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Abstract

In the article we consider a problem of simultaneous deleting continuous variables
and merging levels of factors in linear model. We propose a backward selection
procedure called DMR in two variants: the first is similar to the backward step-
wise regression and the second, faster implementation combines the agglomerative
clustering of levels of factors with ranking regressors by squared t-statistics. In
the paper we show that our algorithm is consistent. For the formulated problem
we also propose a generalization of performance measures such as sensitivity and
specificity. We present a simulation study, which shows substantial advantage of
DMR over other methods described in the literature.
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1 Introduction

Model selection is usually understood as selection of explanatory variables. How-
ever, when a categorical predictor is considered, in order to reduce model’s com-
plexity, we can either exclude the whole factor or merge its levels.

A traditional method to examine the relationship between a continuous re-
sponse and categorical variables is analysis of variance (ANOVA). However, ANO-
VA answers only a question of the overall importance of a factor. The next step
of the analysis are pairwise comparisons of group means within important factors.
Typically post-hoc analysis such as Tukey’s honestly significant difference (HSD)
test or multiple comparison adjustments (Bonferroni, Scheffe, Hochberg) is used.
A drawback of pairwise comparisons is non-transitivity of conclusions.

As a motivating example, let us consider data Cars93 from R library MASS. The
relationship between logarithm of fuel consumption and other characteristics of 81
cars is modeled. The dependence between the response and the number of cylin-
ders examined with the use of Tukey’s HSD analysis (Figure 1) gives inconclusive

answers: (34 = 35, B5 = 6, but B4 # Bs.
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In the article we introduce a novel procedure called delete or merge regressors
(DMR), which enables efficient search among partitions of factor levels, hence the
issue of non-transitivity does not occur. When applying DMR procedure to the
Cars93 data, the number of parameters is efficiently diminished from 31 to 11
with no considerable loss in R? (from 0.92 to 0.9), while a model received from the
stepwise backward model selection minimizing BIC implemented in the stepAIC
function in R has 14 parameters with R? = 0.89.

95% family-wise confidence level
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Figure 1: Results of Tukey’s HSD.

The idea of partitioning a set of levels of a factor into non-overlapping subsets
has already been discussed in the literature. In the article [1], 1949, Tukey pro-
posed a stepwise backward procedure based on the Studentized range methods.
Other methods performing multiple comparison procedures, based on clustering
means in ANOVA, were described by Scott and Knott, 1974 [2], Calinski and
Corsten, 1985 [3] and Corsten and Denis, 1990 [4]. However, these methods do
not generalize directly to the problem with any number of factors.

Also the problem of simultaneous continuous variables selection and merging
levels of factors is present in the literature. A method introduced by Bondell and
Reich, 2009, [5] called collapsing and shrinkage ANOVA (CAS-ANOVA) solves
the problem with the use of the least absolute shrinkage and selection operator
(LASSO; Tibshirani, 1996, [6]), where the L; penalty is imposed on differences
between parameters corresponding to levels of each factor. Gertheiss and Tutz,
2011, [7] proposed a modification of CAS-ANOVA, which is more computationally
efficient because of using the least angle regression (LARS; Efron et al., 2004, [8])
algorithm.

We propose a backward selection procedure called delete or merge regressors
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(DMR), which combines deleting the continuous variables with merging levels of
factors. The method assumes greedy search among linear models with a set of
constraints of two types: either a parameter for a continuous variable is set to zero
or parameters corresponding to two levels of a factor are set to equal each other.
DMR is a stepwise regression procedure, where in each step a new constraint is
added according to ranking of the hypotheses based on squared t-statistics. As a
result a nested family of linear models is obtained and the final decision is made
according to minimization of generalized information criterion (GIC).

Two variants of DMR, are described in the article. The first, more greedy
version adapts agglomerative clustering, where squared t-statistics define the dis-
similarity measure. This procedure generalizes concepts introduced by Ciampi et
al., 2008, [9] and Zheng and Loh, 1995, [10]. The second version assumes recalcu-
lation of t-statistics in each step, which causes loss in computational efficiency.

In the paper we show that DMR algorithm is consistent. The time complexity
of the more greedy version of DMR, is O(np?), where n is the number of obser-
vations and p is the number of parameters in the full model. We describe also a
simulation study and discuss a pertaining R package. The simulations show that
DMR is several hundred times faster with significantly lower error of selection than
CAS-ANOVA.

The next problem considered in the article is determining the quality of perfor-
mance of model selection. Commonly used measures are for example true positive
rate (TPR) or false negative rate (FNR). In the literature [5], [7] a generalization
of these rates to the problem of partitioning factor levels can be found. However,
these measures tend to diminish the influence of continuous predictors and factors
with a small number of levels. We propose a different generalization which is based
on the dimension of linear subspace of the parameter space defined by the imposed
constraints.

The remainder of the article proceeds as follows. The class of feasible models
considered when performing model selection is defined in Section 2. DMR proce-
dures are introduced in Section 3, while the asymptotic properties are discussed in
Section 4. Generalization of measures of performance is introduced in Section 5.
Simulations and real data example are given in Section 6 to illustrate the method.
All proofs are given in the Appendix.

2 Feasible models
Let us consider a full rank linear model with n observations and p < n parameters:
y=XB+e=1,800 +XoBo+ X181 +... + XiB +¢, (1)

where:

1. e ~N(0,071,).

2. X = [1,,X0,X1,...,X;] is the model matrix divided as follows: Xy is the
matrix corresponding to continuous regressors and X7, ..., X; are the zero-one
matrices encoding corresponding factors with the first level set as reference.
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3. B = [Boo, BL, BT, ..., 81" is the parameter vector divided as follows: Sy is
the intercept, 8o = [Bio;---,Bpe0]” is a vector of coefficients for continuous
variables and B = [Bak, ..., Bp.k|’ is a vector of parameters corresponding

to the k-th factor, £k = 1,...,[, hence the length of parameter vector is p =
L4po+(pr—1)+ ...+ (p —1).

