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Abstract

Since sparse unmixing has emerged as a promising approach to hyperspectral unmixing,
some spatial-contextual information in the hyperspectral images has been exploited to im-
prove the performance of the unmixing recently. The total variation (TV) has been widely
used to promote the spatial homogeneity as well as the smoothness between adjacent pixels.
However, the computation task for hyperspectral sparse unmixing with a TV regularization
term is heavy. Besides, the convergence of the primal alternating direction method of multi-
pliers (ADMM) for the hyperspectral sparse unmixing with a TV regularization term has not
been explained in details. In this paper, we design an efficient and convergent dual symmetric
Gauss-Seidel ADMM (sGS-ADMM) for hyperspectral sparse unmixing with a TV regulariza-
tion term. We also present the global convergence and local linear convergence rate analysis
for this algorithm. As demonstrated in numerical experiments, our algorithm can obviously
improve the efficiency of the unmixing compared with the state-of-the-art algorithm. More
importantly, we can obtain images with higher quality.

Keywords: Hyperspectral imaging, Sparse unmixing, Total variation, Semi-proximal alter-
nating direction method of multipliers, Symmetric Gauss-Seidel

1 Introduction

In recent years, the hyperspectral remote sensing technology has been developed significantly.
However, the spatial resolution of hyperspectral images is low and the mixed pixels are widespread
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in the observed hyperspectral data. The reason lies in the complexity of the ground surface,
the limitation of the spectral acquisition approach as well as the restriction of the hyperspectral
imaging instruments. How to extract and separate the pure spectral signatures (endmembers)
from the mixed pixels and determine the corresponding proportions (abundances) becomes the
key issue for the hyperspectral images analysis and its quantification application.

Hyperspectral unmixing, which decomposes mixed pixels into endmembers and correspond-
ing abundances, has obtained much attention in recent decades. It has many practical ap-
plications in environmental monitoring, mine detection, agricultural industry, and so on. The
hyperspectral mixture models can be divided into the linear mixing model (LMM) and nonlinear
mixing models (NLMMs) [I]. In the LMM, we assume that the effects of the secondary reflec-
tion and multiple scattering have the least influence on the spectral signature. In the NLMMs,
we assume that the mixed spectral signature is synthesized by the endmembers according to
some nonlinear relationship. For the LMM, each pixel in a hyperspectral image can be linearly
decomposed into a number of endmembers weighted by their corresponding abundances. Since
the LMM exhibits some practical merits such as its flexibility in different applications and it is
also an acceptable approximation of the light scattering mechanisms in many real scenarios [1],
we will focus on the LMM which is also the mainstream of current research on hyperspectral
unmixing.

In the literature, the traditional unmixing based on the LMM includes the geometrical based
algorithms and the statistical based algorithms [I]. The geometrical based algorithms generally
require the assumption that all the reflection spectrum curves belong to the same geometrical
simplex set. The vertices of the simplex set represent the corresponding endmembers. So identi-
fying the endmembers is equivalent to searching for the vertices. The representative algorithms
of this class include the vertex component analysis (VCA) algorithm [2], the pixel purity index
(PPI) algorithm [3], the simplex growing algorithm (SGA) [4], the minimum volume enclosing
simplex (MVES) algorithm [5], the iterative constrained endmembers (ICE) algorithm [6] and
the minimum volume transform-nonnegative matrix factorization (MVC-NMF) algorithm [7].
The statistical algorithms, such as the Bayesian techniques, are based on the priori information
of the abundances of endmembers for the variability modeling in a natural framework [§].

With the explosive development of compressive sensing [9], the sparsity based approaches
have recently emerged as a promising alternative for hyperspectral unmixing. The sparsity based
approaches aim at finding the optimal subset of a (potentially very large) spectral library in a
semisupervised way. The optimal subset is also the best one that can simulate each pixel of a
given hyperspectral image. As shown in [10], the sparsity based approaches have attracted many
interests as they do not require the presence of pure pixels in a given scene and do not need
to estimate the number of endmembers in the data, which are two obstacles of the traditional
unmixing methods. In practice, the number of endmembers in the real scenarios is far less than
that in the spectral library. This means that the abundances corresponding to the spectral
library are sparse. As a result, the sparsity based approaches are related to the linear sparse
regression techniques.

Tordache et al. [12] first added the sparsity constraint to the hyperspectral unmixing model
and proposed a sparse unmixing by the variable splitting and augmented Lagrangian (SUnSAL)
algorithm. This opens a new gate so that the abundance estimation neither depends on the
purity of the spectra nor a good endmember extraction algorithm. Subsequently, lordache et al.



[16] proposed the sparse unmixing via the variable splitting augmented Lagrangian and total
variation (SUnSAL-TV) algorithm to deal with the hyperspectral unmixing model plus a total
variation (TV). The TV, which promotes the spatial homogeneity as well as the smoothness be-
tween adjacent pixels, has been widely used in image processing [13][14][15]. So the SUnSAL-TV
algorithm which exploits the spatial information in the hyperspectral images can significantly
improve the performance of unmixing. Meanwhile, as shown in [I7] and [18], the unmixing per-
formance based on nonisotropic TV is better than that on isotropic TV. From the other point
of view, the collaborative sparse unmixing by the variable splitting and augmented Lagrangian
(CLSUnSAL) algorithm in [I9] takes into account the entire abundances matrix globally. The
global row sparsity to all pixels in the hyperspectral images is considered as a constraint. The
collaborative SUNSAL-TV (CLSUnSAL-TV) algorithm [20] takes the combination of the spatial
correlation and the global row sparsity into consideration. Although the numerical experiments
show that the SUnSAL-TV algorithm and the CLSUnSAL-TV algorithm work well, the conver-
gences of the two algorithms have not been guaranteed in theory. Therefore we need to design
an efficient and convergent algorithm.

As we all know, all the algorithms we mentioned above are essentially special cases of the
alternating direction method of multipliers (ADMM) applied to the primal problem. So we may
call it primal ADMM. The classical ADMM was originally proposed by Glowinski and Gabay
in 1970s. One may see [2I] and [22] for details. If the semi-proximal term of the semi-proximal
ADMM (SPADMM) [25] vanishes, then it is the classical ADMM. We refer the readers to [23]
and [24] for a better understanding of the historical development of the classic ADMM. We also
refer the readers to [25] and [26] for the global convergence and linear convergence rate of the
SPADMM for convex problems. The ADMM can solve a great deal of problems successfully.
However the convergence of the ADMM is only guaranteed for those problems with 2 blocks.
(Note that we regard those separable and independent variables as one block). As for the 3-block
(and beyond) problems, the extended version of the ADMM may not converge. One may see
a counter example in [27]. Recently in [28] and [29], a symmetric Gauss-Seidel (sGS) method
was designed for the multi-block convex problems with one nonsmooth block. This opened
a new avenue and brought a new insight for handling the problems with nonsmooth blocks.
Most recently, in [30] and [31], the inexact sGS based ADMM (sGS-ADMM) type methods were
proposed for solving a class of convex composite optimization problems with two nonsmooth
blocks.

The main contributions of this paper are as follows. Firstly, we design a dual sGS-ADMM
to solve the hyperspectral sparse unmixing with a TV regularization term. Secondly, we present
the global convergence and local linear convergence rate of the primal ADMM and the dual sGS-
ADMM. As shown in the numerical experiments, the dual sGS-ADMM can obviously improve
the efficiency of the unmixing compared with the primal ADMM.

The remaining parts of this paper are organized as follows. In the next section, we will
introduce some basic notations and definitions. In Section 3, we will describe the model of
hyperspectral unmixing. In Section 4, we will recall the primal ADMM and present the global
convergence and local linear convergence rate of the primal ADMM. In Section 5, we will propose
the dual sGS-ADMM. Then we also present the global convergence and local linear convergence
rate of the dual sGS-ADMM. Numerical experiments will demonstrate the efficiency of the
proposed algorithm in Section 6. The conclusion will be discussed in Section 7.



2 Preliminaries

In this section, we introduce some basic notations and definitions in convex analysis. We refer
the reader to a bible book of convex analysis [34] for more in-depth contents.

Let X be a finite dimensional real Hilbert space. Let C be a subset of X. The indicator
function of C is defined by dc(x), ie., dc(x) = 0 if x € C and dc(x) = +o0 if x ¢ C. For
X € R™ ™ the Frobenius norm of X is defined by ||X||r = /trace(XXT). The Iy and Iz
norms of X are defined by [[X|l11 = [X[1 = 35, 207, [Xy5] and [|X[]2,1 = 200, X5 (|2,
respectively, where X* is the k-th row of X. For any given self-adjoint positive semidefinite
linear operator M : X — X, distap(x,S) := infyes||x — x/||aq for all x € X and S € X, where
IIx|| a1 := /(x, Mx). The symbols Z denotes the identity mapping.

Definition 1 [34, Section 12]: For any convex function p : R" — R U {400}, the conjugate
function of p is defined as

p(y) = St}l{p{yTx —p(x)}.

