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Abstract: The distance-based linear model (DB-LM) extends the classical linear regression to the
framework of mixed-type predictors or when the only available information is a distance matrix
between regressors (as it sometimes happens with big data). The main drawback of these DB methods
is their computational cost, particularly due to the eigendecomposition of the Gram matrix. In this
context, ensemble regression techniques provide a useful alternative to fitting the model to the whole
sample. This work analyzes the performance of three subsampling and aggregation techniques in DB
regression on two specific large, real datasets. We also analyze, via simulations, the performance of
bagging and DB logistic regression in the classification problem with mixed-type features and large
sample sizes.

Keywords: big data; classification; dissimilarities; ensemble; generalized linear model; Gower’s
metric; machine learning
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1. Introduction

The sources collecting all types of information from citizens are ubiquitous and
increasing in number and voracity. Thus, the nature of data is, more than ever, of mixed
type, that is, at least each individual gives rise to quantitative and qualitative variables,
but also textual and functional data or even manifolds. Many classical multivariate analysis
techniques have been initially proposed to deal with quantitative data. However, statistical
problems involving multivariate mixed data can also be solved via an adequate inter-
object metric.

Computing the distances or similarities between pairs or groups of sample individuals
is, thus, a way of summarizing sample information that allows using any kind of random
object or mixtures of different kinds. In this work, we focus on data mixing of both
qualitative and quantitative variables, but the procedures can potentially be used with very
general data objects as long as pairwise distances can be computed between them (see,
e.g., the functional framework analyzed in Boj et al., 2010 [1] or the manifold distances
considered in Wang et al., 2012 [2], Shao et al., 2014 [3] and in Tsitsulin et al., 2020 [4]). Some
statistical techniques, such as certain clustering procedures or multidimensional scaling
(MDS), use only the matrix of pairwise distances as an input to perform the procedure.
The distance-based linear model (DB-LM) first uses the metric version of MDS to extract
a Euclidean configuration of the distance matrix and then performs linear regression of
the response variable on the configuration. The DB-LM technique, introduced by Cuadras
(1989) [5], was developed by Cuadras and Arenas (1990) [6] and Cuadras et al. (1996) [7]
and extended to the framework of functional data by Boj et al. (2010) [1] and to the case of
generalized linear models by Boj et al. (2016) [8].
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Obviously, when the sample size n is very large, the dimension n X n of the matrix
of pairwise distances between sample individuals can be prohibitively large to carry out
DB regression. Ensemble methods (see [9,10] and references therein) offer flexible ways
of dealing with large sets of observations. In particular, subsampling and aggregation
techniques such as bagging (Breiman 1996a [11]) or stacking (Breiman 1996b [12]) have
proved useful when dealing with large or high-dimensional data sets in the context of
regression and classification (Biihlmann 2003 [13]). Further, big data sets frequently have
an inhomogeneous structure due to, e.g., the presence of outliers or mixed populations.
Bithlmann and Meinshausen (2015) [14] proposed maximin aggregation (magging) to
adapt the subsampling and aggregation techniques in linear regression to large samples of
heterogeneous observations.

The aim of this work is to assess the impact of subsampling and aggregation strategies
on the performance of distance-based linear and logistic regression models. Specifically,
we apply bagging, stacking, and magging to the framework of DB linear regression,
with the aim of circumventing the problem posed by the computational unfeasibility of
decomposing the Gram matrix as well as the storage of the distance matrix when # is
so large. We discuss the results for a varying number of sizes and samples in terms of
mean squared prediction errors, median absolute prediction errors, and computational
complexity. In the context of mixed data, it is not clear which model could be appropriate
to generate simulated samples, so in this work the performance of the ensemble methods in
the regression context is tested on two large, real datasets. One of the conclusions derived
from this analysis is that bagging is very competitive compared to stacking and magging,
both in terms of computing time and complexity and of the mean squared prediction error.
This has led us to investigate the performance of bagging in the classification problem when
using distance-based logistic regression (see [8]). Computationally speaking, this problem
is more complex, and model fitting takes longer time than in the regression case (since the
least squares fitting procedure is replaced by an iterative weighted least squares algorithm;
see McCullagh and Nelder [15], Section 2.5), so selecting bagging as the ensemble technique
is advantageous. We have carried out a simulation study to compare the performance of
bagging applied to DB logistic regression and of the classical logistic regression model
fitted to the whole sample. In Figure 1, we provide a flowchart to illustrate the procedure

for 11ieino NR nradictinn modelc in laroe cammnle eote

Training set
I
3 7 7 1
Subsa.\mples Subsample 1 Subsample 2 Subsample G
of size m
DB model Prediction 1 Prediction 2 Prediction G
| | | |

Ensemble

Final
prediction

Figure 1. Flowchart for the ensemble (bagging, stacking, or magging) DB prediction.