Definition 1. An elementary hypothesis for linear model (1) is a linear hypothesis
of one of two types:

(*) hjk : Bjx =0 for all j,k or
(**) hiji : Bir = Bjk for alli,j and k > 0.

Definition 2. A feasible model is defined as a sequence m = (C, Py, ..., P;), where
C denotes a subset of continuous variables and Py is a partition of levels of the
k-th factor. Such a model can be encoded by a set of elementary hypotheses. A set
of all feasible models is denoted by M.

2.1 Change of variables

In order to replace a constrained by an unconstrained optimization problem a
change of variables in model m is performed. The model can be defined by a set
of following equations
y=XB+¢
{ ACB =0,

where A¢ is a matrix of elementary hypotheses describing constraints induced by
the model.
Let us define a square matrix

Ay
where Ag is a matrix of elementary hypotheses in a convenient form described

below, with rows spanning the same space as rows of Ac and A; is a complement
of Ay to a square matrix. We want Ay and A; to satisfy

A I 0
lal=le]
Matrix A of such a form uniquely encodes model m and can always be obtained

by appropriate permutation of the columns of the model matrix, which can be
performed in the following way:

1. For each factor with partition P, k = 1,...,1l with 4, clusters, where P, =
{U},...,UE}, rename its levels so that

j—1 J
UF = {Goin+ 3 UK —j+2,.. i+ > |UF| = 5},
s=1

s=1

for j=1,.... 0.
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2. Sort the columns of the model matrix in the following order:
(a) intercept,
(b) all continuous variables present in the model (these for which the beta
coefficient is non-zero),
(¢) iy first levels of k-th factor, k =1,...,1,
(d) all remaining continuous variables,
(e) all remaining levels of factors.
Further in the article we assume that the columns of model matrices for con-

sidered models are permuted so that the constraints matrices have a form such as
Ag.

Example 1. As an illustrative example consider a model consisting of one factor
with P, = {{1,2,3},{4,5},{6,7,8}}. This parametrization corresponds to the
following constraint matrix:

123 45 6 7 8
010 0 0 0 0O
Ap = 001 0 0 0 0O
000-11 0 0O
000 0 0-1 10
000 0 0 0 —-11

After renaming levels in the way described above, we get partition P; of the form
P, = {{1,4,5},{2,6},{3,7,8}} and matrix

1 2 3 45678
10 000000

01 000000

00 100000

P I S g
A:{%]— 00 010000
00 001000

0-1 000100

00 -100010

(00 -100001

in the desired form.

Thanks to such reparametrization of the model, transition from constrained to
unconstrained problem is immediate.

XB=XA"1AB = Z¢,
where Z = XA~ and ¢ = AB. From Schur complement we get

-1 _ ]Iq 0 _ 1 0
e A G}

since AgB = 0 we have

Zg = X[Alon] |:§01 :| = Z1€17
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where Z; = XA, &, = A;. The linear space of parameters changes from £ =
{BERP: AyB =0} to L(AY) = {A' : & € RY}. The dimension of space L£(A')
is called the size of model m and denoted by |m].

Note that imposing an elementary hypothesis on parameter vector S is equiv-
alent, in terms of the new parametrization, to either eliminating one column or
summing up two columns of the model matrix, which decreases its number of
columns by one. These operations are explicitly visible from the form of A!.

Definition 3. We define the inclusion relation between two models m; and mo
by inclusion of linear spaces spanned by columns of the corresponding matrices
Ay, and A}, :

my

mi1 C myg < ,C(Al )QE(A#Q)

mi

2.2 Generalized Information Criterion

Definition 4. Generalized Information Criterion for model m is defined as:
GIC(m) = nlog (RSSm) + rn(Im| + 1),

where r,, is the penalty for model size.

The goal of our method is to find the best feasible model according to GIC,
taking into account that the number of feasible models grows exponentially with
p. Since for the k-th factor number of possible partitions is the Bell number B(py,),
the number of all feasible models is 2P° HL:I B(pk)- In order to significantly reduce
the amount of computations, we propose the following greedy backward search.

3 Algorithms
Assuming that X is of full rank the QR decomposition of the model matrix is
X = QpR,

where @), is n x p orthogonal matrix and R is p X p upper triangular matrix. Then

o I -Q,00 5
n—p
and R
B =Rz

Let us define set of indexes corresponding to continuous variables and factors
Indg ={0,1,...,p0}, Ind;, ={2,...,pp} for k=1,...,1

Then R R
B = (Bjk)jcmd, = (r};gz)jelndk for k=0,...,1,
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where
1 _ T .T T T T T T T
R —[TOO,TIO,...,rp007r217...,rmh...,rzl,...mml] ) (4)

Elementary hypotheses of types (*) and (**) defined in Definition 1 can be now
rewritten as:
(*) hjk: Bjr =0 <= a?jkﬂ =0, where a1 = as(j, k) = 1(s = j,t = k), where
s€lInd; and t=0,...,1,
(**) hijr: B = Bjr. <= aj;,B =0, where ajr = ax(i,j,k) =
=1(s=i,t=k)—1(s=j,t =k), where s € Ind; and t =1, ...,

3.1 DMR algorithm

1. Perform the QR decomposition of the full model matrix, getting matrix R~1,
vector z and variance estimator 52 as in equations (4), (2) and (3).

