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Abstract

In this paper, we propose a new fast and robust recursive algorithm for near-separable nonnega-
tive matrix factorization, a particular nonnegative blind source separation problem. This algorithm,
which we refer to as the successive nonnegative projection algorithm (SNPA), is closely related to
the popular successive projection algorithm (SPA), but takes advantage of the nonnegativity con-
straint in the decomposition. We prove that SNPA is more robust than SPA and can be applied to
a broader class of nonnegative matrices. This is illustrated on some synthetic data sets, and on a
real-world hyperspectral image.
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1 Introduction

Nonnegative matrix factorization (NMF) has become a widely used tool for analysis of high-dimensional
data. NMF decomposes approximately a nonnegative input data matrix M € R"*" into the product
of two nonnegative matrices W € R"*" and H € R*" so that M ~ W H. Although NMF is NP-hard
in general [33] and ill-posed (see [15] and the references therein), it has been used in many different
areas such as image processing [26], document classification [32], hyperspectral unmixing [30], com-
munity detection [34], and computational biology [10]. Recently, Arora et al. [4] introduced a subclass
of nonnegative matrices, referred to as separable, for which NMF can be solved efficiently (that is,
in polynomial time), even in the presence of noise. This subclass of NMF problems are referred to
as near-separable NMF, and has been shown to be useful in several applications such as document
classification [5, 8], 25] [11], blind source separation [9], video summarization and image classification
[12], and hyperspectral unmixing (see Section [I.T] below).

1.1 Near-Separable NMF

A matrix M is r-separable if there exists an index set K of cardinality r» and a nonnegative matrix
H e R™ with M = M(:,K)H. Equivalently, M is r-separable if

M =W L., H'|1I,
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where I, is the r-by-r identity matrix, H’ is a nonnegative matrix and II is a permutation. Given
a separable matrix, the goal is to identify the r columns of M allowing to reconstruct it perfectly,
that is, to identify the columns of M corresponding the columns of W. In the presence of noise, the
problem is referred to as near-separable NMF and can be stated as follows.

Near-Separable NMF: Given the noisy r-separable matrix M = WH + N € R™*" where N is the
noise, W € R""", H = [I,, H']Il with H' > 0 and II is a permutation, recover approximately the
columns of W among the columns of M.

An important application of near-separable NMF is blind hyperspectral unmixing in the presence of
pure pixels [21] 27]: A hyperspectral image is a set of images taken at different wavelengths. It can
be associated with a nonnegative matrix M € R"™™" where m is the number of wavelengths and n
the number of pixels. Each column of M is equal to the spectral signature of a given pixel, that is,
M(i,7) is the fraction of incident light reflected by the jth pixel at the ith wavelength. Under the
linear mixing model, the spectral signature of a pixel is equal to a linear combination of the spectral
signatures of the constitutive materials present in the image, referred to as endmembers. The weights
in that linear combination are nonnegative and sum to one, and correspond to the abundances of the
endmembers in that pixel. If for each endmember, there exists a pixel in the image containing only
that endmember, then the pure-pixel assumption is satisfied. This assumption is equivalent to the
separability assumption: each column of W is the spectral signature of an endmember and is equal to
a column of M corresponding to a pure pixel; see the survey [6] for more details.

Several provably robust algorithms have been proposed to solve the near-separable NMF problem
using, e.g., geometric constructions [4, 3], linear programming [13] [7, [16], 19], or semidefinite program-
ming [28] 20]. In the next section, we briefly describe the successive projection algorithm (SPA) which
is closely related to the algorithm we propose in this paper.

1.2 Successive Projection Algorithm

The successive projection algorithm is a simple but fast and robust recursive algorithm for solving
near-separable NMF'; see Algorithm At each step of the algorithm, the column of the input
matrix M with maximum fs norm is selected, and then M is updated by projecting each column onto
the orthogonal complement of the columns selected so far. It was first introduced in [2], and later
proved to be robust in [21].

Theorem 1 ([21], Th. 3). Let M = WH + N be a near-separable matriz (see Assumption[d)) where W

has full column rank and max; ||[N(:,i)|l2 < €. Ife <O <$‘§;+((‘/VW))), then [SPA| identifies the columns

of W up to error O (e /iz(W)), that is, the index set K identified by [SPAl satisfies

o e | ) e, < 0 (entom),

where k(W) = % is the condition number of W.

Moreover, can be generalized by replacing the £ norm (step 2 of Algorithm [SPA]) with any
strongly convex function with a Lipschitz continuous gradient [21].

[SPAlis closely related to several hyperspectral unmixing algorithms such as the automatic target
generation process (ATGP) [31I] and the successive volume maximization algorithm (SVMAX) [g].
It is also closely related to older techniques from other fields of research, in particular the modified



Algorithm SPA Successive Projection Algorithm [2] [2T]

Input: Near-separable matrix M = WH + N € R™ " satisfying Ass. [ where W has full column
rank, the number r of columns to be extracted.
Output: Set of indices K such that M(:,KC) ~ W (up to permutation).

1: Let R=M,K={}, k=1.
2: while R #0 and k <r do

3: p = argmax; || Rj||2. t
. _(7_ R;,,R?;,)
v R=(I- ) R

5: K=KU{p}

6: k=k+1.

7: end while
 In case of a tie, the index j whose corresponding column of the original matrix M maximizes f is
selected. In case of another tie, one of these columns is picked randomly.

Gram-Schmidt with column pivoting; see, e.g., [21] 27, [14] 17] and the references therein. Although
has many advantages (in particular, it is very fast and rather effective in practice), a drawback
is that it requires the matrix W to have rank r. In fact, if M is r-separable with r < rank(M),
then cannot extract enough columns even in noiseless conditions. Moreover, if the matrix W is
ill-conditioned, [SPA] will most likely fail even for very small noise levels (see Theorem [I).

1.3 Contribution and Outline of the Paper
The main contributions of this paper are

e The introduction of a new fast and robust recursive algorithm for near-separable NMF, referred
to as the successive nonnegative projection algorithm (SNPA), which overcomes the drawback
of [SPAl that the matrix W has to be full column rank (Section [2)).

e The robustness analysis of (Section B]). First, we show that Theorem [ applies to
as well, that is, we show that is robust to noise when W has full column rank. Second,
given a matrix W, we define a new parameter 3(W) > o, (W) which is in general positive even
if W has not full column rank. We also define k(W) = W and show that

Theorem[7l Let M be a near-separable matrix satisfying Assumptiondwith 3 (W) > 0.
Ife<O <%>, then [SNPAl with f(.) = ||.||3 identifies the columns of W up to
B

error O (e m%(W)) .

This proves that [SNPA] applies to a broader class of matrices (W does not need to have full
column rank). It also proves that [SNPA]is more robust than [SPAL in fact, even when W has

rank 7, if 3‘;;2((%)) < H%((WW)), then SNPA will outperform [SPA]as the noise level allowed by [SNPA]
]

can be much larger.

We illustrate the effectiveness of SNPAlon several synthetic data sets and a real-world hyperspectral
image in Section [l



1.4 Notations

The unit simplex is defined as A™ = {:E € R™ ‘ z>0,3" 1 < 1}, and the dimension m will be

dropped when it is clear from the context. Given a matrix W € R™*" W(:,j), W.; or w; denotes
its jth column. The zero vector is denoted 0, its dimension will be clear from the context. We also
denote [[Wl|12 = maxg, ||y, <1 [|[Wzll2 = max; [[W(:,i)||2. A matrix W € R™*" is said to have full
column rank if rank(W') = r.