The paper proceeds as follows. In Section 2, we recall the framework for distance-
based regression, as well as notation and the basic expressions for DB linear prediction
of a response variable, and we comment on its extension to the generalized linear setting;
we introduce Gower’s distance as the classical metric to deal with mixed-type data; we
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summarize the essentials in the procedures of bagging, stacking, and magging, which
clarifies their potential, straightforward use in DB regression. In Section 2 we describe
two real bases of mixed-type data on which we evaluate the performance of the ensemble
techniques. Section 3 summarizes the results of applying the ensemble techniques reviewed
in Section 2.3 to DB linear and logistic regression. A final discussion is given in Section 4.
All the DB regressions were carried out using the R package dbstats (Boj et al., 2017 [16]).

2. Materials and Methods
2.1. Distance-Based Linear and Logistic Regression

In this section, we establish the basic ideas and notation for the procedure of distance-
based linear regression. As pointed out in the end of the section, the extension of these
ideas to generalized linear models is straightforward, although their computational im-
plementation is not as simple. For the sake of clarity, the formulas and intuition behind
the DB methodology are kept to the minimum possible (see [1] for more mathematical
details). Distance-based (DB) regression is a prediction procedure that can be applied to
qualitative or mixed regressors. It is performed in two steps: from a matrix of pairwise
distances between sample individuals, via MDS we obtain latent variables, which are then
used as predictors in least squares linear regression. The advantage of DB regression is
that it does not depend on the choice of the latent regressors, since the predicted response
depends solely on the distance matrix (see Theorem 1 in [1]). When all the predictors are
quantitative and the metric between the sampled individuals is the Euclidean one, then the
DB linear regression is equivalent to the classical least-squares linear regression (see [6]).

Assume that we have taken a sample of n individuals from the population of interest.
For each of them we observe the value of a response variable Y and a “vector” Z of
predictive variables, some or all of which can be qualitative. Let y; denote the value of Y
in the i-th individual and y = (y1,...,yx)’. Let w; € (0,1) be the positive weight of the
i-th individual in the sample, w = (wy, ..., wy)’, the weight vector, satisfying } /' ; w; =1,
and consider a diagonal matrix D, = diag(w), whose diagonal is equal to vector w.

The values of Z for the n individuals are z4,...,z,. We assume that a distance or
dissimilarity J can be defined between any two possible values of Z. Denote by A the n x n
symmetric matrix whose entries are the squared distances 6°(z;, z i)

We define the n x n inner products or Gram matrix as

1 !
Gw = 7§JWAJ(UI (1)

where J, := I — 1w’ is the w-centering matrix. Here I is the n x n identity matrix and 1is an
n x 1 vector of 1s. If an n X k matrix X,, satisfies G, = X, X/, then X, is a k-dimensional
Euclidean configuration of A. The inner-products matrix G, admits such a decomposition
in terms of an Euclidean configuration if and only if G, is a positive semidefinite matrix.
Intuitively, the rows of the Euclidean configuration X,, are n observations of a latent
regressor in R¥ such that the pairwise Euclidean distance between rows i and j match
1) (zi,zj), fori,j = 1,...,n. The key idea in DB regression is to substitute the original
“matrix” of observed mixed-type predictors Z by X,, in the regression problem. DB-LM
implicitly performs the weighted least-squares (WLS) linear regression of the response
vector y on the row space of the Euclidean configuration X,,.

The results of the DB-LM procedure do not depend on the choice of a specific Euclidean
configuration (see [1]). Indeed, to clarify this point, in the following lines we detail the
expression of the predicted response i in DB-LM. To this end, we define first the DB-LM
hat matrix as

w = Gy (D}/z F, D},,/z),

where F{, is the Moore-Penrose pseudo-inverse of

F, = DY/?2G, D2 )
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Consequently, the sample values of the response Y predicted using DB-LM are (see [8])
¥y =Vol+Hu(y —Jul), ®)

where 7, = w'y the weighted sample mean of y. For a new individual with predictor
values given by z,,;1, the fitted response given by DB-LM (derived from the interpolation
formula in Gower 1968 [17]) is

. 1 .
i1 = T+ 5 (80 — &ni1)' (DY2F5 DY2) (v — 7 1), )

where g, is the nn X 1 vector containing the diagonal entries of G, and J,, 11 is the column
vector of squared distances from z,, 1 to zy, . . ., z,. Observe that neither (3) nor (4) depends
on choosing any particular configuration X,. In Figure 2, we illustrate the the process to

Training set Compute i
A Fit DB model
Z,,2y, ..., 2, . -
_ (52 usingy,
y = (6 (zi,zj))ij gy
AN J AN /
New case Compute | |
Zn+l 6n+]

Figure 2. Block diagram for the DB-LM prediction.

The DB-LM was extended to the generalized linear model (GLM) setting by Boj et al.
(2016) [8]. The key is to substitute the linear regressions, carried out in the iterative weighted
least squares (IWLS) algorithm for GLM fitting, by the corresponding DB-LMs. In par-
ticular, DB logistic regression (also implemented in the dbstats library) can be used to
solve classification problems with mixed-type data (see also [18] for a mixed-features
classification procedure based on a general model for the joint distribution of the features).
In some preliminary simulations, we compared the performance of the logit and probit
links and there were no significant differences in the attained errors.

