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Abstract

Background. Recently several clustering methods have been proposed which perform feature selection
with the goal of finding structure in high dimensional data that is confined to a small set of features. Most of
these methods are stated in terms of non-convex optimization objectives, and are computationally intractable
to solve exactly in general. In this project we consider two such methods, both of which are stated as mod-
ifications of the famous K–means objective. Approximation algorithms proposed for these methods require
initialization with some clustering, which is taken to be the result of standard K–means.

Aim. Our goal is to experimentally characterize the behavior of these algorithms, specifically the type
of structure that they can and cannot discover, how they differ in terms of performance, and what effect the
approximation methods have on the clustering and feature selection results.

Data. We use a dataset containing a detailed phenotypic characterization of 378 participants in a lung
disease study in terms of 112 demographic, environmental, and medical features. The variable types are
mixed, including continuous, ordinal, and nominal features.

Methods. Synthetic datasets are designed to elucidate the performance and behavior of the methods
in consideration, both in terms of the optimal solutions for the optimization problems and the quality of
the solutions obtained from the approximation algorithms. We formulate greedy K–means, a new feature
selection method for clustering, inspired by the two methods in consideration. We propose a few initialization
methods as alternatives to K–means initialization. We also propose a clustering criterion for mixed variable
types. This criterion can directly be adapted to perform feature selection with the same approach used in
greedy K–means.

Results. Based on synthetic experiments our proposed greedy K–means method seems to never perform
much worse than the other two, and it may be advantageous for interpretability because it gives exactly
sparse solutions.

We show examples where the previously proposed initialization method of using the K–means solution
performs arbitrarily poorly, and that alternate initialization is needed. Among the initialization methods we
consider, the one that seems to perform best is random support based initialization, and greedy K–means
lends itself to that method naturally.

We show that the result of applying these methods to the lung disease data is unstable in terms of the
resulting clustering, and that the selected features are highly influenced by correlations between variables,
which warrants further investigation to ensure there is any significant non-linear structure in the data found
by the clustering methods.

Conclusions. We provide insights regarding the challenges presented by noisy, high-dimensional data
when applying the feature-sparse clustering methods in consideration. We demonstrate the practical impor-
tance of not ignoring the approximate nature of the optimization procedures available for these methods.
Since linear structure (i.e. correlations) are overwhelmingly likely to exist in real-world data sets, our results
indicate that care needs to be taken regarding the type of structure discovered when interpreting the meaning
of selected features.
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1 Introduction
Cluster analysis is one of the fundamental tools for exploratory data analysis, and clustering methods such
as K–means have been widely used to extract useful structure from data. However, the effectiveness of these
methods is diminished in modern high-dimensional datasets, where the large number of measured features
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of the data can overwhelm any existing signal with noise. In other areas of machine learning and statistics,
sparse methods, and feature selection in particular, have been used successfully to help overcome this “curse
of dimensionality”. The problem of clustering with feature selection (Section 2) has seen significant recent
interest [24, 28, 11, 23, 20, 17, 2, 15].

Feature-sparse clustering algorithms may be beneficial in high dimensional problems for several reasons.
Sparsity may facilitate the discovery of cluster structure that is confined to only a small subset of the features,
and difficult to detect when using all features due to noise. Also, a sparse clustering can be expected to improve
interpretability, which is an important factor in exploratory analysis. Another possible benefit may exist in
settings where measuring each feature for a new sample incurs some additional cost. In that case, a clustering
that relies on a smaller set of dimensions would reduce the cost of classifying future observations.

In this project we consider two methods from the literature [24, 28], which we refer to as Regularized
K–means (described in Section 6.2), and Sparcl (Section 6.3). Both methods add (locally) convex penalties to
the K–means objective to perform feature selection. In general obtaining an optimal solution to the resulting
optimization problems is computationally intractable, so approximation algorithms are used which perform
iterative procedures that require an initial clustering as input.

Our goal is to experimentally characterize the behavior of these algorithms (Section 5). We are specifically
interested in the following:

1. What type of structure can each method recover, and what type of structure do they fail to recover?

2. How do the methods differ?

3. What approximations can we hope to recover, and how do they relate to the true optima of the objectives?

We use synthetic datasets (Section 6), as well as a dataset containing detailed phenotype information of par-
ticipants in a lung disease study (Section 4).

Our contributions are:

• The formulation of a new method for feature-sparse clustering, greedy K–means (Section 6.4), which
uses discrete, non-convex penalties to induce sparsity, and yet appears no more difficult to approximate
than the other two methods in consideration.

• A clustering criterion for mixed variable types (Section 6.9) that can be easily adapted to perform feature
selection in a manner analogous to greedy K–means.

• Discovery of possibly undesirable behavior of Regularized K–means due to the type of convex sparsifying
penalty used (Section 7.3.1).

• Exploration of the important role played by the initialization method chosen for the approximation al-
gorithms (Sections 7.3.3-7.3.5), and description of some initialization methods that may be of practical
interest (Section 6.5).

• Identification of issues regarding the interpretability of the clustering results obtained from the lung
disease data with feature selection (Section 7.4), namely: (a) a strong effect of inter-dimension correla-
tions on the selection of features, which indicates that linear structure (more usefully estimated with
methods such as PCA and sparse PCA, than clustering) may play much too strong a role in the types of
objectives being considered, and (b) instability in the partitioning of the subjects within the best several
solutions in terms of the objective given by multiple random runs of the approximation algorithm.

For a more detailed exposition and discussion of these and other findings, see Section 8.

2 Feature-sparse clustering
Given a data matrix X ∈ Rn×d , the goal of clustering is to find a partition of each n rows of the matrix (a.k.a.
samples, observations, points) into some (prespecified or data dependent) number K of clusters that optimizes
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a certain objective. In the case of K–means, one of several equivalent statements of the objective is minimizing
the total sum of squared distances from each point to the mean of its assigned cluster. Adding feature selection
to this would mean that in the end, we get a subset of the features and a clustering which is defined only in
terms of those features. With feature selection, the goal is to simultaneously find a subset of features, and a
clustering defined only in terms of those features. In particular, the resulting feature-sparse clustering needn’t
have any structure on the features that were not selected.

Here the notion of feature selection is distinct from pre-screening features, and from selecting features
as a post-processing step to clustering. Pre-screening can be useful to remove features that are highly noisy,
contain missing entries, or are not useful for other reasons. After a clustering is obtained, informative post-
processing steps may include the selection of features that are most mutually informative with the fixed cluster
labels. Such techniques can be useful in some contexts, but in this project we are concerned with the problem
of feature selection simultaneously with clustering.

3 Background and related work
The notion of variable selection for clustering has seen some recent interest in the literature. Existing work
spans a range of approaches.

Two of the methods we consider in this project due to [24, 28] are stated in terms of the K–means objective
(see e.g. [14]), with modifications that result in feature-sparse results. A related K–means based method is
[11], where instead of overall variable selection, the goal is sparsity in the differences between the means of
all individual pairs of clusters.

There are also a number of model-based methods [23, 20, 17, 15, 31], typically formulated as penalized
Gaussian mixture models. For instance, [31] considers a set of penalized maximum likelihood objectives,
where the penalties are designed to induce various types of sparsity in the component means and covariances
of the Gaussian mixture model.

