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Abstract

Nearly all hypothesis testing methods are designed solely for data that are completely observed.
Despite the prevalence of missing data problems, no standard approach exists to address this
issue. This thesis proposes several rank-based hypothesis testing methods for distinct, univariate
data in the presence of missing data, without making any assumptions of the missing data.

The importance and difficulty of addressing the missing data problem properly motivate the re-
search in this thesis. Standard hypothesis testing methods cannot be implemented directly in the
presence of missing data. Common missing data methods, such as case deletion and imputation
methods, risk increasing the Type I error beyond a specific significance level. Meanwhile, the vast
literature on this topic addresses this issue only under restrictive assumptions by constraining
the missing data to specific missingness mechanisms.

The key contributions of this thesis are the development of several rank-based hypothesis test-
ing methods, which, unlike existing methods, can accommodate the missing values in a manner
without making any assumptions of the missing data. We prove that our proposed methods con-
trol the Type I error regardless of the values of the missing data. Simulation results demonstrate
that these methods have good statistical power, typically when less than 15-20% of the data are

missing, while all the other methods fail to control the Type I error.
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1. Introduction

The problem of univariate, nonparametric hypothesis testing with missing values has not received
enough attention given its importance. In general, standard hypothesis testing methods do not
take missing data into account, and the testing results cannot be determined directly when a
subset of the data is missing.

In certain cases, it is possible to make assumptions for the missing data, and the testing
result might then be taken as valid. For example, in clinical trials, it frequently occurs that
participants drop out before the trial concludes, resulting in missing data for those participants.
Several analyses of clinical trial data (Feldman et al., 1993; Margulies et al., 2016) have dealt
with missing values by assigning them the worst-possible ranks, or by first assuming they have
the worst possible values and then converting these values to ranks, as Lachin (1999) sought to
formalise.

However, assumptions for missing data are usually empirical and untestable using the observed
data alone. Moreover, it is not always possible to make plausible assumptions; the missing data
assumptions are often made primarily to facilitate reaching testing conclusions, without any
accompanying analysis (Mathur, 2023), or based mainly on their simplicity to use (Staudt et al.,
2022).

When the missing data mechanisms are unclear or too complicated to be analysed, common
practices are to ignore all missing values or impute them with plausible values, following which
the data are treated as if complete and standard hypothesis testing methods can be applied.
However, with only a few exceptions, such as when the data are missing randomly, i.e. each
data point have the same probability to be missing, these practices are often invalid as they risk
increasing the Type I error rate beyond a specified significance level. To mitigate the problems of
these methods, some analyses, such as that in Bakris et al. (2015), consider multiple missing data
methods, including ignoring missing data and imputing missing data using different values, and
conclude the testing result with more confidence since all these methods agree with each other.

One common misconception when dealing with missing data is that a small proportion of
missing data may be safely ignored, with some suggesting such a threshold to be 5% (Heymans
and Twisk, 2022; Schafer, 1999) and others indicating 10% (Bennett, 2001). While such rules of
thumb might be reasonable in certain applied settings, such as survey research when the data
are known to be missing completely at random, we show that for hypothesis testing problems,
even with 1% of the data missing, the results can be invalid if the missing data are not taken
into account properly when the data are missing not at random, as illustrated by Figure 3.5 in
this thesis.

There is no standard approach to hypothesis testing in the presence of missing data. This thesis
is therefore dedicated to the development of hypothesis testing methods that can accommodate

arbitrary missing data. We only assume the data to be univariate and distinct, and make no
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assumptions about the missing data. The key contribution of our methods is that they always
control the Type I error regardless of the values of the missing data, while retaining reasonable
statistical power when less than 15-20% of the data are missing.

The core idea of the proposed methods is to consider all possible imputations of the missing
data, and reject the null hypothesis only when all possible imputed test statistics lead to signif-
icant results. For continuous-valued data, considering all possible imputations is an intractable
problem. The approaches taken in this thesis are to consider all possible imputed rank statistics,
rather than the values of imputations directly. By considering ranks, our problem could then be
solved by performing a combinatorial search to evaluate the significance level of each possible rank
statistic. However, directly evaluating all possible rank statistics is computationally intractable
even for moderate sample sizes.

The methods proposed in this thesis avoid the combinatorial search by constructing mathe-
matically tight bounds of the test statistics in the presence of missing data. The bounds are
tight, meaning that they cannot be improved based on the observed data alone. Based on the
bounds of the test statistics, the bounds of the p-value of the test statistics are derived. The pro-
posed methods then reject the null hypothesis when all possible p-values are below a significance
level. In other words, when all possible test statistics are significant. We prove that the proposed
methods control the Type I error regardless of the values of the missing data. To the best of our
knowledge, no other methods in the literature address the same problem directly as we do in this
thesis.

The cost of always controlling the Type I error is that our methods become conservative when
a large proportion of data are missing. In fact, we theoretically show that one of our methods will
never reject the null hypothesis when more than 30% of the data are missing from both samples,
regardless of the sample sizes or alternatives.

While this result may seem undesirable, we argue that when no assumptions about the missing
data can be made, our methods are optimal in the sense that the bounds are tight; thus, they
cannot be improved given the observed data alone. When assumptions about the missing data
can be made, it is possible to make the bounds tighter and achieve more powerful testing methods.
Section 6.1 considers the additional assumption that the missing data are restricted to a bounded
space, and shows that when this assumption is included, our methods have greater test power.

Furthermore, when the proportion of missing data is moderate, e.g., 10%, our methods retain
good statistical power. This is empirically shown by various numerical simulation results in this
thesis. We observe that our methods often have power close to 1 given moderate sample sizes
and differences between the two samples. On the other hand, all other common missing data
methods fail to control the Type I error even when only small portion of the data is missing. We
show that the Type I error of these methods can asymptotically converge to 1 as sample sizes
increase, even when only 1% of the data are missing.

Finally, our methods can also be interpreted as a sensitivity analysis (Cook and Zea, 2020b;
Thabane et al., 2013) that considers all possible assumptions on the missing data. As mentioned
earlier, our methods take all possible imputations into account by providing bounds of the p-value.
Hence, if a significant result is obtained by our methods, then this result is consistent among all
possible missing data assumptions, since every possible imputation leads to a significant result.

If, however, our methods fail to reject the null hypothesis, there are two possible outcomes: either
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all possible missing data assumptions lead to insignificant results when the lower bound of the
p-value is greater than «, or a subset of assumptions leads to significant results when the lower
bound of the p-value is less than or equal to «, but the upper bound is larger than a. Hence,
our methods provide a theoretically rigorous answer to whether different approaches to handling

missing data lead to different conclusions.

Description of the thesis

Chapter 2 provides background required for this thesis, including hypothesis testing and several
rank-based testing methods. In addition, the missing data problems are discussed following the
framework of Rubin (1976), which divides the missingness mechanisms into three cases, namely
missing completely at random, missing at random, and missing not at random. Common missing
data methods, such as case deletion and mean imputation are also discussed. Relevant work for
hypothesis testing in the presence of missing data is reviewed at the end of the chapter.

Chapter 3 proposes a novel location testing method in the presence of missing data based
on the Wilcoxon-Mann-Whitney test. Tight lower and upper bounds of the Wilcoxon-Mann-
Whitney test statistic in the presence of missing data are derived. These bounds are then used
to construct the rejection region, and the bounds of the p-value for the proposed method. This
chapter analyses the proposed method by deriving the maximum proportion of missing data for
which the proposed method can still yield significant results, and studying the statistical power
of the proposed method in the special case when the data are missing completely at random.
Numerical simulations are performed for evaluating the Type I error and statistical power of the
proposed method. Finally, this chapter concludes with a real-world application of the proposed
method to clinical trial data, where a subset of the data is missing.

Chapter 4 extends the framework in Chapter 3 to the Ansari-Bradley test for the scale testing
problem. Specifically, the tight lower and upper bounds of the Ansari-Bradley test statistic, and
corresponding p-values are derived. The proposed method then rejects the null hypothesis only
if all possible p-values are smaller than a significance level . The proposed scale testing method
in this chapter is then combined with the proposed location testing method from Chapter 3 using
the Holm-Bonferroni method (Holm, 1979) for location-scale testing. Numerical simulations are
performed in this chapter, and show similar results to those obtained in Chapter 3. The proposed
location-scale testing method is illustrated using a hepatitis C virus dataset.

Chapter 5 considers the independence testing in the presence of missing data based on Spear-
man’s footrule statistic for measuring statistical association. Similar to Chapter 3 and 4, this
chapter first derives the tight lower and upper bounds of Spearman’s footrule, and then applies
these bounds to obtain the bounds of the p-value. Efficient algorithms for obtaining these bounds
are provided. Based on the tight bounds of Spearman’s footrule, we construct non-trivial bounds
for Kendall’s 7, and later evaluate these bounds using numerical simulations. Similar numerical
experiments to those considered in Chapter 3 and Chapter 4 are conducted in this chapter for
evaluating the Type I error and statistical power of the proposed independence testing methods.
The proposed method in this chapter is illustrated on a real-world precipitation dataset.

Chapter 6 extends the proposed location testing method from Chapter 3 in two different di-

rections. The first extension considers the proposed location testing method in the case where
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data can be tied and are defined on a potentially closed support. The second extension considers
a different approach for always controlling the Type I error in the presence of missing data. The
simulation results demonstrate that the two extensions considered in this chapter improve the
statistical power of the proposed location testing method from Chapter 3.

Chapter 7 concludes this thesis with a summary of contributions, and discusses potential future
work.

Appendices provide technical proofs required for this thesis, and include additional simulation

results for the proposed methods.

Contributions of the thesis

The work in this thesis has led to several publications and manuscripts that are currently under

review.

e Chapter 3 describes the work in Zeng et al. (2024a).
e Chapter 4 presents the work in Zeng et al. (2025c).
e Chapter 5 covers the work in Zeng et al. (2025b).

e Additionally, Zeng et al. (2025a) propose a two-sample testing method for multivariate data
to detect any distributional shift based on the Maximum Mean Discrepancy test (Gretton
et al., 2012) with the Laplacian kernel, although this work falls outside the scope of this

thesis.

Software packages implementing the proposed methods in this thesis are publicly available in R.

o wmwm (Zeng et al., 2024b) provides the proposed location test in Chapter 3 and handles

ties as discussed in Section 6.1.
e abwm (Zeng, 2025a) implements the proposed scale test in Chapter 4.

e bosfr (Zeng, 2025b) implements the proposed independence test in Chapter 5.

13



2. Background

This chapter reviews standard definitions and methodologies used throughout this thesis. Sec-
tion 2.1 discusses two-sample hypothesis testing, independence testing, and the concepts of Type
I error rate and statistical power. Based on these concepts, Section 2.2 further introduces sev-
eral rank-based hypothesis testing methods, in particular the Wilcoxon-Mann-Whitney test, the
Ansari-Bradley test, and Spearman’s footrule independence test. As we will discuss in Chapter 3,
4, and 5, these three testing methods are extended to deal with arbitrarily missing data.

Missing data problems are discussed in Section 2.3, following the framework of Rubin (1976),
which divides the missingness mechanisms into three cases, namely missing completely at random
(MCAR), missing at random (MAR) and missing not at random (MNAR). Section 2.3 also reviews
several common missing data methods such as case deletion and mean imputation, and discusses
potential issues in applying these methods for hypothesis testing when the data can be missing,
in particular when the data are MNAR.

2.1. Hypothesis testing

Hypothesis testing is a fundamental statistical approach used to determine whether the data
provide sufficient evidence to reject a given hypothesis. One of the earliest instances of hypothesis
testing dates back to 1710, when John Arbuthnot analysed birth records in London (Hacking,
2016). The modern framework of hypothesis testing is primarily attributed to the foundational
work of Fisher (1970), and Neyman and Pearson (1933).

The problem of testing a hypothesis arises naturally in many different contexts. For example,
in clinical trials, researchers are often interested in determining whether a new drug or a new
treatment method improves the health of the treated patients (Bakris et al., 2015; Schwartz et al.,
2001). A common objective in machine learning is to assess whether a new model outperforms
an existing one (Chen et al., 2022b). Hypothesis testing is widely used in various distinct areas
such as marketing (Siroker and Koomen, 2015), psychology (Strack et al., 1988), and finance
(Campbell et al., 1998).

In general, hypothesis testing starts by forming two competing hypotheses: the so-called null
hypothesis, and the alternative hypothesis, conventionally denoted by Hy and Hi, respectively.
The null hypothesis is often the statement of “no effect” or “no difference”, while the alternative
hypothesis is the statement one tries to support using the data. If the testing method decides the
data provide sufficient evidence against the null hypothesis Hgy, then we have evidence to reject
the null hypothesis. If not, we conclude that we cannot reject the null hypothesis, or we fail to
reject the null hypothesis.

Almost all hypothesis testing methods assume the data are complete and cannot take missing

data into account. This thesis focuses on developing novel two-sample hypothesis testing and
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independence hypothesis testing methods in the presence of missing data for univariate, distinct
data in which ties are absent. An extension of one of our methods that can deal with ties is
proposed in Section 6.1. However, for all other parts of this thesis, we shall assume the data are

distinct.

2.1.1. Two-sample hypothesis testing

The two-sample hypothesis testing problem considers two univariate, distinct samples X =
{z1,...,2,}, and Y = {y1,...,ym} of independent and identically distributed (i.i.d) observa-
tions from unknown cumulative distribution functions F' and G, respectively.

A common two-sample hypothesis testing problem is to test whether F' = G, or more formally
Hy: F =G, versus Hy : F # G.

In certain cases, we assume that the cumulative distribution functions F' and G can differ only
in location, and the goal is to test whether a difference in location exists. That is, one assumes
G = F(zx+ A), Vz € R, and tests the hypothesis

Hy: A =0, versus Hy : A # 0. (2.1)

This is normally referred to as a two-sample location test.
Similarly, one could assume F' and G differ only in their scale: G = F(I'z), Vx € R, and the
goal is to test that

Hy:T =1, versus Hy : I' # 1. (2.2)

This is known as a two-sample scale test.
A natural extension of the above location test and scale test is to allow F' and G to differ both
in their location and scale, i.e., G = F(I'z + A), Vz € R, and test

Hy:A=0and I"=1, versus Hy : A#0, or I" # 1. (2.3)

This test is known as a location-scale test.

While all the testing problems considered above share the same null hypothesis Hy : F' = G,
they are distinguished by their alternative hypotheses. In other words, each problem specifies
a distinct direction of departure from the null hypothesis. In this thesis, we will focus on the
rank-based methods for these problems, since they are non-parametric, and robust to outliers
(Lehmann and D’Abrera, 1975). Furthermore, as we will demonstrate in this thesis, rank-based
test statistics allow for the derivation of exact bounds in the presence of missing data.

For each testing problem, different rank-based methods would be considered. Informally, if
several methods perform similarly under the null hypothesis, the preferred method is the one
that most effectively detects the specific departure when it exists. In Section 2.1.3, we formalize
these concepts, defining the performance of a test under the null hypothesis as its Type I error
rate, and its ability to detect a false null hypothesis as its statistical power.

It is also worth mentioning that the tests defined in (2.1), (2.2), and (2.3) are known as two-
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sided tests, where one tests whether the parameters of interest, A or I', in our notation, are
different from the specified values in the null hypothesis, without regard to the direction of the
difference. Hence, the parameters under the alternative hypothesis can be either larger or smaller
than the specified values.

In contrast, one-sided tests are used to test whether the parameters are larger than the specified
values in the null hypothesis, or whether the parameters are smaller than the specified values in
the null hypothesis. For instance, the one-sided location test for deciding whether ¥, ..., ., are

stochastically larger than x1,...,x, can be formulated as:
Hy: A =0, versus H; : A > 0.

Note that compared to the two-sided location test in (2.1), the alternative hypothesis for the
one-sided test does not include cases where A < 0.

In this thesis, we focus on two-sided testing problems. However, the results and methodologies
developed in this thesis can be adapted in a straightforward manner to the corresponding one-

sided scenarios.

2.1.2. Independence testing

The independence testing problem differs from the two-sample testing problem: instead of com-
paring two samples of independent random observations, the independence testing problem con-

siders a single sample of paired observations

(:Cla yl)a R ($n7yn

where F'x y is an unknown two-dimensional cumulative distribution function.

Let F' and G denote the marginal cumulative distribution functions of X = {z1,...,z,} and
Y ={y1,...,yn}, respectively. The objective of independence testing is to determine whether X
and Y are statistically independent. That is, to test the hypothesis

HO : FX,Y =F- G, versus H1 . FX,Y 7é F.G. (24)

2.1.3. Type I error rate and statistical power

Prior to discussing specific methods for performing hypothesis testing, we introduce the definitions
of Type I error rate and statistical power. These are two fundamental concepts in hypothesis
testing and are used throughout this thesis. Thus, we shall define them carefully below.

To start, we clarify the mechanism for a test method to reject the null hypothesis by introducing
the concept of rejection region. A hypothesis testing method typically construct a test statistic
t(X,Y) € R. The decision to reject the null hypothesis is governed by a rejection region R C R
such that the null hypothesis is rejected if and only if the the test statistic satisfies ¢(X,Y) € R,
i.e. falls into the rejection region.

Using the rejection region, we now define the notions of Type I and Type II errors as follows:

Definition 2.1.1 (Type I error). A Type I error occurs when the null hypothesis Hy is rejected,
ie. t(X,Y) € R, while Hy is true.
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Definition 2.1.2 (Type II error). A Type II error occurs when the null hypothesis Hy is not
rejected, i.e. t(X,Y) ¢ R, even though Hj is false.

According to the definitions, Type I and Type II errors are defined in the context of a single
hypothesis test. In other words, they are used to describe the outcome of a single hypothesis test.
On the contrary, the Type I error rate and the statistical power of a test quantify the probabilities
of this test making a Type I error and a Type II error. To describe these two concepts, it is more
convenient to consider X = {Xj,...,X,} and Y = {Y¥7,...,Y,,} as sets of random variables,
rather than observations in the following of this section. First, we need to define the power

function as following

Definition 2.1.3 (Power function). Let D denote the true underlying data generation distribu-
tions. For a two sample testing problem, let D = (F,G) denote the pair of true underlying dis-
tributions of X = {Xy,..., Xy} and Y = {Y1,...,Y,,}. For an independence test, let D = Fxy
denote the true joint distribution of (X1,Y1),..., (Xn,Ys). Then, consider a hypothesis test de-
fined by a test statistic ¢(X,Y) and a rejection region R C R. The power function is defined as
the probability that the test statistic falls into the rejection region under the distribution D:

B(D) = Pr(#(X,Y) € R | D).

Additionally, for a hypothesis testing problem, we separate all possible data generating dis-
tributions into null space ©y and alternative space ©1 according to its corresponding null and

alternative hypothesis. Specifically, we define

Definition 2.1.4 (Null and alternative spaces). Let € be the class of all admissible data gener-
ating distributions. For a two sample testing problem, 2 = {(F,G)|F,G € F}, where F is the
class of all continuous cumulative distribution functions. For an independence testing problem,
Q= {Fxy|Fxy € G}, where G is the class of all bivariate cumulative distribution functions
with continuous marginals. The null space Oq is the subset of distributions for which the null
hypothesis holds:

©¢ ={D € Q| Hy is true under D}.
Similarly, the alternative space ©; is defined as:
©1 ={D € Q| H; is true under D}.

Applying the definition of the power function, and the null and alternative spaces, we are now

ready to define the Type I error rate and statistical power of a test.

Definition 2.1.5 (Type I error rate). The Type I error rate of a test is the maximum probability
of rejecting the null hypothesis when it is true. Formally, it is the supremum of the power function

over the null space:

sup (D)
DeBg
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Definition 2.1.6 (Statistical power). The statistical power of a test is the probability of correctly
rejecting the null hypothesis when the alternative hypothesis holds. It is given by the value of

the power function
B(D), where D € O;.

According to the definitions, the Type I error rate is the maximum probability of rejecting
the null hypothesis whenever it holds. Hence, the probability of the testing method rejects the
null hypothesis will be controlled by the Type I error rate as long as Hg holds, regardless of the
specific underlying distributions D. In contrast, statistical power depends on the specific data
underlying distributions. This means that under the alternative hypothesis Hy, the probability of
rejection varies as a function of the specific distributions (F' and G for the two-sample problem,
or the joint distribution Fxy for independence testing). For instance, as shown in Table 3.4, the
power of our proposed location test increases with the value of the location shift parameter A,
defined in Equation (2.1).

The Type I error rate and the statistical power quantify the probabilities that a test commits a
Type I error or a Type II error, respectively. By convention, the Type I error rate is often simply
referred to as the Type I error (without “rate”), and the statistical power is referred to as the
power (without “statistical”). To avoid confusion between the Type I error defined in Definition

2.1.1 and the Type I error rate defined in Definition 2.1.5, we adopt the following convention:

o We use the phrase “making a Type I error” exclusively to refer to the event of rejecting a

true null hypothesis, as defined in Definition 2.1.1.

e References to “Type I error”, without the verb “making” will refer to the probability rate
defined in Definition 2.1.5.

2.1.4. Significance level and p-value

Last section defines the Type I error and power of a testing method. Ideally, a testing method
will reject the null hypothesis Hy only when Hj is indeed false and H; is correct, and fail to
reject the null hypothesis when Hj is correct. This would then lead to a perfect test method
with Type I error equals to 0 and power 1. In practice, however, such a test rarely exists because
the distributions of the random samples under the null and alternative hypotheses often overlap,
making perfect testing impossible.

Consequently, the objective of a hypothesis testing is to design procedures that maintain a low
Type I error while achieving high statistical power. Most hypothesis testing methods accomplish
this by maximizing the power while controlling the Type I error under a pre-specified small value
«, known as the significance level. Informally, the significance level determines the risk of making
the Type I error we are willing to take while rejecting the null hypothesis. A larger significance
level can often achieve larger power, but also result in higher Type I error. On the other hand,
a small significance level means it is less likely to make a Type I error, but could sacrifice the
power of the test.

For a given pre-specified significance level «, a rejection region R, is chosen such that it controls
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the Type I error. This is typically expressed as:
Pr(t(X,Y) € Ro | Ho) < a.

Since the null hypothesis Hy is composite, the “conditional on Hy” notation implies that the
inequality hold for any distribution D € ©q. The rejection region R, in this case is determined by
the significance level «, and the distribution of the test statistic t(X,Y") under the null hypothesis.
Theories for determining R, are beyond the scope of this thesis, but they are discussed in
Lehmann and Romano (1986, Section 3).

As discussed earlier, the test then rejects the null hypothesis if the test statistic falls within the
rejection region Ry ; otherwise, the null hypothesis is not rejected. When the null hypothesis is
rejected, we also say the test result is significant at the significance level . Consequently, if the
null hypothesis is not rejected, we say the test result is not significant at the significance level a.

In this thesis, we will only deal with the rejection region R, of the following form
Ra = (—00,La) U (Rq, 00)
where L, and R, are such that
Pr(t(X,Y) < Lo|Hp) < /2, and Pr (t(X,Y) > Ry|Hop) < a/2. (2.5)

Hence, the null hypothesis is rejected when the test statistic is smaller than L, or larger than
R,.

The approach described above, which rejects the null hypothesis when the test statistic falls
into the rejection region R, yields in only binary outcomes: either the null hypothesis is rejected,
or it is not. In other words, the testing result is classified as either significant or not significant
at the significance level a.

An equivalent, but more informative testing approach is to first compute the so-called p-value
p(t(z,y)) = 2min {Pr (¢(X,Y) < t(z,y)|Ho), Pr ({(X,Y) = t(z,y)|Ho)}, (2.6)

and then reject the null hypothesis only when the p-value is less than or equal to the significance
level a.

By definition, the p-value p(t(z,y)) represents the smallest significance level at which the test
result would be declared significant. Compared with the rejection region approach, the p-value
offers several potential advantages, as discussed by Lehmann and Romano (1986). First, reporting
the p-value allows others to apply their own significance thresholds and thereby reach conclusions
tailored to their chosen « levels. Second, unlike the binary rejection rule based on the rejection
region R, the p-value quantifies the strength of evidence against the null hypothesis. In general,
a smaller p-value represents stronger evidence against the null hypothesis. Thus, in practice, it
is often preferred to report the p-value rather than simply reporting whether the testing result is
significant at the significance level a.

We end this section by noting that the rejection region and the p-value, defined in Equation
(2.5) and (2.6), respectively, depend on the distribution of the test statistic £(X,Y") under the
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null hypothesis. Hence, this thesis often reviews, and studies the distribution of a test statistic
under the corresponding null hypothesis. Although it is often possible to obtain test results by
using numerical simulation-based approaches, such as permutation tests (Lehmann and Romano,

1986, Chapter 5), these methods are not a primary focus of this thesis.

2.2. Rank-based hypothesis testing methods

This section reviews several rank-based hypothesis testing methods, in particular the Wilcoxon-
Mann-Whitney test, the Ansari-Bradley test, and Spearman’s footrule independence test. As
mentioned previously, the three methods are fundamental components for the proposed methods
in this thesis. Other relevant rank-based hypothesis testing methods, such as the Lepage location-
scale test, Spearman’s rank and Kendall’s 7 independence test are also discussed.

The concept of rank is central in this thesis. Hence we define it carefully below:

Definition 2.2.1. Suppose Z is a finite set, or vector of n distinct real-valued observations.

Then for any z € Z, the rank of z in Z is defined as

R(z,2)=) I(z<u),

2€Z
where I(A) is the indicator function such that I(A) =1 if A is true; otherwise I (A4) = 0.

In other words, the rank of z in the set or vector Z with distinct values is the number of
elements in Z that are less than or equal to z. For example, consider a set Z = {2.5,3.1,4.6},
then the rank of 3.1 in Z is 2 because 2.5 and 3.1 are both less than or equal to 3.1, while only
4.6 is strictly larger than 3.1.

Note that Definition 2.2.1 requires that Z consists of distinct values. The definition of rank
is slightly different when the values in Z can be tied as shown in Definition 6.1.1, and will be

considered only in Section 6.1.

2.2.1. Wilcoxon-Mann-Whitney test

Let X ={x1, - ,zp}, and Y = {y1,- -, ym} be two samples of distinct real-valued observations.
One of the most frequently used methods for two-sample location testing problem, as described
in (2.1), is the Wilcoxon-Mann-Whitney test (Mann and Whitney, 1947), also known as the
two-sample Wilcoxon test (Wilcoxon, 1992), and the Wilcoxon rank-sum test (Lehmann and
D’Abrera, 1975).

The Wilcoxon-Mann-Whitney test starts by computing the Wilcoxon-Mann-Whitney test statis-

tic. To define it formally, we first define the sum of ranks of the values in X as follows.

Definition 2.2.2. Suppose X and Z are two sets of univariate values, with X C Z. Then Ry

denotes the sum of the ranks of the values in X, where the ranking is considered in Z, i.e.,

RX|Z = Z R(.T,Z)
zeX

Given the Definition 2.2.2, the Wilcoxon-Mann-Whitney test statistic is defined as
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Definition 2.2.3. For samples X and Y, the Wilcoxon-Mann-Whitney test statistic W(X,Y) is
defined as

W(X,Y) = Rx|xuy —n(n+1)/2.

To apply the Wilcoxon-Mann-Whitney test statistic for hypothesis testing, the distribution of
the test statistic W (X,Y') under the null hypothesis is required, as discussed in Section 2.1.4.

