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Abstract—We consider the problem of multi-class classification
when there are missing entries in both the training samples and
the test samples. A modified version of the nearest subspace
classifier is proposed and analyzed to handle missing data. We
show the performance of the nearest subspace classifier is close
to its counterpart when no missing data are present as long
as the probability of observing each entry in the training set
is & > O((log M/n;)'/?), where M is the sample dimension
and n; = O(log M) is the training size of the ith class. Finally,

~

numerical results are provided for digit recognition when only a
subset of the pixels are observed.

Index Terms—nearest subspace, missing data, multi-class clas-
sification

I. INTRODUCTION

Multi-class classification is one of the most important
research topics in machine learning, with applications ranging
from computer vision, microarray analysis, to signal process-
ing. Conventional algorithms such as the nearest subspace
classifier (NSC) [1] and the recently proposed sparse represen-
tation based classifier (SRC) [2] have proved to be successful
in many cases by assuming samples in the same class lie in a
low-dimensional subspace. Compressive Sensing (CS) [3], [4]
makes it possible to handle missing entries in the test samples
[2], [5], but in many cases it is still required that the training
samples are fully observed in order to faithfully extract low-
dimensional features.

However, the cost of obtaining complete data may become
prohibitively expensive, if not impossible, due to the increasing
dimensionality of the datasets of interest in the so-called data
deluge. For example, in computational biology, the assessment
of a protein or a DNA sequence requires experiments that
take a lot of time and resources. Another example is that
the privacy settings of users in social networks make certain
information unavailable. Therefore there is a demanding need
to develop multi-class classification algorithms that don’t
require complete information of both the training samples
and the test samples. Recent advances in low-dimensional
manifold modeling of high-dimensional data provide premise
for estimating and tracking the structure of the dataset from
incomplete observations, such as [6]-[10]. Besides the at-
tempts in estimating the data structure, it is shown that a
matched subspace detector can succeed with high probability
even with a small number of partial observations under some
mild conditions [11].

In this paper, we propose a modified version of the NSC,
dubbed the robust nearest subspace classifier (RNSC), to
handle missing entries in both test and training samples. The
proposed algorithm first infer the principal subspace of each

class from the partially observed training set, then projects the
partially observed testing sample onto the principal subspace
of each class, and identifies the class with the minimal residual.
When data is fully observed, the proposed RNSC algorithm
is the same as the original NSC algorithm. When the proba-
bility of observing each entry in the training set is assumed
known as J, we show that the performance of the RNSC is
close to the original NSC without missing data as long as
§ 2 O((log M/n;)'/?) under mild conditions, where M is the
sample dimension and n; = O(log M) is the training size of
each class. When ¢ is unknown, we simply assume J = 1, and
this is equivalent to the original NSC by filling in all missing
entries as zero. It is empirically shown in numerical examples
there is only a very small degeneration in performance.

The rest of the paper is organized as follows. Section II for-
mulates the multi-class classification problem and presents the
RNSC algorithm. Section III provides theoretical performance
analysis. Numerical examples are provided in Section IV for
handwritten digit datasets. Finally we conclude in Section V.

Remark: Throughout the paper, we use upper case bold
letters for matrices, and lower case bold letters for vectors. Let
[|A[l, || Al » denote the spectral norm and the Frobenius norm
of A respectively. Let ® denote point-wise multiplication,
diag(A) denote the diagonal matrix of A, I denote the
identity matrix, and Pg denote the orthogonal projection to
the subspace spanned by the columns of B.

II. ROBUST NEAREST SUBSPACE CLASSIFIER

A. Problem Formulation

Given a test sample y € R, the purpose of multi-class
classification is to assign y to one of the K classes. We assume
there are n; training samples from the ith class, and all training
samples are stacked into a matrix as

Xi = [Xig, o Xin,] € RMX

where x;; € RM is the jth training sample in the ith
class. Without loss of generality, we assume all samples are
normalized, i.e. ||x; ;|2 = 1 and ||y|l2 = 1. The NSC [1]
first calculates the distance from the test sample y to the ¢th
class and measures the projection residual r; from y to the
orthogonal principal subspace B, € RM*% of the training
sets X;, which is spanned by the principal eigenvectors of
3= Xin—T for the ith class, given as

ri=[|I-Pe)yl, = |[I-B:B)yl,. D



The test sample y is then assigned to the class with the
smallest residual among all classes, i.e.
¢* = argmin 7;.
i
In this paper, both the training samples and the test samples
suffer from the missing data problem, i.e. only a small fraction
of the entries of X;’s and y are observed. We denote the
partially observed test sample as

where P = Ig € R™*M g a partial identity matrix where m
rows are selected uniformly at random, denoted by the index
set 2. We denote the partially observed training matrix as

Zi=2i1, ,%in|=P,0X;, i=1...,K, (3

where P; = [p;(k, j)] € {0,1}M*" is a binary matrix where
pi(k,j) = 1 if the kth entry of the jth training sample in the
ith class is observed, and p;(k,7) = 0 if that entry is missing.
We assume each entry is observed with probability ¢ € [0, 1]
independently, and the goal is to design a robust version of
the NSC in order to handle missing entries in the data.