Yet another algorithm is given by [2], which iteratively selects features which have small within-cluster
variance (similar to K–means), and small correlation with all already selected features. The justification for
this approach is that adding a variable that is highly correlated to one that has already been selected does not
add more information, even if the variable in consideration by itself has small within-cluster variance. Several
different methods for trading off between the within-cluster variance and correlation are given.

(a) (b) (c) (d) (e) (f)

Figure 1: Some types of biclustering problems: (1a) clustering observations, (1b) clustering features, (1c)
arbitrary overlapping biclusters, (1d) exclusive row and column biclusters, (1e) exclusive row biclusters, (1f)
feature-sparse clustering.

Clustering with feature selection can be seen as an instance of the notion of biclustering [16, 25, 5]. In
general, biclustering is the problem of finding groups of submatrices in the data, i.e. sets of rows and columns,
such that the entries in each submatrix are similar in some sense. These submatrices are referred to as biclus-
ters. Different constraints on the shapes of the biclusters result in different types of biclustering problems. See
Figure 1 for schematic descriptions of some of the types of biclustering problems that have been considered.
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4 Lung disease phenotype data
The dataset is composed of d = 112 features from n = 378 participants in a lung disease study [19]. The
features include demographic information (e.g. age, race, ethnicity, gender, number of children and siblings),
environmental information (e.g. pets, smoking status), medical history (including family members), severity
of symptoms, use of medication, and the results of a range of medical tests. The variable types in the data are
mixed, with 60 binary, 14 discrete (ordinal) non-binary, 36 non-discrete, and 2 categorical (with 4 and 5 values,
resp.) features.

Previous analysis by [19] on similar data classified five phenotype groups of the disease with a hierarchical
clustering technique based on 34 of the variables. With post-processing techniques (see Section 2), they showed
that the cluster assignment could be recovered with 80% accuracy based on just 3 features.

More recent analysis by [30] using all 112 features identified six clinically meaningful subject clusters.
Post-processing revealed a subset of 51 variables which could be used to reconstruct the subject classification
with 88% accuracy.

5 Approach
The clustering methods we analyze (outlined in Section 6) are stated in terms of non-convex optimization
objectives based on criteria that simultaneously encapsulate the goals of clustering with feature selection. We
consider several random algorithms for obtaining approximate solutions to these optimization problems, since
in general finding the exact optima is computationally intractable. Hence, there are two separate issues to
keep in mind. One is the nature of the optimization objectives themselves in terms of the true optima (which
we can’t find in general), and the other is the quality of the approximate results we can compute in practice.

The factors we consider when analyzing the performance of each method are:

1. Feature selection error — are the “true” relevant dimensions identified?

2. Clustering error — how close is the approximate clustering to the clustering given by the relevant di-
mensions?

3. How close is the objective value of the approximate solution to the true optimum? It is of particular
interest whether finding a solution that is close to optimal in terms of the objective implies low feature
selection or clustering error.

These criteria can only be evaluated directly on synthetic data where ground truth can be established, and the
notion of true relevant dimensions is well defined by design. We describe several synthetic datasets in Section
6, each constructed to elucidate different aspects of the methods in consideration.

Using the lung disease data it is impractical to find the true optima, and there is no clear notion of true
relevant features or clustering. Consequently the above metrics cannot be directly applied. Our approach is to
compare several of the obtained approximate solutions with the highest objective to one other, and explore the
stability of the corresponding selected features and clustering results. The intuition is that if two solutions
can look very dissimilar despite both having nearly the best found objective, then there may be reason to doubt
the fidelity of the method in producing consistently meaningful results. Another element of our analysis is the
characterization of the approximate solutions in terms of easily measurable properties of the data, in order to
illuminate the true geometric meaning of the algorithm outputs.

6 Methods
We describe three K–means based methods for feature-sparse clustering, two from existing literature (Sections
6.2 and 6.3), and a third original method inspired by those (Section 6.4), as well as an alternative to K–
means type criteria for data with mixed variable types (Section 6.9). The algorithms we consider require
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an initialization; we describe several initialization methods in Section 6.5. To analyze the behavior of these
methods, we use several synthetic datasets defined in Sections 6.6, 6.7, and 6.8.

All computation was performed in R [22].

6.1 Notation
For a matrix A, we refer to its i’th row as A i, its j’th column as A( j), and the value in the i’th row and j’th
column as A i( j). For an integer m ≥ 1 we define [m]= {1, . . . ,m}, and for integers m ≤ n, [m..n]= {m,m+1, . . . ,n}.
For simplicity, throughout this document we assume that any data set has been preprocessed to have zero
mean.

6.2 Regularized K–means
The Regularized K–means [24] objective is stated as

min
C∈RK×d , L∈[K]n

1
n

K∑
k=1

∑
i:L i=k

‖X i −Ck‖2 +
d∑

j=1
λ j‖C( j)‖ (1)

where we could take λ1 = ... = λd = λ≥ 0, or penalize dimensions adaptively according to their importance by
setting λ j = λ/‖C̃( j)‖, where C̃ ∈ RK×d is the matrix of cluster means given by L, i.e. the unpenalized cluster
centers. In either case, λ controls the degree of sparsity of the resulting cluster centers. Higher λ corresponds
to increasingly sparse solutions, and setting λ= 0 recovers the unregularized K–means objective.

The algorithm proposed in [24] for solving the Regularized K–means objective is an iterative coordinate
descent procedure similar to Lloyd’s algorithm. Given an initial clustering L and penalization parameter λ≥ 0,

1. For j = 1, . . . ,d, compute

C( j) = argmin
y∈RK

1
n

K∑
k=1

∑
i:L i=k

(X i( j) − yk)2 +λ j‖y‖ (2)

where λ j = λ in the non-adaptive version, or λ j = λ/‖C̃( j)‖ where C̃ is set to the means of each cluster
based on the current value of L in the adaptive version.

2. For i = 1, . . . ,n, compute L∗
i = argmink∈[K] ‖X i −Ck‖.

3. If L∗ 6= L, continue from step 1 with L = L∗. Otherwise, stop and return L and C.

6.3 Sparcl
The Sparcl objective [28] is a weighted version of the “maximum between-cluster sum of squares” formulation
of K–means:

max
w∈Rd , C∈RK×d , L∈[K]n

d∑
j=1

w j

(
n∑

i=1
X2

i( j) −
K∑

k=1

∑
i:L i=k

(X i( j) −Ck( j))2
)

subject to ‖w‖2 ≤ 1, ‖w‖1 ≤ s, w j ≥ 0 ∀ j ∈ [d]

(3)

where s is the parameter that controls the degree of sparsity.
The R package sparcl [29] includes an iterative algorithm for solving this objective. After computing an

initial clustering with standard K–means, the algorithm alternates between computing the optimal w for fixed
L and C (with a closed form soft-thresholding type operation), and computing L and C for fixed w using K–
means on a reweighted dataset Z with Z( j) = pw j X( j) for each j. Since one of the factors we investigate in
this work is the effect of initialization, we modify this code slightly to allow initialization with an arbitrary
clustering.
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Remark. Unlike Regularized K–means, the Sparcl objective does not reduce to K–means for any value of
the sparsity parameter s. This is because even if s ≥ p

d (which guarantees that the L1 constraint on w is
inactive), the constraint ‖w‖2 ≤ 1 still means that, in general, w is not constant.

