K1 = K2 = 30).
For both original and reconstructed images, seven of ten to-
tal images plus the outlier image are visualized in Fig. 1.
The images on the rst, fourth, seventh rows are the origi-
nal images of subjects. The last images on these three rows
are the outlier images that are randomly generated for each
subject. The second, fth, eighth rows show the image re-
construction results using 2DSVD for three subjects; The
images on the third, sixth, and ninth rows are the reconstruc-
tion results of robust tensor factorization algorithm. Obvi-
ously the outlier image in uence more on the reconstruc-
tion results of 2DSVD and make them fuzzy. Compared
to 2DSVD results, robust tensor factorization prevents the
image reconstruction from the effect of outlier.

On the other hand, we also can see the outlier image re-
constructions get better results on 2DSVD. The robustness
factorization method reconstructs the outlier images more
fuzzy. The intuition of robust method is to reduce the out-
lier s effect on other normal images and improve the ac-
curacy on normal images, not outlier image. Our method
signi cantly outperforms 2DSVD on robustness demonstra-
tion.

5.1.2 Reconstruction Errors

In Fig. 2, we plot the sum of squared distances from ten
original images (the rst subject we used in Fig. 1) to both
2DSVD and robust tensor factorization principal subspaces.
The values on horizontal axis are images in the sorted or-
der (the rst ten are normal images and the 11th is outlier
image) and the values on the vertical axis are distances to
subspaces using log ratio. In 2DSVD results, the distances
from normal images to subspaces are larger than those in
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Figure 1. Comparison reconstructed images using 2DSVD and robust tensor factorization with one outlier image (on the right). Original
images: 1st, 4th, 7th rows. 2DSVD: 2nd, 5th, 8th rows. Robust factorization: 3rd, 6th, 9th rows.
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