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Rotational Invariant Dimensionality
Reduction Algorithms
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Abstract—A common intrinsic limitation of the traditional sub-
space learning methods is the sensitivity to the outliers and the
image variations of the object since they use the L, norm as
the metric. In this paper, a series of methods based on the L; ;-
norm are proposed for linear dimensionality reduction. Since
the L, 1-norm based objective function is robust to the image
variations, the proposed algorithms can perform robust image
feature extraction for classification. We use different ideas to
design different algorithms and obtain a unified rotational invari-
ant (RI) dimensionality reduction framework, which extends the
well-known graph embedding algorithm framework to a more
generalized form. We provide the comprehensive analyses to
show the essential properties of the proposed algorithm frame-
work. This paper indicates that the optimization problems have
global optimal solutions when all the orthogonal projections of
the data space are computed and used. Experimental results on
popular image datasets indicate that the proposed RI dimension-
ality reduction algorithms can obtain competitive performance
compared with the previous L, norm based subspace learning
algorithms.

Index Terms—Dimensionality reduction, image classification,
image feature extraction, rotational invariant (RI) subspace
learning.

I. INTRODUCTION

EATURE extraction and dimensionality reduction meth-
ods have been paid much attention in past several decades.
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The classical linear dimensionality reduction methods such as
principle component analysis (PCA) [1]-[3] and linear dis-
criminant analysis (LDA) [4] and its variations [5], [6] are
widely used in the fields of pattern recognition, computer
vision, and data mining. It is known that these classical meth-
ods (i.e., PCA and LDA) only focus on the global structure
of a dataset in dimensionality reduction. With the fast devel-
opment of the manifold learning based techniques [7]-[10],
the local geometry structure has been taken into account in
designing different linear dimensionality reduction methods.
For example, locality preserving projection (LPP, also called
Laplacianfaces) [11] and orthogonal LPP [12] were proposed
for face recognition. Yan et al. [13] proposed a unified graph
embedding framework for linear and nonlinear dimension-
ality reduction, and marginal fisher analysis (MFA) and its
extension [14] were proposed the for face and gait feature
extraction.

All the above methods, however, use the L, or Frobenius
norm based metric to characterize the scatter of the dataset,
thus these methods are sensitive to the outliers. Recently, other
measurement such as L; norm was widely explored due to its
robustness in different applications. For example, the L; norm
was used in sparse regression [15]-[17], sparse representation
classifier designation [18], [19], subspace learning [20]-[25],
sparse subspace learning [26], [27], and sparse coding for
image representation [28]. In addition, the sparse L; graph
was also used in subspace learning, spectral clustering [29],
and label propagation [30]. But one drawback of these L;
norm based methods is that the L; norm terms are just used
as the regularization and the L, or Frobenius norm terms are
still dominant in the optimization problems. Thus, these meth-
ods are still sensitive to the outliers in a certain sense in
dimensionality reduction.

Although various L; norm based subspace learning meth-
ods, such as those in [25] and [31]-[34], have shown promis-
ing performance, these methods still have some unsolved
problems. For example, some of them have very high com-
putational costs in computing the (local) optimal solutions,
and the theoretical relation between the optimal solutions of
L; norm based methods and the traditional/classical ones was
still unclear. Recently, a new measurement called rotational
invariance (RI) L; norm or Lp; norm has attracted much
attention in the fields of patter recognition and computer
vision [35], multitask learning and tensor factorization [36].
Previous studies show that the pure L | norm based regres-
sion is more robust than the L; norm regression in pat-
tern recognition [37]-[39], and thus was widely used in
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Fig. 1. Development route of the dimensionality reduction methods
mentioned in this paper.

joint feature selection and subspace learning [40]-[42], image
recognition [43], Web image annotation [44], and multime-
dia data understanding [45]. The brief development route of
the dimensionality reduction methods mentioned in this paper
is shown in Fig. 1.

Robustness is an important issue in feature extraction. One
tractable method is to introduce the robust measurement, i.e.,
replace the Frobenius norm with other norms which are robust
to the outliers. A relative ideal norm for feature extraction
and recognition should contain the following aspects: 1) the
measurement should be robust to the outliers; 2) the derived
model using this measurement is easy to solve; and 3) it is
better to bridge the strong theoretical connections between the
previous methods and the new ones using the introduced norm.
Based on these three aspects, the RI L1 norm or L | norm is
a very suitable candidate owing to its robustness to outliers and
different variations in the dataset [36]-[39], the simplicity for
solving the derived models as indicated in [38], and the close
theoretical connections to previous methods (which will be
shown on Section III of this paper).

This paper focuses on designing the robust linear dimen-
sionality reduction methods using the RI L; norm or L
norm. The difference between this paper and the previous
works is that this paper not only focuses on a set of concrete
robust subspace learning methods, but also builds a unified
framework to conclude the proposed methods using the RI L;
norm or Ly ; norm. From the algorithm aspect, the significant
difference between the proposed algorithms and the previous
ones is the algorithms presented in this paper can achieve its
robustness automatically or intrinsically (without introducing
any other parameters).

The main contributions of this paper are as follows.

1) We propose four representative RI subspace learning

methods, i.e., RI PCA (RIPCA), RI LDA (RILDA), RI
LPP (RILPP), and RI MFA (RIMFA) for image feature
extraction. Besides these newly proposed algorithms, we
also propose a unified robust and RI subspace learning
framework. It is shown that the framework proposed in
this paper indeed extends the well-known graph embed-
ding framework proposed in [13] to a more general form
for linear dimensionality reduction.

2) The comprehensive analyses, including the convergence,
computational complexity, and the theoretical connec-
tions between this framework and the previous graph
embedding algorithm framework, are presented to show
the essential properties of the proposed algorithm frame-
work. And more importantly, the optimization problems
derived by the new metric are easy to solve and the
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codes are also very easy to implement (the codes can be
downloaded from http://www.scholat.com/laizhihui).

3) Extensive experiments show that the proposed RI sub-
space learning algorithms perform better than the previ-
ous ones for image feature extraction in most cases.

