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Abstract

Clustering analysis is an unsupervised learning technique widely used for information extraction.
Current clustering algorithms often face instabilities due to the non-convex nature of their ob-
jective function. The class of convex clustering methods does not suffer from such instabilities
and finds a global optimum to the clustering objective. Whereas convex clustering has previ-
ously been established for single-type data, real-life data sets usually comprise both numerical
and categorical, or mixed, data. In this research, therefore, we introduce the mixed data con-
vex clustering (MIDACC) framework. We implement this framework by developing a dedicated
subgradient descent algorithm. Through numerical experiments, we show that, in contrast to
baseline methods, MIDACC achieves near perfect recovery of both spherical and non-spherical
clusters, is able to capture information from mixed data while distinguishing signal from noise,
and has the ability to recover the true number of clusters present in the data. Furthermore,
MIDACC outperforms all baseline methods on a real-life data set.
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1 Introduction

The goal of data mining is to extract information from data. One of the most common techniques
of information extraction is clustering analysis. Clustering analysis is an unsupervised learning
technique used to segment observations in clusters, where observations within clusters should be
as similar as possible and observations across clusters should be as dissimilar as possible (Jain and
Dubes, 1988). As clustering analysis allows users to describe observations and uncover group patterns
in data, it has applications in a wide variety of domains (Xu and Wunsch, 2005). Examples include
marketing (Punj and Stewart, 1983), biology (Alon et al., 1999), and image segmentation (Pappas
and Jayant, 1989). In marketing, for instance, an online supermarket might be interested to cluster
(potential) customers in order to design targeted advertisements for specific market segments.

To perform clustering analysis, various algorithms are available. Prominent examples of such
algorithms include K-means (Lloyd, 1982; MacQueen, 1967), K-modes (Huang, 1998), Hierarchical
Agglomerative Clustering (HAC), see e.g., Ward (1963), and DBSCAN (Ester et al., 1996). Most of
such algorithms are confined to clustering data of a single type, i.e., either numerical or categorical
data. For instance, K-means is specifically designed for numerical data, while K-modes can be
applied to categorical data only. However, in practice, data often comprises both types of data. This
is often referred to as mized data. For instance, when clustering customers of an online supermarket,
we might have data on customers’ number of purchases, the number of products bought, and total
spend (numerical features), as well as gender, household type, and city of origin (categorical features).
Simply focusing on a single data type incurs information loss. Thus, in order to utilize all available
information, being able to cluster observations in mixed data sets is a highly relevant problem.

To solve this problem, several mixed data clustering methods have been developed. For a compre-
hensive overview, we refer the reader to Ahmad and Khan (2019). A common approach is converting
data from one type to the other and applying an existing algorithm to the resulting single-type data
set, see e.g., Wei et al. (2015). However, the translation of categorical to numerical data is not
straightforward, while discretizing numerical features results in information loss. Therefore, algo-
rithms that directly deal with mixed data, particularly partitional methods, have been of much
interest. Examples of such methods include K-prototypes (Huang, 1997, 1998), Partitioning Around
Medoids (PAM) with Gower’s distance (Gower, 1971), and the feature-weighted K-means algorithm
of Modha and Spangler (2003). In addition to partitional methods, hierarchical clustering (Hsu et
al., 2007) and model-based methods such as KAMILA (Foss et al., 2016) have been proposed.



Although these types of algorithms are inherently able to deal with mixed data, several complica-
tions arise. Namely, due to their non-convex nature, these algorithms fail to guarantee convergence
to a global optimum, which limits their applicability and performance. In hierarchical clustering, this
issue arises from the heuristic that underlies the formation of clusters. For partitional and model-
based clustering methods, such instability originates from the dependence on cluster initializations,
which means that different runs of the algorithm can yield completely different results. Furthermore,
partitional and model-based methods require the user to preselect the number of clusters that should
be formed. However, in practice, users usually do not know what the optimal number of clusters
should be. In addition, existing algorithms face issues with combining numerical and categorical
features in order to measure the (dis)similarity between observations. Namely, combining features
often leads to either favouring a single type of data (Hennig and Liao, 2010) or balancing both
types while, given the data, different weights per type are more appropriate (Foss et al., 2016). Fur-
thermore, in common mixed data clustering methods, it can be shown that the shapes of retrieved
clusters are limited to spherical and elliptical forms (Foss et al., 2016).

To address the above problems, this research focuses on the technique of convex clustering.
This technique, independently introduced by Pelckmans et al. (2005), Hocking et al. (2011), and
Lindsten et al. (2011), reformulates the clustering problem as a convex optimization problem. Solving
this optimization guarantees convergence to a global optimum, thus removing the issue of cluster
instability. In addition, convex clustering allows the user, similar to hierarchical clustering, to assess
the stepwise manner in which clusters are formed and select the number of clusters the user is most
confident about to represent the ‘true’ number of clusters. Furthermore, convex clustering is not
limited to retrieving spherical or elliptical clusters. Instead, more complex shapes can be retrieved.

Initially, convex clustering was designed for numerical data only. Afterwards, extensions to binary
(Choi and Lee, 2019) and exponential-family (Kieskamp, 2019) data were introduced. Only recently,
Wang and Allen (2021) proposed an approach to handling different types of data simultaneously.
However, they do not demonstrate the workings of their integrative algorithm for mixed numerical
and categorical data. In addition, their approach is based on multi-view data, where multiple data
sources are integrated to form a single clustering outcome. Per view, the best fitting type of data
is chosen. In this paper, however, we focus on directly handling mixed data sets and appropriately

combining numerical and categorical features. This leads to the following research question:

o How can we design a convez clustering method for mized data that captures the intrinsic struc-

ture of numerical and categorical features?



In answering this question, this paper tries to overcome the issues present in other mixed data clus-
tering algorithms. We do so by introducing the mized data convex clustering (MIDACC) framework.
By means of convexifying the clustering objective, MIDACC can establish convergence to a global
instead of a local optimum, while being able to recover non-spherical cluster shapes. In addition,
MIDACC allows us to select the most likely number of clusters present in the data set. Furthermore,
by flexibly combining numerical and categorical data, MIDACC finds a balance between the two
data types that is most sensible given the data set at hand. This way, the method is not sensitive to
highly noisy data. We implement MIDACC by developing a dedicated subgradient descent algorithm
that efficiently clusters mixed data. Applying our methods using synthetic as well as real-life data,
we find that MIDACC is able to outperform state-of-the-art and commonly used baseline methods.

This paper is structured as follows. In Section 2, we present an extensive literature review, after
which we propose our methods in Section 3. In Section 4, we explain the set-up of our simulation
study and real-life data application. Section 5 contains the results of our research, after which we

provide conclusions and suggestions for future work in Section 6.

2 Literature Review

In clustering literature, a prominent class of methods is that of partitional algorithms such as K-
means (Lloyd, 1982; MacQueen, 1967). Although often straightforward to implement, these methods
suffer from several drawbacks, most notably that of potentially getting stuck in a local optimum
(Berkhin, 2006). This drawback is due to the non-convex optimization problem underlying such
methods and leads to different initializations yielding different results (Steinley, 2003). Furthermore,
K-means-type algorithms are confined to retrieving spherical clusters. This often leads to poor
performance when more complex structures are present in the data (Drineas et al., 2004).

Another group of popular methods includes hierarchical clustering, where observations are merged
(agglomerative) or split (divisive), one step at a time, to form clusters (Murtagh and Contreras,
2012). Due to its stepwise nature, hierarchical clustering is inherently greedy. That is, merges or
splits made during previous steps of the algorithm cannot be undone. As Zhao and Karypis (2002)
note, this leads to hierarchical clustering also not necessarily converging to a global optimum. Thus,
just like partitional clustering, hierarchical clustering suffers from instabilities. Furthermore, Fraley
(1998) notes that hierarchical clustering, especially in divisive algorithms, may face computational

problems due to the combinatorial complexity of the corresponding algorithms.



A family of methods that does not suffer from the problem of instability is that of convex
clustering. This type of method formulates the clustering task as a convex optimization problem and
finds the ‘optimal’ clustering by minimizing the corresponding optimization objective. This idea was
first proposed by Pelckmans et al. (2005), who minimize the Euclidean loss between observations and
cluster centers, where they apply shrinkage with a regularization parameter to merge observations
into clusters. By varying the value of the regularization parameter, the number of clusters can be
adapted. The idea of convex clustering was, independently, reintroduced by Lindsten et al. (2011)
and Hocking et al. (2011). The former applies convex relaxation to K-means in order to obtain an
optimization problem, whereas the latter starts from an hierarchical agglomerative clustering set-up
and hereafter applies convex relaxation. Hocking et al. (2011) show that convex clustering achieves
promising results, being able to outperform methods such as K-means and HAC.

The optimization problem in convex clustering consists of a loss function and a penalty term
controlled by a regularization parameter. As Lindsten et al. (2011) state, this regularization pa-
rameter controls the trade-off between model fit and the number of clusters. The path of resulting
clusters obtained from solving the convex optimization problem for different values of the regular-
ization parameter is often referred to as the clusterpath (Hocking et al., 2011). This clusterpath is
similar to HAC in that clusters are formed iteratively. However, the important difference is that, in
convex clustering, these stepwise merges are based on a new optimization for a different value of the
regularization parameter, while merges in hierarchical clustering are based on the previous iteration
(Lindsten et al., 2011). This leads to the desirable property that convex clustering is not inherently
greedy. Within a specific optimization, the objective function is formulated so as to make sure that
clusters merge when their centroids (almost) coincide. This means that, naturally, we only merge
clusters when the convex problem draws centroids to each other.

Recently, much attention has been paid to convex clustering and some advantageous properties
have been put forward. Most importantly, Hocking et al. (2011) show that convex clustering, in
contrast to partitional and hierarchical methods, is able to retrieve non-spherical clusters. Touw et
al. (2020) further establish this property by applying convex clustering to a variety of complex cluster
shapes. In addition, Kieskamp (2019) uses model selection to demonstrate the ability of convex
clustering to retrieve the ‘true’ number of clusters in the data. This is in contrast to partitional and
model-based methods, which require preselecting the number of clusters to be formed.

Furthermore, Tan and Witten (2015) present properties on the prediction error of the method,

formalize the link between convex clustering, K-means and hierarchical clustering, and pose a range



of values for the regularization parameter that yields non-trivial cluster solutions. Panahi et al.
(2017) use the K-means-based formulation provided by Lindsten et al. (2011) to establish perfect
cluster recovery properties. In addition, Sun et al. (2021) extend these perfect recovery properties
to a weighted convex clustering model where regularization is only applied to observations with
a positive pairwise weight. This weighted convex clustering model is introduced as an extension
in both Lindsten et al. (2011), using a local kernel function, and Hocking et al. (2011), using
exponentially decaying weights. Furthermore, Radchenko and Mukherjee (2014) prove consistency
of convex clustering and derive the convergence rates of this method.

Although the performance of convex clustering methods is promising (Hocking et al., 2011;
Chen et al., 2015), its implementation can be computationally cumbersome. Various optimization
schemes, such as Newton’s method (Kieskamp, 2019) and the off-the-shelf solver CVX (Lindsten et
al., 2011) have been applied, while Hocking et al. (2011) propose dedicated algorithms to solve the
clusterpath. However, these algorithms do not scale well beyond small data sets. In contrast, Chi and
Lange (2015) propose the more efficient Alternating Direction Method of Multipliers (ADMM) and
Alternation Minimization Algorithm (AMA) formulations for convex clustering. Both algorithms
are widely applicable, though AMA proves to be more efficient. Still, Sun et al. (2021) note that
solving large-scale problems is computationally expensive and therefore introduce a semismooth
Newton-based augmented Lagrangian method suitable for large-scale problems. Recently, Touw et
al. (2020) propose to use diagonal majorization to solve the convex clustering problem, which is, to
the best of our knowledge, the fastest technique to date.

Over the past few years, much research has been conducted on applications of convex clustering
(Tachikawa et al., 2018; Hiruma et al., 2018; Chi et al., 2020). However, these applications focus
mostly on continuous data. Recently, Choi and Lee (2019) proposed to apply convex clustering
to binary-valued data by modeling a loss function via the Bernoulli distribution. Kieskamp (2019)
extend this idea by presenting a framework to apply convex clustering to distributions from the
exponential family. However, these two papers focus solely on a data from a single type.

In contrast, Wang and Allen (2021) proposed the so-called method of Integrative Generalized
Convex Clustering Optimization (iGecco) to perform convex clustering on mixed multi-view data.
Although this method applies convex clustering to mixed types of data, it does so via integration of
multiple data views. This means that multiple data sources (views) are selected, a type of data is
selected for each view, and these views are consequently integrated. This approach requires the user

to select a single type per data view and computes the corresponding loss function of the multi-view



data in additive fashion. However, single data sets with mixed types of features are not intrinsically
analyzed. In addition, no application to combined continuous and categorical data is provided. This
paves the way for our research to fill this gap of applying convex clustering to mixed numerical and
categorical data in a single data set.

The problem of balancing numerical and categorical data in mixed data clustering is not straight-
forward. Most partitional methods, e.g., Ahmad and Dey (2007), use dissimilarity measures for both
data types, such as Euclidean distance for numerical and Hamming distance for categorical data.
Whereas this ensures comparable measurement across features of the same type, given the features
are scaled, the relationship between such measures across data types remains unclear (Ahmad and
Khan, 2019). For this reason, some methods, such as K-prototypes (Huang, 1997) and the K-means-
type clustering of Modha and Spangler (2003), incorporate a type-specific weight. Although this
allows the user to control the effect of different data types on the clustering outcome, it does not
change the fact that the corresponding similarity measures may be incomparable.

Another option is that of modeling type-specific losses through a likelihood perspective, as in
model-based clustering (Hunt and Jorgensen, 2011). This makes sure that the dissimilarity measures
for both numerical and categorical data are comparable, or, as Foss et al. (2016) argue, allows us to
equitably balance the effect of numerical and categorical data on the clustering outcome. However,
we may not always want to equitably balance the influence of both data types, but rather wish to
adjust this influence based on the data at hand and thus capture the structure of numerical and
categorical data appropriately. To this end, our method combines the partitional and model-based
approaches by constructing likelihood-based losses with type-specific weights to control the influence

of both data types on the clustering outcome.

3 Methodology

In this section, we discuss our approach to convex clustering of mixed numerical and categorical data.
First, we provide an introduction into convex clustering. Then, we present MIDACC and its main
components, as well as its approach to combining numerical and categorical features. Consequently,
we discuss the implementation of MIDACC by providing a subgradient descent algorithm, called
MIDACC-SGD, elaborating on parameter selection, and presenting evaluation criteria to assess the
clustering performance. Next, we discuss baseline methods and a variable-specific weighted version

of MIDACC, or W-MIDACC, after which we briefly mention the software used for this research.



3.1 Introduction to Convex Clustering

Let X be an (n x p) data matrix, containing n observations x;, with ¢ = 1,...,n, as rows, and
p features as columns. Our goal is to cluster the observations such that when x; and xg, i # s,
are similar, they are assigned to the same cluster. Furthermore, let M be an (n x p) matrix of
centroids, thus containing a p-dimensional centroid m; for each observation i = 1,...,n. We state
that observations belong to the same cluster when their centroids merge. In other words, x; and x;
belong to the same cluster iff m; = mg. Convex clustering enforces this type of clustering by means
of a convex optimization problem on M. In the (base) case of purely numerical data, as introduced

by Hocking et al. (2011) and Lindsten et al. (2011), this problem is defined as follows:

1

min 2> [~ il + A i — )
=1 1<s

where } .. = Z?;ll Y uit1» A > 0 is the regularization parameter, and ||-||; is the penalty norm

with order ¢ (Hocking et al., 2011). Common choices for ¢ are 1, 2, and oo, which correspond to the

Manhattan, Euclidean, and infinity norm, respectively. In (1), the first term, %Z?:l |[x; — my|3, is

referred to as the loss function, while A> ", __||m; — mg|q is called the penalty term.

1<S
As previously noted, this formulation works for numerical data only, which is due to the Euclidean

loss function. To be able to work with different data types, we can generalize this problem to

n
Hﬁ/i[n;axiami)+)‘;Hmi_m8|’qv (2)
where ¢(x;, m;) represents the loss function for observation ¢, which can take multiple forms based
on the type of data encountered (Wang and Allen, 2021).

In selecting a loss function, we bear in mind that a convex function should be chosen in order to
ensure convexity of (2) in M. This in turn ensures that the objective has a global minimum that we
can attain to obtain the ‘optimal’ clustering. As the name already indicates, this convexity is the
main asset of convex clustering over other methods such as K-means and finite mixture models.