2. Calculate squared t-statistics:
(a) for all elementary hypotheses of type (*):
32'1@ (TTkZ>2

P | for k>0, j €Indy\ {0},
Y Var(B) 02l

(b) for all elementary hypotheses of type (**):

o _ B —Biw)? _ ((rw —rjn)"2)?
2 ik 7 Pgk)
Y Var(Bix — Bjk) 2 ||rie — rjx|?

for k£ >0, 4,5 € Indg.

3. For each k > 0 perform agglomerative clustering using Dy, = [dijk]ij as dissim-

ilarity matrix, where:

(a) dljk =djix = T12jk for 1,] € Indk,

(b) dijx =T}, for i,5 € Indy, i # j,

getting vectors of cutting heights g, k= 1,..., 1.

4. Combine all vectors g with go defined as go = [T{, ..., 5,0}, denote the
given vector as g. Sort g in increasing order: g = [g(l), e ,g(pfl)}T. Every
element ¢(9) corresponds to an elementary hypothesis a;. A sequence of nested
linear constraints on model parameters A;5 = 0 is obtained, where A; =
[a1,...,a;],i=0,...,p—1and Ay = 0.

5. Perform QR decomposition of matrix R_TAZ:L1 getting the orthogonal matrix

W = [wl, .. .,wpfl].
6. Set RSSp = ||y||*> — ||2]|*> and GICq = nlogRSSo + (p + 1)r,, for model without
constraints.

For:=1,...,p—1
RSSZ = RSSi_l + (’wiTZ)Q,

where calculations are described in the Appendix A and

GIC; =nlogRSS; + (p — i+ 1)ry,.
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7. Selected model m is a model with hypotheses A accepted, where

i = argmin GIC;.
0<i<p—1

The dominating operation in the described procedure is the QR decomposition
of the full model matrix. Hence, the time complexity of DMR, algorithm is O(np?).

This procedure assumes transitivity of hypotheses, for example accepting hy-
potheses Bix = Bjr and Bjr = Bmr causes acceptance of hypothesis B;r = Bmk-
Notice that considered hypotheses can be ambiguously encoded. In order to
avoid this problem the following convention will be used while cluster merging:
Uy, Us C {1,...,px} clusters to merge, Uy N Uy = @, then iy = min;ey, i,
i2 = min;ep, ¢ and the hypothesis to accept is 5i,x = Biyk-

An exemplary run of DMR algorithm is shown in Figure 2. The agglomerative
clustering was performed for data, which is described in Section 6.1, consisting of
three categorical variables. The horizontal dotted line indicates the cutting height
for the best model chosen by BIC (special case of GIC, where r,, = logn).

Factor 1 Factor 2 Factor 3

127 8 3 456 1 3 2 4 1 2 3

Figure 2: Dendrograms for exemplary run of DMR algorithm.

3.2 stepDMR algorithm

The stepDMR algorithm is based on the RSS calculation described in Appendix A,
where the set of hypotheses under consideration is of the form Ay = 0, hence the
vector e is zero and equation (9) reduces to:

ly— XBl? = 3 (w2 (5)

i=1

By SG—1 and W01 we denote respectively the matrix corresponding to the
set of possible hypotheses and the orthogonal matrix corresponding to the set of
accepted hypotheses in the i-th step of the algorithm. Steps of the algorithm:

1. SO = R=T AL, where A,y is the matrix of all possible elementary hypotheses.

2. W© = 0. Calculate RSS for model without constraints getting RSS, and
GICy = nlogRSSq + (p + 1)r,.
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Perform the orthogonal projection of possible elementary hypotheses S(—1)
onto the orthogonal complement of subspace spanned by already accepted hy-
potheses W (i—1);

V@ = (I— W(i—l)(W(i—l))T)S(i_l).

Normalize columns of matrix V(9

0 @

J
J
o]

According to equation (9) calculate the vector of increases in residual sum of
squares and choose the hypothesis corresponding to the minimal value.

J=arg mitl((wj(i))Tz)z,

bind the chosen hypothesis with the matrix of already accepted hypotheses:
w@ — [W(i—l)’wgi)].
J
Calculate residual sum of squares

RSS; = RSS;_; + ((wg))Tz)Q

and GIC
GIC; =nlogRSS; + (p— i+ 1)ry.

Remove from S(—1) columns linearly dependent with columns of W ()| getting
new matrix of possible hypotheses S().

Go back to step 3 until the model is reduced to the intercept.

Selected model m is a model with hypotheses corresponding to the columns of
w® accepted, where

i = argmin GICj.
0<i<p—1

The dominating operation in each of p steps of the described procedure is the
QR decomposition of the model matrix. Hence, the time complexity of stepDMR
algorithm is O(np?).

4 Asymptotic properties of DMR algorithm

We first introduce some notations. In this section we use a simplifying notation
fn =< gn which corresponds to f, = o(gn). We allow the number of predictors p,,
to grow with the number of observations n under the condition p,, < n.

1.

We distinguish the following subsets of the set of all feasible models M:

Full model f, which is a model without constraints.
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2. Uniquely defined model ¢, which is minimal among true models in the sense of
inclusion defined in Definition 3 and is fixed and does not depend on sample
size. We assume that the model consists of a finite number of continuous
variables and a finite number of factors with finite numbers of levels.

3. A set My of models with one false elementary hypothesis accepted:
My ={mCf:im|=|f|—-1and ¢t £ m},
4. A set M7 of models with one true hypothesis accepted:
My ={m C f+|m| = |f| - 1and t C m}.
Theorem 1. Let us denote

d, = min BT XI(I— H,,) X,
meMy
where X; is the model matrix of the true model t with appropriate columns of
the full model matriz X deleted or merged, 3, € Rl is the parameter vector of t
and H,, is the hat matriz corresponding to model m. Assuming that X is of full
rank p,, where p, < r, <n and p, < d, we have
lim P(m =1t) =1,
n—oo
where m is the model selected by DMR procedure from Section 3.1, where the

linkage criterion for hierarchical clustering is a convexr combination of minimum
and mazximum of the pairwise distances between clusters.