The rest of this paper is organized as follows. In Section II,

four RI subspace learning algorithms are proposed. The the-
oretical analyses of the proposed framework are presented in
Section III. Experiments are carried out in Section IV to test
these RI subspace learning algorithms where the objects in
the databases have different variations, and the conclusions
are given in Section V.

II. PROPOSED ALGORITHMS

In this section, some notations are given at first and then
the algorithms are presented. Let matrix X = [x1, x2, ..., xn]
be the data matrix including all the training samples {xl} 1 €
R™ in its columns. In practice, the feature dimension m is
often very high. The goal of feature extraction is to transform
the data from the originally high-dimensional space to a low-
dimensional one. In other words, sample x € R" should be
transformed into y € R? (d < m) by using

y=U"xeR? (1)

where U = (uj,up,...,ug) and u;(i = 1,...,d) is an

m-dimension column vector.

A. Definitions of Different Norms

For a giyen matrix A = [a;] € R”™, we denote the ith row
of A by A’. The Frobenius norm of matrix A is defined as

n m
lAllp= | Y > at=

i=1 j=1

> A @)
i=1

It can be seen that the sensitivity of the Frobenius norm comes
from the squared operation, which makes the larger values of
||Ai||§ significantly dominate the final result. Differing from
the Frobenius norm, L;-norm of a matrix A is defined as

Al =) > |- 3)

i=1 j=1

The L 1-norm of a matrix is defined as

n m n
Al =>" | Y ak=>"]Al,. )
i=1 j=1 i=1

Since for any rotational matrix R, [|ARl,; = [All21.
Ly 1-norm is RI (this is the reason why the proposed algo-
rithms are called as RI in this paper). As indicated in [38], the
robustness of the L j-norm or RI Li-norm is originated from
its special definition, where there is no squared operation. Note
that, if A degrades to be a high-dimensional row vector, its
Ly 1-norm or RI Lj-norm will degrade to the Frobenius norm.
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TABLE I
SUMMARY OF THE ALGORITHMS

Data matrix/graph Weight
) 1 1
X=Xy =((5 =X ) (3 =¥ ))/Gw =G =1,, D, =Dy = dmg(2||(xf —fT)U|| seens 2||(xT —fT)U|| )
X,=X,=1,1G =G, =1, 2 N 2
D,=D, =1,
1 1
D, =D, =diag( — .
X, =X,, :((Jq1 =X (5 =Xy s (X =, )y (X0 —72»)) v 2"(xl1 _xl)TU"z 2||(x1 -x,) U"z
/G, =G, =1,,, ! !
| S AT N B
X, =Xy =(N,x -%)...N.(X, -X))/G, =G, =1, o 1 1
D, =Dy, = dlag(zuNl ()TIT 57 )U"z seees 2||N((§(T 5 )U"Z)
1 1
D, =D, =diag( ey s
X, =X, =((x =5)eees (5, =3y )y (3 =350 (X —xN))T/ ’ W, "(x‘ _xl)TU"z My "(x1 _xN)TUHZ
G, =Gy =diagW, , Wsees Wi seos W1 s Wi s eos Wi ) . ! 7 yenns ! 7 )
20y, "(XN -x) U"2 2Wyy ||(XN —Xy) U"2
X, =X =[x,%,,.x,1/ G, = Gy, = diag(D,,,D,,,... D) , ! ! !
D, = Dy, = diag( , seees )
T 0 ], 20, U], 20,
. 1 1
, B 77 TR 7 [T e
X, =X; =((x1 =X )y (X =Xy )seees (X = X))y (X —xN)) / | 1
G, =Gy, = diagW WG s Wy W Wy W) W [~ O W [ _XN)TUHZ)
. 1 1
X, =X, = ((xl =X )5 (8 =Xy )5, (X = X)), (X _XN))T/ Dy =Dy, = diag( 2wy "(Xl ) U" . ZWF "(x] xy)' U"
G, = GRp =diagW; Wy s Wi s WL W s W) 1 1

e O, 2 oy 5 0,

B. Discussions and the Motivations of This Paper

Yan et al. [13] proposed a general framework to unify the
subspace learning methods, including PCA, LDA, LPP, and
MFA, by using the model

min [ UTX (D" — W*)X" U] (5)

s.t. tr(UTX(Db - V_Vb)XTU) = cons (6)

where cons denotes the constant, W and W? are the graphs
defined on the dataset, and D% = 3, ij’ . DY =Y, W/ The
optimal solutions of the above problem can be given by the

following generalized eigenequation:
X(D" = W)X"U = X(D" - W*)XTUA. (7)

Many linear dimensionality reduction methods can be
included in this graph embedding algorithm framework [13].
However, as it is mentioned in Section I, the crucial draw-
back of this framework is its sensitiveness to the outliers
or the variations of the images since it uses the L, or
Frobenius norm as the metric [35], [36], [38], [39]. The draw-
back of the previous framework (or previous subspace learn-
ing algorithms) inspires us to develop new framework (or
algorithms) which is robust in linear dimensionality reduc-
tion. Motivated by the previous robust subspace learning

algorithms [35], [36], [38], [39], [41], [43], we introduce the
RI Lj norm or L ; norm to develop a set of algorithms for
robust linear dimensionality reduction. Four simple but effec-
tive and efficient algorithms (i.e., RIPCA, RILDA, RILPP, and
RIMFA) are first proposed and then a unified framework is
obtained for robust linear dimensionality reduction. For ease
of reading and comparison, all the detailed information of the
four algorithms presented in this paper will be summarized in
Table I and the algorithm steps are shown in Table II.

C. RIPCA

PCA aims to find a set of projections that can characterize
the most of the variances of the data points by using the square
norm. But for RIPCA, the RI L;-norm (i.e., Ly j-norm) is used
as the measurement among the data points. According to the
definition of L -norm and the formulations presented in [38],
the RI L;-norm total scatter value is defined as follows:

(! =3x"U

ZH

)l

(sz - )_CT)U 2,1

= tr(U" Xg:Dr:Xp,U) = tr(UT S, U) - (8)
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TABLE 1T
ALGORITHM STEPS OF RI SUBSPACE LEARNING FRAMESORK

Input:: Samples X =[x,,x,,...,X, ], the numbers of iterations T
Output: Low-dimensional features y, (i =1,2,..., N)

(‘and neighborhood size if needed)

Step 1: Construct matrix X, and X,,

Step 2: Initialize U as arbitrary columnly-orthogonal mxd matrix.