Problem (2) bears some similarity with the fused lasso of Tibshirani et al. (2005). Namely,
through the regularization parameter, it forces vectors of parameters to merge. When A = 0, no
regularization takes place and the minimization depends solely on the loss function. This way, we
can break down the problem into n piecewise optimization problems: ming,, ¢(x;,m;), i =1,...,n,

which, in case we apply the loss function from (1), leads to optimal centroids m; = x;.



When we increase A, the penalty on unequal centroids increases, such that these centroids are
drawn to each other more heavily and may, eventually, merge. Thus, by varying the regularization
parameter, we can control the extent to which clusters are formed. Generally speaking, when we
increase A, more centroids merge, such that the number of clusters decreases. At some point, if A
is large enough, all centroids coincide and form a single cluster. This corresponds to the outcome
m; = my, Vi, s. Note that, in contrast to common clustering methods such as K-means and finite
mixture models, we do not specify the number of clusters before optimizing the objective. Instead,
we control the number of clusters through .

The way in which fusion occurs over A varies with ¢q. Although Hocking et al. (2011) propose
algorithms to employ convex clustering for ¢ = 1,2, and oo, the first two choices are most common.
Choi and Lee (2019) establish that ¢ = 1 is not suitable for clustering of binary data, which arises
from the fact that the penalty norm |/m; — myl|; is separable across dimensions. This leads to
only two possible outcomes; either n* (the number of unique observations) or 1 clusters. As this

undesirable property naturally also holds for categorical data, we set ¢ = 2.

3.2 Mixed Data Convex Clustering (MIDACC)

In this section, we introduce the concept of mixed data convex clustering. Firstly, we provide some
general notation, after which we discuss, per component, the MIDACC formulation and elaborate

on its approach to balancing numerical and categorical data.

3.2.1 Notation

As before, let X and M be (n x p) data and centroid matrices, respectively. X now consists of
both numerical and categorical features, such that we can write: X = [Xm‘m Xcat]. Here, X™"™
represents the numerical and, similarly, X the categorical part of the data. Note that, by default,
we order the data according to the type of features. However, this choice is without loss of generality.

We define the sets A and C to contain the numerical and categorical features, respectively. Thus,
if j € N, feature j is said to be numerical, while, if j € C, feature j is categorical. Zooming in on
the categorical variables, we note that different variables may have different numbers of classes. We
denote the number of classes for feature j € C to be Kj.

Since the K classes are not naturally ordered, we do not apply clustering directly to the cate-
gorical data. Instead, we apply dummy-coding. As each observation belongs to a single class, K; —1

dummies suffice to describe the entire j-th variable. This way, we can denote the entry of observation



1 corresponding to the k-th class of variable j by xfj, which takes on value 1 if observation ¢ belongs
to class k of feature j and 0 otherwise. In similar fashion, we denote the centroid of observation 4
corresponding with the k-th class of attribute j as mf] Note that, as opposed to the data xfj, these
centroids mfj are not restricted to values 0 and 1.

We denote the number of numerical and categorical features by p™*™ and p°®, respectively, such
that p = p™™ + Z?:; (K; —1). Thus, X™™ and X are (n x p™“™) and (n X Z?:; (K — 1))

matrices, respectively. In similar fashion, we define matrices M™™ and M¢,

3.2.2 Objective Function

To construct the MIDACC objective function, we combine the ideas of model-based clustering and
K-prototypes. Namely, as in mixture models (Hunt and Jorgensen, 2011) and the integrative model
of Wang and Allen (2021), we add (log-)likelihood-based loss functions to balance the data types.
Similar to K-prototypes (Huang, 1997), we control the influence of both data types using a type-

specific weight factor. This yields the following formulation:

n n
min (1) 30 G i) 4y 3 mi) 4 A Yl - mufla, (3)
i=1 i=1 i<s
where ¢4 (XU MUY and 99 (x6%, m¢@) represent convex loss functions for numerical and cat-
egorical data, respectively, and 0 < v < 1 is a parameter controlling the relative contribution of

numerical and categorical attributes on the clustering task. Furthermore, A) ., wjs||m; — mygl|2

<8
is the penalty term with regularization parameter A > 0 and pairwise weights w;s > 0 between
observations ¢ and s. Provided the pairwise weights are independent of M, this objective function

is (additively) convex in M and can thus be minimized to ensure a global optimum is found.

3.2.3 Loss Functions

In the MIDACC objective function (3), we use two loss functions for the two data types. The loss

function for numerical data, or £™™(x"*™ m"*™), is as in (1) and thus given by
1
T (P mP) = QHX:““” — m™m||3, i=1,...,n. (4)

It is worth observing that this loss function is proportional to the negative log-likelihood of a multi-

num

variate normally distributed variable with location parameter m?“™ and identity covariance matrix



(X = I num). We prove this property in Appendix A.1.

Following this idea, we take the loss function for categorical data to follow from a multinomial
distribution for each, independent, feature. To ensure that the categorical centroids are continuous
and unconstrained, which, optimization-wise, is a desirable property, we perform a logit transform

on the parameters (i.e., probabilities) of these distributions. Similar to Kieskamp (2019), we can

then define the loss function for categorical data, or £°% (x5 m¢), as
Kj_l Kj—l
097 (x§9t gty = Z Z —xfjmfj +log [ 1+ Z exp (mf]) , i=1,...,n, (5)
jec k=1 k=1

for which we provide a derivation in Appendix A.2. It is interesting to draw similarities between our
loss functions and model-based clustering methods. Namely, by combining Gaussian mixtures with
latent class analysis, these methods typically use similar normal and multinomial likelihood-based

loss functions (Hunt and Jorgensen, 2011, Foss et al., 2019).

3.2.4 Penalty Term

Whereas model-based clustering rests upon the selection of a predefined number of clusters, convex
clustering uses a regularized penalty term to control the fusion of centroids. In MIDACC, the penalty

termis A )

i<s Wis||m; —my||2. This term consists of three parts; i) the Euclidean distance between
centroids, or ||m; — my||2, ii) the pairwise weights w;s, and iii) the regularization parameter \.

Firstly, as previously discussed, the penalty term functions as a regularization term that penal-
izes differences between centroids, which we compute using the Euclidean distance. Although the
Euclidean distance is not suitable as a loss function for categorical data, the categorical centroids
are unconstrained and continuous due to the previously discussed logit transform. This makes the
Euclidean distance suitable to compute differences between centroids.

Secondly, instead of putting a similar penalty on each pair of observations, we apply pairwise
weights w;s > 0 based on the distance between x; and x,; that make sure we cluster based on
local density. The intuition behind this is that observations that are highly dissimilar should, any
way, not be clustered together. Therefore, their centroid difference should not affect the clustering
objective function and possibly distort the clustering outcome. To provide larger weights to ‘closer’
observations, we use exponentially decaying weights, which can drastically improve performance
(Hocking et al., 2011). In addition, we enforce sparsity in the weights, therewith reducing runtime

and potentially improving performance, by applying K-Nearest Neighbor (KNN) weights (Lindsten

10



et al., 2011). In combination, this leads to the following weight specification (Chi and Lange, 2015):
wis = Ij s €xp (—od (x4, X5)), i,s=1,...,n, (6)

where ¢ > 0 represents the order of exponential decay and I ;5 is an indicator function that takes
on value 1 when ¢ belongs to the K-nearest neighbors of s or vice versa, and 0 otherwise. This makes
sure our pairwise weights are symmetric in ¢ and s, i.e., I ;s = Ij s, which means that reshuffling
the data does not lead to different weights. This attributes to our method being insensitive to

initialization. In other words,

1, if i € KNN(s) or s € KNN(i)
Ik,is - (7)
0, otherwise.

The K-nearest neighbors of observation 7, or KNN(i), are defined as the K observations xs with the
smallest distance d(x;,Xs), where tied observations are all included in KNN(7). As in (6), d(x;,Xs)
stands for the distance between observations i and s, for which Gower’s distance is suitable (Wang
and Allen, 2021) as this measure makes sure distances for all features are of similar magnitude. In

our case, we propose to use a weighted version of Gower’s distance metric (Gower, 1971), given by

1-— Tij — Tsj ;
e e D DY LI P N LN

d(Xi’ XS) B prum maXxy Tyj — min, Lrj peat £
JEN jec

where we apply scaling to numerical and categorical distances through . Note that the categorical
part (Hamming distance) in the above expression is not calculated on dummy-coded data, but rather
on the original data. Although seemingly a minor feat, this is important.

Namely, were we to compute the Hamming distance on dummy-coded data, the range of cate-
gorical distances would be 0 — 2 instead of the 0 — 1 range on the numerical distance part of (8).
This would lead to, naturally, incomparable weights being put on the two data types. In addition,
since our dummy-coded data omits the Kj-th category of feature j, we would enforce an asymmetry
in the distances across observations. That is, if feature j of observation ¢ belongs to the Kj-th
class and feature j of observation s does not, this difference would not be fully captured using the
dummy-coded data. In contrast, if observations ¢ and s belong to different classes but not to the
Kj-th class of feature j, these differences would be fully captured. By working with the original

categorical data, we do not encounter this issue.
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Note that the asymmetry issue also does not occur in the categorical loss function and the
penalty term. Due to the restrictions on multinomial parameters, the loss function requires only

K; — 1 parameters in order to capture all information in feature j. As for the penalty term, the

ij J
Pij

observations i = 1,...,n, such that the penalty contribution of the K;-th class is, by definition, zero.

k k .
logit transform mF. = log <£”_1> = log < pl?,) theoretically assures that m? = 0 for all

Here, pfj is the multinomial probability of class k of feature j for observation ¢ and pgj denotes the
probability of the Kj-th class of feature j in observation i.

Thirdly, in the penalty term, A functions as regularization parameter. When A = 0, no regular-
ization on centroids takes place. If we increase A, locally different centroids are penalized and forced
to merge. At some point, if A is large enough, the penalty term dominates the clustering, which may
lead to all centroids fusing and, therewith, the formation of a single cluster. This does not always
occur, however, as the set of feasible outcomes may be restricted by the weights w;s. That is, due
to the sparse (KNN) weights, the graph with observations as nodes and weights as edges may not
be connected. Generally speaking, such restrictions are undesirable, especially in light of clusterpath
comparisons with hierarchical clustering (Hocking et al., 2011). However, as this research is not
concerned with plotting out the clusterpath but rather focuses on finding the ‘optimal’ clustering
given a data set, this phenomenon is outside the scope of this work. Furthermore, we find that
sensible choices for K almost always lead to connected weight graphs.

For the no-clustering (A = 0) and single-cluster (large \) cases, analytic MIDACC solutions of

(3) can be derived. We provide derivations of these extreme cases in Appendix B.

3.2.5 Balancing Numerical and Categorical Data

An important problem in mixed data clustering is combining numerical and categorical data in such
a way that the influence of both types can be controlled. For reference, see e.g., Foss et al. (2016) and
Hennig and Liao (2010). The first step in doing so is making sure that the clustering contributions
from features of the same type are on the same scale.

Within categorical features, the feature-specific clustering contribution in MIDACC, see (3),
consists of a multinomial loss function, the difference between centroids captured via the penalty
term, and pairwise weights. We note that the centroids are constructed based on the probability mass
function of a multinomial distribution with a single trial. This ensures that the loss contributions of
all categorical variables behave in similar fashion; like a distributional likelihood. In addition, the

magnitude of and difference between centroids is controlled by a logit transform of probabilities (i.e.,
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the parameters in the multinomial distribution). Again, this type of calculation makes sure that the
centroids of different categorical variables are on the same scale. Furthermore, the Hamming distance
used for the categorical distance in the pairwise weights ensures that all categorical variables have
distance 0 or 1. Of course, the actual contribution of the categorical variables is dependent on the
rate of occurrence of variable-specific classes and the number of classes K; per variable, but these
are natural factors that contain valuable information and should, therewith, affect the clustering
outcome in variable- or class-specific fashion.

As for numerical data, the feature-specific clustering contribution from MIDACC problem (3)
consists of the Euclidean loss function, the difference between centroids in the penalty term, and
pairwise weights. Firstly, we have shown that the Euclidean loss corresponds with the likelihood
contribution from a multivariate normal distribution with identity covariance. However, this assump-
tion implies that the loss is dependent on the scale of measurement and therefore does not equitably
balance numerical features. Thus, we choose to scale the numerical features prior to performing the
clustering task. Various methods to do so exist, such as min-max normalization and standardization.
Since min-max normalization relies on the two most extreme observations (Hennig and Liao, 2010),
this method is extremely sensitive to outliers. Therefore, we choose to apply standardization to unit
variance, which is given by
Tij

s(x;)’

Ty = i=1,...,n, jEWN, (9)
where s(-) is the sample standard deviation and x; is the vector containing x;;, Vi = 1,...,n. This
standardization scheme ensures that all numerical features are on the same scale and, thus, that
their Euclidean loss is comparable. Note that we do not apply mean-standardization; the mean of
numerical features should, namely, already be captured through m;. As we apply scaling throughout
the entirety of this research, we do not adopt the Z;; notation but rather employ standardization
directly when referring to x;;. Secondly, as for the penalty term, standardization ensures that the
centroid differences are on the same scale. Thirdly, just as with the categorical data, the Gower
distance used in (8) ensures that all numerical features have range 0 — 1 in the distance metric. This
way, all numerical features contribute similarly to the pairwise weights.

Besides controlling the influence of features of the same type, balancing numerical and categorical
data is an important task. In MIDACC, we control the interplay between these two types of data by

means of 7. Remember that the MIDACC objective function is given by (3) where w;s is formed using
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(6-8). Also, by setting 0 < v < 1 and using weights (1 —+) and ~ for numerical and categorical data,
respectively, which is similar to the approach taken by Modha and Spangler (2003), the influence of
numerical and categorical features on the clustering process becomes simple and intuitive.
Through ~, we can control the effect the two types of data have on the clustering outcome. If
~ is large, i.e., close to 1, categorical features are given a large influence on the clustering outcome
as the losses and pairwise weights are scaled towards the categorical data. On the other hand, if
v is close to 0, numerical features dominate the clustering process. The two extremes v = 0 and
v = 1 clearly represent the cases in which the clustering depends solely on numerical and categorical
data, respectively. In terms of interpretability, this is simpler than the K-prototypes formulation of
Huang (1997), which uses weight v for categorical and weight 1 for numerical attributes. Note that,
besides through the loss function, v is also present in the distance function (8) used to compute
pairwise weights. This ensures that the clustering outcome is not unknowingly largely influenced by
the categorical c.q. numerical data through large weight contributions even if v c.q. (1 —7) is low.
In case v = 0.5, the current formulation assigns equal weights to numerical and categorical
features. However, we note that, in contrast to what Foss et al. (2016) pose, simply adding normal
and multinomial likelihoods with equal weights does not necessarily equitably balance the influence
of numerical and categorical attributes. Instead, by using weights (1 — 7) and ~ in conjunction
with normal and multinomial likelihoods, we get an interpretable and flexible objective function
that is able to equitably balance numerical and categorical attributes. Besides our current MIDACC
formulation, we considered a different form where type-specific weights were added in the penalty

term. We provide both formulations and a comparison of their workings in Appendix C.

3.3 Implementation

In previous literature, several algorithms have been proposed for convex clustering, the most notable
methods including ADMM (Chi and Lange, 2015) and gradient-based methods such as clusterpath
(Hocking et al., 2011). Other methods exist, among which the semismooth Newton-based augmented
Lagrangian (SSNAL) method of Sun et al. (2021), but these methods tend to purely focus on reducing
computation time, at the expense of flexibility and interpretability. As this research is not so much
concerned with designing computationally efficient algorithms but rather focuses on interpretably
implementing mixed data convex clustering, we focus on ADMM and gradient-based methods.

The main advantage of gradient-based methods is their simplicity and interpretability, while

ADMM is the most commonly used type of algorithm for convex clustering and has been shown
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to perform well (Chi and Lange, 2015). In spite of their convergence generally being slower than
ADMM, we decide to focus on gradient-based methods and their favorable interpretability. There-
fore, we present a subgradient descent algorithm based on that of Hocking et al. (2011) in order to
solve the MIDACC problem. As this method is relatively simple and easily interpretable, subgradient
descent is perfectly suitable for this research. Still, due to its surge in popularity and computational
benefits, we provide an ADMM-type method for MIDACC in Appendix D.

