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ABSTRACT

Model-Free Descriptive Modeling for Multivariate Categorical Data
with An Ordinal Dependent Variable

MAY 2021

Li WANG, B.S., IOWA STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Daeyoung Kim

In the process of statistical modeling, the descriptive modeling plays an essential
role in accelerating the formulation of plausible hypotheses in the subsequent explanatory
modeling and facilitating the selection of potential variables in the subsequent predictive
modeling. Especially, for multivariate categorical data analysis, it is desirable to use the
descriptive modeling methods for uncovering and summarizing the potential association
structure among multiple categorical variables in a compact manner. However, many clas-
sical methods in this case either rely on strong assumptions for parametric models or be-
come infeasible when the data dimension is higher. To this end, we propose a model-free
method for the descriptive modeling to delineate and quantify the association structure be-

tween an ordinal dependent variable and a set of categorical independent variables in a

vi



multi-dimensional contingency table.

The proposed method consists of four components: subcopula score, subcopula re-
gression, subcopula regression based association measure and its (sequential/non-sequenti-
al) decompositions. The subcopula score is a data-dependent scoring method for an ordinal
variable reflecting the ordered nature of its categories. The subcopula regression leverages
the subcopula scores to identify the association structure between the ordinal dependent
variable and a set of categorical independent variables. The subcopula regression based as-
sociation measure exploits the subcopula regression to quantify the strength of the associ-
ation structure in a model-free manner. The sequential and non-sequential decompositions
of the proposed association measure evaluate the contribution of the subsets of indepen-
dent variables to the overall association in various forms such as marginal, conditional,
interactive and correlative association.

We first study the theoretical properties of the subcopula score, subcopula regres-
sion, subcopula regression based association measure and its (sequential/non-sequential)
decompositions. Next we develop the statistical inference for the proposed method includ-
ing point estimation, (asymptotic/bootstrap) confidence intervals and permutation based
hypothesis testing. Then we examine the finite-sample properties of the proposed overall,
marginal and conditional association measures in multi-dimensional contingency tables.
Finally, we demonstrate the potential use of the proposed method in real-world applica-

tions.
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CHAPTER 1

INTRODUCTION

Ordinal data has been playing a fundamental role in many application areas. It has
been widely adopted in social sciences for measuring attitudes and opinions. For example,
each individual in a social science survey could be questioned for the opinion on whether
tech companies respect or disrespect customers’ privacy with the ordered categories such
as the Likert scale (e.g. “strongly disagree”, “disagree”, “neural”, “agree” and “strongly
agree”) (Likert, 1932). Ordinal data is also commonly found in the study of medicine and
public health. For example, each subject in a medical test could be asked to report the
severity of migraine before and after taking some drug with the categories such as “none”,
“mild”, “moderate” and “severe”. More scientific studies that heavily rely on ordinal data
can be found in the areas including biology, physiology, psychology, to name a few.

In practice, one of the main interests of analyzing ordinal data is to identify the
patterns of association between a set of dependent and independent variables. The ob-
servations on the ordinal dependent variables are usually collected with the observations
on the categorical independent variables and a contingency table can be used to display
the frequency (i.e the number of observations) for each combination of the categories of
the variables. Various methods have been developed as the tools of statistical modeling
for describing and measuring the association structure in the contingency tables with ordi-
nal dependent variables and some well-known references include Agresti (2002), Agresti
(2010), Liu and Agresti (2005), Beh and Lombardo (2014), Tutz (2011), Kateri (2014) and
Harrell (2015).



Generally, the entire process of statistical modeling starts with purpose establish-
ment, study design and data collection. Then it proceeds with data preparation, exploratory
data analysis, variable selection, methodology determination, evaluation and validation,
and model selection. Lastly, the whole process of statistical modeling ends with model
application and report. Each of the existing methods for contingency tables with ordinal
dependent variables introduced in the references above may be considered as one of the
following three types of statistical modeling tools, depending on the research purpose: de-
scriptive, explanatory and predictive modeling (Shmueli et al., 2010).

If the goal of the research is to explore and reveal potential association structures
among the variables of interest in a compact manner, then one should perform the descrip-
tive modeling to accurately capture the patterns of association in the data with minimal
assumptions. If the purpose of the research is to develop and test causal theories, then one
should conduct the explanatory modeling to justify how the factors measured by the set of
independent variables are able to result in the outcomes measured in the dependent vari-
ables. Finally, if the intent of the research is to forecast the events of interest in the future,
then one should adopt the predictive modeling to learn the underlying association structure
of the data at hand and infer the values of the dependent variables based on a new set of
values for the independent variables.

Although the (explanatory/predictive) modeling is the prime tool for the major steps
(e.g. methodology determination, evaluation and validation) in the process of statistical
modeling, its significance largely depends on the success of upstream steps especially
exploratory data analysis. The descriptive modeling lies at the heart of exploratory data
analysis consisting of various methods for visualization, dimension reduction and pattern
identification. It plays a crucial role in facilitating the formulation of plausible hypothe-
ses in the subsequent explanatory modeling or the selection of important variables in the
subsequent predictive modeling. An exercise of the techniques mentioned above has been

essential to many statistical learning problems nowadays because the number of variables



in the data sets for statistical learning is often as large as hundreds or thousands.

Several descriptive modeling techniques are available for multivariate continuous
data, e.g. Pearson’s correlation coefficient, principal component analysis, kernel density
estimation, smoothing splines and so on. For the contingency tables with ordinal variables,
the descriptive modeling can be the first and vital step to identify and quantify potential
association structures among the variables of interest before model-based methods are em-
ployed in the formal modeling step. For two- and three-dimensional contingency tables
with ordinal variables, a few methods are available, e.g. Kendall’s tau (Kendall, 1938),
Spearman’s rho (Spearman, 1904) and Goodman-Kruskal’s tau (Goodman and Kruskal,
1954), Gray-Williams’ index (Gray and Williams, 1981) and Marcotorchino’s index (Mar-
cotorchino, 1984a.,b,c).

To detect the potential association pattern for a contingency table, one may consider
using a model-based approach incorporating reasonable hypotheses of (in)dependence and
the predetermined scores for the ordinal variables. However, unlike a two-dimensional ta-
ble, there are more than one possible hypotheses of (in)dependence for a multi-dimensional
table. For example, for three, four and five-dimensional tables, there are 8, 113 and thou-
sands of hierarchical log-linear models with all the main effects included, respectively,
aside from non-hierarchical log-linear models (Guo and Thompson, 1989; Fienberg, 2007).
Note that the number of possible models of independence (both mutual and conditional in-
dependence) in a 10-dimensional table is 3,475,978, which is smaller than the total number
of different hierarchical log-linear models (Good, 1975). Given a large number of possible
(hierarchical/non-hierarchical) parametric models for a multi-dimensional table, it would
be very challenging to find a few subsets of parametric models that can be reasonably fit to
the data.

Given the importance of the explanatory data analysis to the statistical modeling
process, it is desirable to perform the descriptive modeling by making as few assumptions

as possible. To our best knowledge, however, there is a lack of a purely data-driven and



non-model based method for the descriptive modeling in the analysis of multi-dimensional
contingency tables. As a result, we propose a novel model-free method to identify and
quantify the interesting patterns of association between an ordinal dependent variable and
a set of categorical independent variables in a multi-dimensional contingency table. Here
we mean “interesting patterns of association” by the non-identically distributed patterns
associated with the dependent variable across different combinations of the categories of
the independent variables. The proposed method can also be used for the prediction of the
categories of the dependent variable and the variable selection for independent variables.
Note that the proposed method is completely model-free in the sense that it doesn’t require
any parametric assumptions or tuning parameters for studying the association structure in
the multi-dimensional contingency table with an ordinal dependent variable. Such a model-
free approach indeed empowers the method for efficiently and effectively discovering the
complex pattern of association in the multi-dimensional contingency table, which is desir-
able for the descriptive modeling.

The rest of this dissertation will consist of eight chapters organized as follows.
Chapter 2 will review existing scoring methods for ordinal variables and non-model based
measures for the association between the (nominal/ordinal) categorical variables in two-
and three-dimensional contingency tables. We will then discuss the limitations of existing
association measures which will motivate the development of the proposed methodology
in the dissertation.

Chapter 3 and 4 will propose the model-free descriptive modeling methodology for
studying the association between the ordinal dependent variable and a set of categorical
independent variables in a multi-dimensional contingency table. The proposed method-
ology will consist of three core components: subcopula scores, subcopula regression and
subcopula regression based association measure.

Chapter 3 will formally define the subcopula scores and subcopula regression func-

tion, and investigate their theoretical properties. A subcopula score is a type of numerical



representation of each category in an ordinal variable. It is the marginal cumulative proba-
bility evaluated at each category of a variable, which reflects the natural order of the ordered
categorical scale. Moreover, unlike the existing scoring methods, the subcopula scores pro-
vide a basis for coupling the joint distribution of the ordinal variables with their respective
marginal distributions. The subcopula regression function leverages the subcopula scores
to examine and capture the association structure between the ordinal dependent variable
and the set of categorical independent variables in a model-free manner. It calculates the
expectation of the subcopula scores of the dependent variable with respect to its condi-
tional distribution given the set of independent variables and predicts the category of the
dependent variable for a given combination of the categories of the independent variables.
The subcopula scores and subcopula regression function will be illustrated by a running
example.

Chapter 4 will define the overall subcopula regression based association measure
for the full-dimensional contingency table and its sequential and non-sequential decompo-
sitions. The subcopula regression based association measure, extended from the work of
Wei and Kim (2017) for two-dimensional contingency tables, is designed to represent the
average proportion of variance for the subcopula scores of the ordinal dependent variable
with respect to its marginal distribution explained by the categorical independent variables
in the subcopula regression. Therefore it is able to quantify the association between the
dependent variable and a set of the independent variables captured by the subcopula re-
gression. In this chapter, we will study the theoretical properties of the proposed overall
association measure. Note that it is applicable to not only ordinal independent variables but
also nominal ones.

We will also propose the sequential and non-sequential decompositions of the over-
all subcopula regression based association measure to uncover the different types of con-
tribution of each or a subset of independent variables of interest to the overall subcopula

regression association measure based on the entire set of independent variables. To this



end, we will define the marginal, conditional, interactive and correlative association mea-
sures to quantify the explanatory power of a subset of independent variables of interest in
a model-free manner. In addition, the theoretical properties of both decompositions will be
investigated for three-dimensional contingency tables first and then they will be extended
to multi-dimensional cases. They will also be illustrated by the same running example used
in Chapter 3.

Chapter 5 will develop the statistical inference of the model-free descriptive mod-
eling methodology proposed in Chapter 3 and 4. We will first present the estimation for the
proposed subcopula score, subcopula regression function and its application to the predic-
tion of the categories of the dependent variable. Then both of the point and interval estima-
tion will be provided for the overall subcopula regression based association measure, and
the marginal, conditional, interactive and correlative association measures appearing in the
sequential and non-sequential decompositions of the overall association measure proposed
in Chapter 4. Furthermore, we will propose using the permutation test to assess the statisti-
cal significance of the estimates of the overall association measure and its decompositions
of interest.

Chapter 6 will conduct simulation studies to examine the finite-sample performance
of the proposed overall association measure and its decompositions under various condi-
tions of multi-dimensional ordinal contingency table. We will also compare the perfor-
mance of the overall association measure with an existing non-model based association
measure in terms of the sensitivity to the number of categories in the dependent variable.
It will be shown that the proposed association measure is insensitive to the increase of the
number of categories in the dependent variables.

Chapter 7 will demonstrate the applicability of the proposed model-free methods
to real data sets with different focuses. First, the intent of the use of the two-dimensional
ice cream data set (The Ice Cream Study at Penn State, 2012) is to demonstrate the capa-

bility of the proposed method to identify and quantify the non-monotone (i.e. quadratic)



association between two ordinal variables. Next, the purpose of the adoption of the three-
dimensional acute migraine data set (Vandenhende and Lambert, 2000) is to evaluate the
ability of the proposed method to measure the strength of the overall, marginal, condi-
tional, interactive and correlative association between the dependent variable and two in-
dependent variables through the proposed association measures. Similarly, the goal of the
analysis of the nuclear accident data set (Fienberg et al., 1985) is to further assess the abil-
ity of the proposed method to identify and quantify a potential time-dependent association
structure in a five-dimensional contingency table. Such capabilities will be confirmed re-
spectively by comparing the results discovered by the proposed model-free method to those
found by the existing parametric models designed exclusively for the acute migraine and
nuclear accident data sets. Finally, the purpose of applying the proposed method to the
nine-dimensional post-operative patients data set (Budihardjo et al., 1991) is to display the
viability of the proposed method on the variable selection problem for a multi-dimensional
contingency table which is regarded critical in statistical learning.

Finally, Chapter 8 will summarize the contribution of this dissertation and discuss

future research directions.



CHAPTER 2

LITERATURE REVIEW

In this chapter, we will first present some commonly used scoring methods to nu-
merically represent the ordered categories of ordinal variables for subsequent statistical
analysis. Then we will review several classical non-model based association measures for

two- and three-dimensional contingency tables, and discuss their limitations.

2.1 Score assignment for ordinal variable

In the analysis of ordinal data, it is well known that utilizing the ordering informa-
tion in the ordinal variables results in more powerful inferences than ignoring it. Thus, one
of the primary steps towards the analysis of ordinal data is the conversion of the categories
of an ordinal variable into numerical scores that reflect the natural ordering of the cate-
gories. Note that a scoring method is considered to be a basic tool to describe marginal and
conditional distributions of ordinal variables.

Many scoring methods have been proposed to systematically assign numerical scores
to the categories of an ordinal variable. In particular, they can be classified into three types:
preassigned scores, distribution-based scores, and optimal scores (Thomas and Kiwanga,
1993).

Methods of preassigned scores are simple but often involve some degree of arbitrari-
ness or subjectiveness in score assignment. One of the commonly used preassigned scoring

method is the equal-space score assigning {1, ..., I} to the I categories of an ordinal vari-



able and it is considered to be an adequate system of preassigned scores for the purpose
of data exploration (Box and Jones, 1986). However, if the inter-category distances vary
throughout all the categories, additional cares must be taken in formal statistical modeling.

Methods of distribution-based scores rely on the proportions of an ordinal variable
or its pre-assumed underlying continuous distribution. They are usually preferred to the
methods of preassigned scores when the inter-category distances are different. Bross (1958)
introduced a data-driven scoring method by averaging the cumulative proportions of two
adjacent categories of an ordinal variable, which is called the Ridit scores. To be specific,
let X be an ordinal variable with I categories. The i-th category of X is denoted by x; with
pi = P(X = a;) for 1 < i < I. Then the Ridit score for the i-th category of X is defined

to be

i—1

1 Fi 1+ F;
S?:Zpk‘Fﬁpi =75
k=1

where Fy = 0, F; = 1 and F; = P(X < x;) is the cumulative proportion at x;. Note
that the Ridit scores have the same ordering as the original categories x1, ...,z and its
expectation with respect to py, ..., pr is Zfil sPp; = 0.5. In addition, there is a linear re-

lationship between the Ridit score and another widely used scoring method called midrank

(Agresti, 2010, p. 11):

sM =nsft 405,
where 7 is the total number of observations and s is the midrank for the i-th category of

X given as

(S 1)+ T o
7 2 °

Note that, if two adjacent categories z;_; and z; are combined into a new category x;,



then the Ridit score and midrank, s and s}, for the new category are equal to s — Ip;_;

and SZM — $pi—1 while the Ridit scores and midranks for the other categories of X' remain

unchanged. In addition, if the ordering of the categories of X is reversed, then the Ridit

R

score for the i-th category of X becomes 1 — s;*.
In spite of the comprehensible definitions and properties of the Ridit score and
midrank, Mantel (1963) and Chen and Wang (2014) argued that when the adjacent cate-
gories of an ordinal variable have low probabilities of occurrence, they will receive the sim-
ilar Ridit score or midrank even if they may represent distinct states. In particular, Chen
and Wang (2014) pointed out that Ridit score or midrank may degrade further statistical
analysis if the ordinal variable has a skewed and/or imbalanced distribution (i.e. the obser-
vations in some categories greatly outnumber those in the others). Specifically, the Ridit
scores or midranks for the categories with few observations tend to be indistinguishable.

One way to relieve this issue is to assume a pre-determined latent continuous dis-
tribution underlying the ordinal variable and then assign scores to the categories through
the inverse of the distribution function. As a consequence, the scores for the categories
with few observations in a (skewed/imbalanced) distribution can be more separated. For
example, suppose that ®(-) is the cumulative distribution function (c.d.f.) of the standard
normal distribution underlying an ordinal variable X and let s denote the score for the
1-th category of X obtained from the assumed latent standard normal distribution. Then
st = 7 1(sF) or s = ®~1(sM) is derived from the Ridit score or midrank for the i-th
category of X (Agresti, 2010, p.11).

To generalize the idea of using the underlying continuous distribution in the score
assignment for ordinal variables, Fielding (1993) and Chen and Wang (2014) invented
similar scoring methods based on the conditional mean of a category of the ordinal variable
X by assuming it is generated from some continuous distribution whose parameters are
known. Let GG denote the latent c.d.f. of X and g is the corresponding probability density

function (p.d.f.). Then the respective scores for the i-th category of X proposed in Fielding
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(1993) and Chen and Wang (2014), denoted by siF and sic, are defined to be

G71 Fi 3 _
fG_l(%ijl)wg(w)dw B fg,lG Hw)dw

sF=s¥ = B(X*|zi1 < X* < xy) =
pi Di

2 3

where X * is the continuous latent variable underlying the ordinal variable X with the finite

E(X*). Note that, if X* is the continuous uniform random variable over [0, 1], then s/ =

Cc _

s¢ = sf for the i-th category, z;, of X.

Methods of optimal scores determine the numerical value assigned to each category
of an ordinal variable by minimizing the difference between the proportions of an ordinal
variable and its pre-specified latent distribution. Note that they can incorporate the other
two types of scoring methods. For example, Brockett (1981) designed a method named
conditional median score. Let G and H denote the latent cumulative distribution function
with known parameters and the empirical cumulative distribution function of X such that
H(sP) = F,, respectively. Then the score for the i-th category of X, s? = G7!(sf)

i i
minimizes the distance d(H, G) = max; |H(s?) — G(s?)|, where s is the Ridit score for
the i-th category of X.

The existing scoring methods reviewed above share a common characteristic that
they determine the scores for an ordinal variable only in terms of its observable proportions
and the assumed latent marginal distribution without considering its relationship with the
other variables. In contrast, the score assignment method, proposed and discussed in Chap-
ter 3, will take into account the joint relationship among multiple categorical variables and
hence produce the scores of ordinal variables which will be a set of basis for uniquely con-

necting the multivariate joint distribution of multiple ordinal variables and their marginal

distributions.
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2.2 Non-model based measures of association

For the purpose of the descriptive analysis, it is essential to explore and identify
the association structure among the categorical variables using non-model based sum-
mary measures. In this section, several well-known non-model based association measures
will be reviewed for two- and three-dimensional contingency tables with symmetrical and
non-symmetrical association structures, and the limitations of those measures will be dis-
cussed. Note that by non-symmetrical association we mean that one variable is considered
as the dependent variable and the other(s) are treated as the independent variable(s), and by
symmetrical association we mean the mutually dependent relationship, not the dependent-

independent one.

2.2.1 Measures of association for two-dimensional contingency tables

In literature, several well-known non-model based measures were proposed to iden-
tify and measure the symmetrical and non-symmetrical association structure among the cat-
egorical variables in a two-dimensional contingency table, including Pearson’s chi-square
statistic (Pearson, 1900), Goodman-Kruskal’s gamma (Goodman and Kruskal, 1954), Ken-
dall’s tau-a (Kendall, 1938), tau-b (Kendall, 1945), Spearman’s rho (Spearman, 1904),
Goodman-Kruskal’s tau (Goodman and Kruskal, 1954), lambda (Goodman and Kruskal,
1954), Theil’s uncertainty coefficient (Theil, 1970) and Somers’ D (Somers, 1962).

To clearly present these measures in the following subsections, we define a two-
dimensional contingency table as follows. Suppose that X; = {x,,...,21,} and Xy =
{z29,,...,xa,} are two categorical variables in a two-dimensional contingency table with
I and J categories, respectively. Let p;; = P(X; = 21, Xy = xgj) and n;; denote the
joint probability mass function (p.m.f.) and the frequency associated with the i-th and j-th

category of X and Xy, (v1,,25;), wherei=1,... ., Tandj=1,...,J.
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2.2.1.1 Measures of symmetrical association

Pearson (1900) proposed the famous Pearson’s chi-square statistic for identifying
the existence of symmetrical association among the variables in a two-dimensional contin-

gency table:

where p; = Z}]:1 pi; = P(Xy = 21,),pj = S py = P(Xy = Ty,) and n =
S ijl n;;. Under the assumption that X; and X, are independent, i.e. p;; = p;p;
for every pair of (z1,, 7;), x? follows asymptotically the chi-square distribution with (I —
1)(J — 1) degrees of freedom as n — oo. In addition, x? ranges from 0 to n[min(7, J) — 1]
(Liebetrau, 1983, p.13), and it is equal to O if and only if X; and X5 are independent.

Besides detecting the existence of association among categorical variables, Pear-
son’s chi-square statistic also provides a critical basis for the development of other asso-
ciation measures to quantify the deviation of the dependence from the independence, such
as the log-likelihood ratio statistic G* (Wilks, 1935), Freeman-Tukey statistics T? (Free-
man and Tukey, 1950), Neyman’s modified chi-square statistic N? (Neyman, 1949) and the
modified log-likelihood ratio statistic M? (Kullback, 1997):

I J N I J
G2=2nZanln<p”)a T =t} > (Vi — VPiT)

piPj

i=1 j=1 i=1 j=1
I J I J
2 (pij — pipj)* 2 Pip;
N =Y PR a3 i (22).
i=1 j=1 Pij i=1 j=1 Pij

Like Pearson’s chi-square statistic, each of the statistics above follow asymptotically the
chi-square distribution with (I — 1)(J — 1) degrees of freedom, under the assumption of
independence (Beh and Lombardo, 2014, p.48). In addition, each statistic above is equal

to 0 if and only if X; and X, are independent. Furthermore, Cressie and Read (1984)
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proposed the power divergence statistic which unifies all the association measures above:

2n ! J pz‘j A
CRN = 307D ;;p” [(pm) B 1] '

It is easy to see that CR(1) = x?, CR(0) = G? CR(-0.5) = T? CR(-1) = M?
and CR(—2) = N?2. Note that CR(\) also follows asymptotically the same chi-square
distribution with (I — 1)(J — 1) degrees of freedom, regardless of \ (Garcia-Pérez and
Nuifiez-Anton, 2009). Cressie and Read (1984) suggested A € [0, 3/2] for lack of knowl-
edge of the true association structure among the categorical variables.

There are other well-known measures for symmetrical associations including Good-
man Kruskal’s gamma (Goodman and Kruskal, 1954), Kendall’s tau-a (Kendall, 1938),
tau-b (Kendall, 1945) and Spearman’s rho (Spearman, 1904). They are different from
Pearson’s chi-square statistic and related statistics reviewed above in that they are designed
to measure the association between two ordinal variables and use either the probabilities of
concordance and discordance between them or the scores for the categories in each ordinal
variable.

Consider that X; and X, are the ordinal variables in a two-dimensional contingency
table with the joint p.m.f. p;; and the ordered categories for X; and Xy, 7, < -+ < @y,
and x3, < --- < xy,. For two pairs (21,, 73,) and (z1,., Ty, ), they are called concordant if
x, < 1, (T1; > 71,.) and zp; < T, (o, > xgj*) or discordant if x1; < w1, (T1, > 71,,)
and xo, > T2, (g, < xgj*). Note that they are called fied on X, only if z;, = x;., on
Xy only if 2o, = T2,., O ON both X; and X if vy, = 21, and zy;, = T2 Then Goodman

Kruskal’s gamma, Kendall’s tau-a and tau-b are defined by

GK _ 4c—4d K qc — 44 K gc — 44

= ’Ta = ’Tb =
qec + 44 Qe+ qd +tay + oy + 1o 2y \/(qC + qq + t:q)(q(: + qq + t$2)

~
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where

I—-1J-1 I J -1 J I 7—1
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are the probabilities of concordance, discordance, ties on X; only, ties on X5 only and ties
on both X and X, respectively. Hence, v“¥ can be interpreted to measure the probabilis-
tic excess of concordance over discordance among the total of them (Somers, 1962). Note
that 75 and 75 are different from v“% by adjusting the total of concordance and discor-
dance with the ties on X, X, or both. Furthermore, the association measures WGK , Tf and
75 range from —1 to 1. Goodman Kruskal’s gamma and Kendall’s tau-b are equal to —1
or 1 when X5 and X has a perfectly negative (i.e. ¢. = t,, = t,, = 0) or perfectly positive
relationship (i.e. ¢4 = t,, = t,, = 0), respectively. However, Kendall’s tau-a cannot attain
—1 or 1, because it is not adjusted for the ties on both X; and X5 (Agresti, 2010, p. 189).
Finally, when X5 and X, are independent (and so ¢. = ¢,), they are all equal to 0.

Spearman (1904) proposed Spearman’s rho, an analogy of Pearson’s r (Pearson,

1895), based on the rank scores for two ordinal variables:

I J K r K . K JGK s
g Di=1 2 5=1 <3x1i —2im1 leiPZ) (Saszj — i szjpj> Dij

P = ,
I K I K 2 J K J K 2
Zi:l (smi - Zi:l 8061ipi> Di Ejzl (Smj - ijl 5J32jpj) pj

where sfl ~and sffz ~are the respective rank scores for the i-th and j-th category of X; and
J

(3

X5. Kendall (1948) proposed an analogy of Spearman’s rho based on the Ridit scores:
K Z'f:l Zj:l (Sgli - 05) <S§2j - 05) Pij
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where s;' and sf;_ are the respective Ridit scores for the i-th and j-th category of X; and
J

X5. Both association measures range from —1 to 1, and they are equal to —1 or 1 when X5

and X has a perfectly negative or positive monotone relationship, respectively. In addition,

when X and X, are uncorrelated, they are both equal to 0.

2.2.1.2 Measures of non-symmetrical association

Suppose one is interested in the dependent-independent association between two
categorical variables X, and X; in a two-dimensional contingency table with the joint
p.m.f. p;;, wheres = 1,...,Tand j = 1,...,J. Goodman and Kruskal (1954) proposed
Goodman-Kruskal’s tau to measure the relative (increase/decrease) in the proportion of
(correct/incorrect) predictions in X5 given X;:

o =0 )= (=S S vd/m) X S pipii /i — p)?

X, = 7 = T
’ 1 - Zj:l p? 1=3"i p?

Here 1 — Z;}:l pjz is the probability of incorrectly predicting the categories of X5, and
1-> le Z}]=1 pfj /p; is the probability of incorrectly predicting the categories of X, given
those of X;. Note that, under the assumption that X, and X; are independent, (n — 1)(J —
1)7¢K follows asymptotically the chi-square distribution with (I — 1)(J — 1) degrees of
freedom (Light and Margolin, 1971). Moreover, 7¢* ranges from 0 to 1. When X, and X,
are independent, then T)Cgf = 0, and when X is a function of X, e.g. p;; = p; for every
(21,, %, ), then 7GK = 1.

Goodman-Kruskal’s lambda (Goodman and Kruskal, 1954) is another non-symmet-
rical association measure:

(1 — max; Pj) - (1 — Y1y max; pz’j) S max; p;; — max; p;

/\GK —_ =
X2 1 — max; p; 1 — max; p;

where 1 —mazx;p;and 1 —) le max ;p;; represent the probabilities of making mistakes in

guessing the category of X, without and with knowing X;. The range of )\)G(f is between 0
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and 1. Furthermore, if X, and X; are independent, i.e. p;; = p;p;, for every (z1,, ygj), then

AGE =0, and if X, is a function of X1, e.g. p;; = p; for every (x1,12,), then A§E = 1.
Rather than quantifying the relative reduction in the errors of predicting the depen-

dent variable, Theil (1970) proposed Theil’s uncertainty coefficient to measure the propor-

tional reduction in the entropy of a dependent variable:

I J
> ic1 2o j—1 Pijlog(pij/pip;)
71 pjlogp;

Y

UCy, = —

where Z‘j]:l pjlog p; is the entropy of X, measuring the level of uncertainty in X, itself.
Theil’s uncertainty coefficient also ranges from 0 to 1. If X, and X, are independent,
UCx, = 0, and if X is a function of X1, i.e. p;; = p; for every (z1,, 23, ), then UCxk, = 1.

Although Goodman-Kruskal’s tau, lambda and Theil’s uncertainty coefficient can
be used to assess the non-symmetrical association structure with ordinal variables, they
do not explicitly incorporate the fact that the categories of the variables are ordered. To
take into account the ordering information, Somers (1962) invented Somers’ D for a two-
dimensional contingency table with the ordinal dependent and independent variable, X,

and X, respectively:

Gc — 44

dy, = ——"—,
’ QC+qd+t:E2

where q., g4 and ., are the probabilities of concordance, discordance, and ties on the de-
pendent variable X,. Like Kendall’s tau-b, Somers’ D can also be interpreted to measure
the probabilistic excess of concordance over discordance among the total of them. How-
ever, it becomes non-symmetrical by adjusting the total of concordance and discordance
with the ties on X5 only. Moreover, dy, also ranges from —1 to 1, and it is equal to —1 or
1 when X, and X, has a perfectly negative (i.e. g. = t,, = 0) or perfectly positive rela-
tionship (i.e. ¢4 = t,, = 0), respectively. When X, and X, are independent (i.e. ¢. = q4),

it is equal to 0.
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2.2.2 Measures of association for three-dimensional contingency ta-

bles

For a three-dimensional contingency table, three notable non-model based mea-
sures were proposed to capture the symmetrical and non-symmetrical association structure
among the categorical variables including Pearson’s mean square contingency coefficient
(Carlier and Kroonenberg, 1996), Gray-Williams’ index (Gray and Williams, 1981) and
Marcotorchino’s index (Marcotorchino, 1984a,b,c).

For a clear presentation of these measures in the subsections, we define a three-
dimensional contingency table as follows. Let X; = {z1,,...,z1,}, Xo = {z2,,..., 22, }
and X3 = {x3,,...,x3, } be the three categorical variables in a three-dimensional con-
tingency table with the joint p.m.f. P(X; = 21, Xo = x9;, X3 = x3,) = pyjr, Where

1=1,....1,5=1,..., Jandk =1,... K.