6.4 Greedy feature selection
Consider the following equivalent formulation of the Regularized K–means objective (1), with uniform penal-
ization per dimension:

max
C∈RK×d , L∈[K]n

d∑
j=1

(
n∑

i=1
X2

i( j) −
K∑

k=1

∑
i:L i=k

(X i( j) −Ck( j))2
)

subject to
d∑

j=1
‖C( j)‖ ≤ t

for some t ≥ 0. Here we have made two modifications — first, the penalty on cluster centers is expressed in
terms of a constraint, as opposed to the Lagrangian form; and second, the within-cluster sum of squares is
replaced by its between-cluster counterpart.

If we assume that the L2 penalty ‖C( j)‖ is intended to serve as a convex relaxation of the indicator function
I(C( j) 6= 0), then we recover an un-relaxed objective by replacing the constraint on the cluster centers with∑d

j=1 I(C( j) 6= 0) ≤ p, for some integer p (in general, this results in a different clustering, and there is no exact
relationship between the parameters p and t in terms of the resulting solutions). That objective, in turn, can
be rewritten as

max
w∈Rd , C∈RK×d , L∈[K]n

d∑
j=1

w j

(
n∑

i=1
X2

i( j) −
K∑

k=1

∑
i:L i=k

(X i( j) −Ck( j))2
)

subject to ‖w‖1 ≤ p, w j ∈ {0,1} ∀ j ∈ [d]

(4)

by introducing indicator variables w j = I(C( j) 6= 0). Note that if the optimal solution has w j = 0 for some j, then
the corresponding C( j) is arbitrary, i.e. any C( j) ∈RK results in the same objective, since the contribution from
dimension j to the between-cluster sum of squares is nullified. We can use the convention that for any such j,
C( j) = 0.

Incidentally, this objective can also be obtained from Sparcl (3), with the constraints ‖w‖ ≤ 1 and w j ≥ 0
replaced by w j ∈ {0,1}. We call (4) the greedy K–means objective, for reasons that will become apparent below.

The similarity of greedy K–means to Regularized K–means and Sparcl suggests two approximate optimiza-
tion procedures. One way is to perform three-way coordinate ascent by iterating over reassigning L, C, and
w in turn, similar to the solution for Regularized K–means proposed by [24]. The other way is to alternate
between applying standard K–means on the dataset reweighted by w, and computing w based on the K–means
solution, similar to the solution used for Sparcl in [28]. In both cases, w is computed by greedily selecting the
dimensions which maximize the between-cluster sum of squares, with L and C fixed.

With a slight modification, these greedy methods can accommodate the case where there is a group (or
multiple groups) of features that should either be all selected, or all not selected. One such instance is when
there is a categorical feature that has been expressed through dummy variables. For example, suppose dimen-
sions 1 through r (for some r < d) are indicator variables for a categorical feature that takes on r values. Then
the constraints in (4) can be replaced by

1
r

r∑
j=1

w j +
d∑

j=r+1
w j ≤ p, w j ∈ {0,1}∀ j ∈ [d], w1 = w2 = . . .= wr

where the factor 1
r is added so that the group of indicator features has the same combined weight as all other

features. Either of the optimization procedures above can be easily modified so that in the greedy feature
selection step, features 1 to r are treated as one.

7



6.5 Initialization methods
All the algorithms discussed above require initialization with some clustering of the data. The papers that
propose those algorithms assume that the (or, more appropriately, a) K–means solution will be used to do so.
In Section 7.3.5 we demonstrate that even initializing with the true K–means clustering can, in general, result
in suboptimal solutions. Hence, we are also interested in evaluating some other initialization methods. The
first method applies to all algorithms in consideration, while the next two are specific to greedy K–means.

6.5.1 Random centroid initialization

Perhaps the most common initialization method for K–means type algorithms is the following to sample K
points as centroids uniformly at random from the data (without replacement), and assigning each point to its
nearest centroid in terms of Euclidean distance. We refer to this as random centroid initialization (or just
random initialization).

This is not the only commonly used initialization method for K–means type algorithms, nor is it typically
the for ordinary K–means. For instance, K–means++ [3] is an alternative initialization method based on a non-
uniform random sampling of points as centroids from the data. It has good theoretical and practical properties,
specifically for K–means. Intuitively, K–means++ tends to give an initialization that is in some sense close to
the K–means optimum, and hence often results in a better solution than simply picking centroids uniformly at
random. However, this runs counter to our goal when using random initialization, which is to explore solutions
to the sparse clustering objectives that are different from the K–means initialized solutions.

6.5.2 Random support initialization

The greedy K–means objective, along with the iterative solution methods in consideration, suggest an alter-
nate initialization. Instead of beginning the algorithm by setting a value for the cluster assignments, we could
instead initialize the support set for the feature weights w. Specifically, if we are searching for a p-sparse
solution, we can pick w such that

∑
j w j = p′ uniformly at random for some p′. The obvious choice for p′ is

p′ = p, but picking a slightly larger value may be beneficial (see Section 7.3.6).

6.5.3 Support covering initialization

We also consider a non-random method for initializing w in greedy K–means. A brute force exhaustive search
over all

(d
p
)

possible values of p-sparse weights w quickly becomes intractable. However, as we will see in
Section 7.3.6, it is reasonable to expect that an optimal p-sparse weight vector w∗ can be found by initializing
with some w that has

∑
j w j = p′ > p, and

∑
j w∗

j w j = q < p. In other words, we may expect to find a near-
optimal p-sparse feature set by iterating over the set of all initial w with some p′ > p non-zero entries such
that for any p-sparse w∗, there is some w that overlaps with w∗ on at least q features. The design of such a
set of initial values for w is identical to the covering design problem, which is defined as follows [10].

Given integers q ≤ p′ ≤ d, let U = [1..d] and A = {A ⊂ U : |A| = q}. Then a (d, p′, q)-covering design is a
set B ⊆ 2U such that each B ∈ B has |B| = p′, and that for all A ∈ A there exists B ∈ B with A ⊆ B. Exactly
computing optimal covering designs, or even their sizes, is a hard problem, but there is an online repository
[9] of covering designs for a wide range of values.

For instance, for the example in Section 7.3.6 where we seek a solution with p = 5 features out of d = 30,
we use a (30,10,4)-covering from the repository (i.e. p′ = 10 and q = 4) of size 210, which is quite close to a
theoretical lower bound of 165. For comparison, in this example |A | = 27405, and

(30
5
)= 142506.

6.6 Distribution UNSHRINKABLE

This two-dimensional dataset composed of three Gaussian components is generated as follows. First, we
sample 400, 200, and 200 points respectively from unit covariance Gaussians with means (2,3), (−9,−1), and
(−5,−1). Then, we normalize both dimensions of the sample to zero mean and unit variance.
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6.7 Distribution TWO-CLUSTER

For any d ≥ 2, we generate a random d dimensional data set which has one “relevant” feature, and d − 1
irrelevant, i.e. noise features, as follows. In the first dimension, which is the feature, we sample n/2 points
from N (−µ,1−µ2) and n/2 points from N (µ,1−µ2), where µ = 0.975, and 1−µ2 is used for the variance of
each component so that the overall variance is 1. All remaining dimensions are noise features, and we sample
X i( j) independently from N (0,1) for i ∈ [n] and j ∈ [2..d]. We use n = 100 samples in all experiments with this
distribution. A sample from this distribution for d = 2 is shown in Figure 2. Of course, this is merely a toy
distribution for evaluating the methods described in Section 6, and in practice the problem of selecting only
one feature for clustering is neither challenging, nor is it likely to be of significant interest.
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Figure 2: A sample of n = 500 points from the TWO-CLUSTER synthetic dataset.