This section provides details on the implementation of MIDACC. We first provide and explain
our mixed data convex clustering using subgradient descent, or MIDACC-SGD, algorithm. Next,
we discuss parameter selection in MIDACC. Last, we present evaluation criteria to analyze the

performance of MIDACC.

3.3.1 MIDACC-SGD

The idea of subgradient descent is similar to that of gradient descent; iteratively, we update the to-
be-optimized variables based on the gradient of the objective function with respect to those variables.
Whereas gradient descent relies on the objective function being differentiable on the complete domain
of the variables, subgradient descent can be applied to non-differentiable functions as well.

In MIDACC, we optimize the cluster centroids captured in m;, ¢ = 1,...,n, by minimizing
objective function (3), which we denote by f(M). In order to apply gradient-based methods, we

require the derivative of this objective function to m;, or ag(ml\f). Since f(M) is the sum of three

functions, this derivative can be computed as the sum of three separate derivatives, or,

8€num (xnum ) m?um ) agcat (Xgat , mgat )

o4 (M) ; o DL,

——=0=7)

i /\(9 (Zr<s wrs| M, — m8H2)
ami

8111,‘

where we use the fact that loss functions £*“"(-) and ¢°%(.) are separable across observations, and
adopt the notation of observations r and s in the penalty so as to prevent confusing these observations

with . To further simplify this expression, we note that OfM) _ [( or(M) ) (8f(M))}, where

om; dmrum Om¢sat

af<M) o agnum(x’?umj m;@um) 8 (Zr<s wTSHmT - m5| |2)
Of(M) _ aret(x¢, m§) 0 (30, o wrs|my — myl]2)
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Computing these gradients, we obtain the following expressions:

arlnlnum - = _(X?um - m;num)’ (12&)
8€cat cat cat ex mk

(i L ):—xfij KP—(I i) —, JE€C k=1, K1, (12b)

om; 1+>,7 exp (mw)

0 Wrs|lm, — m
(Zr<s S H SH Z Wzs ms (12C)
om; py ’mz ms”2

for i« = 1,...,n, where we represent the gradient of the categorical loss function in elementwise

fashion. We provide full derivations of these expressions in Appendix E.

From (12c¢), it is straighforward to notice that the partial derivative of the penalty function is
undefined in case m; = m; for some pair of centroids ¢ and s (with i # s). This prohibits us from
using gradient-based methods such as simple gradient descent and Newton’s method. Therefore, we
adopt a different approach and rather work with the subgradient of the penalty function, which, for

observation i = 1,...,n, is given by g; (ZKS wis||m; — mng) and has the form

m; — m
gi [ wislmi —mylla | = > wier——— Y wisBis, (13)
; . _ |[m; — my]| - .
1<s s#i, MsF#m; s#i, mg=m,

where B;s = —Bs and ||Bis|| < 1. This is similar to the approach of Hocking et al. (2011). We
provide a derivation of this subgradient in Appendix F. In order to implement the above subgradient,
we combine all subgradients for observations belonging to the same cluster. Although Hocking et
al. (2011) note that they compute this subgradient per cluster ¢ by summing up the subgradients
for all ¢ € ¢, they in fact calculate the average subgradient. This is the same approach we take, such

that the subgradient of the penalty for cluster c is

m; —1m
oo (Do) < (X wpmem ) (o
T S

1<s 1€c \ s#i, ms#m;

as the 3;s terms cancel out due to their symmetry. Here, |c| denotes the cardinality of ¢, i.e., the

number of observations in cluster ¢. We can now write the complete subgradient for cluster c,
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Algorithm 1: MIDACC-SGD

Data: Data matrix X ; ¢; number of neighbors K «; A; minimum fusion distance §

(nxp)
Result: Optimal centroids (M*); optimal set of clusters C*
nxp
1 Compute weights w;s = I}, ;s exp(—dd(x;, X)), Vi,s=1,...,n

N

Initialize t + 1; M? + X; G° + SubGradient(X,M°); C « {{1},{2},...,{n}}
3 while convergence criteria not met do

4 o < LineSearch(M!™1, G711

5 | M« M —aG!!

6 d* < min ||m; — myg||o, m; # m;
i,8

7 i*, 8" < argmin||m; — ms|l2, m; # my

1,8

8 while d* < ¢ do

9 M, C < Fuse(mg, mg:)
10 if |C| =1 then
11 t break
12 d* < min ||m; — myg||o, m; # mg
2
13 1, 8% argminHmi —mglle, m; # mg
1,8

14 G' <+ SubGradient(X, M")
15 t:=t+1

16 M* «+ M! !
17 C* « C

denoted by g.(f(M)), as

_ 1 agcat(xgat’mgat)
gelS) = 3 3 (1 - PO S )
(15)
+ Age (szSHmZ - m5||2> )
1<S

where we can fill in the expressions from (12a-12b) and (14) for the loss function gradients and
penalty subgradient, respectively. Using the subgradients g.(-) for all clusters ¢ € C, where |C]
denotes the number of clusters, we can perform subgradient descent in MIDACC. The corresponding
MIDACC-SGD algorithm, which is similar to that in Hocking et al. (2011), is given in Algorithm 1.

The brief idea is as follows: we initialize the centroid matrix M to be equal to data matrix X

and C to be the set of n clusters, one for each observation. Then, until a convergence criterion is
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Algorithm 2: LineSearch

Data: M ; G ;t
(nxp) (nxp)
Result: Stepsize o

1 Initialize a < 1; set 1 < 0.5; calculate cost’™ = f(M); initialize costP?s! < costP™®
2 if t(mod 10) = 0 then

s | a=1

4 else

5 while costPst > costP™ do
6 a=axn

7 M, + M - aG

8 costPost .= (M)

met, we iteratively update M in order to find the optimal centroids M* and the corresponding set
of clusters C*. Note that any other initialization of M could be used; convex clustering should be
independent of initialization and always converge to the global optimum. As input to the algorithm,
besides data matrix X, we provide parameters ¢, K, v, A, and §. Thus, Algorithm 1 is run for fized
values of these parameters. This is in contrast to Hocking et al. (2011), who perform subgradient
descent for a path of values for A in order to retrieve an entire clusterpath.

Within the algorithm, we use the function SubGradient(X, M) to obtain subgradients g. (f(M))
calculated using (15) for each ¢ € C' and stack these subgradients in the (n x p) matrix G. Here, we
fill in the i-th row of G, or g;, by using g; = g.(f(M)), Vi € c.

The function LineSearch(M, G,t) calculates the stepsize o > 0 of the centroid update along G.
We provide pseudocode for this function in Algorithm 2. In short, we use simple backtracking line
search alongside random stepsizes each 10th iteration, which we find improves flexibility and speed
of the centroid updates. In backtracking line search, we multiply the stepsize by a constant until
the corresponding centroid update leads to a decrease in the MIDACC objective function (3).

The fusion process makes sure that we merge similar centroids into the same cluster. In order
to fuse observations, we check whether the minimum distance between unequal centroids, or d*, lies
below a certain threshold §. We define § to be a fraction, in our case %, of the smallest distance

between data points, such that

1 .
§ = gmin | (1 — )" —x"]2 +y > I(wy #as) | - (16)
’ jec
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Note that this equation is, as opposed to (8), not scaled to range 0 — 1. This is because § should be
in the order of magnitude of the centroid differences themselves. In addition, note that we calculate
the distance part of categorical features using the original, non-dummy-coded, data x;;. Were we to
use dummy-coded data, this would enforce asymmetry in distances.

In case d* < §, we fuse the centroids i* and s* with distance d*. We do so by means of the
Fuse(m;+, mg+) function, which performs two actions. First of all, this function merges m;« and
my-. Secondly, it updates C. Let ¢* € ¢; and s* € co, state that m;« and mg+ fuse to form centroid
m,, and clusters ¢; and ¢y join to form cluster ¢. The two actions Fuse(m;«, mg+) performs are

then represented by

_ |er|my- 4 [ep|mi-
' lc1] + [e2]

C = (C\(e1Uc2)) Uc, (17Db)

, Vr € ¢, ¢, (17a)

such that we take a weighted average of merging centroids to find the fused centroid. This is
sensible and possible due to the continuity we ensure in both the numerical and categorical parts of
the centroids. As for the cluster set C, we simply remove ¢; and c¢o while adding c.

Note that, in contrast to Hocking et al. (2011), MIDACC-SGD allows multiple centroids to be
merged in a single iteration. We find this barely affects the outcomes of the algorithm and comes
with stark computational benefits. Also, logically, we do not run the Fuse(-) function in case the
number of clusters is 1. Furthermore, it is apparent that we run MIDACC-SGD for a single value of
A. This is in contrast to Hocking et al. (2011), who are interested of the behavior of the clustering
outcome with varying values of A. As their algorithm uses the solutions for past values of A for a
new run with a larger value of A, cluster splits are not taken into account, such that there is no
security a global optimum is reached. In our case, we do not face this issue, since we start from
scratch with each value of A we put into MIDACC-SGD.

As for convergence, we use two criteria to determine whether to terminate MIDACC-SGD. Firstly,
we use a criterion on the number of iterations. Specifically, we terminate MIDACC-SGD when
t = 1000. As, in this case, termination does not ensure convergence, this criterion is undesirable.
In none of our experiments, we have observed this criterion to be reached. Secondly, we use a
criterion on the squared Frobenius norm of the subgradient matrix, or, % < €. Since G has
n X p elements, we scale the norm by means of this factor to ensure scalability to any data set.

We define € to be a user-specific threshold. Hocking et al. (2011) use an absolute threshold, e.g.,
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€ = 0.001. However, we find that scale is quite influential on the algorithm and rather recommend
using a relative threshold. As taking a percentage of the initial gradient would make convergence
still highly dependent on initializations and on the data set at hand, we use a different approach to
making MIDACC’s convergence relative to the data. Namely, we scale our loss functions by a loss
factor. More specifically, we calculate the loss for both data types in case we would end up with a
single cluster, take the mean of those losses, and divide both loss functions by this loss factor.
Note that the above choice does not affect the workings of MIDACC at all. To be precise,
applying such a loss factor only affects MIDACC through the magnitude of the losses and gradients.
The effect on the magnitude of the loss function affects the interplay with the penalty term, but
this effect disappears due to our freedom in choosing A. As for the gradient, the loss factor has
effect on convergence and on the line search parameter «. Since we use backtracking line search,
which is not dependent on scale (« can take on any kind of value), the line search is unaffected. As
for convergence, we find that applying the loss factor yields desirable convergence properties with

€ = 0.00001. Therefore, we use this setting for the remainder of this research.

3.3.2 Parameter Selection

To apply the proposed methods, we need to define several parameters. The previous section already
elaborated on setting § and e. This section discusses the parameters ¢, K, 7, and A.

Choosing ¢ and K. The parameters ¢ and K form the exponential decay and sparsity parame-
ters in the pairwise penalty weights w;s, Vi, s = 1,...,n. For ¢ = 0, we obtain uniform weights (over
all K nearest neighbors), while increasing ¢ leads to increasingly smaller weights between distant
pairs of observations. In this research, we use ¢ = 2, which means that weights decrease quadrati-
cally with increasing distance. Note that there is no ‘true’ guideline on which value of ¢ to choose;
across literature, many different values are used. We find changing the value of ¢ does not affect
the clustering outcome much. The number of nearest neighbors K controls the degree of sparsity
in the weights. Since a small value of K can drastically improve computation time and clustering

performance, and since this research does not focus on retrieving a full clusterpath, we choose K

n

10> such that we apply 90% sparsity. From

relatively low. More specifically, we opt for using K =
our experiments, we do not observe this choice to ever lead to an unconnected weight graph.
Selecting v. As previously discussed, the parameter v controls the relative impact of numerical

and categorical features on the clustering outcome. When = is small (close to 0), numerical features

dominate, while categorical features are given more importance in case v is high (close to 1). By
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varying -y, we can obtain largely different clustering results. Therefore, it is important to sensibly
set this parameter. Below, we provide various choices, for which we provide results in Section 5.1.4
and, more extensively, in Appendix G.

An easy start would be to use v = 0.5, which leads to equal weights on the two data types.
However, we find that equal weights do not necessarily imply equal contributions to the clustering
outcome, as opposed to what Foss et al. (2016) state. Even so, such a property would not be desirable
as, depending on the data, either one of the data types could be more important than the other.

Therefore, we wish to adaptively set v based on the data set at hand. To do so, we follow the line

of reasoning of Szepannek (2018), who implements several heuristics to compute a similar parameter

h'num

Rrum peat ) where A™"™ and

in K-prototypes. Such heuristics compute this parameter using v =
h¢® are measures of dispersion for the numerical and categorical attributes, respectively. Within

K-prototypes, Szepannek (2018) uses

1 1
Poum = ——r Z s(x5), or Pnum = —— Z s%(x;), (18a)
P jen P en
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However, since our concern with v evolves around the loss functions and the Gower distance that
governs the pairwise penalty weights instead of dissimilarity measures as in K-prototypes, the above
settings may not be appropriate. Still, we include results for these settings in Appendix G. Please
note that, since we scale numerical data to unit variance, we have s(z;) = s*(z;) = 1, Vj € N, such
that we consider two (instead of four) combinations of dispersion measures.

Instead of using K-prototypes-type measures, we could use dispersion measures linked to our
loss functions. For this cause, we apply the set-up of Wang and Allen (2021), who propose to scale
data types based on the loss achieved in case a single cluster would be formed. We can find the
corresponding h™“™ and h°® by calculating (4) and (5) using centroids m™*™ and m°, respectively,
from Appendix B.2. We note that our loss functions scale linearly in the number of features, such
that a for-variable-adjusted dispersion measure would be more appropriate. Therefore, we compute

As this

pnum

Rrum y feat -

the corrected h("4m)* and pleat)* a9 Z:Z:: and ZE—Z:, respectively, and compute v =
seems to generally work well, we implement this method as our standard approach. Similarly, we
can calculate h™“™ and h® as the total Gower distance per data type across all observations, again
correct these measures for the number of features per data type, and calculate v = A hrum):

(num)=* +h(cat)* .
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The advantage of the above heuristic methods is that we compute 7 prior to running MIDACC,
which makes their implementation efficient. However, due to their heuristic nature, these options
may not lead to an optimal or even desirable value of 7. Therefore, we also consider optimizing .
Note that we cannot simply minimize the MIDACC objective function across =y, as the interplay
between loss and penalty is different for every value of v. However, we do propose two other methods.

Firstly, we could use a model selection approach inspired by the Bayesian Information Criterion

(BIC) of Schwarz et al. (1978). The BIC originally is given by
BIC = -2((X,0) + klog(n), (19)

where 0 is a vector (or matrix) of parameters, N is the total number of observations, ¢(-) is a log-
likelihood function, and k£ denotes the number of parameters the model estimates. Minimizing this
criterion yields the ‘best’ model. In our case, we apply model selection with ~ using data sets for
which the number of clusters is fixed beforehand, such that the second term in the above equation

is constant. Thus, we simply consider minimizing the model selection criterion mod, given by
mody — —K(X, 0) — gnum(Xnum7 Mnum) 4 ecat(Xcat’ Mcat)’ (20)

where we use the fact that our loss functions represent a negative log-likelihood. Please note that
we omit (1 — ) and v as factors for the loss functions, which we do so as to make the criterion
comparable across v. We observe this criterion to generally work relatively well. Still, we note
that this approach requires multiple evaluations for various values of v on a single data set in order
to select v. In addition, we would need to further establish the properties of this model selection
criterion in order to formally justify using this procedure. Therefore, we decide against using this
method. However, we do provide results for this method in Section 5.1.4 and Appendix G.
Secondly, we could try to optimize v together with M, either simultaneously or sequentially. Were
we to perform simultaneous optimization, then we would perform MIDACC-SGD with parameter
vector (1><(0+1)) = [vec(M) ~] instead of the original set-up where & = M. Further research is
needed in orzier to establish whether the objective function (3) is convex in the combined parameter
vector 6. However, were we to use dense pairwise weights w;s = exp(—¢d(x;, X)), we know that the
objective function is separately convex in both M and ~, the latter of which we prove in Appendix H.
This means we could sequentially optimize both parameter groups. In short, after each optimization

step of M, we update  such that the objective function is decreased most. Since we have restricted
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0 <~ <1, we could sequentially optimize v for instance by applying a Golden Section search on
this fixed interval. However, more research is needed to inspect the properties of such a two-step
method; namely, this method should converge in both M and ~, which again depends on convexity
of the total objective function f(M,~). Furthermore, we do not use dense weights but rather apply
sparsity in the weights, which both increases performance and reduces runtime (Chi and Lange,
2015). Therefore, for now, we decide against using the above optimization methods but rather stick
with the heuristic methods and leave optimization of ~ for future research.