Definition 2 [36l Definition 2.2.1]: A set which can be expressed as the intersection of finitely
many closed half spaces of R™ is called a convex polyhedron. A polyhedral set is the union of
finitely many convex polyhedrals. A function is called piecewise quadratic (linear) if its domain
is a polyhedral set and it is quadratic (affine) on each of the convex polyhedral which constitutes
its domain.

Definition 3 [34, Section 31]: For a given closed proper convex function p : x — (—o0, +0o0],
the proximal mapping Prox, () associated with p is defined by

1
Prox,(x) := argmin {p(u) + §||u - x||§} VxeX.
u

Definition 4 [34, Section 24]: Let H be a real Hilbert space with an inner product (-,-). A
multifunction F': H = H is said to be a monotone operator if

(z—7z ,w—w)>0, VweF(z),w e F(Z).
It is said to be maximal monotone if, in addition, the graph
gph(F) :={(z,w) e Hx H|w € F(z)}
is not properly contained in the graph of any other monotone operator F’ : H = H.

Definition 5 [38), Section 3.8]: Let (x°,y%) € gph(F). The multi-valued mapping F : X = )
is said to be calm at x° for y” with modulus xg > 0 if there exist a neighborhood V of x° and
a neighborhood W of y° such that

F(x)NW C F(x°) + kolx —x°||By, Vx€V,

where By is the unit ball in V.



3 The system model

For the LMM, we assume that the spectrum of each mixed pixels can be represented as a linear
combination of each endmember spectrum in any given spectral band (see [1]). That is, for each
mixed pixels, the linear model can be written as

y = Ms + n,

where y = [y1,yo, ...,yL]T denotes the measured spectra of the mixed pixels and L denotes
the number of bands, M := [m;, my,...,m,| denotes the endmembers matrix, ¢ denotes the
number of endmembers and each m; := [mj;, my;, ...,ij]T denotes the spectra signature of
the j-th endmembers, s := [s1, s9, ...,sq]T denotes the abundances of the endmembers and n :=
[ny, ng, ...,nL]T denotes the error vector. According to the physical meaning of the real scene,
the abundances need to satisfy the so called abundance nonnegativity constraint (ANC) and the
abundance sum constraint (ASC) [I]. That is,

s;>0,Vi=1,2 .4,
q

ZSZ' =1.

1=1

As mentioned previously, the sparsity based approaches proposed by lordache et al. [I]
replace the endmembers matrix M by a known spectral library A € R¥*™ [12]. Unmixing then
amounts to finding the optimal subset of signatures in A. Specially, we have

y = Ax +n,

where x € R™*! denotes the abundances corresponding to the library A.
As shown in [40], the conventional hyperspectral sparse unmixing can be uniformly expressed
as the following model:

1
in —||[AX — Y||% + \|X Ay TV (X
nggIZII 17+ MIX|lp1 + ArvTV(X) (1)
s.t. X >0,

where
vx) = Y lxi-xlh
{i,j}ee

is a vector extension of the nonisotropic T'V, € denotes the set of horizontal and vertical neighbors
of X, \, A7y > 0 are given parameters, p = 1 or 2, Y = [y1,y2,...,¥n] € RL*™ denotes the
observed data, X = [x1,Xg,...,X,| € R™*" denotes the abundances matrix and n denotes the
number of the pixels. When p = 1, A\py = 0, (D)) is reduced to the sparse unmixing (SUn)
model. When p = 2, A\py = 0, () is actually the collaborative sparse unmixing (CLSUn) model.
Similarly, we refer to () with p = 1 as the sparse unmixing with TV (SUnTV) model and p = 2
as the collaborative sparse unmixing with TV (CLSUnTV) model.

For the design of the algorithm, we need to give a more detailed characterization of the TV
norm.



Suppose n = n, X n., where n, and n. denote the dimensions of the rows and columns of
the pixels, respectively. Let

X = [X17X27 oy Xy X1 Xnpe 42,00 5 Xon, 0y Xn—np 41 Xn—np 42, 0 7Xn] 5
X1 Xpp+1 0 Xp—n,+l
< X'2 Xnt-+2 xn—.nr+2 e Rlmxnxne,
Xn, Xon, tee Xn
X1 X2 o X,
X// — Xnt"f‘l Xnt-+2 e X2.n7" c R(mxnc)xnr7
Xn—n,+1 Xn—m,.+2 -°° Xn

Define two linear operators B : R(m*nr)xne _y Rmxny)x(ne=1) anq ¢ . Rmxne)xns _,

R(mxne)x(nr=1) 6 compute the horizontal differences between the neighboring pixels of X’ and
X",

C1 Cn,+1 " Cp—2n,+1
C2 Cp.+2 - Cp_2n,42
BX' := . " o ,
Cn, Con,. e Cn—n,
S €2 o €1
€n,+1 €n,+2 o €2p,—1
1 L ™ ™ ™
CX" := . ,
€n—n,+1 €n—n,4+2 - €n—1
where ¢; = Xj 4y, —%x; (i=1,--- ,n—n,)and e; =x41—%x; (i =1, ,n,—L,n.+1,---  2n, —
1,---,n—np+1,---,n—1). Define two linear operators H, : R™*™ — R™*(=7) and H,, :
RMXn _y Rmx(n—nc).
%UX - [Cl, Coy. .. 7cn—n7-]a
HhX - [617”’7en7«—17en7«+17”' 762n7«—17”’ 7en—n7-+17"’ 7en—l]'

Then the problem () can be reformulated to
1 . .
m)én §”AX — Y”% + )\”X”p,l + )\TVHHUXH:L + )\T\/”Hhx”l + 5Ril><n (X) . (2)

We should mention that there is a slight difference between the way we handle the TV norm
with that in [I6]. In our framework, we assume the (standard) reflexive boundary condition
holds, which means that the rightmost (lowest) boundaries have no right (lower) neighboring
pixels. Note that the reflexive boundary condition for the hyperspectral images in this paper is
an extension of the reflexive boundary condition for the 2- dimensional images. One may see [32]
and [33] for the reflexive boundary condition of the 2-dimensional images. Actually it is more



reasonable since it is what happens in the real scenarios. Instead, in [16], they assume periodic
boundaries, i.e. the neighboring pixels of the rightmost (lowest) boundaries are the leftmost
(highest) boundaries pixels only for the convenience of adopting the fast Fourier transform. In
order to be consistent, we keep the way in [16] when using the primal ADMM. In [16], they define
two linear operators Hy : R™*™ — R™" and H, : R™*"™ — R™*" to compute the horizontal
and vertical differences between the neighboring pixels of X as follows

%hX: [d17d27"'7dn]7 HUX: [b17b27---7bn]7

where d; = x; —x;, and b; =x; —x;, (i =1,--- ,n), with ¢ denoting an index of a pixel, i, and
i, denoting the indices of the corresponding horizontal and vertical neighbors. Let

- [ 1]

H,X
An equivalent form of the problem () is
o1
min S AX — Y + XXl + Arv [ HX]
s.t. X > 0.

4 The primal ADMM

In this section we first recall the SUnSAL-TV algorithm and the CLSUnSAL-TV algorithm,
both of which are essentially the primal ADMM. Then we present the global convergence and
local linear convergence rate of the primal ADMM.

4.1 The primal ADMM

We can reformulate ([B]) equivalently by introducing some slack variables

- 1

_ min EHDl —YH%“F)\HDQHPJ +)\TVHD4”1 +6R77L><7L(D5)

D,D;,D2,D5,D4,D;5 " (4)
s.t. D, = AD,D, =D, D3 =D, D, = #D3, D; = D,

where D € R™" Dy € RE*" Dy € R™*" D3 € R™", Dy € R2™*" Dy € R™*",
The above problem can also be written in the following form

min f(M) + g(N)
s.t. FM + GN = 0,
where
T 1T T 1T\ 7 (3m+L)xn =7 7\ 3mxn
M = (D7,DI, DY D) enR ,N:(D ,D4> e R3mxm,
1
5ID1 — Y|[3 + AlDal|p1 + I pn (Ds), g(N) = Arv||[Dals,

7



~Irxr Orxm  Onxm  OrLxm Arxm  Opxom

OmxL _Im><m Omxm Omxm Im><m Omx2m
F= OmxL Ormxcm —Lnxm Omxm ’ G = Lnxm O x2m
O2mxL  O2mxm —H O02mxm O2mxm I2m><2m
OmxL Omxm Omxm _Imxm Im><m Omx2m

Let 0 > 0 be a given positive number. A := (AT,AT, AT, AT,Ag)T e ROMHTL)Xn denotes the
Lagrange multipliers of the constraints. The augmented Lagrangian function for the problem

@) is
o _ 1
Lo(M,N; A) = f(M) + g(N) + Z[FM + GN — o AIE - %IIAII%- (6)
The primal ADMM can be presented in Algorithm 1.

Algorithm 1 The primal ADMM

Require: Select an initial point (MY N9 A%). Set k = 0, choose ¢ > 0 and 7 € (O, 1+2‘/5).

