N

N

Robust Discriminative Clustering with Sparse
Regularizers

Nicolas Flammarion, Balamurugan Palaniappan, Francis Bach

» To cite this version:

Nicolas Flammarion, Balamurugan Palaniappan, Francis Bach. Robust Discriminative Clustering with
Sparse Regularizers. Journal of Machine Learning Research, 2017, 18 (80), pp.1-50. hal-01357666

HAL Id: hal-01357666
https://hal.science/hal-01357666
Submitted on 30 Aug 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01357666
https://hal.archives-ouvertes.fr

Robust Discriminative Clustering with Sparse Regularizers

Nicolas Flammarion NICOLAS.FLAMMARION@QENS.FR
Balamurugan Palaniappan BALAMURUGAN.PALANIAPPAN@INRIA.FR
Francis Bach FRANCIS.BACHQENS.FR

INRIA - Sierra Project-team
Département d’Informatique de I’Ecole Normale Supérieure (CNRS - ENS - INRIA)
Paris, France

Abstract

Clustering high-dimensional data often requires some form of dimensionality reduction,
where clustered variables are separated from “noise-looking” variables. We cast this prob-
lem as finding a low-dimensional projection of the data which is well-clustered. This yields
a one-dimensional projection in the simplest situation with two clusters, and extends nat-
urally to a multi-label scenario for more than two clusters. In this paper, (a) we first
show that this joint clustering and dimension reduction formulation is equivalent to pre-
viously proposed discriminative clustering frameworks, thus leading to convex relaxations
of the problem; (b) we propose a novel sparse extension, which is still cast as a convex
relaxation and allows estimation in higher dimensions; (c) we propose a natural extension
for the multi-label scenario; (d) we provide a new theoretical analysis of the performance
of these formulations with a simple probabilistic model, leading to scalings over the form
d = O(y/n) for the affine invariant case and d = O(n) for the sparse case, where n is the
number of examples and d the ambient dimension; and finally, (¢) we propose an efficient
iterative algorithm with running-time complexity proportional to O(nd?), improving on
earlier algorithms which had quadratic complexity in the number of examples.

1. Introduction

Clustering is an important and commonly used pre-processing tool in many machine learn-
ing applications, with classical algorithms such as K-means (MacQueen, |1967), linkage
algorithms (Gower and Ross|, [1969) or spectral clustering (Ng et al., [2002). In high di-
mensions, these unsupervised learning algorithms typically have problems identifying the
underlying optimal discrete nature of the data; for example, they are quickly perturbed by
adding a few noisy dimensions. Clustering high-dimensional data thus requires some form
of dimensionality reduction, where clustered variables are separated from “noise-looking”
(e.g., Gaussian) variables.

Several frameworks aim at linearly separating noise from signal, that is finding pro-
jections of the data that extracts the signal and removes the noise. They differ in the
ways signals and noise are defined. A line of work that dates back to projection pursuit
(Friedman and Stuetzlel, [1981)) and independent component analysis (Hyvarinen et al., 2004)
defines the noise as Gaussian while the signal is non-Gaussian (Blanchard et al., [2006; |Le
Roux and Bach, [2013; |Diederichs et al., 2013). In this paper, we follow the work of De
la Torre and Kanade| (2006); Ding and Li (2007)), along the alternative route where one
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defines the signal as being clustered while the noise is any non-clustered variable. In the
simplest situation with two clusters, we may project the data into a one-dimensional sub-
space. Given a data matrix X € R"*¢ composed of n d-dimensional points, the goal is to
find a direction w € R? such that Xw € R" is well-clustered, e.g., by K-means. This is
equivalent to identifying both a direction to project, represented as w € R% and the labeling
y € {—1,1}" that represents the partition into two clusters.

Most existing formulations are non-convex and typically perform a form of alternating
optimization (De la Torre and Kanade, 2006} |Ding and Li, [2007)), where given y € {—1,1}",
the projection w is found by linear discriminant analysis (or any binary classification
method), and given the projection w, the clustering is obtained by thresholding Xw or
running K-means on Xw. As shown in Section [2], this alternating minimization procedure
happens to be equivalent to maximizing the (centered) correlation between y € {—1,1}"
and the projection Xw € R?, that is

(yTHan)Q
max 5 5
weRd ye{-1,13 [[Tly|l5 [T, X w3

where II,, = I,, — %1,11; is the usual centering projection matrix (with 1, € R™ being the
vector of all ones, and I,, the n x n identity matrix). This correlation is equal to one when
the projection is perfectly clustered (independently of the number of elements per cluster).
Existing methods are alternating minimization algorithms with no theoretical guarantees.

In this paper, we relate this formulation to discriminative clustering formulations (Xu
et al., [2004; [Bach and Harchaoui), |2007)), which consider the problem

. 1 2
e, bl ~lly = Xv = bLall3, (1)
with the intuition of finding labels y which are easy to predict by an affine function of the
data. In particular, we show that given the relationship between the number of positive
labels and negative labels (i.e., the squared difference between the respective number of
elements), these two problems are equivalent, and hence discriminative clustering explicitly
performs joint dimension reduction and clustering.

While the discriminative framework is based on convex relaxations and has led to inter-
esting developments and applications (Zhang et al., [2009; |Joulin et al., 2010alb; [Wang et al.|
2010), it has several shortcomings: (a) the running-time complexity of the semi-definite for-
mulations is at least quadratic in n, and typically much more, (b) no theoretical analysis
has ever been performed, (c) no convex sparse extension has been proposed to handle data
with many irrelevant dimensions, (d) balancing of the clusters remains an issue, as it typi-
cally adds an extra hyperparameter which may be hard to set. In this paper, we focus on
addressing these concerns.

When there are more than two clusters, one considers either the multi-label or the multi-
class settings. The multi-class problem assumes that the data are clustered into distinct
classes, i.e., a single class per observation, whereas the multi-label problem assumes the
data share different labels, i.e., multiple labels per observation. We show in this work that
discriminative clustering framework extends more naturally to multi-label scenarios and
this extension will have the same convex relaxation.

A summary of the contributions of this paper follows:



— In Section 2, we relate discriminative clustering with the square loss to a joint clus-
tering and dimension reduction formulation. The proposed formulation takes care of
the balancing hyperparameter implicitly.

— We propose in Section [3]a novel sparse extension to discriminative clustering and show
that it can still be cast through a convex relaxation.

— When there are more than two clusters, we extend naturally the sparse formulation
to a multi-label scenario in Section [l

— We then proceed to provide a theoretical analysis of the proposed formulations with
a simple probabilistic model in Section |5 which effectively leads to scalings over the
form d = O(y/n) for the affine invariant case and d = O(n) for the 1-sparse case.

— Finally, we propose in Section [6] efficient iterative algorithms with running-time com-
plexity for each step equal to O(nd?), the first to be linear in the number of observa-
tions n.

Throughout this paper we assume that X € R"*? is centered, a common pre-processing
step in unsupervised (and supervised) learning. This implies that X "1,, = 0 and I, X = X.

2. Joint Dimension Reduction and Clustering

In this section, we focus on the single binary label case, where we first study the usual non-
convex formulation, before deriving convex relaxations based on semi-definite programming.

2.1 Non-convex formulation

Following De la Torre and Kanade| (2006); Ding and Li| (2007)); Ye et al.| (2008]), we consider
a cost function which depends on y € {—1,1}" and w € R?, which is such that alternating
optimization is exactly (a) running K-means with two clusters on Xw to obtain y given w
(when we say “running K-means”, we mean solving the vector quantization problem ex-
actly), and (b) performing linear discriminant analysis to obtain w given y.

Proposition 1 (Joint clustering and dimension reduction) Given X € R such
that X 1, =0 and X has rank d, consider the optimization problem

(y" Xw)?
A T E Xl )
weRtyef{-1,13" [yl [ Xwll3
Given y, the optimal w is obtained as w = (X" X)™' X Ty, while given w, the optimal y is
obtained by running K-means on Xw.

w! X TyyT Xw
wl X T Xw
matrix in the numerator, which leads to w = (X" X)™' X Ty. Given w, we show in Ap-
pendix [A] that the averaged distortion measure of K-means once the means have been

optimized is exactly equal to (y' Xw)?/|[IL,yl/3. [ |

Proof Given y, we need to optimize the Rayleigh quotient with a rank-one



FLAMMARION, PALANIAPPAN AND BACH

Algorithm. The proposition above leads to an alternating optimization algorithm. Note
that K-means in one dimension may be run ezactly in O(nlogn) (Bellman| (1973)). Moreover,

after having optimized with respect to w in Eq. , we then need to maximize with respect

yTX(XTX)fley
Mnyll3

whitened data (which is now in high dimension and not in 1 dimension). At first, it seems

that dimension reduction is simply equivalent to whitening the data and performing K-
means; while this is a formally correct statement, the resulting K-means problem is not easy
to solve as the clustered dimension is hidden in noise; for example, algorithms such as K-
means++ (Arthur and Vassilvitskii, |2007)), which have a multiplicative theoretical guarantee
on the final distortion measure, are not provably effective here because the minimal final
distortion is then not small, and the multiplicative guarantee is meaningless.

to y the function , which happens to be exactly performing K-means on the

2.2 Convex relaxation and discriminative clustering

The discriminative clustering formulation in Eq. may be optimized for any y € {—1,1}"

nly=Xv) _ 13y

in closed form with respect to b as b = ! - —n= since X is centered. Substituting b

in Eq. leads us to
1 1 (y" Xw)?
min — |1,y — Xv|? = = || 2—maxi, 3
veR? n” nY HQ n” ny||2 weRd HX’(U”% ( )
where v is obtained from any solution w as v = wﬁ’;%. Thus, given
2
(y'1,)2 1, , )
T; = ﬁ(#{l’yi = 1} - #{Zayi = —1}) =ac [0, 1]a (4)

which characterizes the asymmetry between clusters and with ||IT,,y||> = n(1—a), we obtain
from Eq. (3), an equivalent formulation to Eq. (with the added constraint) as
1 T1,)?
min ||,y — Xv||3 such that M = . (5)
ye{—1,1}", veRd N n
This is exactly equivalent to a discriminative clustering formulation with the square loss.
Following Bach and Harchaoui (2007)), we may optimize Eq. in closed form with respect
towvasv=(X'X)"'X"y. Substituting v in Eq. (5 leads us to

min lyT (IL, - X(X"X)™'X ")y such that W) a. (6)

ye{-1,1}» 1 n
This combinatorial optimization problem is NP-hard in general (Karp, 1972 |Garey et al.,
1976). Hence in practice, it is classical to consider the following convex relaxation of Eq. @
(Luo et al., 2010). For any admissible y € {—1,+1}", the matrix Y = yy' € R™" is a
rank-one symmetric positive semi-definite matrix with unit diagonal entries and conversely
any such Y may be written in the form Y = yy' such that y is admissible for Eq. @
Moreover by rewriting Eq. @ as

1 1) (yy ™)1
min  —tryy' (I1,, — X(XTX)_IXT) such that ”(Lw
n

= O%
ye{-1,1}» n



we see that the objective and constraints are linear in the matrix ¥ = yy' and Eq. @ is
equivalent to
Y1,

1
min —trY (1T, —X(XTX)_IXT) such that ——
Y0, rank(Y)=1 diag(Y)=17n

.
n

Then dropping the non-convex rank constraint leads us to the following classical convex

relaxation:

Y1,
n2

1
min_ —trY (I, - X(X"X) ' X") such that a. (7)

Y'=0, diag(Y)=1"n
This is the standard (unregularized) formulation, which is cast as a semi-definite program.
The complexity of interior-point methods is O(n”), but efficient algorithms in O(n?) for such
problems have been developed due to the relationship with the max-cut problem (Journée
et al., [2010; Wen et al.l 2012).