Selecting A. Lastly, we need to specify the parameter A, which is the regularization parameter
in MIDACC. This parameter controls the trade-off between model fit and the number of clusters
in the convex clustering outcome. Some papers use this parameter to form a clusterpath, i.e., the
solution path for different values of A is presented as an altogether hierarchically structured outcome
of the clustering model. Other papers select A based on some criterion. In this research, we are
not so much interested in investigating an entire solution path, but rather wish to evaluate the
performance of the ‘best’ model. We do so in two settings.

Firstly, in most experiments presented in this paper, we compare MIDACC with baseline methods
on data sets for which we know the true number of clusters before running the clustering. To ensure
fair comparison between MIDACC and the other methods, the latter of which require selecting |C|
prior to running the clustering algorithm, we set A such that we obtain this true number of clusters.
In this case, we use a ‘smart’ searching heuristic that uses the structure in A to run MIDACC as
efficiently as possible. That is, for larger values of A, more centroids will merge, such that the
number of clusters will be smaller. We make use of this property to start our search with a certain
value of A and increase c.q. decrease this value in case the retrieved number of clusters is larger c.q.
smaller than the true number of clusters. Based on previous iterations, we can start our search using
a value of A that is in the approximate range of values of A that yield the desired outcome. Please
note that multiple values of A can correspond with retrieving the same number of clusters. We
have experienced only minuscule differences between the models corresponding with these values, in
terms of the merged observations, to exist, which confirms the suitability of our simple search for a
single value of A yielding the desired number of clusters.

Secondly, we consider the case in which we let MIDACC adaptively select the ‘optimal’ number
of clusters given a data set. That is, we perform model selection to choose a value of A\ that
corresponds with the ‘optimal’ trade-off between model fit and the number of clusters retrieved. For

such a model selection problem, multiple methods exists, such as stability selection (Meinshausen
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and Bithlmann, 2010) and information criterion approaches (Tan and Witten, 2015). As stability
selection approaches are known to be computationally expensive, we decide to focus on information
criteria. Following Choi and Lee (2019) and Tan and Witten (2015), we employ the BIC in order to
find the optimal A (Schwarz et al., 1978). Originally, we can write this criterion as (19). We note
that, in our case, the log-likelihood, where 8 = [M"“m Mcat], is given by

E(X,O) — _ ((1 o ,Y)gnum(Xnum’ Mnum) + ,}/fcat(}(cat7 Mcat)) . (21)

Since the sum of parameters (1 — 7) and v equals 1 instead of 2 (which is the case in regular
likelihood-based models), we multiply the above loss by a factor 2 in order to retrieve a likelihood
that is on the appropriate scale. Furthermore, the number of observations is n, while the number
of parameters that we estimate equals the number of clusters times the number of parameters, or,

equivalently, |C| x p. Thus, we calculate the BIC using
BIC =4 ((1 — )™ ™ (X M™™) + ypeat (X“Lt, MC‘”)) +|C| x p x log(n). (22)

This equation resembles that of Kieskamp (2019), who uses BIC = —2((X,M) + |C| x p x log(n).
Our criterion differs through the weights based on . Please note that other approaches with different
expressions exist. Wang and Allen (2021) use BIC = —n x {(X,M) + |C| x log(np), and Park et
al. (2019) use BIC = —4(X, M)+ |C| x p x @. By running MIDACC for various values of A and

selecting that model yielding the lowest BIC, we select our ‘best’ model given a data set.

3.3.3 Evaluation

To evaluate the performance of MIDACC against that of baseline approaches, we consider various
evaluation criteria. As real-life data usually does not come with a ‘true’ clustering outcome, eval-
uating the results of clustering algorithms is not as straightforward a task as supervised learning
techniques. However, to validate results, two types of criteria exist: internal and external validation
criteria (Ahmad and Khan, 2019). Internal validation criteria are based solely on the clustering
itself, while external validation makes use of previous knowledge on the data.

In our research, we apply our methods to simulated clusters and data sets for which a classification
is known a priori. Therefore, we can apply external validation criteria and test the outcomes of our
methods against the ‘ground truth’. In order to do so, we evaluate two metrics: clustering accuracy

and adjusted Rand index (Hubert and Arabie, 1985).
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The clustering accuracy Acc is given by

Ace — Zz‘:1 I(c; = yi)

nw, (23)

where ¢; is the predicted class (the obtained cluster) of observation i, y; is its true class, and
I(¢; = y;) = 1 if the predicted class equals the true class (with value 0 otherwise). Note that there is
no predefined agreement between the found clusters and true classes. Instead, we artificially match
classes by choosing the ‘best’ matches between prediction and truth.

The adjusted Rand index (ARI), which is the corrected-for-chance version of the Rand index
(Rand, 1971), compares two partitions of observations ¢ = 1,...,n in terms of a contingency analysis.
In our case, the predicted partition is C' with |C| classes Ci, ... , Cc|, while the true partition is
given by Y, with |Y] classes Y1,...,Y}y|. We denote the number of elements in a specific class C,
or Y, by |Cy| and |Y|, forv=1,...,|C| and z = 1,...,|Y], respectively. Also, let n,, = |C, N Y|
Then the ARI is given by

s (59 = (2, (50 2. (5)) /)

T ) s ) - (5 () S ) )

(24)

In case ARI =1, the predicted classes are exactly in line with the true classes. In other words, the
clustering is ‘perfect’ with respect to the classification. In case ARI = 0, the clustering performs
as well as one would expect it to do purely based on chance. Note that, as opposed to the regular
Rand index, the ARI can be lower than 0. This case corresponds with a clustering that performs

worse than one would expect it to do purely based on chance.

3.4 Baseline Methods

As in other clustering papers, we compare the workings of our method with that of prominent and
popular other approaches. In this research, we focus on two commonly used mixed data clustering
methods and a third method that has recently gained popularity. The first two methods include
K-prototypes (Huang, 1997) and HAC (Murtagh and Contreras, 2012) with the Gower coefficient
as distance metric (Gower, 1971). For HAC, we apply Ward linkage (Ward, 1963), which, from
observing results of various linkage methods, we find yields the best results. The third method is a
model-based clustering method called KAMILA (Foss et al., 2016). This more recent approach for

clustering mixed data has gained popularity and is interesting to compare our results with.
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Firstly, K-prototypes (Huang, 1997) combines distance metrics for numerical and categorical data
in the objective function, where a parameter, which we set based on the heuristics of Szepannek
(2018), is used to control the relative weight of categorical attributes. In this objective function, the
number of clusters is predefined. Secondly, in contrast, HAC (Murtagh and Contreras, 2012) builds
up the cluster structure in tree-wise fashion. That is, in every HAC-step, two clusters are merged.
Cutting the tree of clusters at a certain point gives us a partition of a certain number of clusters.
Lastly, KAMILA (Foss et al., 2016) combines a kernel-based loss for numerical and a multinomial
loss for categorical attributes in a mixture model with a pre-specified number of clusters (or mixture
components). Using the idea of latent variables governing the cluster assignment of observations,
KAMILA finds a partition of clusters using an EM algorithm. Through the combination of loss
functions, Foss et al. (2016) aim to equitably balance the influence of numerical and categorical

features on the clustering outcome.

3.5 W-MIDACC

Although MIDACC allows for combining numerical and categorical features, different features may
prove to be more informative than others. To capture this difference, Huang et al. (2005) apply
variable-specific weights to the K-means formulation, which they find can drastically improve clus-
tering results. This concept has, however, not yet been applied to convex clustering. Therefore,
we also provide a variable-specific weighted version, called W-MIDACC, of mixed data convex clus-
tering. This version contributes to MIDACC’s flexibility by allowing the clustering outcome to be
constructed based on specific feature weights. We note that we require the user to input weights
prior to running W-MIDACC. Adaptive optimization of the weights given the data set at hand is
outside the scope of this paper. We provide details on W-MIDACC as well as some illustrations of

its potential in Appendix I.

3.6 Software

This research makes use of the R software, version 4.0.5 (R Core Team, 2021). Our code is available
on GitHub. We make use of the packages clustMizType for K-prototypes (Szepannek, 2018), kamila
for KAMILA (Foss and Markatou, 2016), and the hclust and cutree functions for HAC (R Core
Team, 2021). To generate non-spherical data, we apply the halfmoons data generating function

(van den Berg et al., 2018).
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4 Data

We apply the proposed methods using a simulation study and an analysis of a real-life data set. In

this section, we explain the set-up of both applications.

4.1 Simulation Study

As previously discussed, besides finding a global optimum to the clustering objective, MIDACC’s
main assets should be the abilities to recover both spherical and non-spherical cluster shapes, handle
mixed data by capturing and combining the information in both numerical and categorical data,
and retrieve the true number of clusters present in the data. To this end, we divide our numerical
experiments in three parts that cover these assets.

Furthermore, as the manner in which we combine numerical and categorical data depends on the
choice of v, we perform a sensitivity analysis on this control parameter. Unless mentioned otherwise,
we generate r = 200 replications of data sets containing n = 100 observations. Furthermore, as
previously discussed, we have § = 0.5, ¢ = 2, K = 10, and ~ loss-based.

Note that, except from the part covering the retrieval of the true number of clusters, we assume
that the number of clusters is known a priori. We do so as to ensure fair comparison between
MIDACC and the baseline methods, the latter of which require selecting the number of clusters
prior to the clustering. As previously discussed, we search across values of A to retrieve MIDACC

models yielding the desired number of clusters.

4.1.1 Recovering Cluster Shapes

In this case, we investigate the ability to recover both spherical and non-spherical cluster shapes
in mixed data. In doing so, we compare the performance of MIDACC with that of the baseline
methods in two experiments; one with spherical and one with non-spherical clusters.

Spherical clusters. We generate numerical data from multivariate normal distributions and
implement multinomial distributions for each categorical feature. More specifically, we create |C| = 2
clusters with n; = ny = 50 observations each and p™™ = p°® = 4. For the numerical data, we
apply two multivariate normal distributions with covariance 2 - I and location parameters 14 and
—14 for the two clusters. We generate categorical data, where K; = 4, Vj € C, from two feature-
specific multinomial distributions for the two clusters. Both clusters have a different majority class

per feature, which we assign probability 0.75. We set the probabilities of the other three classes to
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be equal and sum up to 0.25. Since clear cluster structure is present in both data types, we expect
all clustering methods to be able to detect this information and partition the data appropriately.
Non-spherical clusters. Again, we have |C| = 2 clusters with n; = ny = 50 observations
each, where p™“™ = p@ = 4. In this case, however, we generate non-spherical shapes for numerical
attributes. We do so by creating two pairwise interlocking halfmoons, with 30% noise, within the first
and last two numerical features. As for the categorical data, we use K; = 4, Vj € C, and implement
multinomial distributions with a different majority class per cluster. We assign probability 0.5 to this
class and equal probabilities, summing up to 0.5, to the other three classes. Thus, each categorical
feature contains 50% noise. This set-up tests the ability to detect non-spherical signal in the data,
while there is some structure in both data types. We expect spherical baseline methods, such as
KAMILA and K-prototypes, to obtain reasonable results, using the signal in categorical data and
spherically clustering the numerical data. However, we expect MIDACC to be able to outperform

these methods through its ability to capture the non-spherical part of the data.

4.1.2 Capturing Information in Mixed Data Sets

Next, we investigate MIDACC’s ability to detect information in mixed data sets where different
numerical and categorical structures occur. More specifically, we consider three experiments; i) both
data types consist of features which exhibit cluster structure (signal) and features that do not (noise),
ii) the categorical data has signal, while the numerical data contains noise, and iii) the numerical
data contains signal, but the categorical data is noisy.

Signal and noise in both data types. We create data from |C| = 2 clusters with ny = ng = 50
observations each, where p"“™ = p¢@ = 8. For both data types, half of the features contain cluster
signal, while the other half consists of noise features. For numerical data, we generate informative
features from two multivariate normal distributions with covariance I and location parameters
14 and —14 for the two clusters. We generate noisy features from a single multivariate normal
distribution with I covariance and location 04. We generate categorical data, where K; = 4,
Vj € C, in similar fashion. The informative features follow multinomial distributions with majority
class probability 0.7 and probability 0.1 for the other three classes, while the noise features follow
multinomial distributions with equal probabilities, i.e., 0.25, assigned to all classes. This set-up tests
the ability of detecting signal in mixed data when such signal is not present in all features.

Signal in categorical, noise in numerical data. We create data from |C| = 2 clusters

with n; = ng = 50 observations each and p™“™ = p°® = 4, where the categorical data exhibits

28



cluster structure but the numerical data does not. That is, we generate numerical data from a single
multivariate normal distribution with location 14 and covariance I,. For the categorical data, we
have K; = 4, Vj € C, and use multinomial distributions with a different majority class per cluster.
We assign probability 0.75 to this class and equal probabilities summing up to 0.25 for the other
three classes. A clustering algorithm that can capture the structure of mixed data appropriately
should be able to detect signal and distinguish it from noise, which makes this set-up interesting.
Signal in numerical, noise in categorical data. Again, we have |C| = 2 clusters with

num — peat — 4 - Tn this case, the numerical data contains signal,

n1 = ng = 50 observations each and p
whereas the categorical data does not. That is, we generate numerical data from two multivariate
normal distributions with I covariance and location parameters 14 and —14 for the two clusters.

For the categorical data, where K; = 4, Vj € C, all classes have probability 0.25 across all features.

Again, this set-up tests clustering algorithms’ ability to capture information in mixed data.

4.1.3 Retrieving the Number of Clusters

The third important property that we test is MIDACC’s ability to recover the true number of
clusters. To do so, we apply the BIC criterion (22) to select the best fitting number of clusters given
a data set. As before, we use n = 100 observations, while we now perform r = 100 replications. We
perform two experiments; one where the true number of clusters |C| = 2, and one where |C| = 4.
For both experiments, we consider the number of clusters to range between 1 and 10.

2 clusters. We have two clusters with 71 = no = 50 observations each, where p™“" = p¢ =
4. Furthermore, we generate numerical data from two multivariate normal distributions with I,
covariance and location 14 and —14 for the two clusters, respectively. We set K; = 4, Vj € C and
implement multinomial distributions with majority class probability 0.7 and probability 0.1 assigned
to the other classes for all features. The majority class differs across the two clusters.

4 clusters. Here, we have four clusters, now with nqy = no = ng = nqy = 25 observations each.
Furthermore, we set p"“" = p@ = 4. We generate numerical data from four multivariate normal
distributions with identity covariance and location parameters 34, 14, —14, and —34. For categorical
data, we use the same settings as in the previous experiment, such that we obtain four multinomial
distributions for each feature, each having a different majority class with probability 0.7 and three
other classes with probability 0.1. Although naturally subject to variability, being able to select the

true number of clusters would be a strong asset of MIDACC.
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4.1.4 Sensitivity Analysis on ~

Besides assessing three of the main potential assets of MIDACC, we investigate the influence of the
parameter v on MIDACC’s clustering outcome. Recall that this parameter controls the relative
importance of the two data types in the clustering task. Different settings of this parameter may, for
the very same data set, yield completely different outcomes. Therefore, it is relevant to investigate
the behavior of this parameter. In this case, we use r = 50 replications, as evaluating MIDACC for
a wide range of values for v is computationally costly.

We start off by plotting out the performance of MIDACC for a grid of values of «v. More
specifically, we let v range between 0 and 1 with stepsize 0.1. We plot the corresponding behavior
using the same experiments we applied to assess MIDACC’s ability to capture the information in
mixed data sets. Thus, we consider three data sets; i) signal and noise in both data types, ii) signal in
categorical, noise in numerical attributes, and iii) signal in numerical, noise in categorical attributes.

After plotting the behavior of MIDACC over v, we assess its performance using the various
specifications of v from Section 3.3.2. We do so using the same data sets as those used for evaluating

MIDACC’s assets of recovering cluster shapes and capturing information in mixed data sets.

4.2 Real-Life Data

In order to demonstrate the applicability of our methods in real-life, we apply our methods to a
mixed data set retrieved from the UCI Machine Learning Repository (Blake and Merz, 1998). More
specifically, we use the Cleveland Heart Disease data set. This is a frequently used data set in mixed
data clustering research, see e.g., Huang et al. (2005) and Modha and Spangler (2003).