Step 3: For j=1:T do

-Compute the matrix D, and D, , compute X,G,D,G,X] and X ,G,D,G X!.
-Solve the eigenequation of (29) to obtain the eigenvectors [u,,u,,...,u,],

-Update U «[u,,u,,...,u,].
Step 4: Output the final matrix U for feature analysis.

Step 5: Project the samples onto the low-dimensional subspace to obtain y, =U Txl. (i=12,..,N) for classification.

TABLE III
COMPARISON OF THE PERFORMANCE [RECOGNITION ACCURACY (%), STANDARD DEVIATION, AND DIMENSION]
OF DIFFERENT ALGORITHMS ON FERET DATA SET

L PCA LPP LDA MFA RIPCA RILPP RILDA RIMFA

3 5027£8.66 4625+7.60 63.55+641 69.28+433 71.93+392 4559+7.83 83.76+3.18 81.86+3.75
(185) (200) (70) (45) (195) (200) (25) (25)

4 5990+532 61424568 73.15£6.37 7324612 73.62£4.99 6021+5.69 86.87+4.66 87.20%2.70
(195) (185) (45) (60) (190) (200) 25) 25)

5 62.10£6.05 73.66+5.15 7928+636 79.531+645 7843+3.68 75211541 89.20+5.40 89.20+3.43
(185) (190) (50) (40) (195) (200) (30) (30)

where X denotes the mean of the data and Sg; = XR,DRtht is
referred to RI total scatter matrix and diagonal matrix

PCA seeks projection directions with maximal variances. In
other words, it finds and removes the projection direction
with minimal variance [13]. Similarly, RIPCA also finds the
minimal variance directions and discards them in dimensional-
ity reduction. We alternatively use the minimum optimization
problem (9) for the further analyses in this paper. Thus, the
objective function of RIPCA can be presented as

1 1
2 =3yl 2 Gy = #) U

Dg; = diag(
and

Xpe = ((x1 =X), ..., (on — X)).

ml}ntr(UTxRtDRlx,QU) st. UTUu=1. )
As a result, the optimal projections needed to be removed
in RIPCA are the eigenvectors corresponding to the smallest
eigenvalus of the following standard eigenequation:

Xp:DrXEU = UA (10)
where U = [, w2, oo Up—dy Wn—d 1y - - - » U]
is an m x m matrix containing all the eigen-
vectors  corresponding to  the eigenvalue  matrix
A = diag(A1, A2, - s A—ds Am—d+1s s Am), Where
A1 < A2 < ... < Ay Then the optimal projection matrix of
RIPCA is U* = [u—g+1, - - - , Un]. In other words, the projec-
tions uy, up, ..., u,_q that characterize the minimal variance

should be discarded. Thus, one can get the low-dimensional
(i.e., d dimensional) representation for the original sample x

by using y = U*Tx. It is easy to find that the Dg; in (10) is
related to the variable U, thus an iterative strategy is used
to compute the optimal U*. The computational procedures
are shown in Table III. Since all the proposed methods are
in the same way, we will not mention this point if it is not
necessary.

D. RILDA

Similar to classical LDA algorithms, RILDA needs to define
the RI between-class and within-class scatter values. The RI
between-class scatter value is defined as

c N (T -x"Uu
NI =)l =]
i=1 Ne(x =X")U |,
= tr(U" XgpDroX g, U) = tr(UT SgpU)
(11)

where X; is the mean of the ith class, Sgp = XR;,DR;,ng is
referred to RI between-class scatter matrix, and the data matrix

Xrp = (N1 (X1 —X), ..., Ne(Xe — X))
the diagonal matrix
1 1
Mm@ —xul, 2 N —)?T)UHZ)‘
Similarly, the within-class scatter value is defined as
c N
2.2

i=1 j=1

Dgp = diag(

: T
(- 5) 0] = vl

= tr(U" XgwDrwX g, U)

= tr(U” SgwU) (12)
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where x] denotes the jth sample in ith class, gy, = XgrpDrwXg,,
is called RI within-class scatter matrix, the diagonal matrix

1 1

Dg,, = diag .
1 =\T T
2| (xj —%1) U 5 2 (xllvl —)_ch> U

ey

T : T
2 (xﬂvl —)_cc> U 2 (x{?’f—;‘cc) U

and the data matrix

XRw = ((x} —561), ey <x11\71

The common optimization criterions in classical discriminant
analysis include maximizing the ratio of between-class scatter
vs. within-class scatter or minimizing the ratio of within-class
scatter vs. between-class scatter [46]. We take the later strategy
in this paper and the objective function of RILDA can be
written as

min
uTU=1
s.t. (U XgpDroXf,U) = cons.

tr(U” XgyDru Xy U)

(13)

Equation (13) can be rewritten as the following optimization
problem:

 tw(UT XgywDprywX},U)
min
vrv=1 tr(UT XgrpDrp X5, U)

. (14)

As a result, the optimal projections of RILDA are the eigen-

vectors corresponding to the smallest eigenvalue of
7\~ T 77 _

(XroDroXgp)  XrwDrwXp, U = UA (15)

which can be solved by the standard eigen-decomposition of
the matrix (XgsDroXby) ™ XrwDrwX,,-

E. RILPP

LPP aims to preserve the local geometric structure in the
low-dimensional subspace. In LPP, the graph is defined as

exp(—”xi — xj||2/t) or 1, if x; € Nk(xj)
or x;j € Ni(x;)
0, otherwise

where ¢ is the heat kernel parameter to measure the
local similarity. In RILPP, the local geometric structure
is preserved by minimizing the weighted RI L;j-norm,
which is different from LPP. RILPP aims to minimize

the following numerator:
)Y (R R
i

- ZZHWU(XI _x/)TUHZ = “GR1X1€U||2,1
i

= tI‘(UTXRGR[DR]GRIXI];U) = tr(UTSR]U) (16)

where Sg; = XgGRzDRlGRlXR is called RI local scatter matrix,
and the data matrix

XR= ((xl _xl)a"-a('xl _xN)a"~7

Gy = x1), - Gy —xw)T
and
Grr = diag(Wy, Wia, ..., Win, ..., Wi, Waa, oo, W),
D di 1 1
Rl = dlag ey ,
2Whi || —x7U |, 2Win |1 —xwn)TU
1

U 2W | v —x0)TU |,

1
U 2 W || v _XN)TU”Z)'

Note that, in this paper we define (1/Q2W;;(x; —x)TU|0)) x
(x;—x;) = 0ox0 £ 0, thus this does not affect the computation
in (16) (similar cases exist in RIMFA).

