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Sparse plus low rank matrix decomposition

Let M € R™*" be a given grayscale image. Suppose that M is the
superposition of a low-rank component L and a sparse component S,
M=L+S.

We are interested in finding the low-rank image L, which has high
repeatability along horizontal or vertical directions.

(schematic diagram)

The sparse plus low rank decomposition problem can be formulated as the
constrained minimization problem:

nLliSn(rank(L) +A||S]lo) subjectto M =L+S,

where A > 0 is a tuning parameter and ||S||o denotes the number of
non-zero entries in S. The problem is not convex.
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The principal component pursuit problem

We approximate the sparse plus low rank decomposition problem by
the following principal component pursuit (PCP) problem:

rrLusn(HLH* +A||S|l1) subjectto M =L+S,
where ||L|.. is the nuclear (Ky Fan/#" 1 ") norm of L defined as
r
L]l =} o
i=1

and r € N is the rank of L and 0; are the singular values of L, and
[|S||1 denotes the £!-norm of S (seen as a long vector in R™"),

1Sl1 1:Z|51‘j\-
ij

* How about the existence of solution for the PCP problem?
(cf. Candes-Li-Ma-Wright, J. ACM, 2011)
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The penalty formulation and alternating direction method

Let 1 > 0 be the penalty parameter. Then we consider the relaxation
using a penalty term to replace the constraint,

. 22 2
n;;sn(nLn* +Allsh + S IM—L-sl3),

where || - || is the Frobenius norm. We set, for example, §(*) = 0. The
ADM for the penalty formulation is given as follows: for k > 0, find
L& = argmin(|IL]. +AI$® ] + LM — L - s®|2),
L 2
sk = argmin(L®D], 4+ A[s] + £ v — LD — [12).
s

By further analysis given below (pp. 7-15), we can prove that
L*D = gvr, (M —st),
H

Sk = sign(M — L) @ max {|M — LD — (A/p), 0},

where © is the Hadamard product (i.e., element-wise product).
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SVD and SVT

@ Singular value decomposition (SVD)
Let M € R™ ", The SVD of M is the factorization in the form

M=UxZV',

where U € R™ " and V € R"™ " are orthogonal matrices (UU" = I
and VV' = 1) and & € R"™*" is diagonal with all non-negative
entries called the singular values of M.

@ Singular value thresholding (SVT)

Let M € R™*", Suppose that the SVD of M is given by M = ULV .
Then the singular value thresholding (SVT) of M with threshold T > 0
is defined by

SVT:(M) = UD-(Z)V',

where
DT(Z)I‘,' = max{Zi,' - T, O}.
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Background recovering using the penalty method
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Von Neumann trace inequality

First, we state without proof the square matrix case.
Theorem: If A and B are complex n x n matrices with singular values
01(A) = 02(A) = - =2 0u(A) 20,
01(B) 2 02(B) = -+ > 04(B) = 0.
Then we have :
|(A,B)F| := |trace(A™B)| < Z(Ti(A)O}'(B>.
Moreover, the equality holds if A and B share Zt?zé same singular vectors.
Notes:
o If A = UXV* then A" = VIU?*, having the same singular values
0i(A*) =0i(A), V1 <i<n. .. |trace(AB)| <Y ,0i(A)oi(B).
@ “Prove =if ...”: If A and B share the same singular vectors, say
A =UX,V* and B = UXV*, then we have
A*B = V(ZsXp)V* = V(ZpXs)V* = B*'A = (A*B)*, Hermitian!
.. trace(A*B) = Y1 Ai(A*B) = Y1 0i(A)o;(B) > 0.
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Von Neumann trace inequality for rectangular matrices

Corollary: Let A and B be complex m x n matrices with singular values

01(A) = 0p(A) = -+ > 0k(A) =0,
01(B) =2 02(B) = - -+ > 0x(B) = 0,

where k := min{m,n}. Then we have
k

|(A, B)p| := |trace(A™B)| Z
=1

Moreover, the equality holds if A and B share the same singular vectors.

Proof: Assume that m > n. Then k := min{m, n} = n. We define two
m x m matrices X and Y by

Then we have

[(X,Y)p| = |trace(X™Y)| = |trace(A*B)| = |(A, B)F|.
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Proof of Von Neumann’s trace inequality (cont’d)

Claim: 0;(X) = 0;(A) and similarly, 0;(Y) = 0;(B),Vi=1,2,--- ,n.
Suppose that the SVD of A is given by Ayixn = WinscmZmxn Vi
Define three m x m matrices,

* V;;xn 0
uX = Wyxm, Z:X - [men | O}mxml VX - 0 I .
mxm

Then
v 0
UXZXV§( = umxm[zmxn | 0] [ %Xn i ]

v 0
= [umxmzmxn | 0] [ %Xn I :|

= [umxmzmxnvzxn | 0} = [Amxn | 0] =X,
which implies that ;(X) = 0;(A),Vi=1,2,-- -, n. Therefore,

(A, B)| = | (X, V)| < ém(X)w(Y) -

o;(A)o;(B). O

I
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SVT:(Y) Theorem

Theorem: Given an m X n real matrix Y and T > 0, we have

SVT:(Y) = argmin (7| X]|. +f\|x Y[3).
XGRIVIXV!