Iterate the following steps until the stopping criterion is satisfied:
Step 1. Compute:

M = argmin{L, (M, N*; A*)},
M

N*+ — argmin{ L, (M*"!, N; A%)}.
N

Step 2. Update:

Ak-l—l _ Ak o TO'(FMk+1 + G—Nk+1).

The reader may refer to [16] for a better understanding of the details of Algorithm 1. [

4.2 Convergence analysis

In this subsection, we discuss the global convergence and the local linear convergence rate of the
primal ADMM.

Suppose that (M, N) € RO™HL)xn » R3mxn jg an optimal solution to the problem (). If
there exists A € RO™HL)X" such that (M, N, A) satisfies the following KKT system

0€df(M)—FTA,
0 € dg(N) — GTA, (7)
FM + GN =0,

then (M, N, A) is a KKT point for the problem (&), where df and dg are the subdifferential
mappings of f and g. Let © be the solution set of the KKT system (7). Let B : ROGm+L)xn _y

!We have to emphasize that in [I6] the authors deal with the problem (1) in three blocks instead of two
blocks when they applied the primal ADMM. In fact, the problem can be regarded as two blocks. So Algorithm
1 in this paper is a little different with Algorithm 1 in [16]. It not only is faster but also has mathematically
guaranteed convergence theory. Actually the code for the algorithm in [I6] is in accordance with our two-block
primal ADMM.



RBmAL)Xn o R3mxn he g linear operator such that its adjoint B*(M, N) = FM 4 GN. For any
u:= (M,N, A), the KKT mapping is defined by

M — Prox;(M + FTA)
Q(u) := [ N —Prox,(N+ GTA)
FM + GN

Since the subdifferential mappings of the proper closed convex function f and g are maxi-
mally monotone [39, Theorem 12.17], there exist two self-adjoint and positive semidefinite linear
operators 3y and X, such that for all s,s" € dom(f), ¢ € 9f(s) and ¢’ € df(s')

1
F&) 2 f(&) + (s =)+ 5lls =S5, (s =" s =) > s =%,
and for all t,t’ € dom(g), v € dg(t) and v' € dg(t)
1
9(t) Z g(t) + (V' 6 =) + St =[5, (0=t —t) > [t ¢,

For the convergence of the primal ADMM, we need the following assumption.

Assumption 1: The KKT system (7)) has a non-empty solution set.

Now we present the following global convergence and linear convergence rate of the primal

ADMM. It is a special case of the result derived by the combination of [25, Theorem B.1] and
[26) Theorem 2].
Theorem 4.1. Suppose that Assumption 1 holds. Let T € (0, 1+2\/g)’ then there exists a KKT
point @ := (M,N,A) € Q such that the sequence {(MF NF¥ A*)} generated by Algorithm 1
converges to 1. Assume that Q™' is calm at the origin for 0 with modulus n > 0, i.e., there
exists r > 0 such that

dist(u, Q) < n|Q(uw)|], Vue{u:|u-—-1ul <r}.
Then there exists an integer k > 1 such that for all k >k,
disth(u* Tt Q) < pdistd (u*, Q),

where p € (0,1) and
M := Diag (4,5 + 0Z,(70) "' T) + %BB*,

Moreover, there exists a positive number ¢ € [u,1) such that for all k > 1
disth (u*T1 Q) < ¢disth,(u*, Q).

Proof: We note that Algorithm 1 is actually the SPADMM. According to [25, Theorem B.1],
we only need to prove the following two conditions hold.

Y+ oFTF =0, (8)

¥, +0GTG = 0. (9)



Since F and G are full column rank, we know that FTF and GG are positive definite. In
addition, ¥ ¢ and X, are positive semidefinite, so we can obtain that (§) and (@) hold directly.

Remark 1: Theorem 1 just gives a general result on the linear rate of convergence for
Algorithm 1. It is obvious that the core assumption of Theorem 1 is the calmness condition,
which is often too strict. For the case of p = 1 in the problem (Il), f and g are piecewise linear-
quadratic functions. From [36, Proposition 2.24], we know that Q™! is piecewise polyhedral,
and furthermore the calmness condition holds automatically by [37].

5 A dual sGS-ADMM

In this section, we first propose an sGS-ADMM for the problem (2]), then we present the global
convergence and local linear convergence rate of the algorithm.

5.1 A dual sGS-ADMM

Now we introduce a more efficient dual sGS-ADMM to solve the problem (2)).
Let

P(X) = AIX]|p1 + Ay [Ho X1 + Opn (X), ¢(X) = Ay | HiX 1.
Then the problem (2]) can be written in a simple form as below
o1
min o [|AX = Y[ + p(X) + ¢(X). (10)
By introducing three slack variables U;, Uy and Us, ([I0) can be written as

1
. - -U- 2 'U' U
X,UT&,US 2H sl +p(U1) +4(U2)

(11)
s.t. X-U;=0,X-U;=0,AX-Y — U3 =0,
where U; € R™ ", Uy € R™", Uy € RLX™.
The dual of the problem (IIJ) is
1
i (=V1) + ¢ (= Vo) + =||V3]|% — (V3, Y
v pH(=V) 4+ (= Vo) + S Vsl = (Vs Y) (12)

st. =V —=Vy—ATV; =0,

where V| € R™*" Vo € R™" V3 € REX™,
Let o > 0, the augmented Lagrangian function for the problem (2] is

* * 1
Ls(V1,V2,V3;X) =p*(=V1) +¢(=V2) + §HV3H% —(V3,Y)+

o _ 1
5H—Vl ~Vy— ATV —o7IX||3 %HX”%-

10



Algorithm 2 A dual sGS-ADMM

Require: Select an initial point (VO, V9, v, XO). Set k=0, choose 0 >0, T € (0, 1+2\/5> and
{éx}r>0 be a summable sequence of nonnegative numbers. Iterate the following steps until

the stopping criterion is satisfied:
Step 1. Compute:

VE = ar%min{LU(V]f,Vk,V?,; X*) — <<§]\€/37V3>}=
3

Vit = argvmin{La(Vla V5, Vi X)),

1
Vi = ar%glin{LU(V]fH,Vg,V?,; XF) = (8%, Va)},
Vit = ar%min{Lo(V]fH,VzaV§+1?Xk)}’

2

where

0, = VviLo(VE, V5, V5 XF) with 0%, |IF < &,
5{6/3 = VV3LU(V11€+1=VI2€=V§+1;XI€) with ”51\33”}7 < €.

Step 2. Update:

Xk—i—l _ Xk _ TO_(_vllf-‘rl _ V]2€+1 _ ATV§+1).

Suppose that 5\/3 and dvy, are given tolerance vectors. The dual sGS-ADMM which is a
direct application of the sGS-ADMM in [2§8] or [29] can be presented in Algorithm 2H

Now we provide the details of Step 1 in Algorithm 2. Finding the minimum of L,(V1, Vg, V3; X)
with respect to V3 is equivalent to solving the following problem.

VvsLo(V1, Vo, V3;X) = V3 - Y +0A(V; + Vo + ATV +671X) = 0.
That is, we compute V3 by solving the following linear system of equations
(I+0AAT)V3=Y —0AV, —0AV, — AX.

Making use of the Moreau identity Prox,,(x) + o Prox,. ;(x/0) = x, we can get Vi, Vy in
closed forms as below

1 1
V1 = —Prox,p(cC;) — C1, Vo = —Prox,,(0C3) — Cq,
o o

where

Ci=Vo+ATV3+071X, Co=V; +ATV; 4+ 071X,

2In Algorithm 2, V3 is updated twice because we use the sGS decomposition to solve the subproblem. For
more details, one may refer to [29].

11



We discuss different cases for different p and q.

(i) When p(-) = A - |1 + 5Riz><n(') + Arv|[Ho()]l1. The following proposition states that
the proximal mapping of op can be decomposed into the composition of the three proximal
mappings.

Proposition 1: For any o > 0, it holds that

Proxg), = Proxgy, o Proxs ..., oProx \ gy -

mXn
+

Proof: Let r(-) = o || - |1 + 5Riz><n('). From the equivalence of (iii) and (iv) in [44, Theorem 4],
we can obtain
Prox, = Prox, .||, © Pr0X5R

mxn °

+

Since r is permutation invariant, that is, r1(Q-) = r1(-) for all permutation @, then by [44]
Corollary 4], we can obtain

Proxs), = Prox, oProx (13)

oArv [ Ho ()l

holds directly.
We define pi(-) = 5RTXn(') + Arv||Hy(+)|l1 for convenience. From Proposition 1, we can

obtain
PI‘OXJp(O'Cl) = PI‘OXU)\”.”1 (PI‘OX(;p1 (O’Cl))

= sign(Proxyp, (6C1)) o max(|Prox,p, (6C1)| — oA, 0).
Note that the proximal mapping of op; is

, . 1
Prosay, (0C1) = argmin {5RTM(Z) + o [F 2l + 511Z - aclu%}.