Given the solution Y, one may traditionally obtain a candidate y € {—1,1}" by running
K-means on the largest eigenvector of Y or by sampling (Goemans and Williamson, [1995]).
In this paper, we show in Section [5| that it may be advantageous to consider the first two
eigenvectors.

2.3 Unsuccessful full convex relaxation

The formulation in Eq. imposes an extra parameter « that characterises the cluster
imbalance. It is tempting to find a direct relaxation of Eq. . It turns out to lead to a
trivial relaxation, which we outline below.
When optimizing Eq. with respect to w, we obtain the following optimization prob-
lem
yTX(XTX)—lXTy
max - )
ye{-1,1}" y ' 1y
leading to a quasi-convex relaxation as

trY X(XTX)1XxT
max ,
Y30, diag(Y)=1 trIl, Y

whose solution is found by solving a sequence of convex problems (Boyd and Vandenberghe,
2004} Section 4.2.5). As shown in Appendix this may be exactly reformulated as a single
convex problem:
max trMX(X'TX)"'x T,
M0, diag(M)=1+17311
Unfortunately, this relaxation always leads to trivial solutions, and we thus need to consider
the relaxation in Eq. @ for several values of & = 1,/Y1,,/n? (and then the non-convex
algorithm can be run from the rounded solution of the convex problem, using Eq. as
a final objective). Alternatively, we may solve the following penalized problem for several
values of v > 0:
1 v
min  —trY(I, - X(X X)X ") + 51, V1, 8
Y0, diag(Y)=1n (I ( ) ) n2 o 8)
For v =0,Y = 1,1, is always a trivial solution. As outlined in our theoretical section and
as observed in our experiments, it is sufficient to consider v € [0, 1].
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2.4 Equivalent relaxations

Optimizing Eq. with respect to v in closed form as in Section is feasible with no
regularizer or with a quadratic regularizer. However, if one needs to add more complex
regularizers, we need a different relaxation. We start from the penalized version of Eq. ,

. 1 (?/Tln)Q
min — ||,y — Xvl|3 + v-2—=", 9
ye{-1,1}", veRd med I n? ®)
which we expand as:
1 2 1 T1,)?
min “trllyy — —trXvy' + —tr X Xovo' + I/(y 2n) , (10)
ye{—1,1}", veRI N n n n

and relax as, using Y =yy', P=yv' and V =wv',

1 2 1
min —trIL,Y — ~trPT X+ - tr X "XV 4v
n n

1y1, (Y P
S.T.
V.PY n

3 pT V) =0, diag(Y') = 1. (11)

When optimizing Eq. with respect to V' and P, we get exactly Eq. . Indeed, the
optimum is attained for V = (X TX)"!XTYX(X"X) ' and P = YX(XTX)"! as shown
in Appendix Therefore, the convex relaxation in Eq. is equivalent to Eq. .

However, we get an interesting behavior when optimizing Eq. with respect to P
and Y also in closed form. For v = 1, we obtain, as shown in Appendix the following
closed form expressions:

Y = Diag(diag(XVXT))"2XV X Diag(diag(XVXT))~1/2
P = Diag(diag(XVX ")) Y2xV,

leading to the problem:

2 < 1
in 1-= XVXT)u+ —tr(VX T X). 12
min n;\/( VXTii+ (VX' X) (12)

The formulation above in Eq. is interesting for several reasons: (a) it is formulated as
an optimization problem in V € R%*?, which will lead to algorithms whose running time
will depend on n linearly (see Section @, (b) it allows for easy adding of regularizers (see
Section , which may be formulated as convex functions of V = vv'. However, note that
this is valid only for ¥ = 1. We now show how to reformulate any problems with v € [0,1)
through a simple data augmentation.

Reformulation for any v. When v € [0,1), we may reformulate the objective function
in Eq. @ as follows:

1 T1,)2 1 1 1 1
Uiy - xog 4@ = Ly g Iz 2 (8 Iy
1 yTln 2 v yTln 2
g - Xo— (1= L1+ (- n )
1 v
= Ibréllélguy—X’U—blan—Fmba (13)



since 1|y — Xv — bl1,|3 + £b% can be optimized in closed form with respect to b as

b= (1-— y)yT% Note that the weighted imbalance ratio (1 — Z/)yTnln is made as an
optimization variable in Eq. (13]). Thus we have the following reformulation
, 1 T1,)?
min fHHnnyv||§+uM
veERE, ye{-1,1}" N n
1 v
= min Zly — Xv —bl,||2 + ——b?, 14
pemipeiL Al nll2 + 77— (14)

which is a non-centered penalized formulation on a higher-dimensional problem in the vari-
able (}j) € R, In the rest of the paper, we will focus on the case v = 1 as it is simpler
to present, noticing that by adding a constant term and a quadratic regularizer, we may
treat the problem with equal ease when v € [0,1). This enables the use of the formulation
in Eq. , which is easier to optimize.

3. Regularization

There are several natural possibilities. We consider norms € such that Q(w)? = T'(ww ")
for a certain convex function I'; all norms have that form (Bach et al., 2011, Proposition

5.1). When v = 1, Eq. then becomes

n

max % > VJXVXT); - % tr(VX ' X) —I(V). (15)

i=1

The quadratic regularizers I'(V') = tr AV have already been tackled by Bach and Harchaoui
(2007). They consider the regularized version of problem in Eq.

1
min —||IL,y — Xv||2 + v ' Av, 16
min Ty = X3 (16)

optimize in closed form with respect to v as v = (X' X +nA)"1X Ty. Substituting v in
Eq. leads them to

1
min_ —trY (I, - X(X X +nA)"'X).
Y30, diag(Y)=1n
In this paper, we formulate a novel sparse regularizer, which is a combination of weighted
squared £1-norm and fo-norm. It leads to

['(V) = tr[Diag(a)V Diag(a)] + || Diag(c)V Diag(c)||1,

such that T'(vo ") = Z?Zl a?v? + (Zgzl ci|vi\)2. This allows to treat all situations simulta-
neously, with v = 1 or with v € [0,1). To be more precise, when v € [0,1), we can consider
in Eq. , a problem of size d + 1 with a design matrix [X,1,] € R"*(+D 4 direction
of projection (Z) € R4+ and different weights for the last variable with agy, = 1=, and
Cd+1 = 0.

Note that the sparse regularizers on V introduced in this paper are significantly different
when compared to the sparse regularizers on variable v in Eq. , for example, considered
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by [Wang et al.| (2013). A straightforward sparse regularizer on v in Eq. , despite leading
to a sparse projection, does not yield natural generalizations of the discriminative clustering
framework in terms of theory or algorithms. However the sparse regularizers considered in
this paper, in addition to their algorithmic appeal for certain applications, also lead to
robust cluster recovery under minor assumptions, as will be illustrated on a simple example
in Section [Bl

4. Extension to Multiple Labels

The discussion so far has focussed on two clusters. Yet it is key in practice to tackle more
clusters. It is worth noting that the discrete formulations in Eq. and Eq. extend
directly to more than two clusters. However two different extensions of the initial problems
Eq. or Eq. are conceivable. They lead to problems with different constraints on
different optimization domains and, consequently, to different relaxations. We discuss these
possibilities next.

One extension is the multi-class case. The multi-class problem which is dealt with by
Bach and Harchaoui (2007) assumes that the data are clustered into K classes and the
various partitions of the data points into clusters are represented by the K-class indicator
matrices y € {0,1}"*% such that y1x = 1,,. The constraint y1x = 1,, ensures that one data
point belongs to only one cluster. However as discussed by [Bach and Harchaoui (2007), by
letting Y = yy T, it is possible to lift these K-class indicator matrices into the outer convex
approximations Cx = {Y € R¥": Y =Y T diag(Y) =1,,Y = 0,Y < +1,1,} (Frieze and
Jerrum, [1995), which is different for all values of K. Note that letting K = 2 corresponds
to the previous sections.

We now discuss the other possible extension, which is the multi-label case. The multi-
label problem assumes that the data share k labels and the data-label membership is rep-
resented by matrices y € {—1,+1}"**. In other words, the multi-class problem embeds
the data in the extreme points of a simplex, while the multi-label problem does so in the
extreme points of the hypercube.

The discriminative clustering formulation of the multi-label problem is

1
min Z ||y — X%, 17
. ye{_l,l}nxknll nY |7 (17)

where the Frobenius norm is defined for any vector or rectangular matrix as ||A|% =
tr AAT = trATA. Letting k = 1 here corresponds to the previous sections. The dis-
crete ensemble of matrices y € {—1, +1}"** can be naturally lifted into Dy, = {Y € R™*" :
Y = YT diag(Y) = kl,,Y 3= 0}, since diag(Y) = diag(yy') = Zle yfl = k. As the
optimization problems in Eq. and Eq. have linear objective functions, we can change
the variable from Y to Y = Y/k to change the constraint diag(Y) = k1,, to diag(Y’) = 1,
without changing the optimizer of the problem. Thus the problems can be solved over the
relaxed domain D = {Y € R"™" : Y = Y diag(Y) = 1,,Y 3= 0} which is independent
of k.

Note that the domain D is similar to that considered in the problems in Eq. and
Eq. and these convex relaxations are the same regardless of the value of k. Hence
the multi-label problem is a more natural extension of the discriminative framework, with



a slight change in how the labels y are recovered from the solution Y (we discuss this in

Section .

5. Theoretical Analysis

In this section, we provide a theoretical analysis for the discriminative clustering framework.
We start with the 2-clusters situation: the non-sparse case is considered first and analysis is
provided for both balanced and imbalanced clusters. Our study for the sparse case currently
only provides results for the simple 1-sparse solution. However, the analysis also yields
valuable insights on the scaling between n and d. We then derive results for multi-label
situation.

For ease of analysis, we consider the constrained problem in Eq. , the penalized prob-
lem in Eq. or their equivalent relaxations in Eq. or Eq. under various scenarios,
for which we use the same proof technique. We first try to characterize the low-rank solu-
tions of these relaxations and then show in certain simple situations the uniqueness of such
solutions, which are then non-ambiguously found by convex optimization. Perturbation
arguments could extend these results by weakening our assumptions but are not within the
scope of this paper, and hence we do not investigate them further in this section.

5.1 Analysis for 2 clusters: non-sparse problems

In this section, we consider several noise models for the problem, either adding irrelevant
dimensions or perturbing the label vector with noise. We consider these separately for
simplicity, but they could also be combined (with little extra insight).

5.1.1 IRRELEVANT DIMENSIONS

We consider an “ideal” design matrix X € R™"*? such that there exists a direction v along
which the projection Xwv is perfectly clustered into two distinct real values ¢; and cs. Since
Eq. (2) is invariant by affine transformation, we can rotate the design matrix X to have
X = [y, Z] with y € {—1,1}", which is clustered into +1 or —1 along the direction v =
(0 dl_l). Then after being centered, the design matrix is written as X = [II,y, Z] with
Z =|z,...,24-1) € R™@=1 The columns of Z represent the noisy irrelevant dimensions
added on top of the signal y.

5.1.2 BALANCED PROBLEM

When the problem is well balanced (y' 1, = 0), y is already centered and II,y = y. Thus
the design matrix is represented as X = [y, Z]. We consider here the penalized formulation
in Eq. with v = 1 which is easier to analyze in this setting.

Let us assume that the columns (2;);=1,.._q—1 of Z arei.i.d. with symmetric distribution z,
with Ez = Ez3 = 0 and such that ||z||o is almost surely bounded by R > 0. We denote by
Ez? = m its second moment and by Ez*/(E22)? = 3 its (unnormalized) kurtosis.