6.8 Distribution TWO-GROUPS

In this section, we describe a type of distribution that relates to a different notion of feature selection than
that of Section 6.7. Instead of thinking of dimensions as relevant vs. noise, here we think of clusterings of the
data as sparse or non-sparse based on the size of the groups of dimensions they are based on, i.e. a feature
is relevant if it is part of the smallest group of features that gives a good clustering. This is a more general
view of feature selection for clustering. It is also likely to be more practically useful, since for any given data
set it is not realistic to expect that there are a large number of dimensions that, jointly, do not contain any
significant cluster structure.

Specifically, we will have two groups of features, one much smaller than the other, so that each group
of feature is composed of two well-separated clusters, but the respective cluster labels are independently
distributed. When searching for a clustering into K = 2 partitions with a certain level of sparsity, the smaller
group of features will be the better choice.

For µ ∈ (0,1) and d ≥ 1, define the distribution Pancakes(µ,d) over Rd as the mixture

1
2

N

(
−µ 1dp

d
, Id −µ2 1d1T

d
d

)
+ 1

2
N

(
µ

1dp
d

, Id −µ2 1d1T
d

d

)

where 1d and Id are the d dimensional all ones vector and identity matrix, respectively. Pancakes(µ,d) has
mean 0 and unit covariance, and for large µ is concentrated near two parallel discs (see Figures 3a and 3b).
Since for large µ the two mixture components are nearly disjoint, the population within cluster sum of squares
given by the component indicators is approximately d−µ2.
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Figure 3: Figures 3a and 3b — densities of the one and two dimensional Pancakes (c = 0.975). Figure 3c —
level set of product of a one dimensional and a two dimensional Pancakes.

Now consider a random X ∈Rd given by X = (X1, X2), where X1 ∼Pancakes(µ1,d1) and X2 ∼Pancakes(µ2,d2)
independently, and d = d1 +d2 (Figure 3c). Also, let L1 and L2 be the indicators of the component X1 and X2
are drawn from.

Marginally, the features S1 = [1..d1] and S2 = [d1 +1..d] of X , corresponding to X1 and X2, are each com-
posed of pairs of well separated components. Hence, we can imagine the distribution of X as being composed
of four clusters defined by the pair of indicators (L1,L2). However, there is no “good” partition of Rd into K = 2
clusters in terms of X .

We use the values d1 = 5, d2 = 25, µ1 = 0.975, and µ2 = 0.999 in Section 7.3.5, so that the first group of
features defines a feature-sparse clustering, and the second group of features defines a less sparse clustering
with a better between-cluster separation.

6.9 Hybrid modeling mixed variable types
For data with mixed variable types, it is not immediately clear that K–means type methods are ideal. The K–
means objective can be thought of as the (negative) log likelihood of the data under a Gaussian mixture model
with identity covariances. For mixed variable types, then, an obvious modification would be to model each
variable with the appropriate distribution, which we refer to as a hybrid model. We model each feature within
a cluster as an independent univariate Gaussian for continuous features; a Binomial for ordinal (discrete)
features; and a categorical random variable for categorical (nominal) features. The hybrid (hard-assignment)
maximum likelihood criterion gives the objective

max
L∈[K]n,θ

K∏
k=1

∏
i:L i=k

d∏
j=1

fm( j)(X i( j);θk( j))

where fm( j) is the density of the model chosen for feature j, and θk( j) are the parameters of the model. Equiv-
alently, this objective can be stated in terms of maximizing the log likelihoods. If there are dG , dB, and dc

10



Gaussian, Binomial, and categorical random variables, respectively, then the objective can be written as

max
L∈[K]n

[
max

µ,σ∈RK×dG

dG∑
j=1

n∑
i=1

log
1

σL i( j)
−

(XG
i( j) −µL i( j))2

2σ2
L i( j)

]
+

[
max

pB∈[0,1]dB

dB∑
j=1

n∑
i=1

X B
i( j) log pB

j + (s j − X B
i( j)) log(1− pB

j )

]
+ max

pc
( j)∈Pm j , j∈[dc]

dc∑
j=1

m j∑
x=1

∑
i:X c

i( j)=x
log pc

x( j)

 (5)

where s j are the sizes of the binomial features (hence X B
i( j) ∈ {0, . . . , s j}), m j are the number of categories for

categorical features (X c
i( j) ∈ {1, . . . ,m j}), and Pm = {p ∈ [0,1]m :

∑m
i=1 pi = 1} is the probability simplex.

Optimizing (5) with a coordinate ascent procedure would be straightforward. The cluster assignment step
is obvious, and the maximum likelihood parameter values are simply empirical per-cluster means, variances,
and category probabilities. We could also directly incorporate feature selection analogous to, say, greedy K–
means.

7 Results

7.1 Optimizing the Regularized K–means objective
Recall the sub-problem (2) in the iterative solution to Regularized K–means proposed by [24] (Section 6.2):

C( j) = argmin
y∈RK

1
n

K∑
k=1

∑
i:L i=k

(X i( j) − yk)2 +λ j‖y‖

which must be solved for each j = 1, . . . ,d, with L fixed. This problem can be stated in terms of a group LASSO
penalized regression objective and solved e.g. with the R package grplasso [18]. The design matrix required
to do so could be a matrix in {0,1}n×K where row i contains exactly one non-zero entry in position L i. However,
the special structure of this design matrix allows for a more direct solution. Specifically, for each j, by taking
the subdifferential of (2) we find

Ck( j) =
{

0 if 2
n‖~n◦ C̃( j)‖ ≤λ j,(

1+ λ j n
2~nk‖C( j)‖

)−1
C̃k( j) o.w.

for k = 1, . . . ,K (6)

where ◦ is the Hadamard (entrywise) product, ~n ∈ RK is the vector of cluster sizes, C̃ are the unpenalized
cluster centers (dependence on L is kept implicit for brevity). Note that this is a closed form solution for
deciding if C( j) = 0, but not for finding C( j) when it is non-zero since ‖C( j)‖ appears in the second line. However,
when C( j) 6= 0, by taking the squares of both sides of (6), summing over k, and dividing by ‖C( j)‖2, we have

1=
K∑

k=1

(
‖C( j)‖+

λ jn
2~nk

)−2
C̃2

k( j).