Let
Z - [217 Zy, - 7Zn’,«7zn7«+17 Zn7-+27 Tt 722717«7 Tty Zn—n7-+17 zn—n7-+27 e 7Zn] )
K= [k17k27 T 7knr7 knr-i-la knr+27 e 7k2nr7 ) kn—nr+1,kn—nr+2a tee 7kn] s
. ; 1 2
Zyrpy (0C1) := argmin < oApy || HoZ|[1 + §||Z —aCi||% ¢, (14)
Z
where K = 0Cj and z;,k; (i = 1,2,--- ,n) denote the ith columns of Z, K. In order to compute

Zy);, (0Cq), we first denote

ne—1

* . 1
Z"" := argmin {UATV D NZ 6k + 1) = 2R+ 512 - K’H%},
z k=1
where
21 Zp.+1 0 Zp—ny+1 kl knr—i-l ce kn—nr—l—l
7 Zy Zp,+2 " Zpn, 42 K ko knr+2 te kn—nr+2
Zn, Zon, . Zn, knr k2n7- . kn

12



* *
Zy, 2, 1 " Ly _p.1
* *

Zy Zy 49 " Zp_po49

*

*
7z Z2TLT e ZTL

Since Z'* is separable, we can find Z’* row by row. That is,

ne—1

%, . . . 1 , .
2"(,:) =agmin{odry 3 12k + 1) = 261+ 512/6:) ~ KB,
Z'(i,: k=1
1 =1,2,--- ,m X n,.

In our numerical experiments, we use the 1D TV Denoising Algorithm [41] to compute Z'*.
Then we can obtain Z,),, (¢C1) from Z'" easily as below

[k ok * * * * * *
ZU)\TV (UCI) _[Zh Zy, - 7anv an+17 an+27 o 7Z2nrv e 7Zn—nr+17 Zn—nr+27

: 7Z1>’:L]‘

By Proposition 1, we can compute the proximal mapping of op; by composing the proximal
mapping of 6RT><n(') with the proximal mapping of oAy ||Hy(+)|[1 as below

PI‘OXUJD1 (O’Cl) = HRTXn(ZU)\TV (O’Cl)).

(i) When p(-) = Al - ||2,1 +5R7+nm(') + Ay |[Hy (). Similar to Proposition 1, for any o > 0,
it also holds that

Proxy, = Proxa)\”,”&1 o PI‘OX5R OPrOXoATvH?va(-)IIf

mxXn
+

As its proof is nearly the same as that of Proposition 1, we omit it.
Let pa(-) = dgmxn(-) + Arv||[Ho(+)|[1. The proximal mapping of op takes the following form
+

Proxqp(0C1) = diag(on, ag, . . ., a4 ) Proxsp, (0C),
where
o — max { [|[Proxsp, (0C1)(i,:)|l, — oA, 0}
' max {||Prox,p, (0C1)(i,:) ||, — oA, 0} + oA
and

PI‘OXWD2 (O’Cl) = HRTXn(ZU)\TV (O’Cl)).

(iii) Note ¢(-) = )\TV||7:lh(')Hlv let

ny—1
. . : 1
Z"* .= argmin {JATV D NZ Gk + 1) = 21+ 512 - K”H%},
ZII k:1
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where

z1 Z2 e Zp, ky ko ok,
Zn,.+1 Zn,. 42 ct o Zop k, +1 k, +2 - kop
/, ._ T i T ,/ . T T T
Z T . . 9 K T . . 9
Zn—n,.+1 Zpn—m,+2 " Zy, kn—nr-l—l kn—nr+2 e kn
* * *
Z1 Z2 .. an
* * *
Z”* - an"l‘l an'+2 T Z277/r-
* * *
Zy ny+1 Zp—n.+2 Zy
Then we can compute Z"* similarly to that of Z*, that is,
ne—1 1
EN . " "y "y o "o N2
Z (Zy-) = argmin {J/\TV § |Z (Z7k+1) -7 (Z7k)| +§||Z (Z7') -K (Z7')H2}7
Z//(i,:) k=1
1=1,2,-+ ;m X ne.

We can obtain the proximal mapping of oq from Z"* as below
. * * * * * * * *
PrOXJQ(UCQ) _[Zla Zoy 5l 41920, 425 s Lo, 5 B+ 1 425
*
L Z].

As for the computational complexity of Algorithm 2, the most expensive step of Algorithm
2 is to compute V3 whose computational complexity is O(nL - max{m, L}). Thus, the compu-
tational complexity of Algorithm 2 in each iteration is O(nL - max{m, L}).

5.2 Convergence analysis

In this subsection, we analyze the global convergence and the local linear convergence rate of
the dual sGS-ADMM. Note that the problem (2] can also be written in the following form

min (W) + ¢(Va)

W2 (15)
st. —AW —V,y, =0,

where W = (VI, V)T e RmtLxn 4 — [1,,,,,, AT] and
* 1 *
Y(W) =p*(=V1) + §HV3H% —(V3,Y), ©(V2) =¢"(=V2).

Suppose that (W, Vy) € R(mHL)xn 5 Rgmxn i an optimal solution to the problem (H). If there
exists X € R"™*™ such that (W, Vy, X) satisfies the following KKT system

0 € V(W) + A*X,
0 € 0p(Va) + X, (16)
AW — Vy =0,
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then (W, Vg, X) is a KKT point for the problem ([H). Let © be the solution set of the KKT
system (IG)) for convenience. Let &£ : R™*" — R(M+L)xn s RMX" he g linear operator such that
its adjoint £(W,Vy) = —AW — V,. For v := (W, Vy, X)), the KKT mapping is defined by

W — Proxy, (W — A*X)
R(v) := V3 — Prox, (X — V)
-AW -V,

Since the subdifferential mappings of the closed proper convex functions p* and ¢* are maxi-
mally monotone [39, Theorem 12.17], there exist two self-adjoint and positive semidefinite linear
operators 3y, and X, such that for all y,y’ € dom(¢), £ € 9v(y) and & € dY(y’)

1
vy) 2 v+ y =¥+ Slly YR, €=y —¥) = ly =Y,
and for all z,z’ € dom(yp), ¢ € dp(z) and ¢’ € Op(z')

1
p(z) > o(z) + ({2 —2) + Sllz— 2|3, ((~Cz—2) >z -2,

For the convergence of the dual sGS-ADMM, we need the following assumption.

Assumption 2: The KKT system ([0 has a non-empty solution set.

We can also obtain the global convergence and linear convergence rate of the sGS-ADMM
based on [25, Theorem B.1] and [26], Theorem 2.

Theorem 5.1. Suppose that Assumption 2 holds and S := (67 'T+ AAT) — A[I + AT (67T +

AATl_lé]_ljiT is positive definite. Let 7 € (0, 1+2‘/5), then there exists a KKT point v :=
(W, V3, X) € Q such that the sequence {(V¥, V5 VE XF)} generated by Algorithm 2 converges
to v. Assume that R™! is calm at the origin for v with modulus 1/ > 0, i.e., there exists v’ > 0

such that

dist(u,Q) < 7'[R(w)[, Yue{u:|u—al <}
Then there exists an integer k > 1 such that for all k >k,
disth (0F T Q) <yl disth (u*, Q),
where ' € (0,1),
P := Diag(T + Sy, %y + 0Z, (10) "' T) + 5,0EE,

and
5—7 — 3min{r,7 !}
1 .
Moreover, there exists a positive number <" € [/, 1) such that for all k > 1

Sy =

dz’sr%(uk“, Q) < §/di81%: (uka Q).

Proof: As pointed out in [29], implementing one cycle of the sGS method is equivalent
to solve the associated convex quadratic programming problem plus an extra semiproximal
term 5||W — W¥||2, where T is a symmetric positive semidefinite operator related to the sGS
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decomposition and W¥ is the previous iterate. This indicates that the dual sGS-ADMM is
essentially a special case of the SPADMM. According to [25] Theorem B.1], in order to prove
the convergence, we only need to prove that the following two conditions hold.

Yo +olpxm =0, (17)

Sy + o ATA+T = 0, (18)

Omxm 0m><L
S = ,
v < Opxm  Ioxr >
T = ( Omxm oAT > < U_llmxm Omxr > ( Omxm  Omxr >
‘ Orxm OLxcL OLxm (IL><L+0'AAT)_1 oA Orxr,
. < UAT(J_lleL+AAT)_1A O )
0Lxm OLxr )~

where

It is obvious that (7)) holds automatically. By simple calculations, we know that (I8 is equiv-
alent to that

I+AT(c7 I u + AAT)TA AT

is positive definite. From the Schur complement condition [35], we only need to require that
S=(c"T+AAT) — A[I+ AT (07 ' T+ AAT)"LA]7LAT is positive definite.

Remark 2: For the case of p =1 in the problem (), p and ¢ are piecewise linear-quadratic
functions. We also know that the calmness condition holds automatically by [36, Proposition
2.24] and [37, Corollary].

