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Abstract

This paper presents a new randomized approach
to high-dimensional low rank (LR) plus sparse
matrix decomposition. For a data matrix D €
RN1xN2 | the complexity of conventional decom-
position methods is O(N;Nor), which limits
their usefulness in big data settings (r is the rank
of the LR component). In addition, the existing
randomized approaches rely for the most part on
uniform random sampling, which may be ineffi-
cient for many real world data matrices. The pro-
posed subspace learning-based approach recov-
ers the LR component using only a small subset
of the columns/rows of data and reduces com-
plexity to O(max(Ny, No)r?). Even when the
columns/rows are sampled uniformly at random,
the sufficient number of sampled columns/rows
is shown to be roughly O(ru), where u is the
coherency parameter of the LR component. In
addition, efficient sampling algorithms are pro-
posed to address the problem of column/row
sampling from structured data.

1. Introduction

Suppose we are given a data matrix D € RV XNz which
can be expressed as

D=L+S, (D

where L is a low rank (LR) matrix and S is a sparse matrix
with arbitrary unknown support. In many machine learning
and data analysis applications, the given data can be natu-
rally modeled using (1). It was shown in (Chandrasekaran
et al., 2011) that if the column space (CS) and row space
(RS) of L are sufficiently incoherent with the standard ba-
sis and the non-zero elements of S are sufficiently diffused,
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the convex program

min AlISIly + L.
L o @
subjectto L+S=D

yields the exact decomposition, where ||.||; is the ¢;-norm
and ||.||« is the nuclear norm.

For the LR matrix L with rank r and compact SVD L =
UXVT (where U € RV X" 3 ¢ R"™" and V € RV2X7),
the incoherence condition is typically defined through the
requirements (Candes et al., 2011; Chandrasekaran et al.,
2011)

max[ U e} < -, max|[V7er]} <

T pur ©)
d ||UV'||» <
and UV oo <y /555

for some parameter p that bounds the projection of the stan-
dard basis {e;} onto the column and row subspaces. Other
useful measures for the coherency of subspaces are given
in (Candes & Romberg, 2007) as,

Y(U)=v N1 max[U(i, )|, 7 (V) = v N2 max [V (i, 7)),

where v(U) and v(V) bound the coherency of the column
space and the row space, respectively. It is not hard to show

that max (y(V),~(U)) < /1.

In (Candes et al., 2011), the sparsity pattern of the sparse
matrix is selected uniformly at random to ensure that the
sparse matrix is not a LR matrix (the non-zero elements
are sufficiently diffused) with overwhelming probability.
In this model, termed the Bernoulli model, each element
of the sparse matrix can be non-zero independently with
a constant probability. In this paper, we also use the
Bernoulli model for the sparsity pattern of the sparse ma-
trix.

The optimization problem (2) is convex. Similar to the it-
erative shrinking algorithms for /;-norm and nuclear norm
minimization, a family of iterative algorithms for solving
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(2) were proposed (Lin et al., 2010; Yuan & Yang, 2009),
albeit they have complexity O(N;Nar) per iteration and
require saving the entire (big) data in the working memory.

Since the LR and the sparse matrices are low-dimension ge-
ometrical structures, the robust principal component analy-
sis (PCA) and matrix decomposition problems can be con-
ceivably solved using small data sketches, i.e., a small set
of random observations of the data (Halko et al., 2011; Li
& Haupt, 2015; Mackey et al., 2011a; Rahmani & Atia,
2015a;b; Wright et al., 2013). In (Wright et al., 2013),
it was shown that the LR and the sparse components can
be precisely recovered using a small set of random linear
measurements of D. A convex program was proposed in
(Wright et al., 2013) to recover these components using
random matrix embedding with a polylogarithmic penalty
factor in sample complexity, albeit the formulation requires
solving a high-dimensional optimization problem.