Under the null hypothesis that X and Y are independent random samples from identical contin-
uous distribution, the exact distribution of W (X,Y") can be computed recursively as demonstrated
in Mann and Whitney (1947). For large sample sizes, calculating the exact distribution could
become computationally impractical and the normal approximation to the exact distribution is
often used.

Mann and Whitney (1947) proved that the distribution of W (X,Y’) approximately follows a
normal distribution with mean nm/2 and variance nm(n +m + 1)/12 under the null hypothesis.
The approximation becomes more accurate when the sample sizes n, m get larger. One rule of
thumb is to use the normal approximation when both n and m are larger than 50 (R Core Team,
2024).

2.2.2. Ansari-Bradley test

As before, denote X = {z1,...,z,} and Y = {y1,...,ym} as two samples of distinct real-valued
observations of sizes n and m, respectively. One common method for testing scale difference
between X and Y as in (2.2) is the Ansari-Bradley test, proposed by Ansari and Bradley (1960).

Similar to the Wilcoxon-Mann-Whitney test, the Ansari-Bradley test is also a rank-based
testing method. To define it properly, let us denote Z = X UY, N =n + m, and

N = [(N+1)/2),

where |(N +1)/2] is the largest integer less than or equal to (N +1)/2. The Ansari-Bradley test
statistic is then defined as follows by Ansari and Bradley (1960):

zn: {1 (R(:I:Z-, 7)< N) R(zi,Z) +1 (R(:z:i, Z) > N) (N +1— R(a, Z))} .

=1

An equivalent, but perhaps more intuitive definition of the Ansari-Bradley test statistic is used
by Lepage (1971):

R(:vi,Z)—;(N+1)‘.

This definition shows that the Ansari-Bradley test statistic measures the sum of absolute deviation
of R(x;, Z) from (N +1)/2, overalli=1,...,n.
In this thesis, we take the following definition of Ansari-Bradley test statistic for notation

convenience:

Definition 2.2.4. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are two sets of univariate,
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distinct values. Then the Ansari-Bradley test statistic 7(X,Y) is defined as

n

T(X,Y)=)_

i=1

1
R(:Ui,XUY)—i(n—i—m—l—l) .

The distribution of T'(X,Y") is studied by Ansari and Bradley (1960). They provide recursive
equations for computing the exact distribution of T'(X,Y"). Moreover, they show that, under the

null hypothesis, T'(X,Y") converges in distribution to a normal distribution with mean

nN/4 when N is even,
o= (2.7)
n(N%? —1)/(4N) when N is odd,

and variance

) { nm(N? — 4)/{48(N —1)}  when N is even, 28)

g =
nm(N + 1)(N? 4 3)/(48N?) when N is odd.

Fahoome and Sawilowsky (2000) suggest that when both n,m are larger than 15, the above
normal approximation can be used for testing with the significance level a = 0.05; while for a
a = 0.01, both n,m should be larger than 29. The R Core Team (2024) applies the normal

approximation when both n,m > 50.

2.2.3. Spearman’s footrule independence test

As discussed in Section 2.1.2, the independence test considers one paired sample, rather than two
samples of observations. Consequently, it is more convenient to consider X and Y as vectors,
rather than sets. Spearman’s footrule is a rank-based statistical association measure, and can be
used for independence testing.

In order to define Spearman’s footrule, we first introduce a few useful notation. For any
n-dimensional vector X, let X (i) denote the component of X at index ¢ € [n|. Thus, an n-
dimensional vector X can be written as X = (X(1),...,X(n)). Define V" to be the set of
n-dimensional vectors with distinct real values, i.e. if X € V" then X € R and all components of
X are distinct.

Using above notation, Spearman’s footrule is defined as

Definition 2.2.5. Suppose X,Y € V". Spearman’s footrule between X and Y is defined as
D(X,Y) =Y |R(X(i), X) = R(Y(§),Y)].
=1

Spearman’s footrule D (X, Y') was proposed by Spearman (1906) as an easy but precise measure
of association between two vectors X and Y. Spearman (1906) describes the method as analogous
to using one’s foot to measure distance, highlighting its intuitive and straightforward nature, thus
the name “footrule.”

To apply Spearman’s footrule D (X,Y") for independence testing, the distribution of D (X,Y)

under the null hypothesis is required. The exact distribution of Spearman’s footrule can be
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computed following the algorithm proposed by Salama and Quade (2002). The approximation
of the exact distribution is studied by Diaconis and Graham (1977). They show that under the
null hypothesis, the distribution of D (X,Y) converges in distribution to a normal distribution
with mean and variance equal to (n+1)(n —1)/3 and (n +1)(2n? +7) /45, respectively (Ury and
Kleinecke, 1979).

Salama and Quade (1990) study the accuracy of the normal approximation. Their results show
that when the sample size of X and Y is at least 40, the normal approximation performs reason-
ably well: the difference in skewness between the exact and normal approximation distribution

of Spearman’s footrule is —0.075 and the difference in kurtosis is —0.074.

2.2.4. Other rank-based test statistics and testing methods

In this section, we further review several rank-based testing methods that are relevant to the
methods we discussed in Section 2.2.1, 2.2.2, and 2.2.3.

Lepage test

Lepage test (Lepage, 1971) is a rank-based two-sample hypothesis testing method for the location-
scale testing problem, as discussed in (2.3).

The Lepage test first computes the Lepage test statistic, which is the sum of squared standard-
ised Wilcoxon-Mann-Whitney test statistic defined in Definition 2.2.3, and squared standardised
Ansari-Bradley test statistic defined in Definition 2.2.4. To be more precise, the Lepage test

statistic is defined as

W(X,Y) _Nw>2+ (T(X,Y) —m)Q,

Ow gt

L(X,Y) = <

where p, and o2 are the mean and variance of the Wilcoxon-Mann-Whitney test statistic
W(X,Y) under the null; 4y and 7 are the mean and variance of the Ansari-Bradley test statistic
T(X,Y) under the null.

Spearman’s rank correlation

Spearman’s rank correlation (Spearman, 1906) is a rank-based measure of association between
two paired vectors X and Y. The definition of Spearman’s rank correlation is based on the
squared distance between ranks. To define it formally, let us first denote the squared distance

between ranks as

pXY) =) |R(X(i),X) - R(Y (i), Y)[. (2.9)
=1

Then scaling p(X,Y’) between [—1,1] leads to the standard definition of Spearman’s rank corre-

lation

pscale(X,Y) = 1= p(X,Y)/{n(n* - 1)}.
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Note that the p(X,Y) defined above is closely related to the Spearman’s footrule D (X,Y)
defined in Definition 2.2.5:

i=1
While Spearman’s footrule is based on the absolute differences between ranks, Spearman’s rank
correlation relies on squared differences. These two approaches have been compared by Spearman
(1906), Berry and Mielke (1997), and Chen et al. (2023).

Kendall’s 7 correlation coefficient

Consider again paired values (X(1),Y(1)),...,(X(n),Y(n)). Another commonly used measure
of association between X and Y is known as Kendall’s 7 correlation coefficient (Kendall, 1948).
Kendall’s 7 correlation coefficient is also based on ranks. However, unlike Spearman’s footrule
and Spearman’s rank correlation, which are defined based on the sum of rank differences between
corresponding elements of X and Y, Kendall’s 7 correlation coefficient is based on the concept
of the so-called discordance.
More formally, any two pairs (X (i), Y (i)) and (X (j),Y (j)), where i < j, are said to be con-

cordant if either one of the following two conditions (i), (i7) is true:

(i) : X(i) < X(j), and Y (i) < Y(j),
(i3) : X (i) > X(§), and Y (i) > Y (5).

Otherwise the two pairs are said to be discordant. The Kendall’s 7 correlation coefficient is then

computed by first counting the total number of discordant pairs:

T(X,Y) =) {L(X(@) > X() 1Y (H) <Y({) + LX) < XG)LY(E) >Y())  (210)

i>j
and then scaling 7(X,Y") between [—1,1]:
7—Scale(‘Xa Y) =1- 4T(X,Y)/{TL(TL — 1)}

Kendall’s 7 is closely related to Spearman’s footrule. Diaconis and Graham (1977, Theorem

2) proved that they differ by at most a constant factor, as shown by the following result.

Theorem 2.2.6 (Diaconis and Graham (1977)). Suppose X,Y € V™. Then, the values of

Spearman’s footrule and Kendall’'s 7 between X and Y are such that
(X,Y) < D(X,Y) < 2r(X,Y).

Other rank-based testing methods

Besides the methods enumerated above, there are other rank-based testing methods for location,
scale, or independence testing problems, although they less relevant to the proposed methods
in the thesis. Notable examples include the Van der Waerden (der Waerden, 1952) and median
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tests (Brown and Mood, 1951) for location; the Mood test (Mood, 1954) for scale; the Cuc-
coni test (Cucconi, 1968) for location-scale differences; and Hoeffding’s D (Hoeffding, 1994) for
independence.

In the thesis, we mainly focus on the Wilcoxon-Mann-Whitney, Ansari-Bradley, and Spear-
man’s footrule statistics and extend these methods to the cases where the data might be missing.
While it is possible to extend other rank-based methods for incorporating missing data following
the framework in the thesis, we choose these three test statistics since they have good statistical
power (Genest et al., 2010; Lehmann and D’Abrera, 1975; Luigi and Nikitin, 1999), and we can
prove their exact mathematical bounds in the presence of missing data as we will show in the
following chapters. While it is possible to derive the bounds for other rank-based test statistics

such as Kendall’s 7, these derivations are non-trivial and can be considered as future work.

2.3. Missing data mechanisms and missing data methods

In this section, we discuss the missing data problem following the framework of Rubin (1976),
where the missingness mechanisms are divided into three cases according to whether the proba-
bility of missing depends on observed or missing data. Common missing data methods, such as

case deletion and mean imputation, are also discussed in this section.

2.3.1. Missingness mechanisms

A framework about missingness mechanisms is founded by Rubin (1976), where the missingness
mechanisms are divided into three cases, namely missing completely at random (MCAR), missing
at random (MAR), and missing not at random (MNAR).

Following Rubin (1976), consider a vector of univariate real-valued observations z = (21, - , z2n).
Let ¢ = (t1,- -+ ,tn) be an indicator function of z such that ¢; takes value 1 if z; is missing, and
0 if z; is observed. The core idea of Rubin (1976) is to admit ¢ as a probabilistic phenomenon
(Schafer and Graham, 2002). In other words, admitting ¢ is a realised value of a random vector
1, although we may not be able to explicitly specify the distribution of I.

The definitions of MCAR, MAR, and MNAR are based on whether the distribution of miss-

ingness mechanisms I depends on the observed data or the missing data.

Missing completely at random

Suppose z is realised values of a random vector Z. Let fy(i|z) denote the probability of ¢ given
Z = z, where 6 denotes any unknown parameters of the distribution. Then, the missingness

mechanism is missing completely at random (MCAR) if

fo(tlz) = fo(1]2), Ve, 2, Z.

In such cases, the missingness mechanism [ is independent of the values of missing and observed
data. The implication of MCAR is that whether an observation is missing is completely random,
and does not depend on the values of the data in z.

Statistical inferences, such as hypothesis testing, can often be justified when the data are
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MCAR if we first ignore all the missing values. However, this assumption is often considered to

be too strict, and is rarely satisfied in practice (Schafer and Graham, 2002).

Missing at random

We now consider the case when data are missing at random. Denote 2z’ as a sub-vector of z
including all observed data in z, i.e. including all z; such that ¢; = 0. Then, the missingness

mechanism is missing at random (MAR) if
fo(t|z) = fo(1]2), Ve, z,Z such that 2’ = 7Z'.

In other words, the missingness mechanism I is independent of the values of missing data, but
can depend on the observed values 2’.

By definition, MAR is a generalization of MCAR; that is, while all MCAR data satisfy the
MAR condition, the converse is not necessarily true. While MAR mechanisms are frequently
modeled in multivariate data, such as in Cheung (2005) and Lee (1997), constructing a scenario
where data are MAR but not MCAR is neither trivial nor standard in the univariate setting as
considered in this thesis. To the best of our knowledge, no existing literature addresses MAR
specifically for univariate data. Consequently, we restrict our scope in this thesis to missing data
that are either MCAR or missing not at random (MNAR), defined as below.

Missing not at random

If the missingness mechanism is neither MCAR nor MAR, the missingness mechanism is defined
as MNAR. This mechanism suggests that the probability of missing depends on the missing
values. In this case, valid statistical inference cannot be made based on the observed data only,
and the missingness mechanism has to be specified by the researcher (Dong and Peng, 2013).

In this thesis, we perform numerical simulations and show that when the data are MNAR,
common missing data methods such as case deletion, mean imputation and hot deck imputation
are invalid for hypothesis testing, as they can lead to the Type I error exceeding the given
significance level.

When dealing with missing data, another challenge is to identify which missingness mechanisms
the data hold. For multivariate data, it is possible to test whether the data are MCAR (Berrett,
2024; Bordino and Berrett, 2025; Little, 1988) However, it is impossible to distinguish between
MAR and MNAR using the observed data alone (White et al., 2011). This problem becomes
even more challenging when the data are univariate. To the best of our knowledge, there is no
testing method to distinguish between MCAR, MAR and MNAR when the data are univariate.

2.3.2. Common missing data methods

We now review several different common missing data methods. As mentioned previously, these
methods usually assume the data are missing according to specific missingness mechanisms, such

as missing completely at random (MCAR), or missing not at random (MNAR).
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Table 2.1.: Illustrative example of case deletion, mean imputation, and hot deck imputation meth-
ods. The complete data for samples X and Y are shown first. In the observed data,
a subset of X and Y is unobserved (denoted by *). Case deletion ignores the missing
data. Mean imputation imputes the missing data as the mean of the observed values,
while hot deck imputation imputes the missing data by uniformly sampled values from
all observed values.

Sample X Sample Y
Complete 5.2 3.1 46 2.1 24 43 1.8 Complete 23 3.7 1.1 56 7.3 2.0 9.6
Observed * 3.1 4.6 * 24 43 * Observed 23 37 * 56 * 20 9.6
Case deletion 3.1 4.6 24 4.3 Case deletion 2.3 3.7 5.6 4.3 9.6

Mean Imp. 3.6 3.1 46 3.6 24 43 3.6 Mean Imp. 2.3 3.7 5.1 56 5.1 43 9.6
Hot deck Imp. 4.3 3.1 4.6 3.1 24 43 4.3 Hot deck Imp. 2.4 3.7 9.6 5.6 2.4 4.3 9.6
Imp. stands for imputation.

Case deletion

Case deletion is perhaps the most frequently used approach for dealing with missing data. This
method ignores all values that are not observed and uses only observed data for testing. As we
mentioned in Section 2.3.1, this approach can be justified when data are MCAR. However, when
the data are MAR or MNAR, simply ignoring the missing data can lead to invalid testing results

as it risks increasing the Type I error above a pre-specified significance level.

Single imputation

Single imputation methods refer to a type of missing data methods where each missing observation
is imputed by a single value (Schafer and Graham, 2002). When all missing values are imputed
using the mean or median of the observed data, the methods are known to be mean imputation
and median imputation, respectively. Another commonly used single imputation method is hot
deck imputation, which imputes each missing value with a uniformly sampled observation from
all observed values. Table 2.1 provides a simple example for illustrating the case deletion, and

the mean, hot deck imputation methods.

Multiple imputation and expectation-maximization algorithm

When the distributions of the data and the missingness mechanism are known, it is possible
to apply likelihood-based approaches such as multiple imputation (Rubin, 1996) or expectation-
maximization algorithm (Dempster et al., 1977). These methods are generally preferred to the
case deletion and single imputation methods, since they often provide more valid results (Dong
and Peng, 2013). However, this thesis does not pursue likelihood-based approaches. For overviews
of these methods, we refer to the work by Baraldi and Enders (2010); Little and Rubin (2019);
Rubin (2003); Rubin and Schenker (1986); Schafer (1999); Schafer and Graham (2002).

Sensitivity analysis

When a set of assumptions about missing data are believed to be appropriate, a sensitivity
analysis (Cook and Zea, 2020a; Goldberg et al., 2021; Little and Yau, 1996; Thabane et al., 2013)

is often performed to evaluate whether a consensus about the testing results can be established.
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If the testing results are consistent across multiple assumptions, the findings are considered
robust and can be interpreted with greater confidence. Conversely, if the results differ under
alternative assumptions, the conclusion might be considered sensitive to the assumptions and
should be interpreted with more caution. For example, in the analysis of clinical trial data with
missing observations, Bakris et al. (2015) applied several missing data methods, including mean
imputation and hot deck imputation, and rejected the null hypothesis with more confidence as

all methods produced consistent, significant results.

2.3.3. Relevant work

Various authors have suggested modifications and refinements to rank-based tests to accommo-
date missing values, usually when the missingness mechanisms are known. Cheung (2005) and Lee
(1997) adapt the Wilcoxon-Mann-Whitney test when the data are assumed MAR, and covariates
exist to estimate the probability of each value to be missing. On the other hand, Lachin (1999)
considers the Wilcoxon-Mann-Whitney test under a special MNAR case, where the missing data
are assumed to have the largest values. In a sequential testing context, calculating the minimum
and maximum possible Wilcoxon-Mann-Whitney statistics has been considered by Alling (1963)
and Halperin and Ware (1974), under the assumption that the unobserved values are larger than
the observed values. A related line of research based on the Wilcoxon-Mann-Whitney test con-
cerns time-censored data (Gehan, 1965; Matsouaka and Betensky, 2015), although this is different
to the case of missing values.

Common rank-based measures of statistical association used for independence testing include
Spearman’s rank correlation and Kendall’s 7 (Lehmann and D’Abrera, 1975). Although less
widely used, Spearman’s footrule has been shown to exhibit higher statistical power than Spear-
man’s rank correlation and Kendall’s 7 under certain alternatives (Chen et al., 2023; Genest
et al., 2010; Luigi and Nikitin, 1999).

In the presence of missing data, Alvo and Cabilio (1995) define Spearman’s rank correlation
and Kendall’s 7 as the conditional expectations given the observed data, and propose new test-
ing methods under the assumption that incomplete rank vectors are uniformly distributed over
all compatible permutations. Extending this approach, Alvo and Charbonneau (1997) adapt
Spearman’s footrule for trend testing under the same assumption.

Several studies have studied the bounds of Spearman’s footrule under different missing data
scenarios. However, to the best of our knowledge, none addresses the problem under general
missingness patterns as we do. One frequently studied special case is the “top-k lists” problem
(Dwork et al., 2001; Fagin et al., 2003; Lin, 2010; Quade and Salama, 2006; Salama and Quade,
2004; Sen et al., 2003), where all missing values are assumed to exceed any observed values, so
only the smallest ranks are observed. Papaioannou and Loukas (1984) derive a lower bound of
Spearman’s footrule when the data are distinct and each pair is either fully observed or missing,

and later extend to the cases where ties exist (Loukas and Papaioannou, 1991; Speevak, 2017).
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3. Location test with arbitrarily missing
data

This chapter presents research work by Zeng et al. (2024a). In this work, we consider the location
two-sample testing problem described in Section 2.1.1, and propose a new rank-based approach
for the testing problem in the presence of missing data without making assumptions about the
missingness mechanism. Our approach is a theoretical extension of the Wilcoxon-Mann-Whitney
test reviewed in Section 2.2.1 with controlled Type I error by providing exact bounds for the test
statistic after accounting for all possible missing values.

We first derive the exact bounds of the Wilcoxon-Mann-Whitney test statistic in Section 3.1,
assuming only the data are distinct. Based on the bounds, Section 3.2 proposes a testing approach
with controlled Type I error, regardless of the values of missing data. The exact upper bound
on the maximum proportion of data that can be missing while allowing the proposed method to
yield a significant result is derived in Section 3.3. The power analysis of the proposed method is
included in Section 3.4, under the assumption that the data are missing completely at random
(MCAR).

Simulation results in Section 3.5 demonstrate that our method has good power, typically for
cases of 10-20% missing data, while common missing data approaches such as case deletion,
mean imputation, and median imputation fail to control the Type I error. We also illustrate
our method on complex clinical trial data in which patients’ withdrawal from the trial leads to
missing values.

Two extensions of the work in this section are further discussed in Chapter 6, where we consider
(1) cases where the data may contain ties and are defined on a potentially closed support, and
(2) a different approach for always controlling the Type I error without making missing data
assumptions.

Note that the first three sections in this chapter, Section 3.1, 3.2, and 3.3, consider only the
observations of samples. Therefore, we use the capital letters, such as X and Y to represent
the set of observations. However, in Section 3.4 for power analysis of the proposed method, we
work with random variables. Consequently, capital letters in that section denote either individual

random variables or sets of random variables.

3.1. Bounds of the Wilcoxon-Mann-Whitney test statistic

This section provides exact bounds of the Wilcoxon-Mann-Whitney test statistic in the presence
of missing data when the data are assumed distinct. The bounds are exact, meaning that they
cannot be further improved given the data alone.

To start, we prove the bounds of the sum of ranks of X in X UY with missing data.
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Proposition 3.1.1. Suppose that X = {z1,---,2,} and Y = {y1,--- ,ym} are samples of
distinct, real-valued observations. Suppose that X’ C X is a subset of n/ values in X, and
suppose that Y/ C Y is a subset of m’ values in Y. Defining Z = X UY and 7' = X' UY’
and supposing only Z’ is known, the minimum and maximum possible rank sum of X, over all

possible values for the d = n —n’ +m — m/ observations in Z \ Z’, are

gn\iZn,R)qZ:RX/|Z/—i—(n—n’)(n—i—n’—i—l)/Q, (31)
IZn\aZ)f Rx|z = Rx/z + {n(n+2m +1) —n/(n' +2m’ + 1)} /2, (3.2)

where Ry |7 denotes the sum of ranks of X in Z as defined in Definition 2.2.2.

Proof. The proof is provided in Appendix A.1. O

Remark 3.1.2. As demonstrated in the proof of Proposition 3.1.1, the rank sum Ry |z is mini-
mized when all missing values in X take the smallest possible ranks, while all missing values in
Y take the largest possible ranks. Conversely, the rank sum is maximized when this assignment
is reversed: all missing values in X take the largest possible ranks, while all missing values in Y

take the smallest possible ranks.

After bounding the sum of ranks of X in Z, the Wilcoxon-Mann-Whitney test statistic can be
bounded according to its definition provided in Definition 2.2.3.

Theorem 3.1.3. Suppose that X = {z1, -+ ,z,} and Y = {y1,- -+ , ym } are samples of distinct,
real-valued observations. Suppose that X’ C X is a subset of n’ values in X, and suppose that
Y’ CY is a subset of m’ values in Y. Defining Z = X UY and Z’ = X' UY’ and supposing only
Z' is known, the minimum and maximum possible Wilcoxon-Mann-Whitney statistic W (X,Y),
over all possible values for the d = n —n’ +m — m’ observations in Z \ Z', are

gl\lZn’ W(X,Y) = W(X/,Y/),

gl\az);; W(X,Y)=W(X"Y')+nm—n'm.

Proof. According to the definition of the Wilcoxon-Mann-Whitney test statistic in Defini-
tion 2.2.3, we have W(X,Y) = Rx|xuy — n(n + 1)/2. Hence,

min W(X,Y) = min Ryjz — n(n +1)/2
= Bauation L) R, 7+ (n —n)(n +n' +1)/2 — n(n +1)/2
= Ryxyz —n/(n/ +1)/2
— W(X,Y").
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Similarly,
gl\aZ>§ W(X,Y) = gl\aZ%R)qZ —n(n+1)/2
__ Equation (3.2) RX/|Z’ + {n(n +o9m + 1) o n/(n/ +om + 1)} — n(n -+ 1)/2
= Rx|z —n'(n +1)/2 + nm — n'm/

=W(X"Y') +nm—n'm'.

This completes the proof. O

3.2. Wilcoxon-Mann-Whitney test with missing data

This section develops a two-sample testing method in the presence of missing data using the
bounds of the Wilcoxon-Mann-Whitney test statistic we derived in Section 3.1. The key idea of
our method is to reject the null hypothesis only when all possible test statistics are significant. An
equivalent approach, which rejects the null hypothesis by considering the bounds of the p-values

of the Wilcoxon-Mann-Whitney test, is also proposed.

3.2.1. Rejection conditions to decide the significance

This subsection considers rejection conditions that allow us to reject the null hypothesis when
all possible test statistics are significant. To start, recall that under the null hypothesis Hy,
the Wilcoxon-Mann-Whitney test statistic W(X,Y') asymptotically follows a normal distribution
with mean p = nm/2 and variance 02 = nm(n +m + 1) /12, as discussed in Section 2.2.1. When
the sample sizes n,m are large enough for normal approximation, e.g. both n,m > 50, the

Wilcoxon-Mann-Whitney test rejects the null hypothesis Hy if

(W(X,Y) =)o > @ (1 - a/2) (3:3)
or (W(X,Y)—p)/o <d 1 (a/2) (3.4)

for any given significance level 0 < a < 1, where ®(x) denotes the cumulative distribution
function of the standard normal distribution. Denote the rejection region R, with respect to «

Ra = (—00, @ (a/2)) U (@711 — a/2), 00).

Then it is equivalent to reject the null hypothesis if the Wilcoxon-Mann-Whitney test statistic
W(X,Y) falls into the rejection region, i.e.

(W(X,Y) —p)/o € Ra-

Suppose only a subset of data X’ € X,Y’ C Y are observed, where either X' # X or Y/ # Y.
Then W(X,Y) can not be computed directly, and one cannot assess the Inequalities (3.3) or

(3.4). However, following Theorem 3.1.3, we can still compute the minimum and maximum
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possible Wilcoxon-Mann-Whitney test statistic in the presence of missing data

Winin (X, Y) = min W(X,Y) = W(X',Y"),
Z\Z'

and Wi (X, Y) = an\aZ)g W(X,Y)=W(X"Y")+nm—n'm,
where W (X', Y") is the Wilcoxon-Mann-Whitney test statistic computed using only observed
data X’ and Y.
After computing Wiin(X,Y) and Winax(X,Y), we propose to reject the null hypothesis when
all possible Wilcoxon-Mann-Whitney test statistics fall into the rejection region R,. This is done

by rejecting the null hypothesis when either one of the following two conditions is true.

Condition 3.2.1.

Wmin(X¢Y) — K > (I)—l <1 _ g) ,
o 2

where p = nm/2 and 02 = nm(n +m +1)/12.

Condition 3.2.2.

Winax(X,Y) — p <! <a> ,

g

where 1 = nm/2 and 0% = nm(n +m +1)/12.

To verify that all possible test statistics are significant when Condition 3.2.1 or Condition 3.2.2
is true, let W denote any possible Wilcoxon-Mann-Whitney test statistic. Since Wipax(X,Y) >

W > Whin(X,Y), and <I>_1(:U) is a monotonic increasing function,

Condition 321 —s L —# > ¢~ (1 _ %) ,
o

Condition 3.2.2 — W "HF g1 (%) .
ag

Thus, if either Condition 3.2.1 or Condition 3.2.2 is true, any possible Wilcoxon-Mann-Whitney
test statistic W must fall into the rejection region R,,.
In particular, the Wilcoxon-Mann-Whitney test statistic W (X,Y’), which can be computed if

the missing data were fully observed, must fall into the rejection region, i.e.,

W(X,Y)—pu

g

Condition 3.2.1 or Condition 3.2.2 are true — € Ra.