6 Numerical experiments

In this section, we implement some numerical experiments to demonstrate the efficiency of our
algorithm. All the experiments were conducted on a PC with Inter (R) Core (TM) i5-4210M
CPU @2.60GHz 2.59GHz of 8 G memory running 64bit Windows operation system. The Monte
Carlo simulations were used ten times in all our experiments. All the codes were written in
MATLAB 2017b with some subroutines in C. For convenience, we use SUnTV-sGSADMM and
CLSUnTV-sGSADMM to denote the dual sGS-ADMM applied to the SUnTV and CLSUnTV,
respectively. The MATLAB codes of SUnSAL-TV and CLSUnSAL-TV are based on [Eﬂﬁ

We use the signal reconstruction error (SRE) measured in decibel (dB) to measure the
performances of different algorithms, which is defined as follows [12]:

E]|x|)3]
SRE(dB) = 1010g10M7

where x and % denote the true abundances and the estimated abundances, respectively and E[']
represents the statistical expectation. In general, a larger SRE indicates a better unmixing

3downloaded from http://www.Ix.it.pt /~bioucas/publications.html|
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performance. In addition, the probability of success (ps) is also employed to estimate the
probability that the relative error power is less than a certain threshold value [12]:

ps = P(||x — x||?/||x||* < threshold).

The unmixing algorithm can be regarded as being successful when ||%x—x/||?/||x|[? < 0.316(5 dB)
in all our experiments.
We measure the accuracy of the solutions by the following relative KKT residual and Error:

Rp, = (|D1 — AD||p + | D2 — D||p + ||D3 — D||p + D4 — HDs||r +
D5 — Dl[r)/(1+ |AllF),

Rp, = ([ATAL+ Mg+ Az + Asllr + [ Az — HT Aulr) /(1 + | AllF),

Errory = [D**! — D¥||p/| D" p,

Rp, = |[AX =Y - Us|[r/(1 + [|[Y]F),

Rp, = [[V1+ Va+ ATV3|p/(1+ |Allr),

Errory = || X* — X¥|| g /|| X*Y| .

The stopping criterion for Algorithm 1 is Rp, < tol; and Rp, < tol; or Error; < tolg, and the
stopping criterion for Algorithm 2 is Rp, < tol; and Rp, < tol; or Errors < toly, where tol;
and toly are predefined error tolerances. In our implementation, we empirically set tol; = 1073
and toly = 10~%. The maximum number of iterations of the SUnSAL-TV and CLSUnSAL-
TV are capped by 200, and the maximum number of iterations of the SUnTV-sGSADMM and
CLSUnTV-sGSADMM are capped by 50H The optimal regularization parameters A and Apy
in all compared algorithms were selected from all possible combinations of the following finite
set {0.5,0.1,0.05,0.01, 0.005,

0.001,0.0005,0.0001, 0.00005, 0.00001} in order to produce the highest SRE.

6.1 Numerical results for the simulated data

For the simulated data experiments, the spectral library A € R??**240 i5 randomly picked out
from the United States Geological Survey (USGS) digital spectral library SplibOﬁﬁ These spectra
have 224 bands and are uniformly distributed between 0.4-2.5 um. The mutual coherence of
A is very close to 1. By using this spectral library, we generated the following three simulated
hyperspectral data cubes.

(1) Simulated Data Cube 1 (DC1): the size of the DC1 is 75 x 75, and each pixel contains
224 bands. We randomly chose five endmembers from A and generated the abundances of
endmembers following the methodology of [12]. Then the white noise and the correlated noise
(resulting from low-pass filtering i.i.d. Gaussian noise, using a normalized cutoff frequency of
57 /L) with signal-to-noise ratio (SNR = E[||Ax||2]/E[||n||3]) of 20 dB, 30 dB and 40 dB were
added to the DC1, respectively.

4Since the SRE value will get worse after the KKT residual is smaller than some value, and Algorithm 2 is
obviously faster than Algorithm 1 according to the experiments behind, the settings of the maximal iterations are
not the same.

® Available online: [http://speclab.cr.usgs.gov/spectral.lib06!
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Table 1: The numerical experiments on the simulated data

‘White noise

Data cubelSNR(dB)[Parameters) SUnSAL-TV [SUnTV-sGSADMM| CLSUnSAL-TV |[CLSUnTV-sGSADMM]
SRE(dB) | 7.1449 (0.0216) | 12.2804 (0.2820) | 6.9773 (0.0384) 11.3766 (0.2387)
Ds 0.9561 (0.0046) | 0.9789 (0.0037) | 0.9505 (0.0015) 0.9796 (0.0027)
20 time(s) |134.8394 (2.1428)| 15.1354 (0.2630) |I38.4100 (1.7137)| 15.4247 (0.1992)
A 0.05 0.005 0.5 0.5
ATy 0.05 0.1 0.05 0.1
SRE(dB) [15.0541 (0.1364)| 17.5032 (0.2956) [14.1178 (0.1306) 16.4817 (0.1534)
Ps 0.9956 (0) 0.9956 (0) 0.9959 (0.0009) 0.9996 (0.0013)
DC1 30 time(s) [132.7691 (1.0134)] 15.6431 (0.2305) [136.9076 (1.1648)] 15.6762 (0.1578)
A 0.005 0.001 0.5 0.1
ATy 0.01 0.01 0.01 0.01
SRE(dB) [22.4525 (0.1267)| 23.2758 (0.0850) [22.7363 (0.0993) 23.0622 (0.0606)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
40 time(s) [132.1023 (0.7609)| 15.3504 (0.1765) [136.3907 (0.5466)] 15.8081 (0.2889)
A 0.001 0.001 0.1 0.1
ATy 0.005 0.005 0.005 0.005
SRE(dB) | 8.7308 (0.0700) | 8.8712 (0.1462) | 6.9100 (0.0700) 7.1687 (0.0666)
Ds 0.8573 (0.0118) | 0.8861 (0.0166) [ 0.7661 (0.0155) 0.7789 (0.0082)
20 time(s) [196.5701 (4.8571)] 27.6584 (0.2723) [197.3205 (1.3822)] 27.4746 (0.1534)
A 0.01 0.01 0.005 0.001
ATy 0.01 0.01 0.05 0.05
SRE(dB) [15.9441 (0.0544) | 16.2301 (0.0401) [14.3376 (0.0560) 14.3426 (0.0861)
Ds 0.9967 (0.0003) | 0.9945 (0.0006) [ 0.9953 (0.0007) 0.9918 (0.0014)
DC2 30 time(s) [195.4667 (1.2963)] 27.2704 (0.1196) [197.3390 (0.6061)] 28.0106 (0.0646)
A 0.005 0.005 0.005 0.0001
ATy 0.005 0.005 0.005 0.005
SRE(dB) [21.0885 (0.0471)[ 21.6292 (0.0722) [19.7971 (0.0458) 19.7908 (0.0677)
Ds 1.0000 (0) 0.9997 (0.0001) 1.0000 (0) 0.9997 (0.0001)
40 time(s) [195.4878 (0.8895)] 27.5456 (0.0784) [197.4681 (0.2657)] 28.2979 (0.1381)
A 0.001 0.0005 0.01 0.005
ATy 0.001 0.001 0.001 0.001
SRE(dB) | 5.7547 (0.0390) | 6.1169 (0.0357) | 5.1223 (0.0304) 5.1282 (0.0455)
Ds 0.6235 (0.0101) | 0.6575 (0.0080) | 0.5947 (0.0023) 0.5839 (0.0055)
20 time(s) [194.7100 (3.0791)] 27.5685 (0.0489) [196.6756 (2.1201)] 28.5397 (1.7651)
A 0.01 0.01 0.001 0.001
ATy 0.01 0.01 0.05 0.05
SRE(dB) [11.5701 (0.0540) | 11.6032 (0.0338) | 9.6904 (0.0426) 9.6343 (0.0556)
Ds 0.9517 (0.0013) | 0.9444 (0.0020) | 0.9025 (0.0023) 0.8872 (0.0036)
DC3 30 time(s) [193.4672 (0.4695)] 27.5775 (0.0398) [196.5886 (1.5875)] 28.0825 (0.1090)
A 0.01 0.005 0.05 0.0001
ATy 0.005 0.005 0.005 0.005
SRE(dB) [18.0549 (0.0288)| 17.9194 (0.0531) [15.9123 (0.0381) 15.9489 (0.0526)
Ds 1.0000 (0) 0.9997 (0.0001) | 0.9983 (0.0003) 0.9957 (0.0006)
40 time(s) [194.3947 (0.7461)] 27.8315 (0.0969) [196.9297 (0.9201)] 28.3006 (0.1138)
A 0.005 0.001 0.005 0.0001
ATy 0.0005 0.0005 0.001 0.001
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Table 2: The numerical experiments on the simulated data