The divide-and-conquer approach proposed in (Mackey
et al., 2011b) can achieve super-linear speedups over full-
scale matrix decomposition. This approach forms an esti-
mate of L by combining two low-rank approximations ob-
tained from submatrices formed from sampled rows and
columns of D using the generalized Nystréom method. Our
approach also achieves super-linear speedups in decompo-
sition, yet is fundamentally different from (Mackey et al.,
2011b) and offers several advantages for the following
reasons. First, our approach is a subspace-pursuit ap-
proach that focuses on subspace learning in a structure-
preserving data sketch. Once the column space is learned,
each column of the data is decomposed independently us-
ing a proposed randomized vector decomposition algo-
rithm. Second, unlike (Mackey et al., 2011b), which is
a batch approach that requires to store the entire data,
the structure of the proposed approach naturally lends it-
self to online implementation. Third, while the analy-
sis provided in (Mackey et al., 2011b) requires roughly
O(r?u? max(N7, N2)) random observations to ensure ex-
act decomposition with high probability (whp), we show
that the order of sufficient number of random observations
depends linearly on the rank and the coherency parame-
ter even if uniform random sampling is used. Fourth, the
structure of the proposed approach allows us to leverage
efficient sampling methods for challenging real world sce-
narios in which the columns and rows of L are not uni-
formly distributed in their respective subspaces, or when
the data exhibits additional structures (e.g. clustering struc-
tures) (c.f. Sections 3.2, 3.3). In such settings, the uniform
random sampling used in (Mackey et al., 2011b) requires
significantly larger amounts of data to carry out the decom-
position.

2. Structure of the Proposed Approach

Let us rewrite (1) as D = UQ + S, where Q = ¥V.
We call Q € R"*N2 the representation matrix which con-
tains the expansion of the columns of L in the basis U. Let
D, € RV1X™1 denote a matrix consisting of m; columns
sampled from D, and D, € R™2*N2 a matrix of my sam-
pled rows. The table of Algorithm 1 presents the structure
of the proposed method. The main idea is to exploit the
low dimensionality of span(U) to learn the CS of L using
a small subset of the columns of D (matrix Dgq). Once
the CS of L is obtained, each column can be viewed as a
summation of an unknown vector from a known subspace
and an unknown sparse vector. The representation matrix is
then obtained using a small subset of the rows of D (matrix
Ds2)~

Algorithm 1 Structure of Proposed Approach

Input: Data matrix D € RVt *Nz

1. CS Learning

1.1 Column sampling: Matrix Ds; € RV1X™1 contains m; sam-
pled columns of D.

1.2 Decompose D1 via

1 . .

_min ——ISs1lj1 + || Lis1 ]«

Ls1,Ss1 v N1 ©)
subjectto  Lg + S.1 = Dy,

and define f;sl and Ssl as the optimal point of (5).

1.3 CS calculation: Matrix U is obtained as an orthonormal basis
for the CS of L.

2. Representation Matrix Learning

2.1 Row sampling: Matrix Dso € R™?2 XN2 contains ms sampled
rows of D. Define S; € RV X™2 a5 the row sampling matrix,
D., = SID.

2.2 Representation learning: The representation matrix with re-
spect to U is obtained as the optimal point of

ménnDSz -sTuqQ|: . (6)

Output: If Q is the optimal point of (9), L= IjQ is the obtained
LR matrix.

The following theorem establishes that the sufficient values
for m; and mg scale linearly with the rank. To simplify the
analysis, it is assumed that the CS of the LR matrix is sam-
pled from the random orthogonal model (Candes & Recht,
2009), i.e., the columns of U are selected uniformly at ran-
dom among all families of r-orthonormal vectors. Due to
space limitations, the proof of Theorem 1 is deferred to an
extended version of this paper (Rahmani & Atia, 2015b).

Theorem 1. Suppose the CS of the LR matrix is sampled
from the random orthogonal model and the support set of S
follows the Bernoulli model with parameter p. In addition,
it is assumed that Algorithm 1 samples the columns and
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rows uniformly at random. If for any small § > 0,

my > max (r’yz(V) max (02 logr, c3log ?) ,

T

T ’
- M (10gN1)2> )

/ / 3
Mg > max <r log N1 max (02 logr, c5 log 7),

)
2rB(8 — 2)log (%) v
T — og (5 N1Ny
1 1
3(5_1)2 (Cﬁ/‘i og + ),
N1 N- 3
st 27 if3)
< min 0-5
P> Ps B (C6l€10g N16N2 + 1)
where
, log N-
[, = max <C7 max(:, 06 1>7672(V),
(3
_ log(NV1)

(e (V)tog ) ), = 2EEL)

{Ci}?:p Drs Pss 0/2 and c;) are constant numbers and (3 any
real number greater that one, then the proposed approach
(Algorithm 1) yields the exact decomposition with proba-
bility at least (1 — 56 — cgN;>).