2.2.2.1 Measures of symmetrical association

For the symmetrical association among X;, Xs and X3, Pearson’s mean square
contingency coefficient (Carlier and Kroonenberg, 1996) is considered to be the extension

of Pearson’s chi-square statistic for two-dimensional contingency tables:

1

P2 — = (pijk - pz‘pjpk)2
=222 ,

i=1 j=1 k=1 PiP;jPk

where pi = 377 ST Dijke P = Yooy Dopy Pig and pr = D01y Y1 pigy are the
marginal p.m.f.s of X, X, and X3, respectively. Under the assumption that X, X5 and
X3 are independent, i.e. p;j, = p;p;px for every (xy,, Ty, x3,), n®? follows asymptotically
the chi-square distribution with /JK — I — J — K + 2 degrees of freedom (Roy and
Mitra, 1956; Carlier and Kroonenberg, 1996). Note that when X7, X5 and X3 are mutually

independent, i.e. pyr, = pip;px for every (z1,, 2o, 73,), d? = 0.
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2.2.2.2 Measures of non-symmetrical association

For a three-dimensional contingency table with the dependent variable X, and the
two independent variables (X7, X3), Gray-Williams’ index (Gray and Williams, 1981) and

Marcotorchino’s index (Marcotorchino, 1984a,b,c) are defined as:

I J K J
aw >i-1 ijl > k=1 pzzjk/pik - Zj:l p?

TXQ - J 9
1=>0 p?
I J K 2 J 2
M >z Zj:l > k1 pz‘jk/pjpk - Ej:l D;
7-X2 = 7 B .
1= 5P

where p;, = Z‘j]:lpijk is the marginal p.m.f. of (Xj, X3). Note that 7¢)V and 73! are

considered to be the generalizations of 73

designed for two-dimensional contingency
tables, and T)A(/‘; is a special case of T§2W by assuming that X; and X3 are independent.

It is easy to see that Gray-Williams’ index and Marcotorchino’s index quantify the
relative (increase/decrease) in the proportion of (correct/incorrect) predictions in Xy given
X and X3. Under the assumption that X is independent of (X1, X3), i.e. p;jr = pixp; for
every (1, 22, 23,), (n—1)(J — 1)1V follows asymptotically the chi-square distribution
with [JK — I — JK + 1 degrees of freedom, as n — oo (Lombardo and Camminatiello,
2010). Under the assumption of mutually independence, (n—1)(J —1)7%! follows asymp-
totically the chi-square distribution with /JK — I — J — K + 2 degrees of freedom, as
n — oo (Beh et al., 2007). Moreover, 7')%‘/‘/ ranges from 0 to 1, and it is equal to 0 or 1
when X, is independent of (X, X3), or is a function of (X, X3), e.g. p;jr = pir for every
(x1,, T, x3, ), respectively. T)]\(/é also ranges from 0 to 1, and it is equal to 0 or 1 when X3,

X and X3 are mutually independent, or is a function of X; and X3, e.g. pijx = pipi for

every (z1,, Ta;, T3, ), respectively.
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2.2.3 Demand for novel model-free association measures for an ordi-

nal dependent variable

Two major issues with Goodman-Kruskal’s tau, Theil’s uncertainty coefficient, as
well as Gray-Williams’ index and Marcotorchino’s index, were reported in the literature.
The first one, as mentioned in Section 2.2.1.2, is that they cannot explicitly take into ac-
count the ordinality in the categories of the ordinal variables, especially for the dependent
variable. The second one is that they are sensitive to the number of categories in the depen-
dent variable (Agresti, 2002; Beh and Lombardo, 2014, p. 182, 183, 461; Wei and Kim,
2017). That is, their values tend to be smaller as the number of categories of the dependent
variable increases, regardless of the strength of association between the dependent variable
and the independent ones. Thus, small values of those association measures do not neces-
sarily indicate weak association given a large number of categories in the dependent vari-
able. To examine the significance of the non-symmetrical association identified by those
measures, one needs to conduct the asymptotic test of independence associated with the
association measure (Light and Margolin, 1971; Beh et al., 2007). Note that the strength of
the non-symmetrical association should be analyzed further when the association measure
is small but statistically significant (Beh and Lombardo, 2014, p. 185).

To exploit the ordering of the categories of the ordinal dependent variable and over-
come the sensitivity to the number of categories in the dependent variable as described
above, Wei and Kim (2017) proposed a non-symmetrical association measure for two-
dimensional contingency tables with an ordinal dependent variable X, and independent

variable X:

. 2
I J
Zi:1 <Zj:1 V2;Pjli — Zg‘zl U2jpj) Di
2
J J
Ej:l <U2j - Zj:l U2jpj) Dj

2
p(Xl—)XQ) =

)

where vy, = 21:1 py and pj;; = p;;/p; is the conditional p.m.f. of X, given X;. Here vy,
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the cumulative proportion at the j-th category of X5, can be viewed as the score assigned to
the category x5, and ijl vg;pj); 18 the mean score for X, with respect to its conditional
p-m.f. of X, given Xj.

Anderson and Landis (1982) proposed a similar association measure for two- and

three-dimensional contingency tables with an ordinal dependent variable, X:

. 2
I J

9 Zz‘:1 (Zj:l a2;DPjli — Z?:l a2jpj) Pi

R(X1~>X2) = J 7 2 9
Zj:l <a2j - Zj:l a2jpj> Dy
X 2

I K J

P Py (Zj:l a2;Pjlik — Z?:l a2jpj> Dik

J J 2
Zj:l az; — Zj:l a2;Pj | Pj

)

2 _
R(X1,X3—>X2) -

where ay, is some score assigned to the j-th category of Xo.

Although the definitions of the two proposed measures, p%Xl _yx,) and R?Xl 1 Xy)» AP-
pear to be similar, the motivation and formulation are completely different. First, p%Xl LX)
aimed to address the sensitivity problem of existing association measures to the number
of categories in the dependent variable, while quantifying the non-symmetrical association
in a two-dimensional contingency table with an ordinal dependent variable. On the other
hand, R%Xl xy) Was originally proposed as a test statistic for testing hypotheses in the
analysis of variance for ordinal data, in the same way as the analysis of variance in the re-
gression model for continuous data. Secondly, the assignment of the scores vy, for X, was
a part of the construction of p%Xl LX) and the effect of the selected scores of X5 was taken
into account in the examination of the finite-sample and asymptotic properties of p?Xl LX)
(Wei and Kim, 2017). However, R?Xl S Xa) assumed that the scores for X, was specified
by the user in advance (e.g. the equal-spaced integer scores, Ridit scores, midranks), inde-
pendent of the construction of R%Xl _,x,)- Note that the properties and the performance of
R%Xl _,x,) With different types of scores were not investigated and hence remain unknown.

Despite the contribution of p?Xl LX) proposed by Wei and Kim (2017), there are

some limitations to be addressed. First, p%Xl S Xa) is limited to the case of two-dimensional
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contingency tables. For the multi-dimensional categorical data, it is critical to efficiently
and effectively delineate the complex association structure between the ordinal dependent
variable and a set of the independent variables in a model-free manner. Therefore, it is
urgently needed to develop a novel model-free descriptive modeling method to accelerate
the formulation of plausible hypotheses in the subsequent explanatory modeling and fa-
cilitate the selection of important variables in the subsequent predictive modeling in the
multi-dimensional categorical data with the ordinal dependent variable.

Secondly, the scoring method for the dependent variable X, employed by Wei and
Kim (2017) was not theoretically well justified and its properties are not well studied. As
will be shown in Chapter 3, the scoring method for the ordinal dependent variable plays a
crucial role in the novel data-dependent and model-free method, because it provides a basis
for coupling the joint distribution of the ordinal variables in a multi-dimensional contin-
gency table with their respective marginal distributions. Therefore, a complete study of the
theoretical properties of the scoring method is essential for understanding the theoretical
properties of the novel method.

Thirdly, the properties of the mean score for the dependent variable X, with re-
spect to its conditional p.m.f. given the independent variable X1, Z}]:1 Va2, Pj|i> are not well
investigated. As will also be shown in Chapter 3, the mean score for the ordinal depen-
dent variable leverages the scoring method above to identify and quantify the association
between the ordinal dependent variable and independent variables in a multi-dimensional
contingency table. Thus, a comprehensive investigation of the theoretical properties of the
mean score of the dependent variable conditional on the independent variables is vital for
acknowledging the theoretical properties of the novel method.

Finally, the statistical inferences for p%Xl LX) especially interval estimation and
hypothesis testing, were not fully developed. As will be shown in Chapter 7, an exten-
sive development of statistical inference methods for the association measure is critical for

assessing the performance of the novel method in its applications to real data sets.
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CHAPTER 3

SUBCOPULA SCORES AND SUBCOPULA REGRESSION

In this chapter, we first introduce the subcopula that can link the joint probability
mass function of ordinal variables in an arbitrary d-dimensional contingency table and their
marginal probability mass functions. We then construct the subcopula scores to numeri-
cally represent the categories in the ordinal variables. Finally, we propose the subcopula
regression to capture the dependence structure among the variables in the contingency ta-
ble. Note that, starting from this chapter, we use an artificial running example to illustrate

the proposed methods and related theoretical properties in each chapter.

3.1 A d-dimensional contingency table with ordinal variables

Let Xi, Xo,..., X, be the d ordinal variables with M, M,, ..., My ordered cat-
egories, respectively. The respective supports for Xy, Xo,..., Xy are S,;, = {z1, <
- < w1 Se, = oy, < o <@g b, Sy = {rg, < o0 < 1y}, where
the sign “<” highlights the ordering nature of categories of X; forv = 1,2,...,d. Let
Xg={Xy,..., Xqtand My = {M, ..., M;}. Consider a M; x My X --- x My contin-

gency table of X, with the joint probability mass function (p.m.f.)
Pmy = Pmi,ma,....,mq = P(Xd = de) = P(Xl = Ll e , Xa = xd'md)

where Xy, = {21, ,...,%4,,} is a vector of the categories of X4, myq = {my, ..., mq}

mq 7t

is the category index for X, 1, is a vector of all ones with size d, and Zx‘j:ld Pmy =
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M M, . : : :
D miet1 """ D mo—1 Pmima,...mq = 1. The corresponding one-dimensional marginal p.m.f.

of X; is then given by

M_; My M;—1 M4 My
pmqj = E pmd - E te E g e E pmi,mg,...,mda
m_izl_i m1:1 mi_lzl mi+1:1 mdil

where M—i = {Ml, . 7Mi—17 Mi+1, R ,Md}, m_, = {ml, P 17 N 1 17 PP ,md}
and 1_; is a vector of all ones with size d — 1. Let X4+ be a subset with size d* of X; where

1 < d* < d. Then, the d*-dimensional marginal p.m.f. of X« is then given by

My_g* M;eMg_ g+
pmd* - E pmd = E pml,m27...,md7
mg_gx=14_g* m;=1,

m;EmMg_ g

where My C My, mg- Cmyg, My_g« = My — Mg, mg_g« = my — my-, and 15_g+ 1S a

vector of all ones with size d — d*.

3.2 Subcopula

Given a My x My x - - - x M, contingency table of ordinal variables X, and the joint
p.m.f. py,,, let the joint and d one-dimensional marginal cumulative distribution functions
(c.d.f) be Fx,(Xm,) = FXl,...,Xd(I1m17 . ,xdmd) and F'y, (mlml )y Fx, (xdmd), respec-
tively. Let Uy = Fx,(X1),...,Us = Fx,(X4). Then Uy, ..., U, are the random variables

with the supports

Dm:{u10:0<---<u1m1 <<y, =1},

Dy, ={ug, =0< -+ <wug,,, <+ <ug, =1},

Dy, =A{ug, =0 < <ug,,, < - <ug,, =1},

md
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where u;, = 0, u;,, = 1 and

m;
Uiy, = > Dri- @3.1)
ri=1
Note that Uy, . .., Uy do not have a continuous standard uniform distribution.

By Sklar’s theorem (Sklar, 1959; Nelsen, 2007), there exists a unique d-dimensional
function C(ulml, . ,udmd) =PU; < Uy, 55 Ua < ude), called subcopula, only on

the set D,, = D,, x ... x D,,, such that

mgy mi mq
de(xmd) = Z Pry, = Z Z Prira,..ra = C(umd) = C(ulml" "’udmd)7 (3.2)

rg=1q ri=1  rg=1
where ry = {ry, 72, ...,74}. Note that C satisfies the three properties as follows:
1. C(us,, ;- uq,,) = 0ifat least one u;, = 0.

2. C(1,.. iy, -y 1) =y, forevery u;, € Dy,.

3. Given Dy, = [v1,v]] X « -+ X [vg, v}] C Dy, where [v;,v}] C D,,, then

0< > (e =o(uy,) <1,

udEDvd

where /() is the indicator function.

All the three properties ensure C' is a valid multivariate cumulative function of Uy, ..., U,.
The first one corresponds to the fact that 0 < P(U; < (T U <0,...,U; <
udmd) < P(U; <£0) =0for 1 < i < d. The second one shows that P(U; < 1,...,U; <

Ui, 5o Ug < 1) = P(U; < w,, ) = u;, . The third one indicates that the probability of
C over any subset of the unit hypercube is non-negative. Furthermore, from Eq. (3.2), we

obtain the joint p.m.f. of C'(um,):

c(Umy) = (U1, Udy,) = Py (3.3)
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and then derive the conditional p.m.f. of U; given U_; = {Uy,...,U;_1,Uis1, ..., Ug}:

c(Um,) Pm Pm
Pm;im_; = C(uimi Um_,) = == L= M, s ) (3.4)
C(umfl) pm*i Zmzzl pmd
where Um_; = {u1m1> sy ui—lmi,1 ’ Ui-l-lmiﬂa S 7udmd} and Pm_; = Pmi,...omi—1,miq1,...ma-

Given that U; = F'y, (X;) for each X}, some important properties of Uy, = {U1, .. .,

U} are given below:

1. U, is a d-dimensional random vector associated with X; such that the support of
Ugis Dy, %, ..., xD,, and the joint p.m.f. of U, is the same as the joint p.m.f. of

Xq=1{Xy,..., X4}
2. Unlike X;, the support of U; defined in Eq. (3.1), D,,,, is numerical.

3. D,, maintains the natural ordering of categories of X; in that each category of X;
corresponds to one element of D, , i.e. U; = Fx,(X;) : {z;;, < -+ < Ty, <0 <

xiMi} — {Uil <0 K Wiy, <0 < uiMi}'

4. D,,,D,,,...,D,, contain the elements of sets over which the joint distribution of
X, 1s uniquely linked to their marginal distributions. Such a distributional linkage is

known to be a subcopula function C' in Eq. (3.2).

3.3 Subcopula scores

In order to exploit the ordering information contained in the categories of the ordi-
nal variable of interest, we desire some naturally ordered scores for the categories of the
variable in the methods for analyzing ordinal data. To this end, we call D,,, in Eq. (3.1) the
the set of subcopula scores for the ordinal variable X;. Then U, consists of d new random
variables, each of which takes on the values of its own subcopula scores and the joint p.m.f.

of Uy is the same as that of X.
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The subcopula scores for X is a rank-type score such as the Ridit score and midrank
reviewed in Section 2.1. Proposition 3.1 below shows the relationship between the subcop-

ula scores and the (Ridit scores/midranks).

PROPOSITION 3.1 Suppose that sffn_ and S;M ~are the respective Ridit score and midrank

for the m;-th category of X; in a d-dimensional contingency table. Then,

Uj + U n
R _ T'mi—1 tm M _ . )
S i 5 i, = §(uzmi,1 + uzmi) + 0.5,

where w;,, is the subcopula score for the m;-th category of X; defined in Eq. (3.1) and n

is the sample size of the d-dimensional contingency table.
PROOF See Appendix A.

We see that both the Ridit scores (midranks) and the subcopula scores are constructed based
on the marginal distribution of each ordinal variable. Like the Ridit scores (midranks),
the proposed subcopula scores are data-dependent, which can be estimated by the relative
frequencies in the contingency table, as will be shown in Chapter 6. Note that the sets of
the subcopula scores for the ordinal variables X1, ..., X; provide a basis for the unique
link between their joint distribution function and their marginal distributions.

Proposition 3.2 below gives the basic properties of the proposed subcopula scores.

PROPOSITION 3.2 Consider U; = Fx,(X;) and the corresponding set of subcopula scores

D,..

(a) If s; adjacent categories { Ty, 11, - - ., Tm;+s, t Of X; are combined into a new category
Tz where 1 < s; < M; —m; and m; +1 < m; < m; +s;, then the subcopula score
U for the new category is equal 0 U, s, while the subcopula scores for the other

categories of X; remain unchanged.

(b) If the ordering of the categories in X; is reversed, then the subcopula score for x,,,

becomes 1 — Uy, 1.
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(c) The mean of U, is given by

1 &
E(U;) ==+ 5 Z_ 2, (3.5)

m;=

1
2
and the variance of U; is given by

| M L [ M 2 1
v<v>( > b3 )(zz)
mizl m,;:l

m;<mj

(3.6)

[2I(Ml > 2) Z Z Z pmipmjfpmf*] ,

m;<mj<m;*

where 1(-) is an indicator function. Typically, if X; follows a discrete uniform dis-
tribution with the support S,, = {z;,...,x; M} such that each x,,;, € S,, occurs
with equal probability 1/M,, then p,,, = 1/M; for every m; and hence the mean and

variance of U; in Eq. (3.5) and (3.6) become

1 1
E Ul - =
() 2 + 2M;
and
N (M = 1)(M; + 3) , (M; +1)(4M; — 1)
Var(U;) = Y +2I(M; > 2) 12012 ,
respectively.

PROOF See Appendix B.

To illustrate the construction of subcopula scores for ordinal variables, an artificial
three-dimensional contingency table is given below as a running example. We also compute
the mean and variance of the subcopula scores for each ordinal variable using Eq. (3.5) and

(3.6), respectively.

EXAMPLE 3.1 Table 3.1 below is an artificial 3 X 3 X 2 contingency table for ordinal

variables X1, Xy and X3. The supports of X1, Xo and X3 are S, = {x1, < 11, < T1,},
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Se, = {x9, < 12, < wo,} and S,, = {w3, < wx3,}, respectively. The joint p.m.f. of
X1, Xo and X3 iS Pms = Pmymams = P(X1 = T, , Xo = Tg,, ,X3 = x3m3), where
my = mg = 1,2,3 and mg = 1,2. The marginal p.m.f.s of Xy, Xy and X5 are p,,, =
P(Xy = w1, ) = {24/54,13/54,17/54}, pp, = P(Xa = w3,,,) = {24/54,27/54,3/54}
and pm; = P(X3 = w3, ) = {40/54,14/54}, respectively. Note that we design the table
for the purpose of establishing a functional relationship among the three variables. That
is, X3 is a function of X, and X5 in the sense that only one category of X3 has a non-zero
probability mass for every combination of the categories of X, and Xs.

To understand the dependence structure between Xs and (X1, Xs) in Table 3.1, we
plot the categories of X3 against the combinations of the categories of (X1, Xs) in Figure
3.1. Note that the size of each circle in both plots is proportional to the probability of the
category of X3 at each combination of the categories of (X1, Xs) in the contingency table.
We also plot the categories of X3 versus the combinations of the categories of (X2, X1) in
Figure 3.2. It turns out that Figure 3.1 shows a monotone (increasing/decreasing) pattern
at a fixed level of X and an overall wavy pattern as the level of X, increases, while Figure
3.2 follows a quadratic (up-down/down-up) pattern at a fixed level of X5 and an overall

zig-zag pattern as the level of X, increases.

X3 L3y L3,
X
L2y L2y L2g L2y L2y L2g
Xy
T, 12/54 | 11/54 0 0 0 1/54

T, 0 0 1/54 || 5/54 | 7/54 | 0O

T, 7/54 | 9/54 0 0 0 | 1/54

Table 3.1: The artificial 3 x 3 x 2 contingency table for ordinal variables X7, X5 and X3
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Figure 3.1: Categories of X3 against the combinations of the categories of (X1, X2)
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Figure 3.2: Categories of X3 against the combinations of the categories of (X2, X1)

According to Eq.(3.1), the sets of subcopula scores for X1, Xo and X3 in Table 3.1
are D, = {0,24/54,37/54,1}, D,, = {0,24/54,51/54,1} and D,, = {0,40/54, 1},
respectively. Consider that X3 is the dependent variable, X, and X5 are the independent
variables. Table 3.2 below shows the means and variances for Uy, Us and Us using Eq.
(3.5) and (3.6). Table 3.3 below gives the joint p.m.f. of Uy and Us,, which is denoted by
Pm_s = Pmi,ms.- lable 3.4 below provides the joint p.m.f. of the subcopula C, which is
c(Umy) = Pm, defined in Eq. (3.3) and the conditional p.m.f. of Us given (U, Usy), which

is denoted by pyjm_5 = c(us,, |1, ,us,,,) in Eq. (3.4).

EU;) | Var(U)

Uy || 0.808 | 0.013

Uy || 0.725 | 0.063

Us || 0.677 | 0.057

Table 3.2: The mean and variance (rounded to 3 decimals) for Uy, Us and Us, respectively
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24/54 | 51/54 1

24/54 12/54 | 11/54 | 1/54

37/54 5/54 | 7/54 | 1/54

1 7/54 | 9/54 | 1/54

Table 3.3: The sets of subcopula scores D,,, and D,,, and the joint p.m.f. ppy,_,

D., 40/54 1

24/54 51/54 1 24/54 51/54 1

24/54 12/54 (1) | 11/54 (1) | 0(0) 0(0) 00) |1/54(@1)

37/54 0(0) 0(0) 1/54 (1) || 5/54 (1) | 7/54 (1) | 0(0)

1 7/54 (1) | 9/54 (1) 0(0) 0(0) 00) |1/54(@)

Table 3.4: The joint p.m.f. ¢(Um;z) = pm; and the conditional p.m.f. p,,,|m_, (i.e. the numbers in
parentheses)

3.4 Subcopula regression

To identify the association among the ordinal variables X, in a model-free manner,
we propose the subcopula regression function using the subcopula scores and correspond-

ing conditional p.m.f. for X; defined in Section 3.1-3.3.

DEFINITION 3.1 Consider a M X - - - X My contingency table of ordinal variables X ; with

the joint p.m.f. pm, and its associated subcopula C(Uyw,). Then the subcopula regression

function of X; on X_; = {X1,..., Xi—1, Xis1, ..., Xa} is then defined to be

roo (Um ) = Ec(UlU s =um_) = > i, cyu_, (Ui, [Um_,)
u’imi GDui

M, 3.7
- Z Wi, Prmim ;>

m;=1
where U; = Fx,(X;).
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Note that rgi‘Uﬂ_ (Um_,), the mean of U; with respect to the conditional p.m.f. of the sub-

copula cy,jy_,, can be viewed as the mean subcopula score for X; with respect to the

conditional distribution of X; given X_;, and one may identify a pattern using Eq. (3.7)
over the combinations of the categories of X _;.

Proposition 3.3 below gives the range, mean and variance of the subcopula regres-

sion function in Eq. (3.7).
PROPOSITION 3.3 Consider the subcopula regression function T&\U,i (Um_,) in Eq. (3.7).
(a) The range ofrg”Uii(um_i) is [0, 1].

(b) The mean and variance ofrgi‘Uﬂ_ (Um_,) are given by

M;
E {Tgi\u_i(umﬂ')] = Z Uiy, Pm; = E(Ui),
m;=1
VCL?" [rgl‘Ufl(um—z)] = Z [Z ulmlpml\m,Z - Z ulmlpml pm_i-
m,izl,i mizl mi:1

PROOF See Appendix C.

We also show the ability of 7’((}:|U_i<um7i) to capture the association structure by
predicting the categories of X; for a combination of categories of X _;. First, we obtain
the subcopula scores u,,_, for the corresponding U_; given a vector of categories of X _;,
Xm_; = {:vlm1 pee e il Tid Ly e ,a:de}. Next, we calculate a predicted value of
u;,,. denoted by uz‘mi through rgimﬂ_(um_i). Then we locate the index m; of D, (the set
of subcopula scores for X;) such that Uiy < ufmi < Wi Finally, the i from S, (the
support of X;) corresponding to Uiy is considered as the predicted category.

As will be shown in the running example below and the real data examples in Chap-
ter 7, the plot of the predicted categories of X; across the combinations of the categories of
X_; will reveal the pattern of association between X; and X _;.

We resume Example 3.1 below to illustrate the proposed subcopula regression and

the subsequent prediction method.
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EXAMPLE 3.2 (Example 3.1 Continued) Following Eq. (3.7), we first compute the sub-
copula regression of (X1, Xy) on X3 below, using the set of subcopula scores D,,;, D,,,

D, and the conditional p.m.f. in Table 3.4:

40/547 (uh ) u21) = (24/547 24/54)

40/54, (us,,uz,) = (24/54,51/54)

1, (u1,,us,) = (24/54,1)
1, (ur,, us,) = (37/54,24/54)
royu s (Wm_y) = 75 0y 0, (W, 5 2,,) = 91, (ury, us,) = (37/54,51/54) - (3:8)

40/54, (u1,,us,) = (37/54,1)
40/547 (ulg,ugl) = (1,24/54)

40/54, (U13,’LL22> = (1,51/54)

L, (u13>u23) = (Ll)

Then, according to Proposition 3.3, we find the mean and variance of rgg‘U_g(umfg) are
0.808 and 0.013, respectively.

To illustrate how well the proposed subcopula regression function in Eq. (3.7) can
capture the dependence structure shown in Figure 3.1 and 3.2, we plot the subcopula re-
gression function 7“83'U17U2 (u1,,, us,,) and 7’53|U2’U2 (ua,,, U1, ) against the combinations
of the subcopula scores (Uy, Uz) = (uy,, ,us,, ) and (Uy,Ur) = (ua,,, , u1,, ) in Figure 3.3
and 3.4, respectively. We can see that Figure 3.3 follows exactly the same wavy pattern as

in Figure 3.1, and Figure 3.4 follows exactly the same zig-zag pattern as in Figure 3.2.
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Figure 3.4: rgg‘ Uy, (W2imy » U1,,,, ) against the combinations of the subcopula scores (Uz, Ur) =

(u27n2 ? ulml )

Now assume that the category of X1 and Xo are given by x1, and x,, respec-
tively: (X1, Xs) = (x1,,%2,). Then, from Eq. (3.8), we find the corresponding subcopula
scores (uy,,us,) are (24/54,51/54) and the predicted value of the subcopula regression
r53|U17U2(24/54, 51/54) is 40/54. Since uz, = 40/54, we conclude that the predicted cat-
egory of X3 given X1 = x1, and Xy = x4, is x3,. The predicted category of X3 at every
combination of the categories of (X1, Xs) are provided in Table 3.5 and visualized in Figure
3.5 and 3.6 for each combination of the categories of (X1, Xo) and (X, X1), respectively.
We can see that the predicted categories of X3 by (X1, Xy) are the same as the categories

of X3 whose probabilities are non-zero as shown in Table 3.1
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X

T2, X2, X2q
Xy
a1, 3, (40/54) | 23, (40/54) | 3, (1)
a1, 3, (1) zs, (1) | @3, (40/54)

214 x3, (40/54) | x5, (40/54) 23, (1)

Table 3.5: The subcopula regression of (X7, X2) on X3 (the numbers in parentheses) and the
corresponding predicted category of X3 for every combination of the categories of X; and Xy

X3

Pt P B 1 S 9 I b B % Y
(X1, X3)

Figure 3.5: Predicted categories of X3 against the combinations of the categories of (X1, X2)

X3

Y

A >

a >

A >

2 i

X
(X2, X1)

Figure 3.6: Predicted categories of X3 against the combinations of the categories of (X2, X;)

Proposition 3.4 below shows that the predicted categories of the dependent variable
X, using the proposed subcopula regression function rgilU_i(umﬂ') is invariant under the

permutation on the categories of the independent variables X _;.

PROPOSITION 3.4 Considering a d-dimensional contingency table of ordinal variables
Xy, let fx,x_, be the predicted category of X; for a given combination of categories
of X_; using the subcopula regression function in Eq. (3.7). Then the predicted cate-

gory of X; is invariant with respect to the element-wise injective transformation on X_;.
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That is, if X ; = {g1(X1), .-, gi1(Xio1), giv1 (Xiv1), - -+, 9a(Xa)} = g-i(X_), where

J1s- -3 Gi—1,Git1,- - -, gq are injective functions, then

in|X_i (}N{Yh—i) = in,|X—i (Xm—'L)’

for a given vector of categories of X_;, Xsn_, = {xlml, e Tt Tl e T, 1,

and ﬁl,i = {ml, c. ,7”7111;1, Thi+1, Ce ,md}.
PROOF See Appendix D.

Note that Proposition 3.4 guarantees that the proposed subcopula regression based
prediction method is valid with not only ordinal independent variables but also nominal
ones. This is because the computation of the subcopula regression function of X; for a
given combination of categories of X_; in Eq. (3.7) only requires the subcopula scores of
X, and the corresponding conditional distribution of X; given a combination of categories
of X_;. We resume Example 3.1 to show the invariance in predicting the categories of the

dependent variable with respect to a permutation of the categories of independent variables.

EXAMPLE 3.3 (Example 3.1 Continued) Without loss of generality, we only apply a per-
mutation to Xy, where we switch the second category of Xo with the third one. Let
)2'2 denote the permuted X,, which is {xs,,xo,, x2,}. The contingency table of X, )~(2
and X3 is shown in Table 3.6. We again want to predict the category of X3 on (X1 =
T1,, X, = Ta,). Consider Uy=F %, (Xg) with the corresponding set of subcopula scores
Dg, = {0,24/54,27/54,1}. Then we compute the predicted value of the subcopula re-
gression 7’53‘[]1702 (24/54,1) = 40/54 and hence conclude the predicated category of Xs is
still xs, as above. Table 3.7 shows the predicted category of X3 for every combination of

the categories of X, and X, which is the same as those in Table 3.5.
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X3 X3, X3,
X
Xl ? X9y Ty X2, T2, T24 L2y
Z1, 12/54 | 0 | 11/54 0 [1/54) O
T, 0 1/54 0 5/54| 0 |7/54
Z1, 7/54 0 9/54 0 |1/54| O

Table 3.6: The artificial 3 x 3 x 2 contingency table for ordinal variables X, X5 and X3

X
X1 2 T2, T2g T,
T, 1 (40/54) 2() 1 (40/54)
T1, 2 (1) 1 (40/54) 2(1)
21y 1 (40/54) 2() 1 (40/54)

Table 3.7: The subcopula regression of X3 on {X7, Xg} (the numbers in parentheses) and the
corresponding predicted category of X3 for every combination of the categories of X; and X5

3.5 Use of the subcopula regression for descriptive modeling

The applications of the subcopula regression function proposed in Chapter 3.4 are
two-fold. First, it can be employed to explore the potential association structures between
the dependent variable and a set of independent variables in a model-free manner. That is,
we can tabulate or plot the predicted category of the dependent variable for each combina-
tion of the categories of the independent variables. Then we can partition all combinations
of the categories of the independent variables into a few subsets depending on the resulting
category of the dependent variable to identify the patterns of change in the predicted cat-
egory of the dependent variable across the combinations of categories of the independent
variables. Secondly, the subcopula regression can be adopted to identify potentially impor-
tant independent variables. That is, we can compare the results of the subcopula regression
based on different subsets of independent variables so that we may be able to distinguish the
independent variables that may influence the predicted categories of the dependent variable
from those that may not.