From the local neighborhood graph W, we can obtain the
diagonal matrix D with the diagonal elements D;; = ), Wj;.
The imposed constraint part of RILPP is measured by

25Ul = [Dixi U], = |Grax U,
i i

= tr(U" XGraDraGraX' U) = tr(U" SgaU)

a7
where
Grq = diag(D11, D22, ..., DnN)
Ska = XGraDraGraX"
and the diagonal matrix
Dprg = diag( ! , ! ,
2Dy ¥ U, 202 |5 U],

1
ZDNNHXTVUHz)'

With the above preparations, the objective function of RILPP
can be stated as
tr(UTXRGRlDRlGRIX};U)
min .
uTU=1 tr(UTXGraDraGraX"U)

(18)

The optimal solutions can be obtained by the eigen-

decomposition of
—1
(XGRdDRdGRdXT) XRGRIDRIGRIX};U = UA. (19)

The optimal projections of RILPP are the eigenvectors corre-
sponding to the smaller eigenvalures of (19).
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F. RIMFA

MFA was introduced in [13] as a representative algorithm
for the graph embedding framework, where the squared dis-
tance between the point pairs in local neighborhood was
measured. When using the RI L;-norm, we can obtain sig-
nificantly different graph embedding method. The interclass
separability and the compactness of RIMFA by using the RI
Li-norm are denoted as Sg, and Sg., respectively. With the
same definition of the penalty graph W?” and the compactness
graph W€ as in MFA, the interclass separability Sg, is defined
as follows:

2 2.

i (1.)€Pk, (ci)or (i,))€Pk, (¢j)

|07 = U, Wy

= tr(U" XpGryDrpyGrpXpU) = tr(UTSg,U)  (20)
where
Spp = XRGRpDRpGRpXIZ(;
Grp = diag(Wy, Wiy, .., Wiy, oo W W o, WRY)
Do — d 1 1
Rp = dlag ooy s
’ 2Wh [ = Tu, 2w o — "0

1
2 e —xnTU

1
W —x~>wuz>'

Similarly, the intraclass compactness Sg. is defined as follows:

=Y ¥

i ieN,jz (j)or jeNka2 (@)

Ty,T Ty,T c
AU ijHZW,-j

= tr(U" XgGreDreGreXpU) = tr(UTSgcU) — (21)
where
Ske = XRGRreDreGrXy
Gre = diag(Wi |, Wiy, ..., Wiy, ..., Wy, Wi, oo Wiy)
Do — d 1 1
Re = lag g e e ey ’
‘ 2wy, ” (x1 = xl)TU‘ 2 2chzv” (1 — XN)TU”Z

1
W Jow — 070

2

1
2w G —XNVUHZ)'

With the above preparation, we obtain the objective function
of RIMFA

tr(UTXgGreDrcGreXpU)
min .
vtu=I tr(UTXRGR,,DRpGRng U)

(22)

The optimal projections are the eigenvectors corresponding to
the smaller eigenvalues of the following eigenequation:

—1
(XRGRryDryGrpX£)  XRGreDrcGreXpU = UA. (23)
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G. Unified Framework

In this subsection, we present the unified framework based
on the RI Li-norm. It is easy to find that the objective function
of RIPCA can be rewritten as

min  tr(U" Xg,G1Dg:G1 X, U)
vtu=I

S.t. tr(UTX,GIDIGIXITU) = cons 24)

where X7, G; and Dy are m x m identity matrix
Similarly, the objective function of RILDA can be repre-
sented as

min tr(U TXrwGrDpryw GIWX1€w U )
uTu=I

st. (U XppGrDroGp Xk, U) = cons  (25)

where Gy, and Gy, are the identity matrix with a suitable size.

Comparing the above rewritten RIPCA and RILDA mod-
els and the ones of RILPP and RIMFA, we obtain a unified
framework as follows to conclude all the methods presented
in the above four sections:

min (U’ X,,G,,D\G,XLU)
uru=1

st. tr(U"X,GpDpGpXLU) = cons (26)

where X,, = (X1, ....,Xn,) and X, = (x1, .. .., xn;) uniformly
denote the new data matrices in the optimization problems
in (18) and (23)—(25) , respectively. And the diagonal matrices
and the weight matrices defined on the new datasets of X,
and X}, corresponding to the same way as in RIPCA, RILDA,
RILPP, and RIMFA are uniformly denoted as D,,, G,, and
Dy, Gy, respectively. The summation of the algorithms on the
proposed framework is shown in Table I.

Thus, comparing (5) and (6) with (26), we can find that the
graph embedding framework is extended to more generalized
form by using the RI Li-norm, which can be called gener-
alized graph embedding algorithm framework. The proposed
framework can be rewritten as

tr(UX,,G,,Dy, G, X1 U)

min 27
vtu=1 tr(UTXpGpDpGpX [ U) &7
or
min tr(U'X,,GuDyGuXLU).  (28)
r(UT X, GbDbiXbT U)=cons
uTu=I

Similarly, the optimal solution of the above problem can be
obtained by the eigen-decomposition of eigenequation

(XoGpDpGpX!) ' X,GuDWGLXTU = UA.  (29)

Differing from the graph embedding framework which only
needs to solve a simple (standard or generalized) eigenequa-
tion, the proposed methods need to iteratively solve a series
of (standard) eigenequations since the D,, and Dj are corre-
lated to the U in (29) in each iteration. The procedures of
the proposed RI subspace learning algorithm framework are
shown in Table II.