An important consequence is that if the null hypothesis is rejected when either Conditions 3.2.1
or Condition 3.2.2 holds, the Type I error is no larger than « regardless the missing data, since

we have

W(X,Y
Pr (Condition 3.2.1 or Condition 3.2.2 are true|Hp) < Pr <(’)
o

—F e Ra|H0> - a.

This result is central to our method. Hence we summarise it more formally as follows:
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Theorem 3.2.3. The proposed method, which rejects the null hypothesis whenever Condi-
tion 3.2.1 or Condition 3.2.2 holds, has Type I error no larger than the Wilcoxon-Mann-Whitney

test when all data are observed.

As discussed in Section 2.2.1, in the absence of missing data, the distribution of the Wilcoxon-
Mann-Whitney test statistic can be derived by only requiring the assumption that the data are
independent and identically distributed according to a common continuous distribution. There-
fore, under this fairly mild assumption, in the absence of missing data, the Type I error of the
Wilcoxon-Mann-Whitney test will be controlled.

Furthermore, in the case of discrete data where ties may be present, the exact distribution
of the Wilcoxon-Mann-Whitney test statistic can still be computed. When the two samples are
sufficiently large (say, n,m > 50), a normal distribution approximates the true distribution very

well. This case with ties will be considered in Section 6.1.1.

3.2.2. p-value of the proposed method

As discussed above, our method rejects the null hypothesis if Condition 3.2.1 or Condition 3.2.2
holds, and otherwise does not reject it. In this section, we present an equivalent but more
informative approach: we derive bounds for the p-value and reject the null hypothesis whenever
the maximum possible p-value is smaller than the significance level.

To start, the p-value of the Wilcoxon-Mann-Whitney test is given by:

p(W(X,Y)) = 2min {<I> (W(XY)_”) 11— (W(XY)_“) } . (3.5)

g o

In the presence of missing data, while p(W(X,Y’)) can not be computed directly, one can
compute the corresponding p-values of the minimum and maximum Wilcoxon-Mann-Whitney

test statistic

P(Wanin(X,Y)) = 2min{<1> <Wmi“(X’Y) — “) 1-d <Wmi“(X’ Y)- “) } :

and p(Winax(X,Y)) = 2min {@ (Wm“({y) - “) 11— <Wma"()§ Y) - “) } .

One caveat here is to consider p(Wnin(X,Y)) and p(Wnax(X,Y)) as the minimum and the
maximum possible p-value of the Wilcoxon-Mann-Whitney test directly. Instead, we have the
following result regarding the bounds of the p-values of the Wilcoxon-Mann-Whitney test in the

presence of missing data.

Proposition 3.2.4. Suppose that X = {z1,---,2,} and Y = {y1, -+ ,ym} are samples of
distinct, real-valued observations. Suppose that X’ C X is a subset of n/ values in X, and
suppose that Y/ C Y is a subset of m’ values in Y. Defining Z = X UY and Z/ = X' UY”’ and
supposing only Z’ is known, then the p-value of the Wilcoxon-Mann-Whitney test p(W(X,Y))
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is bounded such that

p(W(X, Y)) > min{p(WmiH(Xﬂ Y))ﬂp<WmaX(X7 Y))}7

L, if (Wpin(X,Y) — ) Whax (X, Y) — ) <0,

p(W(X,Y)) < { max{p(Winin(X, Y)), p(Wiax(X,Y))}, otherwise.

Proof. We first prove that p(W(X,Y)) > min{p(Wnin(X,Y)), p(Wnax(X,Y))}. Note that if
W(X,Y) < u, we have

@(Wwip_”><ﬂm=;

Hence,

g (oa

:2¢<WT&Y7_“>.

(2

W (X,Y)) = 2min{<1> <W<XY>—M> 1o (VV<XY>—M>}

Since Wiin(X,Y) < W(X,Y), and ®(z) is a monotonic increasing function, we have

Wmin(X7 Y) — M

g

p(W(X,Y)) > 20 ( ) > p(Winin (X, V).

Following the same approach, we can show that if W (X,Y) > u, we have

Wmax(X> Y) — M
o

PW(X,Y)) > 2 (1 e ( )) > p(Wana(X, ).

Hence, we have proven that
p(W(X, Y)) > min{p(Wmin(Xa Y))>p(Wmax(X7 Y))}
Next, we prove that

1, if (Wmin<X7 Y) - N)(WmaX(X7Y) —p) <0,

p(W(X,Y)) < { min{p(Winin (X, V), P(Winax (X, Y))},  otherwise.

By definition, we have p(W(X,Y)) < 1. Hence the result must be true if (Wpin(X,Y) —
1) (Winax (X, Y) — ) <0.
If, however, (Win(X,Y) — 1) (Winax(X,Y) — ) > 0, then we must have either

Wmin(Xa Y)a WmaX(Xa Y) >
or Wmin(X7 Y)7 Wmax(X) Y) < M.

Suppose Winin(X,Y), Wiax(X,Y) > p. Since W(X,Y) > Wyin(X,Y), we have W(X,Y) > pu.
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Subsequently,

g

<2 (1 ~ 3 <Wmin()i’Y) —u))

= p(Wmin (X7 Y))
< max{p(Wmin(X, Y))a p(WmaX(Xv Y)>}

p(W(X,Y)) =2 <1 — P <W(XY)_“)>

Similarly, when Winin (X, Y), Whax(X,Y) < p, we can use the same approach and prove that
p(W(X,Y)) < p(Wmnax(X,Y)) < max{p(Winin(X,Y)), p(Wmax(X,Y))}.

This completes the proof. O

Following Proposition 3.2.4, we denote
pmin(Xv Y) = min{p(Wmin(Xv Y))ap(WmaX(Xv Y))}

and

17 if (Wmin(X7 Y) - N)(Wmax(Xv Y) - /~L) < 07

pmax(X7Y) = { .
max{p(Wnin(X,Y)), p(Whax(X,Y))}, otherwise,

as the minimum and maximum possible p-values of the Wilcoxon-Mann-Whitney test statistic in
the presence of missing data.

Proposition 3.2.4 provides all possible p-values of the Wilcoxon-Mann-Whitney test when the
data are not entirely observed. An equivalent approach of rejecting the null hypothesis when
Condition 3.2.1 or Condition 3.2.2 holds is to reject the null hypothesis when the maximum
possible value of p-value is smaller than the significance level «, as demonstrated by the following

result:

Proposition 3.2.5. Suppose that X = {z1, -+ ,z,} and Y = {y1,- - , ym } are partially observed

samples of distinct, real-valued observations. Then for any given significance level o < 1,
Condition 3.2.1 or 3.2.2 hold <= ppax(X,Y) < «,

where pmax(X,Y) is defined in Proposition 3.2.4. Hence, the p-value of the proposed location
testing method is the maximum possible p-value ppax(X,Y) over all possible values of missing
data.

Proof. We first prove that “ = ” holds. Suppose Condition 3.2.1 or 3.2.2 holds. Then, if

Condition 3.2.1 is true,

Wihnin(X, V), Winax (X, Y) >
= Pmax(X,Y) = max{p(Wnin(X,Y)), p(Wax(X,Y))}.
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According to Condition 3.2.1, we also have

o (LN i) (01 (12 9)) =1,
o <Wmax()i>y) —M> > P (qu (1 B %» L %'
Hence,
p(Wsin (X, Y)) = 2 min {cp <Wmin<i’ Y) - “) 1-g <Wmin<)i, y) - u>}
< a,
and

P(Wnae (X, Y)) = 2min {q» (me(X’Y) - “) 1_® <Wmax(X, y) - u) }

Therefore, when Condition 3.2.1 is true, we have
pmax(X7 Y) = max{p(wmin(Xa Y))ap(Wmax(Xy Y))} <a.

The result when Condition 3.2.2 is true can be proved using the same approach. Thus, it is

kA

omitted here. Hence, we have proved that “ =" is true.

We now prove that “ <=7 holds. If ppax(X,Y) < «, then we have
(Wanin (X, Y) = 1) Winax (X, Y) = ) > 0,
and
max{p(Win (X, Y)), p(Wiax(X,Y))} < a.
Note that
(Wanin (X, Y) = 1) Winax (X, Y) — ) > 0
implies either
Winin (X, V), Winax (X, Y) > p, or Winin(X,Y), Whnax (X, Y) < p.

Suppose Wiin (X, Y), Winax(X,Y) < u. We then have

P(Winin (X, Y)) = 20 (Wmm(X’ Y) - “) ,

g
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and

P(Winax (X, Y)) = 2® <Wmax(X7Y) - M) |

g

Since
max{p(Wnin(X,Y)), p(Whnax (X, Y))} < @,

we have

o (Wmm(ﬁi Y) - u) @ (Wmax(Xa, V) - u) <

Hence, we have shown Condition 3.2.2

Wmin(Xa Y) —H S (I)fl (g) and Wmax(X)Y) ay S @71 (g)
o 2
is true.

Following the same approach, when Wi (X, YY), Wiax (X, Y) < p, we can show Condition 3.2.1

is true. Hence, we have proven “ <= 7. This completes our proof. O

3.3. Maximum allowable proportion of missing data

The proposed method is based on the bounds of the Wilcoxon-Mann-Whitney test statistics in
the presence of missing data, which are determined by both the values of observed data, and the
proportion of missing data, as demonstrated by Theorem 3.1.3.

Informally, the bounds lead to significant testing results when the proportion of missing data
are appropriate and the observed values provide enough evidence. This section considers the
maximum proportion of missing data such that the proposed method can still yield significant
results. The probability of rejecting the null hypothesis of the proposed method under different
alternative hypothesis is studied in next Section 3.4, assuming the data are missing completely
at random (MCAR).

The main result of this section is stated as

Proposition 3.3.1. Suppose that X = {x1,, - ,z,} and Y = {y1, -+ ,ym} are samples of
distinct real-valued observations and X’ C X and Y/ C Y are subsets of distinct values with size
n' and m/, respectively, which are observed. Suppose that n,m are sufficiently large enough for
applying normal approximation in the Wilcoxon-Mann-Whitney test. Then for any significance
threshold « € (0,1), if

n'm'/(nm) < 1/2 4+ /(1 +n+m)/(12nm)d1(1 — a/2), (3.6)

where ®(z) denotes the cumulative distribution function of the standard normal distribution, the
proposed method will not reject the null hypothesis, regardless of the observed values in X’ and
Y’
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Proof. The proof is included in Appendix A.2. O
Consider fixed sample sizes n, m and a significance level . The Proposition 3.3.1 asserts that
the proposed method will not reject the null hypothesis for any observed values, when the number
of observed values n’,m’ are small enough, such that n'm’/(nm) is smaller than the right hand
side of Inequality (3.6).
A result obtained directly from Proposition 3.3.1 is

Corollary 3.3.2. If X and Y both have at least 30% of data missing, the proposed method will
not reject the null hypothesis.

Proof. Let n'/n = 0.7 and m//m = 0.7. Then,

n'm//nm =049 <1/2 <1/2+ /(1 +n+m)/(12nm)® (1 — a/2).

According to Proposition 3.3.1, the proposed method will not reject the null hypothesis, regardless
of the values of missing data.
O
Proposition 3.3.1 demonstrates that the proposed method will not reject the null hypothesis
when there is a large proportion of missing data, e.g. when both samples have at least 30%
data missing, as shown in Corollary 3.3.2. On the other hand, we show that if the proportion of
missing data is not subject to the Inequality (3.6), the proposed method gets chances to reject
the null hypothesis Hy.

Proposition 3.3.3. Suppose that X = {z1,, -+ ,2,} and Y = {y1, -+ ,ym} are samples of
distinct real-valued observations and X’ C X and Y/ C Y are subsets of distinct values with size
n' and m’, respectively, which are observed. Suppose that n, m are sufficiently large enough for
applying normal approximation in the Wilcoxon-Mann-Whitney test. Then for any significance
threshold « € (0,1), if

n'm’/(nm) > 1/2+ Y1 — a/2){(n +m +1)/(12nm)}'/?, (3.7)

then sets X’ and Y’ exist for which the proposed method will yield a significant p-value.

Proof. Given a € (0,1), suppose we have n,m with n’ < n and m’ < m satisfying Inequal-
ity (3.7). A well-known result regarding the Wilcoxon-Mann-Whitney is that when all values in

X’ are smaller than all values in Y, and all values are distinct,
0=W(X"Y".

The goal is to prove that if Inequality (3.7) holds then sets X’ and Y’ exist for which the
proposed method will yield a significant p-value. Let us therefore choose sets X’ and Y’ where all

values in X' are smaller than all values in Y’, and all values are distinct, and so W (X', Y’) = 0.
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We proceed by rearranging Inequality (3.7), starting by multiplying both sides by nm:

1
Wl L g (1o @) frtme
nm ~ 2 2 12nm

1
1)2
— n'm’ > 5 _|_<I) ( _OZ){n—i_m_'_}

2 12nm

1
nm « n+m+1]2
= ’—7>¢>—1(1—f> nrmT
T Ty = 2 12nm
1
= (wm' =) e L 20 (1-5)
(”m 2 /{ 12nm = 2
1
M) L gt (122
<:>(2 n'm /{ o <-o7'(1-3). (3.8)

Recall that the statistic W(X,Y") follows a normal distribution with mean y = nm/2 and
variance 02 = nm(n+m+1)/12. If (Wiax(X,Y)—p) /o < @~ (a/2), then Condition 3.2.1 is true,
and the proposed method will declare a significant result. Noting ®~!(a/2) = =@~ 1(1 — o/2), if

Wonax (X, Y) =) _ g1 ( a) ’

1 —
o 2

then the proposed method will yield a significant result.
We recall from Theorem 3.1.3 that the Wiax(X,Y') is given by

Winax (X, Y) = W(X',Y') + nm — n'm/,
but since we earlier assumed W (X', Y") = 0, then Wipax(X,Y) = nm — n'm’. Then

(Wmax(X7Y)—,u) nm—nm _%

o B { nm(n;erJrl } 5

_ nm/2—n'm/

{nm n+m+1) }7

— (Wmax(X?Y) — :U’) < _p- ! (1 o 5) , (39)

g

where the last line follows from Inequality (3.8). Note Inequality (3.9) implies that the proposed
method will yield a significant p-value, which completes the proof. O

Proposition 3.3.3 demonstrates that the bounds of maximum allowable proportion of missing
data given by Proposition 3.3.1 is tight, since if Inequality (3.6) does not hold, there always exists

observed values X’ and Y’ that can lead the proposed method to yield significant results.

3.4. Power analysis when data are missing completely at random

This section provides theoretical results estimating the power of the proposed method when data
are assumed to be missing completely at random (MCAR). Consequently, we change our notation
slightly and consider sets of random variables rather than observations.

Our proposed method tests against location shifts as shown in Equation (2.1) in Section 2.1.1.
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We assume the distributions for the two samples are such that G = F(x + A). In the following
Proposition 3.4.1, we show that the power of our proposed method depends on the sample size
n and m, the significance level «, the distribution F' and the location shift parameter A, where
F and A determine the power through the parameters pi, po, and ps. Table 3.4 compares the
theoretical power derived in Proposition 3.4.1 with empirical results from numerical simulations.
These estimates assume a standard normal distribution for F' and a significance level of o = 0.05,

across varying values of the shift parameter A.

Proposition 3.4.1. Let X = {Xy,---,X,,} and Y = {Y1,---,Y,,} be sets of random vari-
ables identically and independently distributed according to continuous distributions F' and G,
respectively. Let X’ C X and Y/ C Y denote the subsets of distinct random variables with sizes
n' and m/, respectively, which can be observed. Assume that the observations of the random
variables in the complements X \ X’ and Y \ Y’ are missing completely at random (MCAR),
and 0 < Pr(X; <Y;) < 1. Suppose that n,m are sufficiently large enough for applying nor-
mal approximation in the Wilcoxon-Mann-Whitney test. Then, for any given significance level

€ (0,1), the proposed method yields a significant p-value with probability approximately equal

to

(L —p)/o") +1 = 2((R—p)/o),

where @ is the cumulative distribution function of the standard normal distribution, and L, R, 1/, o’

are

L=0dYa/2)+pu—nm+n'm', R=c®'(1-a/2)+pu,

AV

f =m/n'pr, (0')* =m'n'p1(1 —p1) +m'n/(n' —1)(p2 — p?) +n'm/(m’ — 1)(ps3 — p?),

and u = nm/2, 02> = nm(n +m+1)/12, and

plzPr(Xl <Y1), pQZPI'(Xl <Y and X, <Y2), pgzPr(X1 <Y andX2<Y1).

Proof. The proof is provided in the Appendix A.3, based on results in Lehmann and D’Abrera
(1975, Section 2.3). O

Remark 3.4.2. The condition 0 < Pr(X; < Y¥7) < 1 required in the above proposition is nec-
essary for the rescaled Wilcoxon-Mann-Whitney statistic to tend to the standard normal distri-
bution asymptotically (Lehmann and D’Abrera, 1975, Appendix, Example 20). If this condition
does not hold, i.e. Pr(X; < Y1) € {0,1}, then one of the distributions F' or G lies entirely to the
left of the other distribution (Lehmann and D’Abrera, 1975, Section 2.3).

Example 3.4.3. The result of Proposition 3.4.1 may appear to be complex at first glance. We
therefore provide an example to demonstrate how Proposition 3.4.1 can be applied for estimating
the power of the proposed method when data are missing completely at random (MCAR).
Suppose X1,..., X, " F, Y1,..., Yy <" G, where F = N(0,1), and G = N(1,1). Suppose
also the sample sizes n = 100, m = 100, the data are MCAR, and the number of observed data
in each sample is n’ = 90, m’ = 90. For estimating the power, we consider the significance level

o = 0.05.
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To compute the power of the proposed method, we first compute the probabilities p1, po, p3
defined in Proposition 3.4.1. When the data are assumed normally distributed, the probabilities
can be obtained following the Equations (2.26), (2.27), (2.28) in Lehmann and D’Abrera (1975):

b= ® (1/\f2> ~ 0.76,

Dy = ps = Pr (Z <1/V2and 7' < 1/\/§> ~ 0.63,

where Z, Z' are joint standard normal distributions with a correlation coefficient of 1/2.
Next, for given sample sizes n, m = 100, observed number of data n/,m’ = 90, and the signifi-
cance level o = 0.05, we compute other statistics required by Proposition 3.4.1 for deciding the

power of the proposed method:

o= /nm(n+m+1)/12 ~ 409.26,

w=mnm/2 = 5000,

i1 = nimip; ~ 6158.0,

o' =m'n'pi(1 —p1) +m'n'(n' = 1)(p2 — pi) + n'm’(m’ — 1)(ps — pi) ~ 286.0358,
L =0®"10.025) + pu — nm + n'm’ ~ 2297.8,

R = c®71(0.975) + p ~ 5802.1.

Finally, according to Proposition 3.4.1, the power of the proposed method equals to

Ly R—
o < a ) +1-® ( a > ~ ®(—13.49542) + 1 — ®(—1.244161)

o’ ot

~ 0.893.

In other words, given the alternative hypothesis, the sample sizes, the number of observed data,
and the significance level considered in this example, the probability of the proposed method

yielding a significant p-value approximately equals 0.893.

Table 3.4 shows the estimated power obtained from Monte Carlo simulations compared to
the theoretically-estimated power from Proposition 3.4.1, when data are missing completely at
random (MCAR), as the proportion of data missing, s, varies. The table shows that the theoret-
ical results closely match those obtained in simulation, at least for this case where the data are
sampled from normal distributions.

This section ends with the following result which shows that, in the case where data are
MCAR, the probability of the proposed method yielding a significant p-value tends to either
0 or 1, depending on the proportion of missing data, as the total sample sizes increase. The

assumptions are the same as for Proposition 3.4.1.

Proposition 3.4.4. Let X = {Xy,---,X,} and Y = {Y3,---,Y,,} be sets of random variables
identically and independently distributed according to continuous distributions F' and G, respec-
tively. Let X/ C X and Y/ C Y denote the subsets of distinct random variables with sizes n’ and
m/, respectively, which can be observed. Assuming that the random variables in the complements
X\ X’ and Y\ Y’ are missing completely at random, and 0 < Pr (X; < Y1) < 1, and additionally
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Table 3.1.: Estimated probabilities of rejections of the proposed method given by 1000 Monte

n,m
20

50

100

200

300

500

1000

10000

s=0

0.06
0.30
0.85
1.00
0.06
0.68
1.00
1.00
0.06
0.93
1.00
1.00
0.05

(0.05)
(0.31)
(0.85)
(1.00)
(0.05)
(0.67)
(1.00)
(1.00)
(0.05)
(0.93)
(1.00)
(1.00)
(0.05)
1.00 (1.00)
1.00 (1.00)
1.00 (1.00)
0.05 (0.05)
1.00 (1.00)
1.00 (1.00)
1.00 (1.00)
0.05 (0.05)
1.00 (1.00)
1.00 (1.00)
1.00 (1.00)
0.05 (0.05)
1.00 (1.00)
1.00 (1.00)
1.00 (1.00)
0.06 (0.05)
1.00 (1.00)
1.00 (1.00)
1.00 (1.00)

s =5%

0.01
0.10
0.54
1.00
0.00
0.33
0.96
1.00
0.00
0.46
1.00
1.00
0.00
0.77 (0.78
1.00 (0.95

(0.01)
(0.10)
(0.53)
(1.00)
(0.00)
(0.23)
(0.95)
(1.00)
(0.00)
(0.45)
(1.00)
(1.00)
(0.00)
(0.78)
(0.95)
1.00 (1.00)
(0.00)
(0.92)
(1.00)
(1.00)
(0.00)
(0.99)
(1.00)
(1.00)
(0.00)
(1.00)
(1.00)
(1.00)
(0.00)
(1.00)
(1.00)
(

0.10
0.53
1.00
0.00
0.23
0.95
1.00
0.00
0.45
1.00
1.00
0.00

0.00 (0.00
0.92 (0.92
1.00 (1.00
1.00 (1.00
0.00 (0.00
0.99 (0.99
1.00 (1.00
1.00 (1.00
0.00 (0.00
1.00 (1.00
1.00 (1.00
1.00 (1.00
0.00 (0.00
1.00 (1.00
1.00 (1.00
1.00 (1.00)

Data sparsity

s =10%

0.00
0.01
0.17
0.95
0.00
0.02
0.54
1.00
0.00
0.03
0.90
1.00
0.00
0.04 (0.05
1.00 (1.00

(0.00)
(0.01)
(0.16)
(0.96)
(0.00)
(0.02)
(0.52)
(1.00)
(0.00)
(0.03)
(0-89)
(1.00)
(0.00)
(0.05)
(1.00)
1.00 (1.00)
(0.00)
(0.06)
(1.00)
(1.00)
(0.00)
(0.10)
(1.00)
(1.00)
(0.00)
(0.21)
(1.00)
(1.00)
(0.00)
(1.00)
(1.00)

0.01
0.16
0.96
0.00
0.02
0.52
1.00
0.00
0.03
0.89
1.00
0.00

0.00 (0.00
0.06 (0.06
1.00 (1.00
1.00 (1.00
0.00 (0.00
0.09 (0.10
1.00 (1.00
1.00 (1.00
0.00 (0.00
0.20 (0.21
1.00 (1.00
1.00 (1.00
0.00 (0.00
1.00 (1.00
1.00 (1.00
1.00 (1.00)

s =15%

0.00
0.00
0.00
0.34
0.00
0.00
0.08
1.00
0.00
0.00
0.12
1.00
0.00
0.00 (0.00
0.36 (0.35

(0.00)
(0.00)
(0.01)
(0.32)
(0.00)
(0.00)
(0.04)
(0.99)
(0.00)
(0.00)
(0.12)
(1.00)
(0.00)
(0.00)
(0.35)
1.00 (1.00)
(0.00)
(0.00)
(0.58)
(1.00)
(0.00)
(0.00)
(0.88)
(1.00)
(0.00)
(0.00)
(1.00)
(1.00)
(0.00)
(0.00)
(1.00)

0.00
0.01
0.32
0.00
0.00
0.04
0.99
0.00
0.00
0.12
1.00
0.00

0.00 (0.00
0.00 (0.00
0.59 (0.58
1.00 (1.00
0.00 (0.00
0.00 (0.00
0.89 (0.88
1.00 (1.00
0.00 (0.00
0.00 (0.00
1.00 (1.00
1.00 (1.00
0.00 (0.00
0.00 (0.00
1.00 (1.00
1.00 (1.00)

s = 20%

0.00 (
0.00 (
0.00 (
0.00 (
0.00 (
0.00 (
0.00 (
0.08 (
0.00 (
0.00 (
0.00 (
0.78 (
0.00 (
0.00 (0.00
0.00 (0.00
1.00 (1.00
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

0.00)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.00 (0.00)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.00
0.00
0.00
0.76
0.00

0.00 (0.00
0.00 (0.00
1.00 (1.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
1.00 (1.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
1.00 (1.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
1.00 (1.00

s =30%

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00 (0.00
0.00 (0.00

(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
0.00 (0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00
0.00 (0.00)

Carlo replications and theoretical approximation given by Proposition 3.4.1 (in paren-
theses); data are missing completely at random (MCAR)

s data sparsity for both X and Y'; n, m sample sizes for X and Y respectively; A value of mean shift
such that all samples in X generated from N(0,1) and YV from N(A,1).
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assuming m’ < n/ and

m'/n’ — N when n,m — oo, where 0 < X <1,
n'/n — Az, when n,m — oo, where 0 < \, <1,
m'/m — A, when n,m — oo, where 0 < X\, <1

AzAy(p1 — 1) +1/2 # 0 and A A\yp1 — 1/2 # 0, where p; = Pr(X; < Y7).
As n,m — oo, with probability

. { 0, if AgAy(pr — 1) +1/2> 0 and A Ap1 — 1/2 < 0,

1, otherwise,

the proposed method will yield a significant p-value.

Proof. The proofis provided in Appendix A.4, based on similar results in Lehmann and D’Abrera
(1975, Section 3, Chapter 2). O

3.5. Simulations for the location test

This section performs numerical simulations for investigating the Type I error and statistical
power of the proposed method when data are missing. The performance of our method is also
compared with the Wilcoxon-Mann-Whitney test when the missing data have been imputed using
either mean imputation or hot deck imputation, or when the missing data are ignored, which we

call case deletion, or when the missing values are known, i.e. the data is complete.

3.5.1. As the proportion of missing data varies

We first consider experiments comparing the performance of the proposed method and other
methods with varying proportion of missing data s, while other factors that can potentially affect
the experiments results, including sample sizes, missingness mechanisms, and the distributions

of the data, are fixed for each experiment.

Missing completely at random (MCAR)

The first experiment considers the case where data are missing completely at random (MCAR).
Observations in X are sampled independently from a N(0,1) distribution, while observations
in Y are sampled independently from a N(0,1) distribution to evaluate the Type I error, and
from a N(1,1) distribution to evaluate the statistical power. A proportion s € [0,0.3] of the
observations X = {x1,...,z,} are selected completely at random to be marked as missing. The
same proportion s of Y = {yi1,...,ymn} are selected completely at random to be marked as
missing. Sample sizes n = m = 100 are considered.

Figure 3.1 shows that the Type I error is not controlled by either hot deck imputation or mean
imputation, although it is controlled for the proposed method and for the case deletion case

when the missing data are ignored. On the other hand, all methods have good power, except
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Figure 3.1.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
completely at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right)
Power: N(0,1) vs N(1,1). For both figures, a significance threshold of o« = 0.05 has
been used and the total sample sizes are n = 100, m = 100, and 1000 trials were
used.

that the power for the proposed method decreases significantly when more than 10% of the data
is missing.