B. Algorithm Details

Our robust nearest subspace classifier (RNSC) is proposed
based on two modifications of the original NSC algorithm. The
first change handles missing data in the training sets, where
we use an unbiased estimator of 3J; up to a scalar to calculate
the principal subspaces from the training sets with missing
entries, given as (5). The expectation of f]i can be verified as
ES; = 623, however this estimator requires the knowledge
of 4. In practice, we could consider an alternative estimator as

>, = 7,27 (4)

which is biased but doesn’t require knowing 4. This is equiva-
lent to setting d = 1 in (5), and equivalent to the original NSC
by filling all missing entries as zero. In the numerical examples
in Section 4, the performance of using 3, only degenerates a
little compared with using 3.

The second modification handles missing data in the test
sample, where the residual to each class is calculated as (6), i.e.
the distance between the test sample on the observed entries
Yq to the subspace spanned by Bi@ = IQBi, obtained by
restricting to the observed rows of the principal subspace B,
extracted from 32;. Then the test sample is classified to the
class with the smallest residual 7; o. Algorithm 1 describes
the details of the proposed RNSC algorithm.

III. THEORETICAL ANALYSIS

In our theoretical analysis, we want to establish the relation-
ship between the performance of RNSC using the unbiased
estimator 3; when missing data are present and the perfor-
mance of the NSC when full data are available, by showing
that with high probability, the residual #; o computed from
the RNSC for each class will be very close to the residual 7;
computed from the NSC up to a scalar.

Algorithm 1 Robust Nearest Subspace Classifier (RNSC)
Input: training samples of the ith class Z;, i = 1,--- | K, the
observation probability p, the test sample yq;

Output: the label of the test sample yq.

1: Compute the covariance matrix of each class using:
3 = (6 — 1) diag (Z,Z]) + Z,Z] (5)

2: Compute the principal subspace of 3, of rank k as B;;
3: Compute the distance from yq to each B, as

fio= | (1-Pg,,) ol . ©)

2
where PBm is the orthogonal projection to the subspace

spanned by B; o by restricting to the rows in 2.
4: Claim the label of yq as

i* = argmin?; . @)
1<i<K

A. Missing data in the training sets

We first describe the noncommutative Bernstein’s inequality
[12] in order to establish that ||3; — 623;|| is small with high
probability.

Lemma 1: [12] Let X4, ---, X, be independent zero-mean
symmetric random matrices of dimension M x M. Suppose
o? = Zi:l |EXXT]|| and || Xx|| < B almost surely for
all k. Then for any 0 < 7 < 0%/B,

[z 2o (2
Pr Zxk >7 gzMexp(—>. (8)

2
P 8o
We next define the coherence of a subspace [13] as follows.
Definition 1: (Coherence of a subspace) Let V be a sub-
space of RM of dimension k& and Py be the orthogonal
projection onto V. Then the coherence of V is defined as

M
u(V) = — max |[Pve3 ©)

k 1<i<m
where {e;}}, are standard basis vectors.
Note that for any subspace 1 < p(V) < M/k. We have the
following theorem.
Theorem 1: Let 0 < n < 1. Suppose

8 2M

5> 1%<> (10)

\/3|2i n

then with probability at least 1 — 7,
. > 2M
Hzi—az’zi ga\/gl log () (11)
3 U
Proof: Define the matrix Z;; = z;;z;, Dij

diag (ZiJZ;-I:j) and X'L'j = XZ‘JX;-I:J-, then

3 - 0" = (06— 1)Dij+Zi;—0°Xij) 2> Vi
j=1 j=1



where V,; ; = (6—1)D; ;+Z; ;
that

— 62X ;. It is straightforward

[Vijll < (1= 68) 1Dy 4l 4 [1Zs 511 + 671X
<(1-8)+14+62<2,

12)

where (12) follows from || X; ;|2 = [|x; ;] = 1,
llz; ;]| < 1. Now define the matrix W, ; as