Surprisingly the clustered vector y happens to generate a solution yy ' of the relaxation
Eq. for all possible values of Z (see Lemma in Appendix ). However the problem
in Eq. should have a unique solution in order to always recover the correct assignment
y. Unfortunately the semidefinite constraint Y = 0 of the relaxation makes the second-
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order information arduous to study. Due to this reason, we consider the other equivalent
relaxation in Eq. for which V, = vv' is also solution with v o« (X T X)X Ty (see
Lemma in Appendix. Fortunately the semidefinite constraint V' = 0 of the problem
in Eq. may be ignored since the second-order information in V' of the objective function
already provides unicity for the unconstrained problem. Hence we are able to ensure the
uniqueness of the solution with high probability and the following result provides the first

guarantee for discriminative clustering.

ses 2 B=3 .
Proposition 2 Let us aisume d>3,5>1and m* > PICARVE
(a) If n > d2R4%, Vi is the unique solution of the problem in Eq. with high
probability.

2 p4

(b) If n > min{mQ(g_?)72m272m}, v 18 the principal eigenvector of any solution of the problem
n Fq. (@ with high probability.

Let us make the following observations:

— Proof technique: The proof relies on a computation of the Hessian of f(V) =
250 V(XVXT); — L tr XXV which is the objective function in Eq. . We
first derive the expectation of V2f(V) with respect to the distribution of X. By
the law of large number, it amounts to have n going to infinity in V2f(V). Then we
expand the spectrum of this operator EV?2 f(V') to lower-bound its smallest eigenvalue.
Finally we use concentration theory on matrices, following Tropp, (2012), to bound
the Hessian V2 (V) for finite n.

— Effect of kurtosis: We remind that § > 1, with equality if and only if z follows a
Rademacher law (P(z = +1) = P(2 = —1) = 1/2). Thus, if the noisy dimensions are
clustered, then unsurprisingly, our guarantee is meaningless. Note that the constant £
behaves like a distance of the distribution z to the Rademacher distribution. Moreover,
B = 3 if z follows a standard normal distribution.

— Scaling between d and n: If the noisy variables are not evenly clustered between the
same clusters {#1} (i.e., x > 1), we recover a rank-one solution as long as n = O(d>);
while, as long as n = O(d?), the solution is not unique but its principal eigenvector
recovers the correct clustering. Moreover, as explained in the proof, its spectrum
would be very spiky.

— The assumption m? > T is generally satisfied for large dimensions. Note that

£5—3

d+5—4)
m?2d is the total variance of the irrelevant dimensions, and when it is small, i.e., when
m? < %, the problem is particularly simple, and we can also show that V, is

the unique solution of the problem in Eq. with high probability if n > d;ff.
Finally, note that for sub-Gaussian distributions (where x < 3), the extra constraint
is vacuous, while for super-Gaussian distributions (where x > 3), this extra constraint

only appears for small m.

5.1.3 NOISE ROBUSTNESS FOR THE 1-DIMENSIONAL BALANCED PROBLEM

We assume now that the data are one-dimensional and are perturbed by some noise € € R"
such that X =y + ¢ with y € {—1,1}". The solution of the relaxation in Eq. recovers

10



the correct y in this setting only when each component of y and y + ¢ have the same sign
(this is shown in Appendix . This result comes out naturally from the information on
whether the signs of y and y + ¢ are the same or not. Further if we assume that y and ¢
are independent, this condition is equivalent to ||e||o < 1 almost surely.

5.1.4 UNBALANCED PROBLEM

When the clusters are imbalanced (3 1,, # 0), the natural rank-one candidates Y, = yy '
and V, = vv! are no longer solutions of the relaxations in Eq. (for v =1) and Eq. ,
as proved in Appendix [D.6] Nevertheless we are able to characterize some solutions of the
penalized relaxation in Eq. for v = 0.

Lemma 3 For v =0 and for any non-negative a,b € R such that a +b =1,
Y =ayy' + blnll
is solution of the penalized relaxation in Eq. (@

Hence any eigenvector of this solution Y would be supported by the directions y and 1,,.

u
Moreover when the value o, = (1”71’)2 is known, it turns out that we can characterize some
solution of the constrained relaxation in Eq. , as stated in the following lemma.

Lemma 4 For a > ay,

1—04 T 1—06 T
Y = (1— )11
l—a*yy + 1—a,/ ™"

is a rank-2 solution of the constrained relaxation in Fq. (@ with constraint parameter c.

The eigenvectors of Y enable to recover y for a,. < o < 1. We conjecture (and checked
empirically) that this rank-2 solution is unique under similar regimes to those considered
for the balanced case. The proof would be more involved since, when v # 1, we are not
able to derive an equivalent problem in V for the penalized relaxation in Eq. similar to
Eq. for the balanced case.

Thus Y being rank-2, one should really be careful and consider the first two eigenvectors
when recovering y from a solution Y. This can be done by rounding the principal eigenvector

of I1,,YTI,, = 11:0‘?‘* I,y(I,y) " as discussed in the following lemma.

Lemma 5 Let y., be the principal eigenvector of 11, Y1, where Y is defined in Lemma@
then

sign(yev) = y.

Proof By definition of Y, ye, = \/11__0?1 I1,,y thus sign(ye,) = sign(Il,y) and since o < 1
then sign(Il,y) = sign(y — val,) = y. -

In practice, contrary to the standard procedure, we should, for any v, solve the penalized
relaxation in Eq. and then do K-means on the principal eigenvector of the centered
solution II,YTI, instead of the solution Y to recover the correct y. This procedure is
followed in our experiments on real-world data in Section [7.2

11
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5.2 Analysis for 2 clusters: 1-sparse problems

We assume here that the direction of projection v (such that Xv = y) is l-sparse (by [-sparse
we mean ||v|lo = ). The ¢;-norm regularized problem in Eq. is no longer invariant
by affine transformation and we cannot consider that X = [y, Z] without loss of generality.
Yet the relaxation Eq. seems experimentally to only have rank-one solutions for the
simple | = 1 situation. Hence we are able to derive some theoretical analysis only for this
case. It is worth noting the [ = 1 case is simple since it can be solved in O(d) by using
K-means separately on all dimensions and ranking them. Nonetheless the proposed scaling
also holds in practice for [ > 1 (see Figure .

Thereby we consider data X = [y, Z] with y € {~1,1}" and Z € R™*(¢=1 which are
clustered in the direction v = [1, 0,...,0]". When adding a £;-penalty, the initial problem

d—1 terms

inEq.forl/zlis

min - Xv||5 4+ A||v
ye-T1)n, verd nHy 13 + Aol
When optimizing in v this problem is close to the Lasso (Tibshirani, |1996]) and a solution

is known to be v} = (y'y +nA\)"ty" y—H/\, Vie Jand v =0, Vi € {1,2,...,d} \ J,

where J is the support of v*. The candidate V, = v*v* | is still a solution of the relaxation

in Eq. (see Lemma|15|in Appendix and we will investigate under which conditions
on X the solution is unique. Let us assume as before (z;);=1,. 4 are i.i.d. with distribution
z symmetric with Ez = Ez® = 0, and denote by Ez? = m and Ez*/(E2?)? = 3. We also
assume that ||z||s is almost surely bounded by 0 < R < 1. We are able to ensure the
uniqueness of the solution with high-probability.

Proposition 6 Let us assume d > 3.

(a) If n > dR2%, Vi is the unique solution of the problem Eq. with high
probability.

(b) If n > 2(5 v v* is the principal eigenvector of any solution of the problem Eq.
with high probability.

The proof technique is very similar to the one of Proposition With the function
g(V) = 230 V/(XVX )y — A|V[1 — 2tr XTXV, we can certify that g will decrease
around the solution V, by analyzing the eigenvalues of its Hessian.

The rank-one solution Vi is recovered by the principal eigenvector of the solution of
the relaxation Eq. as long as n = O(d). Thus we have a much better scaling when
compared to the non-sparse setting where n = O(d?). We also conjecture a scaling of order
n = O(ld) for a projection in a [-sparse direction (see Figure [1b| for empirical results).

The proposition does not state any particular value for the regularizer parameter .
This makes sense since the proposition only holds for the simple situation when [ = 1. We
propose to use A = 1/4/n by analogy with the Lasso.

5.3 Analysis for the multi-label extension

In this section, the signals share k labels which are corrupted by some extra noisy dimen-
sions. We assume the centered design matrix to be X = [y, Z] where y € {—1, +1}"**

12



and Z € R"*(4=k)  We also assume that y is full—ran We denote by y = [y1,...,yr] and

T 2
o = (%) fori=1,--- k. We consider the discrete constrained problem
1 Liyy'l
min — ||,y — Xv||% such that Lﬂ =a?, (18)
ve]}gdxk7 yE{fl,l}"Xk n n
and the discrete penalized problem for v =0
. 1 2
min — ||y — Xv||%. (19)

’UERka, yG{—l,l}"Xk n

As explained in Section 4, these two discrete problems admit the same relaxations in
Eq. and Eq. we have studied for one label. We now investigate when the solution
of the problems in Eq. and in Eq. generate solutions of the relaxations in Eq.
and Eq. .

By analogy with Lemma |3] we want to characterize the solutions of these relaxations
which are supported by the constant vector 1, and the labels (y1,...,yr). Their general
form is Y = §Aj" where A € RF** is symmetric semi-definite positive and § = [1,,,].
However the initial y is easily recovered from the solution Y only when A is diagonal. To
that end the following lemma derives some condition under which the only matrix A such
that the corresponding Y satisfies the constraint of the relaxations in Eq. and Eq.
is diagonal.

Lemma 7 The solutions of the matriz equation diag(§Aj') = 1,, with unknown variable A
are diagonal if and only if the family {1,,, (yi)1<i<k, (Yi ©Yj)1<i<j<i} is linearly independent
where we denoted by © the Hadamard (i.e., pointwise) product between matrices.

In this way we are able to characterize the solution of relaxations in Eq. and Eq.
with the following result:

Lemma 8 Let us assume that the family {1y, (Yi)1<i<k, (¥i © Yj)1<i<j<k} is linearly inde-
pendent. If & > amin = 1211219{%} with (oy)1<i<k defined above Eq. , the solutions of the
K3

constrained relaxation z’n_E_q. (@ supported by the vectors (1n,y1,- - ,yr) are of the form:

k
Y =adl,l) + Y alyy
i=1

where (a;)o<i<k satisfies Zf:(] a? =1 and a? + Zle aZa; = a.

Moreover the solutions of the penalized relaxation in Eq. (@ for v =0 which are sup-
ported by the vectors (1,,y1,--- ,yx) are of the forms:

k
Y = aglnlz + Za?yiyj,
i=1

where (a;)o<i<k satisfies E?:o a? =1.

1. This assumption is fairly reasonable since the probability of a matrix whose entries are i.i.d. Rademacher
random variables to be singular is conjectured to be 1/2 + o(1) (Bourgain et al., [2010).

13
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In the multi-label case, some combinations of the constant matrix 1,1} and the rank-
one matrices ylyZT are solutions of constrained or penalized relaxations. Furthermore, under
some assumptions on the labels (y;)1<i<k, these combinations are the only solutions which
are supported by the vectors (1,91, - ,yr). And we conjecture (and checked empirically)
that under assumptions similar to those made for the balanced one-label case, all the solu-
tions of the relaxation are supported by the family (1,,y1,--- ,yr) and consequently share
the same form as in Lemma [8] Thus the eigenvector of the solution ¥ would be in the span
of the directions (1,91, - ,Yk)-

Let us consider an eigenvalue decomposition of Y = FF T = Zk:() )\ieiez— and denote by
M = [agly,a1y1,- - - , axyk] where (a;)o<i<k are defined in Lemma (8 Since MM T = FFT,
there is an orthogonal transformation R such that FFR = M. We also denote the product
FR by FR = [, -+ ,&k]|. We propose now an alternating minimization procedure to
recover the labels (y1,-- - ,yx) from M.