Theorem 1 confirms the intuition that the sufficient num-
ber of observations is linear with the rank and coherency
parameter. We note that we have used a random model for
the CS of L. The analysis in (Mackey et al., 2011b) — which
requires O(r21?) randomly samples columns/rows — does
not assume a random model for the LR component. The
proposed approach has O(max(Ny, No) x max(mq, ms) X
r) per-iteration running time complexity, which is signif-
icantly lower than O(N;Nyr) per iteration for full scale
decomposition (2) (Lin et al., 2010) implying remarkable
speedups for big data because the sufficient values for m;
and mo scale linearly with r. For instance, consider U
and Q sampled from N(0,1), r = 5, and S follow-
ing the Bernoulli model with p = 0.02. For values of
N; = N, equal to 500, 1000, 5000, 10* and 2 x 10, if
my1 = mg = 10r, the proposed approach yields the cor-
rect decomposition with 90, 300, 680, 1520 and 4800 - fold
speedup, respectively, over directly solving (2). In addition,
the randomized method merely needs to save a small set of
the columns and rows of the data in the working memory.

Once the CS of L is learned (i.e., Uis obtained), each col-
umn can be decomposed independently. Specifically, for d;
(the i column of D) the i column of Q is obtained as a

60 386 4

o
a
.

[%2}

£l fF —0
= st

Q ——n=2
o i . n=a
B sy n=
= n=10
] ~+-n=20
240* —<—n=30
= —>—n=60
=}

=

T 350

24

w
S

25

0 1000 2000 3000 4000 5000 6000

Number of Randomly Sampled Columns

Figure 1. The rank of a set of uniformly random sampled columns
for different number of clusters.

solution to

min|[S7d; — STU|: - ©)
qi

As a result, the presented approach is amenable to online
implementation. The CS can be obtained from a small
batch of the data and each new data column can be de-
composed based on the learned CS. Also, if the underly-
ing subspace is changing, an alternating minimization ap-
proach can be used to update the learned CS. For brevity,
we defer the discussion of online implementation to an ex-
tended version of this work (Rahmani & Atia, 2015b).

3. Efficient Column/Row Sampling

In sharp contrast to randomized algorithms for matrix ap-
proximations (Halko et al., 2011), in matrix decomposition
and robust PCA we do not have direct access to the LR ma-
trix to measure how informative particular columns/rows
are. As such, the existing randomized algorithms for ma-
trix decomposition and robust PCA (Li & Haupt, 2015;
Mackey et al., 2011a) have predominantly relied upon uni-
form random sampling of columns/rows. In Section 3.1,
we briefly describe the implications of non-uniform data
distribution and show that uniform random sampling may
not be favorable for data matrices exhibiting some struc-
tures that prevail much of the real datasets. In Section 3.2,
we demonstrate an efficient column sampling strategy to be
used in the proposed decomposition method. The proposed
decomposition method with efficient column/row sampling
is presented in Sections 3.3 and 3.4.