W, =Vi,;Vi,
= (0—-1)’D},; 4 (6 —1)Dy j(Z; ; — 6°X ;)
+ (6 —1)(Z; ; — 6*°X, ;)D ”-i-( - 82X, )%,
where the diagonal entries of E[W, ;] is given by
Elwi ;(k, k)] = (67 = 0%)a; (k)* + (6% — 6%z 5 (k)?,
and the off-diagonal entries of E[W, ;] is given by
Efw; ;(k, 0)] = (6% — ")z (k)a; 3 (6),

where x; ;(k) and z; ;(k) denotes the kth entry of x; ; and z; ;
respectively. Combining (13) and (14), we can rewrite E[W,;]
as

Z;jll2 =

(13)

(14)

E[W,;] = (02—0%) [diag(X,,;) — diag(X; ;)?]+(6*~6M)X
We could bound o2 = szzl E[W, ;] ‘ as
o? < (62 = 6°) Z [diag(X; ;) — diag(X;,;)?]
j=1
-0 ixm (15)
=1
N3 diag(Xi)| + (6% w5l (16)
j=1
< (6% = 0%) ||diag ()] + (0% — &%) [| =] (17)
< (6% - 53)IIE [+ (0% = 6%) 1= (18)
< 82(|34]. (19)

where (16) follows from the fact the diagonal entries of X ;

is not greater than 1, and (17) follows by writing ¥ =

Z 1 X5, (18) follows from the eigenvalue majorization.
Let 0 < 7 < 6?%||%;|, then following Lemma 1 we have

2
37 ) (20)

P -
: [ 82| =]

’21- _ 8%

} < 2M exp <—

By letting 7 = 9

8lIZ:l log (%) we obtain (11). Since
T < 62||%;||, we have

3
> 2M
Wlﬂbg( ) <1
3 n

which gives (10). [ |

Theorem 1 does not make any assumptions on the training
sets such as low rankness or incoherence conditions of the
sample covariance matrix 3;, which makes it highly versatile.

Since ||¥;|| < n;, we have the following corollary which
provides an explicit bound on the number of training samples
in each class.

Corollary 2: Let 0 < n < 1. Suppose

8 2M
d > ( ), (21)
3ni n
then with probability at least 1 — 7,
. ; 2M
Hzi _ 52y B 1og () (22)
3 n
Denote the event that (11) happens by G. Let Py, be the

orthogonal projection to B;, which is the principal subspace
extracted from 3J;, and define
Bi) yHQ ’

m:H@—P

Our next step is to use the sin ® Theorem of Davis and Kahan
[14] in Lemma 2 to bound the distance between r; and 7; under
event G.

Lemma 2: (Davis-Kahan) Let A, Abenxn symmetric
matrices, where A is a perturbed version of A. Denote by
A, the kth largest eigenvalue of A and V the eigenspace
corresponding to the first £ eigenvalues of A. Denote by o
and V the analogous quantities for A. If the kth eigengap
Ak — Ak4+1 > @, then the distance between the two subspaces
V and V is bounded by

(23)

1A~ A

lsin®] <
o

(24)
where © = [0y,--- ,0;] is the canonical angles between the
column space of V and V.
Denote the normalized kth eigengap of X; = X; X7 as
Ae(3) — A )P
o = M) = A (i) 25)

Lz

Using the relationship in [14] that

HPBi —Py H = V2||sin©®;], (26)
illr
we have under the event G,
[ri = 7| < [[(Ps, = Pg )yl
< ||Ps, — Py llrllyll = V2[[sin®:]  (27)
V2o
< %\\Ei — 5% (28)
4 2 2M
1 p— 29

where (27) follows from ||y|l2 = 1 and (26), (29) follows
from Lemma 2. It shows that given § > O((log M/n;)'/?),
as long as n; 2 O(log M), the bound |#; — ;| is small with

high probability.



B. Missing data in the test sample

Next we use the matched subspace detector developed in
[11] to show the distance between 7; and 7; o is small as long
as the number of observed entries in the test sample is about
m > O(ku(B;)log k). We first present the following lemma
that slightly improves the lower bound in [11].