This equation, when 2
n‖~n ◦ C̃( j)‖ > λ j, has a unique solution ‖C( j)‖ ∈ (0,‖C̃( j)‖] that can be found numerically

using any number of univariate solvers. Once the value of ‖C( j)‖ is known, C( j) itself can be obtained in closed
form from (6). From our experience, this method has a significant performance advantage over using the group
LASSO formulation.
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7.2 Hybrid likelihood criterion for binary features
The mixed modeling approach of Section 6.9 replaces per-cluster variance as the minimization objective with
entropy. Figure 4 shows the cluster variance and entropy (up to a multiplicative constant) of a binary feature
modeled as a Bernoulli random variable, which measures the contribution of the feature to the total within
cluster sum of squares and log likelihood of a clustering, respectively. The high similarity of the two curves
indicates that the two criteria may be near equivalent in practice. Considering the complexity of the hybrid
criterion, and the fact that standard K–means algorithms can not be used directly when optimizing it, hybrid
modeling may be unnecessary for binary features.

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

fraction of ones in cluster

ob
je

ct
iv

e

variance
entropy

Figure 4: Variance and entropy of a binary feature (up to a multiplicative constant).

7.3 Synthetic experiments
7.3.1 Effect of direct cluster center penalization on UNSHRINKABLE

The Regularized K–means idea of directly penalizing cluster parameters (similar approach taken in [11]) can
have a potentially undesirable effect.

In Figure 5 we show the Regularized K–means solutions (initialized by the K–means solution) with increas-
ing sparsity parameter λ on the UNSHRINKABLE dataset (Section 6.6). The horizontal axis alone is sufficient
to differentiate the three original clusters. However, as λ increases, all three cluster centers are shrink to-
wards zero, until the cluster shown in blue is left nearly empty. In this example, Sparcl (for s such that one
feature is selected) and greedy K–means (with p = 1) identify the horizontal axis as the relevant feature. The
resulting clustering is identical to what we would obtain by applying K–means to the horizontal axis directly.

7.3.2 K–means clustering of TWO-CLUSTER

Using the TWO-CLUSTER data described in Section 6.7, Figure 6 shows the clustering error achieved by K–
means on this random data, as a function of the number of noise dimensions (i.e. d −1). Note that 0.5 is
the maximal possible clustering error between any two clusterings with K = 2. The K–means solutions here
were computed with multiple random restarts of the Hartigan–Wong [12] algorithm for K–means. This is the
default method used in the R implementation of K–means, and it performs very well in practice (in terms of
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Figure 5: The clustering given by Regularized K–means in a two dimensional dataset with increasing regu-
larization parameter for K = 3. Color indicates cluster membership, and the three large points are the cluster
centers. In the last three plots, the cluster corresponding to the middle centroid is nearly empty.

finding a solution with optimal or near-optimal objective value). Hence, the error curve in Figure 6 appears to
characterize the K–means objective itself, and not the approximate algorithm we use to solve it.

7.3.3 Difficulty of approaching optimal objective value

In Figure 7, we show the distributions of the objectives of the K–means initialized solution and the random
centroid initialized solution of the three methods in Section 6 on the same data as above. We use 100 draws
of the TWO-CLUSTER dataset (Section 7.3.2) with d = 11 and d = 21 (i.e. 10 and 20 noise dimensions, respec-
tively). For each dataset, we initialize each algorithm 20 times with random centroids. We use the objective
given by initializing with the true labels as a baseline to compute suboptimality, so that results from different
random draws of the data can be directly compared. Initializing with the true labels also gave solutions that
were the same (or nearly the same) as K–means using only the relevant feature, which indicates that the de-
sign of the synthetic distribution is such that the true optima of all three algorithms in consideration, if found,
are ideal for feature selection. The figures show the rapid fall in the probability that initializing with K–means
will result in a nearly optimal solution, as well as the difficulty of using random centroid initialization.

We also observed that there was no strong dependence between the degree of suboptimality of the K–
means initialized solutions, and the randomly initialized solutions (note that Figure 7 is insufficient to draw
this conclusion).

7.3.4 Effect of feature selection on clustering error for TWO-CLUSTER

Figure 8 shows the performance in terms of clustering error of all methods (initialized with K–means) applied
to the same data distribution used above, with parameters set so that exactly one feature is selected. The
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Figure 6: K–means clustering error for the dataset of Section 7.3.2 (with 95% Gaussian confidence intervals).

number of dimensions ranges from 1 to 15 (i.e. the data is from d = 2 to d = 16 dimensional). There is no
significant difference in the clustering error of the four methods in terms of average clustering error, but there
is one when we measure the percentage of random draws where the clustering error is exactly zero. This is due
to the fact feature selection results in zero error when the correct feature is identified, but in general increases
the error when an incorrect feature is selected. In all random instantiations, initializing with the true cluster
labels resulted in zero error, as in the previous section.

A more detailed look at the d = 11 case To better understand these results, we look in more detail at the
results using d = 11 dimensions, i.e. 10 noise features (Figure 10). We pick sparsity parameters for all three
methods so that exactly one non-zero feature is selected.

Figure 9 shows that for all three methods being considered (initialized with K–means), there appears to be
a critical value for the clustering error of the K–means solution, such that above that value feature selection
doesn’t help, but below that value feature selection identifies the relevant feature, and reduces the clustering
error to 0.

Figure 11 shows a heatmap of the joint distribution of the clustering errors of K–means and Sparcl (density
estimate is over-smoothed — all observed errors less than 0.2 for Sparcl were exactly 0). A similar distribution
holds for all three methods. Unsurprisingly, for all three methods zero clustering error also coincides exactly
with correct identification of the relevant feature.

7.3.5 K–means initialization with infinite data on TWO-GROUPS

In this section we analyze the results given by K–means initialization using infinite data from the distribution
described in Section 6.8. For simplicity, in this section and the next we focus only on the greedy K–means
objective.

When µ1 and µ2 are large (near 1), the population within cluster sum of squares for the K = 2 clusterings
given by L1 and L2 are approximately

WCSS on S1 WCSS on S2 Total
L1 d1 −µ2

1 d2 d1 +d2 −µ2
1

L2 d1 d2 −µ2
2 d1 +d2 −µ2

2.

Note that, since X1 and X2 are drawn independently, the mutual error of the clustering based on L1 and L2 is
exactly 0.5.
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Figure 7: Histograms of suboptimality in the objective resulting from K–means initialization and random
centroid initialization (probability over all randomness on the vertical axis). For each dataset 20 random
initial clusterings were used, and overall 100 random datasets were drawn with d = 11 and d = 21 dimensions.
Parameters were fixed to λ= 0.3 for Regularized K–means, s = 1.01 for Sparcl, and p = 1 for greedy K–means,
which were chosen so that a typical solution was concentrated on a small number of dimension. The horizontal
axis is the (absolute value of) the difference between the objective of a solution and the best approximation of
the true optimum we were able to obtain.

Since d1 = 5, d2 = 25, µ1 = 0.975, and µ2 = 0.999, the K–means solution with K = 2 will be that given by L2,
and the features in S1 will be irrelevant to the resulting clustering. On the other hand, the greedy K–means
solution with p = 5 should select exactly the features in S1, since the clusters corresponding to S2 are not
well-separable with such few features, as is easy to verify empirically.

Initializing greedy K–means for p = 5 (or, in fact, for any p ≤ d2) with the clustering given by L2 will always
result in w such that w j = 0 for any j ∈ S1. This is because, due to the statistical independence of X1 and X2,
the conditional distribution of X1 conditioned on L2 = 1 is identical to the distribution of X1 conditioned on
L2 = 2, and so the between cluster sum of squares for all j ∈ S1 will be exactly 0 for any clustering based on
any subset of S2.