Lemma 9 Consider the optimization problem

MeM, ReRFxk: RT R=I,

where M = {[aolp,a1y1, -, axyk),a € REFL 1 a|ls = 1,y; € {£1}"}.

Given M, the problem is equivalent to the orthogonal Procrustes problem (Schonemann,
1966). Denote by UAV" a singular value decomposition of F'M. The optimal R is
obtained as R = UV . While given R, the optimal M is obtained as

1
M= 2 2 2
VIEIR +1&I7 + .-+ [1&I]17

Proof We give only the argument for the optimization problem with respect to M. Given

R, the optimization problem in M is equivalent to max tr(FR)" M and
a€RFF1:|al[2=1, ye{—1,1}nxk

tr(FR)"M = aofoTln + Zle aiiji . Thus by property of the dual norms the solution is
; g , _ lI&: I

given by y; = sign(&y) and a: = T e e -

The minimization problem in Lemma[9] is non-convex; however we observe that performing

few alternating optimizations is sufficient to recover the correct (yi,...,yx) from M.

[[[€oll1 sign(&o), - - -, |k |1 sign(&)]-

5.4 Discussion

In this section we studied the tightness of convex relaxations under simple scenarios where
the relaxed problem admits low-rank solutions generated by the solution of the original
non-convex problem. Unfortunately the solutions lose the characterized rank when the
initial problem is slightly perturbed since the rank of a matrix is not a continuous function.
Nevertheless, the spectrum of the new solution is really spiked, and thus these results are
quite conservative. We empirically observe that the principal eigenvectors keep recovering
the correct information outside these scenarios. However this simple proof mechanism is not
easily adaptable to handle perturbed problems in a straightforward way since it is difficult
to characterize the properties of eigenvectors of the solution of a semi-definite program.
Hence we are able to derive a proper theoretical study only for these simple models.

14



6. Algorithms

In this section, we present an optimization algorithm which is adapted to large n settings,
and avoids the n-dimensional semidefinite constraint.

6.1 Reformulation

We aim to solve the general regularized problem which correponds to Eq.

maX—Z\/ (XVXT)i trV (X" X 4 nDiag(a)?) — || Diag(c)V Diag(c)||. (20)

V=0 n

We consider a slightly different optimization problem:

max—zw (XVXT); — || Diag(c)V Diag(c)|1 s.t. tr V(= XTX—l—Dlag( )3 =1. (21)

V=0 n

When c is equal to zero, then Eq. is exactly equivalent to Eq. ; when ¢ is small
(as will typically be the case in our experiments), the solutions are very similar—in fact,
one can show by Lagrangian duality that by a sequence of problems in Eq. , one may
obtain the solution to Eq. .

6.2 Smoothing
By letting A= XTTX+Diag(a)2, we consider a strongly-convex approximation of Eq. as:

maX—Z\/ (XVXT); — || Diag(c)V Diag(c)||; — e tr[(A2VAZ)log(A2V A2)] s.t. tr(A2VA2Z) = 1,

V=0n

where — tr M log(M) is a spectral convex function called the von-Neumann entropy (von
Neumann), |1927). The difference in the two problems is known to be elog(d) (Nesterov,
2007)). As shown in Appendix the dual problem is
L L e (a3 (A XT Ding(w)X - C)A~3),  (22)
min — — iag(u) X — ,
uER? ,CERIXA:|C;5]<cic; 2n — Ui 2n &

where ¢°(M) is an e-smooth approximation to the maximal eigenvalue of the matrix M.

6.3 Optimization algorithm

In order to solve Eq. , we split the objective function into a smooth part F(u,C) =
o° (A_% (& X T Diag(u)X—C) A_%) and a non-smooth part H(u,C) = H\Cij|<cicj+% Yoy u%
We may then apply FISTA (Beck and Teboulle, |2009) updates to the smooth function
$°(A 71( X T Diag(u )X - C’)Afé), along with a proximal operator for the non-smooth

terms ]I|C |<cic; and 2n Yoy u%, which may be computed efficiently. See details in Ap-

pendix
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Running-time complexity. Since we need to project on the SDP cone of size d at each
iteration, the running-time complexity per iteration is O(d® 4 d?n); given that often n > d,
the dominating term is O(d?n). It is still an open problem to make this linear in d. Our
function being O(1/e)-smooth, the convergence rate is of the form O(1/(et?)). Since we
stop when the duality gap is € log(d) (as we use smoothing, it is not useful to go lower), the
number of iterations is of order 1/(e/log(d)).

7. Experiments

We implemented the proposed algorithm in Matlab. The code has been made available
inhttps://drive.google.com/uc?export=download&id=0B5Bx9jrp7celMk5p0FI4UGtOZEk.
Two sets of experiments were performed: one on synthetically generated data sets and the
other on real-world data sets. The details about experiments follow.

7.1 Experiments on synthetic data

In this section, we illustrate our theoretical results and algorithms on synthetic examples.
The synthetic data were generated by assuming a fixed clustering with «, € [0, 1], along a
single direction and the remaining variables were whitened. We consider clustering error
defined for a predictor 7 as 1 — (7' y/n)?, with values in [0, 1] and equal to zero if and only
ify =49.

Phase transition. We first illustrate our theoretical results for the balanced case in
Figure [I| We solve the relaxation for a large range of d and n using the cvx solver (Grant
and Boyd, [2008,[2014). We show the results averaged over 4 replications and take \,, = 1/y/n
for the sparse problems. In Figure [la] we investigate whether cvx finds a rank-one solution
for a problem of size (n,d) (the value is 1 if the solution is rank-one and 0 otherwise). We
compare the performance of the algorithms without ¢;-regularization in the affine invariant
case and with /;-regularization in the 1-sparse case. We observe a phase transition with
a scaling over the form n = O(d?) for the affine invariant case and n = O(d) for the 1-
sparse case. This is better than what expected by the theory and corresponds rather to the
performance of the principal eigenvector of the solution. It is worth noting that it may be
uncertain to really distinguish between a rank-one solution and a spiked solution.

We also solve the relaxation for 4-sparse problems of different sizes d and n and plot the
clustering error. We compare the performance of the algorithms without ¢;-regularization
in the affine invariant case and with ¢;-regularization in the 4-sparse case in Figure We
notice a phase transition of the clustering error with a scaling over the form n = O(d?) for
the affine invariant case and n = O(d) for the 4-sparse case. It supports our conjecture on
the scaling of order n = O(ld) for I-sparse problems. Comparing left plots of Figure [1a] and
Figure we observe that the two phase-transitions occur at the same scaling between n
and d. Thus there are few values of (n,d) for which the cvx solver finds a solution whose
rank is stricly larger than one and whose principal eigenvector has a low clustering error.
This illustrates, in practice, this solver aims to find a rank-one solution under the improved
scaling n = O(d?).

Unbalanced case. We generate an unbalanced problem for d = 10, n = 80 and «a, = 0.25
and we average the results over 10 replications. We compare the clustering error for the
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(a) Phase transition for rank-one solution. Left: affine invariant case. Right: 1-sparse case.
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(b) Phase transition for clustering error. Left: affine invariant case . Right: 4-sparse case.

Figure 1: Phase transition plots.
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Figure 2: Unbalanced problem for n = 80, d = 10 and «a, = 0.25. Left: Clustering error
for the constrained relaxation. Middle: Rank of the solution for different level of noise o.
Right: Clustering error for the penalized relaxation.

constrained and the penalized relaxations when we consider the sign of the first or second
eigenvector and when we use projection technique defined as (I1,Y(9)II,)(1) where Y{;) is
the best rank-%k approximation of Y, to extract the information of y. We see in Figure
that (a) for the constrained case, the range of a such that the sign of y is recovered is cut
in two parts where one eigenvector is correct, whereas the projection method performs well
on the whole set. (b) For the penalized case, the correct sign is recovered for v close to 0
by the first eigenvector and the projection method whereas the second one performs always
badly. (c¢) When there is zero noise the rank of the solution is one for a € {ax, 1}, two for
a € (o, 1) and greater otherwise. These findings confirm our analysis. However, when y is
corrupted by some noise this result is no longer true.

Runtime experiments. We also generated data with a k-sparse direction of projection v
by adding d — k noise variables to a randomly generated and rotated k-dimension data. The
proposed optimization problem implemented using FISTA (Beck and Teboulle, 2009) was
compared against a benchmark cvx solver to compare its scalability. Experiments were
performed for A = 0 and A = 0.001, the coefficient associated with the sparse ||V||; term.
For a fixed d, cvx breaks down for large n values (typically n» > 1000). Similarly, the
runtime required by cvx is generally high for A = 0 and is comparable to our method for
A = 0.001. This behavior is illustrated in Figure

When A = 0, the problem reduces to the original Diffrac problem (Bach and Harchaoui,
2007)) and hence can be compared to an equivalent max-cut SDP (Boumal et al., [2014). We
observed that our method is comparable in terms of runtime and clustering performance
of low-rank methods for max-cut (Figure |3). However, for A > 0, the equivalence with
max-cut disappears.

The plots in these figures show the behavior of FISTA for two different stopping criteria:
e = 1072/log(d) and € = 1073/ log(d). It is observed that the choice 1073/ log(d) gives a
better accurate solution at the cost of more number of iterations (and hence higher runtime).
For sparse problems in Figure we see that cvx gets a better clustering performance (while
crashing for large n); the difference would be reduced with a smaller duality gap for FISTA.

Clustering performance. Experiments comparing the proposed method with K-means
and alternating optimization are given in Figure[d K-means is run on the whitened variables
in R, Alternating optimization is another popular method Ye et al.| (2008) for dimension-

18



Average Clustering Error

Average Clustering Error

(a) cvx, max-cut comparison with A\ = 0. Top: n
n ~ 1000. Bottom: d varied with n = 100, k = 2.

Average Clustering Error

Average Clustering Error

0.8¢

0.6f

—o—CvX

——fista (0.01/log(d)) ||
fista (0.001/log(d))
maxcut |

500

100
Num samples n

*W’»‘—’:‘—/é‘—ﬁ =000

—e—CvX

——fista (0.01/log(d))
fista (0.001/log(d))| |
maxcut

1

20 40 60 80

100
Dimension d

1 —6—CVX

E?-':' "
\X ——fista (0.01/log(d))
0.8 fista (0.001/log(d))
0.6} \
0.4f \
\
0 . :
0 500 1000 1500 2000
Num samples n
1r TR NG PRI
/ \/ Y\,
0.8} 1
0.61
0.4 —o— VX
0.2 ——fista (0.01/log(d)) ||
fista (0.001/log(d))
00" 50 100 150
Dimension d

103 —6—CVX
N ——fista (0.01/log(d))
g fista (0.001/log(d))
.ag) 1027 maxcut
'_
-]
o
o | h
210'}
@
(0]
>
<€
10°

Num samples n

10* |—&—cvx
——fista (0.01/log(d))

NM

Average CPU Time (sec)

fista (0.001/log(d))
10 maxcut /"W

0 500 1000 1500 2000 2500

0 20 40 60
Dimension d
varied with d = 50, k = 6.