We will first illustrate in Chapter 7.1 the application of the subcopula regression
function and its prediction to identify the potential non-monotone (i.e. quadratic) associa-

tion structure in a two-dimensional real data set called ice cream (The Ice Cream Study at
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Penn State, 2012). Then we will use the subcopula regression function in Chapter 7.2 to
study more complicated patterns of association in a three-dimensional real data set called
acute migraine (Vandenhende and Lambert, 2000), where the goal is to compare the pain
scores of patients at eight occasions across different treatment groups. In particular, we
will list and plot the predicted pain score against each combination of the occasions and
treatment groups to capture a relationship between the pain scores and occasion for each

treatment group.
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CHAPTER 4
SUBCOPULA REGRESSION BASED ASSOCIATION MEASURE
AND ITS DECOMPOSITIONS

In this chapter, we propose the subcopula regression based association measure to
quantify the overall dependence among X, in the d-dimensional contingency table, and
its decompositions to study the contribution of each or a subset of independent variables
considered in the subcopula regression to the overall association. In addition, we investigate

the theoretical properties for both the overall association measure and its decompositions.

4.1 Subcopula regression based association measure

We first give the definition of the subcopula regression based association measure

below for the d-dimensional contingency table with one ordinal dependent variable.

DEFINITION 4.1 Consider a d-dimensional contingency table of ordinal variables X,
with the joint p.m.f. pm, and its associated subcopula C(um,,). Then the subcopula

regression-based association measure of X; on X _; is defined to be

Var (rgi|U_i(um7i))

ot =
(X-i—X;) Var(U;)
M—i Mi Mi 2
S PITHFNEED 3 P R
m,izl,i mizl mi:1
- M; M; 2 ’
m;=1 m;=1
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where U; = Fx,(X;).
Proposition 4.1 below provides the theoretical properties of p?X_i LX)
PROPOSITION 4.1

(@) 0< p% _,x) <L

(b) If X; and X _; are independent, then p%xﬂ__»(i) = 0.

(c) If p?x,i LX) T 0, then the mean subcopula score for the categories of X; with respect
to the conditional distribution of X; given X _; is constant over every combination of
categories in X_;. Furthermore, P%X,i LX) = 0 implies that U; is uncorrelated with

every subset of U_,.

(d) P%xfﬁxi) = lifandonly if X; = g(X1,..., Xi_1, Xiy1,..., Xa) = g(X_;) almost

surely for some measurable function g.

(e) If U; = g(U_;) + € where €, being independent of U_;, is a random variable with

finite second moment and g is a measurable function, then

) B Var(g(U_;))
X=X ™ Var((U_,)) + Var(e)

(f) PX_i—X;) = COTT(UET(C]’HU,,‘(UIH%))'

(g) If X_; = g_i(X_;) defined in Proposition 3.2, then p?}”{,ﬁxr) = Px_,x,) Espe-

(3

cially, p%xﬂ, LX) is invariant over the permutation of the categories of every X; €

X

(h) P%x,i LX) is invariant with respect to the permutation on the categories of X; when

X, is a binary variable.
PROOF See Appendix E.
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Proposition 4.1 (a) shows that the range of the proposed subcopula regression based
association measure p%x_i X)) is between 0 and 1. (b), (c) and (d) present the sufficient and
necessary conditions for P%x,i L x, = Uand P%x,i _x;) = 1, respectively. In particular, (c)
indicates that when P%x,i LX) is zero, X _; and its subsets have no influence on the mean
subcopula score of X;. Moreover, (d) and (e) imply that p%x_i LX) is able to measure not
only monotone linear but also non-monotone nonlinear relationship between the dependent
variable and independent variables.

By Proportion 4.1 (e), P%x,i _,x,) fepresents the average proportion of variance for
the subcopula scores of the dependent variable X; with respect to the marginal p.m.f. of
X, explained by all the independent variables X _; in the subcopula regression. (f) reveals
that the positive square root of p?x,i LX) is equal to the correlation between the subcopula
scores of X; and its mean subcopula scores rgi‘Uﬂ_ (Um_,). Hence P(X_;—X;) Can measure
the explanatory power of X_;. Lastly, (g) and (h) guarantee that P%x_i X)) is still valid
even when the predictors X _; is nominal and/or the dependent variable X; is binary.

We use Example 3.1 below to illustrate the computation of the proposed subcopula

regression based association measure in Eq. (4.1).

EXAMPLE 4.1 (Example 3.1 Continued) Given D,, = {0,40/54,1} and the marginal
p.m.f. pp, = {40/54,14/54}, we first calculate E¢ [TSS‘ULUQ(UIM,UQW)] = Ec(U;) =
0.677 given in Table 3.2. Then, using the joint p.m.f. p1s,, .., in Table 3.3 and the values
of the subcopula regression rgs‘UhUz(ulml , U, ) in Table 3.5, we obtain p%Xl,X2*>X3) =1
Similarly, we also find p?Xl,X3_>X2) = 0.078 and p%X27X3—>X1) = 0.008. The results for
DXy Xos Xy Pixy XssXa) WM Plxy xy s x,) SUppOrt Proposition 4.1 (d) because the true
relationship shown in Table 3.1 is that X3 is a function of X, and Xs. For comparison,

we also compute the Gray-Williams’ index reviewed in Section 2.2.2.2 for this example:

W =1, 7¢) = 0.151 and 7§V = 0.434.
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4.2 Decompositions of the subcopula regression based association me-

asure

To quantify the contribution of a set of independent variables of interest to the over-
all association in the full-dimensional contingency table, we first introduce two different
ways to decompose the subcopula regression based association measure proposed in Eq.
(4.1) for three-dimensional contingency tables and investigate their properties. Then we
show the properties of the decompositions under four types of independence: mutual, joint,
marginal and conditional. Lastly, we extend the decompositions and corresponding prop-

erties for three-dimensional contingency tables to d-dimensional ones.

4.2.1 Decompositions for three-dimensional contingency tables

Let X;, X5 and X3 be the three ordinal variables in a contingency table. Without
loss of generality, we consider that X3 is the dependent variable, and X; and X, are the
independent variables. For ¢ = 1,2, 3, we define U;, u;, M; and m; for X, following the

definitions given in Chapter 3.
According to Definition 3.1, we have the subcopula regressions of X3 on X5, X,

and (Xi, X3), denoted by nglUl(ulml)’ 7‘53“]2 (us,,,) and 7"53‘U1,U2(u1m1,u2m2), respec-

tively:
M3 M3
7“53|U1 (u1m1) = Z U3, Pmig|ma s 7“53|U2(U2m2) = Z U31,a Pmig|ma s
mz=1 m3=1
M3
T53|U1,U2 (ulml’u2m2) = Z U3 pms Pmslmy ma-
maz=1

From Definition 3.2, we also have the subcopula regression-based association measures of
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X3 on Xy, X, and (X1, X5), denoted by p%X1—>X3)’ p%X2_>X3) and p?X17X2_>X3), respectively:

My Ms Ms 2
V ¢ Z ( Z u3m3pm3|m1 - Z u3m3pm3> pml
ar TUS‘Ul (ulml )

p2 _ _ mi1=1 \m3=1 m3=1

(Xl‘)XS) VCLT(U?,) Ms M; 2 ?
> s, — > U, Dms | P
m3=1 ms3=1

Mo M3 Ms 2
Ve ¢ Z ( Z UBmy Pms|ma — Z U3m3pm3> Pmay
ar TU3\U2(U2"L2)

2 . . mo=1 \mgz=1 mz=1
P(X2—X3) Var(Us) Ms M 2 ’
m3=1 m3=1
C
2 . Var [TU3\U1,U2 (u1m1’u2m2 )}
P(xX1,Xo—X3) = Var(Us)
M1 MQ M3 M3 2
E E E u3m3pm3|m1,m2 - § u3m3pm3 pm1,mz
. mi1=1mo=1 \msz=1 m3=1
M; M; 2 ’
E u3m3 - E U3m3pm3 Pms
ma=1 ma=1

. . . 2
In three-dimensional contingency tables, we call (X1, Xa—Xs) the overall subcopula regres-
. . . 2 2 .
sion based association measure and call PX1—X) and P (X3 Xs) the marginal subcopula
regression based association measures of X and X, respectively.
C c

For the purpose of clear illustration, let ry, = 77, 1, (u1,,, ), Tsy = TUs|Us (uz,,,)

and ry,,, = ng\Ul,Uz (u1,,, ,uz,,). Wealso let 1 = Eg(Us) denote the expectation

u2m2

of subcopula score of the dependent variable X3. Note that we have r = Ec(rulml) =
EC(TUQWQ ) = EC(Tmml U2y )
Theorem 4.1 below defines the decompositions of the overall subcopula regression

based association measure.

THEOREM 4.1 Consider a three-dimensional contingency table of ordinal variables X,

Xo and X3, with the joint p.m.f. Py, my.ms. The decomposition of the subcopula regression
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based measure ,O%Xl Xams Xs) is given by

2 2 2
P(X1,Xa—X3) = P(X1—X3) T P(Xa—X3]X1) 4.2)

2 2
= Pxa—X3) T P(X1-X5]X2)0 (4.3)

2 2 2
= P(x15X3) T P(XaoX3) T P(X1 X2 X3) — 27V(X1—X3,X2—X3)> (4.4)
where
M, Mo

§ : § : 2
(T'U«lml U2my ru1m1) Pmi,ma

2 . mi1=1mo=1
p(XQ—)Xngl) - M3 )
2
>~ (us,,,, —7)%ps,,
ms3=1
My M

2
E E (Tulml U2pmy Tu2m2 ) Pmy,ma

2 . mi1=1mo=1
p(XlﬁXngz) - Ms )
2
Z (U3m3 —) D3y
ms3=1
My M2

2
E § (ru1ml7u2m2 - 7OU1ml - Tu2m2 —1-7”) Pmq,ma

2 o mi1=1mo=1
p(X1X2~>X3) - ]\43 ?
2
Z (U3m3 —) D3y
ms3=1
My Mo

Z Z (rmml - T)<TU2M2 - T>pm1,m2

_ mi=1mag=1
,Y(X1—)X3,X2—>X3) - M3

D (U3, = 1)"Pag

ma=1

PROOF See Appendix F.

From the decompositions in Eq. (4.2) and (4.3), we first notice that P%}Q L Xs|X1) and
p%Xl _yX4|x,) are non-negative. Thus, we conclude that p%Xl X2-+x,) 1s non-decreasing when
another independent variable is added to the subcopula regression, as given in Proposition

4.2 below:

PROPOSITION 4.2 Consider a three-dimensional contingency table of ordinal variables
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X1, Xy and X5 with the joint p.m.f. Pm, moms. SUppose p?Xl X X3) is decomposed as in

Eq. (4.2) and (4.3). Then we have

p%XLXQHXg) Z IO%X1~>X3)7 p%Xl,XQA)X;g) Z p%XQ‘)XS)'

Note that the equality holds if and only if Tty 2y = Tury,, A0 Ty for

Uz, = Ttz
every (my,ms). This suggests that the mean subcopula score for X3 with respect to the
conditional distribution of X3 given (X7, X5) is the same as that with respect to the condi-
tional distribution of X3 given X; or X5 only, independent of X, or X7, respectively. This
may further indicate that pfy, , v, x,) (P{x, x;,|x,)) quantifies the increment in the overall
subcopula regression based association measure when X5(.X) is added to the subcopula re-
gression that X;(X>) is already in. Thus, we call p{y, ., x, x,) in EQ. (4.2) and pfx v x,
in Eq. (4.3) the conditional subcopula regression based association measures of X5 on X3
given X7 and of X; on X3 given Xs, respectively.

Regarding the decomposition given in Eq. (4.4), we make the following obser-
vations. First, we interpret that p?Xl X, X,) Ay measure the contribution of the mean
subcopula score for X3 predicted by the interaction between X; and X, in the three-
dimensional contingency table for (X, X, X3). We call it the interactive subcopula re-
gression based association measure of (X1, X3) on X3 given X; and X,. Secondly, we
claim that ~y(x, - x; x,—x,) may measure the contribution of the (unnormalized) correlation
between two mean subcopula scores for X3 predicted by X; and X5 in the two-dimensional
marginal contingency tables for (X, X3) and (X5, X3), respectively. Hence we call it the
correlative subcopula regression based association measure of (X1, X5) on Xj3. Thirdly, it

can be easily shown that

My  M>

2
g g (Tulml - TUQ,,@) Pmy,ma

2 2 mi1=1mao=1
P(x1-X3) + P(x1—X3) — 27(X1—>X3,X2—>X3) == 2M3 . 4.5)

> (us,, —1)°Ps,,

m3=1
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where Eq. (4.5) is equal to 0 if and only if Tuty,, = Tua,, for every (my, ms),i.e. X; and X,
equipped with the corresponding subcopula scores and the joint p.m.f. provide the same
information in predicting the mean subcopula score of X3. According to Eq. (4.5), we
find that the correlative association measure v(x, - x;,x,—x;) tends to play a role in taking
the (redundant/beneficial) explanatory power of X; and X5 into account when the overall
association measure p%Xh Xams Xs) is computed. That is, when X; and X provide the similar
(different) information in predicting the mean subcopula score of X3 in the sense that the
deviation between two mean subcopula scores of X3 predicted by X; and X,, measured by
(Tu1m1 —Tug,, )2 is small for all pairs of categories of X; and X, (large for at least one pair
of categories of X; and X5), the information from both of X; and X5 (at least one of X
and X) tends to be redundant (beneficial) in understanding the association structure in the
three-dimensional contingency table of (X7, X5, X3).

We continue Example 3.1 below to illustrate the decompositions in Theorem 4.1

and the properties shown in Proposition 4.2.

EXAMPLE 4.2 (Example 3.1 continued) Given the dependent variable X3 and indepen-
dent variables X1, X5 from Table 3.1, we compute each term in Eq. (4.2), (4.3) and (4.4).
Recall that p?Xl’ Xasxy) — 1-000. From Table 4.1, we first confirm the non-decreasing

property of the proposed overall association measure with respect to the marginal as-

sociation measures: ply, x, ,x;) = 1 > Pix,oxy = 0728 and ply, x, ,xy = 1 >
p%XQ LX) T 0.054. We also see that the (marginal/conditional) contribution of X; to
the overall association measure is much larger than that of Xs: p%Xl Xy = 0.728 >

p%X2—>X3) = 0.054 and p*(X; — X3|X3) = 0.946 > p*(Xy — X3|X;) = 0.272. We
further notice that the interactive association measure p%Xl XosXg) = 0.244 is much larger
than p(2X2 LX) T 0.054. This implies that the contribution of the interaction between X
and X, on X3 is non-negligible. Finally, we observe that 7 x,x; x,—x;) = 0.013 and
Pixsoxs) T Plxesxs) = 2V(X15Xs Xasxs) = 0.728 +0.054 — 2 % 0.013 = 0.756. These

indicate that X, provides essential information for the overall association structure while
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Decomposition | pfy, | xy) | Plxsxs) | Plxsssxaixn | Plxioxalxe | P xoosXalx, Xa) | V04X X0 X)
Eq. 4.2) 0.728 - 0.272 - - -
Eq. (4.3) - 0.054 - 0.946 - -
Eq. (4.4) 0.728 0.054 - - 0.244 0.013
. e 2
Table 4.1: Decompositions of PX1 X5 X3)

Xy, provides little but still non-negligible information.

To further understand how the types of association between the dependent variable
and independent variables alters the relationship between the overall and (marginal/conditi-
onal/interactive/correlative) association measures in a systematic way, we investigate the
properties of the decompositions given in Theorem 4.1 under four types of independence

available in the three-dimensional contingency table: mutual, joint, marginal and condi-

tional independence.

PROPOSITION 4.3

(a) If X3 is jointly independent of X, and Xy (i.e. Dy, moms = Pmi,maDms fOr all the

combinations of my, mo and mg), then p?Xl XomsXs) = 0. Hence, p%X14>X3) = 0 and

p%XQ—)Xg) = O

(b) If X1, X9 and X3 are mutually (or complete) independent (i.e. Py, myms = PmiPmo

Dmg for all the combinations of my, my and ms), then p?Xl’ X Xs) = 0. Hence,
p%Xl Lxy) = Oand p%XQ x5 = 0. Note that the mutual independence is a special

case of joint independence.

(c) If X3 is marginally independent of X in the marginal contingency table for (X1, X3)

(i.e. Ppmyms = DmiDms for all the combinations of my and ms), then p?Xl LX) =

and 7(x,—x;3,X.—x3) = 0, and hence Eq. (4.4) becomes

2

p?X1,X2—>X3) - p(XQ—)Xg) + p(X1X2—>X3)
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(d) If X3 is marginally independent of X5 in the marginal contingency table for (Xs, X3)
(i.e. Pmyms = DPmaDms for all the combinations of mo and ms), then p?X2 X)) = 0

and 7(x,—x3,X.—x3) = 0, and hence Eq. (4.4) becomes

p%X1,X2—>X3) = P?X1—>X3) + p%X1X2—>X3)'

(e) If X1 is marginally independent of X in the marginal contingency table for (X1, X5s)
(i.e. Py ms = PmyPm, JOr all the combinations of my and my), then v(x, - x5, X,—X3)

= 0 and hence Eq. (4.4) becomes

p?XhXQ_)XS) :p%Xl_ﬂXd) + p%XQ—)X,j) _'_ p%X1X2—)X3) (4'6)

(f) If X3 is conditionally independent of X given X; (i.e. Ppmyjmims = Dmsjm, JOr all

the combinations of my, mo and ms), then p%Xl XamsXg) = p%X2_>X3).

(g) If X3 is conditionally independent of X, given Xy (i.e. Dsimims = Pmslm, JOr all

the combinations of my, my and mg), then p?Xh o Xs) = p?Xl LX)
PROOF See Appendix G.

Proposition 4.3 (a) and (b) show that the proposed overall and marginal association
measures are all zero when X3 is jointly independent of X; and X,. (c) implies that, if
X3 1s marginally independent of X, the marginal association between X3 and X, is zero
and the mean subcopula score for X3 predicted by X is equal to the unconditional mean
subcopula score of X3. Note that the contribution of the mean subcopula score for X3
predicted by the interaction between X; and X5 still remains. Similarly, we can interpret
(d) by considering the marginal independence between X3 and Xo.

Next, (e) indicates that when two independent variables are marginally independent,

the correlative association measure in Eq. (4.4) becomes zero because the (unnormalized)
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correlation between two mean subcopula scores Tty and Tz, is zero for the marginal
independence of X and X5. Thus, pfy, |, vy FPx, x5 < Plx,.xssx,)- The equality holds

ifandonly if ry, s, —Tui,, —Tus,, +7 = 0foreach (mq,ms), i.e. Tty iz, ~ Tty =

U2my
Tug,,, —Ta0d Ty, wy =Ty, =Ty, —r, whichmeans no contribution of the interaction
between X; and X5 in predicting the mean subcopula score of X3.

Finally, (f) means that, if X5 is conditionally independent of X; given X5, then X3
will make no contribution to the overall subcopula regression based association measure.

We can apply a similar interpretation for (g).

Proposition 4.4 below investigates the implications of the converse of Proposition

4.3 (a), (b), (f) and (g).

PROPOSITION 4.4

(a) pr%X17X2_>X3) = 0, then Tty 2, for every (my,ms) is a constant and equal to .

2 _ 2 i - B
[fﬂ(xl_»(g) = 0orpix,,x,) = 0 then Tu,,, = r for every my or Tusy, = r for

every ma.
(D) If Py xysx9) = Pt s xey ThEN T, s, = Tuy,, fOT every (my,ms).
(c) pr%xl,xgaxg) = p?XQHXS), then Ty, us,,, = Tus,, fOT every (my, my).

(d) I-fp%Xl,Xg—)Xg) = p%X1—>X3) + p%X2—>X3)’ then ru1m17u2m2 - rulml - TU?mQ +r= Ofor

every (m1,ms), and r,, —and r, are uncorrelated.
PROOF See Appendix H.

In Proposition 4.4, (a) implies that the mean subcopula score for X3 with respect
to the conditional distribution of X3 given (X7, X3) is constant over every combination of
the categories of X; and X,. It also implies that the mean subcopula score for X3 with
respect to the conditional distribution of X3 given X; or X5 is also constant over each

category of X, or Xs, respectively. (b) and (c) indicate that no additional contribution of
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X5 (X3) to the prediction of the mean subcopula score of X5 is made for every combination
of the categories of X; and X5. (d) suggests that there is no additional contribution of the
interaction and correlation between X; and X5 to the prediction of the mean subcopula
score of X3 for every combination of the categories of X; and X5, and two mean scores for

X3 predicted by X; and X are not linearly correlated.

4.2.2 Decompositions for d-dimensional contingency tables

We consider the decompositions of the overall subcopula regression based associa-
tion measure P%x,i LX) in the d-dimensional contingency table with respect to a sequence
of variables X 4_1) = {X (1)s--r X (d—l)} which reflects the order of the independent vari-
ablesin X_; = {Xy,...,X;_1, Xit1,..., Xq_1} entering the subcopula regression for X;.
That is, X (1) and X 4_1) are the first and last independent variable entering the subcopula
regression for X, respectively. We first let Xﬁ), e ,Xf]) form a partition P of X4_1),
where 1 < J < d — 1. Then we let X%) = Xﬁ) U...U Xg) denote the union of the first j

sets in the partition, where 1 < j < J. Finally, according to Section 3.1 and 3.2, we define

Mf) (J), U( , and u( , for each X( > and M m(j) U( and u () for each X?)
Additionall let = pC Q. — ,C
dditionally, we let 70 Uz\U(J)(u(J)m%))’ Tt = Thur +1)( o (]H))

C Q
uy ul,
m()mi, ~ TUUE U <J+1>( Umg ? 0+ e

are the subcopula regressions of X( ) X( 1) and X G41) = X( U XP

and 7, ). Here Tt > Tm? and r

(G+1) mymf )

on X, respec-

) =

(3+1)

tively. Furthermore, let » = E-(U;). Note that we have r = Eqo(r, ?)) Ec(rm

).

For the purpose of clear illustration of the decompositions, we define the condi-

( j+1)

Ec(T Q

P
M) MG +1)

tional, interactive and correlative subcopula regression based association measures for

d-dimensional contingency tables below.

DEFINITION 4.2 The conditional subcopula regression based association measure of
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Xg.ﬂ) on X; given Xg.) is defined by
Var < m )
Pep _ m) M,y — O me,
(X{ 2 XilXE) Var(U;)
Q P
M) M) 9
r..Q P — T..Q Q P
Z Z ( M)y ™M (G+1) m(j)) pm(]’wmml)
_ mGy=1GmG =104
— i ,
2
> (i, = 7)" D,
mizl

where 1 < j < J.

The non-negative conditional association measure in Definition 4.2 quantifies the contribu-
tion of X ) to the overall association measure given that XQ is already in the subcopula
regression function. One important property of the conditional association measure is ad-

ditivity, as shown in Proposition 4.5 below:

PROPOSITION 4.5 Consider a d-dimensional contingency table of ordinal variables X,

with the joint p.m.f. pm,. For a new partition P* of X (4_1) where X = X13+1 U X (j+2)"
we have
— 2 +
Pxrox, X2) T PG XX ix Xy Xil X))
P Q
where X(]H) X( 1y U X5

PROOF See Appendix F.

DEFINITION 4.3 The interactive subcopula regression based association measure of

(XR XE ) on X; given X( ) and XP ) is defined by

()7 “F0G+1) (3+1)
Var (T Q P —r..Q@ —7T.,P )
p MGy ™G+ ™) Mi41)
P =
(X XG0y 2 X X X)) T Var(U;)
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Q
M) M1 5
r..Q P —7r.,.Q — TP Jrr) Q P
Z Z ( MGy ™Gy M) My Py mf )
m{) =15 m{ ) =10,
= A
2
Tmy mi
U; r) p
mizl

The non-negative interactive association measure in Definition 4.3 explains the contribution
of the mean subcopula score for X; predicted by the interaction between X ) and X (G+1)

to the overall association measure.

DEFINITION 4.4 The correlative subcopula regression based association measure of

(XQ X];Ll ) on X; is defined by
Cov (r Q =TT - 7“)
e _ G) MG
(X=X X ()Xo Var(U;)
Q P
(J) (J+1)
e — T ) |\ Tm,P P
Z Z < M) ) ( miiy )pm(a)’ Mi+1)
m{ =10, m{ ) =10 )
= i
2
> (Ui, = 1) pm,
m;=1

The correlative association measure in Definition 4.4 represents the contribution of the
(unnormalized) correlation between the two mean subcopula scores for X; predicted by
X%) and Xg +1) separately to the overall association measure.

We also notice that the conditional, interactive and correlative association measures

are invariant with respect to the permutation on the categories of the independent variables

and binary dependent variable, as shown in Proposition 4.6 below.

PROPOSITION 4.6 Consider a d-dimensional contingency table of ordinal variables X,
with the joint p.m.f. ppm,. Let X _; denote the permuted X _; defined in Proposition 3.4 and

X; denote the permuted binary X;.

(a) The conditional subcopula regression based association measure is invariant with
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respect to X_Z- and X ;. That is

P2 = s P2
<P %2y = P
Xy XilXP) — PXE )= XalXE) PXE L,

— ,02
v =
—X, X2 T Px

(b) The interactive subcopula regression based association measure is invariant with

respect to X_i and Xi. That is

2 2
P2 XP XKD ) = Pxe x

<P P
HXG+1) G XG+1) Oy X Gy XX
o = 2
Q P P - Q P
(XC) X Gy 2 il X X)) (X X0y =Xl X

XP )
(J)’ (5+1)

XP )
(7)’ (G+1)

(c) The correlative subcopula regression based association measure is invariant with

respect to X,i and X’i. That is

VX »x X =X) = TXE) =X XE L) —X0)

TXE X X, —»X) T VXY =X X =X

PROOF See Appendix F.

Now we extend the decompositions of p?Xl Xoms Xs) for three-dimensional tables in

Theorem 4.1 to a general case of the decompositions of p%xﬂ_ LX) for d-dimensional tables

below.

THEOREM 4.2 Consider a d-dimensional contingency table of ordinal variables X4 with

the joint p.m.f. pm,.

(a) The sequential decomposition of the overall subcopula regression based measure

p?x,ﬁxi) is given by

J—1
ot = p; + pixr o
(X_i—=X;) X ~>X - (XUH)%XHX(],)):
]:

33

4.7)



(b) The non-sequential decomposition of the overall subcopula regression based mea-

sure plx_._,x,y is given by

J J—1 J—1
2 _ 2 2 —
P imx = 2o 0 P X XKD, X ) ™ 2 2 OG0
Jj= Jj= Jj=
4.8)
where
MP
€] 9
r..p —1T P
PZP (mm ) P,
P2 )
P =
(X=X M; )
E (ulmL - T) me
m;=1

(c¢) The sequential and non-sequential decomposition of the overall subcopula regression
based measure in Eq. (4.7) and (4.8) are invariant with respect to the permutation
on the categories of every independent variable X; € X _; and the binary dependent

variable X;.
PROOF See Appendix F.

Note that Eq. (4.7) is the extension of Eq. (4.2) and (4.3) in Theorem 4.1, while Eq. (4.8)
is the extension of Eq. (4.4) in Theorem 4.1. Moreover, the sequential and non-sequential
decompositions are still valid even when the independent variables are nominal and the
dependent variable is binary, according to Theorem 4.2 (c).

We call Eq. (4.7) the sequential decomposition because it sums up the condi-

tional association measures, each of which quantifies the contribution of a newly added

P

set of independent variables X(j +1)

to the overall subcopula association measure /)?x LX)
—1 7

Q

given that all the previous independent variables X( ;

) are already in the subcopula regres-
sion for X;. For example, consider that X;,..., X5 are the ordinal variables in a five-

dimensional contingency table where X; is the dependent variable and X1,..., X, are
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the independent variables. Suppose that the order of X, ..., X, entering the subcopula
regression for X5 is captured by Xy = {Xq), X2), X3), X0} = { X4, Xo, X1, X3}
We partition X4 by X{}) = {X(l)} = {Xu}, Xy = {X@), X3} = {Xo, X1} and
X{s = {X@} = {Xz}. Then we obtain the unions X}, = X}, =
= {Xq), X2), X3} = {X4, X, X1}. Therefore, according to Eq.

{X(l)} = {X4} and
Q P
Xy = Xy UXpy =

(4.7), the sequential decomposition of p%Xl’ X, X3, X4—X5) is given by

uXxX?

2

2
x5 T PxP

2 2
P(X1,X2,X3,X4—X5) = P(xF ) T Pixk,

(1) ~>X5|X

@ 6 —Xs51X)

- p%X4HX5) + p%X27X1HX5|X4) + p%X3%X5\X4,X2,X1)‘

In contrast, we call Eq. (4.8) the non-sequential decomposition because it contains
no conditional association measures but the marginal ones for the .J sets of independent
variables, which doesn’t explicitly reflect the order of the independent variables entering
the subcopula regression for X;. For example, consider the same five-dimensional con-
tingency table used for illustrating the sequential decomposition above. For the same par-
tition Xﬁ), Xé), Xé) and unions X%), X%) above, the non-sequential decomposition of
Pix1 X.X5. X4 x5 Dased on Eq. (4.8) is then given by

2

~xs) TPxP x5 T p(x Lxs) T p(xﬂ XP 5 X5|X2

2
P(X1,X2,X3,X4—X5) ’O(X (2) (3) M*(2)

() 1) X))

22 2

n _ -2
p(XQ XE —>X5|X p(X?l)—>X5, (2)_>X5) p(X??>_>X5’ (3)_>X5)

X &X()
=p; + + 07 +

p(X4—)X5) p(X27X1—>X5) p(X3—>X5) p(X4X2X1—>X5|X4,X2,X1)
+p; —2

p(X4X2X1X3—)X5‘X4,X2,X1,Xg) ry(X4_>X5,X27X1—>X5)

_27(X4,X2,X1%X5,X3%X5)‘

In Proposition 4.7 below, we extend the properties of the decompositions of the
subcopula regression based association measure under four types of independence given
in Proposition 4.3 for d-dimensional contingency tables. Recall the four types of indepen-

dence are: joint, mutual, marginal and conditional independence.
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PROPOSITION 4.7

(a) If X; is jointly independent of X _;, then p?x,ﬁxi) = 0 and hence p(xP Lxy T

for1 <k<d-1.