2.2. The Choice of the Distance

The choice of the metric between observations of a general random object is a key
element in this context. In general, two very different individuals, statistically speaking,
may appear to be very close in an erroneously chosen metric. Even if the Euclidean distance
is computationally simple to obtain, we remark that the practice of encoding categorical
variables with some arbitrarily chosen, real numbers and applying multivariate techniques,
suitable only for quantitative data, to these numerically-encoded data is not reliable.

A more adequate distance measure for mixed data was proposed by Gower (1971) [19].
Given two observations z; and z; of a mixed-type random vector Z, Gower’s similarity
coefficient is defined as

A (1 = |zin _Zjh|/Rh) +a+a
6 —
K p1+(p2—d) +p3

0<s;<1, @)

where p; is the number of quantitative variables in Z, 2 and d are, respectively, the number
of coincidences (1,1) and (0,0) for the p, binary variables, « is the number of coincidences
in the p3 multi-state (not binary) qualitative variables, and Rj, is the range of the h-th
quantitative variable. Gower’s distance is defined as ¢*(z;, zj) = 1 —s;j. There are other
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possible, more robust, metrics that can be used with mixed data (see, e.g., [20]), but,
for simplicity, we use Gower’s distance, as it is implemented in the R cluster package and
supported in the dblm and dbglm functions of the dbstats package that we employed in
the analysis of the real data sets and in the simulations.

2.3. Some Ensemble Regression Techniques

Currently, it is common to encounter data sets with such a large sample size n that
the decomposition of the resulting Gram matrix (1) cannot be performed, or even that the
computation and storage of the squared-distances matrix are unmanageable. The problem
regarding the Gram matrix is due to the unfeasibility of performing the eigendecomposition
of the matrix F,, in (2) for very large data sets. In the context of MDS, this issue has been
addressed, for instance, by Paradis (2018) [21] and Grané and Sow-Barry (2021) [22].
To address the computational problems posed by this situation and at the same time
maintain statistical efficiency, a simple approach is to use ensemble techniques (see [14,23]).
Specifically, in this work we use subsampling (which, for each input of the vector of
predictors, generates several predictions for the corresponding response) and aggregation
(which combines the predictions into a single output).

Let G1,...,Gg, with Gg C {1,...,n}, denote subsample index sets. The subsamples
may be overlapping; that is, G N Gy # O for some g # g¢'. For each subsample G,
¢ =1,...,G, we predict the value of the response in the new individual, 7;1,;. These
ensemble predictions §,,41,1, ..., Jn+1,c can be aggregated to a single predicted response
Jnt1agge in different ways (see [14]).

For the procedures of stacking and magging described in Section 2.3.1, the final
response prediction requires computing a collection of certain weights. In the optimization
steps to compute the weights, it is necessary to predict the response for each subsampled
individual. Thus, it is important to take care of the following technical details. We can use
all the observations in subsample G, for any fixed g = 1,..., G, to compute the predicted
response %g for the i-th sampled individual, i = 1,...,n. However, if Qg contains that
particular i, then we would be using “inside information” to predict y;. To prevent this,
foreach ¢ = 1,...,G we denote y(g) = (yAgl), . ,yéﬁn))’ the vector of predictions for
the sample individuals based on the g-th subsample from which the i-th individual in the

original sample has been deleted (so yé_l) =Yg ifi & Gg).

2.3.1. Aggregation Procedures for Regression

In this subsection we review three aggregation procedures used in the context of
standard linear regression, namely, bagging, stacking, and magging. Conceptually, they
have a straightforward extension in the case of DB-LM, but as far as we know there are yet
no empirical studies evaluating their practical performance in this setting. In this work,
we test the following three aggregation procedures over two real data sets.

Mean Aggregation and Bagging
In the bagging technique, proposed by Breiman (1996a) [11], the prediction of the
response is the average (with equal weights) of the ensemble predicted values

G
B . .
Yn+1 = Ug Yn+1;gs
g=1

where vy =1/G, forallg =1,...,G.



Mathematics 2021, 9, 2247

60of 17

Stacking

Stacking was introduced by Breiman (1996b) [12] and Wolpert (1992) [24]. In this case,
the prediction of the response is a weighted average of the subsample predictions

G
~S L A
Yns1 = Z Ug Yn+1;¢s

g=1
where
G
v =(01,...,05) = argmin|ly — ) v, 9(g)
veV g:l 2

The space V of possible weight vectors v can be one of the following

Ve = {v:mingov, >0, 22,;:1 vy =1}  (convex constraint)
V, = {v:|v|a<s} forsomes >0 (Ridge constraint).

Magging
To deal with possible data inhomogeneity, Bithlmann and Meinshausen (2015) [14]
proposed the prediction of the response as a weighted average of the ensemble predictions

G
AM L ~
Yau+1 = Z Ve Yn+1;g,
g=1

with weights such that

vV = arg min
veVe

: )

2

G
Z:lvgf’(g)

g=

We have used the R package quadprog to compute these weights, as suggested by
these authors.