10°

80 100

cvx crashed for

—€—CvX

Average CPU Time (sec)
=

——fista (0.01/log(d))
fista (0.001/log(d))

0 500

150

1000 1500 2000
Num samples n
10*
o)
(0]
2 _
£10° o
'_
-
o
O
o 19° 2
o 10 —6—CvX
a;, ——fista (0.01/log(d))
< fista (0.001/log(d))
107 : ‘
0 50 100
Dimension d

(b) cvx comparison with A = 0.001. Top: n varied with d = 50, k = 6. cvx crashed for n ~ 1000.
Bottom: d varied with n = 100, k = 2.

Figure 3: Scalal:iisl)ity experiments.
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ality reduction with clustering (where alternating optimization of w and y is performed to
solve the non-convex formulation ) The plots show that both K-means and alternating
optimization fail when only a few dimensions of noise variables are present. The plots also
show that with the introduction of a sparse regularizer (corresponding to the non-zero \)
the proposed method becomes more robust to noisy dimensions. As observed earlier, the
performance of FISTA is also sensitive to the choice of &.
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Figure 4: Comparison with k-means and alternating optimization

7.2 Experiments on real-world data

Experiments on two-class data. Experiments were conducted on real two-class clas-
sification datasetsﬂ to compare the performance of sparse discriminative clustering against
non-sparse discriminative clustering, alternating optimization and K-means algorithms. For
the two-class datasets, the clustering performance for a cluster y € {+1, —1}" obtained from
an algorithm under comparison, was computed as 1 — (7' y/n)?, where y is the original la-
beling. Here we explicitly compare the output of clustering with the original labels of the
data points.

The dataset details and clustering performance results are summarized in Table
The experiments for discriminative clustering were conducted for different values of a,c €

2. The data sets were obtained from https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/
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{1073,1072,107 !} associated with the fs-regularizer and f;-regularizer respectively. The
range of cluster imbalance parameter was chosen to be v € {0.01,0.25,0.5,0.75,1}. The
results given in Table [1| pertain to the best choices of these parameters. The results for
alternating optimization and K-means show the average cluster error (and standard devia-
tion) over 10 different runs. These results show that the cluster error is quite high for many
datasets. This is primarily due to the absence of an ambient low-dimensional clustering
of the two-class data, which can be identified by the simple linear model presented in this
paper. The results also show that adding sparse regularizers to discriminative clustering
helps in a better cluster identification when compared to the non-sparse case and the other

algorithms like alternating optimization and K-means.

Table 1: Experiments on two-class datasets

Dataset n d Cluster Error
Sparse Non-sparse Alternating K-means
Discriminative  Discriminative ~ Optimization
Clustering Clustering

Heart 270 3 0.52 0.61 0.97 £ 0.03 0.91 + 0.09
Diabetes 768 8 0.88 0.88 0.91 £ 0.05 0.93 + 0.06
Breast-cancer 683 10 0.15 0.15 0.48 £0.17 0.68 £ 0.24
Australian 690 14 0.5 0.5 0.88 +£ 0.17 0.87 + 0.21
Liver-disorder 345 6 0.97 0.97 0.99 + 0.01  0.99 + 0.01
Sonar 208 60 0.92 0.95 0.98 £ 0.02 0.99 + 0.01
DNA(1 vs 2,3) 1400 180 0.75 0.83 0.99 &+ 0.01  0.98 £ 0.02
ala 1605 113 0.74 0.75 0.98 4+ 0.02 0.8 £+ 0.08
wla 2270 290 0.11 0.11 0.92 &£ 0.08 0.16 = 0.06
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Figure 5: Plot of Tr(®y,,,. Py;).

Experiments on real multi-label data. Experiments were also conducted on the Mi-
crosoft COCO dataselﬂ to demonstrate the effectiveness of the proposed method in discov-
ering multiple labels. We considered n = 2000 images from the dataset, each of which was
labeled with a subset of K = 80 labels. The labels identified the objects in the images like
person, car, chair, table, etc. and the corresponding features for each image were extracted
from the last layer of a conventional convolutional neural network (CNN). The CNN was
originally trained over the imagenet data (Krizhevsky et al., 2012).

For each image in the dataset, we obtained d = 1000 features. We then performed
discriminative clustering on the 2000 x 1000 data matrix X and obtained the label matrix
Y which was then subjected to the alternating optimization procedure (see Section .

It is clearly unlikely to recover perfect labels; therefore we now describe a way of mea-
suring the amount of information which is recovered. In order to extract meaningful cluster
information from the result so-obtained, we computed the correlation matrix YiIL, Y e
where Yj.e is the n x K label matrix containing actual labels and II,, is the n X n center-
ing matrix I,, — %1,11; . The k predicted labels are present in the Y, matrix. In order to
choose an appropriate value of k, we plotted Tr(®y,,,. Py,) (shown in Figure [5| along with
a K-means baseline), where ®y, = Yk(YkTYk)*lYkT. From these plots, we chose k = 30 to
be a suitable value for our interpretation purposes.

After choosing an arbitrary value of k& = 30, we plotted the correlations between the
actual and predicted labels. The heatmap of the normalized absolute correlations is given in
Figure [0, where the columns and rows corresponding to the 80 true labels and 30 predicted
labels respectively, are ordered according to the sum of squared correlations (the top-scoring
labels appear to the left-bottom). From this plot, we extract following highly correlated
labels: person, dining table, car, chair, cup, tennis racket, bowl, truck, fork, pizza, showing
that these labels were partially recovered by our unsupervised technique (note that the
CNN features are learned with supervision on the different dataset Imagenet, hence there
is still some partial supervision).

3. Dataset obtained from http://mscoco.org/dataset
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1710.02
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Figure 6: Heatmap of correlations, Y;II,Y;ue with & = 30, with columns and rows ordered
according to the sum of squared correlations.

8. Conclusion

In this paper, we provided a sparse extension of the discriminative clustering framework,
and gave a first analysis of its theoretical performance in the totally unsupervised situation,
highlighting provable scalings between ambient dimension d, number of observations and
“clusterability” of irrelevant variables. We also proposed an efficient algorithm which is the
first of its kind to be linear in the number of observations. Our work could be extended
in a number of ways, e.g., extending the sparse analysis to [-sparse case with higher [,
considering related weakly supervised learning extensions (Joulin and Bach| 2012)), going
beyond uniqueness of rank-one solutions, and improving the complexity of our algorithm
to O(nd), for example using stochastic gradient techniques.
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Appendix A. Joint clustering and dimension reduction

w! X Tyy T Xw

Given y, we need to optimize the Rayleigh quotient P o

with a rank-one matrix

in the numerator, which leads to w = (XTX)_lXTy. Given w, we will show that the
averaged distortion measure of K-means once the means have been optimized is exactly
equal to (y' I, Xw)?/|[I,y||3. Given the data matrix X € R"*¢ K-means to cluster the
data into two components will tend to approximate the data points in X by the centroids

cy € R? and c_ € R? such that

1 -1
¥ ~ (y+2 ")01— (Y . n) T (since y € {—1,1}")

1
= %(CI —c)+ §1n(cl +ch).

The objective of K-means can now be written as problem KM:

2

: y, v 1\ 1 T, .T
 nin ‘X — §(C+ —cl)— iln(ch +cl) .
1 1, — 2
= min X—<y+ n)cl—(n y)cj
Y,C4,C— 2 2 F
. 2 T2 || (v + 1n) ? T2 [ (1= yn) ? T (y+1n)T(1n_y)
= mn HX‘|F+HC+HF || +lclll7||—=—|] +2clct
,C4,C— 2 2 2
1 1, —
_QtrXT<(y_; n)CI+ ( n2 y)CI)

1 1 y+1
: T T T T Ty T
= min X1+ [T 5 (n-t 1000 + T = 1) = 2L X7 (252

2
2 .

Fixing y and minimizing with respect to ¢4 and c_, we get closed-form expressions for c

and c_ as

X (y+1y)

. _ XTI —y)
T (n+1]y)

d =27
M T T Ty
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Substituting these expressions in XM, we have the following optimization problem in y:

VX T+ 1)lF 11X (e — 9l

. X 2 .
m X0 2 o)
) s Itr XXT(y+1)y+1,)" 1t XXT (1, —y)(1, —y)T
= min | X|[|z — - 5 - =
Yy 2 (n+1)y) 2 (n—1)y)

.
2 1 1
— min | X[ - ———— exx T (L) (Y D
y (n+1)y) 2 2

2 1, 1)
—min tr XX — ——— tr XX y+ y+
y (n+1)y) 2 2

S
2 1, — 1, —
—C tr XX y n—Y
(n—11y) 2 2

1
=min tr XX (I - ————
v 2(n+1,y)

n

(yy" + 1.1 +yl) +1,y")
1
2(n—1y)

By the centering of X, we have 1,) X = 0 and hence tr XX '1,1)] = tr XX 1,57 =
tr XX "yl = 0. Therefore, we obtain

(1n11 + ny - 1nyT - yl;)) .

1 1
in t XXT /I— —mM8M L [ T
min tr < st ) T a1y W >>

= min trXXT<I— (ny)<2(n+11§y) * 2(n—11Iy)>>

—min tr XX (- LY (. —
o 137 (1= ") (G
T
— min trXXT (1 - wy)
n

y - (LI?/)Q

Thus we have the equivalent K-means problem as

1 T X T)2
min  — tr Xww' X' (I— %yy-v =1— max %
ye{~L1)" n n?—(y'1) ye{-11}m n? = (y'1)
(y ' T Xw)?

Thus the averaged distortion measure of K-means with the optimized means is T2
nYll2

Appendix B. Full (unsuccessful) relaxation

It is tempting to find a direct relaxation of Eq. . It turns out to lead to a trivial relaxation,
which we outline in this section. When optimizing Eq. with respect to w, we obtain

YT X(XTX) X Ty . . . trY X(XTX)"1XT
max T , leading to a quasi-convex relaxation as max STV .
ye{-L1jn v Hny Y0, i
diag(Y)=1

Unfortunately, this relaxation always leads to trivial solutions as described below.
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Consider the quasi-convex relaxation

trY X(XTX)"1xT
max VX ) . (23)
Y'=0,diag(Y)=1 trIL,Y

By definition of II,, this relaxation is equal to:
LtrYX(XTX)7IXT
max — = .
Y=0,diag(Y)=1 1. 1— lnﬁgln
n

Let A = {Y > 0, dlag( ) = 1} the feasible set of this problem and define B = {M =
0, diag(M) =1+ %} Let Y € A, then M defined by M = —¥—— belongs to B since
1

1 Y1y

)
1+ % =1+ n;jrlgl}fln = 1,%1/1“ = diag(M). Reciprocally for M € B, we can define
Y = ﬁ, such that diag(Y) = and Y € A and then verify that M = ﬁ Thus
the problem Eq. { is equivalent to the relaxation "

max 1o MX(XTX)'xT. (24)

M0,diag(M)= 1+% n

The Lagrangian function of this problem can be written as:

T 1, M1
Ly = wMX(XTX)7XT -5 diag(M) — 1, — =5

n]

1) 1
= tr M[X(XTX)"'XT — Diag(p )+”—“1 1T]+7u 1,.

Using L(u) and the PSD constraint M = 0, the dual problem is given by

T

pol 1nu

min s.t. Diag(u) — 1,1) = X(XxTx)71xT,

I

Since X (X T X)~'X T 3= 0, this implies for the dual variable u:
2

: 17—zrlu’ T T e 1 n
Diag(u) — 2 1,1, =0 < 1, Diag(p) 1, < s
n
n
1 n?
& Bl
; i T Dy M
PR R o SR
oD B a %Z?:U%‘.

n 1

i=1 7 ] ~ is always smaller than the arithmetic

However for v € R™ | the harmonic mean [1 >
mean - Zl 1 v; with equality if and only if v = cl,, for c € R.