2 Successive Nonnegative Projection Algorithm

In this paper, we propose a new family of fast and robust recursive algorithms to solve near-separable
NMF problems; see Algorithm At each step of the algorithm, the column of the input matrix
M maximizing the function f is selected, and then each column of M is projected onto the convex
hull of the columns extracted so far and the origin using the semi-metric induced by f. (A natural
choice for the function f in is f(z) = ||z||3.) Hence the difference with is the way the
projection is performed. In this work, we perform the projections at step 5 of (which are

Algorithm SNPA Successive Nonnegative Projection Algorithm

Input: Near-separable matrix M = WH + N € R"™*™ satisfying Ass. [l with (W) > 0, the number
r of columns to be extracted, and a strongly convex function f satisfying Ass. 2
Output: Set of indices K such that M(:, ) ~ W up to permutation.

1: Let R=M,K={}, k=1
2: while R #0 and k <r do

3: p = argmax; f(R;). f
4: K=KU{p}.
5: R(:,j) = M(:,j) — M(:,K)H*(:, §) for all j, where

H*(:,j) = argmingcp f (M(:,j) - M(:,K)x) ; see Appendix [Al

6: k=k+1.

7: end while
 In case of a tie, the index j whose corresponding column of the original matrix M maximizes f is
selected. In case of another tie, one of these columns is picked randomly.

convex optimization problems) using a fast gradient method, which is an optimal first-order method
for minimizing convex functions with a Lipschitz continuous gradient [29]; see Appendix [A] for the
implementation details. Although[SNPAlis computationally more expensive than[SPA it has the same
asymptotic complexity, requiring a total of O(mnr) operations.

SNPA is also closely related to the fast canonical hull algorithm, referred to as XRAY, from [25].
XRAY is a recursive algorithm for near-separable NMF and projects, at each step, the data points
onto the convex cone of the columns extracted so far. The main differences between XRAY and
are that

(i) XRAY uses another criterion to select a column of M at each step. This is a crucial difference
between SNPA and XRAY. In fact, it was discussed in [25] that in some cases (e.g., when a data
point belongs to the cone spanned by two columns of W and these two columns maximize the



criterion simultaneously), XRAY may fail to identify a column of W even in noiseless conditions;
see the remarks on page 5 of [25]. This will be illustrated in Section @l (Note that there actually
exists several variants of XRAY with different but closely related criteria for the selection step;
however, they all share this undesirable property.)

(ii) At each step, XRAY projects the data matrix onto the convex cone of the columns extracted so
far while projects onto their convex hull (with the origin). In this paper, we will assume
that the entries of each column of the matrix H sum to at most one (equivalently that the
columns of the data matrix belongs to the convex hull of the columns of W and the origin);
see Assumption [Il (and the ensuing discussion). Hence, performing the projection onto the
convex hull allows to take this prior information into account. However, a variant of SNPA with
projections onto the convex cone of the columns extracted so far is also possible although we
have observedE that, under Assumption [ it is less robust. It would be an interesting direction
for further research to analyze this variant in detaild?. (Note that a variant of XRAY with
projections onto convex hull does not work because the criterion used by XRAY in the selection
step relies on the projections being performed onto the convex cone.)

(iii) XRAY performs the projection step with respect to the ¢3 norm, while SNPA] performs the
projection with respect to the function f.

3 Robustness of SNPA

In this section, we prove robustness of for any sufficiently small noise. The proofs are closely
related to the robustness analysis of [SPAl developed in [21].

In Section 3.1l we give the assumptions and definitions needed throughout the paper. In Section[3.2]
we prove that identifies the columns of W among the columns of M exactly in the noiseless
case, which explains the intuition behind In Section B3] we derive our key lemmas which allow
us to show that the robustness analysis of from Theorem [II (which requires W to be full column
rank) also applies to [SNPA} see Theorems [ and Bl In Section B35l we generalize the analysis to a
broader class of matrices for which W is not required to be full column rank; see Theorems [6l and [7

In Sections and B.7], we briefly discuss some possible improvements of SNPA] and the choice of
the function f, respectively.

3.1 Assumptions and Definitions

In this section, we describe the assumptions and definitions useful to prove robustness of [SNPAI
Without loss of generality, we will assume throughout the paper that the input matrix has the
following form:

We performed numerical experiments similar to that of Section Hl and the variant of SNPA with projection onto the
convex cones was less robust than [SNPA] while being slightly more robust than XRAY (because of the difference in the
selection criterion).

2Under Assumption[I] the robustness analysis with projections onto the convex hull is made easier, and allowed us to
derive better error bounds. The reason is that the columns of H* (see step 5 of Algorithm [SNPAI) are normalized while
an additional constant would be needed in the analysis (if we would follow exactly the same steps) to bound the norm
of these columns if the projection was onto the convex cone.



Assumption 1 (Near-Separable Matrix). The separable matriz M € R"™*™ can be written as
M =WH =WI|I., H],

where W € R™*", H € RY", and H(:,j) € A for all j. The near-separable matriz M is given by
M = M + N where N is the noise with | N||12 < e.

Any nonnegative near-separable matrix M = WH = W|[I., H'|Il (with W, H" > 0 and II a permu-
tation) can be put in this form by proper permutation and normalization of its columns. In fact,
permuting the columns of M and H so that the first » columns of M correspond to the columns of
W, we have M = W, H'| = WH. The permutation does not affect our analysis because [SNPA] is
not sensitive to permutation, while it makes the presentation nicer (the permutation matrix II can be
discarded). For the scaling, we (i) divide each column of M by its ¢; norm (unless it is an all-zero
column in which case we discard it) and divide the corresponding column of H by the same constant
(hence we still have M = WH), and (ii) divide each column of W by its ¢; norm and multiply the
corresponding row of H by the same constant (hence W H is unchanged). Since the entries of each
column of the normalized matrices M and W sum to one, and M (:,j) = WH(:, j) for all j, the entries
of each column of H must also sum to one: for all j,

L= M(i,5) =YY Wi, k)H(k,j) =D H(k,j)Y Wi, k)= H(k,j);

see also the discussion in [21]. Column normalization also makes the presentation nicer: in fact,
otherwise the noise that can be tolerated on each column of M = M + N will have to be proportional
to the norm of the corresponding column of the matrix H (for example, an all-zero column cannot
tolerate any noise because it can be made an extreme ray of the cone spanned by the columns of M
for any positive noise level).

Note that Assumption [l does not require W to be monnegative hence our result will apply to a
broader class than the nonnegative near-separable matrices. It is also interesting to note that data
matrices corresponding to hyperspectral images are naturally scaled since the columns of H correspond
to abundances and their entries sum to one (see Section [[T] for more details, and Section for some
numerical experiments).

We will also assume that, in [SNPA]

Assumption 2. The function f : R™ — Ry is strongly conver with parameter p > 0, its gradient is
Lipschitz continuous with constant L, and its global minimizer is the all-zero vector with f(0) = 0.

A function f is strongly convex with parameter p if and only if it is convex and for any z,y € dom(f)
and for all 0 € [0, 1]

FO+(1=8)y) < 5f(x)+ (1= 8)f(y) — 51 - 0)lle — I3 (1)
Moreover, its gradient is Lipschitz continuous with constant L if and only if for any x,y € dom(f), we

have ||V f(z) — Vf(y)|l2 < L||z — y||2. Convex analysis also tells us that if f satisfies Assumption
then, for any z,y,

F@) V@ - eyl < Fw) < F@)+ V@) - o)+ Sl - vl



In particular, taking = 0, we have, for any y € R™,

W L
Ll < 1) < Sl )

since f(0) = 0 and Vf(0) = 0 (because zero is the global minimizer of f); see, e.g., [23]. Note that
this implies f(x) > 0 for any x # 0 hence f induces a semi-metric; the distance between two points
and y being defined by f(x — y).