(b) If Xy ={X1,..., X;1, Xs, Xia, - .., Xyq} are mutually (or complete) independent,

then p%x_ﬁxi) 0 and hence p? = 0for1 < k < d— 1. Note that the

(XP —X;)

mutual independence is a special case of joint independence.

(c¢) Suppose that X; is marginally independent of XQ‘ in the marginal contingency table

of (Xg.), ;). For the sequential decomposition, we then have p( Xy T 0 and
X
2 .
p(X{;H)_)X X2, = =0forl <k <j—1 Thus Eq. (4.7) becomes
J-1
2 _ 2 2
PX_imXi) = PXE,, —X0) + Z PxE ) =XiX8)
k=j+1
For the non-sequential decomposition, we then have p(xP LX) = 0 and Tm@, =T
for all m(k), where k = 1,...,j. Thus Eq. (4.8) becomes
2
PX_i—X;) Z % (xF X T Pix @ LxiXEL )T
k=j+1
J—1 J—1
2
-2 .
k—;-l P(x&)xgjcﬂﬁx X% Xh ) k—;-l TXE =X XE ) —Xi)

(d) Suppose that Xt .\ is marginally independent of X%) in the marginal contingency

(U+1)

table of XQ. i+1) for1 < 5 < J — 1. For the non-sequential decomposition, we then

have VXD X, X X)) = 0. Thus Eq. (4.8) becomes

—X; |X (k)’ (k+1))

J
p?X—ﬁX Z PXP —5X;) Z Pxe
k=1

(k) (o X{kr1)
J—1
_9 Z o -2 Z 0 :
Y (X{) =X X(k+1)—>Xi) ' ’Y(X(k)—»( X(k+1)—>X,-)
k=1 k=j+1
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(e) Suppose that X; and XS 1) are conditionally independent given Xg.). For the se-

quential decomposition, we then have p(Xp XX T 0 and hence Eq. (4.7)
G+ TIRG)
becomes
Jj—1 J—
2
X —|— .
PX_i=Xx) = x5 - kzlp (k+1ﬁxi|x<ﬂk)) :Z Xy XilX ()
For the non-sequential decomposition, we then have "m® mf = 'm® - Thus Eq.
(4.8) becomes
j—1
2 _ 2
P(X_i—X;) _Zp(XP S X;) Z 'OXP 5X) "’Zp(xﬂ XFP X |X9 )
— Tw b L ® P O R (S Xkt
J—1 j—1
4 -2 Q ,
kzﬂp & XXl X3 XE ) EW(X(kﬁX Xy Xi)
_j p—

-2 E Q .
: X(k)—>X X(k+1)—>X1)
k=j+1

PROOF See Appendix G.

Similar to Proposition 4.4, we finally explore the property of the converse of Propo-

sition 4.7 (a), (b) and (e) for d-dimensional tables.
PROPOSITION 4.8

(a) For1 < j < J, if p? x" = 0, then "mf, for every mf;.) is a constant and equal
J

>—>X)

tor.

(b) For1 < j < J, if

<.
|
—

2 2
PX_i—Xi) = P(xP Lxy T P(x
1

—X;|X$

h )’
(k+1) (k)

i

then we have ,0( ) = = 0 and hence r,, = Tm@, for every m&)

P
XP XX (k)’ Mt1)

(k+1) (k)

ana’karl wherek =j,...,J — 1.
PROOF See Appendix H.
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4.3 Use of the overall association measure and its decompositions for

descriptive modeling

For the purpose of descriptive modeling, the overall subcopula regression associa-
tion measure and its decompositions proposed in Chapter 4.1 and 4.2 can be applied in the
following ways.

First, the sequential and non-sequential decomposition can be utilized to deepen
the understanding of the association structure in a model-free manner. This is because they
can provide the qualification of (marginal/conditional/interactive/correlative) contribution
for a set of independent variables of interest to the overall association measure for the
full-dimensional contingency table.

Secondly, the overall subcopula regression based association measure can be adopt-
ed to quantify the association structure between the dependent variable and every subset of
the independent variables, namely all-possible-subset subcopula regressions. That is, we
can calculate the association measures for all possible subsets of the independent variables,
identify one or a few subsets of the independent variables with the largest or larger value of
the association measure per subset size and use them for further statistical inference. Here
the subset size refers to the number of independent variables included in the subcopula
regression.

Thirdly, one can utilize the sequential decomposition of the overall association mea-
sure for the full-dimensional contingency table to obtain the conditional contribution of
every independent variable to the overall association and build up the best subset of inde-
pendent variables. To be specific, one can add a new independent variable with the largest
conditional association measure to the existing subset of independent variables already in
the subcopula regression until a newly added variable has a negligible value of conditional
association measure.

We will illustrate in Chapter 7.2 and 7.3 the application of the sequential and non-
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sequential decomposition of the overall association measure using the real data sets acute
migraine (Vandenhende and Lambert, 2000) and nuclear accident (Fienberg et al., 1985),
respectively. For the acute migraine data, we will use the (sequential/non-sequential)
method of decomposition to quantify different types of contribution of the independent
variables to the overall association measure. For the analysis of nuclear accident, we will
show the use of the marginal and conditional association measures from the sequential de-
composition of the overall association measure to capture the time-dependent association
structure.

We will also illustrate the process of using all-possible-subset subcopula regres-
sions to build up the best subset of independent variables in Chapter 7.4, with a real data
set called post-operative patients (Budihardjo et al., 1991) whose main goal is to determine
the place that a patient in the post-operative recovery area should be sent to next, which is

related to a classification problem in statistical learning.
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CHAPTER 5
STATISTICAL INFERENCE FOR THE SUBCOPULA
REGRESSION AND ITS ASSOCIATION MEASURES

In this chapter, we study the point estimation of the proposed subcopula scores,
subcopula regression function, subcopula regression based association measure and the
decompositions (i.e. the sequential and non-sequential decomposition) for d-dimensional
tables. We also investigate the interval estimation of the proposed association measures to
quantify the uncertainty of their point estimators. Furthermore, we perform the permutation
test to confirm the statistical significance of the observed patterns of association between
the ordinal dependent variable and a set of independent variables.

First, we follow the plug-in principle using the relative frequencies in a d-dimensio-
nal contingency table to calculate the point estimation of the proposed subcopula scores,
subcopula regression, its overall association measure and the corresponding decomposi-
tions.

Then we consider the interval estimation of the proposed measures using two ap-
proaches. The first approach is to use the asymptotic distribution of the point estimator
of the overall subcopula regression based association measure to construct the Wald-type
asymptotic confidence interval. The second approach is to employ the bias-corrected and
accelerated (BCa) bootstrap confidence interval (Efron and Tibshirani, 1994; Davison and
Hinkley, 1997). Note that we consider only the bootstrap confidence intervals for the pre-
diction of the category of the dependent variable and the decompositions of the overall

subcopula regression based association measure.
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At last, we design the permutation tests for the hypotheses of the proposed overall
association measure, p(QX_i _,x,)» as well as its marginal and conditional association mea-
sures obtained from the sequential decomposition, in a d-dimensional contingency table
to assess the statistical significance of the (joint/marginal/conditional) contribution of the

independent variables.

5.1 Point estimation

Let m, = Tuny mo.....m, denote the cell count in a d-dimensional contingency table
corresponding to the m;-th, mo-th, ..., my-th category of X, Xs,..., Xy, respectively.

Then, the marginal count for X; = Ti,. is denoted by

M_; M, M;—1 M1 My
Nm,; = E Nm, = E , E : E : E : Nmy,ma,...;ma>
m_;=1_; mi1=1 mi—1=1m;y1=1 mg=1
the count for X_; = x,,, , is denoted by
Ml Mi
NMm_; = E NMm, = E Nmy ma,...,mq
mzil mizl

and the total count for X,; = Ly, is denoted by

Md ]\/11 M2 Md
n= E : NMmy = § : § : E , Nmy,ma,...mq-
my=1y4 mi1=1mo=1 mg=1

We define the estimator for the marginal p.m.f. p,,,, of X, by

~ . N,
pimi - n )
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and the estimator for the conditional p.m.f. p,,,;m_, of X; given X_; by

Nmy

A
pmi|m,i -

The set of subcopula scores of X is estimated by

~

D, = {ityy =0< -+ < ity <o < iy, = 1},

where

myg
uimi == E pTi'

ri=1

Now the estimator for the subcopula regression function of X; on X_; in Eq. (3.7) is

obtained by

M;
f’lcf'i\U_i(ﬁm_i) = Z aimiﬁmi\mﬁ'
mi=1
Following the prediction process introduced in Section 3.4, we can estimate the predicted
category of X; for a combination of categories of X _; via the estimated subcopula re-
gression above. Given the observed categories x,, , for X_; again, we first calculate the
corresponding U, , using the estimated marginal p.m.f. p,, .. Next, we compute the pre-
dicted value of ; via the estimated subcopula regression, i.e. u; = ngU,i (m_,). Then,
from the estimated set of the subcopula scores of X, f)u we locate the index 7 such that

~

U; < u; < ;.. Finally, we obtain the estimate of the predicted category of X;, i.e.

m*—1
i

xZ; .
Ui
1

Next, the estimator for the subcopula regression based association measure in Eq.
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(4.1) is given by

M_, 2
> Z iy P, — T | Pea_
Pl oy == , 5.1
Z ('&iml 72) Pm;

where 7 = >0 @, P,
We can also obtain the estimator for the sequential decomposition of the subcopula
regression based association measure in Eq. (4.7) as follows:

J-1

~2 ~2 ~2
PX_imxi) = p(XP —+X;) - Z'O( Xy XalXE)
7j=1

where
P,
M) )
TP — T ) PmP
PZP (mu) ) P,
% ;=G
. N2
z : (uimi _T> Prmi
m;=1
Q MPE
M) M) 5
o P —T_ 0 mP
Z Z (mu)’mml) mm) pmm’ G+1)
P =0 ™Gy =164
PXE 0y xalxE) = M; ) ’
> (@i, =) b,
mizl
where fmfv), fm?> and fm?) mp, are the estimators for the subcopula regression functions
J J 30+

Q P
(u . ur.
G+ (])m%)’ (J+1)m<j+1)

Lastly, the estimator for the non-sequential decomposition of the subcopula regres-

c P c 0 -
"uipur, (u(j)mf:;_> ), "0, ug, (u(j)m?j) ) and 7, ue ur ), respectively.
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sion based association measure in Eq. (4.8) is given by

—2 Z .
VX = Xe Xy X))

J—
X_i—X;) Z (= Xi) Z

X)X Gy Xl X5 X {4 )
where
Q P
M) M1 )
P Ry a— #) p
QZ Q P ZP <ms(?7)7m8+1) m?j) mﬁi+l)+ ) pm(s.zi)’mgj'-%—l)
22 G =Gy MGy =G4
(XC) XG0 =Xl X)X 4ry) M; )
Z (uim, T) Pm,;
m;=1
and
Q P
M) M)
P =) (Far = 7) P mr
Z Z ( M) M) pmu)’mmn
_ mG=16mG =140
’Y(x(7)—>X1,X(J+1)—>Xi) M, ]
m;=1

5.2 Interval estimation

For the practical significance of the estimates of the proposed association measures,
it is important to estimate the size of any effect, e.g. by constructing the confidence inter-
vals for them. In the following we first provide the asymptotic distribution of the point
estimator of the overall subcopula regression based association measure PA%X_,. X)) for con-
structing the asymptotic confidence interval. Then we introduce different bootstrap resam-
pling approaches for constructing the bootstrap confidence intervals for all the proposed
association measures. Finally, we describe how to utilize the bootstrap method to quan-
tify the uncertainty in the predicted categories of the response variable obtained from the

estimated subcopula regression.
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5.2.1 Asymptotic confidence interval

We present the asymptotic distribution of the point estimator pA?X_q_ LX) in Theorem

5.1 below:

THEOREM 5.1 Let P%x,i X)) be the overall subcopula regression based association mea-
sure of X; on X_; defined in Eq. (4.1) and ﬁ%x,i LX) be the corresponding estimator in

Eq. (5.1). Suppose that 0 < p%x_i—»(i) < 1. Then,

~ D
vn (p%x,iaxi) - p%x,iﬁxi)> = N(0,%),

where p = (p1,1,...,1,p2,1,...,1, ey DMy 7pM1,M2,...,Md)T’
T
X,i Xi - PR Y
( ) 8101,1,...,1 ale,Mg,...,Md

¥ = Vi -x,)(P) (diag(p) — pp") Vi -x,) (),

2
8/’(x,iaxi)

o, 15 given in Appendix J, N (+) is a univariate normal distribution, and diag(p) is

a matrix with diagonal values equal to p and 0 elsewhere.
PROOF See Appendix I.

Theorem 5.1 allows us to obtain an estimator for the asymptotic variance of ﬁ?x,i X)) by

the plug-in principle and then construct the asymptotic Wald-type confidence interval.

5.2.2 Bootstrap confidence intervals

The asymptotic confidence interval obtained from Theorem 5.1 works well when
the sample size is sufficiently large and the true value of p%X_i X)) of interest is away from
the boundary of the parameter space (0 or 1). For small and moderate sized data sets,

the bootstrap confidence interval is often adopted to take into account the finite sample
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variation in terms of parameter estimation. Moreover, the bootstrap approach can preserve
the range of the proposed subcopula regression based association measure which is between
0 and 1. For the bootstrap resampling from a multi-dimensional contingency table with the
ordinal dependent variable and a set of independent variables, we consider three types
of bootstrap implementation: parametric bootstrap, unconditional paired nonparametric
bootstrap and conditional paired nonparametric bootstrap (Efron, 1981; Fox and Weisberg,
2018).

Parametric bootstrap starts with fitting the saturated log-linear model to the con-
tingency table and then uses the estimated parameters in the saturated log-linear model to
generate bootstrap samples.

Unconditional paired nonparametric bootstrap converts the full-dimensional con-
tingency table into a case-form data set, applies the nonparametric bootstrap and converts
back to a table-form data set. For example, consider a 3 x 3 x 2 contingency table of ordinal
variables X, X5 and X3. Suppose that X; has categories {x1,, r1,, 71, }, X has categories
{z3,, T2,, T2, } and X3 has categories {x3,,3,} as in Example 3.1. First, we convert the
three-dimensional contingency table into a case-form data set, where the cases are defined
by the combinations of the categories (x1,, o, , x3, ), (T1,, T2,, T3,), - - -, (T15, T2y, T3,). NO-
te that the number of duplicates for each case is determined by its corresponding count in
the original contingency table. After obtaining a bootstrap sample based on the case-form
data set using the nonparametric bootstrap, we then convert it back to a three-dimensional
contingency table that has the same layout as the original table.

Conditional paired nonparametric bootstrap first fixes the counts in the marginal
contingency table of the independent variables and converts the marginal contingency table
of the dependent variable into a case-form data set with respect to each combination of
the categories of the independent variables. It then applies the non-parametric bootstrap to
each case-form data set and integrates them back to the table form. For instance, suppose

that X3 is the dependent variable in the three-dimensional table as in Example 3.1. First,
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we fix the counts in the marginal contingency table of (X, X5). Next, given a combination
of the categories of (X, X5), we convert the marginal table of X3 into a case-form data
set, where the cases are defined by the categories of X3. Note that the number of duplicates
for each case is determined by its corresponding count in the original contingency table.
After obtaining a bootstrap sample based on the case-form data set using the nonparametric
bootstrap for each combination of the categories of (X7, X5), we then integrate them back
to a three-dimensional contingency table that has the same layout as the original table.

For the construction of confidence intervals using bootstrap samples, there exist a
few available methods, including the standard, the percentile, and the bias-corrected and
accelerated (BCa) method (Efron, 1981, 1987; Davison and Hinkley, 1997). The BCa
method, an improved version of the percentile method, has been proved to be more reliable
than other methods especially when the sample size is small (Efron, 1987; Davison and
Hinkley, 1997). It introduces the bias-correction constant for reducing the median bias
of the bootstrap point estimates measured by the average deviation between the median
of bootstrap point estimates and the original point estimate (due to the skewness). It also
considers the acceleration constant for controlling the rate of change in the standard error of
the original point estimate with respect to the true parameter value. We will employ the BCa
method to construct the confidence intervals for the overall association measure P%x_i LX)
as well as the conditional, interactive and correlative association measures obtained from
the sequential and non-sequential decomposition of p%x_i LX)

Using the bootstrap method, we will also quantify the uncertainty of the predicted
category of X, for a given combination of categories of X_;. Specifically, we will first
generate B bootstrap contingency tables using one of the three implementations described
above. Then we will predict the category of X; for each combination of the categories of
X _; in a bootstrap contingency table by following the prediction method given in Section
3.4. At last, we will compute the proportion that each category of X is predicted for each

combination of the categories of X_; over all the bootstrap contingency tables.
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5.3 Permutation test

Compared to the interval estimation in Section 5.2 that offers practical significance
for the estimates of the proposed association measures, hypothesis testing will provide the
statistical significance of the hypothesis of no association between the ordinal dependent
variable and a set of categorical independent variables, which is equally important in the
inference for the proposed methods. To this end, one can consider two approaches: the
Neyman-Pearson (NP) population model (Neyman and Pearson, 1928a,b) and the Fisher-
Pitman (FP) permutation model (Fisher, 1992; Pitman, 1937a,b, 1938). To obtain the level
of statistical significance, the NP population model first calculates the test statistic that
exactly or asymptotically follows the reference distribution under the null hypothesis for the
observed random sample which is assumed to be generated from a pre-specified distribution
for the population. Then it estimates the frequency with which the null hypothesis would be
rejected in the repeated random samples with the same sample size as that of the observed
sample from the same population. On the other hand, the FP permutation model computes
the same test statistics for the observed random sample as well as all or a large number (e.g.
> 1,000, 000) of possible permutations of the observed sample under the null hypothesis
of interest. Then it estimates the frequency with which the values of test statistics for the
permuted samples are larger than or equal to that for the observed sample.

Given that the proposed subcopula regression based association measure, P%x,i LX)
is non-negative, the asymptotic distribution of Theorem 5.1 is not applicable to the testing
of Hy : p%X_i Sx) = 0 because the asymptotic theory we proved requires the assump-
tion that the overall association is positive and the value of p?xﬂ_ LX) under H is on the
boundary of its parameter space. This means that one may consider deriving the asymp-
totic distribution of the estimator ﬁ?x,i X)) under H,. However, it is well known that
the large-sample based testing procedure under the (NP) population model could be prob-

lematic when the sample size is not sufficiently large compared to the size of contingency
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table (determined by the number of variables and the number of categories in each vari-
able), e.g. when the contingency table is sparse (Guo and Thompson, 1989; Agresti, 2002,
p.392-397).

In this section, we adopt the permutation test under the FP permutation model to
assess the statistical significance of the null hypotheses concerning three types of pro-
posed association measures: overall, marginal and conditional. For hypothesis testing,
it is well-known that the FP permutation model has several advantages over the NP popu-
lation model (Berry et al., 2011, 2018, 2019). First, the permutation test gives or estimates
the exact probability corresponding to the permutation distribution of equally-likely test
statistic values. Secondly, the permutation test is data-dependent in the sense that all the
required information for testing is from the observed data. Thirdly, the permutation test is
distribution-free as it does not assume a specific distribution for the population from which
the sample was drawn. Finally, the permutation test is robust for small samples and sparse
contingency tables (Guo and Thompson, 1989).

For the rest of this section, we will first explain the respective permutation strategies
for testing the proposed overall, marginal and conditional association measures, describe
the estimation of p-values in the permutation tests, and illustrate the relationships among

the tests for the three association measures.

5.3.1 Permutation strategy for the hypothesis of ‘“no overall associa-
tion”

According to Proposition 4.1 (b) and (c), we know that p,,,, s, = D, Pm_, fOr every
(m;,m_;) (i.e. X_; is independent of X;) implies P%x,i LX) T 0, which further suggests
m_, = 7 for every m_;. Although r,, , = r for every m_; does not imply p,,; m , =
Pm,Pm_, for every (m;, m_;), we expect that if we managed to draw a sample from the
factorized joint distribution p,,, pm_,, the estimated p%x_l_ SX) would be almost zero and

hence we could use the generated sample to test the null hypothesis p%X_i Lx) =0 against
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the observed sample from p,,, m ,. However, the factorized joint distribution p,,, pm_, 18
unknown and hence we have no way to generate an i.i.d. (independent and identically
distributed) sample from it. Instead, when the observed sample is i.i.d., we can permute X;
and leave X _; invariant to approximately simulate an i.i.d. sample from the factorized joint
distribution p,,,pm_, (Doran et al., 2014). Note that the permutations of the independent
variables X _; lead to the same value of prﬂ, LX) according to Proposition 4.1 (g).

To generate such a permutation of the observed d-dimensional contingency table in
this case, we first convert it into a case-form data set. Note that the number of duplicates
for each case is determined by its corresponding count in the original contingency table.
Then we permute the categories in the column of X; only in the case-form data set. Finally,

we convert the permuted case-form data set back to a d-dimensional contingency table.

5.3.2 Permutation strategy for the hypothesis of “no marginal associ-

ation”

The same permutation strategy used in Section 5.3.1 can be applied to the test of

a marginal association measure with the null hypothesis Hj : p?xp = 0, where XZ)
@

is the j-th partition of X_; defined in Section 4.2.2. By Definition 4.1, we know that if

2
P .
(X (= Xi)

and leave XZ) invariant in the marginal table of (Xf;), X;) to approximately simulate i.i.d.

= 0. Then we can permute X;

Prmim?, = PmDwp, for every (m;, m(;)), then p

2
samples from p,y,, Pr?, (Doran et al., 2014).

To generate such a permutation of the marginal table of (Xg)7 X;) in this case, we
first marginalize the full table along each independent variable in X _; — Xf’;) and convert
the resulting marginal table of (XZ)7 X;) into a case-form data set. Note that the number
of duplicates for each case is determined by its corresponding count in the marginal table.
Then we permute the categories in the column of X; only in the case-form data set. Finally,
we convert the permuted case-form data set back to the contingency table with the same

size as the observed marginal table of (Xf;), X;).
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5.3.3 Permutation strategy for the hypothesis of ‘“no conditional asso-
ciation”

The permutation strategy for the overall and marginal association measures in Sec-
tion 5.3.1 and 5.3.2 can be further extended for the test of a conditional association measure

with the null hypothesis H, : = 0, where X}, is the union of the first ;j

2
POXE )= XlX )
partitions of X _; defined in Section 4.2.2.

By Proposition 4.7 (e) and Proposition 4.8 (b), we know that p,,

P
My q),m

Pinifm® Pmf | [, P, for every (ms, m ), mg) (e X, is independent of X;
given XQ)) implies ? XP S XIXE) T = 0, which further suggests r,, mP  m® = I'mf for
every (m(jH) ) ) Although r, mf, mf = Tm? for every (m(}, ), m j)) does not im-
PLY Do, mP wf, m® = Poym® Pmf | [m® Pm?, for every (m;, mgﬂ), mg)) we expect that
if we managed to draw a sample from the factorized joint distribution p,, m® PmP | im® Pm
the estimated p XP S XIXE) would be almost zero and hence we could use it to test
the null hypothesis p( XP XX 0 against the observed sample from Pmim? | 8 -

However, the factorized joint distribution p,, m® Pm? is unknown and hence

]+1)|m pm

we have no way to generate an i.i.d. sample from it. Instead, we can permute X; only

and leave Xg +1) invariant for every combination of categories of X%) to approximately

simulate an i.i.d. sample from the factorized joint distribution p,, ,2 Dm P
ma|mG) Pm ) Im) Pm
(Tsamardinos and Borboudakis, 2010; Doran et al., 2014).
To generate such a permutation of the marginal table of (X( 1) X?j), X;) in this

P

case, we first marginalize the full table along each independent variable in X _; — X( 1)

X?) and convert the resulting marginal table of (X1 X%), X;) into a case-form data

(G+1)
set. Note that the number of duplicates for each case is determined by its corresponding
count in the marginal table. Then, we permute the categories in the column of X; only

in the case-form data set for every combination of categories of X%). Finally, we convert

the permuted case-form data set back to the contingency table with the same size as the
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X2 X,).

observed marginal table of (X2 () i

(5+1)

5.3.4 Estimation of p-values for the permutation tests

We use the p-value estimation in the permutation test for the proposed overall as-
sociation measure as an example. Note that the same procedures can be applied to the
permutation tests for the proposed marginal and conditional association measures.

To estimate the p-value associated with the observed test statistic ﬁ?x,i _,x,) com-
puted from the observed contingency table, we first obtain the value of the permuted test
statistic from each permutation denoted by ﬁ?x,i LX) where 1 < b < B and B is the
number of generated permutations, and then calculate the proportion of ﬁ%x,i x;), thatis
larger than or equal to ﬁ%x_i _,x,) among all the permutations. The resulting proportion is

the estimated p-value, p. That is,

B

.1 N A

p= E Z I (p%x—i—hxi)b > IO%X,Z-—>X1-)) s
b=1

where /(-) is an indicator function. In addition, we calculate the relative error given by

Vv Var(p)/E(p) = /(1 —p)/(Bp) to quantify the precision of p. Note that we make

B equal to the total number of distinct permutations of the observed contingency table
when it is no greater than 1, 000, 000 and hence the estimated p-value is exact in this case.
Otherwise, we let B > 1,000, 000 and estimate the p-value using the Monte Carlo approx-

imation.

5.3.5 Relationships of the permutation tests for the overall, marginal

and conditional association measures

If the estimated p-value for H : P%x,i Sxy = 0 is larger than a predetermined
significance level «, the null hypothesis is not rejected, which indicates by Proposition

4.1(c) that the independent variables X _; has no significant influence on the mean subcop-
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ula scores for the dependent variable X;. This also implies, by Theorem 4.2 (a), that the
null hypotheses of zero values of the marginal and conditional association measures ob-
tained from any sequential decomposition of P%x,,. _,x,) are not rejected either. Therefore,
one does not need to proceed with the permutations tests for any marginal and conditional
association measures in this case.

On the other hand, when H : P?x,z- Sxy = 0 is rejected, it means that the in-
dependent variables X _; has significant influence on the mean subcopula scores for the
dependent variable X, in a certain way. This also implies that at least one null hypothesis
concerning some marginal or conditional association measure obtained from any sequential
decomposition of p?X_Z_ LX) is rejected. Therefore, if one is further interested in discover-
ing which null hypotheses related to the marginal and/or conditional association measures
are rejected under a specific sequential decomposition, one can proceed with the permu-
tation tests for the marginal and conditional association measures as explained in Section
5.3.2 and 5.3.3. Note that one may need to control the family-wise error rate or false dis-
covery rate to test the null hypotheses of marginal and conditional association measures
simultaneously. Such adjustment methods include the Bonferroni correction (Bonferroni,
1936), the Holm—Bonferroni method (Holm, 1979), the Benjamini—Hochberg procedure
(Benjamini and Hochberg, 1995) and the Benjamini—Yekutieli procedure (Benjamini and
Yekutieli, 2001), where the last three are regarded to be less conservative. Due to the de-
pendence between the tests of the marginal and conditional association measures, one may
use the Benjamini—Yekutieli procedure that has been proved to be valid under arbitrary

dependence.

5.4 Use of the interval estimation and hypothesis testing

For the statistical inference concerning the proposed subcopula regression based
association measures, one can choose the interval estimation methods explained in Section

5.2 or the permutation test procedures discussed in Section 5.3. However, we argue that
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it is still beneficial to quantify a small magnitude of association in practice by forming
the confidence intervals for the proposed association measures, even if the null hypotheses
concerning the (overall/marginal/conditional) association measures are not rejected. This is
because that the hypothesis testing only provides statistical significance on whether a single
association measure is zero or multiple association measures are simultaneously zero. On
the other hand, the interval estimation provides practical significance which indicates how
strong or weak the actual association is between the ordinal dependent variable and a set of

the independent variables.
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CHAPTER 6

SIMULATION STUDY

In this chapter, we conduct Monte Carlo experiments to examine the finite-sample
properties of the proposed subcopula regression based association measures for multi-
dimensional contingency tables with ordinal variables under various experimental settings.
By the finite-sample performance, we mean the sampling distributions, the sampling vari-
ances and the biases for the proposed association measures. We will also investigate the
sensitivity of the proposed association measure to the number of categories in the ordinal
dependent variable and compare it to Gray-Williams’ index known to be sensitive to the

number of categories in the dependent variable.

6.1 Simulation settings

In the simulation study, we consider the following factors:

1. the number of the variables in a contingency table denoted by d (the dimension of

the contingency table),
2. the marginal distribution of each ordinal variable,
3. the number of categories in each variable denoted by £,
4. the sample size of the contingency table denoted by n,

5. the type of association among the ordinal variables,
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6.

the strength of each type of association.

To comprehensively assess the finite-sample performance of the proposed association mea-

sures, we consider four scenarios with different purposes:

S1

S2

S3

S4

The goal is to investigate the sensitivity of the proposed overall association measure
compared to Gray-Williams’ index to the number of categories in the dependent vari-
able for a given sample size, number of categories in each independent variable, type
of association and its strength. Note that this investigation is limited to the case of
three-dimensional contingency tables because Gray-Williams’ index is available only

for three-dimensional tables.

The objective is to evaluate the performance of the proposed overall, marginal and
conditional association measures as the number of categories in the dependent vari-
able increases for different combinations of sample size, type of association and its

strength while the number of categories in each independent variable is fixed.

The focus is to assess the performance of the proposed overall, marginal and con-
ditional association measures as the number of categories in each variable (both the
dependent and independent variables) increases for different combinations of sample

size, type of association and its strength.

The intention is to examine the performance of the proposed overall, marginal and
conditional association measures over various sample sizes for a given number of

categories in each variable, type of association and its strength.

The difference between Scenario 3 and 4 is that different sets of sample sizes in Scenario 4

are considered for each number of categories in every ordinal variable (both the dependent

and independent variables), unlike in Scenario 3.

In the simulation study, the dimension and the marginal distribution are fixed both

within every scenario and across four scenarios; the type of association and its strength
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are fixed across four scenarios but vary within every scenario; the number of categories
k and sample size n vary both within every scenario and across four scenarios. Since
the dimension, marginal distribution, type of association and its strength are fixed across
scenarios, we list their values in Table 6.1. Note that X, is the dependent variable and
(X1,...,X4_1) are the independent variables. Because the number of categories k and
sample size n vary across scenarios and so we will provide their values along with the
simulation results for each scenario in Section 6.3.