Proof can be found in the Appendix B.

5 Measures of performance and quality of selection

5.1 Measures of performance

When performing simulations a researcher usually faces a problem of comparing
results with the underlying truth. Furthermore, one would like to have a measure
of performance which is more liberal than a binary response, whether the true
model was correctly identified or not. Traditionally for model selection with only
continuous predictors measures such as true positive rate (TPR) or false negative
rate (FNR) are used. In the literature [7], [5] a generalization to both continuous
and categorical predictors can be found.

True Positive Rate is the proportion of true differences which are correctly
identified, meaning ratio of the number of true elementary hypotheses which were
found by the selector to the number of all true elementary hypotheses.

False Negative Rate is the proportion of false differences which are correctly
identified, meaning ratio of the number of false elementary hypotheses which were
rejected by the selector to the number of all false elementary hypotheses.

However, measures defined in this way diminish the influence of the continuous
variables and factors with a small number of levels. As an example, consider
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a model with 5 continuous predictors and one factor with 5 levels. Then the
number of parameters for the continuous predictors is 5 and the number of possible
elementary hypotheses equals 5. The number of parameters for the categorical
variable is also 5, whereas the number of possible elementary hypotheses is (g) =
10.

Therefore, we introduce a different generalization of traditional performance
measures which treats the set of considered hypotheses as a linear subspace of the
parameter space. The new measures are functions of sizes of the true and selected
models. We consider two models: true model ¢ and selected model s.

Definition 5. Let us denote t N's = L(t) N L(s). Sensitivity coefficient is defined

as:
TP [tns]

T FN+TP [t

Specificity coefficient is defined as:

_ TN p—(t+IsI—[tNs])
FP+TN p— |t] '

Sen

Spe

However, in the article the attention is focused on values: 1— Sen and 1— Spe,
which correspond to the errors made by selector.

5.2 Measure of quality of selection

In all simulations described in the article we used BIC for model selection. One
can ask how much better than the other models the selected model is. An answer
to this question can be Bayes factors. Assuming uniform prior distribution on the
set of models and denoting data by D, the Bayes factor for the model m with
respect to the best model m (with minimum BIC) is expressed as

P(D|m)

BFm = SN~
P(D|m)

Approximate Bayes factors [11]
— 1
BF,, = exp(—ﬁ(BICm — BIC#))

are estimators of the quality of selection. Figure 3 illustrates an example of use of
approximate Bayes factors for this purpose.

6 Simulation study

In order to compare DMR algorithm with other methods of model selection simu-
lation studies were performed. All the simulations were conducted using functions
implemented in R package called DMR, which is available at the CRAN webpage:
http://cran.r-project.org/web/packages/DMR/index.html
The main function of the package is DMR, which enables choosing a method of
hierarchical clustering and a value of GIC penalty used by the algorithm. More-
over, other functions for extensions of DMR method such as stepDMR, which is
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based on recalculation of t-statistics in each step, and function DMR4glm for gen-
eralized linear models can be found. Functions roc and plot_bf can be used for
obtaining measures of performance and quality of selection described in Section 5.

In section 6.1 results regarding an experiment described by Bondell and Reich,
2009, [5] are presented. The data generated for the experiment consists of three
factors and no continuous variables. As a continuation, simulations based on data
containing one factor and eight correlated continuous predictors were carried out.
The results can be found in Section 6.2. In both experiments the complete linkage
method of clustering in DMR algorithm and BIC were used. Section 6.4 focuses
on comparison of this clustering method with others like single linkage and Ward’s
minimum variance methods. The last Section 6.3 refers to a real data example
where fuel consumption of cars was modeled. The data Cars93 comes from R
package MASS.

6.1 Experiment 1

The experimental model consists of three factors having eight, four and three
levels, respectively. The response y is generated from the model, which can be
formulated in two equivalent ways. The first one uses the notation from the model
formulation (1), the second one is an illustrative version, where we can see exactly
the partitions of factors.

y =Pooln + X101 + Xa2f2 + X3f3 +¢€
=21, + X1(0,-3,-3,-3,-3,-2,-2)T 4+ X5(0,0,0)T + X3(0,0)T + ¢
=Viag + Voas + Vaag + ¢
=V1(2,2,-1,-1,-1,-1,0,0)" +5(0,0,0,0)” + V3(0,0,0)" + ¢,

where X; equals V; with first column removed for i = 1,2,3 and ¢ ~ N(0,1,).
A balanced design was used with k& observations for each combination of factor
levels, which givesn =96 -k, k =1,2,4.

The data was generated 1000 times. In the simulation study we compared
four algorithms: DMR, stepDMR, CAS-ANOVA (R-code for CAS-ANOVA can be
found at http://wwwé.stat.ncsu.edu/ bondell/Software/
CasANOVA/CasANOVA.R) and stepBIC, which is a stepwise backward procedure
implemented in stepAIC function from R package MASS.

The results are summarized in Table 1. True model (TM) represents the per-
centage of time the procedure chose the entirely correct model. Correct factors
(CF) represents the percentage of time the non-significant factors were eliminated
and the true factor was kept. TPR represents the average percentage of true dif-
ferences found, whereas FNR represents the average percentage of false differences
which were correctly identified. 1-Sen and 1-Spe are defined according to Defini-
tion 5, MSEP stands for mean squared error of prediction for new data and MD
is mean dimension of the selected model, both with standard deviations.