The Cleveland Heart Disease data set contains 303 observations, of which 6 observations have
missing values in some of the attributes. We remove these observations and thus end up with

mum — 5 features are numerical

n = 297 observations. The data set contains 13 features, of which p
and p® = 8 features are categorical, with varying numbers of classes K, j € C. Furthermore, a
‘true’ classification exists that defines whether or not an observation belongs to a person with a
heart disease. We use this classification to evaluate MIDACC and the baseline methods. That is,
we search for a value of A that yields |C| = 2 clusters to ensure fair comparison with the baseline
methods, which require preselecting |C|. As in the simulation study, we set 6 = 0.5, ¢ = 2, and

choose v loss-based. Furthermore, we set K = 30, which, similar to the simulation study, implies

that we apply around 90% sparsity in pairwise weights.
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5 Results

In this section, we present the results of our methods by discussing the simulation study and real-life

data application that we previously introduced.

5.1 Simulation Study

We start off by assessing MIDACC’s recovery of both spherical and non-spherical cluster shapes,
after which we test its capability to capture information in mixed data sets. In doing so, we compare
MIDACC with the previously discussed baseline methods. Then, we investigate MIDACC’s ability
to retrieve the true number of clusters and, last, analyze its sensitivity over 7. As previously
noted, we perform r = 200 replications with n = 100 observations, unless mentioned otherwise. For
KAMILA and K-prototypes, baseline methods dependent on initialization, we use 100 random starts

per replication and select the partition yielding the lowest objective value.

5.1.1 Recovering Cluster Shapes

Here, we assess the performance of MIDACC and the baseline methods in the cases of spherical and
non-spherical clusters in mixed data sets using the two experiments discussed in Section 4.1.1. In
Table 1, we provide results for the spherical case, where we present the mean and standard deviation
of the accuracy and ARI for all methods. We compute the standard deviation across replications,
such that this measure provides an indication of the stability of the applied methods but does not
allow for comparing whether two methods have significantly different mean performances. Also, we
note that we use multiple random starts per replication for KAMILA and K-prototypes, such that
the standard deviation shows the stability of the ‘best’ partitions and thus does not indicate the

sensitivity of these methods to different initializations.

Table 1: Mean and standard deviation of the perfor-
mance of MIDACC and the baseline methods in the case
of spherical cluster shapes.

Ace ARI

Mean St. Dev. Mean St. Dev.

MIDACC 0.988 0.011 0.951 0.044
KAMILA 0.986 0.013 0.947 0.051
K-prototypes 0.988 0.012 0.951 0.045
HAC 0.965 0.022 0.867 0.081
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As expected, we find that both MIDACC and the spherical baselines, i.e., KAMILA and K-
prototypes, are well able to achieve near perfect recovery of spherical clusters. Namely, we find that
these three methods all reach an average accuracy and ARI of around 0.990 and 0.950, respectively.
In contrast, HAC performs slightly worse, obtaining an accuracy and ARI of 0.965 and 0.867,
respectively. This also shows in the standard deviation of HAC’s accuracy, which, at a value of
0.022, is around twice as high as that of MIDACC. Although K-prototypes exhibits similar standard
deviations to MIDACC, KAMILA seems to be slightly less stable.

Turning to the non-spherical case, where we generate numerical data from interlocking halfmoons,
we obtain the results as given in Table 2. From this table, we observe that MIDACC outperforms all
baseline methods. More specifically, MIDACC’s performance is near perfect with mean accuracies
and ARIs of 0.983 and 0.932, respectively. KAMILA and K-prototypes perform slightly worse,
reaching accuracies and ARIs of around 0.970 and 0.890, respectively. The HAC baseline performs
poorest, achieving a mean accuracy and ARI of 0.886 and 0.600, respectively.

Table 2: Mean and standard deviation of the perfor-
mance of MIDACC and the baseline methods in the case
of non-spherical cluster shapes.

Ace ARI

Mean St. Dev. Mean St. Dev.

MIDACC 0.983 0.014 0.932 0.055
KAMILA 0.971 0.018 0.887 0.068
K-prototypes 0.974 0.015 0.899 0.058
HAC 0.886 0.046 0.600 0.141

Compared to the spherical case, we find that, as expected, all baseline methods have decreasing
performance, as their ability to recover non-spherical cluster shapes is limited. In contrast, MIDACC
is able to capture complex cluster shapes in the data. Furthermore, MIDACC and K-prototypes

seem to be most stable, while KAMILA and especially HAC possess larger standard deviations.

5.1.2 Capturing Information in Mixed Data Sets

In this section, we investigate the manner in which MIDACC and the baseline methods detect signal
in mixed data sets and are able to distinguish such signal from noise. We do so by conducting the
three experiments presented in Section 4.1.2.

First, Table 3 contains results for the experiment where we have p™“™ = p¢® = 8 features per data

type, half of which contain signal and half of which do not. We find that MIDACC, KAMILA, and K-
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prototypes all adequately distinguish signal from noise within data types, obtaining mean accuracies
and ARIs of around 0.990 and 0.960, respectively. Although the differences are small, KAMILA
seems to perform best, which may be due to the fact that the generated data sets are symmetric;
both data types contain an equal number of informative and non-informative features. This is
in accordance with KAMILA’s aim of being able to equitably balance numerical and categorical
data (Foss et al., 2016). In turn, MIDACC has a slightly higher average accuracy and ARI than
K-prototypes. Again, HAC performs worst, reaching an average accuracy and ARI of 0.944 and
0.791, respectively. This indicates that, as opposed to MIDACC and the spherical baselines, HAC
may not be well-suited for balancing signal and noise in mixed data sets. In terms of stability, we
find that MIDACC and KAMILA have similarly low standard deviations, while the variability in

K-prototypes and, especially, HAC is larger.

Table 3: Mean and standard deviation of the perfor-
mance of MIDACC and the baseline methods in the case
of 50%-50% signal-noise features in both data types.

Ace ARI

Mean St. Dev. Mean St. Dev.

MIDACC 0.989 0.010 0.956 0.038
KAMILA 0.992 0.009 0.968 0.035
K-prototypes 0.987 0.012 0.950 0.046
HAC 0.944 0.026 0.791 0.092

Second, we conduct an experiment in which the categorical data contains signal but the numerical
data does not. Whereas the previous experiment tests the capacity of clustering algorithms to
distinguish signal from noise within data types, this experiment tests the ability to do so across

data types. We report results for MIDACC and the three baseline methods in Table 4.

Table 4: Mean and standard deviation of the perfor-
mance of MIDACC' and the baseline methods in the case
of signal in categorical and noise in numerical data.

Acc ARI

Mean St. Dev. Mean St. Dev.

MIDACC 0.961 0.022 0.849 0.079
KAMILA 0.624 0.141 0.158 0.272
K-prototypes 0.953 0.024 0.820 0.088
HAC 0.942 0.027 0.781 0.097
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From Table 4, we find that MIDACC is the best performing method, reaching an average accuracy
and ARI of 0.961 and 0.849, respectively. K-prototypes and HAC perform slightly worse with average
accuracies of 0.953 and 0.942 and ARIs of 0.820 and 0.781, respectively. However, most striking is
the poor performance of KAMILA, which achieves a mean accuracy and ARI of only 0.624 and
0.158, respectively. This indicates that, while MIDACC is the top method in detecting signal in
categorical and noise in numerical data, KAMILA is not suitable for such data sets. This may be due
to KAMILA’s focus on equitably balancing numerical and categorical data, which is not appropriate
in this setting. Considering standard deviations, we find that MIDACC is the most stable method,
while KAMILA has the highest variability in performance across replications.

Third, we consider the case in which the numerical data exhibits signal but the categorical data
does not. In this case, we obtain performances as given in Table 5. From this table, we find that
KAMILA is the top performer with an average accuracy and ARI of 0.974 and 0.899, respectively.
Thus, apparently, KAMILA puts relatively large weights on numerical data in this case, which may
also be the reason why its performance in the previous experiment is poor. Still, MIDACC and
K-prototypes achieve strong results, reaching accuracies of 0.957 and 0.965 and ARIs of 0.834 and
0.864, respectively. In contrast, HAC performs poorly, reaching similarly low values as KAMILA did
in the previous experiment. Considering standard deviations, we observe a similar pattern, where

KAMILA is most stable and HAC is subject to the highest variability.

Table 5: Mean and standard deviation of the perfor-
mance of MIDACC and the baseline methods in the case
of signal in numerical and noise in categorical data.

Ace ARI

Mean St. Dev. Mean St. Dev.

MIDACC 0.957 0.022 0.834 0.080
KAMILA 0.974 0.017 0.899 0.063
K-prototypes  0.965 0.019 0.864 0.069
HAC 0.651 0.092 0.113 0.120

Considering all three experiments in this section, we may state that HAC and KAMILA are
unable to appropriately capture information in mixed data sets in the presence of noise. Namely,
KAMILA breaks down when the numerical data is noisy, while HAC fails in the case of noisy cat-
egorical features. MIDACC and K-prototypes seem to be the most appropriate methods, achieving

strong performances in all three experiments.

34



5.1.3 Retrieving the Number of Clusters

In this section, we investigate MIDACC’s ability to retrieve the true number of clusters in mixed
data sets. Whereas baseline methods require preselecting the number of clusters, MIDACC can
control for the number of clusters through M. Selecting the most suitable value of A\ allows us to
retrieve the ‘optimal’ number of clusters given the data set at hand. As discussed in Section 3.3.2,
we do so using the BIC criterion (22). We use r = 100 replications and set n = 100.

Computing the BIC for values of A that yield different numbers of clusters and selecting the
number of clusters corresponding with the lowest BIC, we retrieve MIDACC’s ‘optimal’ number of
clusters given a data set. In Table 6, we compare this optimal number of retrieved clusters with the
true number of clusters |C| when |C] is either 2 or 4. The table entries corresponding with correct

retrievals of the true number of clusters are given in bold.

Table 6: Frequencies of MIDACC’s retrieved optimal
number of clusters for r = 100 replications of data sets
where the true number of clusters |C| is either 2 or 4.

Retrieved optimal number of clusters

12 3 4 5 6 7 8 9 10

C|=2 0 72 27 1 0 0 0 0 0 O
Cl=4 0 23 22 39 15 1 0 0 0 0

From Table 6, it is apparent that MIDACC tends to select the true number of clusters in both
cases. When |C| = 2, MIDACC retrieves the correct number of clusters in 72 out of 100 cases, while
it does so in 39 out of 100 times when |C| = 4. For both cases, the true number of clusters is the
number that is retrieved most often, which is a promising result that indicates MIDACC’s ability to
retrieve the true number of clusters in a data set. This ability is highly valuable in practice, where
the true number of clusters is usually unknown. Furthermore, we observe that MIDACC always
selects the number of clusters to be higher than 1, where the variation tends to be larger when the

true number of clusters is higher. This is a common property of the BIC (Schwarz et al., 1978).

5.1.4 Sensitivity Analysis on ~

Now that we have established three of MIDACC’s main assets, we turn to investigating the sensitivity
of our mixed data convex clustering framework to the control parameter 7. Recall that this parameter

controls the contribution of numerical and categorical data on the clustering outcome, where a larger
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value of v corresponds with a relatively larger influence of categorical attributes and 0 <~ < 1.
We start off by investigating MIDACC’s performance over a grid of values for v. More specifically,
we let v range between 0 and 1 with stepsize 0.1 and run r = 50 replications of the experiments

from Section 4.1.2. In Figure 1, we plot the ARI of the corresponding experiments.

—e— Mixed signal-noise —— Categorical signal, numerical noise Numerical signal, categorical noise
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Figure 1: ARI of MIDACC plotted over a grid of values for v, ranging between 0 and 1 with stepsize 0.1, for
the three experiments from Section 4.1.2. ‘Mized signal-noise’ refers to the experiment with 50%-50% signal-
noise features in both data types, ‘Categorical signal, numerical noise’ refers to the experiment with signal
in categorical and noise in numerical data, and ‘Numerical signal, categorical noise’ refers to the erperiment
with signal in numerical and noise in categorical data.

Let us first consider the case in which the categorical data exhibits signal but the numerical data
does not (‘Categorical signal, numerical noise’). In this case, we expect a larger value of v to result
in better performance, which is in line with what we observe; the larger v, the higher the ARI tends
to be. Also, the ARI is 0 when v = 0. Namely, when we do not consider categorical data, we are
clustering purely based on noisy data, which, inherently, corresponds with clustering by chance.

In case the numerical data has signal but the categorical data does not (‘Numerical signal,
categorical noise’), we observe, as expected, the opposite pattern. For a smaller value of ~, we
put a larger weight on the (informative) numerical data, which leads to MIDACC obtaining better
performance. Again, at the boundary of 7 which corresponds with ignoring the signal (in this case,
this occurs when v = 1), we obtain an ARI of 0.

In the third case, we have signal and noise in both data types (‘Mixed signal-noise’). In this
case, purely focusing on one of the data types yields reasonable performance, but combining the data
allows us to almost perfectly recover the true cluster structure. From Figure 1, we find that the ARI
increases away from the boundaries v = 0 and v = 1, reaching a maximum ARI around ~v = 0.2.

Apparently, at this point, the combination between numerical and categorical data is optimal.
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Note that the boundaries in the third case coincide with the optimal outcomes of the first two
cases. Thus, when we focus on a single data type that contains both signal and noise, we can achieve
the same performance as we would in case this type solely bears signal. This even further establishes
MIDACC’s ability to distinguish signal from noise, both between and within data types.

Besides investigating MIDACC’s performance over a grid of values for 7, we compare our various
proposed approaches to estimating v as discussed in Section 3.3.2. In this section, we present results
of four approaches; i) v = 0.5, ii) 7 is loss-based (7y - loss), iii) 7 is distance-based (7 - dist), and iv)
~v is based on model selection (v - mod). Note that we proposed other choices for v as well, but we
decide to omit these in this section due to their weaker performance. For an extensive overview of
all proposed methods, we refer the reader to Appendix G. Besides evaluating MIDACC for various
choices of ~, we include the three baseline methods.

In Table 7, we provide accuracies and ARIs for the above methods using » = 50 replications
of data sets simulated using the five experiments in Sections 4.1.1 and 4.1.2. Experiments [ and II
correspond with the spherical and non-spherical cases, respectively, while experiments III, IV, and
V refer to the experiments with signal-noise in both data types, signal in categorical but not in

numerical data, and signal in numerical but not in categorical data, respectively.

Table 7: Mean performance of MIDACC for various choices of vy. FExperiments I and II refer to the
spherical and non-spherical experiments from Section 4.1.1, respectively. Experiments III, IV, and V
refer to the experiments from Section 4.1.2 with noise and signal in both data types, signal in categorical
but noise in numerical data, and signal in numerical but noise in categorical data, respectively.

Experiment I Experiment II Experiment III Experiment IV~ Experiment V

Acc ARI Acc ARI Acc ARI Acc ARI Acc ARI

v-0.5 0976 0.908 0.943 0.785 0976 0908 0.957 0.836 0.899 0.655
v - loss 0.986 0.944 0981 0925 0991 0964 0.956 0.831 0.962 0.856
v - dist 0.984 0.938 0973 0.895 0991 0964 0955 0.826 0.961 0.850
~ - mod 0.986 0.944 0984 0937 0991 0963 0.956 0.830 0.967 0.873
KAMILA 0.986 0.944 0.967 0.872 0993 0974 0.652 0.200 0971 0.887
K-prototypes 0.986 0.946 0.973 0.894 0990 0961 0.952 0.817 0.962 0.852
HAC 0.960 0.846 0.886 0.600 0.944 0.789 0.940 0.775 0.649 0.120

From Table 7, we observe that the model selection method upper bounds the other three choices
of 7y for all five experiments. However, the differences between this choice and the loss- and distance-
based methods are relatively small. Since the latter two methods, in contrast to the model selection
approach, require only a single MIDACC run per data set, we prefer to use these methods for now.

However, the model selection method seems promising for future work. Please note that v = 0.5 does
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not perform as well as the other methods, such that we advise against using this setting. Although
the loss- and distance-based methods result in strong and similar performances for all experiments,
the loss-based method clearly outperforms the distance-based method in the second experiment.

Thus, we prefer the loss-based method over the distance-based method.

5.2 Real-Life Data

In this section, we present the results of MIDACC and the baseline methods for the Cleveland Heart
Disease data set. As previously discussed, a true classification of this data set into two clusters is
known. To ensure fair comparison of our method with the baseline methods that require specifying
|C| prior to running the algorithm, we run MIDACC with A such that we retrieve |C| = 2 clusters.
Furthermore, just as in the simulation study, we use the loss-based v measure.