7.3.6 Random centroids, random features, and set covers

In the previous section we showed that applying greedy K–means to the TWO-GROUPS distribution with K–
means initialization does not result in the optimal solution, even with inifinite data. In this section, we would
like to evaluate the performance of random centroid initialization (Section 6.5.1) on the same distribution,
as well as random support initialization (Section 6.5.2) and covering initialization (Section 6.5.3). As in the
previous section, here we consider only the greedy K–means objective, though it may be possible to obtain
similar results for Sparcl and Regularized K–means as well.
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Figure 8: Errors are calculated based on the sparsity parameter that results in a single selected feature, and
averaged over 200 random draws of the data set.
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Figure 9: Histograms of clustering error of K–means, separated to show the conditional distribution of whether
each method identifies the relevant feature or not (out of 400 random samples with d = 11 features).

Since we can’t actually work with infinite data, we sampled a single data set with n = 1000 points from the
distribution with the fixed parameter settings stated in the last section. More accurately, instead of sampling
directly from that distribution, we sampled n/4 = 250 points from the conditional distributions for all four
values for the pair (L1,L2), to avoid confounding the results with uninteresting random factors. As expected,
the K–means solution1 agreed exactly with L2, i.e. the clustering given by the group of d2 = 25 features in S2.
Of course, this also meant that the error between the K–means solution and the clustering L1, given by the
group of d1 = 5 features in S1, was 0.5 (i.e. maximal).

Initializing greedy K–means for p = 5 with the K–means solution resulted in a clustering that had error
0.474 with L1 (i.e. S1 was not identified), and error 0.304 with L2. Indeed, we designed the Pancakes distri-
bution specifically so that its clustering could not be approximated based on a small subset of its dimensions
(namely 5 out of 25, in this case).

We performed 2000 rounds of random centroid initialization, and in exactly one instance did we reach zero
clustering error. In every other case, the error was least 0.245 (Figure 12a). (Note that, by design of this data
set, zero clustering error is achieved after selecting p = 5 features if and only if the features in S1 are selected.)

1We were able to obtain what appeared to be the optimal K–means solution using multiple restarts of the Hartigan–Wong algorithm.
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with 0 clustering error (±95% CIs).

Figure 11: Bimodal distribution of clustering er-
ror after feature selection.

Figure 12b shows the results of greedy K–means after 1000 random support initializations (Section 6.5.2)
with

∑
j w j = p′ = 10. We use p′ = 10, and not p′ = 5, because we believe that the algorithm is more robust to

the presence of irrelevant features (those in S2) in the initial w, than to the absence of relevant features (those
in S1). For reference, note that there are

(30
5
)= 142,506 possible values for w with ‖w‖1 = 5.

Out of those 1000 random initializations of w, the optimal solution was found in 9 cases. Of these, in 2
instances all relevant features were included in the initial w (along with 5 irrelevant features), and in the
other 7 instances four of the relevant features were included (along with 6 irrelevant features).

Using the 210 elements of a (30,10,4)-covering (Section 6.5.3) for initialization, we obtain the results in
Figure 12c. We saw above that we can tolerate not including all 5 relevant features in the initialization, which
is why we chose to use a (30,10,4)-covering. Three out of the 210 elements of the covering result in an optimal
solution of greedy K–means. One had all 5 relevant dimensions in the initial set, and the other two had 4.

7.4 Lung disease data
In this section we apply the methods discussed above to the lung disease dataset described in Section 4.

For K–means initialized results, a K–means solution was computed using the Hartigan–Wong algorithm
[12], and appeared stable over multiple restarts.

We express the categorical variables through dummy indicator features, which is the common treatment
of such features for K–means and similar methods [13, 1]. We standardize each dimension to mean 0 and
variance 1, except the dummy features for the categorical variables, which we scale so that the total variance
of each group of dummy features is 1.

7.4.1 Choice of K

In clustering, choosing the number of clusters is a famously difficult problem, with a large volume of work
on the subject (see e.g. [26, 6, 21, 32]). Specifically in the context of Regularized K–means, [24] proposed a
method to do so based on a type of bootstrap procedure. Here we use the value K = 6, which was the number
of clusters chosen in a previous analysis of the dataset by [30].
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(a) Random centroid
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(b) Random support
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(c) Support covering

Figure 12: Scatterplots of clustering error vs. objective of three greedy K–means initialization methods (higher
objective preferred). In the second and third plots, the point in the top left corner, corresponding to the best
objective, has multiplicity 9 and 3, respectively.

7.4.2 Decreasing cluster sizes found by Regularized K–means

We showed an example in Section 7.3.1 of potentially undesirable results from the direct cluster center pe-
nalization of this method. It appears that something similar may be occurring here — for λ ≈ 0.29, with 63
non-zero features remaining (over half), two of the 6 clusters contain only 4 points (with K–means initializa-
tion). When λ ≈ 0.47, there are still 40 non-zero features, but now two clusters contain 2 points each, and a
third cluster only 7. Sparcl and greedy K–means do not share this behavior — the smallest clusters contain
typically at least 20 points regardless of the degree of sparsity. For this reason, we do not report results from
the Regularized K–means method henceforth.

7.4.3 Objective values

Here we compare the results given by Sparcl and greedy K–means when sparsity is high for different ini-
tializations. In particular, we fix the parameter s = 2.8 for Sparcl which results in between 9 to 11 selected
features, and for greedy K–means we select p = 10 features.

In Figure 13a we plot the distribution of the random centroid initialized Sparcl objective with the above
parameters over 500 restarts, and that of the K–means initialized solution. Figure 13b shows the same for
greedy K–means, along with 500 runs of the random support initialization described in Section 6.5.2 (with 30
initial random features). Unfortunately, support covering initialization (Section 6.5.3) is not an option here,
since the overall number of dimensions is too high.

We make a few observations based on these results. First, K–means initialization does not lead to better
objectives than the average random initialization. Second, random support initialization seems to have a
significant advantage at the higher end of the distribution of objectives over random centroid initialization.
Also, since the upper tail of the distributions of the objectives do not appear to decay very quickly, it would be
reasonable to expect that with further random runs we would continue finding increasingly better solutions.

In the synthetic experiments above, the results of Sparcl and greedy K–means were near identical. Since
random support initialization, which is defined more naturally for greedy K–means, performs better than
random centroid and K–means initialization here, below we only present the greedy K–means results.

7.4.4 Selected features and correlation, clustering stability

In the previous section we saw that the objective of greedy K–means on the lung disease data given by random
support initializations can be higher than by K–means initialization. Here we compare the selected features
for a range of values for the sparsity level p. We present the results with K–means initialization, and with 50
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Figure 13: The Sparcl and greedy K–means objectives (higher = better) over 500 random centroid initializa-
tions, as well as 500 random support initializations (with 30 features) of greedy K–means. The vertical lines
show the K–means initialized solutions.

random support initializations with size of initial set chosen according to

30+ (p−1)
d−30
d−1

where d is the total number of features and p is the given sparsity level. In all instances with p ≤ 90 fea-
tures selected, the highest objective from random support initialization was higher than that of K–means
initialization.