Correlated noise

Data cubelSNR(dB)[Parameters) SUnSAL-TV [SUnTV-sGSADMM| CLSUnSAL-TV |[CLSUnTV-sGSADMM]
SRE(dB) [12.1682 (0.0783)| 18.1366 (0.1336) |12.1838 (0.0655) 18.0484 (0.1029)
Ps 0.9961 (0.0012) [ 0.9993 (0.0006) | 0.9990 (0.0004) 1.0000 (0)
20 time(s) [133.0032 (1.1713)] 14.4636 (0.2023) [136.3015 (0.2182)] 14.7316 (0.2039)
A 0.005 0.001 0.1 0.1
ATy 0.0001 0.01 0.0001 0.01
SRE(dB) [20.9386 (0.1049)[ 23.6159 (0.1003) [20.8904 (0.0936) 22.6764 (0.0920)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
DC1 30 time(s) [131.8280 (0.4336)] 15.1003 (0.2726) [136.3561 (0.1915)] 16.0053 (0.1282)
A 0.001 0.0005 0.1 0.05
ATy 0.0001 0.001 0.0001 0.0001
SRE(dB) [30.6734 (0.0652) | 33.7144 (0.1447) [30.5253 (0.1075) 31.7891 (0.0572)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
40 time(s) [131.9362 (0.4130)] 14.9363 (0.1920) [136.6289 (0.8981)] 15.3723 (0.2121)
A 0.0005 0.0001 0.01 0.01
ATy 0.0001 0.0005 0.0001 0.0005
SRE(dB) |17.7750 (0.0822) | 18.3910 (0.0443) [17.9272 (0.0792) 18.3065 (0.0573)
Ds 0.9995 (0.0002) | 0.9999 (0.0001) 1.0000 (0) 1.0000 (0)
20 time(s) [195.8421 (1.0192)] 27.6035 (0.0601) [197.4170 (0.6048)] 28.2088 (0.0974)
A 0.0005 0.0005 0.01 0.0005
ATy 0.0001 0.0001 0.0001 0.0001
SRE(dB) [24.7523 (0.0260) | 25.2095 (0.0273) [25.3758 (0.0250) 25.7898 (0.0419)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
DC2 30 time(s) [194.9738 (0.7467)] 27.6767 (0.1028) [197.7280 (0.9522)] 27.5906 (0.0906)
A 0.0005 0.0005 0.01 0.005
ATy 0.0001 0.0001 0.0001 0.0005
SRE(dB) [27.0058 (0.0081)[ 27.2726 (0.0091) [27.9773 (0.0249) 28.3003 (0.0189)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
40 time(s) [195.4797 (1.0635)] 27.4218 (0.0814) [197.6918 (0.3900)] 27.3723 (0.3065)
A 0.0005 0.0005 0.01 0.005
ATy 0.0001 0.0001 0.0005 0.0005
SRE(dB) [16.1060 (0.1039)| 17.3572 (0.0635) |16.0405 (0.0862) 16.7953 (0.0507)
Ds 0.9938 (0.0010) | 0.9982 (0.0004) | 0.9962 (0.0007) 0.9983 (0.0004)
20 time(s) [193.5519 (0.7429)] 27.6214 (0.0663) [196.1045 (0.9418)] 28.2954 (0.0854)
A 0.001 0.001 0.01 0.0005
ATy 0.0001 0.0001 0.0001 0.0001
SRE(dB) [24.9063 (0.0700) | 26.6341 (0.0331) [24.2799 (0.0487) 23.6197 (0.0420)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
DC3 30 time(s) [193.9397 (0.4759)] 27.8804 (0.2705) [196.7967 (0.7968)] 28.3764 (0.0515)
A 0.0005 0.0005 0.01 0.0005
ATy 0.0001 0.0001 0.0001 0.0001
SRE(dB) [32.1884 (0.0375)| 33.1761 (0.0307) [29.9157 (0.0239) 29.7300 (0.0202)
Ds 1.0000 (0) 1.0000 (0) 1.0000 (0) 1.0000 (0)
40 time(s) [194.3170 (0.5253)] 27.7275 (0.0925) [197.2733 (1.1988)] 28.3184 (0.0790)
A 0.0005 0.0005 0.01 0.0005
ATy 0.0001 0.0001 0.0001 0.0001
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Figure 1: The reference abundances and the estimated abundances obtained by the different unmixing algorithms for
endmember 2, endmember 4, endmember 5 in the DC1 with SNR=20 dB (correlated noise). From top to bottom: (a)
Reference abundances; (b) SUnSAL-TV (A = 0.005, Ary = 0.0001); (¢) SUnTV-sGSADMM (A = 0.001, Apy = 0.01); (d)

CLSURSAL-TV (A = 0.1, A7y = 0.0001); (¢) CLSUnTV-sGSADMM (A = 0.1, Apy = 0.01).

(2) Simulated Data Cube 2 (DC2): the size of the DC2 is 100 x 100, and each pixel contains
224 bands. 9 endmembers were randomly chosen from A. The abundances of the DC2 satisfy
the ANC and the ASC, and it was generated based on the Gaussian fields method whose type
is Mattern [43]. Similar to the DC1, the white noise and the correlated noise were added to the
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Figure 2: (a) (b): Variations of the SRE (dB) values with respect to the time for different algorithms when dealing
with the DC1 with white noise (SNR=20 dB) and the DC2 with correlated noise (SNR=20 dB); (c¢) (d): Variations of
the || X% — X||z/||X||F with respect to the iterations for different algorithms when dealing with the DC1 with white noise
(SNR=20 dB) and the DC2 with correlated noise (SNR=20 dB); (e) (f): Variations of min(Rp, Rp) with respect to the
iterations for different algorithms when dealing with the DC1 with white noise (SNR=20 dB) and the DC2 with correlated
noise (SNR=20 dB).

DC2 with different SNR.

(3) Simulated Data Cube 3 (DC3): the way we generated the DC3 is like the way of generating
the DC2 in [16]. Similarly, 9 endmembers were randomly chosen from A, and the abundances of
each endmembers satisfy the ANC and the ASC. Similar to the DC1 and DC2, the white noise
and the correlated noise were added to the DC3.

In Table Il and Table [2, we report the mean and standard deviations (in brackets) of SRE
values, ps values, computing times of the different unmixing algorithms on the simulated data
and the optimal regularization parameters. As can be seen in Table [[l and Table Bl with regard
to the DC1, the unmixing based on the dual sGS-ADMM is 8 to 9 times faster than that based
on the primal ADMM in the white noise case; while the unmixing based on the dual sGS-ADMM
is 9 to 10 times faster than that based on the primal ADMM in the correlated noise case. For
the DC2 and the DC3, both the SUnTV-sGSADMM and the CLSUnTV-sGSADMM are about
7 to 8 times faster than the SUnSAL-TV and the CLSUnSAL-TV for both the white noise and
the correlated noise under different SNR levels.

Furthermore, we can see that almost all the SRE values and the pg values based on the dual
sGS-ADMM are relatively higher than those based on the primal ADMM. Especially for the
DC1, the SRE value by the SUnTV-sGSADMM increases by more than 5 dB compared with
that by the SUnSAL-TV in the Gaussian noise case with SNR=20 dB. And in the correlated
noise case with SNR=20 dB, the computing time of the CLSUnTV-sGSADMM is only one ninth
of the CLSUnSAL-TV, meanwhile its SRE value has increased by nearly 6 dB.

For visual comparison, Fig. [[lshows the reference abundances and the estimated abundances
obtained by the different unmixing algorithms for endmember 2, endmember 4, and endmember
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(i) (i) (k) 1)

Figure 3: The SREs (dB) obtained by the SUnTV-sGSADMM and CLSUnTV-sGSADMM with respect to the parameters
X and Apy for the DC3 with different SNR levels. (a) SUnTV-sGSADMM (white noise, SNR=20 dB); (b) CLSUnTV-
sGSADMM (white noise, SNR=20 dB); (c) SUnTV-sGSADMM (correlated noise, SNR=20 dB); (d) CLSUnTV-sGSADMM
(correlated noise, SNR=20 dB); (e) SUnTV-sGSADMM for (white noise, SNR=30 dB); (f) CLSUnTV-sGSADMM (white
noise, SNR=30 dB); (g) SUnTV-sGSADMM (correlated noise, SNR=30 dB); (h) CLSUnTV-sGSADMM (correlated noise,
SNR=30 dB); (i) SUnTV-sGSADMM (white noise, SNR=40 dB); (j) CLSUnTV-sGSADMM for (white noise, SNR=40
dB); (k) SUnTV-sGSADMM (correlated noise, SNR=40 dB); (1) CLSUnTV-sGSADMM (correlated noise, SNR=40 dB).