Regarding the values in Table 6.1, first note that the marginal distribution is fixed
to be discrete uniform on [0, 1]. This is because we want to investigate the performance of
the proposed association measures free from the effect of the marginal distribution of each
variable under different types of association among the variables. Secondly, the partial cor-
relation between X, and X; is used to define the types of association, but the magnitude
of the correlation between X, and X; is used to define the strength of association. This
is because the change of strength with respect to the partial correlation becomes impossi-
ble when it is zero. In addition, for a case of non-zero partial correlation between X, and
X1, we make the degree of correlation between X,; and X; similar to that of the partial
correlation between X; and X;. Table 6.2 and 6.3 show the partial correlation and corre-
lation matrix of (X3, X7, X5) and (X5, X3, X, X3, X4) for every combination of type of
association and its strength when d = 3 and d = 5, respectively.

The simulation process for each scenario starts with simulating the “population”
contingency table with the “true” joint p.m.f. for the ordinal variables. Here we say the
“population” contingency table by referring to the d-dimensional table of sample size V.
In this study, the “population” contingency table for d = 3 and d = 5 have the sample sizes
of N =10%and N = 5 x 10%, respectively.

Next, the simulation process continues by generating B contingency tables of sam-
ple size n < N from each “population” table according to the marginal distribution, number

of categories k, type of association and its strength. For the simulation study, the number
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Factor Name Values

dimension d 3,5
marginal distribution discrete uniform on [0, 1]
peorr(Xg, X1|X_q—-1) > 0,
- peorr(Xg, X1|X_g-1) <0,
type of association peorr(Xy, X1 |X 4 1) = 0.

autolcorr(X;, X;) = ¢!t mod )= mod d)|
weak: |corr(Xgq, X1)| = 0.3,

strength of association moderate: |corr(Xg, X1)| = 0.5,

strong: |corr(Xg, X1)| = 0.7

Table 6.1: Fixed simulation factors across four scenarios. For type of association, X_4 1 =
{X2,...,X4-1}, peorr(Xg4, X1|X_4_1) is the partial correlation between X; and X; given
X_g,—1 and autolcorr(X;, X;) is the lag-1 autocorrelation between X; and X; with |¢| < 1.
For strength of association, corr(Xy, X1) is the correlation between X4 and X7.

of sample contingency tables to generate is B = 1000. The method for generating the
“population” and sample contingency tables will be introduced in Section 6.2.

For each generated “population” or sample contingency table, we calculate five sub-
copula regression based association measures: the overall association measure P%x,d LX)

two marginal association measures p?Xl LX) and P?x . ) and two conditional asso-

=Xy
ciation measures P%X1—>Xd|x,d,,1) and p%X—d7—1—>Xd|X1)’ where X 4 1 = Xy — {X1, X4} =
{Xs,...,X4q_1}. Note that only the overall association measure p?x,d _x,) and Gray-
Williams’ index r§§dW will be computed in Scenario 1.

Finally, the simulation results for each scenario are presented in side-by-side box-
plots with respect to the combinations of the sample size n and number of categories £ in
each ordinal variable. In Scenario 1, every red boxplot represents the sampling distribution
of the estimator of the overall association measure using 1000 contingency tables of size
n generated from the “population” contingency table. The red dashed line in the boxplot
is the mean of the 1000 estimates of the overall association measure and the correspond-
ing red triangle is the “true” value computed from the “population” contingency table. On
the other hand, every blue boxplot represents the sampling distribution of the estimator of

Gray-Williams’ index. The blue dashed line in the boxplot is the mean of the 1000 estimates

of Gray-Williams’ index and the corresponding blue star is the “true” value computed from
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the “population” contingency table. In Scenario 2, 3 and 4, every boxplot represents the
sampling distribution of the estimator of a selected association measure using 1000 con-
tingency tables of size n generated from the “population” contingency table. The black
dashed line in the boxplot is the mean of the 1000 estimates of a selected association mea-
sure and the corresponding red star is the “true” value of the selected association measure

computed from the “population” contingency table.

6.2 Simulation method for generating ‘“population” and sample con-

tingency tables

In the simulation study, each “population” contingency table of size N (N = 10°
ford = 3 and N = 10° for d = 5) is generated by the simulation algorithm proposed
by Ferrari and Barbiero (2012). The core idea is to simulate raw data from a multivariate
normal distribution with zero mean vector and a correlation matrix 3* and then produce
the ordinal variables with the desired correlation matrix 3 and their desired marginal cu-
mulative distributions by discretizing each of the continuous variables in the simulated raw
data. The correlation matrix 3" is obtained by adjusting the desired correlation matrix 3
of the ordinal variables to take into account the effect of discretization. Then, to discretize
a normal variable Z into the desired ordinal variable X, the category of X is determined
by the quantiles of Z corresponding to the probabilities specified by the desired marginal
cumulative distribution function. For example, suppose that ¢; and ¢» (¢; < ¢o) are the
two quantiles of Z corresponding to the desired probabilities 0.3 and 0.7 in the cumulative
distribution function of X. Then Z = z falls into the first, second or third category of X if
z2<q,q1 < z<qorqy < z respectively. Note that the simulation algorithm is available
in the R package “GenOrd” (Barbiero and Ferrari, 2015).

Given a “population” contingency table of size /V, we employ the strategy of condi-

tional paired simulation to generate sample contingency tables of size n for every scenario
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listed in Section 6.1. First, it fixes the counts in the marginal contingency table of the in-
dependent variables and converts the marginal contingency table of the dependent variable
into a case-form data set with respect to each combination of the categories of the indepen-
dent variables. It then simulates new case-form data sets and integrates them back to the
table form.

There are two main advantages of the conditional paired simulation over the un-
conditional one. First, because it fixes the joint distribution of the independent variables,
Scenario 1 and 2 benefit from this case because the variability of the estimated association
measures only attributes to that of the dependent variable across different numbers of cat-
egories. Furthermore, the conditional paired simulation reduces the extent of sparseness
in generating multi-dimensional sample contingency tables, especially when some of the

independent variables have rare categories.

6.3 Simulation results

Before we present the details for the outputs and results from the simulation, we
give a brief summary of the simulation results as follows. First, we find in Scenario 1 that
the proposed overall association measure is insensitive to the number of categories in the
dependent variable in that its magnitude does not decrease as the number of categories in-
creases, unlike Gray-Williams’ index. In Scenario 2, 3 and 4, we obtain similar simulation
results for non-sparse and sparse contingency tables, respectively. When the true values
are far from zero, the sampling distributions of the proposed (overall/marginal/conditional)
association measures are symmetrical about the estimated means; when the true values are
getting closer to zero, the sampling distributions become more asymmetrical (e.g. right-
skewed) about the estimated means. Specifically, we notice that the skewness in the sam-
pling distributions of the proposed (overall/marginal/conditional) association measures is
more notable for sparse contingency tables especially when the true values are relatively

close to zero. The biases are also more pronounced for sparse contingency tables than
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those for non-sparse ones. Note that such a bias issue for sparse contingency tables is com-
mon for many other existing methods (Agresti, 2002, p. 391-398). Finally, even when the
contingency tables are not sparse, the biases seem to be larger for five-dimensional case
(d = 5) than for three-dimensional case (d = 3) with respect to the overall and conditional

association measures.

6.3.1 Three-dimensional case (d = 3)

Let X, X5, X3 be the ordinal variables in a three-dimensional contingency table,

where X3 is the dependent variable and (X, X5) are the independent variables.

6.3.1.1 Scenario 1

Factor Name Values
the number of categories for X; (kx,) 3
the number of categories for X» (kx,) 3

the number of categories for X3 (kx,) | (3,5,7,9, 11, 13, 15, 17, 19)

sample size (n) (855, 1710, 3420, 6840)

Table 6.4: Simulation factors for Scenario 1 in three-dimensional case

Table 6.4 provides the settings for the number of categories in each variable denoted
by kx,, kx, and kx,, and the set of sample sizes n used in this scenario. Note that kx, and
kx, are fixed to be 3, ky, is varied from 3 to 19, and the sample sizes are fixed to be n =
(855,1710, 3420, 6840) for each level of kx, by taking into account the maximum number
of cells (3 x 3 x 19 = 171) and four different conceptual average cell counts, (5, 10, 20, 40),
in the contingency table. We estimate the proposed overall association measure p?Xl Xo—sXs)
and Gray-Williams’ index T)%W over a range of the number of the categories kx, in the

dependent variable at a fixed sample size n to investigate their sensitivity with respect to

kx,. Figure 6.1 and 6.2 shows the selected simulation results regarding the two types
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of association: pcorr(Xs, X1|X2) > 0 and pcorr(Xs, X;|X2) = 0, with the moderate
strength of association |corr (X3, X;7)| = 0.5. Note that the remaining simulation results
for Scenario 1 are provided in Appendix J. Based on the boxplots of all the simulation

results for Scenario 1, we made the following observations:

1. The “true” values (red colored asterisks inside the red boxplots) of the proposed
overall association measure and the sampling distributions (variances/biases) of its
estimator stay the same as the number of categories in the dependent variable in-
creases at a fixed sample size, regardless of the type of association and its strength.
In addition, the variances of the estimator of the overall association measure decrease
and the biases appear to be almost zero as the sample size increases at a fixed number
of categories in the dependent variable, regardless of the type of association and its

strength.

2. The “true” values (blue colored asterisks inside the blue boxplots) of Gray-Williams’
index and the sampling distributions (variances/biases) of its estimator decrease and
then converge to a small value near zero as the number of categories in the depen-
dent variable increases, regardless of the sample size, the type of association and
its strength. In particular, the variances of the estimator of Gray-Williams’ index
decrease and its biases become zero as the number of categories in the dependent
variable (sample size) increases at fixed sample size (number of categories in the

dependent variable), regardless of the type of association and its strength.

3. The proposed overall association measure appears to have a consistent performance
and be insensitive to the number of categories in the dependent variable, regardless

of the sample size, the type of association and its strength.
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6.3.1.2 Scenario 2

Factor Name Values
the number of categories for X; (kx,) 3
the number of categories for X, (kx,) 3
the number of categories for X3 (kx,) (3,5, 7)
sample size (n) (630, 1260, 2520, 5040)

Table 6.5: Simulation factors for Scenario 2 in three-dimensional case

Table 6.5 provides the settings for the number of categories in each variable denoted
by kx,, kx, and kx,, and the set of sample sizes n used in this scenario. Note that the kx,
and kyx, are fixed to be 3, kx, varies from 3 to 7, and the sample sizes are fixed to be
n = (630, 1260, 2520, 5040) for each level of kx, by considering the maximum number of
cells (3 x 3 x 7 = 63) and four different conceptual average cell counts (10, 20, 40, 80)
in the contingency table. Figure 6.3 to 6.6 shows the selected simulation results regarding
the two types of association: pcorr(Xs, X1|X2) > 0 and pcorr(Xs, X1|X2) = 0 with the
moderate strength of association |corr(Xs, X1)| = 0.5. Note that the remaining simulation
results for Scenario 2 are given in Appendix J. From all the simulation results for Scenario

2, the following observations were made:

1. The observations made in Scenario 1 about the overall association measures are ap-
plicable in this case. Moreover, they are also applied to the marginal and conditional

association measures.

2. For each combination of type of association and its strength, the marginal associa-
tion measures reflect the associations between the dependent variable and the inde-
pendent variables represented by the corresponding correlation matrix in Table 6.2,
while the conditional association measures capture the associations represented by

the partial correlation matrix in Table 6.2. For example, we can see from Figure
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6.6 that when the type of association is pcorr(Xs, X1|X2) = 0, the respective esti-

2

mates of the marginal association measures p(y, , v,

and pfy, , x,) for each value of
kx, stay away from 0, given that |corr(X3, X1)| = 0.5. The estimate of the condi-
tional association measure p%Xz _Xs|x,) for each value of kx, is far from O because

peorr(Xs, Xo| X1) = 0.566 while the estimate of the conditional association measure

p%Xl%XS‘XQ) for each value of ky, is very close to 0 since pcorr(Xs, X1]|X2) = 0.

3. When the “true” values of the (overall/marginal/conditional) association measures
stay away from zero (larger than 0.05), the sampling distributions of the estimators
of the association measures appear to be symmetrical about the estimated means. In
the cases where the “true” values of the (overall/marginal/conditional) association
measures is relatively close to zero (between 0.01 and 0.05), the sampling distribu-
tions of the estimators appear to be somewhat asymmetrical. When the “true” values
of the (overall/marginal/conditional) association measures are very close to zero (less
than 0.01), the sampling distribution of the estimators of the association measures ap-
pear to be quite skewed to the right. Note that when the “true” value of an association

measure is almost 0, its estimator may be upward-biased relative to its “true” one.
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Figure 6.3: The overall association measure for pcorr(Xs, X1|X2) > 0 and moderate association
|corr(X3, X1)| = 0.5
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Figure 6.5: The overall association measure for pcorr(Xs, X1|X2) = 0 and moderate association
|corr(Xs, X1)| = 0.5
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6.3.1.3 Scenario 3

Factor Name Values
the number of categories in each variable (kx, = kx, = kx,) 3,57
sample size (n) (3430, 6860, 13720, 27440)

Table 6.6: Simulation factors for Scenario 3 in three-dimensional case

Table 6.6 provides the settings for the number of categories in each variable denoted
by kx,, kx, and kx,, and the set of sample sizes n considered in this scenario. Note that,
given that kx, = kx, = kx, = k, the sample sizes are n = (3430, 6860, 13720, 27440)
for all the combinations of (ky,, kx,, kx,), by considering the maximum number of cells
(7% = 343) and four conceptual average cell counts (10, 20, 40, 80) in the contingency ta-
ble. Figure 6.7 to 6.12 shows the selected simulation results regarding the three types of
association: pcorr(Xs, X1|X2) > 0, pcorr(Xs, X1|X2) = 0 and autolcorr(X;, X;) =
Pl mod 3)=(5 mod )| \yith moderate strength of association |corr(Xs, X1)| = 0.5 where
1,7 = 1,2, 3. Note that the remaining simulation results for Scenario 3 are provided in Ap-

pendix J. The following observations were made upon the simulation results for Scenario

3:

1. The observations made in Scenario 2 about the overall association measures, as well
as those for the marginal and conditional association measures, are all applicable in

this case.

2. When the “true” values of the (overall/marginal/conditional) measures stay away
from zero (larger than 0.05), the sampling distributions of the estimators of the asso-
ciation measures appears to be symmetrical about the estimated means. Furthermore,
their variances stay almost the same as the number of categories increases at a fixed
sample size but decrease as the sample size increases at a fixed number of categories,

regardless of the type of association and its strength. However, the biases slightly in-
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crease as the number of categories increases at a fixed sample size, and these biases
become less marked as the sample size increases, regardless of the type of association

and its strength.

. When the “true” values of the (overall/marginal/conditional) measures are relatively
close to zero (between 0.01 and 0.05), the sampling distributions of the estimators ap-
pear to be symmetrical about the estimated means. Their variances and biases behave
similarly to those in the case when the “true” values of the (overall/marginal/conditio-

nal) measures stay away from zero (larger than 0.05), but the biases are more notable.

. For the cases where the “true” values of the (overall/marginal/conditional) measures
are very close to zero (less than 0.01), the sampling distributions of the estimators of
the association measures appear to be skewed to the right, and they become symmet-
rical as the sample size increases, regardless of the number of categories, the type
of association and its strength. Their variances and biases behave similarly to those
when the “true” values of the (overall/marginal/conditional) measures are relatively

close to zero (between (.01 and 0.05) but the biases appear more pronounced.

. When the number of categories in each variable increases from 3 to 7, the number
of cells in a contingency table increases from 33 = 27 to 73 = 343, which results in
the sparseness of the contingency table with the sample sizes fixed. Therefore, the
biases increase as the number of categories increases at a fixed sample size. Note that
Agresti (2002, p. 391-398) pointed out that this bias issue is a common problem of
the methods for the contingency tables such as odds ratio and the parameter estimates

in log-linear models.
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Figure 6.7: The overall association measure for pcorr(Xs, X1|X2) > 0 and moderate association
|corr(Xs, X1)| = 0.5
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Figure 6.9: The overall association measure for pcorr(Xs, X1|X2) = 0 and moderate association
|corr(Xs, X1)| = 0.5
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Figure 6.11: the overall association measure for autolcorr(X;, X;) = ¢l(? mod3)=( mod3)|
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6.3.1.4 Scenario 4

Factor Name Values

the number of categories in each variable (kx, = k) 3,5,7

(270, 540, 1080, 2160) for ky, = 3,
sample size () (1250, 2500, 5000, 10000) for kx, = 5,
(3430, 6860, 13720, 27440) for ky, =7

Table 6.7: Simulation factors for Scenario 4 in three-dimensional case

Table 6.7 provides the values for the number of categories in each variable denoted
by kx,, kx, and kx,, and the set of sample sizes n employed in this scenario. Note that,
given that kyx, = kx, = kx, = k, the sample sizes are n = (10k3, 203, 403, 80k3)
for k = 3,5,7, by taking into consideration four different conceptual average cell counts
(10, 20,40, 80) in the contingency table. Figure 6.13 to 6.18 shows the selected simulation
results regarding the three types of association: pcorr(Xs, X1|Xs) > 0, pcorr(Xs, X1|Xs)
= 0 and autolcorr(X;, X;) = ¢l mod 3= mod 3) with moderate association |corr(Xs,
Xi)| = 0.5 where i, j = 1,2, 3. Note that the remaining simulation results for Scenario 4
are given in Appendix J. The summary of the simulation results for Scenario 4 was made

as follows:

1. The observations made in Scenario 2 about the overall association measures, as well
as those for the marginal and conditional association measures, are all applicable in

this case.

2. When the “true” values of the (overall/marginal/conditional) measures stay away
from zero (larger than 0.05), the sampling distributions of the estimators of the as-
sociation measures appear to be symmetrical about the estimated means. When the
“true” values of the (overall/marginal/conditional) measures are relatively close to 0

(between 0.01 and 0.05), the sampling distributions of the estimators appear to be

100



asymmetrical about the estimated means for (small/moderate) sample sizes and/or
the small number of categories (i.e. £ = 3). When the “true” values of the (over-
all/marginal/conditional) measures are very close to O (less than 0.01), the sampling
distributions of the estimators of the association measures appear to be quite asym-
metrical (especially when the number of categories is small), and they become sym-

metrical and are concentrated towards zero as the sample size increases.

3. The variances of the estimators of the (overall/marginal/conditional) association mea-
sures decrease and their biases become zero as the sample size increases at a fixed
number of categories, regardless of the type of association and its strength. Hence,
when the “true” value of an association measure is almost 0, its estimator may be

upward-biased with respect to its true one.
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Figure 6.13: The overall association measure for pcorr (X3, X1|X2) > 0 and moderate association
|corr(X3, X1)| = 0.5
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Figure 6.15: The overall association measure for pcorr (X3, X1|X2) = 0 and moderate association
|corr(Xs, X1)| = 0.5
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Figure 6.17: The overall association measure for autolcorr(X;, X;) = ¢l(? mod3)=( mod3)|
where ¢, j = 1,2, 3 and moderate association |¢| = |corr(Xs, X1)| = 0.5

105



60 = |(tx ‘€x)4t00]

= |¢| uonerosse ajeropow pue ¢ ‘g7 = (‘2 axoym (‘x ‘YX).440270IND I0J SOINSEOUW UONEIOOSSE [EUONIPUOD PUE [eUISIEW AU :8]'Q 9INSI]
oy|e 1 €y 40
(exlex+ qu QINSEAUI UOTIRIOOSSE [RUOTIIPUOD A, (P) (X XWQ 2INSBAW UONRIOOSSE [euIdrew Y, (0)
01 “u) (1 °u)
D \ \ D \ \]
o (fﬁ« oarm\(rr, o%@wr, o = oooo»@,ooaww,oowﬁﬂw,ooaa @,opﬁwm,ooa&ﬁ.%&ﬁ.a% o «rﬁr oerwarr,o%&”r, o - aooox@,ooaawm,oomwm,owac ,m,%»e”a.o@ooﬁ_ %D/m_omu
. < oT'0 T o
. . \ N cro . N 700
thie thgy 5B #8980 BuBl
1 seo & ° * g X
. o i . 3 oro
0€0 °
iy ° . ® zro
€0 I oo
° fpovo : 9T
Ty|ey 2 EyreT
(xlexe NWQ 2INSLaU UOIRIOOSSE [RUONIPUOD JY L, (q) x e NMQ 2INSEAUW UONRIOOSSE [BUISIEW YT, (B)
o ‘u) 01 ‘v)
D N\ \] D \ \]
;.%A«M.%ﬁro%wtoﬁo ﬁa%aw, %N, %ﬂ, = @.a%ew.a%a@.aa@_a% ;.aam(«.%rﬁ? %a”r, o @.o%o»@, %M.a%wn%% @.a%ew.%%ﬂma%@a%
45 .ﬂ,%m.«w« 3
8
% 100 . T ST0
! : ! . .
. z00 T 070
: : 2 : : 3,
: €00 © x
T Pheg PR BUHY"
00 H : ’ o 0€0 -
) _ 500 ) . SE0
° v
° looo * Lovo

106



6.3.2 Five-dimensional case (d = 5)

Let Xi,..., X5 be the ordinal variables in a five-dimensional contingency table,

where X is the dependent variable and (X1, ..., X,) are the independent variables.

6.3.2.1 Scenario 2

Factor Name Values
the number of categories for X1, ..., Xy (kx, = ... = kx, = k) 3
the number of categories for X5 (kx,) 3,57
sample size (n) (5670, 11340, 22680, 45360)

Table 6.8: Simulation factors for Scenario 2 in five-dimensional case

Table 6.8 provides the settings for the number of categories in each variable de-
noted by kx,, ..., kx,, and the set of sample sizes n used in this scenario. Note that the
kx,,...,kx, are fixed to be 3, kx, varies from 3 to 7, and the sample sizes are fixed
to be n = (5670, 11340, 22680, 45360) for each level of kx, by considering the maxi-
mum number of cells (3 x 7 = 567) and four different conceptual average cell counts
(10, 20,40, 80) in the contingency table. Figure 6.19 to 6.22 shows the selected simu-
lation results regarding the two types of association: pcorr(Xs, X1|Xo, X3, X4) > 0 and
peorr(Xs, X1|Xo, X3, X4) = 0 with the moderate strength of association | corr(Xs, X;)| =
0.5. Note that the remaining simulation results for Scenario 2 are provided in Appendix
J. Based on the simulation results for Scenario 2 below, we make similar observations to

those for the three-dimensional (d = 3) case provided in Section 6.3.1.2.
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Figure 6.19: The overall association measure for pcorr(Xs, X1| X2, X3, X4) > 0 and moderate
association |corr(Xs, X1)| = 0.5
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Figure 6.21: The overall association measure for pcorr(Xs, X1| X2, X3, X4) = 0 and moderate
association |corr(Xs, X1)| = 0.5
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6.3.2.2 Scenario 3

Factor Name Values
the number of categories in each variable (kx, = k) 3,5,7
sample size (n) (168070, 336140, 672280, 1344560)

Table 6.9: Simulation factors for Scenario 3 in five-dimensional case

Table 6.9 provides the settings for the number of categories in each variable denoted

by kx, ..., kx,, and the set of sample sizes n considered in this scenario. Note that, given
that kx, = --- = kx, = k, the sample sizes are equal to n = (168070, 336140, 672280, 134
4560) for all the combinations of (kx,, ..., kx,), by considering the maximum number of

cells (7° = 16807) and four different conceptual average cell counts (10, 20,40, 80) in the
contingency table. Figure 6.23 to 6.28 shows the selected simulation results regarding the
three types of association: pcorr(Xs, X1|Xs, X3, X4) > 0, pcorr(Xs, X1|Xe, X3, Xy) =
0 and autolcorr(X;, X;) = ¢l med5)=( mod 5l with moderate strength of association
|corr(Xs, X1)| = 0.5 where 4, j = 1,...,5. Note that the remaining simulation results for
Scenario 3 are given in Appendix J. For the simulation results below, we observe similar

patterns to those for the three-dimensional (d = 3) case given in Section 6.3.1.3.
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Figure 6.23: The overall association measure for pcorr(Xs, X1|X2, X3, X4) > 0 and moderate
association |corr(Xs, X1)| = 0.5
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6.3.2.3 Scenario 4

Factor Name Values

the number of categories in each variable (kx, = k) 3,5,7

(2430, 4860, 9720, 19440) for kx, = 3,
sample size () (31250, 62500, 125000, 250000) for ky, = 5,

(168070, 336140, 672280, 1344560) for ky, =7

Table 6.10: Simulation factors for Scenario 4 in five-dimensional case

Table 6.10 provides the values for the number of categories in each variable denoted
by kx,,...,kx,, and the set of sample sizes n employed in this scenario. Note that, given
that kx, = ... = kx, = k, the sample sizes are equal to n = (10k3, 203, 403, 80k?3)
for k = 3,5,7, by taking into consideration four different conceptual average cell counts
(10, 20,40, 80) in the contingency table. Figure 6.29 to 6.34 shows the selected simu-
lation results regarding the three types of association: pcorr(Xs, X1|Xo, X3, X4) > 0,
peorr(Xs, X1|Xo, X3, X4) = 0 and autolcorr(X;, X;) = ¢l med 5)=( mod 5l with mod-
erate association |corr(Xs, X;)| = 0.5 where i,7 = 1,...,5. Note that the remaining
simulations for Scenario 4 are provided in Appendix J. We notice that the simulation re-
sults below are similar to those for the three-dimensional (d = 3) case presented in Section

6.3.1.4.
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Figure 6.29: The overall association measure for pcorr(Xs, X1|X2, X3, X4) > 0 and moderate
association |corr(Xs, X1)| = 0.5
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Figure 6.31: The overall association measure for pcorr(Xs, X1|X2, X3, X4) = 0 and moderate
association |corr(Xs, X1)| = 0.5
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Figure 6.33: The overall association measure for autolcorr(X;, X;) = pl(i mod 5)—(j mod 5)|
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CHAPTER 7

DATA ANALYSIS

In this chapter, we demonstrate the performance of the proposed subcopula regres-
sion, subcopula regression based association measure and its two decompositions using
four real data sets: the ice cream data set (The Ice Cream Study at Penn State, 2012), acute
migraine data set (Vandenhende and Lambert, 2000), nuclear accident data set (Fienberg
et al., 1985), post-operative patients data set (Budihardjo et al., 1991). Each of these real
data sets is adopted for a specific analytic goal as stated below.

First, the goal of analyzing the ice cream data is to assess the performance of the
proposed association measure and other existing non-model based measures on a non-
monotone nonlinear (quadratic) association structure between the dependent variable (rat-
ing on the ice cream) and the independent variable (fat level in ice cream).

Secondly, the intent of the analysis of the acute migraine data is to describe the
association between the dependent variable (Pain score) and two independent variables
(Treatment Groups and Occasions) by way of the proposed overall association measure
and the prediction of the proposed subcopula regression. We also quantify the contribution
of the two independent variables to the overall association measure through its sequential
and non-sequential decompositions.

Thirdly, from the analysis of the nuclear accident data, we intend to understand a
time-dependent association between the dependent variable (stress level on the fourth in-
terview) and a set of independent variables (stress levels from the first three interviews and

the distance from the nuclear plant). To this end, we focus on the overall association mea-
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sure of the independent variables on the dependent variable and the marginal/conditional
association measures resulting from the sequential decomposition. Note that we also ob-
tain the prediction of the dependent variable using the subcopula regression to facilitate the
understanding of the time-dependent association structure.

Finally, the purpose of the analysis of the post-operative patients data set is to il-
lustrate the utility of the proposed overall association measure on the variable selection
problem for a multi-dimensional contingency table, which is regarded as one of the critical
preprocessing steps in statistical learning. Thus, we initiate the process of variable selec-
tion by performing the all-possible-subset subcopula regressions to choose the candidate
sets of independent variables. Then we search for a potentially important subset of the
independent variables with the maximum proportional increment in the overall association
measure by considering the contribution of each newly added independent variable to the
overall association measure given that all other independent variables selected previously

are in the subcopula regression.

7.1 Ice cream data

The Pennsylvania State University (Berkey) Creamery is the largest university crea-
mery in the U.S., manufacturing its famous ice cream, along with cheese, milk and other
products. All the products are made through the Department of Food Science and re-
searchers are constantly interested in finding the optimal amount of fat to produce buttery,
creamy and rich flavor of ice cream. In this study, 493 randomly selected subjects tasted
and rated the ice cream with different fat levels. The rating (R) was ordinal with a Likert
scale from 1 (didn’t like it all) to 9 (yum yum!). The fat level (F) consisted of an increasing
sequence of 8 values ranged from 0.00 to 0.28 with the increment 0.04. Table 7.1 presents
the data set in a 8 x 9 contingency table. As the purpose of this study was to find the
optimal amount of fat in the ice cream to attain the highest average rating, R and F are the

dependent and independent variable, respectively.
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Rating (R)

Fat level (F) 112 (3,456 7|89
0.00 41171816 |56 |4 |21
0.04 1|1 (5,6 |79 (21120
0.08 0212241316213
0.12 1113 14/11]15]|23 |4
0.16 03263 17 |17 |5
0.20 0|1 (3,8 |4|13[14|11 |8
0.24 1|5 (414213137 |2
0.28 416 (911|519 |7 ]8|3

Table 7.1: The ice cream study at the Pennsylvania State University with 493 subjects rating the
ice cream with different fat levels

Table 7.1 shows that the pattern between the rating and the fat level appears to be
quadratic in the sense that when the fat level becomes too low or too high, rating decreases,
compared with ratings with the moderate fat level. In order to take into account that rating
is the ordinal response and its relationship with the fat level is quadratic, Dr. William Hark-
ness, Professor Emeritus of Statistics, in the Department of Statistics at the Pennsylvania
State University employed the proportional odds cumulative logit model with the linear and

quadratic terms of fat level as the predictors:

< r.
log ( Pr(R <)

— . 2
1-PT’<R§T‘1)) *az+ﬁlF+ﬂ2F7

where r; is the i-th (: = 1,...,9) category of R, and «;, 5; and 5 are the parameters.
Note that the proportional odds assumption was reasonable based on an insignificant p-
value of the score test (0.4173). From the fitted proportional odds cumulative logit model,
the optimal amount of fat in ice cream was found to be 0.14372. According to the Berkey
Creamery’s website (https://creamery.psu.edu/customer—service), over
100 ice cream flavors have a butterfat content of 14.1%.