We will use the following notation for the residual computed at step 5 of Algorithm [SNPA]

Definiton (Projection and Residual) Given B € R™*% and a function f satisfying Assumption 2]
we define the projection Pé (x) of z onto the convex hull of the columns of B with respect to the semi-
metric induced by f(.) as follows:

Pé(m) R >R : 2 — 73]];(:17) = By", where y* = argmin, cx f(x — By).
We also define the residual Rg of the projection 77]]; as follows:
Ré :R™ 5 R™x — Ré(:ﬂ) =z —Pé(x).

For a matrix A € R™*" we will denote P};(A) the matrix whose columns are the projections of the
columns of A, that is, (PJJ;(A))_ = Pf;(A:i) for all 4, and RQ(A) =A- Pf;(A).

Given a matrix W € R"™*"  we introduce the following notations:

a(W) = _min_ [ W(5) =W T)al, where = {1.2.....rh\{j},

v(W) = miinHwiHQ,
(W) = min |[w; — wj|2,
i#J

1

—~(W ,
0}
(W) = [Wila = max i, and

w(W) = min {V(W),

o (W) =omin(W) ifm>r,
o(W) = { 0 ifm <r.

The parameter a(WW) is the minimum distance between a column of W and the convex hull of the
other columns of W and the origin. It is interesting to notice that, under Assumption [, a(W) > 0 is
a necessary condition to being able to identify the columns of W among the columns of M (in fact,
a(W) = 0 means that a column of W belongs to the convex hull of the other columns of W and the
origin hence cannot be distinguished from the other data points). It is also a sufficient condition as
some algorithms are guaranteed to identify the columns of W when «(W) > 0 even in the presence of
noise [4, 16, 19].



3.2 Recovery in the Noiseless Case

In this section, we show that, in the noiseless case, [SNPA]is able to perfectly identify the columns of
W among the columns of M. Although this result is implied by our analysis in the noisy case (see
Section [B.4)), it gives the intuition behind the working of [SNPA]

Lemma 1. Let B € R™*5, A e R™*F » ¢ A*, and f satisfy Assumption[d Then
f (Rg(Az)) < f (Ré(Ap).

Proof. Let us denote Y (:,j) = argmin,ca f(A(:,7) — By) for all j, that is, RQ(A) =A—-BY. We
have

f <RJ;(AZ)> = glélélf (Az— By) < f(Az—BYz)=f (RQ(A)Z) .

The inequality follows from Yz € A, since Y (:,j) € A Vj and z € A. O

Theorem 2. Let M = W [I., H'| = WH be a separable matriz satisfying Assumption [l where W has
full column rank, and let f satisfy Assumption[d. Then[SNPAl applied on matriz M identifies a set of
indices IC such that, up to permutation, M(:,K) = W.

Proof. We prove the result by induction.

First step. Since the columns of M belong to the convex hull of the columns of W and the origin (the
entries of each column of H are nonnegative and sum to at most one), and since a strongly convex
function is always maximized at a vertex of a polytope, a column of W will be identified at the first
step of SNPA (the origin cannot be extracted since, by assumption, it minimizes f). More formally,
let h € A", we have

FWh)=f (Z W (:, k)h(k) + (1 > h(k:)) 0)
k=1 k=1

< SRS (W R)
k=1
< ml?xf (W(’k)) :

The first inequality follows from convexity of f and the fact that f(0) = 0. By strong convexity, see
Equation (), the first inequality is always strict unless h = e; for some j (where e; is the jth column
of the identity matrix). The second inequality follows from h € A and the fact that f(z) > 0 for any
x # 0. Since all columns of M can be written as Wh for some h € A", this implies that, at the first
step, extracts the index corresponding to the column of W maximizing f.

Induction step. Assume has extracted some indices K corresponding to columns of W, that is,
M(:,K) =W(:,7) for some Z. We have for any h € A" that

JC TR o (Riven 1)
En kfj:lmw (R )W 1)
< max f (R@(:’I)(W(:, k;))) .

(heAT, f(z)>0Vz#£0) K



Finally, noting that the residual R in [SNPAlis equal to Ry (. 7)(M) and since

° Rﬁv(;,z)(w(iak)) =0 for all k € Z,

o R]VCV(:J)(W(:, k)) # 0 for all k ¢ T because W has full column rank, and

e the second inequality is strict unless h # e; for some j by strong convexity of f,

SNPA identifies a column of W not extracted yet. O

Note that the proof does not need W to be full column rank, but only requires that RJ;V(:J) (W(, k) #0

for all k ¢ 7 for any subset Z of {1,2,...,r}. This observation will be exploited in Section 3.5l to show
robustness of [SNPAl when W is not full column rank.

3.3 Key Lemmas

In the following, we derive the key lemmas to prove robustness of SNPAL

More precisely, we subdivide the columns of W into two subsets as follows W = [A, B]. The
columns of the matrix B represent the columns of W which have already been approximately identified
by while the columns of A are the columns of W yet to be identified. The columns of the
matrix B correspond to the columns of matrix M already extracted by SNPA] and we will assume
that ||B — B||12 < € for some constant €. Lemmas 2 to [ lead to a lower bound for w (Rg(A))

using o([A, B]); see Corollary 2l Combined with Lemmas [I0] to I2] these lemmas will imply that if
W has full column rank then a column of W not extracted yet (that is, a column of A) is identified
approximately at the next step of SNPA; see Theorem Bl Finally, using that result inductively leads
to the robustness of SNPA; see Theorem Ml

Lemma 2. For any B € R™*%, x € R™, and [ satisfying Assumption [, we have

|Rb(@) \f ol

2 2 2 L L
f <Z f = Z mi — < Zmin||z — By||3 < =||z||3
[RE@I|, < %f (RE@) = min fo— By) < Zminllz ~ Byl < el

since 0 € A. O

Proof. Using Equation (2]), we have

Lemma 3. Let B € R™*5 qnd B = B+ N with [|IN||12 <€ and let f satisfy Assumption[d Then,

o ], < e

Proof. Using Equation (2]), we have, for all j,

22
HRg(bj)‘ <t (ng(bj)) =, i f(b; — Bx)
2 ~
< ;f(b] —bj) = =f(n;)
L L
< Slingll} < 2



Lemma 4. Let A € R™*F B e R™*5, and f satisfy Assumption[d. Then,
v (RE(4)) = a(4, B)).
Proof. This follows directly from the definitions of a and RJ;: in fact,

v (R (4)) = minmin || A, §) — Byll > a(4, B]).

J yeA
U
Lemma 5. Let Z and Z € R™*" satisfy ||Z — Z||1o < & Then,
o(Z) > a(Z) — 2
Proof. Denoting N = Z — Z and J = {1,2,...,k}\{j}, we have
a(Z) = L in 15 - Z(:, T2
= 1§j1£1£eA lzj =nj — Z(:, T)x + N(:, T)z||2
> i1l — 26,9l Inglls ~ ING, el
> Join e = 2(, T)alls - 2€
= «a(Z) — 2,
since maxgen [|N(:, J)zlla < maxz),<1 [N, T)zll2 = [ING, T)|h2 <€ O

Corollary 1. Let A € R™* B and B € R™* satisfy || B — Bl|1.2 <& and f satisfy Assumption 2.
Then,

v (RfB(A)) > (a([A,B]) —min(s,2)€).

Proof. If s = 0, the result follows from Lemma M (B is an empty matrix). If s = 1, then it is
easily derived using the same steps as in the proof of Lemma [{ (B only has one column). Otherwise,
Lemmas @ and Bl imply that

” (Rg(A)) > a <[A, B]) > a([A, B)) — 2.