For this experiment, n = m = 100, but Figure E.1 in Appendix E.1.1 considers an experiment
with different sample sizes n, m = 500, which shows the increasing power of the proposed method.
Furthermore, if there is a larger difference between the two samples for the power experiment,
for example if the second sample follows a N(2, 1) distribution rather than a N(1,1) distribution,
then the proposed method can still have good power for over 20% of the data is missing; see
Figure E.2 in Appendix E.1.1.

Missing not at random (MNAR)

The second experiment is the same as the first, except in this experiment the data are missing
not at random (MNAR). The missingness mechanism is as follows: if s is the proportion of
observations to be missing, then for any observation z; € {z1,...,z,}, the probability of x; being

missing is

min(1, sn/ > 7%, I(2; <0)), if x; <0,

(3.10)
max(0,sn/ Y%, I(z; < 0) = 1), otherwise,

Pr (z; is missing) =

where I (A) is the indicator function for the event A. In other words, when there are more negative
values in X than the number of missing values in X, ie. sn/> % ;I(z; <0) <1, only values
smaller than 0 in X can be missing. Otherwise all values smaller than 0 in X will be missing,

and values larger than 0 will be randomly missing.
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Figure 3.2.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
not at random (MNAR), according to the mechanism in Equation (3.10), and (3.11).
(Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(1,1). For both
figures, a significance threshold of v = 0.05 has been used and the total sample sizes
are n = 100, m = 100, and 1000 trials were used.

For y; € {y1,...,Ym}, a similar missingness mechanism

min(1, sm/ 377" I(y; > 0)), if y; > 0,

(3.11)
max (0, sm/ > 1, I(y; > 0) — 1), otherwise,

Pr (y; is missing) =

is used. When there are more positive values in Y than the number of missing values in Y, i.e.
sm/» 0L 1(y; > 0) < 1, only values larger than 0 in Y can be missing. Otherwise all values
larger than 0 in Y will be missing, and values smaller than 0 will be randomly missing.

Figure 3.2 shows that when the data from both samples are MNAR and follow the above
missingness mechanism, then the Type I error is not controlled for either of the imputation
methods or when the missing data are ignored. This relatively simple example illustrates the
potential peril of not taking missing data into account. On the other hand, the proposed method
controls the Type I error rate for this case. The statistical power of these methods appears
similar to that for the missing completely at random (MCAR) case in Figure 3.1; all methods
have good power, although the proposed method’s power decreases as the proportion of missing
data increases beyond 10% of the total.

While no formal proof is provided for the power of the proposed method under MNAR, the
intuition for the power of the proposed method is that when the proportion of missing data is
moderate (e.g., 5-10%), the bias introduced by the missingness mechanism is relatively small
compared to the magnitude of the location shift A. Consequently, the observed data still retain
sufficient information to detect the location difference. However, as the proportion of missing
data increases, the observed data become both increasingly sparse and more severely biased.
Hence, the missing data obscures the location shift, causing the power of the test to approach
zero, as illustrated in Figure 3.2.

Additional experiments in Appendix E.1.2 shows the power of the proposed method increases
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Figure 3.3.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the sample sizes increase. The data is missing completely at
random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs
N(1,1). For both figures, a significance threshold of ov = 0.05 has been used and the
proportion of missing data for both samples is s = 0.1, and 1000 trials were used.

for larger sample sizes, and/or when the data in the second sample are observations from a N(2, 1)

distribution.

3.5.2. As the sample size varies

We again consider the data to be either MCAR or MNAR following the mechanism in Equa-
tion (3.10), and (3.11), but now as the sample sizes n,m increase, with fixed proportion of

missing data s = 0.1.

Missing completely at random (MCAR)

The first experiment considers data to be MCAR. As before, X = {x1,...,2,} are sampled
independently from a N(0,1) distribution, and observations in Y = {yi,...,ym} are sampled
independently from a N(0,1) distribution to evaluate the Type I error, and from a N(1,1) dis-
tribution to evaluate the statistical power. The sample sizes n € {50,100,200,...,1000} are
considered, with m = n. Then s = 0.1 of the observations X = {x1,...,xz,} are selected com-
pletely at random to be marked as missing, and the same proportion s of Y = {y1,...,yn} are
selected completely at random to be marked as missing.

Figure 3.3 shows that mean imputation and hot deck imputation fail to control the Type I
error for sample sizes considered in the experiment, while case deletion and the proposed method
control the Type I error. All methods have good power. The power of the proposed method
increases with sample sizes. When the sample size is 200, the power of the proposed method is

close to 1.

Missing not at random (MNAR)

We now consider two experiments similar to those in Figure 3.3, but with data that are MNAR,

following the mechanisms specified in Equations (3.10) and (3.11).
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Figure 3.4.: The Type I error and statistical power of the proposed method and the standard
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imputed or ignored as the sample sizes increase. The data is missing not at random
(MNAR), according to the mechanism in Equation (3.10), and (3.11). (Left) Type
I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(1,1). For both figures, a
significance threshold of o = 0.05 has been used and the proportion of missing data
for both samples is s = 0.1, and 1000 trials were used.
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Figure 3.5.: The Type I error and statistical power of the proposed method and the standard

Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the sample sizes increase. The data is missing not at random
(MNAR), according to the mechanism in Equation (3.10), and (3.11). (Left) Type
I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(0.1,1). For both figures, a
significance threshold of o = 0.05 has been used and the proportion of missing data
for both samples is s = 0.01, and 1000 trials were used.
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Figure 3.6.: Statistical power of the proposed method and the standard Wilcoxon-Mann-Whitney
test after the missing data is either known or has been imputed or ignored as the
sample sizes increase. The data is missing completely at random (MCAR). Data
in samples X and Y are generated from N(0,1), and N(A, 1), respectively, with A
denoting the mean value shift. A significance threshold of o = 0.05 has been used,
the total sample sizes are n = m = 100, the proportion of missing data for both
samples is s = 0.1, and 1000 trials were used.

Figure 3.4 further highlights the potential peril of not taking the missing data into account: the
Type I error of case deletion, mean imputation and hot deck imputation methods appear to be
asymptotically converge to 1 as the sample size increases with fixed proportion of missing data. In
contrast, the proposed method controls the Type I error across all sample sizes considered. The
power of all methods is similar to the results obtained in Figure 3.3 when the data are MCAR.

Figure 3.5 provides a similar experiment, but with only 1% of the data missing, and with
sample Y generated from N(0.1,1) to evaluate power. The results show that, even with only 1%
missing data, case deletion, and imputation-based methods cannot control the Type I error. By
contrast, the proposed method always controls the Type I error, and can detect small differences
between X and Y.

3.5.3. As the mean value varies

The following of this section considers two experiments for evaluating the power of the proposed
method with varying mean values of the distribution generating the sample Y. The sample sizes,
and the proportion of missing data for both X and Y are fixed. Other methods considered in

this section before are also included.

Missing completely at random (MCAR)

The first experiment again assumes the data are MCAR. Observations in the sample X are
sampled independently from a N(0, 1) distribution, while observations in sample Y are sampled
independently from a N(A, 1), where A € {0.1,0.2,...,3.0}. Sample sizes n = m = 100 are used.

Subsequently, s = 0.1 of the observations X = {z1,...,x,} are selected completely at random
to be marked as missing, and the same proportion s of Y = {y1,...,yn} are selected completely
at random to be marked as missing.

Figure 3.6 shows that under the settings we considered in this experiment, the proposed method
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Figure 3.7.: Statistical power of the proposed method and the standard Wilcoxon-Mann-Whitney
test after the missing data is either known or has been imputed or ignored as the
sample sizes increase. The data is missing not at random, according to the mechanism
in Equation (3.10), and (3.11). Data in samples X and Y are generated from N(0, 1),
and N(A,1), respectively, with A denoting the mean value shift. A significance
threshold of o = 0.05 has been used, the total sample sizes are n = m = 100, the
proportion of missing data for both samples is s = 0.1, and 1000 trials were used.

starts to have power when the mean value shift A is greater than 0.5. When the shift A = 1,
the power of the proposed method is close to 1. The power of all other methods increases when
A > 0, and are close to 1 and when A = 0.5.

Missing not at random (MNAR)

This experiment considers a similar case to Figure 3.6, but the data are MNAR according to the
missingness mechanism specified by Equation (3.10), and (3.11).

Figure 3.7 shows similar results to Figure 3.6, although all methods appear to require a larger
mean value shift A to achieve power equals to 1. The power of the proposed method is approxi-
mately 0.6 when the mean value shift A = 1, and appears to converges to 1 when A = 1.3.

Overall, this section evaluates the Type I error and statistical power of the proposed method
for location testing in the presence of missing data, and compares it with the Wilcoxon-Mann-
Whitney test when the missing data have been imputed using mean or hot deck imputation, or
when the data are ignored, or when the data is known.

The simulation results show that the proposed method controls the Type I error, while impu-
tation methods and case deletion have larger Type I error than the significance level «, especially
when the data are missing not at random (MNAR). For fixed proportion of missing data, the
Type I error of methods using imputations and case deletion appears to asymptotically converge
to 1 as the sample size increases, at least under the experiment settings considered for Figure 3.4.

The proposed method appears to have good statistical power, provided moderate total sample
sizes n, m for X, Y, mean value differences of the distributions generating samples X and Y, and
the proportion of missing data. For example, when n = m = 100, samples X and Y are generated
from N(0, 1), and N(1, 1), respectively, and 10% data in both X and Y are missing, the proposed
method has power close to 90% and 60% when the data are MCAR, and MNAR, respectively, as
illustrated by Figure 3.1 and Figure 3.2.
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Table 3.2.: Treatment groups in clinical trial NCT01874431. The number of patients in each
treatment group, by dosage level, that start and complete the trial, with the percent-
age missing shown.

Finerenone dosage Started Completed % missing

0 mg (Placebo) 94 90 4.3
1.25 mg 96 90 6.3
2.5 mg 92 87 5.4
5 mg 100 89 11.0
7.5 mg 97 89 8.2
10 mg 98 89 9.2
15 mg 125 114 8.8
20 mg 119 112 5.8

Greater power of the proposed method can be achieved, when the sample sizes n, m increases,
and/or when larger mean value differences of distributions generating X and Y are provided, as
demonstrated by experiments in Section 3.5.2 and Section 3.5.3.

While experiments considered in this section are restricted to normal distributed data, the
proposed method can be applied to data generated from any continuous distribution, since we
only require data to be distinct.

Additional experiments which consider non-normal distributed data are included in Appendix E.1.3,
where the data in both X and Y are generated from the gamma distribution, rather than the
normal distribution, although the results are similar. Appendix E.1.4 considers a MNAR mech-
anism that is different than the mechanism specified by Equation (3.10) and (3.11), and also

obtains similar results.

3.6. Application to clinical trial data

In this section we demonstrate the proposed method to analyse clinical trial data that contains
missing values.

Patients with type 2 diabetes may suffer from kidney disease, or diabetic nephropathy. Albumin
is a protein in the blood that a healthy kidney will not allow to pass into the urine (NIDDK,
2016). However, a damaged kidney may allow albumin to pass into the urine, and a high level of
albumin in the urine may indicate kidney disease. Persistent albuminuria is defined as a urinary
albumin-creatinine ratio (UACR) that is greater than or equal to 30 mg/g (Bakris et al., 2015).

The clinical trial NCT01874431 (Bayer, 2022) assessed the efficacy of different doses of the
drug finerenone (BAY 94-8862) for reducing the urinary albumin-creatinine ratios of patients
with type 2 diabetes and diabetic nephropathy. This dataset is available from Bayer via the
Vivli platform (Vivli, 2023). There were 1501 patients enrolled in the trial, of whom 821 were
randomly allocated to eight different treatment groups while the remainder were excluded. One
treatment group received a placebo, while the other seven groups each received finerenone at a
different dosage level. The number of patients in each treatment group is shown in Table 3.2.

The patients’ urinary albumin-creatinine ratios were measured at the start of the trial (baseline

value) as well as on a further five visits, the fifth and final visit being on day 90 of the trial. The
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Table 3.3.: Results from statistical analysis, with p-values

1.25mg 25mg 5mg 7.5mg 10 mg 15 mg 20 mg
Ignoring missing 0.196 0208 0264 0002 39x10* 74x10% 6.5x107°
Proposed method 1.000 1.000 1.000 0.112 0.072 0.011 1.4 x 1074
Proposed, Holm-corrected ~ 1.000 1.000 1.000 0.450 0.358 0.064 9.4 x 1074

difference in patients’ urinary albumin-creatinine ratios at the start and end of the trial was
compared across the different treatment groups and the placebo by Bakris et al. (2015) using
an ANCOVA model and an F-test. They found a significant improvement for the treatment
groups with finerenone dosage levels of 7.5 mg, 10 mg, 15 mg and 20 mg, which in this case
means that the obtained p-values are 0.004 or less. However, not all patients who start the trial
completed the trial; there is a drop-out rate of between 4% and 11% for each treatment group;
see Table 3.2 for details. In other words, there are missing data in the final urinary albumin-
creatinine ratio measurements. In the original analysis, these missing data were imputed by using
the last recorded value from an earlier visit as the imputed value. A sensitivity analysis was then
performed by repeating the primary analysis using different imputation methods; see Bakris et al.
(2015) for details.

We now analyse these data, avoiding any imputation, using our proposed method. Let X be
the set of placebo group measurements which consists of n = 94 patients. For ¢ = 1,...,94,
let z; = (¢; — s;)/s;, where s; is patient i’s baseline (starting) urinary albumin-creatinine ratio
measurement and ¢; is patient i’s day 90 (completion) corresponding measurement. The z; values
measure the proportional increase or decrease in urinary albumin-creatinine ratio. Four of the
patients in the placebo group are missing ¢; values, and so four z; values are missing values. Next,
let Y7 be the similarly transformed values for the first treatment group with finerenone dosage
1.25 mg, and let Y3, ..., Y7 be the data for the remaining treatment groups. Again, several values
in Y1,...,Y7 will be missing data. We now use the proposed method to compare the X values
with the Y values for j =1,...,7.

If each element in X is an observation of a random variable U and each element in Y; is
an observation of a random variable V', then the null hypothesis is that U = V. Since the
alternative hypothesis is that the treatment lowers the patients’ urinary albumin-creatinine ratios,
the alternative hypothesis is U > V', and so the p-values are one-sided. The obtained p-values
are shown in the second row of Table 3.3, with the p-values for the 15 mg and 20 mg treatment
groups computed as 0.011 and 1.4 x 10™%, respectively.

To correct for multiple hypothesis testing, we use the Holm method (Holm, 1979) to compute
the adjusted p-values; this results in the p-values 0.064 and 9.4 x 10~ for the 15 mg and 20 mg
treatment groups, respectively. The Holm method is preferred since it is both more powerful
than the Bonferroni method and does not impose any independence assumptions on the p-values,
unlike other approaches.

Table 3.3 shows all the computed p-values for our proposed method and, for comparison, the p-
values computed when ignoring missing data This table shows two interesting features. First, our
proposed method yields a p-value for the 20 mg treatment group that is significant at the 0.001

significance level, after correction for multiple hypothesis testing. However, we do not obtain
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significant (corrected) p-values for the other treatment groups. The second interesting feature
is that the Wilcoxon-Mann-Whitney test on the data, ignoring missing values, gives significant
p-values for the 7.5 mg, 10 mg, 15 mg and 20 mg treatment groups, as in the analysis in Bakris
et al. (2015).

To summarise these results, our proposed method obtains a significant result only for the
20 mg treatment group and notably this result is robust to any form of missingness. However,
our purpose in providing the analysis of this dataset is to illustrate the impact of missing data

in a complex study, rather than to provide clinical recommendations.

3.7. Conclusion

This chapter presents the work of Zeng et al. (2024a). We begin by deriving tight bounds of the
Wilcoxon-Mann-Whitney test statistics in the presence of missing data, assuming only the data
are distinct. Based on the bounds, we propose to reject the null hypothesis only when all possible
test statistics are significant. We further derive the bounds of the p-value of the Wilcoxon-Mann-
Whitney test in the presence of missing data. We show that, when the maximum possible p-value
is smaller than the significance level «, all test statistics are significant, and the proposed method
rejects the null hypothesis. Importantly, we prove that our proposed method controls the Type
I error, regardless of the values of missing data.

We further analyse the proposed method by deriving the exact upper bound on the maximum
proportion of data that can be missing while allowing the proposed method to yield a significant
outcome. We show that, when both samples have at least 30% of their data missing, the proposed
method does not yield significant result, regardless of the observed values. When the data are
assumed to be MCAR, the approximate and asymptotic power of our method are also derived.

The simulation results demonstrate that our method has good statistical power when less than
10-20% of the data missing. When the data are missing not at random (MNAR), common missing
data methods such as case deletion, mean imputation and hot deck imputation fail to control
the Type I error, while our approach always controls the Type I error. Finally, we illustrate our
method on a clinical trial dataset in which patients’ withdrawal leads to missing values.

The central idea of this thesis is to first bound the test statistic and then reject the null
only when all possible statistics are significant. The next chapter extends this framework to two-
sample scale testing with missing data, beginning by deriving tight bounds for the Ansari-Bradley

statistic.
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4. Scale test with arbitrarily missing data

This chapter describes the work in Zeng et al. (2025¢c). We consider the two-sample scale testing
problem in the presence of missing data, without making any assumptions about the missingness
mechanisms. The key idea of this chapter is similar to that in Chapter 3: we consider the exact
bounds of the Ansari-Bradley test statistic in the presence of missing data, and propose to reject
the null hypothesis only when all possible test statistics are significant.

In Chapter 3, we propose a valid location two-sample testing method in the presence of missing
data. However, in practice, a change in location is often accompanied by a change in variability
(Marozzi, 2013; Neuh&user, 2001; Zhang et al., 2009). Moreover, detecting heteroscedasticity be-
tween two samples is often important, as revealing differences in variability may carry practical
significance. For instance, in clinical trials, the presence of heteroscedasticity can indicate a treat-
ment effect (Murakami and Neuh&user, 2025). Zhu et al. (2019) report that the intra-individual
variability of total cholesterol could be a risk factor of cardiovascular mortality, irrespective of
mean total cholesterol level. This chapter is therefore motivated to develop valid scale and
location-scale two sample testing methods in the presence of missing data, without relying on
missingness assumptions.

The two-sample scale testing problem, as described previously in Section 2.1.1, is closely related
to the two-sample variance testing used to determine whether the variances of two populations
are equal or significantly different. As mentioned in Section 2.2.2, one common scale testing
method is the Ansari-Bradley test. Similar to the Wilcoxon-Mann-Whitney test as considered
in Chapter 3 for the location test, the Ansari-Bradley test is also based on rank, and is a non-
parametric test such that the distribution of the test statistic under the null hypothesis does not
depend on the distribution of the data.

Section 4.1 considers exact bounds of the Ansari-Bradley test statistic in the presence of missing
data. The proofs for these bounds appear to be more complicated than the proofs for the
bounds of the Wilcoxon-Mann-Whitney test statistic. Hence Section 4.1 only sketches the proofs,
and presents the main results for the bounds, while all the technical details can be found in
Appendix B. Section 4.2 then considers the conditions for rejecting the null hypothesis using
the bounds derived, and discusses the bounds of the p-values. Section 4.3 performs numerical
simulations for evaluating the Type I error, and power of the proposed method, and compares
them with common missing data methods as considered earlier in Section 3.5. We obtained
similar results to those in Section 3.5: the proposed methods have good power until more than
10-20% data are missing, while other methods fail to control the Type I error.

In Section 4.4, we introduce a new location-scale testing method for missing data by combining
the location test from Chapter 3 with the scale test developed in this chapter, using the Holm-
Bonferroni method. The method is further evaluated through numerical simulations in Section 4.5

and illustrated in Section 4.6 using a hepatitis C virus dataset with missing values.
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4.1. Bounds of the Ansari-Bradley test statistic

This section considers the tight bounds of the Ansari-Bradley test statistic in the presence of
missing data. We provide intuition for the main results and the sketch for proofs, while all

technical details are provided in Appendix B.

4.1.1. Intuition for the bounds and main results

Before formally state the main results for the bounds, we provide an intuitive overview for the
main result as shown in Theorem 4.1.3. First, let us recall that the Ansari-Bradley statistic is
defined as follows in Definition 2.2.4:

n

T(X,Y)=)_

=1

R(z;, XUY) — (N +1)],

1
2

where N = n + m is the total sample size. Suppose both X and Y contain missing data. Then,
the minimum possible Ansari-Bradley test statistic, i.e. lower bound, will be taken when the
ranks of the missing data in X take values close to “center” (N + 1)/2, while the ranks of the
missing data in Y are as far as possible from this center.

To be more specific, we prove that the minimum possible Ansari-Bradley test statistic between
X and Y will be taken when the ranks of all the missing values in X take the consecutive
integers symmetrically around (N + 1)/2, while the ranks of all missing values in Y take either
the minimum, or the maximum integers in all possible ranks {1,..., N}. The maximum possible
Ansari-Bradley test statistic can then be derived from the lower bound directly, based on the fact
that the sum 7(X,Y) + T(Y, X) is a constant for a fixed sample size n, m.

While the intuition is straightforward, the formal proof involves several technical complications

and requires us to handle them carefully:

e We can not assign ranks to (N + 1)/2 when N is even. Therefore, the missing values of X
must be distributed symmetrically around the center using the closest available integers.

Definition 4.1.1 handles these parity cases.

e For the missing values of Y, we must decide how many go to the “left” extreme, i.e. smallest
ranks, versus the “right” extreme, i.e. largest ranks. Definition 4.1.2 introduces a function
f(k) to evaluate the cost of placing k values at the maximum rank, allowing us to minimize

over all valid splits.

The main result Theorem 4.1.3, formalizes the intuition and incorporates the technical compli-
cations discussed above. The theorem treats the four cases in Definition 4.1.1 separately and

explicitly evaluates f(k) for all valid values of k.

4.1.2. Definitions and notation

As we discussed above, to formally state the main results for the bounds, we first make the
following two definitions. Let the sample sizes of X and Y be n and m, respectively. Let n’
and m’/ denote the number of observed values in X and Y. The total sample size of X and Y

is N = n + m, and the number of missing values in X is n — n/. Our first definition classifies
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all possible configurations of the total sample size and the number of missing values into four

distinct cases, based on the parity of N and n —n/.

Definition 4.1.1. Let N > n > n/ be positive integers. We define the following four cases
C(1),C(2),C(3) and C(4) according to the parity of N and n —n':

C(1): N is odd but n —n' is even,
C(2): N is odd and n —n' is odd,

C(3): N is even but n —n' is odd,
C(4): N is even and n — n' is even.

Let Y’ denote the set of all observed values in Y. Our second definition introduces a function

that is important for formulating the final results for the bounds.

Definition 4.1.2. Suppose X = {x1,...,2,} and Y’ = {y1, ...,y } are samples of distinct real
values, and m € N is a positive integer such that m > m/. Denote Z' = XUY’, N = (n+m’+1)/2,
and M’ = (m —m/)/2. For any given k € {0,...,m — m'}, denote ¢ = min{0,k — M'},
b = max {0,k — M'}. Further, for any i € {1,...,n}, let 4, = I(R(z;,Z") < N'+a),B; =
I(N'+a<R(z;,Z'") < N'+b), and C; = I(R(x;,Z") > N'+b). Then, for given X,Y’ m,
fx,y'm(k) is defined as a function of k € {0,...,m —m/'} such that

Fxyrm(k) = (k= M) (A = Ci) +sgn(k — M) > " B; (2N' +k — M’ — 2R(;, Z")),
i=1 1=1
where sgn(z) =1 if z > 0, otherwise sgn(z) = —1.

4.1.3. Main results and sketch of the proof

Using Definition 4.1.1 and 4.1.2, we state our main results for the bounds of the Ansari-Bradley

test statistic in the presence of missing data as follows.

Theorem 4.1.3. Suppose X = {z1,...,z,} and Y = {y1,...,yn} are samples of distinct real
values. Let X' C X and Y’ C Y be observed subsets with sizes |X'| = n/, and |Y'| = m/,
respectively. Define a = max {(m —n’ —2m/ +1)/2,0}, b = min{(m +n' +1)/2,m —m'}, ¢ =
max {(m —n’ —2m')/2,0} and d = min{(m +n’)/2,m —m'}. Then, the minimum possible

Ansari-Bradley test statistic over all possible missing values is:

ke?alin ) fxryrm(k) + (n? —n')/4 if C(1),
min _ fx vy m(k) + (n? —n2 —1)/4 if C(2),
min T(X,Y) = T(X,, Y/) + ke{c,....,d} , ,
X\X’GRn_n/, ke?’un b} fX’,Y’,m(k) —I— (’I’L n + 1)/4 lf C(g),
Y\Y’'eRm—m' yeess
i fyen()+ (2 = n®)/4 0 iEC()
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and the maximum possible Ansari-Bradley test statistic is:

) N?/4 N is even,
max T(X,Y)=—- min T(Y,X)+ ) ] (4.1)
)(\)(/E]Rnf'n/7 ){\){/e]Rnfnl7 (N - 1)/4 N 1S Odd
Y\y/GRannL/ Y\y/ER'mfnL/

Sketch of proof. We only provide a sketch of the proof here, while all the technical details
can be found in Appendix B. This theorem proves the tight upper and lower bounds of the
Ansari-Bradley test statistic in the presence of missing data. First, note that the sum of the
Ansari-Bradley test statistics in both directions T'(X,Y) + T(Y, X) is a constant that depends
only on the sample sizes n and m. Therefore, it is sufficient to work on the minimum possible
Ansari-Bradley test statistic, and the upper bound can be found according to Equation (4.1).

To derive the lower bound, we start by considering the case where only values in X can be
missing, while all values in Y are observed. We first demonstrate that, for the case when one
single value in X is missing, the Ansari-Bradley test statistic takes the minimum value when
the rank of the missing value takes (1 + N)/2, when N is odd, or N/2, when N is even. We
then extend this result to the case where multiple values in X are missing: we prove that the
Ansari-Bradley test statistic takes the minimum possible value when the values of the missing
data take the consecutive ranks centred around (1 + N)/2.

To further generalise our results to the case when values in Y can be missing, we again start by
considering the cases where only values in Y can be missing, while all values in X are observed.
When one single value in Y is missing, we prove that the Ansari-Bradley test statistic takes the
minimum value when the rank of the missing value in Y takes either the smallest or the largest
possible rank, i.e. 1 or N. This result is subsequently generalised to the case where multiple
values in Y can be missing. The Ansari-Bradley test statistic is shown to take the minimum value
when all missing values in Y take the ranks at both extremes of {1,..., N}. In other words, the

ranks of the missing values of Y must be
{1,....m' =k} U{N —k+1,...,N},

where k € {0,...,m —m’} is unknown.
For deciding the optimal k to minimise the Ansari-Bradley test statistic, we propose to evaluate
all k € {0,...,m —m'}. For a given k, the value of the Ansari-Bradley statistic is shown to be

equal to
T(X,Y) =T(X,Y')+ fxy'm(k) + constant, (4.2)

where Y’ denotes the observed values in Y, the constant term depends only on the sample sizes
n and n’, and the function fx y’ (k) is defined in Definition 4.1.2. Then, computing fx y’ m (k)
for all k € {0,...,m'} allows us to identify the minimum possible Ansari-Bradley test statistic.