The results of Experiment 1 indicate that DMR, algorithms performed at least
twice better than CAS-ANOVA in terms of choosing the true model. Our proce-
dures chose approximately smaller models with dimension closer to the dimension
of the underlying true model, whose number of parameters equals three. There are
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no significant differences between mean squared errors of prediction for all consid-
ered algorithms. The main conclusion, that DMR procedures choose models which
are smaller and closer to the proper one, is supported by the obtained values of 1 -
sensitivity and 1 - specificity, which indicates smaller errors made by our methods.

Table 1: Results of the simulation study, Experiment 1.

n Algorithm TM CF TPR FNR 1-Sen 1-Spe MSEP (+sd) MD (#+sd)
96 DMR 44 74 96 88 1 .08 1.08+.17 3.5+.7
stepDMR 44 74 96 88 1 .08 1.08+.17 3.5+.7
CAS-ANOVA 16 82 97 7 .06 2 1.09+.17 4.8+1.7

stepBIC 0 97 100 52 0 .51 1.08+.16 8.1+.4

192 DMR 67 83 99 93 .03 .04 1.03£.11 3.3+.6
stepDMR 67 83 99 93 .03 .04 1.03£.11 3.3+.6

CAS-ANOVA 32 92 100 86 .01 13 1.05+.11 4.3£1.3
stepBIC 0 99 100 53 0 .5 1.04+.11 8 £.2

384 DMR 77 88 100 96 0 .03 1.02+.07 3.3+.5
stepDMR 76 88 100 96 0 .03 1.02+.07 3.2+.5
CAS-ANOVA 49 97 100 91 0 .08 1.03£.08 3.8%1
stepBIC 0 99 100 53 0 .5 1.03+.07 8§ £.2

In Figure 3 an exemplary run of DMR algorithm is illustrated. Each row of
the figure corresponds to a model on the nested path of models searched through
by the algorithm. The left panel shows consecutive partitions of factors on the
path of the algorithm: in the first row there is the full model, the last row shows
the model containing only intercept. The true model is

t= (P ={{1,2},{3,4,5,6},{7,8}}, P, = {1,2,3,4}, P; = {1, 2,3}).

Bold dotted horizontal lines represent the final cut (a model with minimal BIC)
of DMR algorithm. One can see that the best partition of the first factor consists
of three groups, exactly the same as in the true effect vector, second and third
factors are removed from the model.

The right panel of the figure shows approximate Bayes factors for models on
the path. Two vertical lines represent the values of % and %, which correspond to
the Jeffreys scale [11] for interpretation of Bayes factors. We can see that there is
at least substantial evidence to use the chosen model (with minimal BIC).

In Table 2 the results of computation times for several algorithms are sum-
marized. All values are divided by the computation time of 1lm.fit function,
which fits the linear model with the use of QR decomposition of the model matrix.
The results for CAS-ANOVA are given only for one value of A. By default, the
searched lambda grid is of length 50. Hence, DMR is several hundred times faster
than CAS-ANOVA.

6.2 Experiment 2

In the second simulation study a model containing not only categorical predictors,
but also continuous variables is considered. The response y is generated from the
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Partitions Approximate Bayes Factors
1 2 3 4 6 7 1 2 3 4 1 2 3 14
12 3 4 6 7 12 3 4 12 3 214
11 2 3 4 a4 6 1 2 3 4 1 2 3 3 ,*
11 2 3 4 a4 6 12 3 2 12 3 4 —*
11 2 3 4 4 6 12 3 2 12 2 sk
11 2 3 4 4 6 12 1 2 12 2 64
11 2 3 4 4 12 1 2 12 2 71k
11 2 3 2 2 4 a4 12 1 2 12 2 8 —*
11 2 2 2 2 3 3 12 1 2 12 2 o *
11 2 2 2 2 3 3 11 1 1 12 2 104w
11 2 2 2 2 3 3 11 1 1 11 1 114 7_:::1:::;,(
112 2 2 2 2 2 11 1 1 11 1 124w
1111 1 1 1 1 11 1 1 11 1 1344

T T T T T
0.2 0.4 0.6 0.8 1
BF

Figure 3: An example run of DMR algorithm with Bayes factors.

Table 2: Computation times divided by the computation time of 1m.fit.
k n DMR CAS-ANOVA

1 96 35 122
3 288 15 45
21 2016 4 24

model:

y =Voap + Vian +¢
:VO(la 07 17 Oa la Oa 17 O)T + Vl (07 07 _25 _27 _25 _27 47 4)T + g,

where Vy was generated from the multivariate normal distributions with autore-
gressive correlation structure with p = 0.8. The first 2 - 16 - k£ observations come
from a distribution with mean vector (1,1,0,0,0,0,0,0)7, then 4 - 16 - k observa-
tions with mean vector (0,0,1,1,1,1,0,0)7 and the last 2- 16 - k observations with
mean vector (0,0,0,0,0,0,1,1)7, according to the underlying true partition of the
factor, k = 1,2,4, hence n = 128 - k. V; is matrix of dummy variables decoding
levels of the factor and ¢ ~ N(0,1,,).

Table 3 shows the results of simulation study. The data was generated 1000
times. As in Experiment 1 we compared four algorithms: DMR, stepDMR, CAS-
ANOVA and stepBIC. Despite the additional continuous correlated variables the
obtained results show a considerable advantage of DMR algorithms over other
methods.