Because we are interested in the performance of the proposed association measure
and other existing non-model based measures on a non-monotone nonlinear (quadratic)

association structure between the rating and fat level, we first calculate five association
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Name of measure Estimate | 95% asymptotic C.I.
Goodman-Kruskal’s tau 0.044 (0.029, 0.058)
Goodman-Kruskal’s lambda 0.080 (0.022, 0.137)
Theil’s uncertainty coefficient | 0.080 (0.058, 0.102)
Somers’ D 0.035 (-0.038, 0.109)
p%F%R) 0.208 (0.142, 0.274)

Table 7.2: The five association measures quantifying the strength of association between the rating
of ice cream and fat level

measures: Goodman-Kruskal’s tau, lambda, Theil’s uncertainty coefficient, Somers’ D and
the proposed subcopula regression based association measure, p(2F LR Table 7.2 shows the
estimate of each measure with the corresponding 95% asymptotic confidence interval. The
results indicate that there is a significant association between R and F, except for Somers’
D. Note that Goodman-Kruskal’s tau, lambda and Theil’s uncertainty coefficient do not
account for the ordinality of the rating variable. The proposed association measure appears
to have larger magnitude than the other four measures do. In addition, the estimate of
the proposed association measure implies that 20.8% of variance for the subcopula scores
of R can be explained by F' via the subcopula regression on average. The 95% bootstrap
confidence interval for p% ., ; is (0.141, 0.263). The estimated p-value from the permutation
test of Hy : p%F%R) = 01s 0.0010 and its relative error is 0.0316.

To highlight the usefulness of the proposed subcopula regression, we predict the
category of R for each level of F through the subcopula regression. Table 7.3 contains the
predicted category of R for a given level of F with the bootstrap estimation uncertainty.
Note that the number for each combination of the categories of F and R is the percentage
of times that a category of R is predicted for an observed F over 1000 bootstrap samples.
The prediction result reveals the pattern between R and F is quadratic in nature, which is
consistent with the result from the fitted proportional odds cumulative logit model men-
tioned above. Moreover, the amount of fat in the ice cream that yields the highest average
rating appears to be between (.08 and 0.16 which includes the optimal value of fat level

(0.14372) estimated by the proportional odds cumulative logit model.
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Fat level (F) Rating (R)
112|3] 4 5 6 7 8 |9

0.00 52.1 | 46.0 | 1.6
0.04 3.9 | 96.1
0.08 87.8 | 12.2
0.12 73.2 | 26.8
0.16 934 | 6.6
0.20 0.1 {994 | 0.5
0.24 67.0 | 33.0
0.28 30 |92.7 | 43

Table 7.3: The predicted category of the rating for each fat level with bootstrap estimation of
uncertainty. Note that the category of R in the column with bold, red colored number are the category
of R predicted by the subcopula regression.

7.2 Acute migraine data

Table 7.4 summarizes the data from a longitudinal study on acute migraine. In this
study, 39 subjects with moderate to severe migraine were randomly assigned to one of
the three treatment groups with an investigational drug LY334370 (1-placebo, 2—5 mg of
LY334370, 3-20 mg of LY334370) and the severity of migraine pain was recorded at eight
occasions (0.5, 1, 1.5, 2, 3, 4, 6, 24 hours) on four levels (1-none, 2-mild, 3—moderate,
4—severe). In particular, 12, 13 and 14 subjects were assigned to the placebo, 5 mg and
20 mg group, respectively, and then 6, 2, and 2 subjects dropped the study before the 24-
hour assessment. Hence the total number of responses over eight occasions from the 39
subjects is 290 (less than 39 x 8 = 312). The main interest of this study was to compare
the pain scores at eight occasions across different treatment groups. Thus it is reasonable
to consider Pain scores (P) to be the dependent variable, and Occasions (O) and Treatment
Groups (T) to be the independent variables.

Vandenhende and Lambert (2000) proposed a parametric copula based generalized
linear model to analyze the longitudinal ordinal response data in Table 7.4. For the best fit
model found in the paper, the marginal distribution of the ¢-th subject’s pain score at the

J-th occasion, P,

5j> was first modeled in terms of the corresponding logarithm of occasion
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Pain scores (P) Occasions (O)
0.5h 1h 1.5h 2h 3h 4h 6h 24h

Treatment Groups (T) Placebo
1 (none) 0 0 1 1 2 2 3 4
2 (mild) 1 4 5 4 4 4 3 2
3 (moderate) 6 5 2 3 2 3 3 0
4 (severe) 5 3 4 4 2 0 0 0
Smg
1 (none) 1 0 1 1 4 5 6 9
2 (mild) 1 5 7 8 6 7 5 2
3 (moderate) 10 8 5 4 3 0 O 0
4 (severe) 2 0 0 0O 0 0 O 0
20mg
1 (none) 1 2 3 6 4 5 6 9
2 (mild) 3 7 8 6 10 6 5 3
3 (moderate) 7 5 3 2 0 3 1 0
4 (severe) 3 0 0 0O 0 0 O 0

Table 7.4: A longitudinal ordered categorical data collected from a double-blind clinical trial in-
volving 39 subjects suffering acute migraine.

O;; and treatment group 7;; using a standard cumulative regression model:
glPr(Py < k)] = ay + Blog(Oy;) + 6:11(T;; = 5 mg) + 621(T;; = 20 mg),

where g is the complementary log-log link function, [ is the indicator function, (ay, (3, d1,
dy) are the parameters, i = 1,...,39,7 =1,...,n; < 8and k = 1, 2, 3. Note that the best
fit model assumes that the parameters are identical for different subjects and occasions, and
the values of n; are less than 8 for those subjects that early dropped the study. Then the
autoregressive structure was applied to the ¢-th patient’s pain scores at different occasions

via a first-order Markov model with the bivariate single-parameter Frank copula Cp:

Pr(Py = ki1, ..., Pin; = kin;) = Pr(Pj = ki) H Pr(P;j = kij|Pij—1 = kij—1),

j=2
where Pr(Py = ka) = Pr(Py < ki) — Pr(Pq < kay — 1), Pr(P; = kij|Pij—1 =
kij—1) = Pr(Py < kij|Pijo1 = kij1) = Pr(Py < kij — 1P j1 = kij—1) and Pr(PB; <

kij|P; j—1 = k; ;1) is given by

Co[Pr(Pyj < kij), Pr(P;j—1 < kij—1)] — Co[Pr(Pi; < kij), Pr(P;j—1 < kij—1 —1)]
Pr(Pj—1 <kij_1)— Pr(Pj—1 <kij-1—1) '
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Since the goal of analyzing this data using the proposed methods is to describe the
association structure between the Pain scores and (Treatment group, Occasions) in a model-
free manner, we assess the explanatory power of 7" and O on P in Table 7.5 by computing
the overall association measure p%O’T P> and the marginal, conditional, interactive and
correlative association measures using the sequential and non-sequential decompositions
of p%O’T Py along with their 95% asymptotic and bootstrap confidence intervals. We also
carry out the permutation tests for the overall, marginal and conditional association mea-
sures and provide the corresponding estimated p-values and their relative errors in Table
7.6. For the multiple hypotheses testing regarding the marginal and conditional association
measures, we compute the adjusted p-values based on the Benjamini—Yekutieli procedure
(Benjamini and Yekutieli, 2001).

The point estimates for P%o Py p%T _.p and Piors py show that the average pro-
portions of variance for the subcopula scores of P explained by the subcopula regressions
on O, T and (O, T) are 32.1%, 6.2% and 39.1%, respectively. We also see that the joint
contribution by (O, T') is larger than the sum of their marginal contribution. Note that the
asymptotic and bootstrap confidence intervals for P%o L) and p%T P do not overlap, which
indicates the marginal contribution by O can be significantly larger than that by 7.

From the sequential decomposition of the overall association measure p?O’T _,p) that
starts with O, P%o ) and p%T _,p|0)> WE can see that the percentages of the contribution to
p%QT_)P) by O and then T are 82.1% (= 0.321/0.391 % 100%) and 17.9% (= 0.070/0.391
100%), respectively. The point estimates for p%T _,py and P?o _,p|) in the sequential decom-
position of the overall association measure that starts with 7" show that the percentages of
the contribution to p%O,T—>P) by T and then O are 15.8% (= 0.062/0.391+100%) and 84.2%
(= 0.329/0.391 * 100%), respectively.

The contribution of both T and O to the overall association measure appears to be
statistically significant according to the permutation tests. At the significance level of 0.05,

we reject the null hypothesis Hj : p%ﬂo Lpy =0 based on the estimated p-value in Table 7.6
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and proceed with the testing for the two sets of multiple hypotheses: 1) Hy' : p(p_, p) = 0,
Hy? 2 plo_piry = 0and 2) Hg' @ plo_,py = 0, Hi? 1 pfp_, pjoy = 0. It turns out that both
the null hypotheses are rejected at the significance level of 0.05 based on the corresponding
adjusted estimated p-values.

Regarding the interactive and correlative association measures in the non-sequential
decomposition of the overall association measure, we can see that the contribution by the
interaction between O and T and the (unnormalized) correlation between O and T (i.e.
p%OT) _p = 0.024 and v o p7r—p) = 0.008) to the overall association measure on P are
relatively smaller than the marginal contribution by O or T alone. Note that the contri-
bution by the interaction between O and T is more than double the contribution by the
(unnormalized) correlation between O and 7. In addition, according to Eq. (4.5), both O
and 1" appear to provide beneficial information in estimating the mean subcopula score of
P: plopy + 0rp) = 2V0-pProp) = 0.321 4+ 0.062 — 2 % 0.008 = 0.367 > 0.

To further investigate the dependence structure between the dependent variable and
two independent variables, the prediction of the category of P for each combination of
the categories of O and T is presented in Table 7.7 and Figure 7.1. Note that T enters the
subcopula regression function first and O does next in Figure 7.1. Overall it appears that the
level of pain scores decreases from “severe” to “moderate” to “mild” as the time progresses,
and such a decreasing pattern in the level of pain scores depends on the dosage used in a
treatment group. This suggests that there exists a meaningful interaction between P and
(0, T). For the “placebo” group, the pain scores are “severe” in the first 0.5 hour, stay at
“moderate” for another 2.5 hours, and decrease to “mild” afterwards. For the “Smg” group,
the pain scores stay at “moderate” in the first 2 hours and decrease to “mild” afterwards.
For the “20mg” group, the pain scores stay at “moderate” in the first 1 hour and decrease
to “mild” afterwards. This indicates that the investigational drug with a higher dosage may
be alleviate the acute migraine pain.

We find that there was a large extent of agreement between the results presented
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above and those from the parametric copula based generalized linear model (Vandenhende
and Lambert, 2000) reviewed above. That is, the investigational drug, 1.Y334370, is ef-
fective in relieving the acute migraine pain at the dosage of 5 or 20 mg, compared to the
placebo, and the dosage of 5 and 20 mg show a similar effect relieving the pain at any

occasion.
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Explanatory Variables Predicted Category Bootstrap Proportion
Occasions Treatment Groups Pain scores l-none 2-mild 3-moderate 4-severe
0.5h placebo 4—severe 0.0 0.0 31.6 68.4
0.5h Smg 3-moderate 0.0 0.0 86.6 13.4
0.5h 20mg 3—-moderate 0.0 0.5 95.9 3.6
1h placebo 3—moderate 0.0 0.0 96.0 4.0
1h Smg 3-moderate 0.0 0.0 100.0 0.0
1h 20mg 3—moderate 0.0 249 75.1 0.0
1.5h placebo 3—moderate 0.0 39 94.5 1.6
1.5h Smg 3—-moderate 0.0 9.3 90.7 0.0
1.5h 20mg 2-mild 0.0 66.1 339 0.0
2h placebo 3—moderate 0.0 2.7 94.2 3.1
2h Smg 3-moderate 0.0 15.0 85.0 0.0
2h 20mg 2-mild 0.0 98.0 2.0 0.0
3h placebo 3—moderate 0.1 294 70.2 0.4
3h Smg 2-mild 0.0 80.0 20.0 0.0
3h 20mg 2-mild 0.0 100.0 0.0 0.0
4h placebo 2-mild 0.0 50.3 49.7 0.0
4h Smg 2-mild 0.0 100.0 0.0 0.0
4h 20mg 2-mild 0.0 914 8.6 0.0
6h placebo 2-mild 0.0 65.7 34.3 0.0
6h Smg 2-mild 0.1 99.9 0.0 0.0
6h 20mg 2-mild 0.0 99.7 0.3 0.0
24h placebo 2-mild 9.3 90.7 0.0 0.0
24h Smg 2-mild 12.2 87.8 0.0 0.0
24h 20mg 2-mild 3.1 96.9 0.0 0.0

Table 7.7: Predicted category of Pain scores for each combination of the categories of Occasions
and Treatment Groups with its uncertainty estimated by the bootstrap method
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7.3 Nuclear accident data

Table 7.8 is the five-dimensional data from a longitudinal study containing the inter-
view responses of the stress levels of mothers living around the Three Mile Island nuclear
power plant, after an accident occurred in Spring 1979. The four waves of interviews car-
ried out in Winter 1970, Spring 1980, Autumn 1980 and Autumn 1982 are represented
by the four ordinal variables WAVEI (W1), WAVE2 (W2), WAVE3 (W3) and WAVE4 (W4).
For each wave of interview, the stress levels of mothers of young children living within
ten miles of the Three Mile Island nuclear power plant are recorded as 1-L (Low), 2-M
(Medium) and 3-H (High). In addition, the mothers are classified by distance from the
nuclear plant represented by the ordinal variable DISTANCE (D) with two levels 1-“< 5
miles” and 2—“> 5 miles”: 115 mothers lived within 5 miles of the plant and the other 152
mothers lived 6 or more miles away from the plant. The total number of responses from the
four waves of interviews were 267. The main interest of this study was to see how the level
of stress changed over time and differed from the distance to the nuclear plant. In this case,
we consider W4 to be the dependent variable and W1, W2, W3, D to be the independent
variables.

Fienberg et al. (1985) proposed three sets of hierarchical additive log continuation

parametric ratio models of D, W1, W2 and W3 on W4:

1. Set1:
Mijkid
lo J :w—FwZ—Fw N+ w +w 7 71
& (miijd + mijk3d> 1(@) 2(5) 3(k) 5(d) (7.1)
m;
log ( J’C2d> = W + Wi() + Wa(j) + W3(k) + Ws(q)- (7.2)
Mijk3d
2. Set 2:
Mijk1d
lO J ):w+wz+w N 4w 7 (7.3)
: (mijk2d + Mijk3d 1(9) 2(j) 3(k)
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Table 7.8: A longitudinal study on four waves of interviews about the stress levels of mothers of

young children living within ten miles of the Three Mile Island nuclear power plant
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m;s
log (—jk2d) =w+ wl(l) + U)Q(j) + wg(k), (74)
Myjk3d

3. Set 3:
m;;
log ( gkld ) = w + W), (7.5)
Myjkad + Mijk3d
Myjk2d
log (—) = W + W3k, (7.6)
Myjk3d

where m;;44 18 the expected count for the combination of the ¢-th, j-th, k-th, A-th and d-th
category of W1, W2, W3, W4 and D, and w, w;), Wa(j), W3(k) and wsq) are the overall, W1,
W2, W3 and D effect, respectively.

Fienberg et al. (1985) investigated the predictive power of D on W4 via the differ-
ence between the likelihood ratio statistics of the models in Eq. (7.1) and Eq. (7.3) as well
as that of the models in Eq. (7.2) and Eq. (7.4). It reported that the predictive power of
D is negligible, due to the insignificant difference between the likelihood ratio statistics of
the models in Eq. (7.1) and Eq. (7.3) as well as that of the models in Eq. (7.2) and Eq.
(7.4). Moreover, Fienberg et al. (1985) also suggested that there is some residual effects
of psychological symptomatology from W1 and W2 on W4 even after it is adjusted for W3,
according to the significant difference between the likelihood ratio statistics of the models
in Eq. (7.3) and Eq. (7.5) as well as that of the models in Eq. (7.4) and Eq. (7.6).

The purpose of applying the proposed methods to the data in Table 7.8 is to illustrate
how the proposed methods capture information on time-dependent association structure
between the stress level of W4 and those from previous waves and distance in a model-free

manner.
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First, we evaluate the explanatory power of W1, W2, W3 and D on W4 by com-
puting the overall association measure P%Wg,wz,m p—way» the marginal association mea-
sures for each independent variable and the conditional association measures in the sequen-
tial decomposition of the overall association measure using two orders of the independent
variables: ol s ,waipys Piwaswaip.ws) A Pl wap wswe) for (D, W3, W2, W1) and
p%W2HW4|W3)’ p?Wl%Wﬁl\WS,WZ) and p%DHWA‘\WS,WZ,Wl) for (W3, W2,W1, D). Table 7.9
contains the point estimates for the aforementioned association measures, followed by their
95% asymptotic and bootstrap confidence intervals. Additionally, Table 7.10 contains the
results for the permutation tests for the corresponding overall, marginal and conditional
association measures in the nuclear accident data set. For the multiple hypotheses test-
ing concerning the marginal and conditional association measures, we present the adjusted
p-values based on the Benjamini—Yekutieli procedure (Benjamini and Yekutieli, 2001).

Regarding the point estimates for pip, 4 Pl way Piwasway Piwsway and
p%D7Wl’W27W3 ,wa)> We can see that the average proportions of variance for the subcopula
scores of W4 explained by the subcopula regressions of D, Wi, W2, W3 and (D, W1, W2,
W3) are 0.1%, 11.5%, 16.6%, 24.6% and 39.8%. Note that the corresponding asymptotic
and bootstrap confidence intervals appear to be wide, which may be resulted from the small
sample size (total cell counts) relative to the size of the contingency table (depending on
the number of variables and the number of categories in each variable).

The estimates of p%D—>W4)’ p%W3—>W4|D)’ p%W2—>W4|D,W3) and p%W1—>W4|D,W3,W2) ob-
tained from the sequential decomposition based on the order of (D, W3, W2, W 1) show
that the percentages of the contribution by D, W3, W2 and W1 to the overall association
measure are 0.2% (= 0.001/0.398 x 100%), 65.1% (= 0.259/0.398 x 100%), 14.6% (=
0.058/0.398 % 100%) and 20.1% (= 0.080/0.398 x 100%), respectively. On the other hand,

- - 2 2 2 2
the point estimates for pfy, s,y 4)s Piwaswawsy Piwiswawswz) A P waws waw)

obtained from the sequential decomposition of the overall association measure based on the

order of (W3, W2, W1, D) indicate that the percentages of the contribution by W3, W2, W1
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and D to the overall association measure are 61.8% (= 0.246/0.398 x 100%), 10.1% (=
0.040/0.398 % 100%), 11.8% (= 0.047/0.398 x 100%) and 16.3% (= 0.065/0.398 x 100%),
respectively.

According to the sequential decomposition of the overall association measure, we
remark the following observations. First, it appears that the time-dependent relationship
among W1, W2 and W3 may affect the contribution of W1 and W2 to the association with
W4 because the contribution of W2 and W1 decrease when W3 and (W3, W2) are taken
into account, respectively: pfiy, gy = 0.166 > plyy sipaprs) = 0.040 and pfyy ) gy =
0.115 > p%Wl LWAWIW2) = 0.047. Secondly, the conditional association measures of D
on W4 given W3, W2 and W1 (6.5%) is larger than the marginal association measures of D
on W4 (i.e. 0.1%). This indicates that the stress levels at the fourth wave of interview may
differ with the distance from the nuclear plant, when the stress levels for the previous three
waves of interviews are taken into account. Thirdly, the conditional association measures
of W3, W2 and WI on W4 tend to slightly increase when D is taken into consideration:
p%W3—>W4|D) = 0.259 > /)?Wg—wm) = 0.246, p?W2—>W4|D,W3) = 0.058 > IO%W2—>W4|W3) =
0.040 and oy iy wawa) = 0-080 > ply ) ywawswe) = 0.047. We argue that such a
pattern is attributed to the potential association of W3, W2 and W1 with D.

The notable contribution of W3 to the overall association measure can also be con-
firmed by the permutations tests. At the significance level of 0.05, we reject the null hy-
pothesis Hj : p?DWLWQ’W?) Sway =0 according to the estimated p-value in Table 7.10 and

proceed with the testing for two sets of hypotheses:

1. Hy' p%D—>W4) = 0, Hy* p?W3—>W4\D) = 0, Hy® p?W2—>W4\D,W3) =0, Hy* :

2 _
Piwiswap,wawz) = 0-

2. Hi' - p%W3~>W4) = 0, Hy? : p%W2~>W4\W3) = 0, HP : p%W1HW4|W3,W2) = 0,

24 . 2 _
Hy™ - P(D—wawsw2,w1) = 0.

It appears that the two null hypotheses related to W3, Hy® : p{ys yypy = 0 and Hg'
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p%Wg _way = 0, are rejected at the significance level of 0.05 based on the adjusted estimated
p-values. In addition, the other two null hypotheses H : p(2W27WL poswaws) — 0 and
Hy: p?W2,W1 Lwaws) = U are also rejected at the significance level of 0.05.

To further deepen the understanding of the dependence structure between the de-
pendent variable W4 and the set of independent variables (D, W1, W2, W3), we present in
Table 7.11 the prediction of the category of W4 for each combination of the categories of
W3, W2, Wi and D with its uncertainty estimated by the bootstrap method, and we visu-
alize them in Figure 7.2 using the double decker plot. We first observe that the predicted
stress level of W4 appears to be associated with that of W3. That is, when the stress level
of W3 is medium and high, the predicted level of W4 also tends to be medium and high,
respectively. We also find that when the stress level of W3 is high, the predicted category
of W4 is more likely to be high if the levels of W2 and W1 happen to be medium or high,
regardless of the level of D. Note that, when the levels of W3 is medium, the stress level of
W4 is dominantly predicted to be high for (W2, W1, D) = (medium, high, < 5 miles) and
(high, medium, > 5 miles), unlike the other combinations of categories of (W2, W1, D).

According to the results by the proposed model-free methods, we obtain the follow-
ing information which may be useful for the subsequent explanatory or predictive model-
ing. First, the stress level of W3 has the dominant effect on the level of W4, which seems to
be a Markov chain like pattern. Secondly, D has marginally negligible explanatory power
relative to W3, W2 and W1. Lastly, there appears to be some psychological residual effects
from D, W1 and W2 (W1 and W2) on the stress level of W4 after taking into account the level
of W3, which can be confirmed by the conditional measures of D, WI and W2 (W1 and W2)
on W4 given W3, p?, w1 waswawsy = 0-152 (071 wowayws) = 0-087) and the statisti-
cal significance found in the permutation test for p%D,Wl,W2 LWAW3) and p?Wl,W2 LWAW3)-
Note that these findings are consistent with those obtained when the set of the additive log

continuation ratio models (Fienberg et al., 1985) briefly described above was used.
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Explanatory Variables Predicted Category | Bootstrap Proportion
WAVE3 WAVE2 WAVEl DISTANCE (miles) WAVE4 1-L 2-M 3-H
L L L <5 1-L 100 0.0 0.0
L L L >5 2-M 33 967 0.0
L L M <5H 2-M 335 665 00
L L M >5 2-M 0.1 999 0.
L L H <5 1-L 100.0 0.0 0.0
L L H >5 3-H 0.0 0.0 100.0
L M L <5 2-M 0.0 1000 0.0
L M L >5 1-L 100.0 0.0 0.0
L M M <5 2-M 7.8 922 0.0
L M M >5 2-M 65 935 00
L M H <5 1-L 100.0 0.0 0.0
L M H >5 1-L 100.0 0.0 0.0
L H L <5 1-L 100.0 0.0 0.0
L H L >5 1-L 100.0 0.0 0.0
L H M <5 1-L 100.0 0.0 0.0
L H M >5 1-L 100.0 0.0 0.0
L H H <5H 1-L 100.0 0.0 0.0
L H H >5 1-L 100.0 0.0 0.0
M L L <5 2-M 08 992 00
M L L >5 1-L 100.0 0.0 0.0
M L M <5 2-M 0.1 99.9 0.0
M L M >5 2-M 00 998 02
M L H <5 1-L 100.0 0.0 0.0
M L H >5 1-L 100.0 0.0 0.0
M M L <5 2-M 02 998 0.0
M M L >5 2-M 0.0 1000 0.0
M M M <5 2-M 00 705 295
M M M >5 2-M 00 958 42
M M H <5 3-H 0.0 04  99.6
M M H >5 2-M 0.0 1000 0.0
M H L <5 1-L 100.0 0.0 0.0
M H L >5 1-L 100.0 0.0 0.0
M H M <5 2-M 0.0 1000 0.0
M H M >5 3-H 00 223 777
M H H <5 2-M 44 956 00
M H H >5 2-M 00 636 364
H L L <5H 1-L 100.0 0.0 0.0
H L L >5 1-L 100.0 0.0 0.0
H L M <5 1-L 100.0 0.0 0.0
H L M >5 1-L 100.0 0.0 0.0
H L H <5 1-L 100.0 0.0 0.0
H L H >5 1-L 100.0 0.0 0.0
H M L <5 1-L 100.0 0.0 0.0
H M L >5 1-L 100.0 0.0 0.0
H M M <5 3-H 0.0 04  99.6
H M M >5 3-H 00 335 665
H M H <5 3-H 0.0 0.1 999
H M H >5 1-L 100.0 0.0 0.0
H H L <5 1-L 100.0 0.0 0.0
H H L >5 1-L 100.0 0.0 0.0
H H M <5 3-H 00 261 739
H H M >5 3-H 00 30.0 70.0
H H H <5 3-H 0.0 0.0 100.0
H H H >5 3-H 0.0 0.0 100.0

Table 7.11: The tabular representation of the predicted category of WAVE4 for each combination
of the categories of WAVE3, WAVE2, WAVE] and DISTANCE with its uncertainty estimated by the
bootstrap method
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Var Type Name Description Categories

low (< 36),

1 Independent L-CORE patient’s internal temperature in C° mid (> 36 and < 37),

high (> 37)

low (< 35),

2 | Independent L-SURF patient’s surface temperature in C° mid (> 35 and < 36.5),
high (> 36.5)
poor (< 80),

fair (> 80 and < 90),
good (> 90 and < 98),
excellent (> 98)
low (< 90/70),

4 | Independent L-BP last measurement of blood pressure mid (> 90/70 and < 130/90),

high (> 130/90)

unstable,

5 | Independent | SURF-STBL | stability of patient’s surface temperature mod-stable,

stable
unstable,

6 | Independent | CORE-STBL | stability of patient’s core temperature mod-stable,

stable
unstable,

7 | Independent | BP-STBL stability of patient’s blood pressure mod-stable,

stable

0 (strongly discomfortable)

3 | Independent L-02 oxygen saturation in %

8 | Independent | COMFORT | patient’s perceived comfort at discharge :
20 (strongly comfortable)

I (patient sent to Intensive Care Unit),

9 Dependent | ADM-DECS discharge decision A (patient sent to general hospital floor),

S (patient prepared to go home)

Table 7.12: The nine ordinal variables in the post-operative patients data set

7.4 Post-operative patients data

The real data set that we will analyze in this section is the post-operative patients
data presented in the study of knowledge acquisition for expert system development in
nursing (Budihardjo et al., 1991; Woolery et al., 1991). In this study, 90 patients were ex-
amined after surgeries and 8 categorical health status measurement variables were recorded
for each patient including the body temperature and blood pressure. The main purpose of
Budihardjo et al. (1991) and Woolery et al. (1991) was to determine the next place where
a patient in the post-operative recovery area should be sent to based on (his/her) health sta-
tus, which is regarded as a classification problem in the area of statistical learning. Thus,
the variable discharge decision (ADM-DECYS) is considered to be the response variable that
indicates whether a patient was sent to the intensive care unit, general hospital floor or

home, while the 8 categorical health status measurement variables are considered to be the
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predictors. Table 7.12 provides all the description of the 9 variables in the data.

Budihardjo et al. (1991) and Woolery et al. (1991) applied a rule-based machine
learning program called LERS LB (Learning from Examples using Rough Sets Lower
Boundaries) to the classification problem of the response variable, ADM-DECS, using all
the 8 health status measurement variables in the post-operative patients data. Specifically,
for each category of ADM-DECS, the learning program LERS_LB will induce all the pos-
sible and certain association rules that describe the category based on the rough set theory.
Note that a rule is said to be possible (certain) if there exist (do not exist) conflicting ob-
servations in the data, where two observations are said to be conflicting if they contain
the same values for the predictors but different ones for the response variable. Dash and
Dehuri (2013) investigated the training accuracies of five different classification methods
on the post-operative patients data: Naive Bayes, ID3, J48, Fuzzy-Rough nearest neigh-
bors (FRNN) and Fuzzy K-nearest neighbors (FKNN). For each method, 7 health status
measurement variables were used and the variable COMFORT was excluded due to the
sparseness, i.e. the counts for 16 (out of 21) categories are zero. Note that all the variables
are treated as nominal for LERS_LB in Budihardjo et al. (1991) and Woolery et al. (1991),
as well as for the five methods in Dash and Dehuri (2013).

Our intention of analyzing this data is to demonstrate the utility of the proposed
model-free methods on the variable selection problem for a multi-dimensional contingency
table, which is regarded as one of the important preprocessing steps in statistical learning.
According to Table 7.12, we argue that it is more appropriate to treat all the 9 variables
to be ordinal because each of them has semantically ordered categories. In particular, the
health status of a patient who was sent to the intensive care unit after surgeries (/) should be
worse than that of a patient who was sent to the general hospital floor (A), while the health
status of a patient who was sent to the general hospital floor after surgeries (A) should be
worse than that of a patient who was sent directly to home (S). Therefore, we consider the

variable ADM-DECS to be ordinal with the ordering / < A < S. In addition, for the same
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reason in Dash and Dehuri (2013), we choose the 7 health status measurement variables
other than COMFORT as the initial set of predictors for variable selection.

Our process of variable selection starts with the all-possible-subset subcopula re-
gressions by estimating the overall association measures for all-possible subsets of indepen-
dent variables. Figure 7.13 visualizes the resulting association measures by sorting them
from the highest to the lowest within the same number of independent variables involving
in the subcopula regressions.

Next, we choose one or more subsets of independent variables with the highest or
higher values of the overall association measure within the same number of independent
variables, which can be used as a pool of candidate variables for the subsequent step. For
example, Table 7.14 shows seven subsets of independent variables where each one has the
highest value of the overall association measure for each number of independent variables.
Note that the asymptotic confidence interval for each overall association measure in Ta-
ble 7.14 is much wider than the corresponding bootstrap confidence interval. This may
be due to the small sample size (the total cell counts) relative to the size of the contin-
gency table (depending on the number of variables and the number of categories in each
variable). Furthermore, the bootstrap confidence intervals for two consecutive overall as-
sociation measures do not overlap, except for those with 5, 6 and 7 variables involved in

the subcopula regression.
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Then, we may identify a potentially important subset of independent variables from
the candidate pool across different number of independent variables involving in the sub-
copula regressions. As the overall association measure itself cannot be used to determine
the best one because of its non-decreasing property, different metrics based on the overall
association measure should be adopted. For example, we consider the following metric,

Vp*(i —1,4):

(1— P?—1) -(1- /012)] - P} — P

VpQ(z'—l,w:[ T =1
i—1 i—1

, (7.7)

where p? is the association measure for the subcopula regression with 7 independent vari-
ablesand ¢ = 2,...,d — 1. This metric measures the proportion of variation explained by a
new independent variable added to the existing set of independent variables in the subcop-
ula regression. Note that when the subcopula regression with (7 — 1) independent variables
is nested within the subcopula regression with i independent variables, then p? — p? | > 0
due to the non-decreasing property and hence Vp?(i — 1,4) > 0. Therefore, the potential
subset of independent variables from the candidate pool can be the one with the highest
value of Vp?(i — 1,4) and can be considered for subsequent explanatory or predictive mod-
eling.