Finally, for the general case where values in both X and Y may be missing, we show that the
minimum possible value of the Ansari-Bradley statistic is achieved when the missing values in X
take consecutive ranks centred around (1+/N)/2, and the missing values in Y take both extremes
of {1,..., N}. This completes the sketch of the proof.
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Remark 4.1.4. The computational complexity of applying Theorem 4.1.3 for the lower and upper
bounds of the Ansari-Bradley test statistic is analysed as follows. To compute the lower bound of
the Ansari-Bradley test statistic, T(X’,Y”) can be computed in linear time once the combined set
of observed values X’ UY” has been ranked, which requires O((n' +m') log(n’ +m’)) time. Given
the ranked values, the computation of fxsy.,(k) for a fixed k requires a cost of time O(n').
Since b—a,d —c < m—m/, evaluating the minimum of fxy (k) over the ranges k € {a,...,b}
or k € {c,...,d} yields a worst-case cost of O{(m — m/)n’}. Therefore, Theorem 4.1.3 enables

the computation of the lower bound of T'(X,Y’) with a total computational complexity
O{(n' +m')log(n' +m') + (m —m')n'} = O(N?).

The upper bound of T'(X,Y') requires the same computational complexity.

4.2. Ansari-Bradley test with missing data

This section develops a two-sample scale testing method in the presence of missing data by
applying the bounds of the Ansari-Bradley test statistic derived in Theorem 4.1.3. The core idea
parallels that of the location test with missing data in Section 3.2: the proposed scale test rejects
the null hypothesis only when all possible Ansari-Bradley statistics are significant.

As discussed in Section 3.2, this approach relies on rejection conditions to determine whether
all test statistics are significant. Equivalently, one can use the exact bounds of the p-values of
the test statistic to decide the significance of the result. This section presents the results directly,
since the technical details of the proofs are the same as those in Section 3.2.

To start, let © and o denote the mean and variance of the Ansari-Bradley test statistic under
the null hypothesis, as defined in Equations (2.7) and (2.8), respectively. Let Tiin(X,Y) and
Timax(X,Y) denote the minimum and maximum possible Ansari-Bradley statistics, which can
be computed using Theorem 4.1.3. The null hypothesis is then rejected if one of the following

conditions holds:

Condition 4.2.1.

Tnin(X,Y) — > P! (1 _ g) 7
o 2

where y1 and o are defined in Equation (2.7) and (2.8), respectively.

Condition 4.2.2.

Tmax(X(;Y) —H g (g) 7

where p and o are defined in Equation (2.7) and (2.8), respectively.

The proposed method, which rejects the null hypothesis when either Condition 4.2.1 or Con-
dition 4.2.2 holds, always control the Type I error regardless of the values of missing data. More

formally, we state the result as follows.
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Theorem 4.2.3. The proposed method, which rejects the null hypothesis whenever Condi-
tion 4.2.1 or Condition 4.2.2 holds, has Type I error no larger than the Ansari-Bradley test when

all data are observed.

The bounds of the p-value of the Ansari-Bradley test in the presence of missing data are similar

to the bounds of the p-value of the Wilcoxon-Mann-Whitney test in Proposition 3.2.4.

Proposition 4.2.4. Suppose that X = {z1,---,2,} and Y = {y1, -+ ,ym} are samples of
distinct, real-valued observations. Suppose that X’ C X is a subset of n/ values in X, and
Y’ C Y is a subset of m’ values in Y. Define Z = X UY, Z/ = X’ UY’ and suppose only Z’ is
known. Then the p-value of the Ansari-Bradley test p(T'(X,Y)) is bounded such that

p(T(X, Y)) > pmin(Xv Y) = min{p(Tmin(Xv Y))ap(Trnax(Xa Y))}>

17 if (Tmin(X7Y) - M)(TmaX(Xa Y) - ,U) S 07

p(T(X,Y)) < pmax(X,Y) = { max{p(Tmin(X,Y)), p(Tmax(X,Y))}, otherwise,

where p-value of T(X,Y) is defined as

p(T(X,Y)) = 2min{® <T(XY)“> 11— (T(XY)“> } .

g g

Finally, we can show that rejecting the null hypothesis using the rejection conditions Condi-

tion 4.2.1 and 4.2.2 is equivalent to rejecting using the maximum possible p-values.

Proposition 4.2.5. Suppose that X = {z1, -+ ,z,} and Y = {y1,- - , ym } are partially observed

samples of distinct, real-valued observations. Then for any given significance level o < 1,
Condition 4.2.1 or 4.2.2 hold <= ppax(X,Y) < «,

where ppax(X,Y) is defined in Proposition 4.2.4. Hence, the p-value of the proposed scale testing

method is the maximum possible p-values ppax(X,Y).

4.3. Simulations for the scale test

This section presents numerical simulations to evaluate the Type I error and statistical power of
the proposed scale testing method in the presence of missing data. We compare its performance
with that of the Ansari-Bradley test applied after mean imputation, hot deck imputation, or case

deletion.

4.3.1. As the proportion of missing data varies

We first consider experiments comparing the performance of the proposed method and other
methods with varying proportion of missing data s, while sample sizes, missingness mechanisms,

and the distributions of the data, are fixed for each experiment.

58



Q] Q —— et e —e—e —— —
- Complete data -
--- Case deletion
[ee] . .
p R Mean imputation 2 4
---=  Hot deck imputation
S «© | — Proposed method ©
5 S | — Siglevel: 0.05 5 S|
- 2
8 < | T < |
= o
N N
o o
o | o | N—
°© T T T T T T T ° T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Proportion of data missing Proportion of data missing

Figure 4.1.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing completely
at random (MCAR). (Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0, 1)
vs N(0, 02), with the scale parameter o = 3. For both figures, a significance threshold
of & = 0.05 has been used and the total sample sizes are n = 100, m = 100, and 1000
trials were used.

Missing completely at random (MCAR)

The first experiment considers the case where data are missing completely at random (MCAR).
The data are generated following the same approach used for generating Figure 3.1, except that
the observations in Y are sampled independently from N(0,0?) with ¢ = 3 for evaluating the
statistical power.

Figure 4.1 shows that when data are MCAR, the Type I error is controlled by the proposed
method, the mean imputation and the case deletion method when the missing data are ignored.
However, hot deck imputation method fails to control the Type I error. On the other hand, all
methods have good statistical power, except that the power for the proposed method decreases

significantly when more than 10% of the data is missing.

Missing not at random (MNAR)

The second experiment is similar to the first, except that here the data are missing not at
random (MNAR). The missingness mechanism is defined as follows. Let s denote the proportion

of observations to be missing. For any z; € {z1,...,2,}, the probability of x; being missing is

min(1, sn/ Z?le(|xj| < 1)), if |z;] < 1,

(4.3)
max(0,sn/ 37 T(|z;| <1) = 1), otherwise,

Pr (z; is missing) =

where I(A) denotes the indicator function of event A. In other words, if the number of val-
ues in X with absolute value smaller than one exceeds the number of missing values (i.e.,
sn/ 3 7 1 1(Jzj| <1) < 1), then only those values with [z;| < 1 may be missing. Otherwise,
all such values will be missing, and additional missingness will occur randomly among the values
with |z;| > 1.
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Figure 4.2.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing not at ran-
dom (MNAR), according to the mechanism in Equation (4.3), and (4.4). (Left) Type
I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(0,0), with scale parameter
o = 3. For both figures, a significance threshold of @ = 0.05 has been used and the
total sample sizes are n = 100, m = 100, and 1000 trials were used.

For y; € {y1,...,Ym}, @ symmetric missingness mechanism is used:

min(1, sm/ 3550 T(ly;| > 1), if Jyi > 1,

(4.4)
max(0,sm/ > I(ly;| > 1) — 1), otherwise,

Pr (y; is missing) =

so that missingness depends on whether values in Y exceed one in absolute value. To be
specific, if the number of values with |y;| > 1 exceeds the number of missing values (i.e.,
sm/ > 5 I(ly;| > 1) < 1), then only those values with |y;| > 1 may be missing. Otherwise,
all such values will be missing, and additional missingness will occur randomly among the values
with |y;| < 1.

These mechanisms, given in Equations (4.3) and (4.4), are chosen to induce different missing-
ness patterns for X and Y.

Figure 4.2 shows that when both samples are MNAR and follow the missingness mechanisms
described above, the Type I error is not controlled by either the imputation methods or the case
deletion method. This simple example highlights the risks of not taking missing data into account
properly. In contrast, the proposed method successfully controls the Type I error rate in this
setting. The statistical power of all methods is comparable to that in the missing completely at
random (MCAR) case shown in Figure 4.1: they all achieve good power, although the power of

the proposed method declines once the proportion of missing data exceeds 10%.

4.3.2. As the sample size varies

This section again considers data that are either MCAR or MNAR, following the mechanisms in
Equations (4.3) and (4.4), but now examines the case where the sample sizes n and m increase

while the proportion of missing data is fixed at s = 0.1.
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Figure 4.3.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the sample sizes increase. The data is missing completely at random
(MCAR). (Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(0, 0?),
with the scale parameter o = 3. For both figures, a significance threshold of o = 0.05
has been used and the proportion of missing data for both samples is s = 0.1, and
1000 trials were used.

Missing completely at random (MCAR)

The first experiment considers the data to be MCAR. As before, X = {z1,...,2,} are sampled
independently from a N(0,1) distribution, and observations in Y = {yi,...,ymn} are sampled
independently from a N(0,1) distribution to evaluate the Type I error, and from a N(0,c?)
with 0 = 3 to evaluate the statistical power. The sample sizes n € {50,100, 200,...,1000}
are considered, with m = n. Then s = 0.1 of the observations X = {z1,...,x,} are selected
completely at random to be marked as missing, and the same proportion s of Y = {y1,...,ym}
are selected completely at random to be marked as missing.

Figure 4.3 shows that mean imputation and hot deck imputation fail to control the Type I
error for the sample sizes considered, whereas case deletion and the proposed method control the
Type I error. All methods achieve good power, with the power of the proposed method increasing

as the sample size grows. At a sample size of 200, its power is nearly 1.

Missing not at random (MNAR)

This experiment considers a similar case to Figure 3.3, but the data in this experiment are MNAR,
following the mechanism in given by Equation (4.3), and Equation (4.4).

Figure 4.4 further highlights the potential peril of not taking the missing data into account:
the Type I error of case deletion, mean imputation, and hot deck imputation methods appears to
converge asymptotically to 1 as the sample size increases under a fixed proportion of missing data.
In contrast, the proposed method controls the Type I error across all sample sizes considered.
The power of all methods in this experiment is similar to that observed in Figure 4.3 for the
MCAR case.
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Figure 4.4.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the sample sizes increase. The data is missing not at random (MNAR),
according to the mechanism in Equation (4.3), and (4.4) (Left) Type I error: N(0, 1)
vs N(0,1); (Right) Power: N(0,1) vs N(0,02) with the scale parameter o = 3. For
both figures, a significance threshold of & = 0.05 has been used and the proportion
of missing data for both samples is s = 0.1, and 1000 trials were used.

4.3.3. As the scale value varies

Finally, this section considers two experiments to evaluate the power of the proposed method
under varying scale parameters ¢ of the distribution generating sample Y. The sample sizes and

the proportion of missing data in both X and Y are kept fixed.

Missing completely at random (MCAR)

The first experiment assumes the data are MCAR. Observations in sample X are drawn inde-
pendently from a N(0, 1) distribution, while those in sample Y are drawn independently from a
N(0,0?) with o € 1.0,1.1,...,4.0. The sample sizes are fixed at n = m = 100, with a missing
data proportion of s = 0.1.

Figure 4.5 shows that the proposed method begins to gain power once the scale parameter o
exceeds 1.7. At o = 3, its power is nearly 1. The power of the other methods also increases with

o and approaches 1 when o =~ 1.7.

Missing not at random (MNAR)

We next consider an experiment similar to that in Figure 4.5, but with the data being MNAR
according to the mechanisms in Equations (4.3) and (4.4).

The results, shown in Figure 4.6, are similar to those in Figure 4.5, although in this case all
methods require a larger scale parameter o to achieve power close to 1. The proposed method
reaches power near 1 at ¢ = 3.5, while the other methods achieve similar power at o = 2.

Overall, this section evaluates the Type I error and statistical power of the proposed scale
testing method in the presence of missing data. This method is compared with the Ansari-
Bradley test when the missing data have been imputed using mean or hot deck imputation, or

when the data are ignored, or when the data are known, i.e. without missing data.
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increase. The data is missing completely at random (MCAR). Data in samples X
and Y are generated from N(0,1), and N(0,0?), respectively, with o denoting the
scale value. A significance threshold of o = 0.05 has been used, the total sample
sizes are n = m = 100, the proportion of missing data for both samples is s = 0.1,
and 1000 trials were used.

1.0

0.8
|

Complete data
- Case deletion
-+ Mean imputation
-=-=  Hot deck imputation
—— Proposed method
— Sig level: 0.05

0.6
|

0.2

0.0

T
1.5 2.0 25 3.0 35 4.0
Scale value

Statistical power of the proposed method and the standard Ansari-Bradley test after
the missing data is either known or has been imputed or ignored as the sample sizes
increase. The data is missing not at random (MNAR), according to the mechanism
in equation (4.3), and (4.4). Data in samples X and Y are generated from N(0, 1),
and N(0, 02), respectively, with o denoting the scale value. A significance threshold
of @ = 0.05 has been used, the total sample sizes are n = m = 100, the proportion
of missing data for both samples is s = 0.1, and 1000 trials were used.
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The simulation results in this section are similar to that obtained in Section 3.5: the proposed
method controls the Type I error, while imputation methods and case deletion fail to do so,
especially when the data are missing not at random (MNAR). The problem of the imputation
and case deletion methods appear to be more severe as the sample size increases. For example,
Figure 4.4 shows that the Type I error of these methods asymptotically converge to 1 with
increasing sample size.

The power of the proposed method drops when more than 10% of data are missing, as shown
in Figure 4.1 and 4.2. This is because our method rejects the null hypothesis only when all
possible test statistics are significant across all possible values of imputations. When more data
are missing, there are more possible different combinations of imputations. Hence the upper and
lower bounds of the Ansari-Bradley test statistics increases, and drops, respectively. As a result,
the corresponding p-value of the proposed method increases, reducing its power.

The power of the proposed method also depends on sample size and the scale parameter o.
Greater power is achieved with larger sample sizes or larger scale parameters o of the distribution
generating Y, as demonstrated in Sections 4.3.2 and 4.3.3.

Additional experiments are provided in the appendices. Appendix E.2.3 considers non-normal
data, where both X and Y are Gamma-distributed. Appendix E.2.4 examines an alternative
MNAR mechanism, different from those specified in Equations (4.3) and (4.4).

4.4. Extension to location-scale test with missing data

In this section, we develop a new location-scale testing method that accounts for all possible
missing values by combining the scale testing method proposed in this chapter with the location
testing method from Chapter 3, using the Holm-Bonferroni correction.

We begin by reviewing the Holm-Bonferroni method, a widely used procedure for controlling
the Type I error in multiple hypothesis testing. Specifically, suppose we are testing k& hypotheses
with p-values pi, ..., pg. For a chosen significance level a € (0, 1), the Holm-Bonferroni procedure

proceeds as follows:
e Sort the p-values in ascending order:
Py <t S D)
Let H(y,..., H() be the corresponding null hypotheses.

e For each i € {1,...,k}, compare p(;y with the threshold:

< o
PO =% 51
e Find the smallest index ¢ such that
S o
POy v

e Reject all null hypotheses Hyy, ..., H;_1) and do not reject Hy, ..., H.
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Then, the probability of rejecting at least one true null hypothesis among H(y), ..., Hy), i-e.,
making at least one Type I error, is at most the significance level a.
Applying the Holm-Bonferroni method, a location-scale testing procedure based on the Wilcoxon-

Mann-Whitney test and the Ansari-Bradley test can be constructed as follows:

e Compute the p-values of the Wilcoxon-Mann-Whitney test and the Ansari-Bradley test.

e Sort the p-values in ascending order:
Py < D2)-

e Compare p() with the thresholds a/2. If the inequality p(;) < /2 holds, we reject the null

hypothesis, otherwise we do not reject the null hypothesis.

As the goal for the location-scale testing problem is to determine if there is location or scale
difference, we reject the null hypothesis so long as the null hypothesis for one of the location
test or the scale test is rejected. Thus, it suffices to check whether p(;) < a/2 using the Holm-
Bonferroni method: if p;) < « /2, then at least one hypothesis is rejected, regardless of the value
of p(9); conversely, if p(1) > /2, then both hypotheses are not rejected.

Further, since the null hypothesis is rejected when p(;) < « /2, we can define the p-value of this
location-scale testing method as ppolm = min{1, 2p(;) }, where p(;) is the minimum of the p-values

for the Wilcoxon-Mann-Whitney test and the Ansari-Bradley test. More formally, we define

Definition 4.4.1. Let X and Y be samples of distinct real values. Denote the p-values of the
Wilcoxon-Mann-Whitney test and the Ansari-Bradley test on X and Y as pwvmw and papr,
respectively. The combined p-value for location-scale testing using the Holm-Bonferroni method

is defined as

PHolm = min{1,2p(y)}, where py = min{pwmw, papT}-

Following Definition 4.4.1, the null hypothesis of the location-scale test based on the Holm-
Bonferroni method is rejected whenever the combined p-value pyoim is smaller than the signifi-
cance level a.

To construct a valid location-scale testing method in the presence of missing data, we propose
bounding the combined p-value ppom, using the bounds of the Ansari-Bradley p-value established
in Proposition 3.2.4, and the bounds of the Wilcoxon-Mann-Whitney p-value from Chapter 3.

Specifically, we obtain the following result:

Proposition 4.4.2. Let X and Y be samples of distinct real values, with only subsets of their
observations available. Denote pABT min and PABT max as the minimum and maximum possible
p-values of the Ansari-Bradley test, and pwyw min a0d pwMwW max as the minimum and maximum
possible p-values of the Wilcoxon-Mann-Whitney test. Then the p-value of the combined location-

scale test, constructed by the Holm-Bonferroni procedure, is bounded as follows:

min{1, 2 min{pABT min, PWMW,min } } < PHolm < min{l, 2 min{paABT max, PWMW max } }-
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Proof. To start, recall that the p-value of the combined location-scale test base on the Wilcoxon-
Mann-Whitney test and the Ansari-Bradley test is defined in Definition 4.4.1 as

PHolm = min{1,2p()}, where p(1) = min{pwmw, PABT}-
Since
PWMW,min < PWMW, and pABT min < PABT,

we have

2Min{pABT min, PWMW,min} < 2min{pwmw, PABT} = 2p(1),

= min{1, 2min{PABT min, PWMW min } } < PHolm-

Similarly, since

PWMW < PWMW,max; and PABT < PABT,max;

we have
2pa)y = 2min{pwmw, PABT} < 2 Min{PABT max; PWMW,max }
— PHolm < min{l, 2 min{pABT,maxa pWMW,max}}-
This completes the proof. O

Following Proposition 4.4.2, the proposed location-scale testing method based on the Holm-

Bonferroni method rejects the null hypothesis when

min{1, 2 min{pABT,max, PWMW,max } } < .

Then, since the p-value pgoim controls the Type I error, the proposed method also controls the
type I error, without assuming missingness mechanisms.

Furthermore, since our location-scale testing method is based on the Holm-Bonferroni method,
we can distinguish whether the significant result is driven by a location difference, a scale differ-

ence, or both. The specific rejection criteria are defined as follows:

o if pWMW, max < @/2, but PABT max > @, then only the location test is significant.

o if PABT max < @/2, but pwMw max > ¢, then only the scale test is significant.

o if pWwMW max < /2, PABTmax < @, OF PABT,max < @/2, PWMW,max < « then both the
location and scale test are significant.

o if Min{PWMW max; PABT,max} > /2, then neither test is significant.

In addition to the Holm-Bonferroni method, one might consider alternative approaches for
combining different test results, such as Stouffer’s (Stouffer et al., 1949) or Fisher’s tests (Fisher,

1970). However, these methods assume that the p-value of the tests are independent. Hence they
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are not appropriate for our purpose of combing the Wilcoxon-Mann-Whitney and the Ansari-

Bradley test results.

4.4.1. Evaluation of the location-scale test without missing data

Section 4.4 proposed a location-scale testing with missing data method by combining the Wilcoxon

Mann-Whitney test and the Ansari-Bradley test using the Holm-Bonferroni method. However,
as we mentioned previously in Section 2.2.4, a more common method for the location-scale test-
ing problem is the Lepage test. The Lepage test statistic is defined as the sum of the squared
Wilcoxon-Mann-Whitney test statistic and the Ansari-Bradley test statistic after scaling:

W(X,Y) —uw>2+ (T(X,Y) —m>27

Ow Ot

L(X,Y) = (

where W (X,Y') denotes the Wilcoxon-Mann-Whitney test statistic, T'(X,Y") denotes the Ansari-
Bradley test statistic, and g, ¢ and 02,07 are the mean and variance of the Wilcoxon-Mann-
Whitney test statistic and the Ansari-Bradley test statistic under the null hypothesis.

An alternative approach for constructing the location-scale testing with missing data method
is to adapt the Lepage test following the same framework considered in Sections 3.2 and 4.2,
based on the tight bounds for the test statistics in the presence of missing data. However,
obtaining the bounds for the Lepage test statistic may be technically challenging. Moreover, it is
not immediately clear that the Lepage test constructed such would have greater power than the
proposed method based on the Holm-Bonferroni method.

We cannot directly compare the two approaches directly in the presence of missing data, as the
bounds of the Lepage test statistic in the presence of missing data are not available. Consequently,
we evaluate the two approaches empirically without the missing data.

We consider experiments where the sample X is drawn from a distribution F(z), while Y
is generated by first sampling Z ~ F(x) and then applying the transformation ¥ = Z/a + b.
We evaluate the proposed method against the Lepage test across various choices of a, b, and
distribution F(x).

Table 4.1 shows that both the Lepage test and the proposed method control the Type I error,
while have comparable power under various alternative hypotheses. When the data are normally
distributed, the Lepage test seems to be more powerful when a # 1 and b # 0. However, when
a=1,b#0,0r a#1,b=0, the proposed method appears to be slightly more powerful.

Apart from the standard normal distribution, we also consider the skewed normal distribution
(Azzalini, 1985) to incorporate the case when the skewness of the distribution is non-zero. The
skewed normal distribution is a family of distributions that extends the normal distribution by
incorporating an additional shape parameter A to regulate the skewness. Specifically, the density

function of a random variable Z following skewed normal distribution is defined as
d(z;A) =20(2)P(A\2), z€R (4.5)

where ¢ and ® are the standard normal density and distribution, respectively.
When the data follow a skewed normal distribution, the proposed method appears to have

similar or better performance than the Lepage test when a # 1 and b # 0. Otherwise the
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Table 4.1.: Estimated Type I error and power of the Lepage test (Lep) and the proposed method
(PM) based on Holm-Bonferroni method without missing data. The sample X is
drawn from distribution F'(z), while Y is generated by first sampling Z ~ F(z) and
then applying the transformation Z/a + b. The sample sizes for X and Y are n and

= 1 and b = 0, the table reports the estimated Type 1

m, respectively. When a

error; otherwise, it reports the estimated power. A significance level of a = 0.05 is
used. Each entry corresponds to the proportion of null hypothesis rejections over 1000
Monte Carlo replications.

F(z) Parameters n=m=50 n=m=75 n=m=100 n=m=125
a b Lep PM Lep PM Lep PM Lep PM

Normal 1 0 0.039 0.040 0.049 0.050 0.055 0.0563 0.039 0.035
1 025 0.167 0.168 0.228 0.241 0.311 0.306 0.390 0.398

1 05 0.556 0.568 0.753 0.755 0.873 0.879 0.931 0.941

1 075 0906 0.916 0979 0.980 0.999 0.999 1.000 1.000

1.25 0 0.173 0.169 0.218 0.221 0.326 0.331 0.389 0.403

1.5 0 0461 0.466 0.671 0.676 0.821 0.811 0.903 0.901

1.75 0 0.750 0.771 0.917 0.920 0.972 0.979 0.992 0.995

1.25 025 0.334 0.293 0.494 0.428 0.626 0.554 0.730 0.669

1.5 0.5 0.887 0.835 0.984 0.961 0.996 0.991 1.000 0.999

1.75 0.75 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

Skewed 1 0 0.041 0.037 0.045 0.046 0.052 0.046 0.052 0.048
1 025 0492 0466 0.663 0.651 0.798 0.777 0.901 0.892

1 05 0974 0.972 0999 0.997 1.000 1.000 1.000 1.000

1 075 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.25 0 0.227 0.216 0.301 0.270 0.414 0.380 0.488 0.440

1.5 0 0.584 0.526 0.793 0.740 0.917 0.877 0.955 0.923

1.75 0 0.867 0.822 0.979 0.947 0.997 0.991 1.000 0.998

1.25 025 0.853 0.876 0.965 0.971 0.998 0.998 0.998 0.998

1.5 0.5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.75 0.75 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Student’s ¢ 1 0 0.042 0.041 0.052 0.052 0.053 0.041 0.053 0.053
1 025 0.132 0.138 0.173 0.178 0.218 0.212 0.252 0.260

1 05 038 039 0.572 0591 0.710 0.727 0.797 0.823

1 075 0.736 0.742 0.902 0.913 0.972 0974 0.991 0.991

1.25 0 0.143 0.144 0.198 0.192 0.241 0.241 0.315 0.299

1.5 0 0356 0.366 0.521 0.510 0.620 0.627 0.745 0.763

1.75 0 0.631 0.635 0.806 0.817 0.925 0.928 0.963 0.971

1.25 0.25 0.237 0.214 0.361 0.327 0471 0.408 0.539 0.465

1.5 0.5 0.762 0.686 0.927 0.882 0.978 0.947 0.993 0.986

175 0.75 0.983 0971 0.998 0.996 1.000 1.000 1.000 1.000

Lep, Lepage test. PM, Proposed method

distribution with degrees of freedom v = 3.

. Normal, standard normal distribution; Skewed Normal, skewed
normal distribution with shape parameter A\ = 4, as illustrated in Equation (4.5); Student’s ¢, Student’s ¢
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proposed method seems to have slightly less power.

We also consider the cases when the data following student’s ¢t-distributions to incorporate the
case when the distributions have heavy tails, The conclusion for this case is similar to that when
the data are normally distributed.

The experimental results in Table 4.1 show that, when the data are fully observed, the Lepage
test and the proposed method perform similarly across a range of alternatives. These findings
might suggest that, in the presence of missing data, the proposed method could achieve power
comparable to that of an approach based on bounds of the Lepage test statistic, although such
an implication cannot be guaranteed.

In next section, we further evaluate the Type I error and statistical power of the proposed

location-scale testing method in the presence of missing data.

4.5. Simulations for the location-scale test

This section presents numerical simulations to evaluate the Type I error and statistical power of
the proposed location-scale testing method in the presence of missing data. We also compare its
performance with that of the combined Ansari-Bradley and Wilcoxon-Mann-Whitney tests using
the Holm-Bonferroni method, after dealing with the missing data by mean imputation, hot deck

imputation, or case deletion.

4.5.1. As the proportion of missing data varies

First, we evaluate the performance of the proposed method and other methods as the proportion
of missing data s increases, while keeping the sample sizes, missingness mechanisms, and data
distributions fixed.