Thus the dual variable p is constant and the diagonal constraint simplifies itself as a
trace constraint. Therefore the problem is equivalent to the trivial relaxation whose each
eigenvector of X(XTX)71XT is solution

max tr MX(XTX)1X T,

M:=0, tr(M)= n+M
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Appendix C. Equivalent relaxation

C.1 First equivalent relaxation

We start from the penalized version of Eq. ,

. 1 (yTln)2
min Z |y — Xvl||2 + v , 25
ye{-1,1}", veRd n” ni 12 n?2 (25)
which we expand as:
1 2 1 T1,)?
min “trIyy ' — —tr Xoy +—tr X Xov! + I/(y 2n) , (26)
ye{—1,1}", veRI N n n n

and relax as, using Y =yy', P=yv' and V =wv',

1 2 1
min —trIL,Y — —tr P T X+ - tr X "XV +v
V,PY n n n

1y,
s ( o 5) - 0, diag(Y) = 1. (27)

When optimizing Eq. with respect to V and P, we get exactly Eq. . Indeed we
solve this problem by fixing the matrix Y such that Y = Y and diag(Yy) = 1,. Then the
Lagrangian function of the problem in Eq. can be written as

1 2. o7 1 T 1'v1,
L(A) = —tll,Y ——trP' X+ —tr X XV +v—-—— +trA(Y —Yp)
n n n n
1 LA T =1
- <;/T 5) ("H”Jrf)l{‘rl”JrA 1)"(%XX)—trAY0.
n n

Y P

Using L(A) and the psd constraint < PTVv

> = 0, we write the dual problem as

1 v T =1
mjntrAYo s.t. <”H" + n? Inl, +4 - 5 X > = 0.

o 1xTx

0, + 51,10 +4 21X

X7 IXTXx
i, + ﬁlnlz + A > LX(XTX)7'XT. Substituting the bound for A we get the optimal
objective function value

From the Schur’s complement condition of < ) = 0, we obtain

1
D =

1
— —r X(XTX) XY — = trI,Yp — =1 Yol
n n n

Note that the optimal dual objective value D* corresponds to a fixed Y. Hence by max-
imizing with respect to Y we obtain exactly Eq. and therefore, the convex relaxation
in Eq. is equivalent to Eq. . Moreover the Karush-Kuhn-Tucker (KKT) conditions
gives

Pl -X+VX'X=0and ~YX+PX'X=0

Thus the optimum is attained for P=Y X(X'X)land V = (X T X)) XTYX(X T X)L
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C.2 Second equivalent relaxation

For v = 1, we solve the problem in Eq. by fixing the matrix V' = Vj. Then the
Lagrangian function of this problem can be written as

. 1 10

2 1 Y1
Lp, B) = —trILY — —tr PTX + - tr X T XV + v 4 T (diag(Y) — 1,) + tr B(V = V)

n2

Y P\ (LI, + diag(p) “1x T
— n n — — ‘/
(PT V) < = LxTx+B) H Ln =t BVo.

Y P

Using L(u, B) and the psd constraint ( PV

> >= 0, the dual problem is given by

T o (1) iy
miél,u 1, + tr BV} s.t. (" " (g > = 0.
" -1
17, + diag(p) =X
LxT 1X'X+B
B = n—IQX—r diag(p + 1,/n) 71X — X TX. Substituting the bound for B we get the dual
problem as

From the Schur’s complement condition of < > > 0, we obtain

1 1
minp' 1, + — tr VX | diag(p+ 1n/n) ' X — —tr pX ' X
u n n

n
. 1 T 1 -
I’Iluln ZE 1 (/Jl + mxl ‘/b$1> — E tr ‘/()X X.

1 1
pr ==y z Vo, — —.
n n

Substituting ] into the dual obkective function, we get the optimal objective function value

. 2 1
D=2 VJ(XVXT); =1 - =tr VX' X.
n; ( ) nl“o

Furthermore the KKT conditions gives

Solving for u;, we get

1 1
Y diag(v 4+ 1,/n) — =PX'" =0 and P diag(v + 1,/n) — =VX ' =0.
n n
Thus we obtain the following closed form expressions:

P = Diag(diag(XVX"))"V2xV
Y = Diag(diag(XVX"))"/2XV X" Diag(diag(XVXT"))"/2.

The optimal dual objective value D corresponds to a fixed Vj. Therefore, maximizing with
respect to V leads to the problem:

2 ¢ 1
i _z LI P T
min 1 niEZIN/(XVX )u—i-ntr(VX X). (28)
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Appendix D. Auxilliary results for Section
D.1 Auxilliary lemma

The matrix X (X" X)~'X T has the following properties (see e.g. (Freedman, 2009)).

Lemma 10 The matriz H = X(X T X)X T is the orthogonal projection onto the column
space of the design matriz X since:

— H 1is symmetric.
— H is idempotent (H?) = H.
— X is invariant under H, that is HX = X.
D.2 Rank-one solution of the relaxation Eq.
We denote by (x;)i=1..n, the lines of X.
Lemma 11 The rank-one solution Y, = yy' is always solution of the relazation Eq. (@

Proof We give an elementary proof of this result without using convex optimization tools.
Using lemma [10| we have Hy = y, thus

tr HY, = trHny = trny =n.

Moreover all M 3= 0 can always be decomposed as ", )\luzu;r with A\; > 0 and (w;)i=1,..n
an orthonormal familly. Since H is an orthogonal projection (u;)" Hu; = (Hu;)" Hu; =
||H’LL1||2 S ”qu2 S 1. Thus tr HM = Z?:l )\1 tr Huz(ul)—r = Z?:l )\Z(UZ)THUl S Z?:l )\Z =
tr M.

Then for all matrix M feasible we have tr HM < n since diag(M) = 1,, and tr HY, = n
which conclude the lemma. |

D.3 Rank-one solution of the relaxation Eq. (12))
Lemma 12 The rank-one solution V, = vv' is always solution of the relazation Eq. .

Proof The Karush-Kuhn-Tucker (KKT) optimality conditions for the problem are for the
dual variable A < 0:

— E ———— - —XX =Aand AV =0 (Complementary Slackness).
n
1=1

\/a:iTVaci n

Since z]w = y;, \/x] Vix; = |y;| = 1, Vi and the dual variable A = 0 satisfy the KKT
conditions and then V, is solution of this problem. [ |
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D.4 Proof of Proposition

In the following lemma, we use a Taylor expansion to lower-bound f around its minimum.

Lemma 13 Ford >3 and 6 € [0,1).
If >3 and m? < 2(diB3 g then with probability at least 1 — d exp ( ‘;Igfsg) for any
symmetric matrix A:

FVi) = f(Vi+ A) > 2(1 = §)m* | Al|F + o(|A]]) > 0

(52nu1
4RAd?

Otherwise with probability at least 1 — dexp ( — ), for any symmetric matriz A:

FVa) = f(Vi+ A) > (1= &)mllAE + o(JAlIP) > 0

m*(5-1)
1+(d+B-2)m? "
for any symmetric matriz A € Amm'

52nus )

Moreover we also have with probability at least 1 — dexp (f TR )

with /Ll

FVa) = F(Vi+ 8) > (1= &)pa| A7 + o(|AlP) = 0

1 0

where pg = min{2m? m?(8 — 1),2m} and Apin = (O o T
min{d—1

) 1s defined in the proof

and satisfies
m

el = (@5 =2y 1]

This lemma directly implies Proposition
Proof
For A € §(d) and § € R we compute for f(V)=1%" /2 Va,,

d2 TA Z
al (V4 0A)z;

Thus the second directional derivative in V = V, along A is

n

1
VAF(Vi) = lim @f(V +08) =—- > (a] Ay)*.
=1

Let 7, be the semidefinite positive quadratic form of S(d) defined for A € §(d), by
To: A (27 Az)2. (29)

Then it exists a positive linear operator Ty from S(d) to S(d) such that T,(A) = (A, T, A).
Therefore the function f will be stricly concave if for all directions A € §(d)

% Zn: T..(A) > 0. (30)

i=1
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We will bound the empirical expectation in Eq. by first showing that its expectation
remains away from 0. Then we will use a concentration inequality for matrices to control
the distance between the sum in Eq. and its expectation.

We first derive conditions so that the result is true in expectation, i.e. for the operator
T defined by T = ET, for x following the same law as (y,z")". We denote by m = Ez?
and by 8 = Ez*/m? its kurtosis.

-
We let A = (Z bC> and then have ' Az = a4 2yb" 2+ 2T Cz. Thus

To(A) = a® +dayb" 24 202" Cz +4b" (22 )b+ (27 C2)% + 4yb 2(2 " C2).
Therefore we can express the value of the operator 7 only in function of the elements of A:
T(A) = (a +mtrC)? + 4m|[b[|3 + 2m?||C — Diag(diag(C))[[5 +m*(8 — 1)|| diag(C)|*,
where we have used
]E(ZTCZ)Q = E Z 2252k 21Ci,5Ck,l
0,9,k
= EZ(zi)‘lc?’i +E Z z?z,%cmck’k +2E Z z?zjzczj
i ik i,
- lez Z C?’i + m2 Z Ci,ick,k + 2m2 Z C’Lz:j
i ik i,j7i
= m2(,8 — 3) Z sz,i + m2 Z Ci iCk K + 2m2 Z sz,j
i i,k 1,]

= m*(8 - 3)|| diag(C)[|* + m*(2]|C||% + tx(C)?)
= m*(8 - 3)|| diag(C)||* + m*(2||C — Diag(diag(C)) || + t(C)?).

Since 5 > 1, we get
T(A) > (a+mtrC)? + 4m|b]3 + 2m?(|C|[3 — || diag(C)|).

Thus T(A) = 0 if and only if 8 = 1 with b = 04 and C = diag(c) with ¢" 14 = —;%. With
the condition 3 = 1 meaning that var(z?) = 0 and thus 22 is constant a.s., i.e. z follows a
Rademacher law.

However we would like to bound 7 (A) away from zero by some constant and for that
we are looking for the smallest eigenvalue of the operator ET,. Unfortunately we are not
able to solve the optimization problem

min T(A),
AeS(d),||AZ=1

and we have to compute all the spectrum of this operator to be able to find the smallest
using ET, A = 1/2VT(A) .
We have
a+mtr(C) 2mb "
1/2VT(A) = 2mb (@ +mtr(C))maly_1 + 2m2C
+m?(B — 3) Diag(diag(C))
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0 b'

— For all b € R4 we have for A = (b 0

), 1/2VT(A) = 2mA. Thus 2m is an
eigenvalue of multiplicity d — 1.

— For all C' € REU-DX(4=1) with diag(C) = 04— we have for A = <8 g) 1/2VT(A) =

(d—1)(d—2)

2m?A. Thus 2m? is an eigenvalue of multiplicity 5

0 0
d=1 ien T — —
For all ¢ € R*™" with ¢' 157 = 0 we have for A (0 diag(C))’ 1/2VT(A)

m?2(B — 1)A. Thus m?(S — 1) is an eigenvalue of multiplicity d — 2.

—Foralla,cEngehaveforA:(a 0 >,

0 clj_q
1/2VT(A) = <a - m(od ~be ma + mz(d_EB - Q)C]IM)
= o[y s en ) ()
Thus an eigenvalue of <$L (d fﬁ_—l)g)lmQ) with an eigenvector [a,c] " would be an
eigenvalue of the operator ET, with a corresponding eigenvector (g c 13—1)' This

matrix has two simple eigenvalues

L 14+ (d+B8—2)m2+ /(1 + (d+ B —2)m?)2 —4m2(B — 1)
2

. (3D

Moreover when we add all the multiplicity of the found eigenvalues we get d—1+ W +

d—2+4+2 = @ which is the dimension of S(d), therefore we have found all the eigenvalues
of the linear operator ET.