As shown in Table 7.15, the potential important subset of independent variables

identified by the proposed metric in Eq. (7.7) for the subsequent classification task is L-

CORE, L-SURF, L-0O2, L-BP and BP-STBL, with the corresponding association measure

p%L-CORE,L-SURF,L-OZ,L-BP,BP-STBL—>ADM-DECS) = 0.75619 and Vp?(i — 1, 1) = 0.49003.
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For the rest of this section, we will illustrate the performance of the set of indepen-
dent variables selected by our proposed metric in Eq. (7.7) for the classification methods
used in Budihardjo et al. (1991), Woolery et al. (1991) and Dash and Dehuri (2013). We
will also compare it with the performance of the sets of independent variables used in these
three papers. Specifically, we will be more focused on the comparisons related to Dash
and Dehuri (2013) for two reasons. First, the classification performance was not the main
interest in Budihardjo et al. (1991) and Woolery et al. (1991), and hence they did not re-
port any performance of LERS_LB. Moreover, the code of LERS_LB is not available either
in those papers or in commonly used data analysis softwares and hence we adopt a sim-
ilar implementation in R called LEM2 (Grzymala-Busse, 1997). In contrast, all the five
classification methods considered in Dash and Dehuri (2013) are well-implemented in a
data mining software called Weka (Hall et al., 2009) and their classification performances
on the post-operative patients data were provided. As Dash and Dehuri (2013) employed
the training accuracy to evaluate the classification performance, we will also use it for the
comparison below.

Table 7.16 shows the training accuracy obtained from LEM?2 using the subset of
predictors selected by our proposed metric in Eq. (7.7), and the entire set of predictors
as in Budihardjo et al. (1991) and Woolery et al. (1991). We can see that the training
accuracy using the set of predictors selected by our proposed metric is about 0.092 lower
than the training accuracy using all the predictors. That is, LEM2 predicts about 8 more
observations incorrectly using the set of predictors selected by our proposed metric than

using all the predictors.

Predictors LEM?2

L-CORE, L-SURF, L-O2, L-BP, BP-STBL 0.839

L-CORE, L-SUREF, L-O2, L-BP, SURF-STBL, CORE-STBL, BP-STBL, COMFORT | 0.931

Table 7.16: The respective training accuracies of LEM2 using the selected subset and the entire set
of predictors
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Table 7.17 shows the training accuracy obtained from each of the five methods stud-
ied in Dash and Dehuri (2013) using the set of predictors selected by our proposed metric
in Eq. (7.7), and the entire set of predictors except for COMFORT. For each classifica-
tion method, we observe that the training accuracies using two different sets of predictors
are similar. Note that for FKNN, the training accuracy using the set of predictors selected
by our proposed metric slightly increases by about 0.022. These results suggest that the
variable selection approach based on our proposed methods may identify a potentially im-
portant set of predictors that contains most of the information for classification.

From the analysis of the post-operative patients data, we conclude that the proposed
model-free methods have the potential to be useful tools in the variable selection process

for a multi-dimensional contingency table with the ordinal dependent variable.

Methods Predictors
L-CORE, L-SUREF, L-02, L-CORE, L-SURF, L-O2, L-BP,
L-BP, BP-STBL SURF-STBL, CORE-STBL, BP-STBL

Naive Bayes 0.711 0.733
ID3 0.844 0.889

J48 0.711 0.711
FRNN 0.833 0.889
FKNN 0.711 0.689

Table 7.17: The respective training accuracies of Naive Bayes, ID3, J48, FRNN and FKNN using
the selected subset of predictors and the entire set of predictors except for COMFORT
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CHAPTER 8

DISCUSSION AND FUTURE WORKS

In this dissertation, we proposed the descriptive modeling methodology, consist-
ing of subcopula score, subcopula regression and subcopula regression based association
measure, to delineate and quantify the association structure of multi-dimensional contin-
gency tables with ordinal variables in a model-free manner. We first studied the subcopula
score and its theoretical properties as a tool to assign data-dependent numerical scores to
an ordinal variable. We then formally examined the subcopula regression and its predic-
tion to explore and identify the association pattern between the ordinal dependent variable
and a set of categorical independent variables. In order to quantify the contribution of
a set of independent categorical variables of interest, we then investigated the theoretical
properties of the subcopula regression-based association measure and derived its sequen-
tial and non-sequential decompositions, and proposed the marginal, conditional, interactive
and correlative association measures. Then we developed in Chapter 5 a variety of statis-
tical inference methods including (point/interval) estimation and hypothesis testing for the
proposed methods. Finally, we demonstrated the performance of the proposed association
measures in Chapter 6 and 7 via both simulation study and real data analysis.

In this section, we will discuss some future work in the following that can improve
the performance of the proposed methods and broaden the horizon of their applications in

descriptive modeling and other statistical analyses.
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8.1 Large-sample distribution for the overall association measure

We knew from Chapter 5 and 6 that the asymptotic distribution of the estimator
ﬁ%x,i _,x,) in Theorem 5.1 may not hold when the true value of P%x,,. _,x,) Is zero, a bound-
ary of the parameter space, even if the sample size is sufficiently large. This prompted us
to develop the permutation test for the null hypothesis of “no overall association”. In order
to further enrich the theoretical properties of the proposed estimator, we need to derive the
asymptotic distribution of ﬁ%x,i LX) under H : P%x,i LX) T 0 and develop the asymptotic
test which would be a future work direction. Instead, we would like to investigate below
the empirical sampling distribution of pfx .y, under Hy : pix . x,, = 0.

We notice that the proposed association measure /)%X_,- _,x,) and the population ver-
sion of the coefficient of determination, denoted by R?, for a multiple linear regression
model share similar properties. They both range from 0 to 1 and they describe the pro-
portion of the variance for a dependent variable explained by the independent variables.
Moreover, their estimators are upward-biased with respect to the true population values.

Under the null hypothesis that all the regression coefficients are zero except for the
intercept in the multiple linear regression model with (k — 1) independent variables and

(=R follows a Snedecor’s F distribution with

. . . . 2 .
normal error distribution, i.e. ° = 0, D07

the degrees of freedom (k — 1,n — k) where R? is the estimator of R? and n is the sample

size, and R? follows a Beta distribution with shape parameters (%, "—gk) Therefore,

n—kf%2 d
—(1_}2{2 —>X2—1'

Inspired by these theoretical properties of R? and its estimator, we conjecture that the

estimator of the proposed association measure may asymptotically follow a chi-square dis-
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tribution. That is, under Hy : pix . ,x,) =0,

f(n> Md)ﬁ%x_i_g(i) d 9
1_ 2 = Xu(My)»
p(X,,L*)XZ)

as n goes to infinity, where f(n, M) and v(IM,) are two functions of the sample size n
and/or the number of categories M, in the d ordinal variables, and v(M,) is the degree
of freedom. Below we show empirical evidence that may support our conjecture obtained
from simulations implemented in the two-dimensional contingency table with the respec-
tive ordinal dependent and independent variables X5 and X;.

We first fix the sample size n = 50, 000, 000, vary the number of categories in each
variable k£ = 3,5, 7 and estimate the proposed association measure on 100, 000 simulated
two-dimensional contingency tables with corr(X;, X;) = 0 obtained from the simulation
method given in Chapter 6. Then we fit a Beta distribution to those estimates for each level
of k and obtain the values of two shape parameters, & and B . Finally, we let 2a = (k)
and QB = f (n, k), fit the chi-square distribution with the degree of freedom 24 to the esti-

26ﬁ(2X1ﬂX2)

mator W* = for each level of k£ and assess the goodness-of-fit by constructing

1=p ?Xl —X3)
histograms and Q-Q plots. The results below for each level of £ show a good fit of the
conjectured chi-square distribution to the 100, 000 estimates of the proposed association
measure obtained under H : p%Xl Xp) T 0. Our next future work would be to verify our
conjecture by finding the suitable expression of f(n, k) and v(k) in the chi-square distribu-

tion for two-dimensional contingency table and extend it to a case of the multi-dimensional

contingency table.
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Empirical quantiles of the estimates of W*

a0 25 50 75 100 125 150 175 200 0 H H 3 ]
Estimates of W* Thearetical quantiles of the chisq distribution
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Figure 8.1: Goodness-of-fit assessment for k = 3
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Figure 8.2: Goodness-of-fit assessment for k& = 5
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Figure 8.3: Goodness-of-fit assessment for k = 7
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8.2 Coverage analysis of interval estimator

We provided the asymptotic theory of the proposed overall association measure
in Chapter 5.2 to construct the asymptotic confidence interval when the sample size for
the contingency table is sufficiently large. We also described the conditional paired non-
parametric bootstrap strategy and the BCa bootstrap method in Chapter 5.2 to employ the
bootstrap confidence intervals for the proposed association measures especially when the
sample size is not large and/or their true values are near the boundary of their parameter
spaces. To further assess the performance of the asymptotic and bootstrap confidence in-
terval estimators, we can analyze their coverage probability for small or moderate sample
sizes through the simulation study.

Similar to the design of the simulation study in Chapter 6, we can first create a
“population” contingency table of size N and compute the “true” value of the proposed
association measure. Next, with sufficiently large value of M, we can simulate M sample
contingency tables of small and moderate size n from the “population” contingency table.
Then, we compute the asymptotic confidence interval with a nominal coverage probability
(e.g. 1-a) for each sample contingency table and calculate the empirical coverage proba-
bility that an interval contains the “true” value of the proposed association measure over M
sample contingency tables. Finally, we can compare the empirical coverage probability to
the targeted nominal coverage probability.

The investigation of the coverage probability of the bootstrap confidence interval is
similar to that of the asymptotic confidence interval. The difference is that, with sufficiently
large value of B, we need to generate B bootstrap replicates of each sample contingency

table and compute the bootstrap confidence interval for the proposed association measure.
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8.3 Hypothesis testing for interactive and correlative association mea-

sures

We developed the permutation strategies in Chapter 5 for the marginal and condi-
tional association measures appearing in the sequential decomposition of the overall asso-

ciation measure. Specifically, we explained two scenarios for testing  : =0

2
and H :

P(X< ) XXE) = 0 depending on whether H : p%x_i—»(i) = 0 is rejected or

not. From Definition 4.2, 4.3 and 4.4, we noticed that

2 2
P Nt Pixa xP — 2y x9 N = P I -
PG =X TP XE L =X X8 XE ) (XG) =X X{y0) =X T PXE L - XX

Hence, we may adopt a similar approach to test H : p(XQ XP X, |X2

(J+1) 0y XG4y

Hy VXL =X XP | —»Xx) = 0 depending on whether Hj : (X{)HﬁXiIX?j)) = 0 and

. 2 . . . .
Hy - p(Xf;H)—) x) = 0 are rejected or not. That is, we may consider four scenarios as

follows:

S1 When neither H : p(x< Ly XalXg) T = Onor H : p(XPHﬁXi) = Oisrejected, we can
first test H, =0.If Hy : =0
0 'O(XQ X G2 XilXE) X)) 0 p(X?>st+1>_’X X6y X))
is not rejected, then we don’t need to further test Hy : VXL XX X)) = 0
further. On the other hand, if H, : p(x? SXIXDXE ) = 0 is rejected, this
7) (J+1 (4) (J+1)

means that Hy : yxe _x,) = 0 must be rejected. In all, we only need to

XX (G4
test H, =0.
0 /)(X X Gy =Xl Xy X 1ay)
o2 — 0 . .2 — 0
S2 When Hj : p(fo SxIX2,) T 0 is not rejected but H : 'O(ijﬂ)—m) = 0is
rejected, this indicates that Hy : VXL X XE X)) = 0 must be rejected be-
J
cause p(XQ XX ) is non-negative. Therefore, we only need to test
@) (J+1) (J)’ (J+1)
Ho : =0.
p(Xo)X@H)_’X X5 X))
S3 When Hj : p(x( XIS ) = 0 is rejected but Hy : p(Xf;HﬁXi) = 0 is not re-
jected, we can again start with testing H, : p(xQ = 0 first.

XP XX

G+1) 0y XGan)
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If Hy : p(x X, |XO = 0 is not rejected, we don’t need to test fur-

€] (J+1) 4’ (.7'+1))

ther because it implies that Hy : yx9 _,x, x?

x,) = 0 must be rejected. In-
@ G+~

stead, if Hy : p? = 0 is rejected, we need to further test
0 Pxe xEL, XX XEL ) ]

H, Q y=0.
0: V(X( =X X(]H)ﬁXz)

S4 When both Hj : (Xp LXX2) T = 0 and Hy : = 0 are rejected, we
G+1)

should test both Hj, : p?

(X5+1)_>Xi)

= 0and Hy : VXE —X; X

(7))

(X2 XP XX

@G+ (3+1)

o XG+n)
0 simultaneously.

For Scenario S3 and S4, we can find out a permutation strategy for testing  :

_ s _ P
VXL XX X)) = 0. By Definition 4.4, we knew that Tmf =T for every m;.

and/or r,, md, =T for every m( if and only if VXL 5 X, XD X)) = 0. Then we conjecture

(+1)

that testing Hy : VXY S X XE | X)) = = Ois equivalent to testing Hy : yxr  _,x,) = 0and

G+1) (G+1)

Hy: PYXE X)) = = 0 simultaneously. Thus, we can adopt the same permutation strategy for

testing the marginal association measure in Chapter 5.
In contrast, it appears not straightforward to design a permutation strategy for test-

ing Hy : p(xQ XP XX = ( for Scenario S1 and S2. However, we can still find

7 )
(4) +1)
some clues by Proposition 4.3 (f), (g) and Proposition 4.4 (d) as follows:

1. If a permutation strategy is available or can be developed to simulate samples of
permutations satisfying conditional independence (e.g. X; and X3 are conditionally

independent given X5), then H : p = ( could be tested.

—X;| X5

(X (J) (J+1) )’ (J+1))

2. If a permutation strategy is available or can be developed to simulate samples of
permutations satisfying the property that the X; (X5) has no influence on the mean

subcopula of X3 given X5 (X3), then Hy : = 0 could be

Q P
(X Xy XX X))

G+
tested.
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8.4 Power analysis of the permutation test

We explained in Chapter 5.3 the permutation strategies for the applications of per-
mutation test to the respective null hypotheses of the overall, marginal and conditional
association measures. To further evaluate the performance of the permutation test for each
association measure, we can analyze its size and power via the simulation study.

Because the null hypothesis indicates that the true value of the proposed association
measure is zero, we can first create a “population” contingency table of size /N, where the
“true” value of the proposed association measure is zero. Next, with sufficiently large
value of M, we can simulate M sample contingency tables of size n from the “population”
contingency table. Then, we can generate () permutations of each sample contingency
table, estimate the p-value and calculate the empirical size of the permutation test for the
rejections of the null hypothesis over M sample contingency tables.

The investigation of the power of the permutation test is similar to that for the size
of the permutation test. The difference is that we need to create a “population” contingency
table of size NV, where the “true” value of the proposed association measure is not zero, and
compute the empirical power of the permutation test.

To better understand the choice of the number of permutations () with respect to
the performance of the permutation test, we can estimate the size and power by varying it

for a sample contingency table.

8.5 Impact of sparsity of the multi-dimensional contingency table

We observed from the simulation study in Chapter 6 that the distributions of the
estimators of the proposed association measures become highly right-skewed and the biases
of the estimators become larger as the sizes (depending on the number of variables and
the number of categories in each variable) of the contingency tables increase, even when

the sample sizes are large, regardless of the closeness of the “true” values of the proposed
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association measures to zero. It is often observed that the sparsity issue results in the highly-
skewed sampling distribution of well-known association measures such as Pearson’s chi-
square statistic and odds ratios, even when the sample size is large (Agresti, 2002, p. 391-
398).

To further investigate the impact of the sparsity issue on the proposed association
measures, we can consider the simulation study with smaller sample sizes and the other
settings fixed. Similar to the selection of sample sizes in the simulation study from Chap-
ter 6, we can control the degree of sparsity by considering the contingency tables with
medium size (e.g. 5 = 125) and varying their conceptual average cell counts within a
small range. For example, in the three-dimensional case of Scenario 3, if the concep-
tual average cell counts are specified to be (1,2,4,8), then we obtain the corresponding
sample sizes n = (125,250, 500, 1000) for each combination of (kx,, kx,, kx,), where
kx, = kx, = kx, = k are the respective numbers of categories in the variables X, X5 and
X3, and k£ = (3,5,7). This can be beneficial in that the simulated contingency tables for
k = 3 will be mildly sparse while those for & = (5, 7) will be extremely sparse. According
to the observations from Chapter 6, we conjecture that the skewness in the distributions of
the estimators of the proposed association measures will become much more notable for
extremely sparse contingency tables when the “true” values of the proposed association
measures are close to zero. We also speculate that the biases of the estimators will become
much more pronounced as the degree of sparsity increases, regardless of the closeness of
the “true” values to zero.

To alleviate the sparsity issue, some remedies were proposed including dropping or
collapsing a contingency table and smoothing its counts. However, dropping or collapsing
the contingency table is not recommended because the effects of dropping or collapsing the
zero-count cells on the subsequent statistical analysis is hard to foresee (Guo and Thomp-
son, 1989; Baglivo et al., 1988). Regarding the smoothing methods, one ad-hoc way is to

add a small constant (e.g. 0.5) to the cell counts. However, it is not clear about the choice
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of a small constant. Moreover, such a remedy may have too conservative effects on the
subsequent statistical inference, especially for large size of the contingency table and/or
small sample size (Agresti, 2002, p.397).

More sophisticated smoothing methods can be found in Coull and Agresti (2003)
and Borgoni (2004). Coull and Agresti (2003) proposed a parametric method of smooth-
ing the cell counts in a large multi-dimensional contingency table with (nominal/ordinal)
variables by fitting a generalized log-linear model (GLLM) with random effects. Borgoni
(2004) proposed a two-step smoothing method for the multi-dimensional contingency table
with ordinal variables. The first step adopts a multivariate kernel estimator to smooth the
cell probabilities in the contingency table and the second step generates the final smoothed
cell probabilities that minimize the Kullback-Leibler divergence against the result from the
first step subject to a set of linear constraints imposed by the contingency table. In the con-
text of descriptive modeling, the smoothing method proposed by Coull and Agresti (2003)
may not be aligned with our motivation of creating model-free methods for delineating and
quantifying the association structure. On the other hand, although the smoothing method
proposed by Borgoni (2004) requires the careful choice of the kernel estimator for the
multi-dimensional contingency table, it can be used to alleviate the sparsity issue before

applying the proposed association measures.

8.6 Ridit scores based regression and association measures

We started the entire model-free methodology with the introduction of subcopula
score. As defined in Chapter 3, it is a data-dependent scoring method for an ordinal variable
based on the theory of subcopula. Proposition 3.1 showed that another widely used data-
dependent score for ordinal variables, the Ridit score, has a relationship with the subcopula
score in that for the ¢-th category of an ordinal variable, the ¢-th Ridit score is the midpoint
of the (¢ — 1)-th and i-th subcopula scores. The Ridit score is closely related to the mul-

tilinear extension copula for discrete data (Genest and NesSlehova, 2007), which is smooth
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version of subcopula by the multilinear interpolation (Schweizer et al., 1974). The use of
the multilinear extension copula for ordinal variables leads to the assignment of the Ridit
scores for the ordinal variables as a data-dependent scoring method (Neslehova, 2007; Wei
and Kim, 2021). Hence, an interesting future work would be to investigate the performance
of the Ridit scores based association measure and its decompositions for multi-dimensional

contingency tables with an ordinal dependent variable.
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APPENDIX A

THE PROOF OF PROPOSITION 3.1

From Chapter 2.1, we can define the Ridit score, sk ~and the midrank, sf‘fn , for the

im

m;-th category of X; as below:

F_ | +F
g = mitt i MR 05

tm; 2 ) tm; Tm;

where F;, =0, I}, =land F},, = P(X; < xlm) Then, according to Eq. (3.1), we have

Uiy = 0= Eo’ uiMi =1= ‘FiMi and
m;

Uzml = Zp"' - P()(Vz < ‘/Ezm ) - Fzml
ri=1

Therefore, when Fimrl and Fimi are replaced with Wi, and (T respectively, we obtain

ui7 i—1 + ulm ui7 i—1 + ulm
sf’ = sfw = nsf +05=n—"——"2+4+0.5.
m; 2 m; mi 2
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APPENDIX B

THE PROOF OF PROPOSITION 3.2

(a) Assume that the probability for the m,-th category of X; is p,,,. If the categories

{Tm41, - Tmyps; } of X are combined into a new category ,,:, the probability

Pz for xp,: is Z;”:J;j 41 Pr;- Thus, according to Eq. (3.1), the subcopula score for

%

T 18 given by

my m; m; mi+s; mi+s;
’U/zmj = E p'l’i = E p?"i + pm;‘ — E pTz‘ + E p’f’i = § pri = ui'mi+si .
7’1':1 ’I‘i:l Tiil ri:mi—&-l T‘iil

For the other M; — s; categories of X, the respective subcopula scores do not change

because the corresponding values of cumulative distribution function do not change.

(b) When the ordering of the categories in X is reversed, then {x,, 11, ...,z } Will be

ordered lower than x,,,. Therefore, the subcopula score for x,,,, becomes

M; M; mi—1
Wi, = E Pri = E Pri — E Py =1—w, .
ri=m; r;=1 r;=1

(c) According to Eq. (3.1), the mean of U; is calculated by

M,L' m;
E(U) =) (Zm) pm; =pip1+ -+ (p1+ -+ pag)pm;

m;=1 \r;=1

1 1 1
=12 a9 _ J1=-1= 2

2[ pip1+ -+ 2(p1 + -+ PP 5+ 3 mg_lpmi,
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and the mean of U? is calculated by

M; mi 2
EU}) =) (Z pri) Pm; = (01)°p1+ -+ (01 + -+ s, P,

mi:1 Ti:1

M;
= ( > pfni> + (Z meipfn;) + [2I(Mi >2)Y 3 PP P

m;=1 m;<mj m;<m}<mi*

Hence the variance of Uj is given by

Var(U;) =E(U?) — [E(U;)]?

1 M 1 [ & ‘o
S EERR DS B Do) et
m;=1 m;=1 m;<m}

+ QI(MZ' > 2) Z Z mez‘pm:‘pmj*

m;<m;<mj*

In the special case that X; follows a discrete uniform distribution with the support
Sz, = {@iys -,z } such that each z,,, € S;, occurs with equal probability 1/M;,
we find the corresponding mean and variance of U; by using the formulas above with

Pm,; = 1/M; for every m;.
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APPENDIX C

THE PROOF OF PROPOSITION 3.3

(a) Given that 0 < Wi, = Zi\”‘:m pr; < 1 according to Eq. (3.1), we can derive the
range of 1, \;_ (U, ) by Eq. (3.7) as follows:

2

Mi Mi
0 S T(C];|U_i(u—im7i) - Z uimipmﬂm,i S Z Pm;im_; = 1.

m;=1 m;=1

(b) According to Eq. (3.7), the mean of TgAUfi(u—im_ ) is given by,

[3
M_;

M;
E [TZCJVAU_i(u*im_i)} = Z Z Wiy, Pmg,m

m_;=1_; m;=1

M; M_; M;
= Z uimi Z Pm;m_; = Z Uimipmi = E(Uz),

mizl m_i:]._i mi:I

i

. C . .
and hence the variance of r{; iy (u—;,, ) is given by,

2
Var T[C];"U_i (u_imii ):| = E [Tgl‘U_l (u_lmil) - E [TEZ‘U_Z (u_imii )j|i|

M_; M; M; 2
- Z [Z Wiy, Pmjlm_; — Z uimipmi] Pm_;-

m_iil_i mi:I mizl
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APPENDIX D

THE PROOF OF PROPOSITION 3.4

LetU_; = {Ul, o U, Upin,y Ud},where U, = FX(gZ(X'Z)) fori=1,....,d.

. . C’ ~ _ C ~
It is sufficient to show that TUi|ﬁ,i(u—im_i) =rgu_, (U, ) forevery (m_;, m_;). That

2

18,
M; M;
§ uimipmi\rh,i - E uzmlpmz|m,l
mizl m,L':l
Since
D Py i Pmim_;
Pm;m_; = M, ~ and Pm;im_; = M, ;
Zmi=1 Pm;m_; Zmizl Pmim_;

so it is equivalent to Show Dy, va _; = P, m_, fOr every (m_;, m_;).
Given that ¢1,...,9;-1,9i+1,- - - , ga are injective functions of X _;, then for every

J # 1, there exists m; € m_; and m; € m_; such that the joint probability D g sy =

ij
Pmim;m_,;» Where m_;; = m_; — {m;} and m_;; = m_; — {m;}. Hence we have

Pmisn_; = Pm;m_;» Which leads to p; = pp,jm_,. Therefore, rg'lﬁ (A, )=

7

Tgim,i (u—,,_,) and the predicted category of X is invariant.
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(a)

(b)

(c)

APPENDIX E

THE PROOF OF PROPOSITION 4.1

Since

Var(U;) = E[Var(U;|[U_)] + Var[E(U;|U_y)] = E[Var(U;|U_;)] + Var [TgilU—i(uiimfi)} ,

so we have 0 < Var rgimii(u_imii)] — Var(U;) — E[Var(U;[U_,)] < Var(Uy).

Therefore,

0 Var(U;)

= < p? <
0 Var(U;) — PeX_imX) = Var(U;)

=1

If X; and X _; are independent, so are U; and U_;. Then
Var [r&‘uﬂ(u,im_i)] = Var[E(U;|U_;)] = Var[E(U;)] = 0.

Therefore, px ., x,) = 0/ Var(U;) = 0.

Given pix_, . x,) = 0, then Var[E(U;|U_,)] = E[E(U;|U-;) — E(U;)]* = 0, which
indicates that rf;, (0, ) = E(Ui|U-;) = E(U;). Therefore, rf;,;_ (u i, )
is constant over every combination of categories in X_;. Furthermore, let Uy =
{Uj,,..., U, } be a subset of U_; with size d*, where 1 < d* < d — 1. Also let

mg- = {m;,,...,m;,. } beasubset of m_;, My = {1 M;,. } be a subset of

190

M—i’ M—i—d* = M—i - Md* and m_; g« = 1ImM_; — IMg=. Since ’T’C_ _(u_i ) =
U;|U_; m_

7

E(U;) implies Z%E:l Uiy, Prslm_; = SOM: Ui, Pm, for every m_;, then for every

m;=1
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m_; and my-,

pm—i 2 pm_i z :
uzmlpml|m,l - uimipmm (El)
pmd* mifl pmd* miil

where p, . is the joint p.m.f of Ug-. By summing over m_;_4- on both sides of Eq.

(E.1), we can simplify the left-hand side to be

M; M_;_g= M;
Pmim_; Pm;,m g«
DD D D D Z Wi, P
m;= m_,_g«=1_;_ 4« Pmg: m;= Pmgs m;=1
and right-hand side to be
M_,_
pm »L pmd*
E ulm pmz E : p E uzmlpmz : ulm pmz’

ml—l m_;_g* :lfifd* mgx i

where 1_,_;- is a vector of all ones with size d — 1 — d*. Thus Z —1 i, Prny|mge =
ngjzl U, Pm,- Finally, let W = Ja* U, denote the product (interactions) of

r=J1

U, € Ugs. Then the covariance Cov(W, U;) between W and U, is given by

Cov(W,U;) = E(WU;) — EW)E(U;)

Mg M; Mg M;
= E E Wiy, Wmge Pmy,mgs | — Wm g+ Pm g« § Wiy, Py
1y

mgx=14% m;=1 mg+= mi=1

M g+ M, M ;= M;
< Z Wim 4+« Pm g« Z Uy, . pm,md*> Z Wm 4 pmd*> ( Z ui""ipmi>

mg+=14x m;=1 mgx =1;% m;=1
Mg+ M; Mg+ M;
— < > wmd*pmd*> (Z uimipmi> - ( > wmd*pmd*> <Z uimipmi> =0,
mg+ =14x m;=1 mgx =1 ;% m;=1
where wy, . = id: iy Urpn, is the product of the m,.-th subcopula scores of U,. € U-.

Therefore, p(QXﬂ_ LX) T 0 implies that U; is uncorrelated with every U; € U_; and

their interactions.
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(d)

(e

®

Since px_, . x,) = 1 indicates Var(U;) = Var(E(U;[U;)). Hence,

Var(Us) = Var(E(Ui|U—)) = E(U?) - [E(U:)]” = BIE*(Ui|U~)] + [E(U))?

= B(U}) - BIE*(Ui|U_)] =0,

which leads to E(U?) = E[E*(U;|U_;)]. Hence we conclude U; = E(U;|U_; =
U, ) = rgu_, (U, ) almost surely. Therefore, pfx .y, = 1 if and only
if U; = h(Uy,...,Ui_1,Usq,...,Us) = h(U_;) almost surely for some measur-
able function h. Finally, since U; = Fx,(X;) where F¥; is a bijective function of
Xj € X450 pix__,x,y = Lifand only if X; = h(Fy!(X1),..., Fy' (Xi),
F )}}H (Xit1), ... Fx!(Xa)) = g(X_;) almost surely for some measurable function

qg.

If Uy = g(U_;) + ¢, then Tgi\u_i(u—im_i) = BE(U|U_;) = Elg(U;) +€|U_ ] =
g(U_;) + E(e) and Var [r&mii(u_imii)} = Var[g(U_;) + E(e)] = Var[g(U_,)].
Furthermore, given that ¢ is independent of U_; and has finite second moment,

Var(U;) = Var[g(U_;) + €] = Var[g(U_;)] + Var(e). Therefore,

) Ve e e )] varguy)
PXoimXi) = Var(U;) -~ Var[g(U_,)] + Var(e)

The expectation of the product of U; and Tgi|U7i (u_;,, ) is given by

i

My M;
E|UnG o (Wi )| = BIUGEWIU-) = Y w, (Z uimipmdm_i)pmi

mg=1y m;=1

M_; M; M;
= 5 § uimi E Uimipmi\m,i Pmijm_;Pm_;

m,izl,i mi::l mi::l

M_; M; M;
= Z ( Z uimipmi|m_i> ( Z uimipmim_i> Pm_; = E[E2(UZ|U—Z)]7

m_;=1_; \m;=1 m;=1
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and hence the covariance between U; and Tgimii (u_;,, ) is derived by

i

Cov [V u_, (0 s )| = BIUEUIU )] - BU)E[EWUU )]

7

— BIE(U|U-)] - BAB(U|U-,)] = Var(E(U|U-)) = Var |rGu_ (i, )]

Thus,

R e B G L
P(X_i—X;) = V Var(U;) N \/W\/Var [T’gAU_i(u—im,i)}
Cov {Uz‘, 7‘5,.|U_i(u—imfi)}

= Var(Ui)\/Var [rlcf;lU_i(u_im—i)}

= corr [UiaT((j;‘U_i(u*im_i)] .