2.3.2. Bagging for Classification

It is natural to try to evaluate the same three aggregation techniques reviewed in
Section 2.3.1 in the classification context. However, at the time of writing this manuscript,
magging had not yet been extended to the discrimination framework. Stacking is indeed
a popular meta-classifier procedure among the machine learning community. Stacking
for classification consists in two steps (as in stacked regression). The first step (base-level
classification) is to use the G subsamples from the training sample to generate G predictions
of the class to which each individual in the training sample belongs. These predictions
can be the class or the probability of belonging to each class. The second step (meta-level
classification) is to use the learned classifiers, obtained in the base level, to generate final
predictions of the classes of the training sample individuals. After training these two
classifiers (in the base and meta level), one can classify a new observation (see DZeroski
and Zenko 2004 [25] for a review of stacking classifiers). In our case, the first step could be
performed via DB-GLM, but the use of DB-GLM in the second step is not computationally
feasible (if the training sample is too large it would require a further, nested ensemble
procedure). The practical implementation of the subsampling and aggregation techniques
carried out in Section 3.1 allows us to conclude that, for adequate choices of the number G of
subsamples and the subsample size m, bagging attains a mean squared error that is, at least,
among the lowest. Bagging is also the fastest way to compute of the three aggregation
techniques revised in Section 2.3.1. Since DB-GLM is more involved, computationally
speaking, and takes longer to be fitted to data than DB-LM, we have chosen bagging as the
only aggregation technique to be applied to DB logistic regression.

In the classification problem with two populations, the values of the response Y take
only two values (0 or 1), depending on the population where the individual was drawn
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from. Thus, the response (classification) §;,,, predicted for the i-th individual on the basis
of the g-th subsample, is also a binary, 0-1, value. In this case, the bagging aggregation
procedure consists in taking the vote of the majority:

G
~B _
¥4 = arg max Z l{y};q:k}'
kZO,l g:] N

2.4. Databases under Consideration

In this work we apply the ensemble techniques reviewed in Section 2.3 to a pair of
real data sets. Here we describe in detail these data collections as well as the choice of the
parameters in the algorithms.

Let us first give some general comments applying to both sets. Although, in practice,
the number G of subsamples can be chosen via cross-validation (see [26]), in this work we
have decided to compare the performance of the ensemble procedure for different choices
of G. Once G is fixed, a simple way to choose the size m of each subsample G, for all
g§=1,...,G,is to take m = [n/G]. For each g, the subsample G, is formed by sampling m
individuals from {1, ..., n} without replacement.

The analysis performed on the data sets is a Monte Carlo experiment, with a total
number of runs equal to 500. In each Monte Carlo run, to compare the different procedures
under consideration, first we randomly separate the original sample into a training sample
of size n approximately equal to 90% of the original sample size and a test sample with
the remaining observations. Thus, each method’s performance was evaluated by repeated
random sub-sampling validation or Monte Carlo cross-validation. In particular, to quantify
the performance of each method, we compute (i) the distribution, average and standard
deviation of mean squared error (MSE) in the prediction of Y for the individuals in the test
sample, computed from 500 runs within each scenario; (ii) the distribution of the median
absolute prediction errors (MAE) also computed from 500 runs within each scenario;
(iif) the complexity of the method (time and memory).

2.4.1. Bike Sharing Demand

This dataset is provided by the Capital Bikeshare program and it is available at
their website (www.capitalbikeshare.com/system-data, accessed on 3 June 2019). Capital
Bikeshare operates in the District of Columbia, Arlington County, VA, and the City of
Alexandria, VA. The program records several details, such as travel duration, departure
and arrival locations, and time elapsed between departure and arrival, for each rental in
the bike sharing system.

We have chosen to analyze the data on a daily basis (hourly information was also
available) for the period between 1 January 2013 and 31 December 2018. The scarce days
for which data were not available were deleted from the sample. The variables appearing
in the Capital Bikeshare files for each day are listed in the first part of Table 1. To the data
provided by Capital Bikeshare (year, month, day, and count of users) we added, for each
day, variables describing weather conditions that could affect the decision of picking up or
not a bike (second part of Table 1). This information at Ronald Reagan Washington National
Airport (DCA) was gathered from the website of the National Oceanic and Atmospheric
Administration (NOAA). The reason for choosing the specific DCA location was to ensure
data availability for all days of interest and also because it is centered in the area covered by
the bike stations, and thus it is a good representative. The NOAA variables in the second
part of Table 1 are treated as quantitative ones. The variables in the first part of Table 1
are treated as qualitative ones (declared as factors in R), except for the total count of daily
users. The response variable Y is the daily count of users (casual and registered) scaled by
the mean daily number of users (in the year corresponding to the day). The total number
of days in the data set is 2903.
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Table 1. Variables included in the bikes dataset.