Proof: Let k := min{m,n}. Then for any X € R"™*", we have

lx-viE = la(x-nTx-v))

-
-

(XTX)—tr(XTY) + %tr(YTY)

1 n
M(XTX) + 5 Y A(TY) —u(XTY)
i=1

Il
Nl—= NP NP, N-
I

M»

v

o?(X) + Za ZU,(X)Ui(Y)

I
—
I\
—

(X) —0i(Y))

I
NI =
™~

I
—

)
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SVT:(Y) Theorem (cont’d)

Therefore, we obtain for any X € R™*",

k
F(X) = T[]l + 5 |X ~ Y|} > 7|X]. +121<ai<x>—ai<v>>2 — G(X),

It is already known that for a given T > 0 and a fixed y € R, the
minimizer of the real-valued function,

1
)=l + 5y -x? xeR
is given by the soft-thresholding operator S,
argmin f (x) = St (y) := sign(y) max{|y| — 7, 0}.

xe€R
Also note that || X||. = Y¥_; 0;(X). Therefore, we find the fact that
X=agminG(X) & oi(X)=S(ci(Y))
XEIRWIXVL
— sign(c;(¥)) max{|ei(¥)| ~ 7, 0}
=max{c;(Y)— 1,0}, Vi=1,2,--- ,k
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SVT:(Y) Theorem (cont’d)

Based on the above observation, we are going to construct such a
matrix X which has the same singular vectors with Y. Suppose that
the SVD of Y is given by Y = UZV . Define the diagonal matrix Z by

max{c;(Y) — 7,0}

(aei
I

mxn

and then define X := ULV = SVT(Y). Therefore, the equality in
Von Neumann's trace inequality holds, and we have

~ 1.~ 2 PN 1 & > 2 .
X« +=[|X=-Y]|z =71||X - (X)—0;(Y)) = G(X).
IRl + 31X =Y = Rl 5 L (0®) ()" = min G(X)

That is, we attain a minimum of F(X) at X = SVT.(Y).
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F(X) is a strictly convex function in X € R"*"

Note that F(X) is a strictly convex function in X € R™*", since
® | X — Y||?is strictly convex in X € R"*".
@ ||X]|. is convex in X € R™*", since it is a norm.
@ “convex function + strictly convex function” is strictly convex.

Suppose that X and X are two different minimizers of the strictly
convex function F(X). Then

15 o 1 5 1o =
F(E(Xl +X3)) < EF(Xl) + EF(XZ) = F(X7), a contradiction!
Therefore, the minimizer of F(X) is unique! This completes the proof
of the theorem. [
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Another direct proof of the uniqueness of minimizer X

Claim: The minimizer of F(X) is unique, that is, X = SVT(Y).
Proof: Suppose that X; and X, are two different minimizers of F(X).
By the triangle inequality, we have
Xl + 522
T T2 4 o 2

X1 —I—Xz

~ Y|

T S -Y Xz
< SlIXall + IIXzII* fH 5 It

Note that

a b\2 a2 P? a—Db\2
(3+3) =3+3-(75) vaber
Therefore, we obtain

~ 1 -~
RHS(x) = *HXlll + 5 ||X2||* ||X1 — Y|+ 7lX2 - Y|z
- 1,.X-X»
**II ”F_T”XIH* *IIleYH%*QII?H%,
\’_J
a contradlctlon! >0

© Suh-Yuh Yang ( Wi 1E), Math. Dept., NCU, Taiwan PCP and TILT - 14/32



Solution of the ADM for penalty formulation

By the SVT;(Y) Theorem, we have

LD .= arginin(HLH* + %HM —L—sW® ||12:) = SVT% (M — s,
Using the soft-thresholding operator S; again, we have

S = arg;nin(Ansnl + LM — LD —s)2)

= sign(M — L(k“)) ® max {|M — L<k+1>| —(A/p), 0},

where © is the Hadamard element-wise product.
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Another approach for solving the PCP problem

Recall the principal component pursuit problem:

nilisn(HLH*qL/\HSHQ subjectto M =L+S.