Figure 14 shows the selected features by K–means initialization, and the average w values given by the
random support initializations (black = 1, white = 0), in terms of the objective. In both cases, features are
ordered according to the order with which they appear in the K–means initialized solutions as p increases.
Though largely similar, there are key differences between the two. For instance, two of the features selected
by K–means initialization with p ≤ 12 are ranked much lower by the second method.

Figure 15 shows, for each p, the distance between each pair of clusterings with the 5 highest objective
values as computed above. The clustering distance is measures as the fraction of points where the two cluster
label vectors disagree (minimized over the equivalent cluster label permutations). What is noteworthy here is
the large variation in clusterings despite the similarity of the corresponding objective values.

Figure 16 is a box plot of the absolute values of the rows (or equivalently columns) of the covariance matrix
of the data. The features are ordered according to the highest average w values in the top 5 solutions (in
terms of objective) given by random support initialization. The overall trend is obvious — features with higher
overall correlations are selected earlier — but there are exceptions. For instance, the set of correlations of
the first 4 features are lower than the next 4 in terms of the median and confidence intervals. However, the
feature correlations in the first group take on more outlying values on the higher end. In fact, from Figure
17, which shows the covariance matrix between the first 50 features as ordered in Figure 16 (with black = 1,
white = 0), we see that the group of first 4 features appear to be more highly correlated with each other, than
any other group.
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Figure 14: Comparison of features selected by greedy K–means with K–means initialization (top) and random
support initialization. In the top figure, black indicates that a feature was selected. In the bottom figure, dark-
ness indicates the fraction of random initializations where a feature is selected. Features ordered according to
order of appearance in K–means initialized solutions.

8 Discussion
The performance results of the three methods in consideration — Regularized K–means, Sparcl, and greedy
K–means — are nearly identical on the synthetic experiments of Sections 7.3.2-7.3.6.

Section 7.3.4 shows a small (but statistically significant) advantage of Regularized K–means over Sparcl
and greedy K–means on the TWO-CLUSTER dataset (Figure 10). We don’t have an explanation for this appar-
ent advantage of Regularized k–means. We hypothesize that the difference may be due to the fact that in this
particular dataset, the Regularized K–means penalty, which effectively constrains cluster centers to be in a
small ball around the origin, acts in a similar manner as the re-weighting scheme used in [4], hence slightly
increasing the signal to noise ratio of the data.

However, if this hypothesis is correct, then this small superiority of Regularized K–means would likely
not generalize to more complex datasets. Moreover, the three cluster example in Section 7.3.1 with the UN-
SHRINKABLE distribution demonstrates a setting where Regularized K–means gives results that are difficult
to justify as advantageous in any situation. There, the direct penalization of cluster centers in this method
results in the merging of (feature-sparse) clusters that appear well-separated. In fact, it is not difficult to
design examples where Regularized K–means would find only empty or near-empty clusters due to this type
of penalization. We observe similar behavior on the lung disease data (Section 7.4.2), and it appears that the
higher dimensionality and larger value of K exacerbate the issue.

The difference between Sparcl and greedy K–means is more subtle. Based only on our synthetic experiment
results, the two methods are exactly identical. Also, though we only apply the random support (Section 6.5.2)
and support covering (Section 6.5.3) initialization techniques to greedy K–means, they can easily be adapted
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Figure 15: Clustering distances between all pairs of top 5 solutions (in terms of the objective), for each sparsity
level p.

to Sparcl as well. The most significant apparent differences are that greedy K–means gives features weights
that are exactly 0 or 1, while in Sparcl a feature may have a weight that is arbitrarily small but non-zero;
also, while greedy K–means is identical to K–means for p ≥ d, the same is not in general true of Sparcl for any
value of the sparsity parameter s. Specifically, when s ≥ p

d, though the sparsity inducing L1 constraint on
the feature weights w in Sparcl is inactive, the constraint ‖w‖2 ≤ 1 remains active. Hence, Sparcl will result
in weights w where features with lower within-cluster variance are weighed higher. For these reasons, the
greedy K–means solutions may be more easily interpretable in practice.

In all synthetic experiments with the TWO-CLUSTER and TWO-GROUPS datasets, the solutions given by
initializing with the true cluster labels performed perfectly in terms of feature selection and clustering er-
ror. Moreover, the objective values of the resulting solutions were better (higher or lower, as appropriate)
than those solutions that did not identify the correct features and clustering. In other words, with the excep-
tion of the undesirable behavior of Regularized K–means on the UNSHRINKABLE data, the issue at hand is
the problem of finding a sufficiently good approximation to the true optimum of the nonconvex objectives in
consideration, rather than the properties of the optimal solutions themselves.

The prescribed approximation methods in the original proposals of Regularized K–means [24] and Sparcl
[28] both used a K–means clustering of the data to initialize iterative coordinate descent type algorithms. The
results of Section 7.3.3 demonstrate that such an initialization can often give poor solutions. The random
alternatives that can eventually find better solutions require large numbers of attempts. In a more realistic
dataset, with hundreds of observations and dimensions, the number of required initializations to find a good
solution may be even higher. Hence, it is important to better understand the relationship between the initial-
ization of the methods and the qualities of the resulting solutions, and in particular the factors that determine
when K–means initialization is successful.

Figures 9 and 11 (Section 7.3.4) demonstrate that in terms of clustering error, the feature selection methods
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Figure 16: Box plot of rows (or columns) of absolute values of data covariance matrix. Features ordered
according to result of random support initializations with top 5 objectives.

initialized by K–means succeed whenever the K–means solution itself is within some threshold of the true
sparse clustering (in fact, the same holds for random initialization).

In Section 7.3.2, we see rapid deterioration in the percent of random draws of the distribution of Section
6.7 where the K–means solution agrees with the “true” cluster labels defined by the relevant feature. It is
worth noting that the main reason why K–means gives solutions which are so different from the true cluster
labels is due to random correlations in the data. Though in distribution this synthetic dataset has identity
covariance, any given sample will not. As we increase the dimensionality of the data set (while keeping the
sample size fixed at n = 100), the distribution of the empirical covariance will increasingly vary from identity.
The K–means objective is sensitive both to linear and non-linear structure, and for data sets with highly non-
spherical covariances, K–means can be seen as a discretized version of principal component analysis (PCA) [8].
We were able to verify the above intuition by applying K–means on the data used in Figure 6 after “whitening”
it, i.e. transforming to identity empirical covariance, which in practice resulted in zero clustering error with
very few exceptions.

Though it may seem like the above observation obviates the need for any feature selection methods on
this type of data, we believe this not to be the case for several reasons. First, the whitening operation is only
well-defined (well-behaved) when d < n (d ¿ n). Second, whitening in general results in features which cannot
be expressed as sparse combinations of the original data features, so semantic interpretation of sparsity is no
longer possible. And finally, as we see in Section 7.3.5, it is possible to design spherical datasets where the
sparse clustering cannot be found with K–means. The results discussed above rely on random correlations in
the data to produce K–means solutions that are significantly different from the clustering according to the rel-
evant feature. With infinite data, initializing all three methods with the K–means solution would result in the
relevant feature being identified. In Section 7.3.5, we show that for the TWO-GROUPS distribution described
in Section 6.8, even with infinite data K–means initialization does not give the desired solution. Hence, the
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Figure 17: Covariance of first 50 features. Feature ordering same as in Figure 16.