Table 8 presents the accuracy and ARI of MIDACC and the three baseline methods for the Heart
data. It is apparent that MIDACC outperforms all three baseline methods, reaching an accuracy
of 0.815 and an ARI of 0.394. Out of the three baseline methods, KAMILA performs best with an
accuracy of 0.805 and an ARI of 0.369, while K-prototypes performs worst, reaching an accuracy and
ARI of 0.785 and 0.322, respectively. Although MIDACC clearly outperforms the baseline methods
and reaches reasonable accuracy, one may note that the ARI seems to be a bit low just below 0.4.
However, this result is highly competitive with the strongest results across literature. To the best of
our knowledge, the highest reported ARI is 0.41 (van de Velden et al., 2019), while most reported

ARISs reach around or below 0.35. Therefore, we consider MIDACC’s performance highly promising.

Table 8: Performance of MIDACC and the base-
line methods on the Heart data set.

Acc ARI
MIDACC 0.815 0.394
KAMILA 0.805 0.369
K-prototypes 0.785 0.322
HAC 0.798 0.353

Within MIDACC, different values of vy can result in completely different clustering performances.
Although we currently implement the loss-based heuristic, which seems to generally achieve satis-
factory results, it is interesting to evaluate MIDACC’s performance over a grid of values for v. We
set v to range between 0 and 1 with stepsize 0.05 and evaluate MIDACC for values of A such that

we retrieve |C| = 2 clusters. In Figure 2, we depict the corresponding results.
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Figure 2: ARI of MIDACC plotted over a grid of values for v, ranging between 0 and 1 with stepsize 0.0,
evaluated on the Heart data set.

From Figure 2, we observe that the performance of MIDACC varies strongly with v. MIDACC’s
performance is poorest at the boundaries v = 0 and v = 1, where the clustering is purely based on
a single data type. More specifically, we find that focusing on a single data type yields an outcome
that can be considered ‘clustering by chance’. Moving away from the boundaries and thus combining
the two data types, MIDACC’s performance improves. We reach an optimum when v = 0.35, which
corresponds with an ARI of 0.419. To the best of our knowledge, this is higher than any ARI
reported in literature for this data set. This once again stresses the high benefit of MIDACC.

6 Conclusions and Future Work

In this research, we introduced the mixed data convex clustering, or MIDACC, framework. MIDACC
adds to the current literature by providing a mixed data clustering method that does not suffer from
instabilities. In MIDACC, we combine likelihood-based loss functions for numerical and categorical
data, weighted by parameters controlling the importance of both data types on the clustering out-
come, with a penalty term that fuses centroids and thus allows for clustering of observations. We
implement MIDACC by developing an efficient subgradient descent algorithm.

To evaluate the workings of MIDACC, we apply our method using numerical experiments. First,
we find that, as opposed to all baseline methods, MIDACC achieves near perfect recovery of both
spherical and non-spherical clusters. Second, we show that MIDACC, as opposed to the HAC and
KAMILA baselines, has the capacity to capture information from mixed data whilst effectively

distinguishing signal from noise within and across data types. Third, through model selection, we
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illustrate MIDACC'’s ability to recover the true number of clusters present in mixed data sets. Based
on a real-life data example, we show that MIDACC outperforms all baseline methods, which further
highlights the practical relevance of our method.

There are four main contributions of MIDACC. First, due to its convex clustering objective,
MIDACC guarantees convergence to a global optimum. This enhances its applicability and perfor-
mance compared to other mixed data clustering algorithms. Second, MIDACC is not limited to
retrieving spherical clusters but can recover rather complex shapes, which makes our method more
flexible than other, spherical, methods. Third, MIDACC can retrieve the true number of clusters in
mixed data sets. As the number of clusters is usually unknown prior to clustering, this is a valu-
able asset in practice. Fourth, MIDACC is able to capture the information present in mixed data
sets and appropriately balance numerical and categorical data. Through simulations and a real-life
application, these assets prove significantly beneficial compared to state-of-the-art baseline methods.

In the future, we recommend four primary areas for future work. First, we note that, although
MIDACC-SGD is relatively efficient, we could focus more on the computational aspect of MIDACC.
In Appendix D, we provide an ADMM-type algorithm which, in future work, could be further
developed in order to enhance scalability. Another option would be to apply a diagonal majorization
technique similar to that of Touw et al. (2020).

Second, we currently compute the control parameter « prior to running the algorithm. In the
future, we may focus on strictly optimizing this parameter, either simultaneously or sequentially
with respect to the centroids. Such optimization could benefit strongly from the previously described
computational improvements and could yield valuable results, the potential of which we have shown
for the Heart data set. In similar fashion, we could optimize variable-specific weights in W-MIDACC.

Third, we currently remove entries with missing data from our analysis. However, such data may
contain valuable information. Therefore, we could extend MIDACC in order to capture information
from observations with missing data. In order to do so, we could consider either using imputation
techniques or a model-based approach that directly handles missing values.

Fourth, we note that MIDACC and, to the best of our knowledge, any other existing convex
clustering method, assumes conditional independence across attributes, which, in practice, usually
does not hold (Hunt and Jorgensen, 2011). Therefore, we could design a convex clustering method
that incorporates dependencies between attributes. For categorical data, we could construct new
variables with categories representing the ‘co-occurrence’ of classes, while, for numerical data, we

could capture dependencies between variables by relieving the restriction of identity covariance.
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A Loss Functions

In this section, we provide derivations for the loss functions presented in Section 3.2.3.

A.1 Numerical Loss

num

Below, we show that, similar to Kieskamp (2019), the numerical loss function "™ (x]

)

$l[xem — mPm||2 originates from a multivariate normal distribution with location parameter m;
and identity covariance 3 = Ipnum.
The pdf of p-dimensional multivariate normally distributed x; with location parameter p and

covariance matrix X is given by
_r _1 1 Ts—1
flxisp, X) = (2m) 72 det(E) "2 exp | —5(xi —p)" B (% — p) |, (25)
which, when we fill in g = m; and ¥ = I, evaluates to

_p 1
f(xi;m;, I) = (27) % exp (—Q(Xi —m)T(x; — ml)>
1 (26)
X exp <—2(xi —m;)T (x; — mz)>
Taking the logarithm of this pdf gives us the log-likelihood #(x;; m;, I), for which thus holds that

(x;;m;, T) o _i(Xi — mi)T(xi —m;)

1 2 1)
= —5 ki — mif[3.
Since the loss is minimized when the log-likelihood is maximized, we have ™™ (x["“™ m}"") =
—{(x;; m;, I), such that we arrive at the formulation
1
£ T = [ 3 (28)

This is the exact loss function specified in (4), such that we conclude this proof.
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A.2 Categorical Loss

In the following, we derive the categorical loss function from multinomial distributions with a single
trial for each, independent, feature. We use a distribution with a single trial as our formulation
defines parameters for every single observation. The corresponding distribution is sometimes also
called the categorical distribution. For feature j € C and observation i, where ¢ = 1,...,n, the

probability mass function of this distribution is given by
K K o xf;
) o102 j k| i
f(xij7mij7'-'7xijj;pij7pij7"'aqujj> = H (I%j) ) (29)
k=1

where pfj denotes the probability that feature j of observation ¢ belongs to class k, such that
Zf:’ 1 pfj =1 and pfj > 0, Vk. Furthermore, xfj € {0,1} is a dummy denoting whether or not
feature j of observation i belongs to class k. Since an observation can belong to only a single class,

ie., ZkKi1 xf] = 1, and due to the class probabilities adding up to 1, we can rewrite this pmf to

K;—1
J k
=304 Tij

Kj;j—1 " Ki—1
1 2 Ki-1 1 9 K;—1\ k) Yig k
f($ij7xz‘jv"-ax7;j 1 Pijs Pigs««+ 5 Pij = H Dij 1 - Z Pij - (30)
k=1 k=1

For simplicity, we denote the vector of K; — 1 dummies xfj and parameters pfj by x;; and p;;,
respectively. Taking the logarithm of the above expression gives us the log-likelihood €(xij;pij),

given by

K;—1 K;—1 K;—1
U(xij; Pij) = Z a:f] log (pfj) + 11— Z xfj log [ 1— Z pfj . (31)
k=1 k=1 k=1
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Next, we show that, using the logit transform m = log <p”1

=S - >, we can rewrite £(X;j; p;;)
k=1 Pij

to obtain the categorical loss function in (5).

j Kj—1 Kj—1
k k
U(xij; Pij) = Z % log (pzj) +11- Z z;; | log [ 1 — Z Dij
k= k=1 k=1
Kj—1 Kj— K;—1
:Z:ij log pZJ — log 1—prj + log 1—prj
k=1 k=1 (32)
Kj—1
p 1
(O e
k=1 1_Zk 1 Py 1_Zk 1 Py
K;—1 k i
p p
= :chJ log (Il(]]1k> log | 1+ Z Z] )
k=1 L=l Pij Zk; 1 z'j
which can be written in terms of mfj to obtain
; K;—1
0(x45, my;j) Z z; m —log | 1+ Z exp( ) . (33)
k=1

Independence of features j € C implies that the log-likelihood #(x;, m;) is simply the sum of the

separate log-likelihoods ¢(x;;, m;;), or, equivalently,

l(x;,m;) = Z Z x; m —log | 1+ Z exp( > . (34)
jec \ k=1 k=1
As minimizing a loss function corresponds with maximizing the log-likelihood, we have £°* (x¢* m¢*") =
—{(x;,m;), such that we arrive at the formulation
Kj_l Kj—l
k., k k
gt mit) =) | Y —alymi +log 14 ) exp (mz‘j) : (35)
jec k=1 k=1

This is the exact same expression as in (5) and thus concludes this derivation.

47



B Convex Clustering Boundaries

This section derives the boundary outcomes of the convex clustering problem (3), given by
n n
min: fy(M) = (1= 7) 3 €™ (", mi™™) 93 G mi) + A Y wisljmy — my |2, (36)
=1 =1 1<s
where the boundaries are defined in terms of A. More specifically, we consider the cases i) where
A = 0, and ii) where A is so large that a single cluster is formed. The minimum value of A leading
to the latter outcome of ‘total’ clustering is defined as A\

B.1 Casel: A=0

When A = 0, we can write (36) as

n n
Hl{}[n fo (M) = (1 _ fy) Z gnum (inum7 mzzum) + Z gcat(xgat’ m;;at) (37)
i=1 i=1
1 ) " K;—1 K;—1
-7
=g Sl -y 33| 3 —alym +log | 1+ 3 exp (mly)
i=1 i=1 jeC \ k=1 k=1
Note that the above expression is separable across variables as well as observations and can thus be
minimized piecewise. For numerical data, we derive the optimal m;“"™ i =1,...,n, as
0 fo(M
00M) _
Om}"m
(1= ) — ) = 0 = (38)

7 7 ’
s num

where we have assumed v # 1. In case v = 1, the optimal centroids m;""™ can take on any value. For

categorical data, due to its more involved loss function, we derive the optimal mfj in element-wise
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fashion, or, equivalently,

=0= (39)

k
.
sk Ty
mw-bg<1 K, -1 l)v
- Zl:l Lij

fori =1,...,n, j € C,and k = 1,...,K; — 1. Here, we have assumed v # 0. In case 7 = 0,

mfj can take on any value. Note that the above expression for mf] purely gives a theoretically
optimal outcome to the clustering objective. In practice, however, this expression can never be
evaluated. This is due to the dummy-coded nature of xfj leading to either taking the logarithm of
0 or evaluating a fraction with a denominator equal to 0. This is no problem for us, since we do not

run our algorithm for A = 0 and, if we did, would converge before getting in trouble.

B.2 Case II: \ =\

In case A = ' we have m; = m,, Vi, s, such that the penalty term is 0. We denote the single

centroid by m, with its numerical part denoted m™™ and its categorical part m“®*. This way, (36)

is given by
n n
HI{}IH f/\tot (M) _ (1 - 7) Z num (X?um’ mnum) + Z gcat(xgat’ mcat) (40)
=1 =1
(1 ) n n K;—1 K;—1
= Il 33| 3 —alym +log | 1+ 3 exp (mf)
i=1 i=1 jeC \ k=1 k=1

Note that the above problem is separable across variables j but not across observations. For numer-

ical data, we can find the optimal m"™*™ by solving

Qs M) _
8mnum
n
—(1=7) ) (™" —m™™) =0 = (41)
=1
mm — Z?:l X?um
n
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which simply yields the sample average X%

as optimal centroid. Note that, similar to Case I, we
have implicitly made the assumption that v # 1. In case v = 1, m™™ is unconstrained.
For categorical data, we derive the optimal centroids in piecewise fashion, i.e., we perform

variable-specific optimization to find mf We find this optimal centroid parameter by solving

O fytor (M
It t(k ) _ 0=
om;
zn: . exp (mf)
Y —1'” + K.—1 =0=
i1 1+ “exp (mé)
(42)
noogk exp (mk)
= i —0=>
n L+, exp (mé)
~k
"
if = log (z%q,) ;
D
nooxk
where :Z‘;“ === i ,j€C,and k=1,...,K; — 1. Here, we have made the assumption that v # 0.

Ify=0, m;“ can take on any value. Note that the above expression for m;“ is evaluable in case each
class k = 1,..., K; occurs at least once in the data. Furthermore, inspecting the above expression,
it is easy to see that the optimal centroid mf is nothing else than a logit transform of the maximum

likelihood estimates of the parameters (i.e., probabilities) from a multinomial distribution.
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C Clustering Formulations

Below, we provide two of the objective functions that we considered as formulations for the mixed

data convex clustering task.

C.1 Formulation I

The formulation we apply in this research is as in (3) and thus given by

n

n
min (1 —7) ;ém<x?“m,m?“m> + v;%a%x?%mgaw + Agwwumi —m,|J2,
where 0 < v < 1 controls the relative influence of numerical and categorical attributes on the
clustering task. The interplay between loss functions and penalty term works as follows. In case ~y
is low, the categorical loss function will have a small contribution on the objective function. This
leads to categorical centroids being able to freely move without affecting the categorical loss much.
As the categorical centroids do have a relatively strong influence on the penalty term contribution,
these centroids will be incentivized to move towards each other. This way, the total contribution of
the categorical features on the clustering, which is a combination of loss and penalty term, will be
limited. Therefore, the clustering will be mostly based on numerical attributes. In similar fashion,
a large value of v leads to the numerical centroids being incentivized to move towards each other
and the clustering being mostly dependent on the categorical attributes. This is the exact behavior

we aim to achieve, such that this formulation is appropriate for the task at hand.

C.2 Formulation II

We also considered an objective function where v appears in the penalty term, or, equivalently,

n

n
Hﬁ/i[n (1 _ ,.Y) Z pnum (x?um, m?um) + Z peat (quat7 mlgat) +
=1 i=1
(43)

(1 =) (mj*™ — mgem)

A E Wis
; cat __

i<s V(mz mgat)

2

Besides the (1 —~) and « terms appearing in the penalty term, this formulation is exactly the same
as (3). Due to the adjusted penalty term, the interplay between loss functions and penalty is slightly

different. Namely, when ~ is small, the contributions from both the categorical loss function and
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the categorical part of the penalty term are small. This way, regardless of the centroids in M, the
categorical contribution to the objective function is small. Therefore, the categorical centroids can
move rather freely and are hardly incentivized to move in a specific direction.

Besides potentially leading to insensible centroids, this way clustering of categorical centroids
will not be enforced. This is contrary to our aim, as, when + is low, i.e., close to 0, the categorical
centroids are inherently considered not to be highly informative and should thus move towards each
other. In similar fashion, when -y is high, i.e., close to 1, we will not directly enforce clustering in

numerical attributes. Therefore, we find this formulation less desirable than Formulation I.
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D MIDACC-ADMM

Instead of subgradient descent, we could solve the MIDACC problem using other, potentially more
computationally efficient, convex optimization algorithms. One of the most common type of methods
is ADMM, which uses variable splitting; the optimization problem is split into different pieces, all of
which are optimized sequentially given the values of the other pieces. Chi and Lange (2015) derive
ADMM for convex clustering with purely numerical data, which forms the cornerstone on which
MIDACC-ADMM is built.