The augmented Lagrangian function is defined as

L(L,S,Y)
. _L— Fim—r—s|2
=L+ AlIST+( X, M—L=8)+ 5 |M—L—S|;
multiplier —
penalty

_ 1
= Ll + A+ S IM = L= 8+ 5 Y = Y

We then apply the alternating direction method to minimize the
augmented Lagrangian function £(L, S, Y). The resulting method is
called the augmented Lagrange multiplier (ALM) method.
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The augmented Lagrange multiplier method

The ALM method is given by

L= argmin (24O + 5 IM — 2 =5+t
1
——1y®2
2V IE).
s+ .= argmin(”L(kH)H*+A||S||1+g\|M—L(k+l)—S—i—;le(k)H%
S

1
— 1y 2
5 IVOIR).

Y(k+l) = Y(k) 4 V(M _ L(k+l) _ S(k+1)) .

The explicit form of the iterative solution (L**+1), §(+1) y(k+1)) of
ALM method is presented on the next page, which can be proved by
using the SVT(Y) Theorem and the soft-thresholding operator Sx.
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Iterative solutions of the ALM method

The iterative solution (L**1), §lk+1) Y(kH)) of the ALM method is

given by
L= argmin (L] + G = (M =59+ YO )
1 1
_ (= 2L — _ g —1y(k)y )12
argfun(yHLH*—i—zHL M—-8" +u'Y )“F)
= SVT, (M —s® 4 1yW),
‘ll
SO0 i= argmin (48]l + £1s — (M — L&D v )
S

. (A 1 -
= argmin( 7S]}y + 51 — (M — L& 4 'YW )
S K

= sign(M — L&+ =1y ®))
©max {|M — LoD 4 ,Lle(k>| — (M), 0},
Y(k-‘rl) = Y(k) + ]’l(M o L(k+]) o S(k+1))_
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Background recovering using the ALM method
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(A, 1) = (0.007525,0.04) (A, 1) = (0.0025,1.5)
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Low-rank textures

Consider a 2D texture as a matrix L € RP*9. Tt is called a low-rank
texture if  := rank (L) < min{p,q}.

@ A real texture image is hardly an ideal low-rank texture, mainly
due to two factors

(1) It undergoes a deformation, e.g., a perspective transform from 3D
scene to 2D image;

(2) It may be subject to many types of corruption, such as noise and
occlusion.

@ Suppose that a larger low-rank texture L lies on a planar surface
in the scene. The smaller m x n image M that we observe from a
certain viewpoint is a portion of the transformed version of L.
Then there exists an invertible function T—! : N? — IN? such that

M(i,j) = (Lot ) (i,j) =L(t (i), V(ij) €K,

where K := {(i,j) € N2:1<i<m,1<j<n}.
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Transform invariant low-rank textures (TILT)

In addition to domain transformations, the observed image of the
texture might be corrupted by noise and occlusions, denoted as S.

@ Then we have
M(i,j) = (L+S) ot ")(ij), V(ij) €K
That is,

(Mo T)(i,j) = L(i,j) +S(i,j), V(ij) €K,

@ A typical perspective transform from 3D scene to 2D image is
the affine transformation, i.e.,

T(x) =Ax+b, x€R?

where A € R2*2 i an invertible matrix and b € R? is a constant
vector.
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The mathematical model for TILT

So, if we could rectify a deformed texture M with a proper inverse
transform T and then remove the corruptions S, the resulting texture
L will be low rank. The mathematical model for TILT is given by

anSin(rank(L) +A||S]lo) subjectto Mot =L+S.

9, T

In practice, the rank and the /°-norm could be replaced by the
nuclear norm and ¢!-norm, respectively:

{rgin(HLH*Jr/\HSHl) subjectto Mot =L+S§,
9, T

where the constraint is non-convex. Therefore, we have to consider the
linearization of M o T.
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Numerical examples of TILT

, -l =
H: (A, 1) = (1/387, 5.0743e-5)

=
A: (A, 1) = (1/186, 2.8748e-5)
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A class of convex minimization problems

We consider the following convex minimization problems where the
objective function is separable:

rrxuynf(x) +¢(y) subjectto A(x)+ B(y) =¢,
where f and g are convex real-valued functions, x, y and ¢ could be
either vectors or matrices, and A and B are linear mappings.
Define the augmented Lagrangian function
LixyA) = fx)+g(y)+ 4 Alx) +B(y) —e)

214G + By) — el

L
2p

where A is the Lagrange multiplier, (-, ) is the inner product, and
B > 0is the penalty parameter.