TWO-GROUPS distribution demonstrates the limitation of iterative coordinate descent-type methods based on
initialization with the K–means solution, even with infinitely many samples. In light of this observation, the
advantage shown in Sections 7.3.6 and 7.4.3 of the support-based initialization methods we propose over the
standard random centroid initialization method may be of significant practical value.

Correlations between features also play a role in the results obtained for the lung disease dataset, as seen
in Section 7.4.4. The features selected by greedy K–means tend to be the ones that are highly correlated with
others, even after multiple rounds of random support initialization. From the point of view of the objective,
this is not surprising — it is a modification of the K–means objective, and as observed above, K–means is
sensitive to linear structure. However, it is not clear whether the features selected by greedy K–means for any
given value of p, and the corresponding feature-sparse clustering, imply the discovery of any non-linear struc-
ture that could not have been found using a sparse principal component analysis [33, 7]. Recently developed
optimization methods for sparse PCA improve the practicality of the approach for moderately sized datasets
[27]. It would be interesting to apply those methods to the lung disease data and compare the selected features
with those of greedy K–means.

In Section 6.9 we proposed a hybrid modeling maximum likelihood method for dealing with mixed variable
types. The behavior of this method on the lung disease dataset was difficult to compare to that of the K–means
based methods, due to the instability of the iterative coordinate descent/ascent approximation algorithms
and the complexity of the data. The similarity (up to a multiplicative constant) of the variance and entropy
of a Bernoulli random variable demonstrated in Section 7.2 gives reason to believe that in a purely binary
dataset, K–means based and Bernoulli likelihood-based methods would give similar results. (Or, at least, that
the clustering given by one method would be near-optimal in terms of the objective of the other. The actual
clusterings could be substantially different, since the non-convexity of the objectives in question allows for
the existence of multiple distant near-optimal local optima.) However, this result does not give any indication
of the behavior of hybrid modeling for non-binary ordinal and categorical features, as well as the effect of
including the variance as a model parameter for Gaussian features.

9 Limitations and future work
This work is not intended to be a complete analysis of the lung disease dataset. Among the numerous possible
directions for further inquiry is to compare the features selected in Section 7.4 with the features that previous
analysis found to be highly informative of subject categorization (see Section 4).

We were only able to investigate two of the feature-sparse clustering methods from the literature. To our
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knowledge, there is no existing comparison between the other methods mentioned in Section 3. While these
methods have differences, many are similar in the manner in which they induce sparsity, which is often the
addition of a typical sparsifying penalty to some non-convex clustering objective. Taking a unifying view of all
such methods may be informative.

Our analysis of the mixed variable type modeling technique outlined in Section 6.9 was minimal. Due to
the instability of the results of the random approximate algorithms that are available for optimizing the type
of objectives in consideration, we found it difficult to make any meaningful comparison of the hybrid modeling
method and the K–means based methods. A way to overcome this challenge would be to use further synthetic
datasets comprised of discrete or mixed features, designed to be sufficiently simple so that the results of the
different methods can be more easily interpreted.

Other possible future directions of inquiry:

• Though the K–means objective is in general NP-hard to solve, there are methods that under certain rea-
sonable conditions are guaranteed to give good approximations to the true optimum. Similarly, though
in general every objective considered in this paper is NP-hard, it may be possible to guarantee properties
of approximate solutions under certain conditions. This may require the design of algorithms that do
not rely on coordinate descent/ascent, which does not perform well in our experience even for standard
K–means.

• We saw in Section 7 the effect that correlations in the data can have. Though this behavior makes
sense from the perspective of the objective, in practice it may be undesirable if there is a group of fea-
tures whose correlation is obvious and uninteresting (for instance, the height and weight of patients).
Decorrelating the data does not seem appropriate, since it does not preserve the semantic meaning of
the original features. Non-spherical Gaussian mixture models may address this issue, but they may be
problematic in a high-dimensional problem with small sample size due to the inevitably larger number
of model parameters.

10 Conclusion
We analyzed two feature-sparse clustering methods from the literature and formulated a third method, greedy
K–means, which (unlike the first two) uses a discrete non-convex statement of the feature-sparsity constraint,
but nonetheless appears no more difficult to optimize. Our proposal may give results with fewer idiosyncrasies
due to the explicit, discrete nature of the formulation.

The importance of initialization of the approximate optimization algorithms for these methods was high-
lighted with synthetic experiments. We demonstrated that the previously prescribed practice of initialization
with the standard K–means clustering can perform arbitrarily poorly, and proposed a few alternate approaches
that can give better results at the cost of multiple restarts of the algorithms. Specifically, we considered
support-based initialization, which appears to perform better than the canonical initialization method for
K–means based on random centroids. For relatively small dimensional cases, we proposed support covering
initialization, which is a deterministic enumeration based method. For larger datasets, random support ini-
tialization performed the best, where we randomly choose an initial set of features that may be a few times
larger than the desired sparsity of the solution.

We addressed the issue of clustering in the presence of mixed variable types with the formulation of a
hybrid mixture model, which can be easily adapted to perform feature selection in a manner analogous to
greedy K–means. For binary features, however, there appears to be only a minor difference between the K–
means and hybrid criteria.

We applied greedy K–means to the lung disease phenotype dataset. The set of selected features over a
range of sparsity parameter was computed, and followed a clear approximately monotonous trend. This trend
largely agreed with the degree to which each feature was correlated with all other features, indicating that
correlation plays a strong role in determining which features are selected The clusterings given by the near-
optimal solutions found for a specific value of the sparsity parameter were highly unstable, indicating the need
for careful consideration when interpreting the results.
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We raised three questions in the beginning of this report. Following are the answers we were able to
discern.

1. What type of structure can each method recover, and what type of structure do they fail to
recover?
In most synthetic experiments the true optima of all objectives seemed to recover the structure of inter-
est (at least as far as could be verified, considering the intractability of proving a solution to be optimal),
even in the case where the most sparse clustering is not the only one. However, clusters in dimensions or-
thogonal to the direction of predominant linear structure are unlikely to be discovered by these methods,
even with infinite computational power.

2. How do the methods differ?
On the high end of sparsity, the results of Regularized K–means are distorted by the type of regular-
ization which forces cluster centroids to be near the origin. Near the other extreme, Sparcl does not
smoothly transition to standard K–means, unlike Regularized and greedy K–means. Finally, greedy
K–means gives exactly sparse results, whereas in the other two methods a selected feature can be arbi-
trarily close to irrelevant.

3. What approximations can we hope to recover, and how do they relate to the true optima of
the objectives?
Even in the relatively simple synthetic examples used, it took thousands of random iterations to discover
the optimal solutions of interest. Moreover, the transition from optimal to sub-optimal was dramatic,
meaning that the approximation quality of sub-optimal solutions was very low. This indicates that,
especially for more complex, realistic data, approximation is a major issue.

In fact, the accuracy of the results given by the algorithms we investigated was dominated by the initial-
ization used. Hence, perhaps it is more appropriate from a practical perspective to regard these methods
as somewhat sophisticated thresholding operators that find a sparse solution in some sense “near” the
clustering used to initialize them, as opposed to being clustering algorithms themselves.
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