Comparing to the previous graph embedding linear dimen-
sionality reduction framework, the advantage of the gen-
eralized framework proposed in this paper is that it can
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automatically generate the weight matrices derived by the
L1 norm in the iterative procedure. These weight matri-
ces are closely related to the intrinsic relationship among the
data points and thus can discover a more effective subspace
for feature extraction and classification.

The proposed methods are significantly different from the
one in reference [42], which mainly focus on the usage of
the L 1 norm as a regularized term for jointly sparse regres-
sion instead of as a basic metric. This paper also differs
from [25] using the L; norm as the measurement, and only
the LDA case is discussed in [25]. Moreover, the optimization
methods of this paper and [25] are also diverse far from each
other. Although both this paper and [47] introduce the local-
ity of the data, the goal of [47] is to learn a graph to preserve
the locality instead of to learn a projection matrix for linear
dimensionality reduction. In short, the goal, the objective func-
tion and optimization method of the proposed methods are all
different from those in [25], [42], and [47].

III. THEORETICAL ANALYSIS

In this section, theoretical analyses will be presented to
show the properties of the proposed algorithm framework.
The convergent analysis and the computational complexity are
firstly presented. And then the essence of the framework is
explored. We discuss a special case to explore the equivalence
between the RI subspace learning framework and the previous
graph embedding algorithm framework. At last, it is shown
that the proposed algorithm framework has the global optimal
solution when two scatter matrices are full rank matrices.

A. Convergence of the Algorithm

Since the algorithms are iterative methods, in this section,
we analyze its convergence. Firstly, we need the following
lemma and corollary presented in [38].

Lemma 1: For any nonzero vector a and b, the following
inequality holds:

llall? ||l7I|2
30
lall — 200 = <ol — 260 (30)
Corollary 1: For any nonzero vectors a, bii=1,2,...,N),
the following inequality holds:
: |« ||
al| — < — 31

Theorem 1: The iterative algorithm for the RI Li-norm will
monotonically decrease the objective function value in each
iteration.

Proof: For simplicity, we denote the ith row of matrix A by
Al ie., A" = A(i, :). Supposed in the ¢ iteration we have

U = argmin tr(U"X,,G,D,,G, X U).
tr(UTXbiD’biXZU)=cons
vTu=I

This indicates that
(U] XwGwD', G, XL Uy)
< (UL, X,G,D!,G X U_1)

|G.xiu)

N (|
|

2 H (GuXTU, )’

- ZH (GuXTU,)'
i

2|/(Guxtui-1)

P2
|(@xiu)

5 ic.xtu)
< ZH (GuXlU, )

R

2|(Guxgui)|

| Guxiu)
i
According to the Corollary 1, we get the following inequality:

ZH (GuXTU,)' ZH (GuXTU,y )

=4 || GWXZ‘; Ut || GWXVIV‘Ut_l H 2,1

o1 < (32)
This gives

(U7X, GuDl G XU ) < (UL X, GuDL, G X Ur).

That is to say the objective function value
tr(U”X,,G,,D,G,, XL U) with the constraint of
tr(UTX;,GbDbiXZ U) = cons will monotonically decrease in
the iteration. |

According to Theorem 1, we can conclude that the iter-
ative procedures will converge to the local optimal U of
problems (26) or (28).

B. Computational Complexity Analysis

The main computational complexity of the RI Lj-norm
algorithm is to solve the eigenequation of (29). Thus, the
computational complexity is O(m>) for each iteration. If the
algorithm needs 7 iteration steps, then the total computational
complexity is O(Tm>). As demonstrated in the experimental
section, the algorithms usually converge very fast. Thus T is
usually a smaller number. Therefore, although the computa-
tional complexity of the RI Li-norm is larger than those of
previous algorithms, the proposed algorithms are still efficient
in most cases.

C. Essence of the Framework

In Section II-G, a unified framework is proposed for RI
subspace learning. The following theorem reveals the essence
of the RI subspace learning framework.

Theorem 2: The essences of the RI subspace learning meth-
ods (RIPCA, RILDA, RILPP, and RIMFA) are the reweighted
versions of the corresponding methods (PCA, LDA, LPP, and
MEFA, respectively) by rescaling the weights, which are related
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to the original high-dimensional data points and the learned
low-dimensional subspace.
Proof: From (26) we can define

_ WY Wa,
w" L GWDWGW — dlag N;l N NyNyy (33)
TR s, ]
Wb Wy
WP £ GyDyGy = diag [ ——tirr, ..., b (34)
25U 2|\ xk, U

where diagonal matrices W and W’ are weights on new
data sets X,, and Xp, respectively. Then the two terms in (26)
can be rewritten as

No
a(UTX,Gu DG XLU) = S [F Uy (39)
i

Np
w(UTX,GoDyGoX[U) = [T UPWE. (36)
i

These two equations indicate that the scatter values are the
sum of the rescaled scatter of X,, and X; by the weighted
matrices W" and W?, which are decided by the original
high-dimensional data points and the learned low-dimensional
subspaces. |

From Theorem 2, we can find that the RI subspace learning
framework is the reweighted version of the previous graph
embedding framework.

D. Special Case 1: The Equivalence to the Graph
Embedding Algorithm Framework

In this section, we discuss the special case to explore
the equivalence between the RI subspace learning framework
and the previous graph embedding algorithm framework by
ignoring the null space of the data (the original data can be
preprocessed by PCA to remove the null space of the data,
which will be discussed in the next section). We have the
following theorem.

Theorem 3: Suppose N = d <« m and U is an m x d
orthogonal matrix spanned by the original data space. If we
define two special graphs using the following weights:

WY = |#|| * consl, W2 = ||xi * cons2

(37
where consl and cons2 are two constants, then the RI sub-
space learning algorithm framework is equivalent to the graph
embedding algorithm framework.