3.1. Non-uniform data distribution

Uniform random sampling is only effective when the
columns/rows of L are distributed uniformly in the CS/RS
of L. In practice, the data points in a low-dimensional sub-
space may not be uniformly distributed and could exhibit
some additional structures. A prevailing structure in many
modern applications is clustered data (e.g. computer vision
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(Rahmani & Atia, 2015¢; Vidal, 2011), recommendation
systems (Liu & Li, 2014)). For instance, consider a matrix
G € R2000x6150 geperated as G = [G1 Gy ... G,], i.e., by
concatenating the columns of matrices G;,i = 1,...,n.
Forl <1 < %, G; = U;Q; , where U; € RQOOOX%,
Q; € R%XQ??T. For n/2 +1<i<n, G =UQ;,
where U; € R2000x% ' Q, € R%*% . The elements of U,
and Q; are sampled independently from a normal A (0, 1)
distribution. The parameter 7 is set equal to 60, thus, the
rank of G is equal to 60 whp. Fig. 1 illustrates the rank of
the randomly sampled columns versus the number of sam-
pled columns for different number of clusters n. As n in-
creases, so does the required number of uniformly sampled
columns. When n = 60, it turns out that we need to sam-
ple more than half of the columns to span the CS. As such,
we cannot evade high-dimensionality with uniform random
column/row sampling.

3.2. Efficient column sampling

Column sampling is a well-known dimensionality reduc-
tion and feature selection technique (Halko et al., 2011).
In the column sampling problem, the LR matrix (or the
matrix whose span is to be approximated with a small set
of its columns) is available. Thus, the columns are sam-
pled based on their importance, measured by the so-called
leverage scores, as opposed to blind uniform sampling.
We refer the reader to (Deshpande & Rademacher, 2010;
Halko et al., 2011) and references therein for more infor-
mation about efficient column sampling methods. In this
subsection, we present a sampling approach which will be
used in the next subsection where the proposed decompo-
sition algorithm with efficient sampling is presented. The
proposed sampling strategy is inspired by the approach in
(Deshpande & Rademacher, 2010) in the context of vol-
ume sampling. The table of Algorithm 2 details the pro-
posed column sampling procedure.  Given a matrix A
with rank r4, the algorithm aims to sample a small sub-
set of the columns of A that span its CS. The first column
is sampled uniformly at random or based on a judiciously
chosen probability distribution (Boutsidis et al., 2009). The
next columns are selected sequentially so as to maximize
the novelty to the span of the selected columns. As shown
in step 2.2 of Algorithm 2, a design threshold 7 is used
to decide whether a given column brings sufficient nov-
elty to the sampled columns by thresholding the /5-norm
of its projection on the complement of the span of the sam-
pled columns. The threshold 7 is naturally set to zero in a
noise-free setting. Once the selected columns are believed
to span the CS of A, they are removed from A. This pro-
cedure is repeated C' times (using the remaining columns).
In each time, the algorithm finds r columns which span the
CS of A. After every iteration, the rank of the matrix of
remaining columns is bounded above by r 4. As such, the

Select D, —>
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Figure 2. Visualization of the matrices defined in Section 3.3. Ma-
trix D, is selected randomly or via Algorithm 3.

algorithm samples approximately m; =~ Cr4 columns in
total. In the proposed decomposition method with efficient
column/row sampling (presented in Section 3.3), we set C'
large enough to ensure that the selected columns form a low
rank matrix.

Algorithm 2 Efficient Sampling from LR Matrices
Input: Matrix A.
1. Initialize

1.1 Set C as an integer greater than or equal to 1. The algorithm
finds C sets of linearly dependent columns.

1.2 Set Z = ) as the index set of the sampled columns and set
v=71,B=AandC=]].

2. Repeat C' times

2.1 Let b be a non-zero randomly sampled column from B with
index 4. Update Cand Z as C = [C b],Z ={T, is}.

2.2 While v > 7

2.2.1 Set E = P.B , where P, is the projection matrix onto the
complement space of span(C).

2.2.2 Define f as the column of E with the maximum ¢2-norm
with index iy. Update C, Zand v as C = [C f] , T =
{Z,is} and v = ||f]|2 .

2.2 End While

2.3 Set C = [] and set B equal to A with the columns indexed
by Z set to zero.

2. End Repeat

Output: The set Z contains the indices of the selected columns.

3.3. Proposed decomposition algorithm with efficient
sampling

In this section, we develop a modified decomposition al-
gorithm that utilizes efficient information sampling as op-
posed to uniform random sampling. In Section 4, it is
shown that the proposed technique can remarkably reduce
the sampling requirement. We consider a setting wherein
the columns of L are not uniformly distributed, rather they
admit an additional structure (such as clustering), where-
fore a small subset of uniformly sampled columns is not
likely to span the CS. However, we assume that the rows
of L are distributed well enough such that C,.r rows of L
sampled uniformly at random span its RS whp, for some
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constant C... In Section 3.4, we dispense with this assump-
tion. The proposed decomposition algorithm rests on three
key ideas detailed next.