5 in the DC1 with SNR = 20 dB (correlated noise). We can see from Fig. [I] that the esti-
mated abundances obtained by the primal ADMM seem to be noisy. In contrast, the estimated
abundances obtained by the sGS-ADMM are more accurate and have a better visual effect.
For the primal ADMM, it introduces several variables. Once a slack variable is introduced,
one more equality constraint is added. Then an extra penalty term is added in the augmented
Lagrangian function, which nearly halves the step length of the corresponding variable. And
the small step length may lead to the fact that we can not obtain an ideal SRE value even
if the number of the iterations achieves the maximum. We also provide Fig. 2 to illustrate
our claim. In Fig. B (a) and (b) show the variations of the SRE (dB) values with respect to
the time obtained by the different unmixing algorithms when dealing with the DC1 and DC2
under different SNR types. We can see that the SRE values of the unmixing based on the dual
sGS-ADMM can reach their peak values in relatively less time compared to the primal ADMM.
In Fig. 2 (a), the peak SRE values based on the dual sGS-ADMM is obviously higher than that
based on the primal ADMM, while in Fig. [ (b), the peak SRE values of the unmixing based
on the dual sGS-ADMM is close to that based on the primal ADMM. To visually illustrate the
convergence of different algorithms, in Fig. 2l (c)(d) and Fig. 2I(e)(f), we plot the variations of the
relative errors between the restored abundances and the truth abundances (||X* — X||z/[|X||)
and min(Rp, Rp) with respect to the iterations for different algorithms when dealing with the
DC1 and DC2 under different SNR types. By comparing these convergence curves, we can see
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Table 3: The numerical experiments on the AVIRIS Cuprite data

AVIRIS Parameters SUnSAL-TV SUnTV-sGSADMM CLSUnSAL-TV CLSUnTV-sGSADMM
Cuprite A 0.001 0.001 0.001 0.001
tha ATy 0.0001 0.0001 0.0001 0.0001
time(s) 2794.2735 (9.7894) 239.1765 (2.4095) 2865.4364 (7.0131) 243.1312 (0.7710)
Table 4: The numerical experiments on the Urban data
Parameters SUnSAL-TV SUnTV-sGSADMM CLSUnSAL-TV CLSUnTV-sGSADMM
Urban A 0.0001 0.0001 0.0001 0.0001
Data ATy 0.0001 0.0001 0.0001 0.0001
time(s) 153.6254 (1.2964) 38.8155 (0.7873) 155.1793 (1.8359) 36.4258 (0.5744)

that the dual sGS-ADMM is obviously faster than the primal ADMM.

In order to analyze the influences of parameters A and A\py, Fig. Billustrates the SREs (dB)
obtained by the SUnTV-sGSADMM and CLSUnTV-sGSADMM with respect to the parameters
A and Apy for the DC3 with different SNR levels. From Fig. B] (a) (b) (e) (f) (i) (j), we can see
that a general trend in the white noise cases is that the parameters A and Apy become smaller
with the SNR increasing to obtain the highest SRE values. This observation is consistent with
the fact that the quadratic term 3||AX — Y||? plays a dominant role in the unmixing model in
the high SNR cases. From Fig. Bl (c) (d) (g) (h) (k) (1), we note that in the correlated noise
cases, the parameters A and Apy are obviously smaller than those in the white noise cases to
obtain the highest SRE values. This is because the variance of the correlation noise is smaller
than that of the white noise in our experiments. The performances of all algorithms in our
experiments tend to degrade when the parameters A and Ary are very small (less than 0.0001).

By and large, the priority of the dual sGS-ADMM lies in the less computing time and the
relatively higher SRE value. The reason is that for the primal ADMM, it introduces several
variables which directly lead to smaller iteration steps, while the dual sGS-ADMM takes rela-
tively larger steps. And very small steps may not achieve an ideal SRE value which the model
problem can supply in a reasonable amount of time. In other words, even for the same problem,
the algorithm we choose is also important.

6.2 Numerical results for the real data

The first real hyperspectral remote sensing data is from a very famous Airborne Visible Infrared
Imaging Spectrometer (AVIRIS) Cuprite data setll This data set has been widely used to
verify the performances of the unmixing algorithms since it is well understood in mineralogy
field and also has several exposed minerals of interest [I9]. The data used in our experiments
corresponds to a 250 x 191-pixel subset of the sector labeled as f970619t01p02_r02_sc03.a.rfl
in the online data. The scene comprises 224 spectral bands between 0.4 and 2.5 pum, with
nominal spectral resolution of 10 nm. Prior to the analysis, bands 1-2, 105-115, 150-170, 223-
224 were cut off because of water absorption and low SNR in those bands, leaving a total of 188
spectral bands. The spectral library used here is to select 498 spectra from the USGS spectral
library and remove the corresponding bands. The computing time of the different unmixing
algorithms for the AVIRIS Cuprite data are given in Table 3. As one can see from Table 3, our

6 Available online: [http://aviris.jpl.nasa.gov /html/aviris.freedata.htmil
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Figure 4: Variations of min(Rp, Rp) with respect to the iterations for different algorithms when dealing with the AVIRIS
Cuprite data.

proposed algorithm is about 10 times faster than the primal ADMM. To further illustrate the
convergence, in Fig. [ we plot the variations of min(Rp,Rp) with respect to the iterations
for different algorithms when dealing with the AVIRIS Cuprite data. As one can see that our
algorithm converges faster than the primal ADMM. We can just make a visual comparison on
the abundance maps of the minerals since the true abundances of the AVIRIS Cuprite data are
unknown. Fig. Bshows the estimated abundances obtained by the different unmixing algorithms
for the minerals: alunite, buddingtonite, chalcedony. From Fig. Bl it can be observed that the
effects by the SUnTV-sGSADMM and the CLSUnTV-sGSADMM are as good as those by the
SUnSAL-TV and the CLSUnSAL-TV.

The second real hyperspectral remote sensing data is the Urban data captured by the Hy-
perspectral Digital Imagery Collection Experiment (HYDICE) sensor over an area located as
Copperas Cove near Fort Hood, TX, U.S., in October 1995. There are 307x307 pixels. The
scene comprises 210 spectral bands ranging from 0.4 pym to 2.5 pm, with nominal spectral res-
olution of 10 nm. After removing the bands 1-4, 76, 87, 101-111, 136-153, 198-210, we remain
162 bands. The spectral library used here is the endmembers obtained by the method provided
in [47]-[49]. The computing time of the different unmixing algorithms for the Urban data are
given in Table 4. As one can see, our proposed algorithm is about 4 times faster than the primal
ADMM. Fig. 6 shows the estimated abundances obtained by the different unmixing algorithms
for the endmembers: grass, tree, metal. Again, the proposed unmixing algorithms show similar
performances when compared to the remaining unmixing algorithms.

7 Conclusion

In this paper, we developed an efficient and convergent dual sGS-ADMM for the hyperspectral
sparse unmixing with a TV regularization term. As shown in the numerical experiments, this
approach can obviously improve the efficiency of the unmixing compared with the state-of-the-
art algorithm. More importantly, we can obtain relatively higher SREs for different problems.
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Figure 5: The estimated abundances obtained by the different unmixing algorithms for the minerals: alunite, bud-
dingtonite, chalcedony. From top to bottom: (a) SUnSAL-TV (A = 0.001, \py = 0.0001); (b) SUnTV-sGSADMM
(A =0.001, Ary = 0.0001); (c) CLSUnSAL-TV (A = 0.001, A7y = 0.0001); (d) CLSUnTV-sGSADMM (A = 0.001, A\py =
0.0001).

Our future work will focus on how to choose the regularization parameters adaptively for our
algorithm and how to generalize our algorithm to deal with the nonlinear models.
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Figure 6: The estimated abundances obtained by the different unmixing algorithms for the endmembers: grass, tree, metal.
From top to bottom: (a) SUnSAL-TV (A = 0.0001, Apy = 0.0001), (b) SUnTV-sGSADMM (X = 0.0001, Ary = 0.0001),
(¢) CLSUnSAL-TV (A = 0.0001, Azy = 0.0001), (d) CLSUnTV-sGSADMM (A = 0.0001, Ay = 0.0001).
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26



References

1]

Bioucas-Dias, J.M., Plaza, A., Dobigeon, N., Parente, M., Du, Q., Gader, P., Chanussot,
J.: Hyperspectral unmixing overview: Geometrical, statistical, and sparse regression-based
approaches, IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens. 5(2), 354-379 (2012)

Nascimento, J.P., Bioucas-Dias, J.M.: Vertex component analysis: A fast algorithm to
unmix hyperspectral data, IEEE Trans. Geosci. Remote Sens. 43(4), 898-910 (2005)

Boardman, J.W., Kruse, F.A., Green, R.O.: Mapping target signatures via partial unmixing
of AVIRIS data, in Proc. JPL Airborne Earth Sci. Workshop. 23-26 (1995)

Chang, C.-1., Wu, C.-C., Liu, W., Ouyang, Y.-C.: A new growing method for simplex-based
endmember extraction algorithm, IEEE Trans. Geosci. Remote Sens. 44(10), 2804-2819
(2006)

Chan, T.-H., Chi, C.-Y., Huang, Y.-M., Ma, W.-K.: Convex analysis based minimum-
volume enclosing simplex algorithm for hyperspectral unmixing, IEEE Trans. Signal Pro-
cess. 57(11), 4418-4432 (2009)

Berman, M., Kiiveri, H., Lagerstrom, R., Ernst, A., Dunne, R., Huntington, J.F.: ICE:
A statistical approach to identifying endmembers in hyperspectral images, IEEE Trans.
Geosci. Remote Sens. 42(10), 2085-2095 (2004)