Remember that the MIDACC objective function is given by (3), or,

n n
i (1= ) 7 O ) S g ) + 3 Y el —
=1 =1 1<8
In order to separate the loss functions and the penalty term, Chi and Lange (2015) propose to recast

this problem as the constrained optimization problem

n n
min (1—9) 3 €7 mit) Yy 0 mE) + Ay wil[vill2
’ i=1 i=1 le€ (44)

st. my, —my, —v; =0, Vi e €&,

where we have introduced the new variables v; = my;, — my, and the set £ = {l = (I1,02) : 1 <
l2 and wy,;, > 0}. Furthermore, we adopt the notation V to denote the stacked matrix of v;, VI € £.
Chi and Lange (2015) propose to solve an equality-constrained problem like the one above by using

the so-called augmented Lagrangian £, (M, V,Z), which is given by

n n
L,(M,V,Z) = (1—7) Y """, mi ™) 44 ) 0 m§™) + A wil|vilf
=1 i=1 le€ (45)
v
+> (Vi —my, +my,) + B D lvi— my, + my, |3,
le€ e
Here, {;, VI € &£, is a vector of Lagrange multipliers or dual variables, which, in stacked form, is

contained in Z. Also, v is a nonnegative tuning parameter and (a, b) = a’b. The idea of ADMM is

to optimize the augmented Lagrangian by means of sequential stepwise updates across the separate
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variables. These updates are represented as follows:

Mt .= argl\r/[nin L,(M, V! Z"), (46a)

VI = argmin £,(M'™, V, Z), (46D)
v

GHth=¢ (it - mfjl + mfjl), Vieé&. (46¢)

Note that the first two updates (46a-46b) are sub-optimization problems, while the update of
dual variables is exact. The optimization problem for V is exactly the same as in Chi and Lange

(2015), since this variable term does not appear in the loss functions. Therefore, we have

1
Vf“ = prox%wl“.||2(mfj1 — m§2+1 - ;Clt), Vieg, (47)
where
) 1
proxa () = argain /() + 3 1x —vIB). (48)
v
is the proximal map function. In our case, we have a = 2w and f(-) = ||+ ||2. The exact solution of
(47) can, as Chi and Lange (2015) show, be written as
= v i, Vs (49
vithi=11- m —m ——(|2, ,
l i —mi =),

with (¢)4+ = max{0, c}.
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As for the sub-problem of M, we can rewrite this problem to

n

n
Mt — ar%\r/lnin(l _ ,7) Zgnum(x?um, m;wm) + ,YZKCM(XZQ@L" mlqat) + A Zlevﬂb
i=1 i=1 le€

14
+Z<Cltvvf_ml1 +m12>+ 52”‘/}: — my +ml2”%

le€ le€
n n
— argmin(l _ 'Y) Z rum (X’Lnum7 mzmm) + Z peat (quat’ m;;at)
M i=1 i=1 (50)
1%
+ Z(Cltvvf —my, +my,) + 9 Z HV; —my + mlz”%
le€ le€
n n
= arglr\znin(l _ 7) Z prum (X?um, m?um) + Z peat (Xf;at, m;;at)
=1 =1

F 2SIVt B,
le€
which, in contrast to the purely numerical problem of Chi and Lange (2015), does not yield a closed-
form expression. Wang and Allen (2021) encounter a similar issue in their ADMM implementation.
Based on non-differentiability of the sub-problem objective, they propose to use proximal gradient
descent or nested ADMM to update M. However, we note that, in our case, (50) does yield a
differentiable expression. This way, we can apply a simple gradient-based optimization scheme to
solve the M-update problem. We propose to use Newton’s method, since this method is known to
generally converge relatively quickly.

We refer to the above optimization problem as M!™! := argmin h**!(M), such that
M

ht+1(M) — (1 _ ,7) Z prum (X;zum’ mzmm) + 5 Z gcat (quat’ mzqat)
! =1 (51)

=1
v 1
+ §Z HV; + ;Clt —my +mlz”%'
le€

Newton’s method secks to optimize M!*! by means of iterative updates

. i=1,....n, (52)

N (82 (h+ (M) ) o (n )

Om;Om] Om;

such that we update m; by subtracting its inverse Hessian times the gradient. When some conver-
gence criterion is reached, we set M**! = M and complete our M-update. Below, we continue our

derivation for updating a single m;. Note, however, that this derivation applies to all 2 =1,...,n.
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In order to implement Newton’s method, we need the gradient and Hessian of h/*1(M) to m,.

First of all, we can write the gradient as

0 (h (M) 0 (X, e (e ™)) 0 (i (e, ™))
S = 1-) , +9 ,
om; om; om; (53)
v 0 (e |Ivi + 26 — my, +my,|[3)
+ 5 :
We know, from (12a-12b), that
n grum (ynum num
9 (Zs:l af:: » Mg )) _ _(X?um _ mzzum), (54&)
k
o n_ ecat cat’ cat exp | my;
(i (fs me) _ —ak K__g ) . jeC k=1,...K;—1, (5b)
om;; 1+3,7 exp (mij)

which we derive in Appendix E. Furthermore, we can derive

O (Yiee lIvi+ £¢f —my, +my, [[3) _ Z o (|Ivi + %Cf —my, +my,|[3)

Gmi lee 8mz
_ Z 8(‘|Vf+%clt_mll +mlz”%) + Z a(Hv}t—i_%Clt_mll +m12H%)
I€, l1=i Om; 1€, lo=i om;
t 1 t t 1 t (55)
=-2 Z Vl+;Cl_ml1 + my, +2 Z Vl+;Cl_ml1+ml2
1€, =i 1€E, lo—i

1 1
=2 % (vt gdemrmy) 5 (e - )

€€, la=i €€, ly=i

Plugging in the gradient expressions from (54-55) into (53), we obtain the gradient of h!*™!(M)
82(ht+l(M))

to m;. In order to find the Hessian, we use this gradient alongside the fact that

1
0 <8<htJr (M))>, such that we have

BmZT amz
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82 (htJrl(M)) _ b (1 B )a (ZS L gnum(xgum7 m?um)) N o (Z::l gcaﬁ(xzat7 mgat))
8mi8miT N 8mlT 7 om,; 7 om;
v O (Lee IV + 5¢f —m, + mbua)>
+ =

=(1=7)

8mi

8? <a (S, mem (e, m?“m))> (56)
0 (2%

m;

gcat gat’ mgat)) )

om,;

0
v ( (Cree Vi + ¢t - mh+ngu§)>
+2o .

Using the above expression, we can, in parts, derive the Hessian. For the first part (the numerical
loss), we use the fact that this part is purely dependent on the numerical part of the centroid
matrix, or M™™ . This means that the categorical centroids have contribution 0 to the Hessian

of the numerical loss, such that the Hessian is a block matrix with nonzero entries only in the

(p™m™ x p™™) block formed by the numerical part of the centroids. We derive this block as
0 (00T et m ) 0 (-( - mp ) )
a(m?um)T dmmem - 8(m;mm)T - fpnum

In computing the second part of the Hessian (the categorical loss), we use a similar dependence.
That is, the Hessian of the categorical loss is a block matrix with nonzero contribution only for
the categorical part of the centroids. To find an expression for this contribution, we perform an

element-wise derivation, such that we seek to find

k
ool

. 7 (58)
8m§’q Ty Zfifl_l exp <m§j)

a (a (22:1 gcat (Xgat’ mgat)) ) B 8

b k
6miq amij

with j,q € C and k,b = 1,...,K; — 1. For this expression, the partial derivative depends on the
nature of ¢ and b. More specifically, there are three cases: i) j # ¢, ii) j = g and k = b, and iii)
j=qand k #b.

In the first case, we have




since none of the terms are dependent on ¢ and b when j # q.

In the second case, we derive

Kj—1 2
9 i exp (mfj) exp (mZ) (1 + >0, exp <mﬁj>> — exp (mi?)
P + Kj—1 ! - Kj—1 1\ )2 (60)
ij L+, exp (mw) (1 + >0 exp <mw>>
2
exp (mf}) exp (mZ)

K;—1 L 2°
L+, exp (m%) (1 + ZlK:Jl ! exp <mij>>

For the third case, we can write

k k b
ij K.—1 o ’ :
8mij 1+ lejl exp (méj) (1 + Zlejl 1 exp <mij>>

Putting together the three cases, we get the complete second part of the Hessian, which is the part
based on the categorical loss.

The third part of the Hessian yields

9 <a<zz€gnv§+,icf—mmmlm%)):

8mi

0 1 1
= omT | 2 > (VerVCf—thrle)— > (VfJFVCf—mlHrmlz)

( l€€, lo=i le€, =i

0 1 0 1
=2 > ST <V}t + ¢ —my, +m12> = ol (Vf +—¢ —my, +m12) (62)

l€E, la=i i le€, li=i 7

0 0
=2 Z W(_mll +ml2)_2 Z W(_mll +ml2)

1€, la=i i €€, l1=i i

=2> I,
leg;
where & = {l = (l1,l2) : l1 <l and (4 =i or lp =1)}.

Plugging in the expressions from (57), (59-61), and (62) into (56), we obtain the Hessian of
h+1(M) to m;. Using this Hessian alongside the gradient from (53), we can iteratively update m;
following (52). Doing so for all ¢ = 1,...,n until convergence, we solve the M-update step of the
ADMM algorithm. To put ADMM in MIDACC into perspective, we provide Algorithm 3.

In Algorithm 3, we use the convergence criteria on primal and dual residuals as specified by

Boyd et al. (2011) and worked out by Chi and Lange (2015). Furthermore, the Newton(-) function
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Algorithm 3: MIDACC-ADMM
Data: Data matrix X ); o; K v, A5 0y v
nxXp

Result: Optimal centroids M*; optimal V*; optimal Z*

=

Compute pairwise weights w;s = I, ;s exp(—od(xi, Xs)), Vi,s=1,...,n
2 Initialize V? and Z°; set t + 0; M? «+ X

3 while convergence criteria not met do

4 Ml .= Newton(M?, Vt, Z¢)
5 for Vi € £ do
A
1 w 1 1

6 ll€+ = <1 HmH—l t-:l 1ct|| > Hmllej mfrj 1CtH2
r t+1 _Cl +1/( t+1 mf“—i—mf;“l)

8 =t+4+1

9 M* « M!
10 V¥ « V!
11 Z* 7!

Algorithm 4: Newton

Data: M!; V¢, Z!

Result: Updated centroids M+
1 Initialize M < M!

2 while convergence criteria not met do

3 forVi=1,...,n do

4 Compute gradient ( ) using equation (53)

5 Compute Hessian Eg Sm I\;I ) using equation (56)
. 62(ht+l(M ) (ht+1(M))

6 m; =1, — < 8m28m > m;

7 ML M

performs Newton’s method for the M-update step, as explicitly presented in Algorithm 4.

In Algorithm 4, we simply calculate the gradient and Hessian for all separate observation cen-
troids and update these until some convergence criterion is reached. Similar to MIDACC-SGD,
we choose to terminate the algorithm when either the Frobenius norm of the stacked gradients

o(ht+1(M))

om;

a threshold, e.g., 1000.

over ¢ is smaller than a certain relative threshold €, or when the iteration count exceeds

Note that, in general, ADMM is a faster optimization method than subgradient descent. This
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way, computation-wise, MIDACC-ADMM may be preferred over MIDACC-SGD. However, as we
previously noted, this research emphasizes interpretability over computational benefits, such that we
implement MIDACC-SGD as our main method. In addition, we should note that although ADMM
itself generally requires few iterations, a single M-update requires a full run of Algorithm 4. This may
be computationally costly and could thus lead to diminishing computational benefits of MIDACC-
ADMM over MIDACC-SGD. However, remedies for this issue have recently been proposed; namely,
instead of running Newton’s method until convergence, Weylandt et al. (2020) and Wang and Allen
(2021) advise to perform a single iteration before moving on to the V- and Z-updates. This is an

interesting proposition for future research.
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E Gradient Derivations

Below, we derive the gradients of the numerical and categorical loss functions as well as the penalty

term with respect to M.

E.1 Numerical Loss

The gradient of the numerical loss function /™™ (x"*™, m}"*™) with respect to m™™ i =1,...,n,
is given by
= (),
E.2 Categorical Loss
The gradient of the categorical loss function Ecat(xf“t,mfa“t) with respect to mfa’t, i=1,...,nis
easily derived element-wise. Thus, we calculate the derivative with respect to mf'j, or,
K;—1 I l K;i—1 1
et (xgat meat) B 0 <Zjec (ZZZJI —x;;my; + log (1 + >0 exp (mw)>>>
k - k
8mij 8mij
k ok K;—1 l
0 <—xijmij + log (1 +>,0 exp (mw>>>
m;
exp (mfj)

1+ ZlK:jl_l exp (m%)

forjeCand k=1,...,K; — 1.
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E.3 Penalty Term

We compute the gradient of the penalty term A >, wjs||m; —mg||2 with respect tom;, i =1,...,n,

<8

as follows:

om; , om; om;
s$>1 s<1

0 (s wrsllmy —milb) _ | <zwisa<"mi “malls) |y, O (ms = mil >)

3, 2 = )

SF£1 81’[11

[NIES

o (((ml _ ms)T(mi o ms)) ) (65)

= )\Zwis 8mz

SF£1

—m
= A wism
SF#1 m8| |2

where the second line follows from symmetry in the pairwise weights and Euclidean distance, i.e.,

wis = wg; and ||m; — mgl|e = ||ms — my||2.
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F Penalty Subgradient Derivation

In this section, we derive the subgradient of the penalty term » . wis||m; — mg]|2 that we provided

1<s
in (13). Note that, for simplicity reasons, we exclude the constant A from this derivation. Since we

know that the gradient of a sum is equal to the sum of gradients, we can rewrite this subgradient to

gi <Z wis |[1m; — m5||2> = sz’sgz’s ([[m; — mylf2), (66)

1<s 1<s

where g5 (||m; — mgl|2) is the subgradient belonging to the pair of observations i,s = 1,...,n. For
simplicity, we use Bis = ¢;s (||m; — my]|2). Before deriving the form of 35, let us take a look at the

definition of a subgradient. We say that g is a subgradient of function f: D — R if
f(x+a) > f(x)+ (g,a), for all a € D, (67)

where (g,a) = g’a. In our case, let f(-) be the Euclidean distance, that is, f(x) = [|x||2. Further-

more, g = (3;s, and let x = 0 and a = m; — mj, such that (67) resolves to
[jm; — mgll2 > (Bis, (M; — my)), Vm;, my € RP. (68)

In case m; —my # 0, we can analytically solve for 3,5 (see Appendix E.3), which leads to the solution

m; — IMs

Bis m; # ms. (69)

i —myy

In case m; — my = 0, we cannot evaluate this expression. However, using (68), we can specify the

form of B3;s even in this case. Firstly, let us compare 3;s with 3. For the latter subgradient, we get
[lmg — my[l2 > (Bsi, (s — my)) & [|m; — mslla > (B, —(my; — my)), (70)

which, in case By = —[3;s, gives us the exact same expression as (68). Thus, if B; is a valid
subgradient, we take the negative of this subgradient to obtain a valid subgradient 3;. This is also

established from (69), where 3;s = —3s;. Therefore, from now on, we use B;s = — ;.
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To extract information on the size of the subgradient 3;5, we use

(Bis, (m; —my)) = |[(Bis, (m; — my)) ||

T
< [[Bisll2|[my — myl2 -
= [1Bis[2]|mi — my|l

< Hml - ms||27 if ||:815||2 < 17

where we have used the Cauchy-Schwarz inequality ||ab||2 < ||a||2||b||2. This derivation implies that
[|Bis|l2 < 1 is a sufficient condition on the magnitude of the subgradient. Furthermore, Hoefling
(2010) derives that ||B]|2 > 1 does not satisfy (68).

Thus, we have established that

m; — M if m; # m;

Big = el (72)
{Bis : Bis = —Bsi and ||Bis||2 < 1}, if m; = m,.

Therefore, we can rewrite (66) to

9i <Z WisHmi - mst) = sz‘sﬁz’s
1<s 1<S (73)
= Z Wis Hmz — ms”2 + Z wisBis,

571, MsFm; s74, Mg=m;

with B;s = —8s; and ||B;s||2 < 1. This concludes the derivation of (13).
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G Extended Sensitivity Analysis on -y

Here, we present extended results for the sensitivity analysis on = as given in Section 5.1.4, thus
providing results for all five experiments from Sections 4.1.1 and 4.1.2. We do so using all pro-

posed v measures as well as values of v ranging between 0 and 1 with stepsize 0.1. Here, we

prum

Fymum fyeat
_ 2
18b). More specifically, proto; uses heqr = ]ﬁ Zjec <1 — ZkKi1 (ﬁ;‘?) ), while protos has heet =

use notation proto; and protos for v = where we calculate h™“™ and h using (18a-

ﬁ > jec (1 — maxj ﬁf) For reference, we also provide baseline results.