We will prove now than the smallest eigenvalue is p— when the dimension d is large
enough with regards to m? and 2m? otherwise.

Lemma 14 Let p1 and po be the two smallest eigenvalues of the operator ET,. Let us
assume that d > 3 (the case d = 2 will also be done in the proof).
If >3 and m?> < QA then

(d+B8—14)
p = 2m?.
Otherwise
mQ(ﬁ —-1) : 2, 2
1= p_ > T (d+ -2 and p2 = min{2m*, m°(5 —1),2m}.

1 0

0 cminlg—1
which we have set without loss of generality the first component a = 1. Then
m

femin < T B gyme 1]

Moreover we denote by Amin = < > the eigenvector associated to pu—_ for
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Unfortunately pu— can become small when the dimension increases as explained by the

2 _ . . .
tight bound p_ > %. However the corresponding eigenvector have a particular
structure we will be able to exploit.

Proof First we note that g < m?(8 — 1) and compute

po>2m? & 1+ [d+B—-2)m* = /(1 +(d+B—2)m2)?2 —4m2(8 —1) —4m? >0
& 14+ (d+B8-2)m* —4m?> > /(1 + (d+ B — 2)m?2)2 — 4m2(6 — 1)
& 14+ @d+8—-2)m* —4m?)? > (1 + (d+ B —2)m?)* —4m?*(B — 1)
and 1+ (d+ B8 —6)m?* >0
& 16m* —8m*(1 + (d+ B — 2)m?) > —4m?*(B — 1)
and 1+ (d+B8—6)m? >0
& 2d+B-4m?<pf—3and 1+ (d+ S —6)m? > 0.

~Ifd=2,

— If B < 3 we have necessary that 8 < 2 and the first equation gives m? > 2(32;7%)

and the second m? < 1/(4 — 3). Thus we should have (4 — 8)(3 — 8) < 2(2 — 3)
which is not possible since the polynomial 5% — 55 + 8 > 0.
— If B > 3, the first equation gives m? < % < 1 and the second m? < 1/(4 —

B) < % <1 for 8 <4 and is always satisfied otherwise.

— If d > 3, the first equation implies that 5 > 3 for which the second equation is always

satisfied. It also implies that m? < ﬁ <1.

1 0

We denote by Apin = (O -

> the eigenvector for which we have set without loss

of generality a = 1 and

Conin = M[\/((dm “2)mE L+ Ad - D~ (d+ - 2)m® +1].

Consequently cpin < 0 and by convexity of the square root we have \/((d + 8 — 2)m?2 — 1)2 + 4(d — 1)m2 <

(d+ B —2)m?—1) + ‘(di(;__i%. Therefore

’Cmin’ < m 3 .
|(d+ 5 —2)m? — 1]

We will control now the behavior of the empirical expection by its expectation thanks to con-
centration theory. By definition 7T} is a symmetric positive linear operator as its projection
T ;- onto the orthogonal space of Ani,. We can thus apply the Matrix Chernoff inequal-
ity from [Tropp| (2012, Theorem 5.1.1) to these two operators using ||Ty|lop < |lzz"]|? <
tr(zz")? < ||z|3 < R*d® Then:

< do—(1-0)nu1 /(4R 2)

— I

—(1-9) } nu1/(2R*d?)

P(Amm(kz:lnk) < ném) < d|—;
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—(1=6) 1 nuy /(2R*d?)
E : L ¢ H2 —(1-6)2nps /(AR d?
]P)<)\min< Txk> < n5M2> < d|: 50 :| < de ( )enpe/( )’

For m =1 and d > 3 we have u; = u— g— min{% ﬂ—d}>mm{1/3, S Lom

D.5 Noise robustness for the 1-dimensional balanced problem

We want a condition on € such that the solution of the relaxation recovers the right y. We
recall the dual problem of the relaxation Eq.

minp ' 1, s.t. Diag(u) = X (X' X)71xT.
The KKT conditions are:
— Dual feasibility: Diag(p) = X(XTX)71Xx 7.
— Primal feasibility: Diag(Y) =1, and Y = 0.
— Complimentary slackness : Y [Diag(y) — X(XTX)™1XT] =0
For Y = yy' a rank one matrix, the last condition implies Diag(p)y = Hy and
(X(XTX) X Ty),

M =

Yi
Tyy\-1yT — " Tyy\-1xT,, —
= = = W =
For X = y+e¢, we denote by § = y+¢, then X(X ' X)X T and X(X' X)Xy
ﬁlgu%gj. Thus
) y Y Yi
gy

Assume that all g;y; have the same sign, without loss of generality we assume g;y; > 0. By
definition of p, ¢ > 0. To show the dual feasibility we have to show that Diag(u) = H which

is equivalent to Diag(g:) = ~T , to I, — Diag(, /yl)yy Diag(y /%) = 0 and to }_yJ; < 7'y

which is obviously true. Re(:lprocally if p is dual feamble then Dlag(u) = 0 and all the g;y;
have the same sign.

Therefore we have shown that y is solution of the relaxation Eq. if and only if all
the g;y; have the same sign. If ¢ and y are independent this is equivalent to ||e]|cc < 1 a.s.

D.6 The rank-one candidates are not solutions of the relaxation

We assume now that 1)y # 0 thus y # II,y, which means we do not have the same
proportion in the two clusters. Let us assume that II,,y takes two values {my_,my;} that
is by definition of II,, myy =1 — 1’% and my_ = —1— ﬁTy . For V, defined as before, we get
x} Vix; = (my;)? and with I1 the set of indices such that I1,y; = 7y+, the KKT conditions
for V =V, can be written as

(2 G e B

Y+

—TYy_ )‘TﬂT} = A, <0 and A,V, =0.
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We check that with ny = #{I4}:

T = 2 (s 5 (5

Y+ il )( _)2

= (o = 1) )+ -—1)<wy7>2

= nymyy —nomy- — (ny(ry)? +n-(ry-)?)
= y Iy — (y) My =y Ly —y Iy =0.

And A4, = = [ZZGI+ a4 T, +ZZE[ o ZEZ{ET] with ay = (ﬁ — 1) and a_ = (7731/_ — 1).
Unfortunately ata— <0, and A, is not necessary negative. Even worse we will show that
EA is not 5emi definite negative which will conclude the proof since by the law of large

number lim An = EA. Assume that the proportions of the two clusters stay constant
n— o0

with ng = pin, then

EA=pia, <(”y0+)2 ?) +o_a <(”yo—)2 ?) .

And prai(mys)? + p_a_(my_)? = 0 since w' A,w = 0. Then
P+TY— — P-TY+ — TY+TY—

—TY_

p+at +p_a_ = YTy
) =B —p )+ (- (1))
—(1 - (12)?)
L M e+ (D) 200
- -y
Thus A = Wqﬁ 8 I is not semi-definite negative and V, is not solution of the

relaxation Eq. (12)).

Appendix E. Auxilliary results for sparse extension

E.1 There is a rank-one solution of the relaxation Eq. ({15))

Lemma 15 The rank-one solution V, = v*v* | is solution of the relazation Eq. if the
design matriz X is such that %XTX has all its diagonal entries less than one.

Proof The KKT conditions are
n

T
+ 7_)\U_fXTX A<0and AW =0,

with U such that U;; = sign(W;;) if Wi; # 0 and U;; € [—1,1] otherwise. For Vi = v*o* "
this gives

(I+X)

XTX
n

A=A xTx AvU- XTX A[ —U} with Uy = 1 and U ; € [~11] otherwise.
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We check that AV, = 0. If the design matrix X satsifies assumption (A1), we can choose
a sub-gradient U such that the dual variable A = 0 and thus Vj is solution. Otherwise by
property of semi-definite matrices, there is a diagonal entry of %X T X which is bigger than
1 which prevents A to be semi-definite negative since the corresponding diagonal entry of
XTTX — U will be positive. This shows that V, does not solve the problem. |

E.2 Proof of proposition [6]

Lemma 16 Foré € [0,1), with probability 1 —5d? exp (— %

A such that V, + A = 0, we have:

), for any direction

g—1 (1+A)3
B+d+1/m?> 4

2nm?2(B—1)
2dR*

9(Vi)=g(VatA) > (1-6) || A~Diag(A) |1+ | Diag(A)[3] +o(A]%) = 0.

Moreover we also have with probability at least 1—5d? exp (— ), for any symmetric

matriz A such that Vi + A = 0 and Diag(A) € (emin)™:

(1+A)3
4

where emin = [1, cminla—1] s defined in the proof and satisfies

g(V)=g(Va+A) > (1-6) || A~Diag(A) |1+m?(5-1) | Diag(A)[3] +o(|A]1%) > 0.

|cmin| < m 3 .
(d+ B —2)m? — 1|

E.2.1 PROOF OUTLINE

We will investigate under which conditions on X the solution is unique, first for a deter-
ministic design matrix. We make the following deterministic assumptions on X for §,{ > 0
and S C R%:

(A1) [X X <1 (A3) ||ZZ — Diag(diag(1272))||oc < 8

n

(A2) [|Z4 ] < 6 (Ad) AS, (KZETy 5 e s g

min

Where we denoted by ® the Hadamard (i.e., pointwise) product between matrices and

XS, the minimum eigenvalue of a linear operator restricted to a subspace S. Then with

min
g(V) =251 [V, = M|V]1 — L tr XTXV, we can certify that g will decrease around
the solution V.

Lemma 17 Let us assume that the noise matriz verifies assumption (A1,A2,A8,A4), then
for all direction A such that Vi + A = 0 and diag(A) € S we have:

(14 X)3

9(Vs) = g(Vi +A) 2 A(1 — 6)[| A — Diag(diag(A))|l1 + ¢

| Diag(A) |3+ o([|A[*) > 0.
Let us assume now that (zi),;zl’.7d are i.i.d of law z symmetric with Ez = Ez? = 0,

Ez? =m = 1, Ez*/(E2?)? = 3 and such that ||z|| is a.s. bounded by 0 < R < 1. Then the
matrix X satisfies a.s. assumption (A1l). Using multiple Hoeffding’s inequalities we have
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Lemma 18 If z does not follow a Rademacher law, the design matrix X satsifies assump-

tions (A1,A2,A8,A4) with probability greater than 1 — 8d? exp ( — %) for S = R%,
§%2nmin{B-1,2}

and with probability greater than 1 — 8d? exp (f Sq ) for S = [1, cminlg_1]" where

Cmin 18 deﬁned i the pProof and satisﬁes
€mi .
min| > ,6 3

This lemma concludes the proof of proposition [6} We will now prove these two lemmas.

E.2.2 PROOF OF LEMMA [I7

Proof Since the dual variable A for the PSD constraint is 0 (see the proof of lemma ,
this constraint W 3= 0 is not active and we will show that the function decreases in a set of
directions A which include the one for which Vi, + A = 0.

=
Z bc>, with C' = 0, which is slightly more

general than Vi, + A = 0. We denote by f(W) = 2 S Wa — %trXTXW the

Therefore we consider a direction A = (

T n

smooth part of g. By Taylor-Young, we have for all W:
1
FW) = F(W + 8) = =(F(W), 8) = S (A, f'(W)A) + o[ A]%).
Thus:

gW) = g(W + A) = —(f'(W), &) = (A, f'(W)A) + (W + Ally = W) + o(|A[P).

1
2

+
L . n y'Z
In W =V, this gives with X' X = <ZTy ZTZ>’

XTX

gW) —gW+4) = =X (A, f"(Va)A) + Xa + 2/blls + 1Cll) + o[ A1?)