Capital Bikeshare

Total count of daily users (both registered and not)

Season: winter (1), spring (2), summer (3), autumn (4)

Year, codified to 0 (=2011), 1 (=2012), 2 (=2013), ..., 7 (=2018)
Month, codified to 1,2, ...,12

National holiday (1) or not (0)

Weekday, codified to 0 (=Sunday), 1 (=Monday), ..., 6 (=Saturday)
Working day (1) or weekend day (0)

NOAA at DCA

Average daily wind speed (miles per hour)
Precipitation (inches to hundredths)
Maximum temperature (in Fahrenheit)
Minimum temperature (in Fahrenheit)
Ceiling height dimension (in meters)
Mean daily temperature (in Celsius)

Sea level pressure (in hPa)

Relative humidity (in %)

2.4.2. King County House Sales

This dataset comes from Kaggle (www.kaggle.com, accessed on 12 July 2019) and
contains house prices from King County (Washington State, USA), sold between May 2014
and May 2015. The dataset consisted of 20 variables (see Table 2) and 21,597 individuals
(houses). We removed the three (outlying) lots with an area of more than 500,000 sqft.
The response variable we consider is the logarithm of the house sale price.

Table 2. Variables in King County house sales data.

date Date of the home sale
price Price of each home sold
bedrooms Number of bedrooms
bathrooms Number of bathrooms
sqft_living Square footage (sqft) of the interior living space
sqft_lot Sqft of the land space
floors Number of floors
waterfront 1 if the house overlooks the waterfront; 0 if not
view Index from 0 to 4 grading the view from the property
condition Index from 1 to 5 on the condition of the house
grade Index from 1 to 13, grading quality of construction and design
sqft_above Sqft of the interior housing space above ground level
sqft_basement Sqft of the interior housing space below ground level
yr_built The year the house was initially built
yr_renovated The year of the house’s last renovation
zipcode Zipcode area the house is in
lat Latitude
long Longitude
sqft_livinglb Sqft of interior living space for the nearest 15 neighbors
sqft_lot1b Sqft of the land lots of the nearest 15 neighbors
3. Results

3.1. Aggregation and DB-LM on Two Real Data Sets
3.1.1. Bike Sharing Demand

Let us fix the values of the technical parameters in the subsampling, aggregation, and
overall analysis. In each of the Monte Carlo runs, the sample was randomly divided into
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a test sample (of 290 individuals) and a training one (of size n = 2613). We have tried
three different numbers G of subsamples: 3, 5 and 10 and three different values for the
subsample size, m = 100, 300, 600 and 900. For this specific dataset, of relatively low size,
we have been able to compute the predicted responses in the test sample using DB-LM
on all the training sample. Thus, we are able to compute the mean squared error attained
using all the training information simultaneously in the classical linear regression (only
with the quantitative predictors) and the DB-LM. These results are compared with the MSE
obtained with the ensemble procedures.

In Table 3, we display the average and standard deviation of mean squared prediction
errors (MSE), computed from 500 iterations, for the subsampling and aggregation methods.
With linear regression, DB-LM and random forests (R-package ranger with 100 trees,
mtry = 7, depth = 20) the MSE is, respectively, 0.03700, 0.02168, and 0.01746. In Figure 3,
we show the mean squared errors for all the regression methods. For this data set, it is
clear that the number G of subsamples does not have a great influence on the MSE: this
is good news since increasing G increases also noticeably computation time and memory
requirements. In Table 4, we see the subsample size m and the overall number G m of
observations used as input in the ensemble predictions. From Tables 3 and 4 and Figure 3,
we can see that, for G = 3 and m = 600, even if G m = 69% is considerably below 100%,
the three aggregation procedures are very near the MSE of DB-LM using the whole sample.
Bagging and stacking actually show very good performance for all values of G and m = 300
(which is only 11% of the training sample size). Conversely, for any G, magging needs at
least a subsample size m = 600 for its MSE to get closer to that of bagging and stacking.
A possible explanation to the worse performance of magging with respect to bagging
and stacking is that any inhomogeneity in the data is well described by the qualitative
predictors. Furthermore, the information of these is already incorporated into the bagging
and stacking DB regression procedures via the distance matrix. Of course, it is important
to choose a convenient dissimilarity between qualitative variables.

0
o
e O LinearReg @ DB-LM N Bagging B Stacking O Magging
_ 7
-
<
S
)
©
S
O' ™
7 _ 7 71 _

o
o
S
S
S
8_ _ Y| 14 L V] 14 1] | v 14 | ]
S

m=300 m=600 m=900 m=100 m=300 m=600 m=900 m=100 m=300 m=600 m=900

G=3 G=5 G=10

Figure 3. Mean squared prediction errors for the Capital Bikeshare data.

In order to statistically test the differences on the performance of the ensemble methods
under evaluation, we conducted two-sided paired-sample Wilcoxon tests (with Bonferroni
correction). The performance of each method is evaluated with the MSE distribution
computed from 500 runs within each scenario. Table 5 contains the p-values of these
tests, from which we conclude that all methods are significantly different in all cases.
For all choices of G and m, the best aggregation procedure is stacking, but it is always very
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closely followed by bagging. Again, this is also good news: even if the DB-LM has a high
computational complexity, the simplest aggregation procedure, bagging, is a very good
alternative to reduce the effective sample size in the DB procedure (and the dimension
of the distance matrix involved) and, consequently, its computational cost, without a
significant increase in the MSE of response prediction.