Note that in both Experiment 1 and Experiment 2 DMR algorithm having
lower time complexity performed comparatively to stepDMR.
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Table 3: Results of the simulation study, Experiment 2.
n Algorithm TM 1-Sen 1-Spe MSEP (+sd) MD (+sd)

128 DMR 69 0 .05 1.08+.14 7.4+.7
stepDMR 68 0 .04 1.08+.14 7.4£.6
CAS-ANOVA 15 .09 31 1.11+.15 9.241.7
stepBIC 0 0 .58 1.11£.15 12.2+4

256 DMR 82 0 .02 1.03£.09 7.2£.5
stepDMR 81 0 .02 1.03£.09 7.2£.5
CAS-ANOVA 27 1 .25 1.05+.1 8.5+1.4
stepBIC 0 0 .7 1.04+.1 12.1£.3

512 DMR 86 0 .02 1.02£.06 7.1+£4
stepDMR 86 0 .02 1.02£.06 7.1+£4
CAS-ANOVA 43 .12 2 1.03+.06 7.9+1.1
stepBIC 0 0 .56 1.03+.06 12 £.3

6.3 Real data example, Cars93

The data Cars93 used in this example comes from R library MASS. 81 observations
of 7 categorical and 15 continuous predictors are given. The logarithm of fuel
consumption is under investigation. The factors are: presence of airbags, number
of cylinders, drive train, availability of manual transmission version, origin, number
of passengers and type. The continuous variables are: fuel tank capacity, length,
logarithm of engine size, maximum horsepower, logarithm of engine revolutions
per mile, luggage capacity, price, rear seat room, revs per minute at maximum
horsepower, U-turn space, weight, wheelbase and width. These give 16 and 13
parameters respectively.

Model selection was performed using four methods: DMR, stepDMR, CAS-
ANOVA and stepBIC. Characteristics of the chosen models are shown in Table 4
with results for the full model added for comparison. Figure 4 illustrates partitions
of factors in the model selected by DMR procedure. From the set of continuous
variables weight, wheelbase and logarithm of engine size were chosen.

Table 4: Cars93 data analysis results for different selection methods.
Approximate Bayes factors calculated with respect to model chosen by stepDMR.

Selection Number of R? BIC Bayes

method parameters factor

Full model 31 92 -83.7 2.7-10716
DMR 11 9 -152.7 0.27
stepDMR 11 9 -155.3 1

CAS-ANOVA 4 8 -130.5 4.1-1076

stepBIC 14 89 -133.8 2.1-107°

We can conclude that DMR procedures chose much better models than other
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compared methods in terms of BIC. Approximate Bayes factors for the full model
and models chosen by stepBIC and CAS-ANOVA indicate the decisive evidence
in favor of the model chosen by stepDMR according to Jeffrey’s scale for interpre-
tation of Bayes factors [11].

Type AirBags DriveTrain
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Figure 4: Partitions of factors for the model selected by DMR procedure for
Cars93 data.

6.4 Clustering methods

DMR algorithm uses hierarchical clustering for generating a path of nested mod-
els. There is a wide spectrum of hierarchical clustering methods available in the
statistical software. In order to compare some of them a simulation study was
conducted. The results are summarized in Table 5. One can see that method
complete gives the most stable results, therefore we decided to use it in simulation
studies described in the article.
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Table 5: Comparison of clustering methods for DMR algorithm for data as in
Experiment 1.

n  Method TM 1-Sen 1-Spe MSEP (4sd) MD (4sd)
96 complete 44 A1 .08 1.09+.17 3.0+.7
single 36 12 .09 1.10+.18 3.6+.9
Ward’s 44 A1 .08 1.094+.17 3.5+.7
192 complete 67 .03 .04 1.03+.11 3.3+£.5
single 65 .03 .04 1.03+.11 3.4+.6
Ward’s 67 .03 .04 1.03+.11 3.3+.5
384 complete 78 0 .02 1.01+.07 3.2+.5
single 80 0 .02 1.01+.07 3.2+.5
Ward’s 78 0 .02 1.01+.07 3.2+.5

7 Conclusions

In this article novel methods of linear model selection combining deleting contin-
uous variables with merging levels of factors were proposed. Both of them are
based on ordering elementary hypotheses using squared t-statistics and choosing
the best model according to GIC in the nested family of models.

We showed by simulations that DMR algorithms work well for small data sets.
In comparison to other methods they gave much higher rates of choosing the
true model. The time complexities of the algorithms are O(np?) and O(np?) for
DMR and stepDMR respectively. In the simulations the algorithms worked several
hundred times faster than for example CAS-ANOVA algorithm. For large data sets
some asymptotic results were obtained. We proved that even under assumption
that the number of predictors grows with the number of observations, p, — oo,
DMR algorithm is consistent.

Furthermore, a generalization of traditional measures of performance was in-
troduced. These measures do not diminish the influence of factors with a small
number of levels and continuous variables.

As a future work we plan to generalize the methods on several classes of models
such as linear models with p,, > n, Generalized Linear Models and Cox models for
survival data.
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Appendix
A Calculation of RSS for model with linear constraints

Let us consider a linear model:

y=XpB+¢
{Aoﬂ:C, (6)

where Ag is a (p — ¢) X p given matrix and c is a given vector of length (p — q),
which define a linear subspace of parameter space RP described by a set of linear
hypotheses concerning the vector of parameters 3. The objective is to calculate
residual sum of squares ||y — XﬁCH , where 5C is an estimator of the parameter
vector 8 with given constraints.

The following QR decomposition is performed

X =Q,R

where @), is n x p orthogonal matrix and R is p X p upper triangular matrix. Let
us denote S = R™TAl', then

Y = Rﬁ +@Qpe
STRS =
and after substitution we get
z2=9+n
{ UTWT q’y =c, (7)

where W,_, and U are respectively px (p—¢q) orthogonal matrix and (p—q) x (p—q)
upper triangular matrix from the QR decomposition of matrix S. If we denote

T
W,_,v = v-T
and
W= [quwpfq]a

where W, is an orthogonal complement of the matrix W,_,, then equation (7)

becomes . - -
{qu:Wq’y—i—an

e= Wp@ o
Therefore an unbiased estimator of v with constraints satisfies the following equa-
tion .
W, z ~
Mar | =, ®

multiplying (8) by W, we obtain
WquTz + Wy_ge =7,

then R
(I, = Wy gW,_ )2 + Wy_ge = 7. = RB,.
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The residual sum of squares for the model with linear constraints (6) can be written
as

ly = XBel* =1Qpy — RBe|* = [[Wyp—gW,_g2 — Wy—gell?
T 2 — T 2 (9)
:”Wpfqz - 6” = Z(wz z = ei) )

i=1

where w; is the i-th column of matrix W,_,. Hence, for each additional hypothesis
the residual sum of squares can be easily calculated from equation (9).