3.3.1. INFORMATIVE COLUMN SAMPLING

The first key idea underlying the proposed sampling ap-
proach is to start sampling along the dimension that has the
better distribution. For instance, in the example of Section
3.1, the columns of G admit a clustering structure. How-
ever, since the CS of G is a random r-dimensional sub-
space, the rows of G are distributed uniformly at random
in the RS of G. Thus, in this case we start with row sam-
pling. The main intuition is that while almost 60 randomly
sampled rows of G span the RS, a considerable portion of
the columns (almost 4000 columns) should be sampled to
capture the CS as shown in Fig. 1. As another example,
consider an extreme scenario where only two columns of
G ¢ R1!000x1000 5re non-zero. In this case, random sam-
pling would sample almost all the columns to ensure that
the sampled columns span the CS of G. But, if the non-
zero columns are non-sparse, a small subset of randomly
chosen rows of G will span its row space.

Let # denote a known upper bound on . We sample C,.7#
rows of D uniformly at random. For visualization, Fig. 2
provides a simplified illustration of the matrices defined in
this section. Let D,, € R(C")*N2 denote the matrix of
sampled rows. We choose C,. sufficiently large to ensure
that the non-sparse component of D,, is a LR matrix.
Define L,,, assumably with rank r, as the LR component
of D,,. If we locate a subset of the columns of L,, that
span its CS, the corresponding columns of L would span
the CS of L. To this end, the convex program (2) is applied
to D,, to extract a low rank component denoted I:w. Then,
Algorithm 2 is applied to the recovered LR component L.,
to find a set of informative columns by sampling m; ~ C7
columns. In the following remark, we discuss how to
choose C' here in the algorithm. Define L, as the matrix
of columns selected from ]2“,. The matrix D is formed
using the columns of D corresponding to the sampled
columns of f;w.

3.3.2. CS LEARNING

Similar to the CS learning step of Algorithm 1, we can ob-
tain the CS of L by decomposing Dg;. However, we pro-
pose to leverage valuable information in the matrix L, in
decomposing D . In particular, if D,, is decomposed cor-
rectly, the RS of IA_,fﬂ would be the same as that of Ls; given
that L, has rank r. Let V; be an orthonormal basis for
the RS of f;fv Thus, in order to learn the CS of Dy, we
only need to solve

min||Dy; — UV ;. (10)
U

Remark 1. Define d'; as the i row of D;. According to
(10), U? (the i" row of U) is obtained as the optimal point
of

Hgn”(dil)T ~ Va(U)s (1

Define S, as the i row of Sg1 and ||Si;||o as the num-
ber of non-zero elements of S';. Based on the analysis
provided in the compressive sensing literature (Candés &
Romberg, 2007), in order to ensure that (11) yields cor-
rect decomposition (the optimal point of (11) is equal to
U?), (my — r) has to be sufficiently greater than ||S%;||o,
ie, my > r+n|Si|o for some sufficiently large con-
stant number 1) where the required value for n depends on
the coherency of the subspace spanned by V 41 (Candés &
Romberg, 2007; Candés & Tao, 2005). Thus, here C is de-
termined based on the rank of L and the sparsity of S, i.e.,
C'r—r has to be sufficiently greater than the expected value
of the number of non-zero elements of the rows of Ss1.

Remark 2. Let D;, be the matrix of the columns of D,
corresponding to the columns of I:fu (which were selected
from L.,). According to our investigations, an improved
V1 can be obtained by applying the alternating decompo-
sition algorithm presented in (Ke & Kanade, 2005) to D3,
using the RS of I:fv as an initial guess for the RS of the non-
sparse component of DS . Since D3, is low-dimensional,
this extra step is a low-complexity operation.