Table 3. Average (standard deviation) of mean squared prediction errors (MSE) for the Capital
Bikeshare data with the ensemble procedures. Summary statistics computed across 500 iterations.

G m Bagging Stacking Magging

3 100 0.03303 (0.005855) 0.03223 (0.005579) 0.04217 (0.010301)
3 300 0.02445 (0.003641) 0.02424 (0.003559) 0.02740 (0.005098)
3 600 0.02257 (0.003102) 0.02251 (0.003080) 0.02365 (0.003562)
3 900 0.02226 (0.003052) 0.02224 (0.003046) 0.02278 (0.003216)
5 100 0.03064 (0.005142) 0.02940 (0.004556) 0.04323 (0.010627)
5 300 0.02381 (0.003535) 0.02349 (0.003360) 0.02793 (0.005720)
5 600 0.02223 (0.002936) 0.02216 (0.002902) 0.02352 (0.003551)
5 900 0.02185 (0.003004) 0.02182 (0.002997) 0.02246 (0.003151)
10 100 0.02958 (0.004680) 0.02779 (0.004059) 0.04471 (0.010182)
10 300 0.02360 (0.003440) 0.02307 (0.003197) 0.02909 (0.006110)
10 600 0.02221 (0.003054) 0.02207 (0.003012) 0.02399 (0.003898)
10 900 0.02187 (0.002960) 0.02181 (0.002947) 0.02268 (0.003196)

Table 4. m and G m as percentages of the training sample size n = 2613.

Gm as % of n

m mas % of n G

3 5 10
100 4% 11% 19% 38%
300 11% 34% 57% 115%
600 23% 69% 115% 230%
900 34% 103% 172% 344%

Table 5. Results of the two-sided paired-sample Wilcoxon tests (with Bonferroni correction) for in
Capital Bikesharing data.

m = 100 m = 300
B-S B-M S-M B-S B-M S-M
G = P ke Rk ok ok Ak
G=5 P ke ke ok %k 3k
G =10 ke ke Xk 3k 3k 3k
m = 600 m = 900
B-S B-M S-M B-S B-M S-M
G=3 391x10°P 116 x 10~*
G=5 2.75 x 10712 % *okk 8.49 x 1078 *kk *43%
G=10 *43% k3% okt 3.91 x 10713 Fres *k
#* p-value lower than 6.6 x 10716

Additionally, we studied the median absolute prediction errors (MAE) of the ensem-
ble methods under study for this data set. Figure 4 contains the box plots of the MAE
distributions computed from 500 runs in each scenario. Most of the distributions are rightly
skewed, with the exception of magging for m = 100; In general, magging takes greater
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0.15

0.10

median values than bagging or stacking and these differences are even greater for m = 100.
Summing up, it seems that the best performance is attained by stacking, although as m
increases, the differences between stacking and bagging tend to decrease.
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Figure 4. Box-plots for the median absolute prediction errors (MAE) for the Capital Bikeshare data. For each method,

the performance is evaluated with the distribution of MAE values computed in 500 runs within each scenario.

Finally, we analyze the complexity reduction, in terms of execution time and memory
usage, when applying an ensemble technique to the DB-LM prediction model. Thus, we
focus on the following R-functions, which are the actual bottlenecks of the computation
process: daisy, disttoD2, and dblm. For the Capital Bikeshare data, DB-LM takes 109.35 s
and occupies 247.3 MB when predicting 290 new cases based on a training sample of
2903 observations. On the other hand, the LM model takes 0.03 s to make these predictions
and uses 1 MB of memory. DB-LM execution times and memory usage can considerably be
reduced when applying any of the ensemble methods studied (in fact, they take O s in the
optimization and averaging procedures for the predictions, which is why the execution time
refers only to the three R-functions mentioned above). This can be seen in Figure 5, where
we analyze the complexity of the ensemble DB-LM prediction model. We observe that
the memory usage increases with m, although it remains constant with G. The execution
time increases with m and G. These findings reinforce our conclusion that, for G = 3 and
m = 600, the ensemble DB-LM prediction model provides a solution to the scalability
problem, since the complexity of the DB-LM prediction model is considerably reduced and
MSE is very close to that of the DB-LM (see Figures 3 and 6).

3.1.2. King County House Sales

In each run of the Monte Carlo experiment, the whole sample was randomly divided
into a test sample of 2159 individuals and a training sample of size n = 19,435. The number
G of subsamples used was again 3, 5, and 10, and the values for the subsample size were
m = 500, 1000, and 2000. Given the large value of #, in this case it was not possible to
perform DB regression on the whole training sample. Consequently, we report the average
and standard deviation of the mean squared error attained with the ensemble procedures
applied to DB-LM. In Tables 6 and 7 and Figure 7, we display these results. For standard
linear regression (using all the training information but only the quantitative predictors),
the MSE was 0.10093, and with random forests (with 100 trees, mtry = 10, depth = 20) it
was 0.04704.
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Figure 5. Complexity analysis (execution time and memory usage) of the ensemble DB-LM prediction
model for the Capital Bikeshare data.
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Figure 6. Percentage of complexity reduction of the ensemble DB-LM prediction model for the

Capital Bikeshare data. Baseline: Execution time of 109.35 s and memory usage of 243.3 MB to predict
290 new cases using all the training sample.
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Figure 7. Mean squared prediction errors for the King County house sales data.