Proof: From Theorem 2, it is easy to find that we only
need to show whether if there exist some kind of definitions

such that

3 W w
W" = G,D,,G, = diag | —r—irr, ..., —el
2T 3], 0]
= I % consl (38)
and
W wh
WP = G,D},G), = diag ek L
2Tl 0]

= I * cons2. 39)
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Since U is a d x m orthogonal matrix spanned by the whole
data space, in this special case, it is easy to see that

|5l =51, |5, Ul = |5,

If and only if we define W} = ||5€iT|| xconsl(i=1,2,...,N,),
WS = ||)~cl.T|| xcons2(i = 1,2,...,Np), then we have the fol-
lowing relationship from (18), (19), (35), (36), (38), and (39):

XGDyGyX), o X(DY — W*)x" (40)
X,GyDyGpX! o X(Db - Wb)XT. (41)
Therefore, these two frameworks are equivalent. |

It is obvious that if U does not full fill the data space, then
IX/ Ul # 5] |l and [lx] U]l # [l || Thus, (40) and (41) will
not be satisfied. In this case, the derived subspaces (projec-
tive vectors) of these two frameworks will be different from
each other.

E. Special Case 2: Global Optimal Solution

Since the original data can be preprocessed by PCA
(or RIPCA) such that XWGWDWGWXVC and XbiDbiXbT are
full rank matrices (or they can add matrix e/ so that they are
full rank matrices, where ¢ is a sufficiently small real num-
ber). Without loss of generality, we suppose these two matrices
are full rank matrices in the RI subspace learning framework.
Then, the proposed algorithm framework has an elegant prop-
erty, which exists in the classic subspace learning methods
such as LDA and LPP. That is, the proposed algorithm frame-
work has a global optimal solution when all the projections
corresponding to the data space are computed.

Theorem 4: Suppose X,,G,,D,,G,,XT and X,G,D;GpX} are
full rank matrices. Since U is an m x m orthogonal matrix
(in the iteration), then the rotation invariant subspace learning
algorithm framework (29) has a global optimal solution (up
to a rotation matrix), and thus the iterative procedures can be
avoided.

Proof: We can initialize the U as the SVD of X;,G,DyGpX 7,
ie., XbiDbiXbT = UDVT and let U = U. Since all the
eigenvectors of the eigenequation (29) span the same subspace
as U and the eigenvectors are orthogonal, it is obvious that
(WY /25T U|) and (W5/2)|xT U||) are constants. As a result,
XWGWDWGWXVC and XbiDbiXZ are also invariant in the iter-
ative procedures, thus the eigenvectors are also invariant (up
to a rotation matrix). Since the optimization problem is con-
vex, it has a global optimal solution which can be obtained
by solving the eigenequation (29) only once. |

Theorem 4 shows that in this special case, the number of
iteration is 1, which indicates that no any iteration step is
needed. Therefore, the algorithms will become simpler and
more efficient. In this special case, the essential difference
between the graph embedding algorithm framework and the RI
subspace learning framework is that the later needs an orthog-
onal matrix for initialization so as to compute the eigenvectors
but the former can directly compute the eigenvectors. Another
difference is the RI subspace learning framework learns the
orthogonal projections by standard eigen-decomposition
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Fig. 2.
alpha image database. (e) LFW face database.

while the graph embedding framework obtains the
nonorthogonal projections since it solves the generalized
eigen-function.

IV. EXPERIMENTS

In this section, a set of experiments are presented to show
the effectiveness of the proposed RI subspace learning algo-
rithms for image feature extraction and recognition against the
classical subspace learning methods (i.e., PCA and LDA), the
most related manifold learning methods (i.e., LPP and MFA).
The FERET face database is used to explore the robustness
of the proposed RI subspace learning algorithms on the varia-
tions in expressions and illumination. The CMU PIE (Pose29,
light, and illumination change) face database is used to evalu-
ate the performance of these methods when face poses and
lighting conditions vary dramatically. The COIL100 objec-
tive image database is employed to test the performance of
these algorithms when there are rotational variations. The
binary alpha digits image database and label faces in the
wild (LFW) database [48] are used to test the robustness of
the proposed algorithms when there are very similar images
of different objectives. The nearest neighbor classifier with
the Euclidean distance is used in all the experiments. The
MATLAB codes of the proposed methods can be available
from http://www.scholat.com/laizhihui.

A. Description of the Databases

The FERET face database is a result of the FERET pro-
gram, which was sponsored by the U.S. Department of
Defense through the DARPA program [49]. It has become
a standard database for testing and evaluating state-of-the-
art face recognition algorithms. The proposed method was
tested on a subset of the FERET database. This subset
includes 1400 images of 200 individuals (each individual has
seven images) and involves variations in facial expression,

Image samples used in the experiments. (a) FERET face database. (b) CMU PIE face database. (c) COIL100 objective image database. (d) Binary

illumination, and pose. In the experiment, the facial portion
of each original image was automatically cropped based on
the location of the eyes, and the cropped images was resized
to 40 x 40 pixels. The sample images of one person are shown
in Fig. 2(a).

The CMU PIE face database [50] contains 68 individ-
ual with 41 368 face images as a whole. The face images
were captured under varying pose, illumination and expres-
sion. In our experiments, we select a subset (C29) which
contains1632 images of 68 individuals (each individual has
24 images). The C29 subset involves variations in illumina-
tion, facial expression and pose. All of these face images are
aligned based on eye coordinates and cropped to 32 x 32.
Fig. 2(b) shows the sample images from this database.

The COIL100 objective image database (http://www.
cs.columbia.edu/CAVE/software/softlib/coil-100.php) consists
of 100 x 72 = 7200 images of 100 objects where the
images of the object were taken at pose intervals of 5°, i.e.,
72 poses per object. The original mages were normalized to
be 128 x 128 pixels. Some sample images of five objects are
shown in Fig. 2(c). All images are converted to a gray-scale
image of 32 x 32 pixel for computational efficiency in the
experiments.

Binary alpha digits image database (http://www.cs.nyu.edu/
~roweis/data.html) is composed of 1404 binary images of
handwritten digits from “0” to “9” and also characters from
“A” to “Z,) totally 36 classes. Each object has 39 images.
The resolution of each image is 20 x 16 pixels. Some sample
images are shown in Fig. 2(d).