]
Lemma 6. For any W € R™*", a(W) > o(W).
Proof. We have
o(W) = min min[[W(,5) = W(, Tzl
> min  min  ||[Wz]|2
1<j<r zeR",z(j)=1
>  min ||[Wz|ls =a(W).
2€RT,||2]]2>1
]

10



Lemma 7. Let x,y € R™, B € R™*%, and [ satisfy Assumption[d Then

|RE@)|, = o(B.a)  and  |RE@) ~RE )|, > V2o([B.2.9)).

2

Proof. Let us denote z, = argmin,ca f(x — Bz) and z, = argmin,c f(y — Bz), we have

f . . o .
(Rh (@)l = lle = Baalls > min lo + Bzllo = min _ lfx. Blell

> min ||[z, Blz||2 > o([z, B]),
12112>1

and
IRL () = REW)]]2 = |(x — Bzs) — (y — Bzy)|Jo
> min ||z —y + Bz||2
z€RP

= min x,y, Blz
zeRP+2,z(1):1,z(2):—1||[ .y, Blzl|2

> min ||[l‘,y,B]Z||2 = \/50-([$7y7B])
l1z]l2>Vv2

O

Lemma 8 (Singular Value Perturbation [22], Cor. 8.6.2). Let B = B4+ N € R™** with s < m. Then,
foralll <i<s,

0i(B) = 0(B)| < Gwax(N) = [INll2 £ V5 [IN]]1..

Lemma 9. Let 2,y € R™, B and B € R™*5 be such that ||B—B||1,2 <&, and [ satisfy Assumption[2.
Then
[RE@ - REw)|, 2 V2 (o(1B.2u) — V5 9).

Proof. This follows from Lemmas [7] and [8l O

Corollary 2. Let A € R™** B and B € R™** satisfy || B — Bl12 <€, and f satisfy Assumption [2
Then,
w (RLWA) = (o (14, B) ~ Va5 e),
Proof. Using Lemma [9] we have
1 I 1 ) f f _ _
—57 (REA) = Z5minRY (@) - RE (@)l 2 0B, ais0s]) = V5 €2 (4, B) = Ve

Using Corollary [l and Lemma [6] we have

v (R5(®) = nin [R5(a)

) > «a([A, B]) — min(s, 2)e > o ([A4, B]) — min(s, 2)e.

Since v/2s > min(s, 2) for any s > 0, the proof is complete. O

Lemma 10. Let B € R™*5, A e R™** n e R™, z € A*, and f satisfy Assumption[d Then

f (RJ,;(AZ + n)) < f (RJ;(AZ) + n) and  f (RJ;(AZ + n)) < f (RJ;(A)Z + n) .

11



Proof. Let us denote y* = argmin, e f(Az — By) and Y (:,7) = argmin,ca f(A(:,j) — By) for all j,
that is, Ré(A) = A — BY. We have

f (Rg(Az—i—n)) = géiilf(Az—i—n— By) < f(Az—By*"+n)=f (Rg(Az) +n> ,

and

f (Rg(Az—kn)) = 6iélf(Az—l—n—By) <f(Az—BYz+n)=f (Ré(A)z—l—n),

y
where the inequality follows from y =Yz € A, since Y (:,j) € A Vj and z € A. O
Let us also recall two useful lemmas from [21].

Lemma 11 ([21I], Lemma 3). Let the function f satisfy Assumption[d. Then, for any ||z||2 < K and

[In]le < e < K, we have

f(z) —eKL < f(xr+n) < f(x)+ geKL.

Lemma 12 ([21], Lemma 2). Let Z = [P,Q] where P € R™F* and Q € R™**, and let f satisfy
Assumption @ If v(P) > 2\/%K(Q), then, for any 0 <6 < 1,

o= manf(Zm) such that x; <1—06 for1<i<k,
Te

satisfies
* 1 2
< miaXf(pi) - 5#(1 —6)dw(P)".
Moreover, the maximum is attained only at point x such that x; =1 —9 for some 1 < i < k.

3.4 Robustness of [ SNPA| when W has Full Column Rank

Theorem Bl below shows that if~ SNPA] has already extracted some columns of W up to error €, then
the next extracted column of M will be close to a column of W not extracted yet. This will allow us
to prove inductively that [SNPAIis robust to noise; see Theorem [l

Theorem 3. Let

o [ satisfy Assumption [2, with strong convexity parameter p, and its gradient have Lipschitz
constant L.

o M satisfy Assumption [l with M = M + N = WH + N, W = [A, B], A € R"*k B ¢ R"*5,
|IN||1,2 <€, and H = [I,, H'] € RI*™ where H(:,j) € A for all j.

o B € R™S satisfy .
||B—Bl|li2<é=Ce  for someC >0.

o W = [A, B] be such that c(W) = o > 0. We denote o = a(W), and K = K(W).

12



e ¢ be sufficiently small so that

2,3/2
e<min< oK op g )

144K L3/2" 4ALC" 2025

Then the index i corresponding to a column 7y of M that mazimizes the function f (Rg()) satisfies

m; = Wh; = [A, Blh;, where hj(¢) >1—0§ with 1 < <k, (3)
_ 12K L3/2 S :
and § = o2, BT which implies
5 B K2 L3/2
[ — well2 = |7 — aplla < e+2K6 =€ 1+144?W (4)

Proof. First note that ¢ < % implies § < % Then, let us show that

v <RfB(A)> > 2\/%1( (RfB(B)) ,

so that Lemma [I2] will apply to P = RfB(A) and Q = RfB(B). Since ||B — B||12 < € by Lemma 3]
we have K (Rg(B)) < \/%E. Therefore,

u > — 2
Y <RB(A)) (Coroﬁaryﬂ]) o
L
> phets
(e=Ce< S, L>p) M
L
> 2,/ =K (RL(B)).
(Lem?naﬁ) H ( B( ))

Let us also show that w (RfB(A)) > . By Corollary 2] and the assumption that € = C'e < 2%/%, we
have a

w (Rg(A)) >0~ 2. (5)

We can now prove Equation (8] by contradiction. Assume the extracted index, say the ith, which

maximizes [ <R£()) among the columns of M, satisfies 1; = m; +n; = Wh; + n; with hi(f) <1-=96

13



for 1 < /¢ < k. We have

= f ) )
1 (R ma)) s f (REW)R + ;)
! A !
< 7 (REW)h:) + Sk (RL) L
(Lemma [TT])
! 3 K,/EL
(As?l?]) xEAT,x(Z)InSal}icS 1gzgkf <RB(W)x) * 2¢ 1
1 2 3 [3/?
Feay) 2 _ I "Gl
(LomialIZl) mjaxf(RB(a])) 2,u5(1 0w (RB(A)) + 26KM1/2
1 3 I3?
f ~
< (@) = n;) = Suo(1 = 8)o® + Sk~
(Lem. [0 Eq.[) mjﬁin(RB(a]) n]> 8’u( o’ + 3¢ iz’
~ 1 L3/2
< max f <RfB(aj)) - gud(l —8)o? + —eK 7 (6)

(Lemma [IT]) J

where @; is the perturbed column of M corresponding to w; (that is, a; = w; + nj). The second
inequality follows from Lemma [Tl since, by convexity of ||.||2 and by Lemma 2] we have

HRfB(W)hZ-

<4/—K.

< REL (w;
2_m?XH (W) 2 w

The third inequality is strict since, by strong convexity of f, the maximum is attained at a vertex
with z(¢) =1 — ¢ for some 1 < ¢ < k at optimality while we assumed h;({) <1—4 for 1 < ¢ < k. The
last inequality follows from Lemma [IT] since

|Rf \[Hajng \/7K+e)<2\/%K.