Table 6. Average (standard deviation) in prediction of the logarithm of sale price in King County

houses data with the ensemble procedures. Summary statistics computed across 500 iterations.

G m Bagging Stacking Magging

3 500 0.05895 (0.00817) 0.05907 (0.00811) 0.06581 (0.00804)
3 1000 0.05008 (0.00602) 0.05018 (0.00600) 0.05387 (0.00598)
3 2000 0.04531 (0.00390) 0.04536 (0.00392) 0.04749 (0.00362)
5 500 0.05656 (0.00756) 0.05678 (0.00744) 0.06454 (0.00794)
5 1000 0.04865 (0.00547) 0.04886 (0.00548) 0.05309 (0.00509)
5 2000 0.04426 (0.00343) 0.04438 (0.00348) 0.04667 (0.00312)
10 500 0.05488 (0.00717) 0.05540 (0.00699) 0.06343 (0.00717)
10 1000 0.04786 (0.00514) 0.04834 (0.00523) 0.05243 (0.00445)
10 2000 0.04396 (0.00344) 0.04422 (0.00357) 0.04663 (0.00297)

Table 7. m and G m as percentages of the training sample size n = 19,435.

Gmas % ofn

m mas % of n G
3 5 10
500 3% 8% 13% 26%
1000 5% 15% 26% 51%
2000 10% 31% 51% 103%

In Table 8, we provide the p-values of the two-sided paired-sample Wilcoxon tests
(with Bonferroni correction) conducted to compare the performance of the three ensemble
methods for the King County sales data. As before, we evaluated the performance of
each method with the MSE distribution computed from 500 runs within each scenario.
The results confirm that all methods are significantly different in all cases. The results
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support even more the conclusions of Section 3.1.1. In this case, the best performing method
is always bagging, although the results of stacking are almost identical. However, since the
optimization inherent to stacking increases complexity as the sample size increases, again
we strongly recommend the use of bagging in this framework of DB regression. Magging
does not perform as well as bagging or stacking, even for the largest values of G and
m. Larger values of m for stacking or magging were impossible to handle in the several,
different computing resources we used (see Acknowledgements), even when dividing the
Monte Carlo experiment in batches of 50 runs.

Table 8. Results of the two-sided paired-sample Wilcoxon tests (with Bonferroni correction) for King
County house sales data.

m = 500 m = 1000 m = 2000
B-S BM SM BS BM S-M B-S B-M S-M
G — 3 1‘72 X 10—11 L k% %% EE L ook %% EE ok
G — 5 1‘98 X 10—15 L Ea %% %% ok %% EE L FkoF
G — 10 FF %% E 2] %% %% % %% %% FF

** p_value lower than 6.6 x 1071°.

As before, we studied the MAE of the ensemble methods under study for this second
data set. Figure 8 contains the box-plots of the MAE distributions computed from 500 runs
in each scenario. We observe that all of them are rightly skewed distributions and that
magging always takes greater median values than bagging or stacking, which seem to have
a very similar distribution.

0.20
|
.
.

sem-e------{s eee oo
~-----------{ eses 00 o

0.14
|
|.......|:I:|>----<|o e we
<D:|>----<|.-00 .

ceeee---jeme o

fmowee
{eswee
i A

D:I----#o.o o o

D:I----{“co 0
D:I----+- o o o

[
|,......

0.10
|

T 1 T 1 L — L — L — L —
B S M B S M B S M B S M B S M B S M B S M B S M
m=500 m m 0 m 0 m 0 m 0
Figure 8. Box plots for the median absolute prediction errors (MAE) for the King County house sales data.

3.2. Bagging and DB-GLM: A Simulation Study

As a first example to illustrate the performance of the ensemble DB classifier, we ana-
lyzed the Online Shoppers Purchasing Intentiondataset from the UCI Machine Learning
Repository (see [27]). The dataset consists of 12,330 e-shopping sessions, of which 10,422
did not end up with a purchase and the other 1908 ended up with shopping. There are
10 numerical and 8 qualitative attributes of each session (such as the month, operating
system, browser, and region). We carried out a preliminary study where n = 2000 observa-
tions were randomly selected (without replacement) from the whole dataset. In each of
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100 iterations, we separated this smaller sample into a training sample of 1800 observations
and a test sample of size 200. The training sample was used to fit (i) the classical GLM
model with only quantitative features, (ii) the DB-GLM using all the training sample, and
(iii) the DB-GLM on G = 5 subsamples of size m = 400, later aggregated using bagging.
In all those situations, logit and probit link functions were considered. We used these six
classifiers to allocate the observations in the test sample. However, the correct classification
proportion was around 88% in all cases (see Table 9), meaning that bagging applied to
DB-GLM performed just as well as DB-GLM on the whole sample, but also that the qualita-
tive predictors were not informative enough to improve over the classical logistic model
regardless of the link function used.