Missing completely at random (MCAR)

The first experiment considers the case where data are missing completely at random (MCAR).
The data are generated using the same procedure as in Figure 3.1, except that the observations
in Y are drawn independently from N(u,o?) with g =1 and ¢ = 3 to evaluate statistical power.

Figure 4.7 shows that Type I error is not controlled when using hot deck or mean imputation.
In contrast, both the proposed method and the case deletion method, which ignores missing data,
successfully control the Type I error. However, the power of the proposed location-scale testing

method declines noticeably once the proportion of missing data exceeds 10%.

Missing not at random (MNAR)

The second experiment is similar to the first experiment, except that now the data are missing
not at random (MNAR) according to the missingness mechanisms specified in Equation (4.3) and
Equation (4.4).

Figure 4.8 shows that only the proposed method controls the Type I error when the data are
MNAR following the above missingness mechanism, while imputation methods and case deletion
method fail to control the Type I error. The power for all the methods are similar to that in
Figure 4.7.
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Figure 4.7.: The Type I error and statistical power of the proposed location-scale testing method,

and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing completely at random (MCAR). (Left) Type I error: N(0,1) vs N(0, 1);
(Right) Power: N(0,1) vs N(u,0?), with the location parameter 4 = 1, and the scale
parameter ¢ = 3. For both figures, a significance threshold of @ = 0.05 has been
used and the total sample sizes are n = 100, m = 100, and 1000 trials were used.
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Figure 4.8.: The Type I error and statistical power of the proposed location-scale testing method

and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing not at random (MNAR), according to the mechanism in Equation (4.3),
and (4.4). (Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(u,0),
with the location parameter p = 1 and the scale parameter ¢ = 3. For both figures,
a significance threshold of o« = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.
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Figure 4.9.: The Type I error and statistical power of the proposed location-scale testing method,
and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or has
been imputed or ignored as the sample size increases. The data is missing completely
at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1)
vs N(u,02), with the location parameter = 1 and the scale parameter o = 3. For
both figures, a significance threshold of a = 0.05 has been used and the proportion
of missing data for both samples is s = 0.1, and 1000 trials were used.

4.5.2. As the sample size varies

We now evaluate the performance of the proposed method when the sample sizes n, m increase,

with fixed proportion of missing data s = 0.1.

Missing completely at random (MICAR)

We again consider the case where the data are MCAR. The sample X = xz1,...,x, is drawn
independently from N(0,1), while Y = yi,..., ¥y, is sampled independently from N(0,1) for
evaluating Type I error, and from N(u,0) with 4 = 1 and ¢ = 3 for evaluating power. A
proportion s = 10% of observations in both X and Y are then randomly marked as missing.
Figure 4.9 shows that mean imputation and hot-deck imputation fail to control the Type I
error for the sample sizes considered, whereas the proposed method and the case deletion method
control the Type I error. The power of the proposed method increases with sample size, reaching

1 when the sample size is around 400.

Missing not at random (MNAR)

We now consider an experiment similar to that in Figure 4.9, but with data that are MNAR,
following the mechanisms specified in Equations (4.3) and (4.4).

Figure 4.10 shows that the Type I error of case deletion, mean imputation, and hot-deck
imputation methods asymptotically converges to 1 as the sample size increases with 10% missing
data. In contrast, the proposed method maintains control of the Type I error. The power of all

methods is similar to the results obtained in Figure 4.9.
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Figure 4.10.: The Type I error and statistical power of the proposed location-scale testing method,
and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the sample size increases. The data is missing
not at random (MNAR), according to the mechanism in Equation (4.3), and (4.4).
(Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(y,0?) with the
location parameter ;1 = 1 and scale parameter ¢ = 3. For both figures, a significance
threshold of @ = 0.05 has been used and the proportion of missing data for both
samples is s = 0.1, and 1000 trials were used.

4.5.3. As the location and scale values vary

This section considers two experiments for evaluating the power of the proposed method with
varying mean and scale values of the distribution generating the sample Y. The sample sizes are

fixed at n = m = 100, with a missing data proportion of s = 0.1 for both X and Y.

Missing completely at random (MCAR)

The first experiment again assumes that the data are MCAR. Observations in sample X are drawn
independently from a N(0, 1) distribution, while those in sample Y are drawn independently from
a N(v/2, (1 + v)?) distribution, with v € {0.1,0.2,...,6.0}.

Subsequently, a proportion s = 0.1 of the observations in X = {z1,...,z,} are selected
completely at random and marked as missing, and the same proportion s of observations in
Y ={yi1,...,ym} are similarly marked as missing.

Figure 4.11 shows that under the settings we considered in this experiment, the proposed
method begins to gain power when v = 0.8, and when v = 3, the power of the proposed method
is approaches 1. The power of all other methods increases as soon as v > 0, and are close to 1

and when v = 1.

Missing not at random (MNAR)

This experiment considers a similar case to Figure 4.5, but the data are MNAR according to the
missingness mechanism specified by Equation (4.3), and (4.4).
Figure 4.12 shows results similar to those in Figure 4.11, although all methods require a larger

~ to achieve power equal to 1. The power of the proposed method reaches approximately 1 when
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Figure 4.11.: The Type I error and statistical power of the proposed location-scale testing method
and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored, as the location and scale values increase. The data is
missing completely at random (MCAR). Data in samples X and Y are generated
from N(0, 1), and N(v/2, (1+)?), respectively, with v denoting the shift parameter
controlling the shift in both location and scale. A significance threshold of o = 0.05
has been used, the total sample sizes are n = m = 100, the proportion of missing
data for both samples is s = 0.1, and 1000 trials were used.

v =3.5.

This section performs numerical simulations to evaluate the Type I error and statistical power
of the proposed location-scale method in the presence of missing data. The proposed method
is compared with the combination of the Wilcoxon-Mann-Whitney test and the Ansari-Bradley
test using the Holm-Bonferroni procedure, after missing data are dealt with by mean imputation,
hot-deck imputation, or case deletion.

The simulation results show that the proposed method controls the Type I error, while impu-
tation methods and case deletion yield Type I errors above the significance level «, particularly
when the data are missing not at random (MNAR). For a fixed proportion of missing data, the
Type I error of imputation and case deletion methods appears to asymptotically converge to 1
as the sample size increases, at least under the experimental settings considered in Figure 4.10.

The proposed method also demonstrates good statistical power, provided moderate total sample
sizes m,m for X and Y, along with sufficient mean and scale differences in the distributions
generating X and Y, and a reasonable proportion of missing data. For example, when n = m =
100, X is sampled from N(0,1) and Y from N(p,0?) with 4 = 1 and ¢ = 3, and 10% of data in
both X and Y are missing, the proposed method achieves power close to 80% under MCAR and
50% under MNAR, as shown in Figures 4.7 and 4.8.

The power of the proposed method increases further with larger sample sizes n, m, or larger
mean differences in the distributions generating X and Y, as demonstrated in Section 4.5.2 and
Section 4.3.3.

Although the experiments in this section are restricted to normally distributed data, the pro-
posed method applies to data generated from any continuous distribution, as it only requires dis-
tinct observations. Additional experiments with non-normal data are included in Appendix E.1.3,
where both X and Y are sampled from gamma distributions instead of normal distributions. Ap-

pendix E.1.4 examines a different MNAR mechanism from that specified in Equations (4.3) and
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Figure 4.12.: The Type I error and statistical power of the proposed location-scale method and
the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney test
using the Holm-Bonferroni method after the missing data is either known or has been
imputed or ignored, as the location and scale values increase. The data is missing not
at random (MNAR), according to the mechanism in Equation (4.3), and (4.4). Data
in samples X and Y are generated from N(0, 1), and N(v/2, (1 +~)?), respectively,
with v denoting the shift parameter controlling the shift in both location and scale.
A significance threshold of @ = 0.05 has been used, the total sample sizes are
n = m = 100, the proportion of missing data for both samples is s = 0.1, and 1000
trials were used.

(4.4), and produces similar outcomes.

4.6. Application to hepatitis C virus data

To further illustrate our proposed location-scale testing method, we apply it to a hepatitis C
virus (HCV) dataset that contains missing values. HCV infection is one of the most important
causes of chronic liver disease worldwide (Yaganoglu, 2022). The infection is known to alter lipid
metabolism (Gyamfi et al., 2019), and patients often exhibit reduced serum cholesterol (CHOL)
levels compared to healthy controls, with levels declining further as liver injury progresses (Liou
et al., 2022).

To investigate this effect, we analyse the publicly available HCV dataset from the UCI Machine
Learning Repository (Lichtinghagen et al., 2020), which contains data from 615 individuals with
14 features. These features include demographic variables such as age and gender, as well as a
panel of laboratory measurements for blood donors (without HCV infection) and HCV patients
at different disease stages (hepatitis, fibrosis, and cirrhosis), including CHOL, and other liver
function biomarkers.

While most studies, such as Corey et al. (2009) and Sheridan et al. (2022), emphasise the
mean differences in CHOL levels across liver disease stages, our primary focus in this section is
to evaluate whether the levels of CHOL differ significantly in either location or scale among HCV
patients at three distinct disease stages: hepatitis, fibrosis, and cirrhosis. A difference in location
means that one group tends to have overall higher or lower CHOL levels than another group. A
difference in scale means that CHOL levels are more spread out in one group than another.

Briefly, hepatitis represents the early stage of liver injury characterised by inflammation, fibrosis

reflects the progressive stage marked by accumulation of scar tissue, and cirrhosis denotes the
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late stage with advanced, irreversible scarring and significant loss of liver function (Khullar and
Firpi, 2015).

The data for the three groups are shown in Table 4.2. Note that the original data set retains
only two decimal place, resulting in several tied observations. For the purpose of this example,
we do not adjust for ties; instead, we add small random perturbations at the third decimal place
to break them.

Table 4.2.: Cholesterol (CHOL) levels of patients at different stages of HCV infection: hepatitis,
fibrosis and cirrhosis. Hepatitis represents the early stage of liver injury characterised
by inflammation, fibrosis reflects the progressive stage marked by accumulation of
scar tissue, and cirrhosis denotes the late stage with advanced, irreversible scarring
and significant loss of liver function (Khullar and Firpi, 2015). Missing values are
indicated by an asterisk *.

Hepatitis 6.008 3.903 3.206 4.280 3.201 3.606 6.110 6.281 5.490 5.372 4.140 5.734 4.894

(early) 9.679 4.075 4.659 7.046 5.238 3.094 6.154 5.728 5.308 4.674 4.624

Fibrosis  5.421 4.209 4.018 4.220 3.503 5.202 4.705 4.009 5.859 4.645 4.453 4.523 4.709
(progress) 4.818 4.316 6.195 4.898 3.107 4.208 5.006  *

Cirrhosis  3.205 4.829 5.346 3.932 3.719 * 4.107 5.501 3.601 4.085 3.545 2.400 1.432
(late) 3.922 3.687 3.615 3.516 4.885 * 3.296 5.170 3.820 3.783 3.987 4.518 6.308
3.026 3.633 4.206 5.305

Notice that one value is missing in the fibrosis group and two values are missing in the cir-
rhosis group. Since these groups contain 21 and 30 observations, respectively, the corresponding
proportions of missing data for the two groups are approximately 5% and 7%. The reason that

the values are missing is not explained by its source (Lichtinghagen et al., 2020).

Table 4.3.: p-values of the proposed location-scale testing method, and the combined Ansari-
Bradley test and Wilcoxon-Mann-Whitney test using the Holm-Bonferroni method
after mean imputation, hot deck imputation, or ignoring missing data.

Methods Hep. vs Fib. Hep. vs Cir. Fib. vs Cir.
Case Deletion 0.0991 0.0070 0.0277
Mean Imputation 0.0832 0.0060 0.0161
Hot Deck Imputation 0.0803 0.0045 0.0135
Prop. (min) 0.0573 0.0026 0.0063
Prop. (max) 0.2203 0.0404 0.2389

Hep.: Hepatitis. Fib.: Fibrosis. Cir.: Cirrhosis. Prop.: proposed method. Proposed method
provides both the minimum and maximum possible p-values according to Proposition 4.4.2.

To examine whether the CHOL levels differs either in location or scale across the three groups of
HCYV patients, we apply the combined Ansari-Bradley test and Wilcoxon-Mann-Whitney test with
the Holm-Bonferroni method following mean imputation, hot deck imputation, or case deletion
for missing data. The p-values of these methods are computed according to Definition 4.4.1. The
proposed method provides both the minimum and maximum possible p-values in the presence of
missing data, according to Proposition 4.4.2. The results are summarised in Table 4.3.

Using the proposed method, we find that CHOL levels in the hepatitis and fibrosis groups

are not significantly different at the o = 0.05 significance level, regardless of the missing value
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present in the fibrosis group. In contrast, CHOL levels for the hepatitis and cirrhosis groups are
significantly different in either location or scale, and this conclusion is unaffected by the missing
data. Finally, for the fibrosis versus cirrhosis comparison our method does not yield significant
result, since the testing result depends on the values of missing data. By contrast, all other
missing data methods yield significant results for this comparison.

In summary, our method identifies a significant difference only between the hepatitis and
cirrhosis groups, corresponding to a comparison of patients with early-stage versus late-stage
liver disease. Notably, this conclusion is robust to any possible values of the missing data.
We emphasise that the purpose of this section is to illustrate the impact of missing data and to

demonstrate the utility of the proposed method, rather than to provide clinical recommendations.

4.7. Conclusion

This chapter introduces novel methods for scale testing and location-scale testing in the presence
of missing data. We first derive the exact bounds of the Ansari-Bradley test statistic under
missing data, assuming only that the data are distinct. Based on these bounds, we propose to
reject the null hypothesis only when all possible test statistics are significant. The proposed scale
testing method is then combined with the location testing method from Chapter 3 using the
Holm-Bonferroni procedure to address the location-scale testing problem with missing data.
Numerical simulations in this chapter yield results similar to those in Section 3.5. When the
data are missing not at random (MNAR), common approaches such as case deletion, mean impu-
tation, and hot-deck imputation fail to control the Type I error, whereas our method successfully
controls the Type I error. Furthermore, the proposed methods exhibit good statistical power
when approximately 10% of the data are missing. Finally, for illustrating the practical utility of
our methods, we apply the proposed location-scale testing method to a hepatitis C virus dataset

with missing values.
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5. Independence test with arbitrarily

missing data

This chapter describes the work in (Zeng et al., 2025b). We consider the independence testing
problem in the presence of missing data when the data are assumed to be distinct. As discussed

in Section 2.1.2, this problem considers a single sample of paired observations

(xlu yl); ey (xﬂnyn

and the goal is to decide whether the distributions generating X = {z1,...,2,} and YV =
{y1,...,yn} are statistically independent.

Common rank-based statistical association measures applied for independence testing include
Spearman’s rank correlation and Kendall’s 7, as discussed in Section 2.2.4. A closely related, but
less widely known measure is Spearman’s footrule, which has seen a resurgence of interest since
Diaconis and Graham (1977) established its asymptotic normality under the null hypothesis (see
Section 2.2.3). Spearman’s footrule is a natural choice for testing independence (Chen et al.,
2023; Genest et al., 2010; Luigi and Nikitin, 1999), and has been shown to have greater statistical
power than Spearman’s rank correlation and Kendall’s 7 under certain alternatives (Chen et al.,
2023; Genest et al., 2010; Luigi and Nikitin, 1999).

This chapter focuses on Spearman’s footrule for independence testing in the presence of missing
data, without making any assumptions of the missingness mechanisms or missingness patterns.
The key idea for the independence testing method in this chapter is the same as those in Chapter 3
and 4: we first derive the tight bounds for the test statistic in the presence of missing data across
all possible imputations, and then propose to reject the null hypothesis only when all possible
imputations produce significant testing results.

Section 5.1 provides main results for the tight lower and upper bounds of Spearman’s footrule
with missing data. We only sketch the proofs in Section 5.1, while all the technical details can
be found in Chapter C in the Appendix. For better illustrating the main results in Section 5.1,
two simple examples are provided.

Section 5.2 discusses algorithms for computing the tight lower and upper bounds. The proce-
dure for the lower bound is provided in Algorithm 3 in Section C.3.2 of the Appendix, while the
procedure for the upper bound is given in Algorithm 8 in Section C.5.4 of the Appendix. The
computational complexity of the algorithms for the tight lower and upper bounds is O(n?), and
O(n?), respectively, as discussed in Remark C.3.14 and Remark C.5.21.

In Section 5.3, we derive non-trivial lower and upper bounds of Kendall’s 7 using our tight
bounds of Spearman’s footrule. These bounds are further evaluated in Section 5.4 using numerical
simulations when the data are missing completely at random (MCAR) and missing not at random
(MNAR).
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A novel independence testing method for data with missing values is proposed in Section 5.5,
based on our tight bounds for Spearman’s footrule. The key idea is the same as that introduced
in Section 3.2: we reject the null hypothesis only when all possible test statistics are significant.
To this end, we provide rejection conditions to determine whether all test statistics are significant
and also derive bounds for the p-value.

The performance of our proposed independence testing method is evaluated in Section 5.6
using numerical simulations. The results show that our method has good statistical power, when
less than 10-15% of the data are missing. Importantly, our method controls the Type I error
regardless of the values of missing data, while all other methods fail to control the Type I error
when the data are MNAR. In the end of this chapter, we illustrate our method on real-world data
by comparing the dependence of yearly precipitation levels in the United Kingdom, Germany and
the Unites States.

Although this chapter focuses on Spearman’s footrule, the proposed framework could essentially
be applied to Kendall’s 7 and Spearman’s rank correlation. However, calculating the exact bounds
for these statistics under missing data is non-trivial. While deriving their bounds under specific
missingness cases are feasible, such as when only sample X contains missing data. However,
it is challenging to derive their bounds for general missingness patterns. To our knowledge,
such general bounds have not been established in the existing literature. We choose Spearman’s
footrule because it is a powerful test statistic for testing independence, and we can derive precise

bounds in the presence of missing data, as we will demonstrate in this chapter.

5.1. Bounds of Spearman’s footrule

This section presents the tight lower and upper bounds of Spearman’s footrule under the assump-
tion that the data are distinct. We only sketch the proofs in this section, while all the technical
details can be found in Chapter C of the Appendix.

5.1.1. Intuition for the bounds and main results

As before, we provide intuition for the bounds and the main results presented in this chapter
before diving into formal mathematical results in Theorem 5.1.1 and 5.1.5. We start by recalling

the definition of Spearman’s footrule in Definition 2.2.1:
D(X,Y) = |R(X(i), X) = R(Y(i),Y)|
i=1

The definition implies that the statistic is minimized when the paired ranks are equal and max-
imized when the paired ranks occupy opposite extremes of all possible ranks. However, proving
the bounds is non-trivial, as we cannot optimize each pair in isolation. The ranks of the data
depends on each other, so assigning a rank to one missing value could shift the ranks of other
data points in the sample. Hence, the precise conditions for the minimum and maximum bounds
are not immediately obvious.

We employ different strategies for finding the lower and upper bounds. For proving the result

Theorem 5.1.1 for the lower bound, we sequentially construct imputations of the partially observed
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vectors, each with a non-increasing value of Spearman’s footrule. This is explained in more detail
in the sketch of proof for the theorem. Intuitively, to minimize the Spearman’s footrule, we force
alignment of all pairs with missing data. We show that each pair with missing data should have
equal ranks as shown in condition (i) and (ii) in Theorem 5.1.1. Furthermore, for the pairs where
both values are missing, we require the values to be larger than all other components in the same
sample, as shown in condition (3) in Theorem 5.1.1.

For deriving the result Theorem 5.1.5 for the upper bound, we start by considering the set of
all possible values of Spearman’s footrule for imputations of X and Y, and then the size of this
set is gradually reduced using several constraints. Definition 5.1.2 and 5.1.3 consider the pairs
with only one value is missing, while the other one is observed. Definition 5.1.2 requires all the
missing values to be either smaller or larger than all observed values. Definition 5.1.3 is based
on Definition 5.1.2, and further requires the missing values to be ordered according to the value
of the paired values. Definition 5.1.4 considers the pairs where both X and Y are missing, and
requires the data in X to be smaller or larger than all observed data, and the sum of ranks of each
pair to be n + 1. Based on these constraints, Theorem 5.1.5 shows that the maximum Spearman

footrule is taken when

e all missing values in X with paired data observed: (1) take values either smaller or larger

than the observed X values, and (2) arranged in reverse order relative to their paired values;

e similarly, all missing values in Y with paired data observed: (1) take values either smaller
or larger than the observed Y values, and (2) arranged in reverse order relative to their

paired values;

e for pairs where both X and Y are missing: (1) the values assigned to X are smaller or larger
than all other entries in X, including both observed values in X and the missing values in

X with paired data observed, and (2) the sum of the ranks for each pair equals n + 1.

5.1.2. Definitions and notation

For describing our results, we first introduce some necessary definitions and notation. While
Chapter 3 and Chapter 4 deal with sets of data in two samples X and Y, this chapter focuses on
paired vectors (X,Y).

For any n-dimensional vector X, let X (i) denote the component of X at index i € [n]. Thus,
an n-dimensional vector X can be written as X = (X(1),...,X(n)). For any n € N, let [n]
denote the set {1,...,n}.

This chapter only considers vectors with distinct real values, i.e. no ties. Define V" to be the
set of n-dimensional vectors with distinct real values; that is, if X € V" then X € R and all
components of X are distinct.

If X € V" and U C [n] is a set of indices, we say that X, € V" is an imputation of X if
X, (i) = X (4) for all i € [n] \ U, and the imputed values are the components X, (u) for all u € U.

For any subset S C [n] of indices, we use the notation (X (1));cs to denote a vector including
the components of X corresponding to the indices in set S, with the order of components in
(X(1))ies following the order of components in X. For example, if n =5 and S = {1, 3,4}, we
then have (X (1))es = (X (1), X(3), X(4)).
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Let X, Y € V" which may be only partially observed. We use the notation U to denote the
set of all indices where X (i) is missing but Y (i) is observed. Furthermore, we use the notation
V to denote the set of all indices where X (i) is observed but Y'(7) is missing. Additionally, we
use the notation W to denote the set of all indices where both X (i) and Y (¢) are missing.

Finally, using the definition of rank in Definition 2.2.1, the Spearman’s footrule is defined

formally as:

D(X,Y) =Y |R(X(i),X) - R(Y(),Y)].
=1

5.1.3. Main results for the lower bounds and sketch of the proof

Using the definitions and notation introduced in Section 5.1.2, we now present the main results
for the tight lower bounds of Spearman’s footrule in the presence of missing data, without making

any assumptions about the missingness mechanisms or patterns.

Theorem 5.1.1. Suppose X, Y € V" and U, V, W C [n] are pairwise disjoint subsets. Suppose
X, Y, € V" are imputations of X,Y for indices U UW, and V U W, respectively. If the following

three conditions all hold

(i) R(X.(i), X) = R(Y.(i),Y), for all i € UUV UW,

i) min X.(7) > X.0).
(ii) min (4) jlpax (4)

ili) minYx(j) > max Y,(y),
( )jew (J) e (7)

then
D(X..Y.) < D(X,Y),
and for any other imputations X', Y’ € V" of X,Y for indices U UW, V U W, respectively,

D(X,,Y,) <D (X"Y').

Sketch of proof. We provide only sketch of proof here, while all the technical details can be
found in Section C.3 in the Appendix.

We start our proof by noting that the general missingness case, i.e. all possible missingness
configurations, can be shown as a combination of three different cases, namely missing case I, II,
and III.

The three missingness cases are defined as follows. The missingness pattern is missing case I if
all missing values are either all in X or all in Y. Without loss of generality, we assume that only X
contains missing values when we refer to missing case I in the following. The missingness pattern
is defined as missing case II if for any pair (X (i),Y(i)), ¢ € [n], at most one value is missing.
In other words, we cannot have both X (i) and Y (i) missing for any particular i. Finally, the
missingness pattern is missing case III if for any pair (X(7),Y (7)), ¢ € [n], the two values are

either both observed, or both missing.
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To prove Theorem 5.1.1, which establishes the lower bound under the general missingness case,
we construct imputation vectors that achieve the lower bounds in cases I, II, and III separately,
and then combine these results.

For case I, the strategy is to sequentially construct imputations X1, Xo, X35 € V" of X for the
set of indices U, where values in X are unobserved. We show that each imputation leads to a

non-increasing Spearman’s footrule:
D(X,Y)>D(X1,Y)>D(X2,Y)>D(X3,Y),
and X3 satisfies the desired conditions:
X3(i) = X (i) for i € [n] \ U, and R(X3(i), Xy) = R(Y (7),Y) for i € U.

Hence, the lower bound of Spearman’s footrule D (X, Y) equals D (X3,Y"), which can be computed
using Algorithm 2. The strategy for case II follows similarly.

For case 111, we show that the lower bound provided in Theorem 1 of Papaioannou and Loukas
(1984) is tight, and we further provide specific conditions under which this bound is achieved.

By combining the results for cases I, II, and III, we establish Theorem 5.1.1. Thus, the problem
of obtaining the tight lower bound of Spearman’s footrule reduces to finding imputations that
satisfy conditions (i), (ii), and (iii). We prove that such imputations always exist, and provide
an algorithm for computing the tight lower bounds in Algorithm 3. This completes the sketch of
proof.

O

To illustrate Theorem 5.1.1, Table 5.1 presents a simple example where both X and Y contain
missing values, and the imputations X, Y, satisfy the three conditions specified in Theorem 5.1.1.
Consequently, these imputations yield the minimum possible value of Spearman’s footrule across

all admissible imputations.

5.1.4. Main results for the upper bounds and sketch of the proof

We now turn to the tight upper bound of Spearman’s footrule under the assumption that the
data are distinct. To present our results, we first introduce three definitions.

The first definition specifies a set of vectors Z € V" such that, for a subset U C T C [n],
all components of Z indexed by U are either smaller than, or larger than, all components of Z
indexed by 7'\ U.

Definition 5.1.2. Let U C T C [n] be a subset of indices. Define

Z(U,T,n) ={Z € V"| f e U, Z(i) > Z(§) or Z(i) < min Z(j)}.
(U.Ton) = (Z € V" for any i € U, Z(6) > max Z(j) or Z(i) < min Z(7)}

The second definition introduces a subset of Z(U,T,n) by further ordering the components of

Z in U according to the values of the corresponding values in Y.

Definition 5.1.3. Suppose Y € V" and let U C T' C [n]. Define

XY;U,T,n)={Z € Z(U,T,n)| for any i,5 € U, Z(i) > Z(5) if Y (i) <Y (j)}.
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Table 5.1.: (Left) Example ranked data under general missingness case, where we do not make
any assumptions of the missingness patterns. (Right) Example ranked vectors of im-
putations X, Y,. The imputed components are underlined, and the imputed values of
a, b, d, e, h satisfying the three conditions in Theorem 5.1.1. This imputation therefore
gives a lower bound of Spearman’s footrule.

a b ¢ d e f g h a b ¢ d e f g h
RX,X) 5 1 4 * * 3 2 * RX,X,) 7 1 6 3 4 5 2 8
RY,Y) * * 1 2 3 4 5 * RY.,Y.,) 7 1 2 3 4 5 6 8

Finally, by applying Definition 5.1.3, the third definition introduces a set of paired vectors
(Z1,Z3) € (Z(W,[n],n), V"), such that for every component in W, the sum of the paired ranks
is equal to n + 1.