= £+ 5)+ 514G +B(y) — e+ 5AE - gl
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The augmented Lagrange multiplier method

@ We apply the alternating direction method to minimize the
function £(x,y, A). The resulting ALM method decomposes the
minimization of £(x,y, A) w.r.t. (x,y) into two subproblems:

D = argmin £(x,y®),A®),
y(k+1> = argminﬁ(x(k+1)/y/A(k))/
y
AkHD) A(k)+IB(A(x(k+1))+B(y(k+l)) —c).

@ In compressive sensing and sparse representation, as f and g are
usually matrix or vector norms, the first two subproblems
usually have closed form solutions when A and B are identities.
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Linearized alternating direction method

However, in many problems .4 and B are not identities, we consider
a linearization technique. First, we focus on the first subproblem
which can be rewritten as

D = argminf(x) + g(y®) + (AW, Ax) + By*) - ¢)

+B)ae) + ByY) el
= argminf(x) + g(y")
x 1
p
= arg;ninf(x) + gHA(x) +By®) —c+ ;A(k) 2.

1
+HEIAG) + By — e+ AW IF- A0
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Linearized alternating direction method (cont’d)

Now, we have

) = argmin (x) + FLAG) + B(y") — e+ 5AV 2

Define H(x) as the quadratic function,
1
H(x) = | A@) + By®) —c+ Bk(k) IF-
By the Taylor expansion at x¥), we have

H(x) ~ H(x®) + VH(xW) . (x — x*)),

Then the minimization problem approximately becomes

kD) — arg min f(x) + gH(x(k)) + gVH(x(k)) - (x— 2y,
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Linearized alternating direction method (cont’d)

In what follows, we assume that A and B are real matrices. Assume that
A = [ag]lmxn € R™"and b = (by, by, - ,by) " € R™. Then
Vi(Ax,b) = V (bl(ﬂnxl +apxy + -+ a1Xn) +
ba(ax1x1 + anxp + -+ - 4 AgpXn) + - +
b (amlxl +appxy + - - -+ ﬂmnxn))

= (A1-b,A,b,---,A,-b) =A'b.

Therefore, we have

VH(x) = Vi(Ax+By® —c+ ;A(k), Ax + By® — ¢+ ;A(k)>

= 247 (Ax+ By —c+ ;A(k)).
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Linearized alternating direction method (cont’d)

Using the linearization of H(x) at x(*) and adding a proximal term,
which ensures the Taylor approximation reasonable since x close to

x(¥), we have the following approximation:

2D = argminf(x)+ﬁ<AT(Ax(k)JrBy(k)7c+%/\(k>),x 20y 4 Bl 02

argmin f(x) + (ATA® 4 gAT (.Ax(k) + By® — ), x— 2y 4+ ﬁ% [l — x®12
X

arg min f(x) + ﬁ’M (e —x®) + AT (/\(k> + ,B(Ax(k> + By(k) —0)) /(Br.a)|?
zﬁﬂ IAT (A + (A + By® —¢)) I,

where 774 > || A||2 > 0is a parameter in the proximal term. Similarly,
the second subproblem can be approximated by

(k+1)

g = argming(y) + P12 (y —y) + BT (A 1+ p(Axt) 1 By <))/ (B},
y

where 775 > || B||2 > 0 is a parameter in the proximal term.
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Linearized alternating direction method (cont’d)

To sum up, the linearized alternating direction method is given by

A~ argmin f(x P14 () 4 AT (A 1 (A + By — )/ (B}

y D = argming(y) + ,3,,5 Iy - y®) + BT (AW 1 (Axk+D) + By® — ) /(i) 2,
y

A AB 4 (A +By“‘“> —o),

with one of the stopping criteria or both:

@ First stopping criterion:
[ A+ By D —cllp < e el

@ Second stopping criterion:

ﬁmax(\/ﬂﬂx(kﬂ) —x®l, \/75]ly*Y —y(k)”P) < ec|lE.
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Linearized ADM with adaptive penalty (LADMAP)

To further accelerate the convergence of the algorithm, we also
consider an adaptive rule for updating 8. Consider the following
adaptive updating strategy for the penalty parameter:

Br+1 = min(Bmax, 0Bk),
where Bmax is an upper bound of { B} and p is defined as

. { po, if gt max (Al 5O g, /gy D —y B 1p) < ez,

1, otherwise,
and pg > 1is a constant. The LADMAP is defined as

* —argmin fx) + P e =) + AT (10 1 (4 + By o)) /(B I,
y*™ = argming(y) + PG |y — ) + BT (A0 + (A 1 By® — )/ (B}
AR — Ak Bk (Ax(k+l) + By(k+1) _ c),

Prar = min(Bmax, pPr)-
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