1
7A>_§

= AR(lbll — 57 ZTy) + ICh — (2T Z0)] — S, F1 VA + o AIP)

1
2
And with Holder’s inequality and assumption (A2)
Lo, T L T
Iolly = ~67Z 7y 2 [[b1(1 = {12 " Ylloo) = (1 = &)][b]l1-

Nevertheless we will show in lemmathat IClly =2 tx(Z7ZC) > (1= 6)||C — diag(C)||1,
thus
g(W) = g(W + A) > A(1 = 8)(2[Ibll + |C — diag(C)[l1) + o A[?). (32)

However in Eq. (32), g(W) — g(W 4+ A) = 0 for b = 0 and C diagonal, therefore we have
to investigate second order conditions, i.e. to show for A = diag(e) with e € R? that

—(A, f"(Vi)A) > 0.
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And with assumption (A4)

—OJ;“A)g),(diag(e),f”(%)diag(G)) = EZ(deiag(e)xiy

)lell? = ¢[lell3.

v
>~
g
5

Thus we can conclude:

3
9W) — g(W + &) = A1~ 8)(2lbls + 1€ — diag(@)l1) + T el o142,

E.2.3 AUXILLIARY LEMMA

Lemma 19 For all matriz C symmetric semi-definite positive we have under assumptions
(A1) and (A3):
z'z :
tr (s - T)O > (1-6)]|C - diag(C)|l; > 0.

Proof We denote by X" = % We always have ||C|; — tr(X"C) = tr(S — £")C where
S;; = sign(C ), thus if diag(C) > 0 then diag(S) = 1 and diag(S — £") > 0 from
assumption (A1l). Moreover since ¥"; ; € [—1, 1] then sign(S — X") = sign(95).

Thus tr(S—Z")C’ = Zz C’i,i(S—Z”)i,i—kZi# Ci,j(S—E”)i,j > Zz’;ﬁj CM(S—E”),‘J > 0.
Furthermore from assumption (A3) |(X"); ;| < ¢ for i # j. Therefore

(S —X"C > Cij(S— XM > Y |Cijl(1=6) > (1= 8)[|C — diag(C)|lx > 0.
i#] i#]
If there is a diagonal element of C' which is 0, then all the corresponding line and column

in C will also be 0 and we can look at the same problem as before by erasing of C' and X"
the corresponding column and line. |

E.2.4 PROOF OF LEMMA

Proof We will first show that the noise matrix Z satisfies assumptions (A2,A3). By
Hoeffding’s inequality we have with probability 1 — 2exp(—d%n/(2R?))

1
~1> Al <0
i=1
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Then, since the law of z is symmetric y;z; will have the same law as z; and with probability
1 — 2exp(—d%n/(2R?)), the design matrix Z satisfies assumption (A2):
12
n

Likewise we have with probability 1 — 2exp(—d?n/(2R*)) that for j # j'

1~ ;o

|ﬁ Z zjz] | <6

i=1

Thus we also have with probability 1 — 2d? exp(—d2n/(2R*)) that Z satisfies assumption
(A3):

lloo < 4.

1 1
|-27Z — ding(- 27 2) 0 < 6.
n n

Thus with probability 1 — 4d? exp(—d2n/(2R*)), the noise matrix Z satisfies assumptions
(A1, A2, A3).

We proceed as in the proof of proposition [2| to show that X satisfies assumption (A4).
We first derive a condition to have the result in expectation, then we use an inequality
concentration on matrix to bound the empirical expectation. This will be very similar, but
we will get a better scaling since A is diagonal.

Using the same arguments as in the proof of proposition [2| we have for the diagonal
matrix A = diag(e) with e = (a,c) € R%:

e E(@®(2%?)Ne = E(zT Az)? = (a +me 1p1)® +m? (8 = Del3 > 0 if 5> 1.

We can show that m?(3 — 1) is an eigenvalue of multiplicity d — 2 and . are eigenvalues
of multiplicity one of the operator A — E(z " Az)? with eigenvectors es . Thus we have

14+ (d+B—2)m% — /(1 + (d+ B —2)m?)2 —4m2(B — 1)

Amin (Ez®%(z®%) 1) = 5 (33)
m?(8 — 1)
1+ (d+pB-2)m?
and
N (B2®2(2°2)T) = m(8 - 2).
Moreover

d
A ($®2(x@2)T) — (@O 2 = Z($i)4 < dR".
j=1
Thus we can apply the Matrix Chernoff inequality from (Tropp, 2012) for us = AS. (Ez®?(z©2)T):
@2( y©2\T
P()\S (&) <(1- 5)%) < do0tnns/(2dR%),

min
n

Thus with probability 1 — 5d? exp(—&2nu_/(2dR*)) the design matrix X satisfies as-
sumption (A1,A2,A3,A4) with ¢ = (1 —§)pu_ and S = R% And with probability 1 —
5d? exp(—62nmin{B—1,2}/(2dR*)) the design matrix X satisfies assumption (A1,A2,A3,A4)
with ¢ = (1 —§)min{B — 1,2} and S = e. [ |
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Appendix F. Proof of multi-label results

We first prove the lemma
Proof Let A € R¥*¥ symmetric semi-definite positive such that diag(jAj') = 1,, then

dlag yAy Zazzl +2Za01yz+2 Z a; Yi O Yj
1<i<j<k

thus

22@01%4—2 Z ai Y ©yY; = 1—Za”

1<i<j<k

And this system admits as unique solution 0,, if and only if the family {1,, (vi)1<i<k, (¥i¥j)1<i<j<k }
is linearly independent. |
Then we prove the lemma [§] l

Proof Since ag + Zl 1 a ®; > Omin Ef,o a2 = oy, we should have a > api,. We

- — /A

have already seen that such Y satisfies the constraint. The KKT conditions are: B =
T
diag(u) — H — 117" 3= 0 and BY = 0. Since y; = II,,y; + WLZ

Hy, = HHnyi+(y;rln)H1n
= Hny

11y,
= (yi_ - n)

n

Thus

HY

k
> afHywy!
i=1
k
S TS

?/
= Z(Z ylyz n 741 T)

1Ty,
n

)

and tr(HY ) = Zle a?(n —na;) =n(l —ak + a2 — a) =n(l - a).
Furthermore since 1, diag(Y) = n and 1) M1, = n?a, for 4 = 1, and v = 1/n,
BY =n—n(l—a)—na=0. And since B = I, — 21,1} — H, B? = B and B" = B, thus
B is a symmetric projection and consequently symmetric semi-definit positive.
Hence the primal variable Y and the dual variables p = 1,, and v = 1/n satisfy the

KKT conditions, thus M is solution of this problem. |
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Appendix G. Efficient optimization problem

G.1 Dual computation

We consider the following strongly-convex approximation of Eq. , augmented with the
von-Neumann entropy:

n

1 . . 1.1 1.1 1.1
max - Z_; \/(XVXT); — || Diag(c)V Diag(c)||1 — etr[(A2V A2)log(AZV A2)] s.t. tr(AZVA2) = 1.

Introducing dual variables, we have

: 1 < T 1 1.1 1.1
ueRiycI?llcr;j‘gciCj max o ; (ui((XVX )ii) + —z) —trCV —etr[(A2V A2)log(A2V A2)]

st. tr(A2VA?) = 1.
By fixing v and C', and letting @) = A%VA%, we can write the max problem as

max tr A*%(%XT Diag(u)X — C)A*%Q —etr[Qlog(Q)]

=

s.t. tr@ = 1.

This problem is of the form

maxtr DQ — ¢ Z 0i(Q)log 0i(Q)
i=1

Q=0
st tr@Q =1

where D = A_%(%XT Diag(u)X — C’)A_% and o;(Q)) denotes the i-th largest eigen value

of the matrix Q. If we consider the matrix D to be of the form D = U Diag(6)U " with 6

denoting the vector of ordered eigen values of D, then it turns out that at optimality ) has

the form Q = U Diag(c)U ", with o denoting the ordered vector of eigen values of Q.
Therefore the above optimization problem can be cast in terms of o as:

n
maxf' o —e E oilogo;
i=1

oc€R?
n
s.t. ZO'Z' =1.
i=1

The solution of this problem is o; = %, which leads to
j=1¢

n
0.
' ) - 1 ( ?7() ’
min ¢(9) = elog E €
i=1
In terms of the original matrix variables, we have

min ¢°(D) = elogtr es.
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Using the appropriate expansion of D, we have the overall optimization problem as

min ! Zl—l-f(A*%(i

UGR170:|CU‘<C¢CJ‘ 2n im1 U; 2n

At optimality, we have

€

_1 _1 _1 _1
(A7 2 (L x T Diag(u)X-C)A™ 2) ) (A7 2 (L X T Diag(u)X-C)A™ 2)
tr <e

A3V A3 = (e :

X " Diag(u)X — C)Afé).

).

The error of approximation is at most €logd and the Lipschitz constant associated with

the function ¢°(-) is 1

g.

G.2 Algorithm details

We write the optimization problem Eq. as:

min F(u,C) + H(u,C)

u€R™
where
H(u,C) = ¢8(A_%(%XT Diag(u) X — C)A~)
is the smooth part and
F(u,C) = Lovcsjl<eie; 2i zn: i
D
is the non-smooth part.
The gradient V,, of H(u,C) with respect to u is
V., = diag(B"U Diag(c)U " B).

where B = ﬁA_%XT and the gradient of H(u,C) with respect to C' is

Ve = (A™2U Diag(o)U T A™2).
The Lipschitz constant L associated with the gradient VH (u, C) is

2
L =~ max (Amm(BTB ® BT B), 2 (A‘1)>,

» ‘max
9

(35)

where A\jar (M) denotes the maximum eigen value of matrix M. Computing L takes
O(max(n,d)?) time and L needs to be computed once at the beginning of the algorithm.
The resultant FISTA procedure is described in Algorithm Note that the FISTA
procedure first computes intermediate iterates (ﬁk_% , C_'k_%) (Step 7, Algorithm 1) by taking
descent steps along the respective gradient directions. Then two distinct problems in v and
C' (respectively Steps 8 and 9 in Algorithm 1) are solved. The sub-problem in u (Step
8) can be efficiently solved using a Newton procedure followed by a thresholding step, as
illustrated in Algorithm [2 The sub-problem in C' (Step 9) can also be solved using a simple

thresholding step.
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Algorithm 1 FISTA Algorithm to solve Eq.

1: Input X.

2: Compute Lipschitz constant L.

3: Let (u®,C?) be an arbitrary starting point.

4: Let (a°,C%) = (u®,CY), tg = 1.

5: Set the maximum iterations to be K.

6: for k=1,2,...,K do > The loop can also be terminated based on duality gap.
NS I TN TN

8: Obtain u* = argming,egn {%Hu — k3 1245 >0, u%} by Algorithm

9: Obtain C* = argmin, {HC:\C-J-KCZ-CJ- + %HC’ — Ck=3 H%} by thresholding.

.
144 /14482
10: = —L 1

5 )
e (@08 = (b, 0F) + R (0 OF) — (b1 08 ).
12: end for

13: Output (u”,CK).

Algorithm 2 Newton method to solve u sub-problem

: Input uk_%, n, L.

1
k—1

2: uf = max(u; 2, —1+), i=1,2,...,n.

(2nL)3
3: Set M to be the max number of Newton steps.
4: fort=1,2,..., M do
5: fori=1,2,...,ndo

1

6: t 2nL(u§71)3uf7§+3uf
: t 2(nL(ulTh)341)
7 end for
8: end for
9: Output max(u™, 0).
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