3.3.3. REPRESENTATION MATRIX LEARNING

Suppose that the CS of L was learned correctly, i.e., the
span of the optimal point of (10) is equal to the span of
U. Thus, we use U as a basis for the learned CS. Now
we leverage the information embedded in U to select the
informative rows. Algorithm 2 is applied to U7 to locate
mo =~ Cr rows of U. We form the matrix Do from the
rows of D corresponding to the selected rows of U (Fig.
2). Thus, the representation matrix is learned as

HgnHDsz ~U.Q|:, (12)

where U,y € R™2%" is the matrix of the selected rows of
U. Subsequently, the LR matrix can be obtained from the
learned CS and the representation matrix.

3.4. Column/Row sampling from corrupted LR
matrices

In Section 3.3, we assumed that the LR component of D,,
has rank r. However, if the rows are not well-distributed, a
reasonably sized random subset of the rows may not span
the RS of L. Here, we present a sampling approach which
can locate informative columns/rows even when both the
columns and the rows exhibit clustering structures such that
a small random subset of the columns/rows of L cannot
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Algorithm 3 Efficient Column/Row Sampling from
Sparsely Corrupted LR Matrices

1. Initialization

Form D,, € R ™2 by randomly choosing C,# rows of D.
Initialize £k = 1 and set T equal to an integer greater than 1.

2. While & > 0

2.1 Sample the most informative columns

2.1.1 Obtain L., via (2) as the LR component of D,,.

2.1.2 Apply Algorithm 2 to L., with C' = C,..

2.1.3 Form the matrix D from the columns of D corresponding

to the sampled columns of f;w

2.2 Sample the most informative rows

2.2.1 Obtain L. via (2) as the LR component of D..

2.2.2 Apply Algorithm 2 to L with C' = C,.

2.2.3 Form the matrix D,, from the rows of D corresponding to
the sampled rows of ﬁc.

2.3 If the dimension of the RS of ﬁw is not increased in 71" con-
secutive iterations, set k = 0 to stop the algorithm.

2. End While

Qutput: The matrix D,, and L., can be used for column sam-
pling in the first step of the Algorithm presented in subsection
3.3.

span its CS/RS. Algorithm 3 presented in this section can
be independently used as an efficient sampling approach
from big data. In this paper, we use Algorithm 3 to form
D,, if both the columns and rows exhibit a clustering struc-
ture.

Algorithm 3, Fig. 3 and its caption provide the details of
the proposed sampling approach and the definitions of the
used matrices. We start the cycle from the position marked
“I” in Fig. 3 with D,, formed according to the initializa-
tion step of Algorithm 3. For ease of exposition, assume
that f;w =L, and ]ZC = L(, ie., D, and D, are decom-
posed correctly. The matrix LS is the 1nformat1ve columns
of L,,. Thus, the rank of LS is equal to the rank of L.,

Since L = L, L is a subset of the rows of L.. If
the rows of L exhibit a clustering structure, it is likely that
rank(L?)) < rank(L,). Thus, rank(L,,) < rank(L.). We
continue one cycle of the algorithm by going through steps
1, 2 and 3 of Fig. 3 to update D,,. Using a similar argu-
ment, we see that the rank of an updated L,, will be greater
than the rank of L.. Thus, if we run more cycles of the
algorithm — each time updating D,, and D, — the rank of
L, and L. will increase. As detailed in the table of Algo-
rithm 3, we stop if the rank of the obtained LR component
does not change in 7" consecutive iterations. While there is
no guarantee that the rank of L,, will converge to r (it can
converge to a value smaller than ), our investigations have
shown that Algorithm 3 performs quite well and the RS of
L,, converges to the RS of L in few steps. We have also
found that adding some randomly sampled columns (rows)
to D.(D,,) can effectively avert converging to a lower di-

D

1 I
L, " Ly

Figure 3. Visualization of Algorithm 3. One cycle of the algo-
rithm starts from the point marked “I” and proceeds as follows. I:
Matrix D, is decomposed and L., is the obtained LR component
of Dy,. II: Algorithm 2 is applied to L., to select the informative
columns of L,. L?, is the matrix of columns selected from L,
III: Matrix D, is formed as the columns of D corresponding to
the columns used to form f;fu. 1: Matrix D, is decomposed and
L. is the obtained LR component of D.. 2: Algorithm 2 is ap-
plied to IA,(,T to select the informative rows of L. f;i is the matrix
of rows selected from L. 3: Matrix D,, is formed as the rows of
D corresponding to the rows used to form L.