1, 1 (726KL3/2) 9 L3

As o < %, we have

o232 ) T2

Combining this inequality with Equation (6]), we obtain f (Rfé(ﬁl,)) < max; f (RfB(dj)), a contra-
diction since m; should maximize f (Rg()) among the columns of M and the a;’s are among the

columns of M.
To prove Equation (), we use Equation (B]) and observe that

=(1-58)w, —I—Zﬁkwk for some £ and 1 — ¢ > 1 — 4,

k£l
so that Zk# B < & < 4. Therefore,
I — welly = |[—0"we + > Brwg|| < 26" max||w;||s < 20K < 2K,
J
k£l 9

14



which gives
Hﬁlz — ’LU[HQ § H(ﬁlz — m,) + (m, — wg)HQ S €+ 2K(5,

for some 1 < /¢ < k. O
We can now prove robustness of [SNPA| when W has full column rank.

Theorem 4. Let M = WH + N € R"™" satisfy Assumption 0 with m > r, and let f satisfy
Assumption [2 with strong convexity parameter p and its gradient with Lipschitz constant L. Let us
denote K = K(W), 0 = o(W), and let | N||12 < € with

ap o K2 [3/? -

Let also IC be the index set of cardinality r extracted by Algorithm [SNPA. Then there exists a permu-
tation ™ of {1,2,...,r} such that

K2 [3/2
jnax [y — welle S €=€ |1+ 144?@ .

Proof. The result follows using Theorem [3] inductively with

2 13/2
7
The matrix B in Theorem [ corresponds to the columns of W extracted so far by (note that
at the first step B is the empty matrix) while the columns of A correspond to the columns of W not
extracted yet. By Theorem [3], if the columns of B are at distance at most € = Ce of some columns of
W, then the next extracted column will be a column of the matrix A and be at distance at most € of
another column of W. The results therefore follows by induction.

Note that € < 5 C‘\’/? implies € < W since o < K and
o o o3 3/ o232
e< = = < < .
C 14 14457 L22 = 144K2L3/2 — 144K L3/?
g% /2
O
Finally, SNPA] with f(.) = ||.||3 satisfies the same error bound as [SPA] when W has full column

rank:

Theorem 5. Let M be a near-separable matriz satisfying Assumption [l where W has full column

rank. If e < O ( \‘;’F“:‘z((v‘,‘[/,))), then Algorithm [SNPAl with f(.) = ||.||3 identifies all the columns of W up

to error O (e k*(W)).

Proof. This follows directly from K (W) < omax(W), a(W) > o(W) (Lemma [6]), Theorem Bl and the
fact that u = L = 2 for f(z) = ||=||3. O
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3.5 Generalization to Column-Rank-Deficient W

SNPA can be applied to a broader class of near-separable matrices: in fact, the assumption that W
must be full column rank in Theorem [l is not necessary for [SNPA] to be robust to noise. We now
define the parameter S(W), which will replace o(W) in the robustness analysis of [SNPAI

Definition (Parameter §) Given W € R™*" and f satisfying Assumption [2, we define

va(W) = min |[Rfy ) (wy)|,  with 7 = {L.2,....r\{3},
(W) = min [ Rl g (wi) =Ry ()|, with 7€ {12, )\ i),

and
1

B(W) = min <1/5(W), 7

’YB(W)> :

The quantity S(W) is the minimum between

e the norms of the residuals of the projections of the columns of W onto the convex hull of the
other columns of W, and

e the distances between these residuals.

For example, if the columns of W are the vertices of a triangle in the plane (W € R2*3), can only
extract two columns (the residual will be equal to zero after two steps because rank(W) = 2) while,
in most cases, S(W) > 0 and [SNPAlis able to identify correctly the three vertices even in the presence
of noise. In particular, 5(W) is larger than o(W) hence is positive for matrices with full column rank:

Lemma 13. For any W € R™*", g(W) > o(W).
Proof. This follows directly from Lemma [7l O

However, the condition 5(W) > 0 is not necessarily satisfied for any set of vertices w;’s hence
is not robust to noise for any matrix W with a(W) > 0. For example, in case of a triangle
in the plane, S(W) = 0 if and only if the residuals of the projections of two columns of W onto the
segment joining the origin and the last column of W are equal to one another (this requires that they
are on the same side and at the same distant of that segment). It is the case for example for the

following matrix
4 1 3
W= ( 01 1 >

with S(W) = 0 while (W) > 0, and any data point on the segment [W(:,2),W(:,3)] could be
extracted at the second step of [SNPAL In fact, we have

! . 9)) = =S )= (Y
Rl (W62) =Rl (W) = < X )
We can link (W) and a(W) as follows.

Lemma 14. For any W € R™*", (W) > \/%ﬁ(W)
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Proof. Denoting J = {1,2,...,7}\{j}, we have
a() = in min s — WG, Tl
2

7 i min (wj —W(:,T)z)

2
= \/;f?;%f (Riv. J>(wj)>
[T »
> I
—ﬁl%% Ry f pw

In the following, we get rid of o(W) in the robustness analysis of [SNPAl to replace it with 5(W).
In Theorems [B] and @, o(WW) was used to lower bound w (Rg(A)); see in particular Equation (B).

O

Hence we need to lower bound w (RfB(A)) using B(W). The remaining of the proofs follows exactly

the same steps as the proofs of Theorem [3] and [, and we do not repeat them here.

Theorem 6. Let M = WH + N € R™ " be a near-separable matriz satisfying Assumption[d, and let

f satisfy Assumption[d with strong convezity parameter p and its gradient with Lipschitz constant L.
Let us denote K = K(W), = (W), and let ||N||12 < € with

i [ B2 an B ®
¢ V44K L372 ALC 128K LC | °

with C' = (1 + 144 K> L:ﬁ) . Let also IC be the index set of cardinality v extracted by Algorithm [SNPAI

Then there exists a permutatz’on m of {1,2,...,1} such that
_ < E— )
nax M) — wr(jllz < €= Ce

Proof. Using the first four assumptions of Theorem [3] (that is, all assumptions of Theorem [3] but the
upper bound on €) and denoting S = (W), we show in Appendix [Bl that

w (REA) 2 6-2, MiLg.

6K Le
1

Therefore, if

2
<— e=Ce< 5

2 ~ 96KL’

<

INIRes

then w <RfB(A)> > g Hence o(W) can be replaced with S(W) in Equations (), (6) and in the

72e K L3/2
52M3/2 )

the condition on € given by Equation (8g]). O

following derivations, and Theorem [3] applies under the same conditions except for § = and

Let us denote 1 < kg(W) = B((W)) < k(W).
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Theorem 7. Let M be a near-separable matriz (see Assumption [1)) where W satisfies B(W) > 0.

Ife<O < ’g((WW))>’ then Algorithm [SNPAl with f(.) = ||.||3 identifies all the columns of W up to error
5

O <e /{%(W))

Proof. This follows from Theorem B, Lemma [l and p = L = 2 for f(.) = ||.||3. O

Note that the bounds are cubic in kg(W') while they were quadratic in x(W). The reason is that
the lower bound on w (RfB(A)) based on 3(W) is of the form B(W) — O(+/€), while the one based on
o(W) was of the form o(W) — O(y/r€). However the dependence on /r has disappeared.

Remark 1. Because [SNPA extracts the columns of W in a specific order, the parameter 3(W') could
be replaced by the following larger parameter. Assume without loss of generality that the columns of

W are ordered in such a way that the kth column of W is extracted at the kth step of [SNPAl Then,
B(W) in the robustness analysis of [SNPAl can be replaced with the larger

80 = (mip [Rlyp ()] % o Rl @0 = Ry )-

It is also interesting to notice that B(W') could be equal to zero for some function f while being positive
for others. Hence, ideally, the function f should be chosen such that 3(W') is mazimized. Note however
that W is unknown and B(W) is expensive to compute (although B'(W) could be used instead) so the
problem seems rather challenging. This is a topic for further research.