Table 9: Mean performance of MIDACC for various choices of . Experiments I and II refer to the
spherical and non-spherical experiments from Section 4.1.1, respectively. Experiments III, IV, and V
refer to the experiments from Section 4.1.2 with noise and signal in both data types, signal in categorical
but noise in numerical data, and signal in numerical but noise in categorical data, Tespectively.

Experiment I Experiment II Experiment III Experiment IV~ Experiment V
Acc  ARI  Acc ARI Acc ARI Acc ARI Acc ARI

v-0 0.890 0.614 0.981 0926 0969 0879 0.535 0.001 0.969 0.880
v-0.1 0972 0.893 0.986 0946 0989 0955 0.637 0.162 0.968 0.877
v-0.2 0.986 0.945 0.984 0937 0992 0968 0954 0.823 0.966 0.870
v-0.3 0.983 0932 0975 0903 0.990 0960 0957 0.836 0.960 0.845
v-04 0.981 0.924 0.962 0.852 0983 0935 0958 0.840 0942 0.784
v-0.5 0976 0.908 0.943 0.785 0976 0908 0.957 0.836 0.899 0.655
v-0.6 0972 0.892 0910 0.676 0966 0869 0.958 0.838 0.793 0.403
v-0.7 0.970 0.885 0.892 0.616 0.963 0.858 0.958 0.839 0.743 0.299
v-0.8 0.970 0.885 0.879 0.578 0961 0.852 0.957 0.836 0.688 0.202
v-0.9 0.969 0.882 0.864 0.534 0959 0.844 0.957 0.837 0.644 0.113
v-1.0 0.964 0.860 0.576 0.097 0949 0807 0.941 0.808 0.515 0.001
v - loss 0.986 0.944 0981 0925 0991 0964 0.956 0.831 0.962 0.856
v - dist 0.984 0.938 0973 0.895 0991 0964 0955 0.826 0.961 0.850
v - proto; 0972 0.892 0.920 0.707 0969 0.881 0.958 0.837 0.847 0.531
7 - protog 0971 0.888 0.908 0.666 0967 0871 0.958 0.837 0.804 0.429
v - mod 0.986 0.944 0984 0937 0991 0963 0.956 0.830 0.967 0.873
KAMILA 0.986 0.944 0.967 0.872 0993 0974 0.652 0.200 0.971 0.887
K-prototypes 0.986 0.946 0.973 0.894 0.990 0961 0.952 0.817 0.962 0.852
HAC 0.960 0.846 0.886 0.600 0944 0.789 0940 0.775 0.649 0.120
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H MIDACC Convexity in vy

In this section, we prove that, given M, the MIDACC objective function is convex in . Remember

that the MIDACC objective function is given by
n
mln Z gnum num ;Lum) + Z Ecat(xgat’ mzqat) + A ZwisHmi - ms||2’
i=1 1<s

which, given M, we consequently denote by f(v|X,M). This proof relies on the pairwise weights
being dense, i.e., w;s = exp(—¢d(x;,Xs)). Thus, we do not use sparse, KNN, weights. Invoking

sparsity namely leads to non-differentiability of the weights to . Furthermore, we use

1—vy |%ij — s
Al %) — j J I x; X
( 7 s) pnum jej\/‘ max; xl] mlnz xz cat ]; ij 7é S]) (74)

= (1= 9)d™™ (xi, %) + 7d™" (xi, %),

for i,s = 1,...,n. In order to prove convexity in -, it suffices to show that %;QM) >0 &
3% (%?M)) > 0. We derive
(’Y’X M Z gnum num num Z écat cat cat)
Z
(75)
F A D (d™ (xiyxs) — d° (x4, X)) wis] My — mg|]5.
1<s
Thus,
82.](.(;;’)2(’ M) — aﬁ <_ i Enum(xgwm, m;’bum) 4 i gca,t(xéjai7 m;;at)
v v i=1 i=1
+ )\¢Z (dnum(xi’xs) - dcat(xiaxs)) wisHmi - msH2>
1<s
Ow 76
=203 (@ ki) = 4 () [y — e[ 0
1<s v
2
=207 Y (d™ (i, Xs) — d(xi, X)) wis| My — my||2
1<s

>0, if |C] > 1,
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which concludes this proof. The inequality follows from A > 0, $% > 0, (d”um (x4, X5) — d°(x;, XS))2 >
0 and w;s > 0 for some pair {i,s}, and ||m; = mgl||s > 0 for some 7,s with m; # m,. The lat-
ter property holds iff |C'| > 1. This makes sense, as the second partial derivative of the objective
function to v purely originates from the penalty term, which is 0 in case |C| = 1. Note that we
assume that A > 0, which is logical given the fact that, when A = 0, no regularization takes place. In
this case, we can analytically solve the MIDACC objective function, for which we provide solutions,

which are independent of «, in Appendix B.1.
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I W-MIDACC

In this appendix, we present, in detailed fashion, W-MIDACC, the corresponding W-MIDACC-SGD
algorithm, and some rationale on its potential through illustrative experiments.

In MIDACC, we apply standardization to unit variance for numerical and dummy-coding for
categorical attributes. This scheme makes sure that all attributes are processed on the same scale,
such that undesirably and unnecessarily disproportional variable contributions are corrected for.
In addition, through the MIDACC parameter v, we allow the user to control the relative weight
placed on numerical and categorical features when employing mixed data clustering. Thus, within
the two data types, we unify the scale of measurement, and across data types, we allow for user-
specific control on the clustering contribution. However, this formulation does not allow for specific
variables being up- or downweighted in the clustering process. Since it is realistic that we may want
to weight some variables more strongly than others, below we introduce a feature-specific weighted
formulation of MIDACC, or W-MIDACC.

The idea of W-MIDACC is simple; we employ variable-specific weights in the objective func-
tion (3) in similar fashion to incorporating 7. This set-up, which is inspired by the W-K-means
formulation of Huang et al. (2005), allows variables to differently contribute to the clustering task.

As previously noted, the MIDACC loss functions are based on the assumption of conditional
independence across attributes. This way, we can write the combined loss function across attributes

as the sum of loss functions per attribute, or

(X, M) =) U(x;,my). (77)

J
In similar fashion, this means that we can write the variable-weighted loss function £,,(X, M) as the

weighted sum of attribute-specific losses, or,

(X, M) = ijgw(xj’mj)' (78)
J
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Using the regular loss functions (4-5), we can write the W-MIDACC loss functions as

1

£ (e ) = | B =1, (790)
Kj—1 K;—1
60t (xS0t m&t) = ij Z —a:f;mfj +log | 1+ Z exp (mfj) , i=1,...,n, (79b)
jec k=1 k=1
where (w™™)T = [w; wy ... wpymum]. The objective function can now be written as
n n
min Dl my) 0y Lt (x5, m) + A wi|Imy — mylfo, (80)
i=1 i=1 i<s
where w; > 0,7 =1,...,p, and Z?:l w; = 1. For notation purposes, the complete weight vector can
be written as w = [w™™  w] with w* = [w; ws ... wyeat| and w™™ as before. Note that

we do not specify parameter - in the objective anymore; via the variable-specific weights, the relative
effect of categorical variables can now be directly accounted for. As with ~, we also incorporate the
variable-specific weights in the distance function d(x;,xs) used for computing pairwise weights w;s.

We can write this distance function as

Wis = Ik:,is €xp (—¢d(Xi, Xs))

1 Tij — Tsjl 1
=TIy isexp | —¢ w; J J + wil(xij # sj)
prum gf max; r;; — min; z;;  peet ]26(::
In terms of interpretation, W-MIDACC works as follows. A larger value of w; causes feature j to
be more important in the clustering task. When w; = 0, the variable is considered negligible. In
case all variables are considered equally important prior to running W-MIDACC, we can use weights

w; = %, Vj=1,...,p. In case we wish to use type-specific weights, we can set w; = (1;7), j € N and

w; = %, j € C. Thus, the weighted formulation encaptures regular MIDACC, albeit with weights
scaled by the number of features p. Since the weights w; are simple constants independent of M,
the (sub)gradient calculations do not change apart from a variable-specific multiplicative factor. In
addition, due to the nonnegative weights and piecewise convexity across features, the W-MIDACC
formulation is additionally convex. Using this fact, we can run W-MIDACC with only some minor
adjustments to Algorithm 1.

Note that, similar to regular MIDACC, the variable-specific weights do not appear in the penalty

term itself. In line with the reasoning provided in Appendix C, this is due to the behavior that smaller
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variable-specific weights inherently lead to relatively larger weights for that variable being put on the
penalty term, driving cluster centroids on that variable towards each other without bearing (much)
costs. This means that the clustering is then driven by the other variables for which the objective
function remains a trade-off between loss and penalty. This is the exact behavior we wish to achieve.

Were we to put the variable-specific weights in the penalty term, this would mean that, in case
wj is small, the centroids of feature j are hardly incentivized to take on specific values. This way, we
do not achieve clustering on these variables, but rather average their ‘random’ values when merging
centroids based on the other features (that have larger weight). This is not the behavior we aim for,
such that we choose not to apply variable-specific weights in the penalty term.

In terms of parameter selection, we need to specify the variable weights in w. To do so, we
propose to use pre-specified weights. Besides saving computation time, we do so as we view these
variable-specific weights more as a ‘user flexibility’ feat of the algorithm than an optimization task.
Thus, we recommend the user to input weights based on domain knowledge or context-specific

wishes. Optimization of the weights given the data is outside the scope of this paper.

I.1 W-MIDACC-SGD

In similar fashion to regular MIDACC, we can solve the W-MIDACC convex optimization problem
(80) by means of a subgradient descent (SGD) algorithm, which we dub W-MIDACC-SGD. This
algorithm is highly similar to Algorithm 1, although there are some small differences.

Due to the variable-specific weights, the (sub)gradients of W-MIDACC differ from those derived

NUM (< NUM num
gw (Xi ) 1My ) and

for MIDACC. We can write the partial derivatives of the loss functions

098 (%69t mS), and the penalty term Y

i wrs||m; — mygl|2, respectively, as

1<s

S = WO (kT — m), (82a)
1
k
aecat X(;at, meéet wj €Xp (m )

O™ mi™) _ ik 4 o jEeC k=1, K;—1, (82b)

Omk Jij Kj—1 ! J

ij 1+ exp (m”)
0 (X, <5 wrs|lmy — myl[2) _ Zwisw (82c)
Om; i |[m; — mg||2

where o denotes the Hadamard (entrywise) vector product and ¢ = 1,...,n. Note that the above

partial derivatives differ from those of MIDACC only through the variable-specific weight factor in

the loss functions. The form of the penalty term partial derivative (82c) is exactly the same as that
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in (12c), although we now apply the pairwise weights from (81). This way, the subgradient of the

penalty term for observation 4 has the same form as in (13) and is given by
m; —m
i ZwisHmi —mylfy | = Z Wig T————— + Z wisBiss (83)
: . Hmz - ms‘ |2 .
1<s SF#i, MmgFm; s#£i, mg=m,
with B;s = —Bs and ||Bis||2 < 1. The subgradient of the penalty term for cluster c¢ is as in (14), or,
1 m; —m .
g | D wislmy —mylly | = =) Yo we————— |, i€ec (84)
: ] 4 .  [lmy = myf2
1<s i€c  \ s#i, ms#m;

We can now write the subgradient of the W-MIDACC objective function as

1 b) ggum inum7 m:Lum 862}(11& ngat’ mgat
ge( P = 1 30 (AL OREG ) )
1€C (85)
+ Age (Zwis|mi - ms\|2> ;
1<S

where we can fill in the expressions (82a-82b) and (84) for the loss functions and the penalty term,
respectively. Using these expressions, we can solve the W-MIDACC convex optimization problem
using subgradient descent, for which we provide Algorithm 5.

In Algorithm 5, the function W — SubGradient(X, M, w) computes the cluster subgradients
based on (85). We compute the minimum fusion distance § slightly differently from the computation

(16) used in MIDACC. Namely, we use
1.
5= 1 amin [ [T =y 4 Y wy (£ ag) | (36)
’ jec

Note that the rest of the algorithm is the same as in MIDACC-SGD, i.e., we use the same procedures
for line search, fusion, and convergence. In similar fashion to Appendix D, we can also extend W-

MIDACC to apply an ADMM-type algorithm.
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Algorithm 5: W-MIDACC-SGD

Data: Data matrix X ; ¢; K; variable weights w ); A; minimum fusion distance §
1

(nxp) (px
Result: Optimal centroids (M*); optimal set of clusters C*
nxp
1 Compute pairwise weights w;s = Iy, ;s exp(—¢d(x;, X5)), Vi,s=1,...,n

2 Initialize t <+ 1; M? < X; G® < W — SubGradient(X,M°, w); C « {{1},{2},...,{n}}
3 while convergence criteria not met do

4 o < LineSearch(M!™1, G711

5 | M« M —aG!!

6 d* < min ||m; — myg||o, m; # m;
i,8

7 i*, 8" < argmin||m; — ms|l2, m; # my

1,8

8 while d* < ¢ do

9 M, C < Fuse(mg, mg:)
10 if |C| =1 then
11 t break
12 d* < min ||m; — myg||o, m; # mg
2
13 1, 8% argminHmi —mglle, m; # mg
1,8

14 G' « W — SubGradient(X, M, w)
15 t:=t+1

16 M* «+ M! !
17 C* « C

I.2 Usage

In our opinion, W-MIDACC could be used for two ends. Firstly, we note that W-MIDACC increases
flexibility of the MIDACC framework. That is, if the user aims to cluster a data set from an online
webshop and is more interested in clustering based on product data compared to user data, this
user can assign larger weight to the product attributes compared to user features without having to
remove entire user features from the analysis. This behavior makes for a convenient situation that
can potentially be extremely valuable.

Secondly, given a data set where some features prove to be more important for the clustering
than others, W-MIDACC can improve performance. We show some numerical examples in Table
10 using the three signal-noise experiments from Section 4.1.2, where we use r = 200 replications.

We assume prior knowledge on the signal and noise features is available and assign 8 times as large
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weights to signal features compared to noise features.

In Table 10, experiments I, II, and III refer to the experiments with signal and noise in both
data types, signal in categorical but noise in numerical data, and signal in numerical but noise
in categorical data, respectively. For completeness, we have also included MIDACC and baseline
results. Although MIDACC already exhibits strong performance for all three experiments, we show

that W-MIDACC is able to increase this performance. This is a promising result, which underlines

the value that lies in further exploring W-MIDACC.

Table 10: Mean performance of (W-)MIDACC and the baseline

methods for the three experiments from Section 4.1.2. Experiments
I, 11, and III refer to the cases with noise and signal in both data
types, signal in categorical but noise in numerical data, and signal

in numerical but noise in categorical data, respectively.

Experiment I

Experiment 11

Experiment 1T

Ace ARI  Acc ARI Acce ARI
W-MIDACC 0.992 0.968 0.961 0.849 0.970 0.880
MIDACC 0.989 0.956 0.961 0.849 0.957 0.834
KAMILA 0.992 0.968 0.624 0.158 0.974  0.899
K-prototypes 0.987 0.950 0.953 0.820 0.965 0.864
HAC 0944 0.791 0.942 0.781 0.651 0.113

73



	Introduction
	Literature Review
	Methodology
	Introduction to Convex Clustering
	Mixed Data Convex Clustering (MIDACC)
	Notation
	Objective Function
	Loss Functions
	Penalty Term
	Balancing Numerical and Categorical Data

	Implementation
	MIDACC-SGD
	Parameter Selection
	Evaluation

	Baseline Methods
	W-MIDACC
	Software

	Data
	Simulation Study
	Recovering Cluster Shapes
	Capturing Information in Mixed Data Sets
	Retrieving the Number of Clusters
	Sensitivity Analysis on 

	Real-Life Data

	Results
	Simulation Study
	Recovering Cluster Shapes
	Capturing Information in Mixed Data Sets
	Retrieving the Number of Clusters
	Sensitivity Analysis on 

	Real-Life Data

	Conclusions and Future Work
	References
	Loss Functions
	Numerical Loss
	Categorical Loss

	Convex Clustering Boundaries
	Case I: = 0
	Case II: = tot

	Clustering Formulations
	Formulation I
	Formulation II

	MIDACC-ADMM
	Gradient Derivations
	Numerical Loss
	Categorical Loss
	Penalty Term

	Penalty Subgradient Derivation
	Extended Sensitivity Analysis on 
	MIDACC Convexity in 
	W-MIDACC
	W-MIDACC-SGD
	Usage