N =1000,r=15,p=0.05 N N =1000 . r=25,p=0.05
N, =N,=1000 ,r=15,p=0.05 N, =N,=2000,r=15,0=005  N,=N,=5000 .r=15.p=0.05
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N, =N,=1000 . r=5,p=005

50 100 150 200

Figure 4. Phase transition plots for various rank values and data
matrix dimensions. White designates successful decomposition
and black designates incorrect decomposition.

mensional subspace. For instance, some randomly sampled
columns can be added to D, which was obtained by Ap-
plying Algorithm 2 to L,

We have found that Algorithm 3 converges in a very small
number of iterations (usually less than 4 iterations). Thus,
even when we use Algorithm 3 to form the matrix D, the
order of complexity of the proposed decomposition method
with efficient column/row sampling (presented in Section
3.3) is roughly O(max(Ny, N3) r?).

4. Numerical Simulations

In this section, we present some numerical simulations con-
firming the provided analysis to study the performance of
the proposed scalable approach. In all simulations, the
Augmented Lagrange multiplier (ALM) algorithm (Boyd
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etal., 2011; Candes et al., 2011; Lin et al., 2010; Minaee &
Wang, 2015) is used to solve the optimization problems.

4.1. Phase transition plots

In this section, we investigate the required number of ran-
domly sampled columns/rows. The LR matrix is gener-
ated as a product L = U, Q,., where U, € R™M*" and
Q, € R™*M2_ The elements of U, and Q,. are sampled in-
dependently from a standard normal (0, 1) distribution.
The sparse matrix S follows the Bernoulli model with p =
0.02. In this experiment, Algorithm 1 is used and the col-
umn/rows are sampled uniformly at random. Fig. 4 shows
the phase transition plots for different numbers of randomly
sampled rows/columns. For each (mq,ms), we generate
10 random realizations. A trial is considered successful if

the recovered LR matrix L satisfies ”I‘EMF < 5x 1073,

In the first row of Fig. 4, the data is a 1000 x 1000 matrix.
The required number of sampled columns/rows increases
as the rank increases. In this experiment, the CS and RS of
L are sampled from the random orthogonal model. Thus,
the CS and RS have small coherency whp (Candes & Recht,
2009). Therefore, the important factor governing the sam-
ple complexity is the rank of L. The second row of Fig.
4 shows the phase transition for different sizes of the data
matrix when the rank of L is fixed. In agreement with our
analysis, the required values for m, and ms are almost in-
dependent of the size of the data.

4.2. Efficient column/row sampling

In this experiment, the algorithm presented in Section 3.3
is compared to the randomized decomposition algorithm in
(Mackey et al., 2011b). It is shown that the proposed sam-
pling strategy can effectively reduce the required number
of sampled columns/rows, and makes the proposed method
remarkably robust to structured data. In this experiment, D
is a 2000 x 4200 matrix. The LR component is generated
as L = [Gl G2 Gn] For1l <1 < %, Gl = -U'l(g27
where U; € R2000x% Q. € R%**% and the elements of
U; and Q; are sampled independently from a normal dis-
tribution A(0,1). Forn/2 +1 <i < n, G; = 13U;Q; ,
where U; € R2000x% Q, € R%*"%", and the elements
of U; and Q; are sampled independently from an A/(0, 1)
distribution. We set r equal to 60; thus, the rank of L is
equal to 60 whp. The sparse matrix S follows the Bernoulli
model and each element of S is non-zero with probabil-
ity 0.02. In this simulation, we do not use the alternating
method presented in Section 3.4 to form D,,. The matrix
D, is formed from 300 uniformly sampled rows of D.