B Proof of Theorem 1

Lemma 1 (Klotz [12] Section 14.3). Solving an optimization problem:

By = arg min lly — XB||%, where AgB = 0 yields
B

Bo=B— (XTX) AT (Ag(XT X)L AT) 1 A0,
where B = (XTX)"1XTy.
Let us denote the following matrices:
H=X(XTx)"1xT
Hy=X(XTX) AT (Ag(XTX) AT T Ap(XTX) 1 XT
which are matrices of orthogonal projections and matrix
Hy = 2,(Z72) 1 27 = x AV (A xTx A1 AT X7
Note that X3y = (H — Ho)y.
Lemma 2. H; is a matriz of an orthogonal projection and
H, = H — Hy.
Proof. Note that

(XTX) 1= (ATATTXTXA A=A A TXTXA ) 1AT,

hence
(AO(XTX)_lAg)_1 :(AoA_l(A_TXTXA_l)_1A_TAOT)_1
-1
110 _
~|lo1j@m 23] =@
where
_ G11 G10 _ Z,1TZ1 ZlTZO 7T -1 _ Gll Glo
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and
H=XXTx)"'xT
XA ATTXTXA Y ATTXT = 2(Z27 7)1 727
We have also that
Ao XTX)IXT = AgA 1 (2T 2) P A™TXT = AgA~ Y (2T 2) 71 27,
then
Hy =X(XTX) ' AT(G") T Ap(XTX) 1 XT

=z(z"Z)7! H] (G Mo 1) (z72)"'Z"

_ GlO GOO —1G01 GlO
:| (GOO) 1 [GOl GOO ] ZT _ Z[ ( GO)I G00:| ZT.

Using above results we get

10((00\—1 01 10
H—HO—Z(ZTZ)lzT—Z[G @) ¢ ¢ }ZT

GOl GOO

Gll _ GIO(GOO)flGOI 0 ZT

—Z, (G — GP(GO0) g 2T
From the definition of H;
Hy =228 2,)' 2] = Z,(Gni) 1 2] (10)
and from Schur complement for matrix G~! we have
(G11)~t = G — G1O(G0)~1 G0t
O

Hence, the predictions for constrained problem can be obtained through pro-
jecting the observations on the space spanned by columns of the model matrix for
the equivalent unconstrained problem.

B.1 RSS lemmas

Lemmas concerning dependencies between residual sums of squares have similar
construction to those described by Chen and Chen, 2008 [13].

It follows from Lemma 2 that for each feasible model m a hat matrix H,, can
be obtained according to equation (10), so that residual sum of squares for model
m is defined as

RSS, = |ly — Huyl?
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and can be decomposed into three parts
RSSm = |y — Huyll” =(XeBs + )" (L= Hy)(XiB; +€)
=BEXT (M — H,) X8 +28F XTI — H,,)e + e Hype.
When t C m we have H,, X; = X; and
RSSy, =" Hpe.

Lemma 3. Assuming p, < n andr, is a sequence of real numbers so that p,, < ry,

then
RSSt Tn
<

RSS; T

log

which signifies lim,,_,oo P <log ggg; < m) =1.

Proof. Note that
RSS; RSS; — RSSy Dn

S 22T TOF g P
RSS; ' RSs; o

where
W, — el (Hy — Hy)e n
ef(I—-Hy)e pn

From Lemma 2, Hy — H; is matrix of an orthogonal projection with trace p,, — |t|,
therefore ¢y = e”(Hy — Hy)e ~ 0®x2 _, and ¢y = " (I - Hy)e ~ o?x;,_, , we

get
2 _ 4 _
E (%) _ =) (?h) _ 20 (pn2 1t])
Pn Pn Pn b

and either if p, ——» oo then Var (wl) 27 0 and from Chebyshev’s inequality

wl 2% 52 in probability or if p,, is bounded, then ﬂ is bounded in probability.
Analogously for 1o we have

n2

n—oo

and since p, < n from Chebyshev’s 1nequahty 2%, 52 in probability.

Therefore W,, = Op(1) and ggg’ =1+ Op(’”‘). Hence
RSS; Pn pn Pn rn
1 =1 1+—W, )< —W, =0 —
Og(RSSf> og( + n ) n P <p n’

Lemma 4. Assuming that p, < d,, we have for all m € My, and all 6 > 1

1 RS Sm >pl 1+ dn
%8\ RSs, ) =P8 so2-n)’

where d,, = min,enmy, BE XE (L — Hyp) X1t
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Proof. Using the fact that

T —
%RSStZE (]I Ht)€

=g’ 4+ op (1)
and denoting

where dp,, = B XE M — Hy) X Bty Zom = 28F XE (L — Hy,)e, Wiy = e Hye and
Wi = €L Hpe.
Note that

dnm Z dn; an ~ N(O7402dnm)a Wnt ~ JzX‘Qﬂ and an ~ O—QX?)”—l'

Wim

dnm

Using assumptions, 5""”, % and either are bounded in probability if p,, is

nm

bounded or if p, “—— 0o are Op (1) from Chebyshev’s inequality.
Henceforth we have

RSS,, — RSS; = dym, (1 4 Lo W W’“”) = dum (1+0p(1)).

dnm dnm dnm

As a result
o RSS,, 1o [ 1 RSS,, — RSS;
®Rss, — % n 55

dnm d”
=log (1 + . (1 + Op(l))) >p log (1 + 602n) for 6 > 1.