Definition 5.1.4. Let W C [n] be a subset of indices. Define Y(W,n) as
y(VV’ n) = {(Z17Z2) € (Z(W7 [n]vn)avn)‘R(Zl(Z)a Zl) + R(ZQ(Z)>Z2) =n+1, 1€ W} :

Using Definition 5.1.2, 5.1.3 and 5.1.4, we now present the main results for the tight upper

bounds of Spearman’s footrule.

Theorem 5.1.5. Suppose X, Y € V" and let U, V, W C [n] be pairwise disjoint subsets. Then,
there exist (X.,Ys) € (X(Y;U,[n]\ W,n), X(X;V,[n] \ W,n)) N Y(W,n) of imputations X and
Y for indices U U W and V U W, respectively, such that D (X,Y) < D (X,,Y,). Furthermore,
consider any imputation X', Y’ € V" of X,Y for indices U UW and V U W, respectively. Then
we have D (X')Y') < D (X,,Y,).

Sketch of proof. We provide only sketch of proof here, while all the technical details can be
found in Section C.4 in the Appendix.

Similar to the proof of Theorem 5.1.1 for the tight lower bound, the proof of Theorem 5.1.5
for the tight upper bound under the general missingness pattern is also obtained by first proving
the results under missing case I, IT and III, separately. These results are then combined together
for proving Theorem 5.1.5.

While the lower bound is obtained by sequentially constructing imputations of the partially
observed vectors with non-increasing Spearman’s footrule, the upper bound is derived by first
considering the set of all possible values of Spearman’s footrule for imputations of X and Y, and
then narrowing this set using several constraints.

Specifically, under missing case I, where only X contains missing values, we show that it is
sufficient to evaluate imputations within X' (Y; U, T, n), as defined in Definition 5.1.3, in order to
obtain the tight upper bound. In this case, only m; +1 imputations need to be considered, where
my is the number of missing values in X.

A similar conclusion holds under missing case II. For this case, we prove that it is sufficient to
evaluate (m; + 1)(ma + 1) imputations, where m; and mg are the numbers of missing values in
X and Y, respectively.

For missing case I1I, we show that it is sufficient to evaluate all paired imputations in Y(W,n),
as defined in Definition 5.1.4. This reduces the computation to only ms 4+ 1 paired imputations,

where mg is the number of components in which both X and Y are unobserved.
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The above results for missing case I, II and III are then combined together for showing that it is
sufficient to evaluate all pairs of imputations in (X (Y; U, [n]\ W,n), X(X;V, [n]\W,n))NY(W,n)
for obtaining the tight upper bounds for Spearman’s footrule, as formally stated in Theorem 5.1.5.
This result implies that only (m+1)(ma+1)(ms+ 1) pairs of imputations need to be evaluated,
where m; is the number of indices with missing values only in X, mo is the number of indices
with missing values only in Y, and mg3 is the number of indices with missing values in both X
and Y. This completes the sketch of proof.

O

Remark 5.1.6. Theorem 5.1.5 requires us to evaluate (mj +1)(ma+1)(ms+1) different pairs of
imputations. Evaluating all these imputations directly would cost computational time O((mq +
1)(ma+1)(m3+1)nlogn), since computing Spearman’s footrule once requires computational time
O(nlogn). A more efficient algorithm for the tight upper bound with computational complexity
O(nlogn + min{my, mg}? + mymams) is provided in Algorithm 8.

If m1, mo and mg are all proportional to n, then this means that finding the tight upper bound
is O(n3). While this may be computationally expensive for large n, without any of the work

above, considering all possible imputations would take

m ms)i\m ms):
m1 +ms/) \'mo + ms ! 3 2 3

steps, which is computationally infeasible even for moderate n. For example, when n = 100 and

mi1 = mo = ms = 5, the number of possible imputations is approximately 3.95 x 103.

To further illustrate the results of Theorem 5.1.5, we include a simple example in Table 5.2.
While one could naively consider all (8 x 7 x 6)2 = 112,896 possible imputations to find the
imputed pair of vectors that maximises Spearman’s footrule, this theorem shows we only need to

consider 18 imputations to do so.

5.2. Algorithms for computing the bounds

Theorem 5.1.1 provides conditions of the imputations to obtain the minimum possible Spearman’s
footrule. On the other hand, Theorem 5.1.5 demonstrates that only a small subset of imputations
needs to be evaluated to achieve the maximum. Based on these results, this section discusses
algorithms for computing the tight lower and upper bounds of Spearman’s footrule in the presence

of missing data.

5.2.1. Algorithms for the tight lower bound

Theorem 5.1.1 shows that in order to obtain the minimum possible Spearman’s footrule, it is suf-
ficient to construct imputations that satisfy conditions (i), (ii) and (iii) as defined in the theorem.

The existence of such imputations follows directly from Proposition C.3.13, which proves the
existence of such imputations under missing case II, i.e. when ¥ = (). Furthermore, Proposi-
tion C.3.31 shows that the minimum possible Spearman’s footrule under general missingness case
is equal to the minimum possible Spearman’s footrule after ignoring all pairs where values in

both X and Y are unobserved. Hence, we only need to consider the lower bound when the data
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Table 5.2.: (Left) Example ranked data under general missingness case. (Right) Imputed rank
vectors (X,,Y;) that maximise Spearman’s footrule. The imputed components are
underlined. There are 112,896 possible imputations according to Remark 5.1.6, but
by using Theorem 5.1.5 we only need to consider 18 of these imputations to find the

maximuin.
a b ¢ d e f g h a b ¢ d e f g h
RX,X) 5 1 4 * * 3 2 * R(X,X,) 6 2 5 8 7 4 3 1
RY,Y) * * 1 2 3 4 5 * RY.,Y.,) 1 7 2 3 4 5 6 8

are missing under missing case 11, where values in both X and Y can be missing, but for any pair
(X(4),Y (7)), i € [n], at most one value is missing.

The proof of Proposition C.3.13 constructs such imputations. This is provided in Algorithm 3.
The computational complexity of the algorithm is O(nlogn 4+ n(mj +ms)), as discussed in more
detail in Remark C.3.14.

5.2.2. Algorithms for the tight upper bound

Theorem 5.1.5 shows that to obtain the tight upper bound of Spearman’s footrule, it is sufficient
to evaluate all possible pairs of imputations in the set (X(Y; U, [n]\ W,n), X(X;V,[n]\ W,n))N
Y(W,n). This result allows us to evaluate (mj+1)(mg+1)(ms3+1) different pairs of imputations,
where m; is the number of components where only values in X are unobserved, mo is the number
of components where only values in Y are unobserved, and mg is the number of components where
values in both X and Y are unobserved. This is discussed in more details in Remark C.4.20.

A naive approach would compute Spearman’s footrule directly for each of the (mj + 1)(msg +
1)(ms+1) imputations, requiring computational time O(mymamsnlogn), since evaluating Spear-
man’s footrule once costs O(nlogn). However, it is not necessary to re-rank all components
and recompute Spearman’s footrule from scratch each time the ranks of the missing values
in X and Y are adjusted. Exploiting this, Algorithm 8 achieves a reduced complexity of

O(nlogn + min{my, ma}? + mimams).

5.3. Bounds of Kendall’s 7

We have established tight bounds for Spearman’s footrule in the presence of missing data under
general missingness cases. A natural question is whether similar results can be obtained for other
rank-based association measures, such as Spearman’s rank correlation p and Kendall’s .

It is possible to derive tight bounds of Kendall’s 7 under special missingness patterns, such as
missing case III, as demonstrated by Papaioannou and Loukas (1984). However, extending these
results to obtain efficient methods for computing tight bounds under the general missingness case
is considerably more difficult. For Spearman’s rank correlation p, no tight bounds appear to exist
in the literature, either under specific or general missingness patterns.

While the tight bounds of Kendall’s 7 could be difficult to obtain under the general missingness
cases, we now demonstrate that the bounds of Spearman’s footrule can be applied for constructing

non-trivial bounds of Kendall’s 7.
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To start, let X, Y € V", and define Kendall’s 7 coefficient as in Equation (2.10). Diaconis and
Graham (1977, Theorem 2) showed that Kendall’s 7 and Spearman’s footrule D differ by at most

a constant factor.

Theorem 5.3.1 (Diaconis and Graham (1977)). Suppose X,Y € V". Then, the values of

Spearman’s footrule and Kendall’s 7 between X and Y are such that
7(X,Y)<D(X,Y) <27(X,Y).

Suppose X,Y € V" are partially observed. Let Dpyin(X,Y) and Dyax(X,Y) denote the exact
lower and upper bounds of Spearman’s footrule between X and Y, as given by Theorems 5.1.1
and 5.1.5, respectively. Since Dpin(X,Y) < D(X,Y) < Dpax(X,Y), Theorem 5.3.1 implies that

Dmin(Xv Y)/2 < T(va) < Dmax(X)Y)' (5‘1)

In the next section, we empirically investigate these bounds on Kendall’s 7 through numerical

simulations.

5.4. Simulations for the bounds

This section provides numerical simulations that evaluate the performance of our tight bounds
of Spearman’s footrule, and the bounds of Kendall’s 7 coefficient provided in Inequality (5.1).
For comparison, we also investigate the behaviour of the methods when (i) the complete data
are used and (ii) the missing values are ignored. When the missing values are ignored, the rank
correlation coefficients are computed using only the pairs where both components from X and
Y are observed. This section considers cases when the coefficient equals to 0, while additional
simulation results for coefficients of —0.5 and 0.5, instead of 0, are provided in Section E.3.1 of
the Appendix.

To make the results directly comparable, we first scale all the rank correlation coefficients

between [—1, 1]. For scaling Spearman’s footrule, we define
DScale(Xv Y) =1-3D (va)/(nQ - 1)‘ (5‘2)

When n is odd, Dgeae(X,Y) € [-0.5,1], but when n is even, Dgcae(X,Y) is in the range
[—0.5{1+ 3/(n? — 1)},1] (Kendall, 1948). For scaling Spearman’s p and Kendall’s 7, we define

pSCale(Xay) =1- p(Xv Y)/{n(n2 - 1)}7

(5.3)
Tscale (X, Y) =1 —47(X,Y) /{n(n — 1)},

where 7(X,Y) and p(X,Y) are given in Equation (2.9) and (2.10), respectively. Both pscate(X,Y)
and Tscale(X,Y') take values in [—1,1] (Kendall, 1948).

5.4.1. The bounds when data are missing completely at random

In the first simulation, the data are assumed to be missing completely at random (MCAR). First,

X,Y are generated such that each pair (X (i),Y (7)) is an independent random sample from a
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two-dimensional standard normal distribution with covariance coefficient 0; in other words. X
and Y are independent. The sample size for X and Y is n = 100. Then, for each given proportion
s €40,0.05,...,0.30} a subset of indices T in {1,2,...,n} of size |s-n] is selected to be the set
of components that are either partially observed or missing. For each ¢ € T', there is probability
1/3 such that X (i) is missing but Y () is observed, probability 1/3 such that Y'(i) is missing
but X (i) is observed, and probability 1/3 such that both X (i) and Y (i) are missing. In any of
these three cases, where at least one of X (i) and Y (¢) is missing, we say that (X (i),Y (7)) is an

incomplete pair.

Spearman's footrule when data are MCAR with coefficient 0
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Figure 5.1.: Rank correlation coefficients when data are missing completely at random (MCAR).
The subset of indices T' containing all components with at least one missing value is
selected randomly. For each i € T', there is probability 1/3 such that X (i) is missing
but Y () is observed, probability 1/3 such that Y (i) is missing but X (i) is observed,

and probability 1/3 such that both X (i) and Y (i) are missing. X,Y are generated
such that (X,Y) big N(0, I2). The methods are described in Table 5.3. The sample

size for X and Y is n = 100. Results represent the average of 1000 Monte Carlo
simulations.

Subsequently, the bounds of Spearman’s footrule for partially observed X and Y will be com-
puted using Theorems 5.1.1 and 5.1.5, while the bounds for Kendall’s 7 for partially observed
data will be computed using Inequality (5.1). We do not have bounds for Spearman’s p for par-
tially observed data, but we compute values for all three rank correlation coefficients in the cases
where the complete data is used or missing values are ignored. Figure 5.1 presents the results,
which are an average over 1000 Monte Carlo simulations.

Figure 5.1 shows that when the (independent) data are MCAR, ignoring the missing values
will result in the methods producing unbiased estimates of the rank correlation coefficients, i.e.
Footrule-ignore, 7-ignore and p-ignore are all approximately zero. Similarly, when the complete

data are used, the three rank correlation coefficients will be unbiased, i.e. Footrule-complete,
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Table 5.3.: Description of the rank correlation coefficients or their bounds, often in the presence
of missing data, shown in Figure 5.1-5.2.
Coefficient /bound  Description

Footrule-upper Upper bound for Spearman’s footrule D, when data is partially observed.
Footrule-lower Lower bound for Spearman’s footrule D, when data is partially observed.
Footrule-ignore Spearman’s footrule D, when any missing data is ignored.
Footrule-complete Spearman’s footrule D, when data is fully observed.

T-upper Upper bound for Kendall’s 7 coefficient, when data is partially observed.
T-lower Lower bound for Kendall’s 7 coefficient, when data is partially observed.
T-ignore Kendall’s 7 coefficient, when any missing data is ignored.

T-complete Kendall’s 7 coefficient, when the data is fully observed.

p-ignore Spearman’s rank correlation p, when any missing data is ignored.
p-complete Spearman’s rank correlation p, when the data is fully observed.

T-complete and p-complete are all approximately zero.

The range of bounds of Spearman’s footrule, labelled Footrule-lower and Footrule-upper, in-
creases gradually with the increasing proportion of incomplete pairs s. When s = 0.3, the lower
and upper bounds of Spearman’s footrule are around -0.2 and 0.4, respectively.

For Kendall’s 7 coefficient, when the proportion of incomplete pairs is 0, the lower and upper
bounds of Kendall’s 7, labelled by 7-lower and 7-upper, range from approximately —0.3 to 0.3.
The bounds become wider as the proportion of incomplete pairs increases. When s = 0.3, the
lower and upper bounds of Kendall’s 7 are approximately -0.6 and 0.5, respectively. It appears
that the bounds of Spearman’s footrule and Kendall’s 7 coefficient increase or decrease linearly,

depending on the proportion s of missing components.

5.4.2. The bounds when data are missing not at random

The second simulation is designed in the same way as the first, except now the data are missing
not at random (MNAR), rather than being MCAR. There are many ways to defined a MNAR
mechanism; we propose one approach here, and consider a second approach in Section E.3.4 in the
Appendix. Here, the index set T'C {1,...,n} of the missing components is chosen now depends
on the values of X and Y. Let ¢ = ;" | I(X(¢)Y (¢) > 0) be the number of pairs of components
in X and Y such that their product X (7)Y (i) > 0. Each index ¢ € [n] is selected to be in the set
T of indices of missing components according to the following probability conditional on C' = |T,
the size of the set T"

(5.4)

. sonl) — min {1, sn/q}, itX(1)Y (i) > 0,
plieT|C=ls-n))= { max{0, (sn —q)/(n —q)},  otherwise,

for any given s. If sn < ¢, then min {1, sn/q} < 1 and max{0, (sn —¢q)/(n—q)} = 0, and so some
components with X (7)Y (i) > 0 will be fully observed, and no components with X (i)Y (i) < 0
will be partially observed. However, if sn > ¢, then all components with X (i)Y (z) > 0 will be
partially observed and, moreover, if sn > ¢ then some components with X (7)Y (i) < 0 will be
partially observed. The probability is conditional in order to ensure we have subsets of indices of
the desired cardinality C' = |s-n].

Figure 5.2 shows that when the data are MNAR with the missingness mechanism specified in

(5.4), then Footrule-ignore, T-ignore and p-ignore produce biased estimates of their rank corre-
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Figure 5.2.: Rank correlation coefficients when data are missing completely at random (MNAR).
The subset of indices T containing all components with at least one missing value is
selected according to Equation (5.4). For each i € T, there is probability 1/3 such
that X (¢) is missing but Y (i) is observed, probability 1/3 such that Y (7) is missing
but X (i) is observed, and probability 1/3 such that both X (¢) and Y (¢) are missing.

X,Y are generated such that (X,Y) R N(0, I3). The methods are described in

Table 5.3. The sample size for X and Y is n = 100. Results represent the average of
1000 Monte Carlo simulations.

lation coefficients. Furthermore, as the proportion of incomplete pairs, denoted by s, increases,
the bias of Footrule-ignore, 7-ignore and p-ignore also increases. On the other hand, Footrule-
lower, Footrule-upper, 7-lower and 7-upper have similar performance compared to when data are

MCAR in Figure 5.1.

5.5. Spearman’s footrule independence test with missing data

We now apply the bounds of Spearman’s footrule to independence testing with missing data,
following a similar approach to that in Section 3.2 and Section 4.2. The null hypothesis is
rejected only if all possible imputations yield significant test statistics.

As discussed in Section 3.2, this approach relies on rejection conditions to determine whether
all test statistics are significant. Equivalently, the exact bounds of the p-values can be used to
assess the significance of the result. In this section, we present the results directly, as the technical
details of the proofs are similar to those in Section 3.2.

We begin by reviewing the distribution of Spearman’s footrule under the null hypothesis. A
well-known result (Diaconis and Graham, 1977, Theorem 1) shows that, under the null, the
Spearman’s footrule is approximately normally distributed. The exact mean and variance of this
distribution are given by u = (n+1)(n—1)/3 and 02 = (n+1)(2n%+7)/45, respectively (Ury and
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Kleinecke, 1979). The accuracy of this approximation was examined by Salama and Quade (1990),
who showed that for sample sizes n > 40, the normal approximation is reasonably accurate: the
differences in skewness and kurtosis between the exact and approximate distributions are —0.075
and —0.074, respectively.

Next, we state the conditions for determining whether all possible values of Spearman’s footrule
are significant. Let Din(X,Y) and Dyax(X,Y) denote the minimum and maximum possible val-
ues of Spearman’s footrule, which can be computed from Theorems 5.1.1 and 5.1.5, respectively.
For a given significance level «, the null hypothesis is rejected if at least one of the following

conditions is satisfied.

Condition 5.5.1.

Dipin (X, Y) — M > p-! (1 _ g) ’
o 2

where g1 = (n+1)(n —1)/3 and 0% = (n + 1)(2n? + 7)/45.

Condition 5.5.2.

Dmax(X,Y) =1 _ 1 (a> 7

o
where g1 = (n+1)(n — 1)/3 and % = (n + 1)(2n? + 7)/45.
More formally, we have the following result.

Theorem 5.5.3. The proposed method, which rejects the null hypothesis whenever Condi-
tion 5.5.1 or Condition 5.5.2 holds, has Type I error no larger than the Spearman’s footrule

independence test when all data are observed.

We now present the bounds of the p-values for Spearman’s footrule in the presence of missing
data. To begin, we define the p-value of Spearman’s footrule. Suppose the sample size n is
sufficiently large for the normal approximation to apply (e.g., n > 40). Let F,, denote the
cumulative distribution function of a normal distribution with mean (n+1)(n—1)/3 and variance

(n+1)(2n% + 7)/45. The p-value of Spearman’s footrule is then given by
p(D(X,Y)) = 2min F(D(X,Y)),,1 = Fu(D(X,Y)). (5.5)

suppose X,Y € V" are only partially observed, and let Dy,in(X,Y) and Dyax(X,Y) denote the
minimum and maximum possible values of Spearman’s footrule between X and Y, respectively.

The bounds of the p-value are then determined by the following result.

Proposition 5.5.4. Suppose X,Y € V" are partially observed. Assume n is sufficiently large
for normal approximation to be used. Let Dpin(X,Y) and Dpax(X,Y) be the minimum and
maximum possible values of Spearman’s footrule between X and Y, respectively. Denote p; =
P(Dmin(X,Y)) and ps = p(Dmax(X,Y)), where p(-) is defined in (5.5). Furthermore, define
Pmin(X,Y) = min{py, p2} and define

pmax(X, Y) _ maX{pl)pZ}a if (Dm‘in - :UJ) (Dmax - /«L) >0,
1, otherwise,
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Table 5.4.: Description of the independence testing methods, often in the presence of missing

data, shown in Figure 5.3-5.6.

Testing method

Description

Proposed
Footrule-ignore
Footrule-complete

Using p-values computed from Footrule-upper and Footrule-lower.
Using p-value of Spearman’s footrule, when missing data is ignored.
Using p-value of Spearman’s footrule, when the data is fully observed.

Footrule-mean
Footrule-median
Footrule-hot deck

Using p-value of Spearman’s footrule, with MI' for missing values.
Using p-value of Spearman’s footrule, with MEI? for missing values.
Using p-value of Spearman’s footrule, using HDI? for missing values.

T-ignore Using p-value of Kendall’s 7, when missing data is ignored.
T-complete Using p-value of Kendall’s 7, when the data is fully observed.
T-mean Using p-value of Kendall’s 7, with MI' for missing values.
T-median Using p-value of Kendall’s 7, using MEI? for missing values.
7-hot deck Using p-value of Kendall’s 7, using HDI? for missing values.
p-ignore Using p-value of Spearman’s p, when missing data is ignored.
p-complete Using p-value of Spearman’s p, when the data is fully observed.
p-mean Using p-value of Spearman’s p, with MI' for missing values.
p-median Using p-value of Spearman’s p, with MEI? for missing values.
p-hot deck Using p-value of Spearman’s p, with HDI? for missing values.

Alvo and Cabilio’s p  Using p-value of estimate of Spearman’s rank correlation p,
from Alvo and Cabilio (1995).

Using p-value of estimate of Kendall’s 7 coefficient,

from Alvo and Cabilio (1995).

L MI: Mean Imputation. 2 MEIL: Median Imputation.

Alvo and Cabilio’s 7

3 HDI: Hot Deck Imputation.

where 1t = (n + 1)(n — 1)/3. Then, the p-value of D (X,Y) is bounded such that p(D(X,Y)) €
[pmin (X, Y), pmax(X7 Y)]

Finally, we show that rejecting the null hypothesis based on Conditions 5.5.1 and 5.5.2 is

equivalent to rejecting it based on the maximum possible p-value.

Proposition 5.5.5. Suppose X,Y € V™ are partially observed. Then for any given significance
level o < 1,

Condition 5.5.1 or 5.5.2 hold <= ppax(X,Y) < a,

where ppax (X, Y) is defined in Proposition 5.5.4. Hence, the p-value of the proposed independence

testing method is the maximum possible p-values ppax(X,Y).

An analytic power calculation is not provided in this chapter due to the complexity of the exact
bounds for Spearman’s footrule. Although these bounds can be computed using Algorithms 3
and 8, they do not seem to possess simple closed forms, making formal derivation difficult.

In next section, we perform numerical simulations to investigate the power of the proposed
method under different sample sizes, proportion of missing data, and the degrees of departure of
the null hypothesis. The simulations also highlight the potential peril of not taking missing data

into account when the data are missing not at random (MNAR).

5.6. Simulations for the independence test

This section performs simulations to investigate the Type I error and the statistical power of the

proposed method for independence testing when data are partially observed.
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For comparison with the proposed method, we also consider the Spearman’s footrule, Kendall’s
7 and Spearman’s p, in the case where the missing data are ignored. For this case, the correlation
coefficients are computed only using pairs where both components from X and Y are observed.
We also consider these three methods when imputation methods are used; we consider mean

imputation, median imputation and hot deck imputation (Schafer and Graham, 2002).

Type | Error with Missing Data (MCAR)

1.00+

e
3
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Type | Error
o
e

o
)
o

0.00+

02 03

0.1 02 03 0.0 01
Proportion of incomplete pairs: s Proportion of incomplete pairs: s
<= Proposed method Footrule-ignore @p—ignore @Alvo and Cabilio's p
— Significance level: 0.05 T-ignore A+ Alvo and Cabilio's ©

Figure 5.3.: Statistical Type I error and power of the proposed method, as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. Other methods that ignore
missing data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods are also
considered. These methods are described in Table 5.4. The data is missing completely
at random (MCAR). The subset of indices T' containing all components with at least
one missing value is selected randomly. For each i € T', there is probability 1/3 such
that X (¢) is missing but Y'(i) is observed, probability 1/3 such that Y (¢) is missing
but X (i) is observed, and probability 1/3 such that both X (7) and Y (¢) are missing.

(Left) Type I error: (X,Y) "% N(0, I); (Right) Power: (X,Y) "' N(0,%), where
Y= ’17 ’1y , with covariance coefficient v = 0.5. For both figures, a significance

level @ = 0.05 is used and the sample size n = 200. The results in the figures are
average of 1000 trials.

Two independence testing methods that take missing data into account are also considered.
These methods (Alvo and Cabilio, 1995) are defined as the conditional expectations of Spearman’s
p and Kendall’s 7, respectively, given the observed ranks, under the assumption that the ranks of
the missing values are uniformly distributed. In the following, we will refer to the two methods

as Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods, respectively.

5.6.1. As the proportion of missing data varies

In the first experiment, we explore how the methods perform as the proportion s of missing data
increases. More precisely, we consider s to be the proportion of incomplete pairs, where we recall
that (X (7),Y (7)) is an incomplete pair if at least one of X (i) or Y () is missing.

We start by considering the case when the data are missing completely at random (MCAR), as
the proportion of incomplete pairs increases. For evaluating the Type I error of all methods, the
data are generated following the same distribution and missingness mechanism for Figure 5.1, as
described in Section 5.4.1, with sample size n = 500. The significance level @ = 0.05 is used for

all test methods. For evaluating the power, the data are generated in the same way, except that
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Figure 5.4.: Statistical Type I error and power of the proposed method as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. Other methods that ignore
missing data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods are also
considered. These methods are described in Table 5.4. The data is missing completely
at random (MNAR). The subset of indices 7" containing all components with at least
one missing value is selected according to Equation (5.4). For each i € T, there
is probability 1/3 such that X (¢) is missing but Y'(i) is observed, probability 1/3
such that Y'(¢) is missing but X (i) is observed, and probability 1/3 such that both
X (i) and Y (7) are missing. (Left) Type I error: (X,Y) Ligt N(0, I2); (Right) Power:
(X,Y) "% N(0,%), where ¥ = (fly |
both figures, a significance level o = 0.05 is used and the sample size n = 200. The
results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.5. For

K , with covariance coefficient v = 0.5. The appendices

Y
contains results for the same experiment, but with different values of «, different values of the

the covariance matrix is now ¥ = (

covariance coefficient 7, and different sample sizes n.

Figure 5.3 shows that all methods appear to control the Type I error when the data are MCAR.
All methods appear to have good statistical power, but the power of the proposed method starts
to drop when the proportion of incomplete pairs is larger than 10%, and when 22% of pairs are
incomplete, the power is 0.

We next consider the case when the data are missing not at random (MNAR). The parameters
of this experiment are the same as for the MCAR case, but now the missingness mechanism is as
described in Section 5.4.2.

Figure 5.4 shows that when data are MNAR, only the proposed method controls the Type 1
error, while the other methods fail to control the Type I error when at least 4% of the data is
incomplete. When the proportion of incomplete pairs is 10%, the methods that ignore the missing
data and Alvo and Cabilio’s p and 7 methods have Type I error close to 25%. Meanwhile, all
methods have good power with small proportion of incomplete pairs. The power of the proposed
method starts to drop when the proportion s at least 8%, and drops to 0 when the proportion s
is larger than 18%.