The LFW database contains images of 5749 different indi-
viduals in unconstrained environment [48]. A subdatabase
with 158 subjects from LFW-a is used in this paper. The final
size of images is normalized to be 32 x 32 and no other
preprocessing is performed on the images since we want to
test the robustness of the proposed algorithms. Some sample
images of LFW-a database are shown in Fig. 2(e).


http://www.scholat.com/laizhihui
http://www.cs.columbia.edu/CAVE/software/softlib/coil-100.php
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TABLE IV
COMPARISON OF THE PERFORMANCE [RECOGNITION ACCURACY (%), STANDARD DEVIATION, AND DIMENSION]
OF DIFFERENT ALGORITHMS ON CMU PIE DATA SET

L PCA LPP LDA MFA RIPCA RILPP RILDA RIMFA
4 59.12+1144 7537£821 75784823 78.93+7.05 60.88+5.52 77.46+827 78.62£755 79.15+7.68
(145) (145) (67 (150) (145) (150) (145) (150)

5 68.61113.77 81.95+643 84.13£8.12 85831640 7037+6.63 83.10£6.85 8637+7.25 86.06+£7.38
(140) (140) (67) (70) (150) (145) (85) (140)

6 760211019 86.94+639 90.06+3.65 91.08+3.73 78.1014.86 88.95+584 9331+£337 92924345
(140) (145) (67) (110) (145) (140) (60) (60)
TABLE V

COMPARISON OF THE PERFORMANCE [RECOGNITION ACCURACY (%), STANDARD DEVIATION, AND DIMENSION]
OF DIFFERENT ALGORITHMS ON COIL100 DATA SET

PCA LPP LDA MFA RIPCA RILPP RILDA-1084 RIMFA

6  7747X£2.15 77224224 80.21£2.51 80.26+£238 77.53+6.71 78.20%2.02 81.80+2.52  81.29+2.38
(30) (24) (19) a7 (30) (25) (18) a7

8  82.79+228 8235+2.07 85.16+2.06 8536%2.12 82.72+236 83.10+-1.86 86.49+2.31 86.24+1.93
(34) (28) (20) (21) 31) (35) (19) (18)

10 86.87+2.28 86.14+2.21 88.55+2.11 88.59+2.08 86.76+2.36 86.92+2.15 89.62+2.18 89.84+2.39
(38) (29) (21) (20) (41) (45) (18) (15)

12 88.58+2.27 88.19£235 90.47X£2.00 90.38%+2.17 88.36+2.34 88.47+246 91.29+£228 91.61£2.56
(45) (30) (21) (22) (31) (35) (18) (18)

TABLE VI

COMPARISON OF THE PERFORMANCE [RECOGNITION ACCURACY (%), STANDARD DEVIATION, AND DIMENSION]
OF DIFFERENT ALGORITHMS ON BINARY ALPHA DIGITS DATA SET

L PCA LPP LDA MFA RIPCA RILPP RILDA RIMFA

10 62.44+1.65 62.66+3.80 61.62+1.51 63.69+1.57 64.82+1.38 63.02£1.52 64.18+1.26 63.841+2.54
(30) (29) 27) (26) (29) (40) (32) (35)

IS5 67.19£137 67.05+0.86 66.48+0.62 68.68+0.91 7224+120 71.65£123 7239+1.52 71.39+1.25
(29) (34) (28) (27) (29) (34) (26) (40)

200 69.99+1.75 71.115£1.69 7020%+1.12 72.594+2.33 7837+£220 78.61£2.57 7880%+1.49 78.191+1.88
(30) (29) 31 (23) (26) (28) (25) (38)

25 7248+1.72 73.75+129 72.770%£1.55 75224+1.58 84.16+1.80 84.12+£2.00 84.03+1.75 83.80%+1.55
(28) (29) (25) (23) (26) (24) (28) (40)

TABLE VII

COMPARISON OF THE PERFORMANCE [RECOGNITION ACCURACY (%), STANDARD DEVIATION, AND DIMENSION]
OF DIFFERENT ALGORITHMS ON LFW FACE DATA SET

L PCA LPP LDA MFA RIPCA RILPP RILDA RIMFA
13.40£0.78 1634+137 25.61£530 21.79+1.07 4340+0.81 42.774+2.00 49244031 54.3440.07
(200) (200) (157) (200) (175) (160) (130) (35)

B. Experiment Setup

In the experiments, L images of each individual were ran-
domly selected and used as the training set, and one half
of the remaining images were used as the validation set
and test set, respectively. The best parameters determined
by the validation set were used to learning the projec-
tions for feature extraction and classification. The L was
set as different numbers according the size of each individ-
ual/object on the data sets. That is, L = 3,4,5, L = 4,5,6,
L = 6,8,10,12, and L = 10, 15,20, 25 for FERET, CMU
PIE, COIL100, and binary alpha digits image databases,
respectively.

For improving the computational efficiency and avoiding
the singular problem, the data were preprocessed by using
PCA to preserve most of the image energy to pursuit the best

performance of each method. The neighborhood parameters
were selected from the set {1,2,...,6, 23, 24, .., N—1}.
The numbers of final subspace dimensions for FERET, CMU
PIE and LFW-a face databases were varied from 5 to 200 with
step 5. For COIL100 and binary alpha digits image databases,
the numbers of the final subspace dimensions were varied from
10 to 40 with step 1 since the dimensions corresponding to the
best recognition rates are in this range. In each run, the best
parameters determined by the validation set were used to learn
the optimal projections for feature extraction. The algorithms
were independently run 10 times. And the average recognition
rate, standard deviation and the corresponding dimension on
the test set are reported in Tables III-VII. The recognition
rates versus the variations of the dimensions are also shown
in Figs. 3 and 4.
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Fig. 3. Average recognition rates (%) versus the variations of the dimensions. (a) Five training samples on the FERET face database. (b) Six training samples
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Fig. 4. Average recognition rates (%) versus the dimensions. (a) 12 training samples
alpha image databases.