O
Lemma 5. Assuming that r, <n for all § > 1 we have
dn, .
< .
s (log RSS,.) +log <1 + 602n> <p min (108 RSS.n)
Proof. Let us denote a = log (1 + Jggn), then from Lemma 4 we get
= < 1 -
e, <log RSSm) +a=logRSS, +a<p min logRSS, —ata
<p min (log RSSm).
t¢mCM
O

Corollary 1. From Lemma 5 and properties of residual sum of squares, we have
with probability tending to 1 the following order of models RSS:

RSSy < max RSS,, < max RSS,,

iml=If|=1, tCm " " |m|=|f]-2, tCm
<...< max RSS,, < RSS; <p min RSS,, 11
Im|=[t|+1, tCm |m|=|f|-1, t¢m (11)
< min RSS,, <...< min RSS,, < min RSS,,.
|m|=|f|-2, t€m |m|=2, tZm |m|=1
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Note that since |t| < oo, there is a finite number of models bigger and having RSS
not greater than the true model t.

Corollary 2. Since models from My, and M+ have the same number of param-
eters, we have

GIC(t) <p max GIC(m)<p min GIC(m).

meM meMy

where the left inequality follows form Lemma 3 and right inequality from Lemma
5.

Corollary 3. For every step of a backward stepwise elimination algorithm, if the
true model t is on the path searched through, the inequality from Corollary 2 is
preserved. Hence, GIC is a consistent model selection criterion.

B.2 Ordering of squared t-statistics

Lemma 6. Suppose Mgy = M+ UMy is a set of all models of size |f| — 1. For
each m € M, which corresponds to one elementary hypothesis,

RSS,, — RSS;

2 _ _

where Ty, is t-statistic for the full model with hypothesis h : A8 = 0, where Ag
is 1 x | f| matriz.

Proof. From Lemma 1

RSS; — RSS,, = BTAT (Ag(XTX) AT Ay 3,

hence

o (AB? _ (AB? (40B)? _ RSS;—RSS,,

" Var(40B)  AgVar(B)AT 72 A(XTX) AT 2
where 52 = Sf‘sff‘ O

Corollary 4. It follows from Lemma 6 that the ordering of models m € My
with respect to squared t-statistics is equivalent to ordering them with respect to
the values of residual sum of squares for these models.

Corollary 5. It follows from Corollary 1 and Lemma 6, that for sufficiently large
n we have
iy, T <p e <e iy T
where ¢ 1s a positive constant.
In order to prove that hierarchical clustering implies the proper order of ac-

cepting elementary hypotheses, in the sense that the true hypotheses preface false
ones, let us introduce some notations.
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Let 7 stand for a set of all true elementary hypotheses and V for a set of
all false elementary hypotheses. Suppose that Uls) UQS), LU (‘:) are clusters of
levels of a factor given by the s-th step of hierarchical clustering. 61 , . Bks
correspond to the common value of the parameters for the factor levels for the

clusters. We assume that each Bi(s) is defined as the parameter for the level with
the smallest index in the cluster.

Lemma 7. In each step of hierarchical clustering in DMR algorithm the recalcula-
tion of dissimilarity matriz using linkage criterion, which is a convex combination
of minimum and maximum of the pairwise distances between clusters, preserves
the inequality:

max (UZ(1 ),U( )) <pc<p min (Ul(lé), U(6)> ,
(8)=preT {8=83)rev

where d is the dissimilarity measure and ¢ > 0.

Proof. By induction: for s = 1 the inequality is preserved from Corollary 5 and
the hypothesis with the smallest value of squared t-statistic is accepted. Let us
assume that the inequality is also preserved for step s.

If s+ 1 > |T] all true hypotheses are already accepted, so the inequality holds
trivially for all following steps.

If s+ 1 < |T| the algorithm of clustering chooses the hypothesis with minimal
value of dissimilarity measure to accept. Suppose that this hypothesis has a form

(s) _ g(s)
By =B,

From the previous step s we know that this hypothesis is true. The dissimilarity
measures between the new merged cluster and every other cluster Ui(:) have to be
recalculated. We have two cases:

1. If 51'(;) = ﬁi(f) is true then from transitivity ﬁi(;) = ,Bi(;) is also true, hence

d (U(S) U S’) —d¥ <pe

1311
a(U,ul) =ds), <pe

so the convex combination of these two values is smaller than c:

d ({Uz(l )7 U( )} — U’(ﬁ—‘rl)7 UZ(S) _ U(S+1))

J2
— o -min (dz(:“, dgszz) (1 - a)-max (dgzl, d5§22> <pc

for each « € [0,1].

2. Analogously if ﬁfj) = ﬂz(ls) is false the convex combination of these two values
is greater than c:

({U( s) U( )} _ U(s—‘rl) U(s) _ U(s—&-l))
i1 0 » Vi

J2

=a- mln(d() d())+(lfa)~max(d(s) d()>>p0

23117 71312 13117 71312
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for each o € [0,1]. Note that linkage criteria: single, complete and average
are a convex combination of minimum and maximum of the pairwise distances
between clusters.

O

Proof of Theorem 1. Tt follows from Corollary 5 and Lemma 7 that for suffi-
ciently large n on the path of models generated by DMR algorithm models with
only true hypotheses accepted preface models with at least one false hypothesis
accepted. Hence the true model ¢ is on the path searched through. Therefore, from
Corollary 3 we have that DMR algorithm is a consistent model selection method.
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