(g) By Proposition 3.4, given X_; = g-i(X), 7‘52.|U
Therefore,

Var [TSAU%(‘Lim_i)} Var [7"5 |ﬁ_i(ﬁ_iﬂ‘*i)}

2 ~
PX =) Var(Uy;) N Var(U;) Px_imxiy

which implies that p%X_f _,x;) 18 invariant over the permutation of the categories of

every Xj € X—i-

(h) Suppose X, is the permuted X; and U, = FXi(Xi)’ where Fy_is the c.d.f. of X

Then,
, o Var [T%Uﬂ(u_,m 1)}
(X—imXs) Var(U;)
M—’L MZ MZ 2
S DD iy Bavmy — Y Tig P | P, (E.2)
m_;=1_; \sm;=1 =1
- 2
M; M;
Z Ui, Ui, Pin; | Pring
=1 =1
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By Eq. (4.1) and Eq. (E.2), if

M; M; 2 M; M; 2
E Ui, Diingm_; — E Uiz, Ding E Uiy, Prmglm_; — E Uiy, P,
ﬁ%izl ﬁ’Li:]. mi:1 mi:1
2 = 3 ;. (E3)
M; M; M; M,
: /&/iﬁbi - z ’aiﬁzi ﬁmz ﬁmz z uiﬂli - z : ui'm,i pmz me
ﬁ%izl ﬁli:]. mizl mizl
2 2

holds for every m_;, then p . Given that X is a binary variable,

(X_i—X;) = PX_i—Xi)
the left-hand side of Eq. (E.3) becomes

[P2P2jm_; + P1jm_, — P3 — p1)? (Prm_.p1 —P1)?  (Prm_, —P1)°

(p2 — p3 —p1)2p2 + (1 —p3 —p1)?p1 pipe P1D2

and the right-hand becomes

[P1P1m_, + Pojm_, — PT — p2]”

(p2|m,ip2 - p%)Q (p1|m,,- —p1)2
(p1 — P2 — p2)?p1 + (1 — P2 — p2)2po p1p3 P1D2 '

2

Therefore, p(x,i—»?i) = p%x,ﬁxi).
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APPENDIX F

THE PROOF OF THEOREM 4.2

: : 2 — 2 2 Q
(a) Itis sufficient to show that pix ., v, = Px2, =) ;F'O(Xf}ﬁXiIX?zfl)) for X551

and ij) in a partition P of X(4-1), where X(4-1) = X{;_ ) UXG) is a permutation of

X_; defined in Section 4.2.2. This is because we can further recursively decompose

2 2 : 2
p(X?J_l)—>X¢)’ e ,p(X%)%Xi) in the same way as we decompose Pix_i—x,- BY Eq.
4.1),

P(X_;—X;)
M) M) 9
o ZQ PZ » (rm%—lwm@) T Tm T m ) T) Pmf, ) m(),
WGy Tooy ™=l

Var(U;)

2 2
= Q N P XS
Px9,_ —xi) T PXE,—XiXY, )

Q P
MG M

2 g g r_ o —7r_a .o Q —r Q
m{;_;)m{;, mir-1) mir-1) pm(.r—wmf).n

Q —1Q P _1P
m; =Gy M=)

Var(U;)
2 2
7P(X?J—1)_>Xi) + p(xfij)_)x'ilx?J—l))
Q
My-1) M(7
2 Z (r — r) Z (r -7 )
o o m 1 - m_yymy ~ 'mi_y ) Pmfy_).m,
i my_ =10 mn=1(n
Var(U;)
2 2
= +
Px9,_ —xi) T PXE, = XX, )
Q
M-y M; M;
2 T -r U; ¢ — U;
E m®, § 1mipmi,m2,71) § ’Lmipmi7m?]71)
N m?zq):lufm m;=1 m;=1
Var(Uz-)

_ 2 2
=Pxe,_ —x) TPXE XX, )
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Therefore, the sequential decomposition of P%x,i LX) is proved. In particular, if P*

is a new partition of X(5_1) where X”" = X[’ |, UX[} ), then

2 2 2 2
= + +
p(xgﬁ)—mi) P(xg)—»(i) p(x5+l)—>xi|xg)) P(x5+2)—>xi\x8+l))

2

_ 2
= Pxe —x) T PP x X8

Thus, p2, o 0\ = Drup 0 0% p o .. Furthermore, by Propo-
P oxaix ) TP XX e ) TRXE o XilXE L) Y HIOP

sition 4.1, it is easy to see that p? is invariant with respect to X_; and X; for

Q .

every j, i.e. p?xg_)_»(i) - p?x?j)_»?i) = 'O?X?jﬁXi)' Therefore, by Eq. (4.7), the con-
2

P . Q
(x _>X1|X(j))

is also invariant with respect to X_;
G+1)

ditional association measure p

and X; for every j.

(b) It is sufficient to show that

2 2 2 2
PX_i=X:) —PX2 . x;) + P(XP X, + Pxe

P
(7-1) & (7-nX

((,ﬁxip(ﬂ X{j]))

(J-1)’

- 2 Q P .
VXL, ) =X X = X0)

2
Q
(X(JA

in the same way as we decompose p%x,ﬁxi)- By Eq. (4.7),

This is because we can further recursively decompose p Xy p?xg LX)
) (2) 7

2
P(X_;—X;)
Q P
M@y My 9
T2 P —T..Q Q P

o ZQ PZP (mu—wmm m(J—l)) pmu—l)’mm
_p? m_ =Gy M=)
- Q .

(X(Jfl)_)X'b) V(]/f'(Ui)

2
- Q
p(fol)aXi)
Q P
M-y M7

2
r —r —r r4+r -
> D (T, Tt e, FT s, <) Pt

Q —1Q P _qP
m_ny=1Goy M=)

Var(Ui)

2 2 2
= Q s P s Q P X2 P
p(X(J_l)—>X1) P(X(J)—>X7,) p(X(J_l)X(J>—>X7,|X(J_1),X<J))
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(c)

Q P
M-y M)

2 g E (rn P —T 0 —7r P T)(TP*’I") Q P
M -1 ™M M1 M + ™ pmu—l)’mu)

Q —1Q P _qP
n m; =Gy M=)
Var(U;)
ZPQXQ X +f’xP X Px X;|X9 —2YX2 X, XP, X))
( (J,l)_> ’i) ( J)_> 1) ( (J—1) ( _) | (J—1)’ (J)) (J—1) IR v
Mﬁ’) M(.Jfl)
2 g (r —7“) E (r — )
S~ m{;, o o me;_)m, mfy) ) Pm@,_ ) mf),
+ m ;=15 ml; =10,
Var(U;)
:P2X9 X; +P2XP +/’x XP X, |XO —2Yxe, | Lx, XP X))
Xy —=Xi) (X(H—Xi) (X Xy = Xl Xy X () (O A CO N
P
M)
2 E (T ) E Ui, pm“m z : Wiy, pm“m
N mf]):lf}) m;=1 m;=1
Va’l’(Uq;)
—px X +p2xP X px X;|X2 2'Y(XQ =X, XP X))
(X oy —=Xa) (X —=X4) Xy ( y Xl Xy (J)) (J-1) () i

Thus, the non-sequential decomposition of P%x,i LX) is proved. Proposition 4.1 (g),

it is easy to see that 7,0 Tme > TP  and r are invariant with respect to
MGy MGan)’ MG G+D)

X_; for every j. Therefore, the interactive and correlative association measures

and Q . are invariant with respect to X _;
p(x X G Xl XG) X)) VXE) =X X412 X0) p ‘

for every 7. In fact, they are also invariant with respect to X, for every j. Given that

2 2 . . . <7 ) .
PX_—X3)> p(X&_) X)) and p (Xf)+1>_> x,) are invariant with respect to X for every j by
Proposition 4.1 (h), it is sufficient to show that the correlative association measure
_,x,) 1s invariant with respect to X; for every j. Based on the similar

VXL, =X, XP

@) G+
argument to that in Proposition 4.1 (h), for every mg) and mg +1)

(P1jm2, = P1)(Prmp,, — P1)

(G+1)
G+ ) p1pP2

Txe =YX X, XP

(X

—X;,XP (7-1)

(€]

Therefore, the correlative association measure VXD 5 X, XD X)) is invariant with

G+1)
respect to X; for every j. By Eq. (4.8), it is easy to see that the interactive association

measure p( is also invariant with respect to X, for every j.

Q xP P
X)X G XX X))

Since the (overall/marginal/conditional/interactive/correlative) association measures
are all invariant with respect to X_; and X; for every j as shown above, so the

sequential and non-sequential decomposition in Eq. (4.7) and (4.8) are invariant with
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respect to the permutation of the categories of every independent variable X; € X_;

and the binary dependent variable X;.
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(a)

(b)

(c)

APPENDIX G

THE PROOF OF PROPOSITION 4.7

If X, is jointly independent of X _;, then p,,; m , = Dm,;Pm_,» Which implies P, mf,

= PPy, for every my;,. Thus, by Definition 4.1, pfx ., = 0 and p P LX)

=0forl<k<d-1.

Since this is a special case of Proposition 4.7 (a) as every X; € X, is independent of

Xkedeorigék,sop%X Xy = Oandp(X =0forl1 <k<d-1.
- "~

If X is marginally independent of XQ then p,, mf = PmPmg for every m( ) and

Py, = PmiPraf, for every m(k) with 1 < k£ < 5 — 1. Then, by Definition 4.1 and

4.2, p(XQ L) p(xg)—»() 0 and 'O(Xﬁcﬂ)—ﬂf X%, = =0forl <k < j—1. Thus,
Eq. (4.7) becomes
J-1 J-1
2 _ 2 2 _ 2
Pximx) = Pixpy—xo + z;p(xgﬂﬁxixﬁ)) B £ PG Xl XE)
]: =

J

2
(+1>_>Xi) + Z p(XaJrl)_)XilX?k)).
k=j+1

— p(x

M;
On the other hand, p,),. mf, mi=1 Wi, Prngfm®, =

ZM,I Wiy Py =T for every m( k) with 1 < k < j. By Definition 4.2 and 4.3, this

pm,pm& : also indicates Tm8, = >
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implies

M) M) 9
T2 P — TP Q P
Z Z ( MGy MG+ m(y‘+1>) pm(y‘)’m(Hl)
2 _ m()=15, mb =104,
Q P P - )
(X Xy = Xl X X)) M; )
E (ulmI - 7’) Pm;
mi;=1
N p(Xu)”X IXG1))

Therefore, Eq. (4.8) becomes

2
P(X_i—X;) Z P Poox) TP (xQ LXGXP

)
i ]H @) (G+1)

+ -2 -
Z p (k+1)*>X ‘X(k)’ {l'c+l) Z A)X’L7X'(k+1)*>xl)
k=j+1 k=j+1
(d) If XP. is marginally independent of X%, so p_» = PP Pme. for every
+1) () G+ G+ MG
m(; ;) and m¢},. By Definition 4.4, this indicates
M) M)
Z o (rm%) B T) Pmf, - Z - (Tmf7‘+1) B r) Pm{, )
_ m{)=10) MG =G4 —0
VXY =X X, —X0) = M, ; .
D> (tin, =7) Py
m;=1
Thus, Eq. (4.8) becomes
J
2
. P + Q P
iy =24 (X =X0) 2 PORG X)Xl X X))
k=1 k=1
J-1
_9 Z o -2 Z 0 :
Y (X () =X X )= X0) ' ’Y(X(k)—»( X=X
k=1 k=j+1

(e) If X, is conditionally independent of X( +1) given X?.), SO D, [m® m?” = Pm,|m®,
and hence 7, md mP = Tmd by Eq. (3.7) for every m( ) and m(j+1) By Definition
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4.2, this implies

MQ

M (3+1)

2
r.Q —7r_Q Q P
Z Z ( m) m(j)) pm(j)’m@“)

p m{) =16 m{ ) =111 _ 0
P _— .
(X(Gyn) =X |X(J>) M; 5
>~ (tin, = 7)" P,
m;=1

Therefore, Eq. (4.7) becomes

2
. N = +
P(X_i—X;) ( (I)HX) ZP xgjﬁlﬁx |x(k)) zj: (kﬂﬁx |X(k))
On the other hand, by Definition 4.1, 4.3 and 4.4, r,, m® mP = Tmd also implies
i+ J
7 + 2
PXE =X p(xs(lnxf;H)_*X X3 XG5 0y) T TG Xe X=X
M, M1

2 > 2

Q P
m{) =18, mg =17,

2
TP —-Tr —\r,.0 —r TP —-Tr Q P
{( M) ) ( ™) ) ( M) ﬂ P mf )

= o
2
E (uZmL —’I‘) Pm;
m7‘:1
P Q
M1 M
2 P 77’) P — Q P ) Q P
- ZP M1y QZQ MG+1) MGy ™M G+ pm(j)"m(jJrl)
MGy =G mG =1
= o
2
> (uin, = 1) P,
mizl
P
M1y M; M;
2 E P —7’) E U; ) P — E U; ) P
P P MG+ 1 im Pmimf L imiPmimf
WGy TG mi= mi= —0
= o =0.
2
: (ulm r) me
mi:1
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Thus, Eq. (4.8) becomes

j—1

j J-1
p2 = E p2 P + E P2 P + E ,02 Q xP Q P
(X—i=Xi) Xy Xi) — (X (= Xi) (X X1 2 Xi 1Ky X (1))
k=1 k=j+2 k=1

j—1

J—1
2
4 E a a -2 E Q )
PXG XL 1) = Xl X8 XE 1) TXG) =X X
k=j+1 k=1

(e = X0

J-1
-2 Z VXL, XX, = X0)-
k=j+1
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APPENDIX H

THE PROOF OF PROPOSITION 4.8

(a) By Definition 4.1, p? = ( indicates

(X{)—=Xi)

M_;

2
> (rxp, =) pmo =0

m_izl_,-

2
Since py,_, is assumed to be non-zero for every m_;, so (rxp — 7"> and hence
g )

TXE, =T for every m( . Therefore, S TXE is a constant for every m( ) and equal to 7.

& (k1) )

<

-1
Pix = 0.

J

2
X —X;|X

(k+1) (k))

B
II

Since p( LXXD) is non-negative for ;7 < k < J — 1 according to Definition
Xikt1) (k)

4.2, sop —Ofor]<k<J—1andhenceT§z

p =r_a for
) k)’ M)

Mkt1)

0,8 (Hl)—)X |X

every m(k) and m(k+1).
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APPENDIX 1

THE PROOF OF THEOREM 5.1

Let p = (11,121,015 DAL Lls - -+ DAL M,,...01,) " DE the estimator for p,
we notice that np follows a multinomial distribution with parameters n and p’. Then the

expectation of p is given by

E(ﬁ) =p= (p1,1,...,17p2,1,...,1, ey DMy L e 7pM1,M2,...,Md)T-

Moreover, given Var(npm,) = 7pm,(1 — pm,) and Cov(npm,, "Ppm?3) = —NPm,Pmy for

m, # m};, the covariance matrix of p is given by

Cov(p) = % (diag(p) — pp”)

P1,1,.4.,1(1—p1,1 ..... 1) —P1,1,...,1P21,...1 —P1,1,...,1PM,,Ms,...,My
—P2.1,...,1P1,1,...,1 b2.1,..., 1(1—192,1,‘..,1) —P2.1,....1PM, ,Ms,...,My

1

n
—PMy,Ms,...,M4P1,1,....1  —PM,;,Ms,....MqP2,1,....1 *** DM ,M,,..., Md(l_le,Mg ..... de)

Since n=/2(np — np) 2 N (0, (diag(p) — pp™)), we have

V(B —p) 2> N (0, (diag(p) — pp7)) ,
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To prove that VAix_, . x,) (p) exists and is non-zero, it is sufficient to show that

ap2X_z‘~>X7;) 8pm m? z‘B Aapm mt, L1
e — (L1)

exists and is non-zero, where

M—’L Ml M’L 2
A= 5 E uimipml\m_z 5 Uy, . Pm; Pm_;
m_;=1_ m;= mi;=

and

2 M, M 2

Mi k3 3
B = U; U; = u2 — Us
ZmZ zmipmi p’rm - zmipmi zmipm,-
1—1 mizl mizl miil

Given that (1) M = 0 for m*i 7§ m_; and m;k > my: (2) a(uimipmﬂm—i) —

WPr m* - P m* |
O( Uiy, . P . Pmy;,m* .
Pmijm_, form*; # m_; and m; < m;; (3) ( (;;:1 *m”*m*’) = — p; —u;, form*, =m_;
m;,m? . m*—z 4
B(ul P, ) Pm* . 7Pm* m* .
* . mg m;|m_; _ —1q 70— . * _ .
and m; > m;; (4) r— = 7 Ui + Pmzm+, for m*;, = m_; and
K2 —1 —1
* 5 ( Wim; Pm;|m_ 2) _ Pm;m?, O * ) dm* )
m; = m;; (5) T = Pmim*, = —z Ui, form®; = m_; and m; < m;, we
—1 m_ .
have
0A
8pm;‘,mji
- Z 2 Z uzmlpml|m,1 - Z uimipmi Z Pm;m_; — uvm:k - Z Pm; | Pm_;
m*  #m_; m;=1 m;=1 mi=mj mi=mj
- - - pmi,m*_i uimf
T2\ D Ui P, = D W P | || = 20 T, |+ o
m;=1 m;=1 m;=1 pm*—i Pm*,
M; M; 2
+ Z pm1|m - Z Pm; pm*_i + Z uimipmi\mii - Z Ui,,"ipmi
m;=m} m;=m} m;=1 m;=1
: (i pm;) (42, Pmi) (i, i, )
% 2 — my my 2
Given that (1) Ormrm . Oomrmrs 0 for m; > m;; (2) O = Dmr + Ui, :
17 —1 — —1
o(u2, pm,) o((us ) o(u2, pm,)
m; ") ) 2 im; Pm; ) im, £
and Erewanti 2uzm:pm; + Ui for m; = m;; (3) Dot Dm, and B =
17— —i i —i
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*
2uimi Dm, for m; < m;, we have

OB M; M; M;
7 - ufm* +2 Z Wiy, Py — 2 (Z (. pmi> u; .+ Z D,
' m;=m; ' m;=m;

8pmivm—i m;=1
Since we find that Vix_, x;) (p) exists and is non-zero, by delta method, we conclude

~ D .
vn (P%x_ﬁxn - P%x_ﬁxi)) = N (0, Vhx_,—x,) ()" (diag(p) — pP")Vhx_,—x,)(P)) -
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APPENDIX J

SIMULATION RESULTS FOR THREE-DIMENSION CASE

J.1 Scenario 1
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J.2 Scenario 2
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Figure J.11: The overall association measure for pcorr(Xs, X1|X2) > 0 and weak association
corr(Xs, X1) = 0.3 in three-dimensional case
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Figure J.13: The overall association measure for pcorr(Xs, X1|X2) > 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.15: The overall association measure for pcorr(Xs, X1|X2) < 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.17: The overall association measure for pcorr(Xs, X1|X2) < 0 and moderate association
|corr(Xs, X1)| = 0.5 in three-dimensional case
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Figure J.19: The overall association measure for pcorr(Xs, X1|X2) < 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.21: The overall association measure for pcorr(Xs, X1|X2) = 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.23: The overall association measure for pcorr(Xs, X1|X2) = 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case

210



9SBD [BUOISUSWIP-921Y)

ur 0 = |(Tx ‘€X)400| uonerosse Suons pue () = (x |y ‘€X).4400d I0J SIINSEIW UONBIJOSSE [RUONIPUOD PUE [BUISIEW AU, 4,7 INJI
[4 € T € 14
(ex e qu QINSBAUI UONIRIDOSSE [RUONIPUOD Y, (P) (Fx qu 2INSBAU UOTIRIOOSSE [euISIeul Y[, (9)
(71 “u) (71 “u)
G.o«ow.o%w,%ﬁwto«% G,%ow.oemw.%ewva% @.o‘_ow.o%m.ooew_%e G.o,_ow.oemw.%ewr,%% @.%ow.o%m.o%w@,o%/ ,m,oaom,o%m,o%w@_%@,
000°0 ° 9%°0
% ﬂ z00'0 M 3 leso
° v00'0 CT N o0
i H LT 8 )
. ] . 2000 2, T 29’0 -
0 H o 2 - - - - =N
M ° 4 x * ¥ * X, ¥ 2 ¥ . *{ V90~
m H _ 80070 m - - - .w
HE ) ! m = 99'0
° H m s Lotoo : - . °
m H : ° ° 89°0
s fzroo ! °
. + L toro
” § : v10'0 - °
. . . ze'o
T € 14 € T
(x[ex e qu QINSBAUI UOTIRIDOSSE [RUONIPUOD Y, (q) (Fx qu 2INSBAUW UOTIRIOOSSE [euISIeul oy, (B)
(%1 u) (%1 u)
zr.oaow.oéww.o%wr_ow% G.oao”.oﬁ@”.oaea”@.o@o/ r@.%a”,oﬁ«»”,ooﬁ»wﬂé@o/ rr.o‘_ow\.oe@\_rur.ooéamr,o@o/ G.oaow.oe«»\“.oaﬁww,o@o/ rm.oaow,oewm,ooea”ﬂ.owo/
° ° oov'o
N : ot'o ° .
H h c f f = = lszro
, zro c 3 ) . T 0st°0
f vro 2, sivo o
= H SEHH BEHE M : 4 B EH s
oT'0 % - 0050 X
v =3
o i ’ . s10 T v ° szs'0
B ° [
° : 1 : 0S5°0
H ° T tozo - -
8 g H £+ .
. ) o . B SLS°0
zwo

211



o
=
N

)l ) I ] ) L A N N N NN
017 601 q01 4O 017 01 01 a0 O 01 901 g0
& W% g8 o & W g8 oo LS
(n, kx,)

Figure J.25: The overall association measure for autolcorr(X;, X;) where i, j = 1,2, 3 and weak
association |¢| = |corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.27: The overall association measure for autolcorr(X;, X;) where 4,5 = 1,2,3 and
moderate association |¢| = |corr(Xs, X1)| = 0.5 in three-dimensional case
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Figure J.29: The overall association measure for autolcorr(X;, X;) where 7,5 = 1,2,3 and
strong association |¢| = |corr(X3, X1)| = 0.7 in three-dimensional case
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Figure J.31: The overall association measure for pcorr(Xs, X1|X2) > 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.33: The overall association measure for pcorr(Xs, X1|X2) > 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.35: The overall association measure for pcorr(Xs, X1|X2) < 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.37: The overall association measure for pcorr(Xs, X1|X2) < 0 and moderate association
|corr(Xs, X1)| = 0.5 in three-dimensional case
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Figure J.39: The overall association measure for pcorr(Xs, X1|X2) < 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.41: The overall association measure for pcorr(Xs, X1|X2) = 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.43: The overall association measure for pcorr(Xs, X1|X2) = 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.45: The overall association measure for autolcorr(X;, X;) where i, j = 1,2, 3 and weak
association |¢| = |corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.47: The overall association measure for autolcorr(X;, X;) where 7,5 = 1,2,3 and
strong association |¢| = |corr(X3, X1)| = 0.7 in three-dimensional case
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Figure J.49: The overall association measure for pcorr(Xs, X1|X2) > 0 and weak association
|corr(X3, X1)| = 0.3 in three-dimensional case
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Figure J.51: The overall association measure for pcorr(Xs, X1|X2) > 0 and strong association
|corr(Xg4, X1)| = 0.7 in three-dimensional case
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Figure J.53: The overall association measure for pcorr(Xs, X1|X2) < 0 and weak association
|corr(Xg4, X1)| = 0.3 in three-dimensional case
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Figure J.55: The overall association measure for pcorr(Xs, X1|X2) < 0 and moderate association
|corr(Xg4, X1)| = 0.5 in three-dimensional case
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Figure J.57: The overall association measure for pcorr(Xs, X1|X2) < 0 and strong association
|corr(Xg4, X1)| = 0.7 in three-dimensional case
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Figure J.59: the overall association measure for pcorr(Xs, X1|X2) = 0 and weak association
|corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.61: The overall association measure for pcorr(Xs, X1|X2) = 0 and strong association
|corr(Xs, X1)| = 0.7 in three-dimensional case
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Figure J.63: The overall association measure for autolcorr(X;, X;) where i, j = 1,2, 3 and weak
association |¢| = |corr(Xs, X1)| = 0.3 in three-dimensional case
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Figure J.65: The overall association measure for autolcorr(X;, X;) where 7,5 = 1,2,3 and
strong association |¢| = |corr(X3, X1)| = 0.7 in three-dimensional case
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APPENDIX K

SIMULATION RESULTS FOR FIVE-DIMENSIONAL CASE

K.1 Scenario 2
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Figure K.1: The overall association measure for pcorr(Xs, X1|Xo, X3, X4) > 0 and weak asso-
ciation |corr(Xs, X1)| = 0.3 in five-dimensional case
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Figure K.3: The overall association measure for pcorr(Xs, X1| X2, X3, X4) > 0 and strong asso-
ciation |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.5: The overall association measure for pcorr(Xs, X1| X2, X3, X4) < 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.7: The overall association measure for pcorr(Xs, X1| X2, X3, X4) < 0 and moderate
association |corr(Xs, X1)| = 0.5 in five-dimensional case
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Figure K.9: The overall association measure for pcorr(Xs, X1| X2, X3, X4) < 0 and strong asso-
ciation |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.11: The overall association measure for pcorr(Xs, X1| X2, X3, X4) = 0 and weak asso-
ciation |corr(Xs, X1)| = 0.3 in five-dimensional case
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Figure K.13: The overall association measure for pcorr(Xs, X1| X2, X3, X4) = 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case

266



9SBO [BUOISUSWIP-IAY UL
L0 = |(Tx ‘¢x)4400| uoneroosse 3uons pue () = (Vx ‘€x ‘Cx| Ty ‘94X )4L00d 10J SOINSLAW UONLIOOSSE [RUONIPUOD PUB [UISIRWL 9Y], [ 3 9INJI

ey |ey<—T Ex<«¢
(exlex Nwm 2INSLAUW UOIRIOOSSE [RUONIPUOD YL, (P) (5 NWQ QINSBIW UONRIOOSSE [RULSIRW 9], (9)
(*X ‘u) ("%} ‘u)
G g &0 O G G0 O o0 P G0 O 0 o N ) B & P O 09
W Tt e T e e e e WL I e e I g e e
., ., faoo oo
° _ R T 000 3 ° 790
i * . T
¥ . 8 H ° f
= i ¢ H 590
_ 9000 H H &
. E : J B H B [z
! ¥ 8 fso00 5 - g
: . L ° H H 190
+ ¥ o100 ’ . HE
H . 4 © 3 fego
Tyv|€y <2 Ex <1
(xlex qu QINSBAUI UOTIRIDOSSE [RUONIPUOD Y, (q) (X qu QINSBIW UONRIOOSSE [RUISIeW 9y, (B)
("X ‘u) ("%} ‘u)
I D O G g0 O 50 G G0 O o @ g0 O g P G0 O 9 @ G0 O g0
W Y e ® ¢ e e @ W o 6 e @ g ¢Fe® e
90
\ o f . >
. : or0 . . o
s T T H
H L]
. . : g ;1
\ g = L Lo = . H i ° L] 80
x
L mpE S 1=
N - | ero W ¥ [+] “ [+] “ x| |*]evo mA
. ! : L &
H 4 M X
° . 8 E~] °
8 v ¢ x ° 050
H s | fero ¢ . ¢
T H oL . i liso
. . 0z0 :
. ° 250

267



0.13

UL HE

0.09

PiXy, Xz, X3, Xa - Xs)

)l N N N S ) ) ) N N N N
407 007 a7 407 307 a7 A0 0 e e
8 P & &
(n, kx,)

Figure K.15: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
weak association |¢| = |corr(Xs, X1)| = 0.3 in five-dimensional case
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Figure K.17: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
moderate association |¢| = |corr(Xs, X1)| = 0.5 in five-dimensional case
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Figure K.19: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
strong association |¢| = |corr (X5, X1)| = 0.7 in five-dimensional case
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Figure K.21: The overall association measure for pcorr(Xs, X1| X9, X3, X4) > 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.23: The overall association measure for pcorr(Xs, X1|X2, X3, X4) > 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.25: The overall association measure for pcorr(Xs, X1| X2, X3, X4) < 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.27: The overall association measure for pcorr(Xs, X1|X2, X3, X4) < 0 and moderate
association |corr(Xs, X1)| = 0.5 in five-dimensional case
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Figure K.29: The overall association measure for pcorr(Xs, X1|X2, X3, X4) < 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.31: The overall association measure for pcorr(Xs, X1| X2, X3, X4) = 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.33: The overall association measure for pcorr(Xs, X1|X2, X3, X4) = 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.35: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
weak association |¢| = |corr(Xs, X1)| = 0.3 in five-dimensional case
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Figure K.37: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
strong association |¢| = |corr (X5, X1)| = 0.7 in five-dimensional case
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Figure K.39: The overall association measure for pcorr(Xs, X1| X2, X3, X4) > 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.41: The overall association measure for pcorr(Xs, X1|X2, X3, X4) > 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.43: The overall association measure for pcorr(Xs, X1|Xo, X3, X4) < 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.45: The overall association measure for pcorr(Xs, X1| X2, X3, X4) < 0 and moderate
association |corr(Xs, X1)| = 0.5 in five-dimensional case
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Figure K.47: The overall association measure for pcorr(Xs, X1|X2, X3, X4) < 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.49: the overall association measure for pcorr(Xs, X1|X2, X3, X4) = 0 and weak asso-
ciation |corr (X5, X1)| = 0.3 in five-dimensional case
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Figure K.51: The overall association measure for pcorr(Xs, X1|X2, X3, X4) = 0 and strong
association |corr(Xs, X1)| = 0.7 in five-dimensional case
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Figure K.53: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
weak association |¢| = |corr(Xs, X1)| = 0.3 in five-dimensional case
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Figure K.55: The overall association measure for autolcorr(X;, X;) where i,j = 1,...,5 and
strong association |¢| = |corr(Xs, X1)| = 0.7 in five-dimensional case
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