3.6 Improvements using Post-Processing, Pre-Conditioning and Outlier Detection

It is possible to improve the performance of SNPA] the same way it was done for SPA:

e A first possibility is to use post-processing [3, Alg. 4]. Let K be the set of indices extracted by
[SNPAl and denote K(k) the index extracted at step k. For k = 1,2,...r, the post-processing
— Projects each column of the data matrix onto the convex hull of M (:, \{/C(k)}).

— Identifies the column of the corresponding projected matrix maximizing f(.) (say the k'th),

— Updates K = K\{K(k)} U {K'}.
This allows to improve the bound on the error of Theorem [ from O (e k*(W)) to O (e s(W)).

e A second possibility is to pre-condition the input near-separable matrix [20], making the condi-
tion number of W constant, while multiplying the error by a factor of at most U;iln(W). This al-

lows to improve the bound on the noise of Theorem [l from e < O < \(;r;;nz ((gfv))) toe <O ( Um;ni\/(;"’))
and the bound on the error from O (e x*(W)) to O (e k(W)).

e A third possibility for improvement is to deal with outliers. They will be identified by [SNPAlalong
with the columns of W, and can be discarded in a second step by computing the optimal weights
needed to reconstruct all columns of the input matrix with the extracted columns [12| 21, [19].

We do not focus in this paper on these improvements as they are straightforward applications
of existing techniques. Our focus in Section Ml is rather to show the better performance of [SNPA]
compared to the original [SPA]
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3.7 Choice of the Function f

According to our theoretical analysis (see Theorems [ and [G]), the best possible case for the function
f is to have p = L in which case f(z) = ||z||3. However, our analysis considers a worst-case scenario
and, in some cases, it might be beneficial to use other functions f. For example, if the noise is sparse
(that is, only a few entries of the data matrix are perturbed), it was shown that it is better to use
ly-norms with 1 < p < 2 (that is, use f(z) = ||z|[h); see the discussion in [21, Section 4], and [I]
for more numerical experiments. More generally, it would be particularly interesting to analyze good
choices for the function f depending on the noise model. Note also that the assumptions on the
function f can be relaxed to the condition that the gradient of f is continuously differentiable and
that f is locally strongly convex, hence our result for example applies to £, norms for 1 < p < +o00;
see [21, Remark 3.

4 Numerical Experiments
In this section, we compare the following algorithms

e SPA: the successive projection algorithm; see Algorithm [SPA]
e SNPA: the successive nonnegative projection algorithm; see Algorithm SNPAlwith f(x) = ||z]|3.

e XRAY: recursive algorithm similar to SNPA [25]. It extracts columns recursively, and projects
the data points onto the convex cone generated by the columns extracted so far. (We use in this
paper the variant referred to as maz.)

Our goal is two-fold:

1. Illustrate our theoretical result, namely that [SNPA] applies to a broader class of nonnegative
matrices and is more robust than [SPA} see Section A1l

2. Show that [SNPA] can be used successfully on real-world hyperspectral images; see Section
where the popular Urban data set is used for comparison.

We also show that [SNPA]is more robust to noise than XRAY (in some cases significantly).
The Matlab code is available at https://sites.google.com/site/nicolasgillis/. All tests
are preformed using Matlab on a laptop Intel CORE 15-3210M CPU @2.5GHz 2.5GHz 6Go RAM.

Remark 2 (Comparison with Standard NMF Algorithms). We do not compare the near-separable
NMF algorithms to standard NMF algorithms whose goal is to solve

min__||M — UV|[3. 9
i | 13 )
In fact, we believe these two classes of algorithms, although closely related, are difficult to compare. In
particular, the solution of (@) is in general non—um’queﬁ, even for a separable matrix M = W I, H'|I1.
This is case for example if the support (the set of non-zero entries) of a column of W contains the
support of another column [15, Remark 7]; in particular, most hyperspectral images have a dense

3 A solution (U’, V') is considered to be different from (U, V) if it cannot be obtained by permutation and scaling of
the columns of U and rows of V; see [15] for more details on non-uniqueness issues for NMF.
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endmember matriz W hence have a non-unique NMF decomposition. (More generally, it will be
the case if and only if the NMF of W is non-unique.) Therefore, without reqularization, standard
NMF algorithms will in general fail to identify the matriz W from a near-separable matrizc M =
W, H]1 + N. However, it is likely they will generate a solution with smaller error ||M — UV||%
than near-separable NMF algorithms because they have more degrees of freedom.

It is interesting to note that near-separable NMF algorithms can be used as good initialization
strategies for standard NMF algorithms (which usually require some initial guess for U and V' ); see
the discussion in [17] and the references therein.

4.1 Synthetic Data Sets

For well-conditioned matrices, S(W) and o (W) are close to one another (in fact, 5(I,) = o(I,) = 1), in
which case we observed that [SPAl and [SNPAI provide very similar results (in most cases, they extract
the same index set). Therefore, in this section, our focus will be on

(i) near-separable matrices for which W does not have full column rank (rank(W) < r) to illustrate
the fact that [SNPA|applies to a broader class of nonnegative matrices. We will refer to this case
as the ‘rank-deficient’ case; see Section 1.1l

(ii) ill-conditioned matrices to illustrate the fact that SNPA]lis more tolerant to noise than [SPA} in
fact, our analysis suggests it is the case when o(W) < S(W). We will refer to this case as the
‘ill-conditioned’ case; see Section [4.1.2]

In both the rank-deficient and ill-conditioned cases, we take r = 20 and generate the matrices H and
N (to obtain near-separable matrices M = WH + N = W|[I,, H'] + N) in two different ways (as in

[21]):

1. Dirichlet. H = [I,, I, H'] so that each column of W is repeated twice while H" has 200 columns
(hence n = 240) generated at random following a Dirichlet distribution with parameters drawn
uniformly at random in the interval [0, 1]. The repetition of the columns of the identity matrix
allows to check whether algorithms are sensitive to duplicated columns of W (some near-separable
NMF algorithms are, e.g., [I3 12| [7]). Each entry of the noise N is drawn following a normal
distribution A/ (0,1) and then multiplied by the parameter 4.

2. Middle Points. H = [I,, H'] where each column of H" has exactly two nonzero entries equal to
0.5 (hence n = r + (3) = 210). The columns of W are not perturbed (that is, N(:,1 : r) = 0)
while the remaining ones are perturbed towards the outside of the convex hull of the columns of
W, that is, N(:,j) = 6(M(:,j) — w) for all j where w = 1377 | wy, and § is a parameter.

4.1.1 Rank-Deficient Case

To generate near-separable matrices with rank(W) < r, we take m = 10 (since r = 20, these matrices
cannot have full column rank) while each entry of the matrix W € [0,1]™*" is drawn uniformly at
random in the interval [0,1]. Moreover, we check that each column of W is not too close to the convex
cone generated by the other columns of W by making sure that for all j

min |[[W (., j) = W, T)alla 2 0.01[WE )l with 7= {1,2,.... 71\ {j}.
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If this condition is not met (which occurs very rarely), we generate another matrix until it is. Hence,
we have that rank(W) = rank(M) = 10 while M = W H is 20-separable with a(W) > 0. (By a slight
abuse of language, we refer to this case as the ‘rank-deficient case’ although the matrix M actually
has full (row) rank—to be more precise, we should refer to it as the ‘column-rank-deficient case’.) It is
interesting to point out that, in average, 5'(W) ~ 0.2 (see Remark [Tl for the definition of (W) which
can replace S(W) in the analysis of SNPA]) while kg (W) = W ~ 10.