We evaluate the performance of the algorithm for differ-
ent values of n, i.e., different number of clusters. Fig. 5
shows the performance of the proposed approach and the

n=2 n=20 n=60
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Figure 5. Performance of the proposed approach and the random-
ized algorithm in (Mackey et al., 2011b). A value 1 indicates
correct decomposition and a value O indicates incorrect decompo-
sition.

approach in (Mackey et al., 2011b) for different values of
m1 and ms. For each value of m; = mo, we compute the
error in LR matrix recovery HIHEMF averaged over 10 in-
dependent runs, and conclude that the algorithm can yield
correct decomposition if the average error is less than 0.01.
In Fig. 5, the values 0, 1 designate incorrect and correct de-
composition, respectively. It can be seen that the presented
approach requires a significantly smaller number of sam-
ples to yield the correct decomposition. This is due to the
fact that the randomized algorithm (Mackey et al., 2011b)
samples both the columns and rows uniformly at random
and independently. In sharp contrast, we use L., to find the
most informative columns to form Dy, and also leverage
the information embedded in the CS to find the informative
rows to form D ,s.

4.3. Vector decomposition for background subtraction

The LR plus sparse matrix decomposition can be effec-
tively used to detect a moving object in a stationary back-
ground (Candes et al., 2011). The background is modeled
as a LR matrix and the moving object as a sparse matrix.
Since videos are typically high dimensional objects, stan-
dard algorithms can be quite slow for such applications.
Our algorithm is a good candidate for such a problem as
it reduces the dimensionality effectively. The decomposi-
tion problem can be further simplified by leveraging prior
information about the stationary background. In particu-
lar, we know that the background does not change or we
can construct it with some pre-known dictionary. For ex-
ample, consider the video from (Li et al., 2004), which was
also used in (Candegs et al., 2011). Few frames of the sta-
tionary background are illustrated in Fig. 6. Thus, we can
simply form the column subspace of the LR matrix using
these frames which can describe the stationary background
in different states. Accordingly, we just need to learn the
representation matrix and the background subtraction prob-
lem is simplified to a vector decomposition problem. Fig. 7
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Figure 7. Two frames of a video taken in a lobby. The first column
displays the original frames. The second and third columns dis-
play the LR and sparse components recovered using the proposed
approach.
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Figure 8. The rank of the matrix of sampled columns.

shows that the proposed method successfully separates the
background and the moving objects. In this experiment,
500 randomly sampled rows are used (i.e., 500 randomly
sampled pixels) for the representation matrix learning (9).
While the running time of our approach is just few millisec-
onds, it takes about half an hour if we use (2) to decompose
the video file (Candes et al., 2011).

4.4. Alternating algorithm for column sampling

Finally, we investigate the performance of Algorithm 3 for
column sampling. It is shown that the CS (RS) of the se-
lected columns (rows) converges to the CS of L (RS of
L) even when both the rows and columns of L exhibit a
highly structured distribution. To generate the LR matrix
L, we first generate a matrix G as in Section 3.1 but setting
r = 100. Then, we construct the matrix U, from the first

r right singular vectors of G. Again, we generate G in a
similar way and set V, equal to the first  right singular
vectors of G. Let the matrix L = Ung. For example,
for n = 100, L € R10250%10250 Npote that the resulting LR
matrix is nearly sparse since in this simulation we consider
a very challenging scenario in which both the columns and
rows of L are highly structured and coherent. In this ex-
periment we set the sparse matrix equal to zero and use
Algorithm 3 as follows. The matrix D, is formed using
300 columns sampled uniformly at random and the follow-
ing steps are performed iteratively:

1. Apply Algorithm 2 to DT with C' = 3 to sample approx-
imately 37 columns of DT and form D, from the rows of
D corresponding to the selected rows of D..

2. Apply Algorithm 2 to D,, with C' = 3 to sample approx-
imately 3r columns of D,, and form D, from the columns
of D corresponding to the selected columns of D..

Fig. 8 shows the rank of D, after each iteration. It is ev-
ident that the algorithm converges to the rank of L in less
than 3 iterations even for n = 100 clusters. For all values
of n, i.e., n € {2,50,100}, the data is a 10250 x 10250
matrix.
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