Miao, L., Qi, H.: Endmember extraction from highly mixed data using minimum volume
constrained nonnegative matrix factorization, IEEE Trans. Geosci. Remote Sens. 45(3),
765-777 (2007)

Dobigeon, N., Moussaoui, S., Coulon, M., Tourneret, J.-Y., Hero, A.O.: Joint Bayesian
endmember extraction and linear unmixing for hyperspectral imagery, IEEE Trans. Signal
Process. 57(11), 4355-4368 (2009)

Bruckstein, A.M., Donoho, D.L., Elad, M.: From sparse solutions of systems of equations
to sparse modeling of signals and images, STAM Rev. 51(1), 34-81 (2009)

lordache, M.-D., Bioucas-Dias, J.M., Plaza, A., Somers, B.: MUSIC-CSR: Hyperspectral
unmixing via multiple signal classification and collaborative sparse regression, IEEE Trans.
Geosci. Remote Sens. 52(7), 4364-4382 (2014)

Candes, E.J., Romberg, J., Tao, T.: Robust uncertainty principles: Exact signal recon-
struction from highly incomplete frequency information, IEEE Trans. Inf. Theory. 52(2),
489-509 (2006)

Iordache, M.-D., Bioucas-Dias, J.M., Plaza, A.: Sparse unmixing of hyperspectral data,
IEEE Trans. Geosci. Remote Sens. 49(6), 2014-2039 (2011)

Rudin, L.I., Osher, S., Fatemi, E.: Nonlinear total variation based noise removal algorithms,
Phys. D Nonlinear Phenom. 60(1-4), 259-268 (1992)

27



[14]

[22]

23]

[24]

[25]

[26]

[27]

Zhao, X.-L., Wang, W., Zeng, T.-Y., Huang, T.-Z., Ng, M.K.: Total variation structured
total least squares method for image restoration, STAM J. Sci. Comput. 35(6), 1304-1320
(2013)

Zakharova, A.: Total variation reconstruction from quadratic measurements, Numer. Algo-
rith. 75(1), 81-92 (2017)

Tordache, M.-D., Bioucas-Dias, J.M., Plaza, A.: Total variation spatial regularization for
sparse hyperspectral unmixing, IEEE Trans. Geosci. Remote Sens. 50(11), 4484-4502 (2012)

Zhang, S., Li, J., Liu, K., Plaza, A.: Hyperspectral unmixing based on local collaborative
sparse regression, IEEE Geosci. Remote Sens. Lett. 13(5), 631-635 (2016)

Zhang, L., Wei, W., Zhang, Y., Yan, H., Li, F., Tian, C.: Locally similar sparsity-based
hyperspectral compressive sensing using unmixing, IEEE Trans. Comput. Imag. 2(2), 86-
100 (2016)

Iordache, M.-D., Bioucas-Dias, J.M., Plaza, A.: Collaborative sparse regression for hyper-
spectral unmixing, IEEE Trans. Geosci. Remote Sens. 52(1), 341-354 (2014)

Chen, Y.-J., Ge, W.-D., Sun, L.: A novel linear hyperspectral unmixing method based on
collaborative sparsity and total variation, Acta Auto. Sinica. 44(1), 116-128 (2018)

Glowinski, R., Marroco, A.: Sur lapproximation, par éléments finis d’ordre un, et la
résolution, par pénalisation-dualité d’une classe de problémes de Dirichlet non linéaires,
Revue Francaise d’Automatique, Informatique et Recherche Opérationelle 2(R-2), 41-76
(1975)

Gabay, D., Mercier, B.: A dual algorithm for the solution of nonlinear variational problems
via finite element approximation, Comput. Math. Appl. 2(1), 17-40 (1976)

Eckstein, J., Yao, W.: Understanding the convergence of the alternating direction method
of multipliers: Theoretical and computational perspectives, Pac. J. Optim. 11(4), 619-644
(2015)

Glowinski, R.: On alternating direction methods of multipliers: A historical perspective,
in W. Fitzgibbon, Y. A. Kuznetsov, P. Neittaanmaki and O. Pironneau (eds.), Modeling,
Simulation and Optimization for Science and Technology 59-82 (2014)

Fazel, M., Pong, T.K., Sun, D., Tseng, P.: Hankel matrix rank minimization with applica-
tions to system identification and realization, SIAM J. Matrix Anal. Appl. 34(3), 946-977
(2013)

Han, D., Sun, D., Zhang, L.: Linear rate convergence of the alternating direction method
of multipliers for convex composite programming. (2015). larXiv:1508.02134

Chen, C., He, B., Ye, Y., Yuan, X.: The direct extension of ADMM for multi-block con-
vex minimization problems is not necessarily convergent, Math. Program. 155(1-2), 57-79
(2016)

28


http://arxiv.org/abs/1508.02134

Li, X., Sun, D., Toh, K.-C.: A Schur complement based semi-proximal ADMM for convex
quadratic conic programming and extensions, Math. Program. 155(1-2), 333-373 (2016)

Li, X., Sun, D., Toh, K.-C.: A block symmetric Gauss-Seidel decomposition theorem for
convex composite quadratic programming and its applications, Math. Program. 175(1-2),
395-418 (2019)

Chen, L., Sun, D., Toh, K.-C.: An efficient inexact symmetric Gauss-Seidel based majorized
ADMM for high-dimensional convex composite conic programming, Math. Program. 161(1-
2), 237-270 (2017)

Chen, L., Sun, D., Toh, K.-C., Zhang, N.: A unified algorithmic framework of symmetric
Gauss-Seidel decomposition based proximal ADMMs for convex composite programming,
Math. Program. (2018). larXiv:1812.06579

Beck, A., Teboulle, M.: Fast gradient-based algorithms for constrained total variation image
denoising and deblurring problems, IEEE Trans. Image Process. 18(11), 2419-2434 (2009)

Zuo, W., Lin, Z.: A generalized accelerated proximal gradient approach for total-variation-
based image restoration, IEEE Trans. Image Process. 20(10), 2748-2759 (2011)

Rockafellar, R.T.: Convex Analysis, University of Princeton, USA (1970)
Horn, R.A., Johnson, C.R.: Matrix Analysis, University of Cambridge, UK (1985)

Sun, J.: On monotropic piecewise quadratic programming, Ph.D. dissertation, University
of Washington, USA (1986)

Robinson, S.M.: Some contimuity properties of polyhedral multifuntions, Math. Program.
Study 14, 206-214 (1981)

Dontchev, A., Rockafellar, R.T.: Implicit Function and Solution Mappings, Springer, USA
(2009)

Rockafellar, R.T., Wets, R.J.-B.: Variational Analysis, Springer, USA (1998)

Wang, R., Li, H.-C., Liao, W., Huang, X., Philips, W.: Centralized collaborative sparse
unmixing for hyperspectral images, IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens.
10(5), 1949-1962 (2017)

Condat, L.: A direct algorithm for 1-D total variation denoising, IEEE Signal Process. Lett.
20(11), 1054-1057 (2013)

Friedman, J., Hastie, T., Hofling, H., Tibshirani, R.: Pathwise coordinate optimization,
Ann. Appl. Stat. 1(2), 302-332 (2007)

Kozintsev, B.: Computations with Gaussian random fields, Ph.D. dissertation, University
of Maryland, USA (1999)

Yu, Y.: On decomposing the proximal map, Adv. Neural Inform. Process. Syst 1, 91-99
(2013)

29


http://arxiv.org/abs/1812.06579

[45] Yin, W.T., Osher, S., Goldfarb, D., Darbon, J.: Bregman iterative algorithms for I;-
minimization with applications to compressed sensing, SIAM J. Imag. Sci. 1(1), 143-168
(2008)

[46] Wright, S.J., Nowak, R.D., Figueiredo, M.A.T.: Sparse reconstruction by separable approx-
imation, IEEE Trans. Signal Process. 57(7), 2479-2493 (2009)

[47] Jia, S., Qian, Y.: Spectral and spatial complexity-based hyperspectral unmixing, IEEE
Trans. Geosci. Remote Sens. 45(12), 3867-3879 (2007)

[48] Jia, S., Qian, Y.: Constrained nonnegative matrix factorization for hyperspectral unmixing,
IEEE Trans. Geosci. Remote Sens. 47(1), 161-173 (2009)

[49] Zhu, F., Wang, Y., Xiang, S., Fan, B., Pan, C.: Structured sparse method for hyperspectral
unmixing, ISPRS J. Photogramm. Remote Sens. 88(2), 101-118 (2014)

30



	1 Introduction
	2 Preliminaries
	3 The system model
	4 The primal ADMM
	4.1 The primal ADMM
	4.2 Convergence analysis 

	5 A dual sGS-ADMM
	5.1 A dual sGS-ADMM
	5.2 Convergence analysis

	6 Numerical experiments
	6.1 Numerical results for the simulated data
	6.2 Numerical results for the real data

	7 Conclusion