For hundred different values of the noise parameter ¢ (using logspace(-3,0,100)), we generate
25 matrices of each type: Figure [II (resp. Figure 2] displays the fraction of columns of W correctly
identified by the different algorithms for the experiment ‘Dirichlet’ (resp. ‘Middle points’).
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Figure 1: Comparison of the different near-separable NMF algorithms on rank-deficient data sets
(‘Dirichlet’ type).

Table [[l and Table [ give the robustness and the average running time for both experiments.

Table 1: Robustness for the rank-deficient ‘Dirichlet’ experiment, that is, largest value of § for which
all (resp. 95% of the) columns of W are correctly identified, and average running time in seconds of
the different near-separable NMF algorithms.

D PA] DNPA] XRAY

Robustness (100%) 0 1.7102 7.6*1073

Robustness (95%) 0 8.9*102 6.1*107
Time (s.) < 0.01 7.67 1.16

[SPAlis significantly faster than XRAY and [SNPA]since the projection at each step simply amounts
to a matrix-vector product while, for and XRAY, the projection requires solving n linearly
constrained least squares problems in r variables. XRAY is faster than because the projections
are simpler to compute. (Also, a different algorithm was used: XRAY requires to solve least squares
problems in the nonnegative orthant, which is solved with an efficient coordinate descent method
from [18].)
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Figure 2: Comparison of the different near-separable NMF algorithms on rank-deficient data sets
(‘Middle points’ type).

Table 2: Robustness and average running time for the rank-deficient ‘Middle Points’ experiment.
SPA SNPA] XRAY
Robustness (100%) 0 2.3*102 107°
Robustness (95%) 0 101 5.5*1072
Time (s.) < 0.01 7.83 1.05

For both experiments (‘Dirichlet’ and ‘Middle points’), cannot extract more than 10 columns.
In fact, the input matrix has only 10 rows hence the residual computed by SPA is equal to zero after 10
steps. ENPAlis able to identify correctly the 20 columns of W, and it does for larger noise levels than
XRAY. In particular, for the ‘Middle points’ experiment, XRAY performs rather poorly (in terms of
robustness) because it does not deal very well with data points on the faces of the convex hull of the
columns of W (in this case, on the middle of the segment joining two vertices); see the discussion in
[25]. For example, for 6 = 0.1, SNPAI identifies more than 95% of the columns of W, while XRAY
identifies less than 90%.

4.1.2 Ill-Conditioned Case

In this section, we perform an experiment very similar to the third and fourth experiment in [21] to
assess the robustness to noise of the different algorithms on ill-conditioned matrices. We take m = 20,
while each entry of the matrix W € [0,1]™*" is drawn uniformly at random in the interval [0,1]
(as in the rank-deficient case). Then the compact singular value decomposition (U, S,V7T) of W is
computed (using the function svds(M,r) of Matlab), and W is replaced with ULV’ where ¥ is a
diagonal matrix with ¥(i,4) = o'~' (1 < i < r) where o"~! = 1000 so that (W) = 1000. Finally,
to obtain a nonnegative matrix W, we replace W with max(W,0) (this step is necessary because
XRAY only applies to nonnegative input matrices). Note that this changes the conditioning, with the
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average of k(W) being equal to 5000. It is interesting to point out that for these matrices /(W) is
usually much smaller than o(W): the order of magnitudes are /(W) ~ 1072 < Tmin(W) ~ 103 while
kp (W) =10 < k(W) ~ 103,

For hundred different values of the noise parameter ¢ (using logspace(-4,-0.5,100) ), we generate
25 matrices of the two types: Figure Bl (resp. Figure ) displays the fraction of columns of W correctly
identified by the different algorithms for the experiment ‘Dirichlet’ (resp. ‘Middle points’). Table [3]
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Figure 3: Comparison of the different near-separable NMF algorithms on ill-conditioned data sets
(‘Dirichlet’ type).
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Figure 4: Comparison of the different near-separable NMF algorithms on ill-conditioned data sets
(‘Middle points’ type).
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and Table [ give the robustness and the average running time for both experiments.

Table 3: Robustness and average running time for the ill-conditioned ‘Dirichlet’ experiment.
L PAJ DNPA| XRAY
Robustness (100%) 1074 3.1*10%  3.1*10°°
Robustness (95%) | 1.44*1072 9.45*10°3 9.45*1073
Time (s.) < 0.01 7.43 1.08

Table 4: Robustness and average running time for the ill-conditioned ‘Middle points’ experiment.
DPA] DNPA XRAY
Robustness (100%) | 1.1¥*10~* 1.6*102 1.6*10~*
Robustness (95%) | 7.4*1072 7.3*1072 8.2*10°2
Time (s.) < 0.01 9.22 1.32

For the same reasons as before, is significantly faster than XRAY which is faster than

For both experiments (‘Dirichlet” and ‘Middle points’), outperforms[SPAlin terms of robust-
ness, as expected by our theoretical findings. In fact, is about ten (resp. hundred) times more
robust than for the experiment ‘Dirichlet’ (resp. ‘Middle points’), that is, it identifies correctly
all columns of W for the noise parameter ¢ ten (resp. hundred) times larger; see Tables Bl and [
Moreover, for the ‘Dirichlet’ experiment, identifies significantly more columns of W, even for
larger noise levels (which fall outside the scope of our analysis); for example, for § = 0.01,
identifies correctly about 95% of the columns of W while identifies about 75%.

For the ‘Dirichlet’ experiment, is as robust as XRAY while, for the ‘Middle points’ experi-
ment, it is significantly more robust (for the same reason as in the rank-deficient case) as it extracts
correctly all columns of W for § hundred times larger. However, the three algorithms overall perform
similarly on the ‘Middle points’ experiment in the sense that the fraction of columns of W correctly
identified do not differ by more than about five percent for all § < 0.1.

4.2 Real-World Hyperspectral Image

In this section, we analyze the Urban data Setﬂ with m = 162 and n = 307 x 307 = 94249. It is mainly
constituted of grass, trees, dirt, road and different roof and metallic surfaces; see Figure [Bl

We run the near-separable NMF algorithms to extract » = 8 endmembers. As mentioned in
Section B.I, Assumption [l is naturally satisfied by hyperspectral images (up to permutation) hence
no normalization of the data is necessary. On this data set, took less than half a second to run,
about one minute and XRAY about half a minute.

Figure [0l displays the extracted spectral signatures, and Figure [ displays the corresponding abun-
dance maps, that is, the rows of

H* = argming g |[|M — M(: K)H||r

where K is the set of extracted indices by a given algorithm. SPA and SNPAI extract six common
indices (out of the eight, the first one being different is the fourth).

4Available at http: //www.agc.army.mil/l
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Figure 5: Urban data set taken from an aircraft (army geospatial center) with road surfaces (1),
roofs 1 (2), dirt (3), grass (4), trees (5) and roofs 2 (6).
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Figure 6: Spectral signatures of the extracted endmembers.

SNPA performs better than both [SPAl and XRAY as it is the only algorithm able to distinguish
the grass and trees (3rd and 8th extracted endmembers), while identifying the road surfaces (1st), the
dirt (6th) and roof tops (7th). In particular, the relative error in percent, that is,

minHzo HM — M(,IC)HHF

100 =
[ M]||F

€ [0,100]

for is 9.45, for XRAY 6.82 and for 5.64. In other words, is able to identify eight
columns of M which can reconstruct M better. (Note that, as opposed to SPA and SNPA that
looks for endmembers with large norms, XRAY focuses on extracting extreme rays of the convex cone
generated by the columns of M. Hence it is likely for XRAY to identify columns with smaller norms.
This explains the different scaling of the extracted endmembers in Figure [6l)

Further research includes the comparison of with other endmember extraction algorithms,
and its incorporation in more sophisticated techniques, e.g., where pre-processing is used to remove
outliers and noise, or where pure-pixel search algorithms (that is, near-separable NMF algorithms)
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Figure 7: Abundances maps corresponding to the extracted indices. From top to bottom: [SPA] [SNPAI
and XRAY.

are used as an initialization for more sophisticated (iterative) methods not relying on the pure-pixel
assumption; see, e.g., [§] where [SPAlis used.