C. Experimental Result and Analysis

From the above tables and the figures, we can obtain some
interesting observations and conclusions.

1y

2)

The RI dimensionality reduction framework using the
Ly norm or Lp; norm performs better than the graph
embedding algorithm framework which wuses the
Frobenius norm as the measurement. As can be found
from the top recognition rates listed in the tables,
the highest recognition rate in each case is always
achieved by the newly proposed RI feature extraction
algorithms. In most cases, RIPCA performs better than
(denote as “>"") PCA, RILPP>LPP, RILDA>LDA, and
RIMFA>MFA. This indicates that using RI L; norm
or L1 norm as a measurement does obtain better
performance in feature extraction, no matter there are
variations in expression, pose and illumination or rota-
tions of the images. Thus the proposed RI subspace
learning algorithms are more robust than the compared
algorithms in these cases.

As can be seen from Figs. 3 and 4, RI algorithms
usually achieve higher recognition rate in a lower dimen-
sional subspace compared with the previous algorithms.

3)

4)

11

2
[ |
[ I
k] !
= |
(=) |
Q |
8 | | |
o 40l ! ! ! —+— RIPCA
[/ ! } RILPP
30‘0”J‘ 77777 L ! | —B—RILDA|
/i ! ! —&— RIMFA
/ I I I I I
20 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30
Dimension
(b)

Dimension

(b)

on the COIL100 image databases. (b) 25 training samples on binary

This phenomenon is consistent on the four databases and
more salient in FERET and COIL100 databases. This
indicates that RI subspace learning methods have more
powerful ability in dimensionality reduction.

Though the proposed algorithms perform better than the
corresponding ones based on the L, norm, there are the
cases where the formers obtain only similar performance
to the latter (or even the formers obtain slightly lower
recognition rates). The key reason may be the extremely
lack of training samples. For example, on the FERET
face database, RILPP performs better than LPP when
there are five training samples per individual, but it
obtains lower recognition rate when there are only three
and four training samples per individual. Another impor-
tant reason is that there lacks discriminant information
for RILPP to guard the algorithm to assign a suitable
weighted matrix D,, to enhance the discriminate ability.
That is, only to enhance the robustness for preserving the
locality in RILPP cannot guarantee to obtain the stronger
discriminant ability than LPP in some special cases.
Using the discriminant information, RILDA and
RIMFA usually perform better than LDA and MFA in
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Recognition rates versus the neighborhood size on binary alpha image database. (a) RILPP. (b) RIMFA.
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Fig. 6. Convergence on (a) FERET face data set and (b) binary alpha data set.

5)

all cases. This indicates that introducing the L | norm
to the Fisher criterion for discriminant feature extrac-
tion can enhance the accuracy in image recognition.
But using the different criterions in the RI subspace
learning, the accuracies of different methods are usu-
ally different from each other. Strictly speaking, among
the RI dimensionality reduction methods, there is no
complete winner that can always perform the best in
all kinds of scenarios (or in all the databases). The
essential reason for the excellent performance of RILDA
and RIMFA is that they use the label information in
their criterions and a better weighted matrix D,, could
be signed to the data points to reduce the influence of
the outliers, or the variations of illumination, pose and
expression in face images or the variation of the object’s
rotations.

For the extremely case as in LFW-a dataset, where
facial images exhibit extreme pose, illumination and
background variations, occlusions, and inaccurate align-
ment, the recognition rates reported in Table VII
show that the proposed methods also perform much
better than the classical methods. About 20 percent-
age points on the recognition rates are increased
by the proposed methods. This indicates that the
Lr 1 norm as a metric is more robust than Lo
norm in subspace learning for potential real world
applications.

D. Parameters Sensitivity Study

In the proposed RI dimensionality reduction framework, we
present four methods. Among these methods, the parameter
d, i.e., the number of dimension, is an important parameter in
the models. From Figs. 2—4, we can find that this parameter
significantly varies on different databases. This phenomenon
demonstrates that the parameter sensitivity is presumably
related to the properties of the different data sets, and there
is no consistent rule suitable for different database. However,
another important parameter, i.e., the neighborhood size, in
RILPP and RIMFA has a certain rule. Usually, as shown in
Fig. 5, when the local neighborhood size is set to about 5,
RILPP and RIMFA can achieve better performances. Similar
properties can also be found in LPP and MFA. This indi-
cates that RILPP and RIMFA inherit similar local geometric
preserving properties from LPP and MFA.

E. Convergence Study

As indicated in the previous section, the objective function
of the proposed framework will converge to the local optimum.
For practical applications it is very interesting for us to show
how fast our algorithm converges.

Fig. 6 shows the convergence curves of our optimiza-
tion algorithm with respect to the objective function value.
Fig. 6(a) and (b) shows the convergent properties of the
representative method, i.e., RIMFA, on FERET and binary
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alpha digits image databases. It can be found that the pro-
posed method converges very fast. Similar properties can be
found in other algorithms. Generally, the proposed framework
can converge within as few as 3-5 iterations.

V. CONCLUSION

In this paper, we develop four linear dimensionality reduc-
tion methods, i.e., RIPCA, RILDA, RILPP, and RIMFA. Then
a novel dimensionality reduction framework using the RI L
norm or L norm is proposed. Comprehensive analyses,
including theoretical analyses on the convergence, compu-
tational complexity and the essence of the framework, are
presented. Particularly, when all the projections are computed
and used, the proposed framework has global optimal solution.
The proposed framework inherits the simplicity of the previ-
ous Frobenius norm based graph embedding learning methods.
We show that the RI dimensionality reduction framework can
be degraded to the graph embedding algorithm framework by
defining a special weight for each pair of data points. The
proposed framework is easy to solve since it just needs to
iteratively solve the standard eigenequation. Experiments on
five image databases show that the RI dimensionality reduction
framework (or the four representative methods proposed in this
paper, i.e., RIPCA, RILDA, RILPP, and RIMFA) can perform
better than the previous graph embedding algorithm frame-
work (or the corresponding four methods, i.e., PCA, LDA,
LPP, and MFA) in most cases.
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