Table 9. Correct classification rates for Online Shoppers with n = 2000.

Link Function Classical GLM DB-GLM (Whole DB-GLM and
unctio (Quantitative Features) Sample) Bagging
logit 0.88940 0.88380 0.88395
probit 0.88930 0.88465 0.88350

In order to control the proportion of different types of variables in the mixed data set
as well as the a priori probability of the classes, and with the purpose of obtaining different
scenarios to illustrate the performance of the procedures, we resorted to simulating mixed-
type features from two populations using the R package Umpire (Coombes et al., 2021 [28]).
In all cases, we sampled n “vectors” Z of 20 mixed-type features, with prior probabilities of
the populations sampled from a Dirichlet distribution. We consider two models:

*  Model 1: The same proportion (1/3) of continuous, binary and nominal features.
®  Model 2: The proportion of continuous and binary features is the same (25% approxi-
mately), and the remaining (50%) of the features are qualitative ones.

In this context, we recall that nominal or qualitative refers to a variable with three or
more possible values. The parameter values for the Clinical Noise Model in Umpire were
shape =1 and scale = 0.05. In each simulation experiment the sample of size n is simulated
only once, and, from then on, these observations are treated as if they were one of the real
data sets analyzed in Section 3.1.

We carried out two types of simulation studies. The first one was similar to the
experiment with the Online Shoppers dataset described previously in this section. The aim
was to check whether bagging applied to DB-GLM provided a good approximation to the
correct classification rates of DB logistic regression fitted to the whole training sample.
This has to be carried out on a relatively small training sample, since the fitting of a DB
logistic regression model is computationally demanding. Based on our own experience,
we chose a training sample of size 1800, for which the DB-GLM fitting took 1 hour with an
Intel(R) Core(TM) i7-6700K CPU at 4.00 GHz and 32 GB RAM. Under these same conditions,
the procedure was not feasible with a training sample size larger than 2000. The results
in Section 3.1 show that bagging performs well when G x m is approximately equal to
the whole sample size, so we chose G = 4 and m = 500. The training and the test sample
were sampled without replacement in each of the 100 iterations. Table 10 shows the overall
correct classification proportions for Model 2 with the same three classifiers (with the logit
link) used in the Online Shoppers data set analysis and a test sample size of 200 (that is,
n = 1800 + 200 = 2000). The sample proportions of the two populations were 56% and 44%,
and the number of continuous, binary, and nominal variables were 5, 5, and 10, respectively.
The conclusion regarding bagging is the same as with the Online Shoppers data set and the
regressions in Section 3.1: the subsampling and aggregation procedure performs just as
well as using the whole sample, but the computing time is drastically reduced. Regarding
logistic regression with just the quantitative features, we see that DB logistic regression
attains a lower error rate, due to the incorporation of the nominal (informative) features
into the model.
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Table 10. Correct classification rates for Model 2 with n = 2000.

Classical Logistic
(Quantitative Features)

0.7401 0.9734 0.9780

DB Logistic (Whole Sample) DB Logistic and Bagging

In the second simulation study, we sampled n = 10,000 observations from Models 1
and 2. In each of the 100 runs, the sample is split into a training sample of size 8000 and a
test sample of size 2000. We fit two models: the logistic regression with only quantitative
features and the DB logistic regression model on G = 20 subsamples of size m = 500 plus
bagging. Table 11 displays the correct classification rates attained. The combination of
bagging and DB logistic regression improves in both cases the correct classification rates of
the classical logistic regression. The fact that the error proportions are lower in Model 2
than in Model 1 for both classifiers is only due to the effect of the specific sample simulated
at the start of each Monte Carlo procedure.

Table 11. Correct classification rates for Models 1 and 2 with n = 10, 000.

Classical Logistic (Quantitative Features) = DB Logistic and Bagging

Model 1 0.8220 0.9244
Model 2 0.9208 0.9601

4. Discussion

Distance-based regression is a technique able to deal with very general types of
regressors or features, as long as a suitable dissimilarity is defined between them. The DB-
LM and DB-GLM improve the performance of linear and generalized linear regression
approaches, respectively, when qualitative predictors are available and informative about
the response. Fitting the DB regression model is, however, computationally demanding,
and the procedure is unfeasible when sample sizes are too large. Ensemble techniques
provide a way of adapting DB regression to the analysis of large data sets. For medium
sample sizes, we checked that subsampling and aggregation techniques (bagging, stacking,
and magging) applied to DB linear regression attain the same error rates as DB-LM applied
to the whole sample but reduce drastically the computing time. This conclusion also
holds for bagging and DB logistic regression. Further, we have shown that these ensemble
techniques allow the use of DB prediction models with large sample sizes, where the fitting
to the global sample is out of reach but the use of qualitative predictors can contribute
to improving the prediction or classification performance. Moreover, they appear to be
competitive with state-of-the-art machine learning approaches, such as random forests,
in regression tasks.
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