4.3 Document Data Sets

Because, as for [SPA], requires to normalize the input near-separable matrices not satisfying
Assumption [] (that is, near-separable matrices for which the columns of H do not belong to A), it
may introduce distortion in the data set [25]. In particular, the normalization amplifies the noise of
the columns of M with small norm (see the discussion in [19]).

In document data set, the columns of the matrix H are usually not assumed to belong to the unit
simplex hence normalization is necessary for applying Therefore, XRAY should be preferred
and it has been observed that, for document data sets, and perform similarly while XRAY
performs better [24]; see also [25].

5 Conclusion and Further Research

In this paper, we have proposed a new fast and robust recursive algorithm for near-separable NMF,
which we referred to as the successive nonnegative projection algorithm (SNPAI). Although computa-
tionally more expensive than the successive projection algorithm (SPAI), can be used to solve
large-scale problems, running in O(mnr) operations, while being more robust and applicable to a
broader class of nonnegative matrices. In particular, seems to be a good alternative to for
real-world hyperspectral images.

There exists several algorithms robust for any near-separable matrix requiring only that a(WW) > 0
[4, 15, M9] which are therefore more general than which requires (W) > 0. In fact, under
Assumption [I, (W) > 0 is a necessary condition for being able to identify the columns of W among
the columns of M. However, these algorithms are computationally much more expensive (n linear
programs in O(n) variables or a single linear program in O(n?) variables have to be solved). Therefore,
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it would be an interesting direction for further research to develop, if possible, faster (recursive?)
algorithms provably robust for any near-separable matrix M = W|[I,, H'| + N with a(W) > 0.
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A Fast Gradient Method for Least Squares on the Simplex

Algorithm is a fast gradient method to solve

;IEHAHT f(A‘T - y)? (10)

where y € R™ and A € R™*". To achieve an accuracy of € in the objective function, the algorithm
requires O <%> iterations. In other words, the objective function converges to the optimal value at

rate O (k—lz) where k is the iteration number.

Algorithm FGM Fast Gradient Method for Solving (I0); see [29, p.90]

Input: A point y € R™, a matrix A € R™*", a function f whose gradient is Lipschitz continuous
with constant Ly, and an initial guess z € A".

Output: An approximate solution x ~ argmin, 5 f(Az — y) so that Az ~ Pj];(y)

1: op € (0, 1); z=x; L = LfO’max(A)2

2: for £ =1 : maxiter do

3: zf =x. % Keep the previous iterate in memory.

4: x = Pa <z — 1V f(Az - y)) % Pa is the projection on A; see Appendiz[A]l

5: z=x+ P (x—a'), where B = fzzgi;:fl) with appq > 0s.t. of ) = (1 — apgr)aq.
6: end for

Remark 3. Note that the function g(x) = f(Ax — b) is not necessarily strongly convez, even if f is.
This would require A to be full column rank, which we we do not assume here. If it were the case, then
even faster methods could be used although the convergence of Algorithm [EGM becomes linear [29).

Remark 4 (Stopping Condition). For the numerical experiments in Section [J], we used maxiter =
500 and combined it with a stopping condition based on the evolution of the iterates; see the online
code for more details.
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A.1 Projection on the Unit Simplex A

In Algorithm [FGM], the projection onto the unit simplex A needs to be computed, that is, given
y € R", we have to compute

1
Pa(y) =2 = argmin, §||:17 —y||* such that = € A.

Let us construct the Lagrangian dual corresponding to the sum-to-one constraint (since the problem
above has a Slater point, there is no duality gap):

T

1
max min §||x —yl? = (1l — o),

pu=>0 >0

where e is the all-one vector and p > 0 the Lagrangian multiplier. For p fixed, the optimal solution
in x is given by
x* = max(0,y — ue).

If the sum-to-one constraint is not active, thatis, ) . 27 < 1, we must have yx = 0 hence 2* = max(0, y)
(hence this happens if and only if max(0,y) € A). Otherwise the value of ;1 can computed by solving the
system )y, 2 = 1 and z* = max(0,y — pe), equivalent to finding p satisfying » ;" ; max(0,y; —p) =1
(1 can be found easily after having sorted the entries of y).

B Lower Bound for w (RQ(A)) depending on (5 ([A, B])

In this appendix, we derive a lower bound on w (RfB(A)) based on 3([A, B]).

Lemma 15. Let + € R™, B and B € R™* be such that ||B — Bl||12 < € < ||B||l12, and f satisfy
Assumption [2. Then

2 L _
|Rb@ - RE@), <12 €lBlL2

Proof. Let us denote z = Pj];(a:), zZ= Pg(x), and z* = P[J;’B] (). We have

|Rb@) - RE@)|| = |[@ = Phe)) - (@ = PL))||, = [Ph@ - PL@)|, =112 2l

Since z* = [B,B]w* for some w* € A, there exists y = Bw and § = Bw with w,w € A such that
[|z* —yll2 < € and ||z* — g||2 < € In fact, it suffices to take w = w = w*(1:r) + w*(r + 1:2r) since

12" = yll2 = ||[B, Blw* — Bullz
= ||Bw*(1:7) + Bw*(r41:2r) — Bw*(1:7) — Bw*(r +1:2r)]|2
=||(B = Byw*(r+1:2r)[s < [|B~ Bl <&

and similarly for §. Therefore, there exists some n, 7 such that z* = y+n = g+ with |[n[2, |[2[|2 <€
By Lemma [Tl and the fact that ||y||2 < ||B||1,2 and ||g||2 < [|Blli,2 < ||Bl|1,2 + € < 2||B||1,2, we have

f(Z) = fly+n) = fy) = [|BlheLe and  f(z") = f(§+n) = f(5) —2||Bl[12Le
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Therefore, by definition of z and Z,

1

P2 2 I ) + 5 7(0) ~ SIBlhaLe > 57(2) + £ f(2) — Sl[Blh 2Lz

Moreover, by definition of z* and strong convexity of f, we obtain

1< £ (324 57) < 3760+ 50 - 5l - 215

Hence, combining the above two inequalities, ||z — Z||3 < 12%||B||172E. O

Lemma 16. Let x,y € R™, B and B € R™** be such that ||B — Bl|12 < € < ||B||12, and f satisfy
Assumption[2. Then

3KL _
€.
I

|RE@) - L), = ||RE@) - REW) | -4

Proof. This follows directly from Lemma

[RE @) - REw)|, = |[RE@) - Rb@) + Rh@) - REW) + Rhw) - REw)|
> [Rbe) - R, -2 2 2hats

Lemma 17. Let A € R™* B and B € R™** be such that |B — Bl|12 < & < ||B||12, and f satisfy

Assumption [2. Then
L
w (RE(A) = 84, B)) ~ 2, [67[1Bl 1%

Proof. This follows directly from Lemmas [15] and In fact, for all 4,

2

O

B((A, B)) - || R (@)

=0

I

< [Rb@) - RG], <

L
12 — €HBH172,
\/ 1

H 3[[Bl1,2L oL
0

while, for all 4, j,

25 |[Rh ) ~RE )], = 5 |[Rhtan -

B /6||B||1,2LE
> B([A, B]) -2 —,
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