Lemma 3: ([ll]) Let 0 < ¢ < 1 and m = |Q]
8k (B, )log(2£). Then with probability at least 1 — 4e,

(30)

where

and

8= \/ 3% (ku(Bo) + 1 (1= P )y ) ) 1og (2(“1))

Proof: The RHS of (30) is the same as [11, Theorem 1].
For the lower bound, let V = [Bi7y], and Vg = [Bi_’gz,yg]
be the subsampled matrix of V on the rows indexed by €.
From [15, Lemma 5], we have that

720 > Amin(V4 V). (31)
Furthermore, define the matrix Q as
I —L1BT
Q= [0 M (32)
then we have Q7 VTVQ = I. Define
V=vQ=[B: LI-Py)y|.
The coherence of V satisfies
< kpn(Bs) + p ((I - Pgi)y)
Hv) < k+1 '
Using similar arguments as [11, Lemma 3], we have
|Q"VEveQ - 11| < 8 (33)

Therefore, A\nin(VEVa) > (1 — B)Anax(QTQ)™ =
(1 — B)77. Plugging this in (31) yields (30). [ |

Denote the event that (30) happens by H. It is worth noting
that we can bound the number of observed entries m using
1(B;) based on the following bound between the coherence
of B; and B; under event G:

OF <2 HP _ Py,

o lleillz + u(Bi)?

2M 1
< 1 B;)z 4
: 3nik°g<n)+”( S
Similarly, we can lower bound .(B;) as
I 1 4 2M 2M
B;)2 B;)z — 1 — . 35
p(BE = Bt - 5[ 2 (20).

C. Connecting the Pieces

The main theorem is to connect the residual r; when no
missing data are present for each class is close to 7; o when
missing data are present by combining (29) and (30) under the
event G N H. We have the following theorem.

Theorem 3: Let O < n,e < 1. Given § satisfies (10) and
m> 8 g k(B )log( k), with probability at least 1 — 7 — 4e,

2 2M
<1 i+ — log ( =— )|,
ne o 3ni Og( U >]
2 2M
—fio > V1=Br log { — )| .
’I‘ Q |j° 3n,; Og( 7 >‘|

Our theorem indicates that as long as the percentage of
observed entries in the training set is § > O((log M /n;)/?),
and the number of observed entries in the test sample is m 2>
O(ku(B;) log k) for all classes, the performance of the RNSC
is close to the performance of the original NSC when full data
is available.

IV. NUMERICAL EXAMPLES

In this section, we examined the proposed RNSC algorithms
for digit recognition, when both the training samples and test-
ing samples have a significant percentage of missing entries.
We use the MNIST Handwritten Digits database [16], which
include about 6000 training samples and 1000 test samples per
digit in the data set. Each sample is an 8-bit gray-scale image
of “0” through “9” with dimension M = 28 x 28 = 784.

We randomly choose 74 = 1000 samples for training and
nge = 500 samples for testing per digit. We assume each
pixel in both the training and the testing sample images is
observed with the same probability 6 € (0,1] because they
may experience the same impairments in the system. Fig. 2
shows the recognition rate versus §, when a principal subspace
of rank k = 30 is extracted using the unbiased estimator 3,
and the biased estimator 3; for each class from the training
data. With observing only 20% of the whole data, it still
achieves a recognition rate of 77% for both estimators. With
50% of the data, the recognition rate is within 2% degradation
of the case when full data is available. It is also worth noting
that the performance of using the biased estimator is only
slightly worse (within 1% percent) than that of using the
unbiased estimator, but does not require the knowledge of 6.

Fig. 1 (a) shows the recognition rate with respect to ¢ for
the unbiased estimator with different training size per digit
when the rank of the principal subspace is fixed as & = 30.
The recognition rate increases as the training size increases
as the estimator is expected to perform better. Fig. 1 (b)
shows the recognition rate with respect to § for varied rank
of the principal subspace £ = 20,30,50 when the training
size is ng- = 500 per digit. When § is relatively small, the
difference between recognition rates for various ranks is bigger
compared when ¢ is large, and rank k£ = 20 performs best. This
may indicate that more gain can be achieved by selecting the
optimal subspace rank when there are missing data.
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Fig. 2. Recognition rate with respect to probability of observation of the
proposed RNSC, for the unbiased and biased estimators with r = 30.

V. CONCLUSIONS

In this paper, we proposed and analyzed a robust version of
the nearest subspace classifier, dubbed robust nearest subspace
classifier (RNSC), when only a small amount of entries are
observed in both the training samples and testing samples. We
show the scaling between the number of training samples, the
amount of missing data when its performance is comparable
to the nearest subspace classifier when no missing data are
present if the corresponding spectral gap is not too small. We
show that our algorithm achieves performance close to the
scenario when no missing data are present on real-world data
sets.
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