We also investigate how imputation methods perform in the experiment for Figure 5.4, when
data are MNAR. We consider using mean imputation, median imputation and hot deck impu-
tation Schafer and Graham (2002) for Spearman’s footrule, Kendall’s 7 and Spearman’s p. The

results are shown in Figure 5.5, which demonstrates that these imputation methods also fail to
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Figure 5.5.: Statistical Type I error and power of imputation methods as the proportion of missing
data s increases, where s € {0.00,0.02,...,0.30}. The imputation methods impute
missing data using either mean, median or randomly selected (hot deck) values of
observed data. These methods are described in Table 5.4. The data is missing
completely at random (MNAR). The subset of indices 7" containing all components
with at least one missing value is selected according to Equation (5.4). For eachi € T,
there is probability 1/3 such that X (i) is missing but Y'(¢) is observed, probability

1/3 such that Y'(7) is missing but X (i) is observed, and probability 1/3 such that
iid.

both X (i) and Y (i) are missing. (Left) Type I error: (X,Y) <~ N(0, I1); (Right)
Power: (X,Y) bk N(0, %), where X = L ¥ , with covariance coefficient v = 0.5.

For both figures, a significance level a = 0.05 is used and the sample size n = 200.
The results in the figures are average of 1000 trials.

control the Type I error rate when at least 4% of the data is incomplete.

5.6.2. As the sample size varies

We again consider the above case when the data are missing not at random, but now as the sample
size n increases, with fixed proportion of missing pairs s = 0.1, and fixed correlation coefficient
~ = 0.5 for the alternative hypothesis. Figure 5.6 shows that the proposed method still controls
the Type I error as the sample size increases. Furthermore, while the proposed method is not
very powerful for smaller sample sizes, as the sample size n increases, its power goes to 1. On
the other hand, the other approaches have good power, but fail to control the Type I error, and

their Type I error increases as n increases.

5.6.3. As the correlation coefficient varies

We now consider the case as the correlation coefficient 7 increases, with fixed proportion of
missing pairs s = 0.1, sample size n = 200 and significance level & = 0.05. The results are shown
in Figure 5.7 and 5.8 for MCAR and MNAR, respectively.

When the data are MCAR, Figure 5.7 shows that the power of the proposed method increases
with the correlation coefficient, and equal to 1 when the coefficient is around 0.5. All other
methods have power close to 1 when the coefficient is around 0.3.

The results shown in Figure 5.8 when data are MNAR are similar to that of Figure 5.7.

However, note that when the correlation equals to 0, the Type I error of the proposed method is
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Figure 5.6.: Statistical Type I error and power of the proposed method as the sample size n
increases, where n € {40, 70,100, 200, 300,500}. Other methods that ignore missing
data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods are also considered.
These methods are described in Table 5.4. The data is missing completely at random
(MNAR). The subset of indices 7" containing all components with at least one missing
value is selected according to Equation (5.4). For each ¢ € T, there is probability
1/3 such that X () is missing but Y'(7) is observed, probability 1/3 such that Y (7)

is missing but X (i) is observed, and probability 1/3 such that both X (7) and Y (i)
are missing. (Left) Type I error: (X,Y) "< N(0, I,); (Right) Power: (X,Y) =&

N(0,%), where ¥ = (fly Y), with covariance coefficient v = 0.5. For both figures, a

significance level o = 0.05 is used and the proportion of missing pairs s = 0.1. The
results in the figures are average of 1000 trials.

controlled, while all other methods fail to do so.

This section evaluates the Type I error and statistical power of the proposed independence
testing method in the presence of missing data. Our proposed method is based on the tight
bounds of Spearman’s footrule, and take into account all possible imputations. The method is
also compared with Spearman’s footrule, Kendall’s 7, and Spearman’s p, when data are imputed
or ignored. Two independence testing methods (Alvo and Cabilio, 1995) that take missing data
into account are also considered.

The results in this section show that our proposed method has good statistical power, typically
when the proportion of pairs containing missing data is below 15%, while all the other methods
fail to control the Type I error.

More simulations results with different coefficients, sample sizes, proportion of missing data,
and significance levels are provided in Section E.3 in the Appendix. In particular, Section E.3.4
considers another missing not at random (MNAR) missingness mechanism that is different to the
one specified in Equation (5.4). Experiments when the data are Gamma-distributed, rather than
Normal-distributed are included in Section E.3.5. The results for these simulations are similar to

the results shown in this section.

5.7. Application to precipitation data

To further demonstrate the bounds of Spearman’s footrule and the proposed independence testing

method, we consider the yearly precipitation data in the United Kingdom and the United States
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Table 5.5.: Precipitation per year in the United States, the United Kingdom, and Germany from
1901 to 2024 in mm. The 15 largest values from 1901 to 1960 for all three countries

are marked with a special character #.

Year UsS UK  Germany | Year US UK  Germany
1901 697.06 1027.95 664.64 | 1963 | 672.30 1055.03 623.64
1902 754.66 956.38 653.80 | 1964 | 745.47 993.67 597.15
1903 722.52  $#1404.49 703.70 | 1965 | 751.32  1198.87 869.67
1904 684.67 1029.85 611.83 | 1966 | 690.38 1255.44 878.63
1905 | #786.07 1012.00 709.44 | 1967 | 744.53 1271.55 752.27
1906 | #791.10 1153.20 698.59 | 1968 | 740.80 1138.39 757.61
1907 750.46 1144.31 631.46 | 1969 | 744.68 1073.23 650.36
1908 735.85 1066.47 614.17 | 1970 | 730.64 1186.76 796.17
1909 758.11 1138.46 718.46 | 1971 | 751.72 999.48 551.69
1910 637.14 1188.59 #775.08 | 1972 | 771.79  1028.40 612.24
1911 722.56 1085.72 548.90 | 1973 | 836.40 1011.52 637.48
1912 | #764.20 #1261.04 #771.28 | 1974 | 755.73  1222.67 780.57
1913 731.36 1057.05 665.10 | 1975 | 805.18 985.27 611.20
1914 714.45 1180.02 736.35 | 1976 | 668.61 1050.19 536.24
1915 | #792.61 1148.94 720.32 | 1977 | 750.74 1162.17 743.71
1916 727.02  #1280.92 #783.90 | 1978 | 746.53 1125.13 703.89
1917 643.91 1119.24 656.78 | 1979 | 815.13  1238.50 739.47
1918 725.75 1216.47 688.96 | 1980 | 720.66  1240.28 760.58
1919 | #771.54 1125.07 694.11 | 1981 | 756.37  1240.57 875.56
1920 760.60 1209.69 662.09 | 1982 | 833.13 1284.87 630.49
1921 712.57 971.51 534.05 | 1983 | 846.85 1144.41 704.61
1922 740.98 1108.57 #801.00 | 1984 | 767.93 1180.51 726.48
1923 | #772.19  #1311.30 719.50 | 1985 | 753.82 1194.23 669.03
1924 681.35  #1258.66 692.48 | 1986 | 782.84  1259.90 749.24
1925 678.07 1142.69 713.51 | 1987 | 737.04 1143.88 802.17
1926 | #762.60 1172.29 #773.13 | 1988 | 677.00 1251.56 780.52
1927 | #770.19  #1295.67 #793.67 | 1989 | 745.73 1118.84 620.32
1928 748.13  $#1326.36 677.35 | 1990 | 807.93 1319.55 718.96
1929 758.69 1138.89 587.21 | 1991 | 801.98 1092.06 595.51
1930 664.41  #1260.31 #793.52 | 1992 | 787.23 1294.52 714.82
1931 699.44 1183.50 #789.56 | 1993 | 807.85 1237.25 780.32
1932 758.54 1173.61 647.93 | 1994 | 771.66 1311.97 777.91
1933 687.96 919.98 595.52 | 1995 | 787.07 1153.78 757.45
1934 662.58 1141.88 610.31 | 1996 | 812.05 1025.44 601.25
1935 738.38  #1241.53 728.08 | 1997 | 781.31 1126.54 647.92
1936 697.39 1131.09 731.36 | 1998 | 823.67 1370.87 799.33
1937 750.72 1104.08 714.15 | 1999 | 729.70 1324.77 744.33
1938 742,77  #1264.57 662.99 | 2000 | 720.22  1399.04 733.33
1939 687.55 1148.73 #830.41 | 2001 | 735.28 1105.69 789.60
1940 755.95 1144.86 754.25 | 2002 | 729.92  1402.60 889.55
1941 | #789.74 1022.15 #756.31 | 2003 | 762.21 961.72 555.63
1942 | #771.15 1127.81 621.46 | 2004 | 806.34 1218.10 720.01
1943 686.88 1139.79 574.43 | 2005 | 759.90 1137.37 702.60
1944 758.45 1172.23 #767.20 | 2006 | 747.04 1186.31 681.06
1945 | #811.68 1099.04 723.55 | 2007 | 722.11 1207.77 874.14
1946 760.41 1214.18 700.97 | 2008 | 764.87 1328.89 704.13
1947 740.81 1063.01 613.33 | 2009 | 780.43 1309.18 730.71
1948 | #761.18  #1279.64 674.82 | 2010 | 766.11 1068.64 774.65
1949 752.07 1129.20 613.19 | 2011 | 769.46  1194.00 668.45
1950 740.70  #1283.03 #786.34 | 2012 | 726.76 1376.21 702.39
1951 | #764.73  #1278.19 701.44 | 2013 | 802.29 1160.69 721.10
1952 683.24 1080.42 735.74 | 2014 | 780.06 1399.18 699.96
1953 714.42 1004.90 566.39 | 2015 | 860.09 1317.82 649.47
1954 667.70  #1380.14 #789.89 | 2016 | 790.36  1196.33 688.48
1955 703.43 967.69 699.89 | 2017 | 818.70 1208.01 808.22
1956 654.85 1094.22 738.34 | 2018 | 860.00 1144.82 552.78
1957 | #806.31 1163.27 706.28 | 2019 | 872.32  1296.07 661.65
1958 T47.72 1211.87 #799.91 | 2020 | 780.19  1359.22 648.50
1959 | #763.34 1060.89 521.46 | 2021 | 791.96 1171.36 753.38
1960 733.13  #1285.78 #798.16 | 2022 | 748.90 1176.40 595.02
1961 779.90 1160.06 765.67 | 2023 | 777.06  1449.59 849.78
1962 716.56 1085.69 648.92 | 2024 | 817.97 1306.22 841.89
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Figure 5.7.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the correlation coefficient v increases, where v € {0,0.1,...,0.9}.
These methods are described in Table 5.4. The data is missing completely at random
(MCAR). The subset of indices T" containing all components with at least one missing
value is selected randomly. For each i € T', there is probability 1/3 such that X (i) is

missing but Y'(¢) is observed, probability 1/3 such that Y (7) is missing but X (7) is
observed, and probability 1/3 such that both X (i) and Y (i) are missing. (X,Y") b

N(0,%), where ¥ = (,1y z), with « denoting covariance coefficient. For both figures,

a significance level a = 0.05 is used and the proportion of missing pairs s = 0.1. The
results in the figures are average of 1000 trials.

and Germany from 1901 to 2024. The data are sourced from Harris et al. (2020), providing
monthly precipitation measurements on high-resolution (0.5 x 0.5 degree) grids across the globe.

These values are summed across the months of the year, and then averaged across each country,
to give the annual precipitation values in Table 5.5. More specifically, each measurement gives
the precipitation for year i € Z, month j € J and grid index ¢t € 7. For each year i and grid index
t, we sum across j € J to get the annual precipitation for that grid point. We then average these
grid point measurements across the subset of 7 for a particular country, to get that country’s
average precipitation for year 1.

Note that the original dataset retains only one decimal place, resulting in several tied obser-
vations. In this example, we do not account for ties. We add small random noise at the second
decimal place to break all ties.

Based on the complete dataset, precipitation in the United Kingdom and Germany exhibits a
significant dependency with significance level oo = 0.05. The estimated Spearman’s p, Kendall’s
7, and the scaled Spearman’s footrule are 0.5037, 0.3472, and 0.3171, respectively, with corre-
sponding p-values of 3.94 x 1079, 1.07 x 1078, and 2.36 x 10~%. On the other hand, precipitation
in the United States does not yield significantly associated with that in the United Kingdom ac-
cording to the test statistics: the estimated Spearman’s p, Kendall’s 7, and the scaled Spearman’s
footrule are 0.1527, 0.1044, and 0.1044, respectively, with corresponding p-values of 9.04 x 1072,
8.56 x 1072, and 6.59 x 1072, respectively. Similarly, the precipitation in the United States is
not significantly associated with that in Germany according to the testing results: the estimated

Spearman’s p, Kendall’s 7, and the scaled Spearman’s footrule are -0.0298, -0.0181, and -0.0166,
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Figure 5.8.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7
methods, as the correlation coefficient v increases, where v € {0,0.1,...,0.9}. These
methods are described in Table 5.4. The data is missing not at random (MNAR).
The subset of indices T containing all components with at least one missing value is
selected according to Equation (5.4). For each ¢ € T, there is probability 1/3 such
that X (¢) is missing but Y'(i) is observed, probability 1/3 such that Y (¢) is missing
but X (i) is observed, and probability 1/3 such that both X (¢) and Y (7) are missing.
(X,Y) "K' N(0,%), where 3 = (’1y 1
both figures, a significance level a = 0.05 is used and the proportion of missing pairs
s = 0.1. The results in the figures are average of 1000 trials.

, with v denoting covariance coefficient. For

respectively, with corresponding p-values of 7.42x 107!, 7.66 x 10~!, and 7.71 x 10!, respectively.
All the results are summarised in Table 5.6.

Suppose now that the data are missing informatively. In other words, the data are missing not
at random (MNAR). We assume that the largest 15 values between 1901 to 1950 are missing for
all three countries.

For analysing the associations of the precipitation data between all three countries with missing
data, we apply all the test methods listed in Table 5.4. The estimated coefficients and testing
results for each method are summarised in Table 5.6.

As previously discussed, when the data are complete, the association of the precipitations
between the United Kingdom and Germany is statistically significant with significance level o =
0.05 according to Footrule-complete, 7-complete, and p-complete. When the data are missing, all
methods reject the null hypothesis. The proposed method reports tight bounds of the Spearman’s
footrule and p-values with missing data. The minimum and maximum possible Spearman’s
footrule are 0.1188 and 0.4876, respectively, and the corresponding p-values range from 9.01 x
107" to 3.6 x 1072. Since the maximum possible p-value is smaller than the given significance
level, all possible imputations lead to significant results. Hence, the proposed method rejects the
null hypothesis.

The association of the precipitation data between the United Kingdom and the Unites States
are not statistically significant with significance level @ = 0.05 according to the complete data.
However, when the data are missing as described, all methods, except the proposed method,

rejects the null hypothesis. The proposed method reports the Spearman’s footrule to lie within
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Table 5.6.: Estimated coefficients and testing results for analysing the statistical association for
the precipitation data in the United Kingdom (U.K.), the United States (U.S.) and

Germany.

Method U.K. and Germany U.K. and U.S. U.S. and Germany
est. coef. p-value est. coef. p-value est. coef. p-value
p-complete | 0.5037 3.94 x10~7 | 0.1527 9.04 x 10=2 | -0.0298 7.42 x 1071
T-complete | 0.3472 1.07 x 10~8 | 0.1044 8.56 x 1072 | -0.0181 7.66 x 10~1
F-complete | 0.3171 2.36 x 108 | 0.1044 6.59 x 10=2 | -0.0166 7.71 x 1071
Prop. (min) | 0.1188 9.01 x 10~ 18 [ -0.004 9.09 x 10~12 [ -0.1160  2.15x 10~
Prop. (max) | 0.4876 3.6 x 1072 0.3873 1.00 x 10° 0.2690 1.00 x10°
p-ignore | 0.5372 2.75 x 1079 | 0.3392 3.33 x 10~* | 0.1029 2.87 x 10~1
T-ignore | 0.3772 6.13 x 1072 | 0.2355 2.84 x 10~% | 0.0720 2.67 x 10~1
F-ignore | 0.3535 5.32 x 1079 | 0.2535 2.84 x 1075 | 0.0798 1.87 x 10~1
p-mean | 0.5311 2.21 x 10710 | 0.2720 2.24 x 10=3 | 0.0807 3.73 x 10~1
7-mean | 0.3636 3.25 x 1072 | 0.1936 1.63 x 10~3 | 0.0566 3.57 x 10~1
F-mean | 0.3495 7.57 x 10710 | 0.2047 3.12 x 10~ | 0.0849 1.35 x 101
p-median | 0.5437 6.78 x 10~ 11 | 0.2918 1.01 x 1073 | 0.0676 4.56 x 10~1
7-median | 0.3773 8.75 x 10~10 | 0.2088 6.93 x 10~* | 0.0453 4.62 x 1071
F-median | 0.3750 4.01 x 10~11 | 0.2273 6.25 x 10=5 | 0.0761 1.80 x 1071
p-hot deck | 0.4969 4.34 x 1079 | 0.2251 1.20 x 1072 | 0.0208 8.18 x 10~1
7-hot deck | 0.3417 1.93 x 1078 | 0.1548 1.09 x 102 | 0.0145 8.12 x 10~1
F-hot deck | 0.3153 2.82 x 1078 | 0.1629 4.11 x 10—3 | 0.0201 7.23 x 1071
A & C’s p | 0.5569 6.56 x 10710 | 0.2871 1.45 x 1073 | 0.0712 4.30 x 10~1
A & C’s 7 | 0.3966 3.51 x 10~10 | 0.2057 1.14 x 10~3 | 0.0487 4.41 x 1071
Prop.: proposed method. Proposed method provides both the minimum and maximum possible Spearman’s footrule and
p-value. F-ignore: Footrule-ignore. F-mean: Footrule-mean. F-median: Footrule-median. F-hot deck: Footrule-hot deck.
All methods are described in Table 5.4.

the interval [-0.004, 0.3873], with the corresponding p-value ranging from 9.09 x 107! to 1.
Since the maximum possible p-value is larger than the significant level «, the proposed method
does not reject the null hypothesis. The wide range of the p-values in this example indicates high
uncertainty of the testing results from missing data, and emphasises the importance of accounting
for missingness.

Finally, the association of the precipitation data between the United States and the Germany
are not statistically significant with significance level a = 0.05 according to the complete data.
When the data are missing as described, all methods do not reject the null hypothesis. The
proposed method reports the range of the Spearman’s footrule to lie within [-0.1160, 0.2690], and
the p-value in [2.15 x 1076, 1].

5.8. Conclusion

In this chapter, we derive the tight lower and upper bounds of Spearman’s footrule with missing
data, when the data are assumed to be distinct. Algorithms with computational complexities
O(n?) and O(n?) are provided for computing the tight lower and upper bounds, respectively.

Using our bounds, we derive non-trivial lower and upper bounds of Kendall’s 7. These bounds
are all evaluated using numerical simulations. The bounds of Spearman’s footrule also allows
us to construct a novel two-sample independence testing method for data with missing values,
following the similar approach to our proposed location, and scale testing with missing data
methods.

Simulation results show that our proposed independence testing method has good statistical
power when the proportion of missing data is smaller than 15%. Importantly, our method controls
the Type I error, while all other methods by ignoring or imputing the missing data fail to do
so, especially when the data are missing not at random (MNAR). The results highlight the peril
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of not taking missing data into account correctly, and demonstrate that our proposed method is

particularly useful when the data are missing.
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6. Extensions of the location test with

missing data

In Chapter 3, 4 and 5, we have considered the tight lower and upper bounds of the Wilcoxon-
Mann-Whitney test statistic, the Ansari-Bradley test statistic, and Spearman’s footrule in the
presence of missing data for the location testing, scale testing, and independence testing, respec-
tively. Our methods make no assumptions about the missingness mechanisms and missingness
patterns, and only require the data to be distinct, i.e. no ties are allowed.

However, for discrete-valued data, it is possible that two or more observations can be equal.
In such cases, one can introduce small random perturbations to each tied observation to break
the ties while preserving the relative ordering of the data. This approach could lead to consis-
tent testing results when the proportion of tied observations is small (Amerise and Tarsitano,
2015). However, when the proportion is large, this approach may depend on the perturbations
introduced, and could lead to distinct testing results.

A more common method for dealing with ties and allowing deterministic testing results is
known as the mid-rank method (Lehmann and D’Abrera, 1975). This method assigns the same
rank to the tied observations, while keeping the sum of all ranks unchanged regardless of the
number of ties. We describe this method in more details in Section 6.1.1.

Section 6.1 describes the work in Zeng et al. (2024a, Section 5), which considers the Wilcoxon-
Mann-Whitney test in the presence of missing data for the cases where data can be tied in a
potentially closed support and the mid-rank method is applied for dealing with ties. The tight
lower and upper bounds of the Wilcoxon-Mann-Whitney test statistics under such cases are
derived in Section 6.1.1. The bounds of the p-values are provided in Section 6.1.2. For evaluating
this method when the data can be tied, and are defined in a closed support, we perform numerical
simulations in Section 6.1.3.

Up to this point, all the proposed methods are based on the bounds of the test statistics
of realised, real-valued observations. In other words, we determine the tight lower and upper
bounds for the realised value of the test statistic. However, it is also possible to take a different
perspective and establish bounds for the test statistic prior to the data are realised. To be more
specific, we treat the test statistic in the presence of missing data as a random variable. Our goal
is then to construct other random variables that, by design, are guaranteed to be less than or
equal to, or greater than or equal to, the test statistic for every possible realisation of the data.

Once such bounding random variables are constructed, we study their distributions under the
null hypothesis, and propose a novel method for rejecting the null hypothesis using the observed
data alone. Importantly, we prove that this approach controls the Type I error regardless of the
missingness mechanisms.

This approach is explored for the Wilcoxon-Mann-Whitney test in Section 6.2. We first con-
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struct the bounding random variables for the Wilcoxon-Mann-Whitney test statistic in Sec-
tion 6.2.1, and then study the distributions of the bounds under the null hypothesis. Using
these results, we derive the p-values of the proposed method in 6.2.2. This new approached is
evaluated in Section 6.2.3 and is shown to have better power than the location testing method
proposed in Chapter 3.

It is possible to obtain similar results for the Ansari-Bradley test statistic and Spearman’s
footrule. However, obtaining these results might be technical challenging, and could be considered

as future work.

6.1. Location test in the presence of missing data with tied

observations

In this section, the location testing with missing data method proposed in Chapter 3 is extended
to the cases where the data can be tied and are defined in a potentially closed support. We start

by bounding the Wilcoxon-Mann-Whitney test statistic under such cases.

6.1.1. Bounds of the Wilcoxon-Mann-Whitney statistic with ties

As we mentioned previously, for discrete-valued data, it is possible that two or more observations
can be equal. Hence, in this section, we shall consider X,Y and Z = X UY to be multisets,
rather than sets.

We follow the practice of mid-rank method for dealing with ties: tied values would all be
assigned the same rank, e.g. if z1, 29 € Z are such that z; = 25, then ranky(z1) = rankyz(z); if
there were exactly k — 1 smaller values than z; and 23, and these two values were distinct, then
z1 and z9 would occupy ranks k and k4 1, but if z1 = z9, then these two values are each assigned
the arithmetic mean rank {k+ (k+1)}/2 = k4 1/2. The same argument holds for cases when

more than two values are equal. To be more specific, we have the following definition.

Definition 6.1.1. Suppose Z is a multiset consisting of real-valued, potentially tied observations.

Then for any z € Z, the rank of z in Z is defined as
R(z,2) =) I(z<z)+ (Zl(z =)+ 1> /2
2€Z z€Z

According to the definition, when there is an odd number of equal values then their midranks
will be an integer, and for an even number of equal values then their midranks will be a half-
integer. This is consistent with the definition of rank in Definition 2.2.1 when all the elements
are distinct. Suppose Z = {z1,...,2n} consists of N observations. A nice property of using
mid-rank method is that the identity

N
> R(z,Z) = N(N +1)/2
=1

always holds, regardless of the number of ties (Lehmann and D’Abrera, 1975).
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When considering ties, we also consider the case when the data are defined in a support €2 to

limit the space from which the data are observed.

Remark 6.1.2. As an example of why it may be necessary to consider the support €2, suppose
X is known to consist of 5 values in the set Q = {1,2,3,4,5}, and X’ C X is observed as {2, 3,5}.
The two missing values in X \ X’ could both be 1, to potentially minimise any sum of ranks of
X within some larger multiset. If, however, the support is not taken into account and the two
missing values in X \ X’ take values smaller than 1, the sum of ranks of X could be smaller than
the minimum possible sum of ranks of X when the support is taken into account. This could

result the lose of power of the proposed method, as we will show in Section 6.1.3.

However, the support € need not be discrete or bounded, for example, in the space Q = [0, o)
there could be multiple missing values which could potentially have had the value 0. We could
also consider 2 = R, in which case the missing values could take any real value.

Following the above discussions, one can extend Theorem 3.1.3 to the case where ties are

allowed, and the data are defined in a potentially closed support §2.

Proposition 6.1.3. Suppose that X = {z1,...,z,} and Y = {y1,...,yn} are samples of ob-
servations, which need not necessarily be distinct, from a space @ C R. Suppose that X’ € X

and Y/ C Y are sub-multisets with sizes n’ and m/, respectively, which are observed. Denote
Z' = X'UY’. Then the Wilcoxon-Mann-Whitney statistic W (X,Y") is bounded as follows:

min W(X,Y) = W(X",Y") + (|0Y,| (n — ') + |0X3| (m — m)) /2,

Z\Z'
rZrl\aZ>§W(X,Y) =W(X",Y') + (mn—m'n") — (|0X}] (m —m') + |0Y}| (n —n')) /2.
where
I(x =minQ) if min) exists,
|6X6/l‘ = rxe X’
0 otherwise,
> I(x =max Q) if max () exists,
|6XI/)‘ = rzeX'’
0 otherwise,
> I(y =minQ) if min( exists,
|6Ya/| = yEY’
otherwise,
> I(y =max Q) if max( exists,
otherwise.
Proof. The proof is provided in Section D.1 in the Appendix. U

Remark 6.1.4. The result above covers cases where the space € is discrete and bounded, e.g.
{0, 1,2}, or continuous and bounded, e.g. [0, 1], or bounded only on one side, e.g. Z1T = {1,2,...},

or [0,00), or not bounded, e.g. R, in which case the result reduces to Theorem 3.1.3.

Remark 6.1.5. The presence of ties and potentially closed support affect our strategy of proof
for the bounds compared to that shown in Theorem 3.1.3. As discussed in Remark 3.1.2, the
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bounds of the Wilcoxon-Mann-Whitney test statistic without ties are achieved when all missing
values are strictly smaller or larger than all observed data. However, when ties are permitted
and the support is closed, missing values cannot theoretically exceed the support boundaries.
Consequently, they may be forced to take values equal to the observed extremes rather than

strictly surpassing them.

Compared to the bounds shown in Theorem 3.1.3 when the data are assumed to be distinct,

the lower and upper bounds in Proposition 6.1.3 include the following additional terms
(|oYy| (n —n') +|0X3| (m —m")) /2

and
(|oxs] (m —m') + |oYy| (n —n')) /2,

respectively. Note that these terms

e can be non-zero only when the support has finite lower or upper boundaries. Consequently,
if the support is unbounded, the bounds of the test statistic remain identical to that when

ties are not allowed.

e cannot be negative. Hence, they can only tighten the bounds, i.e., shrink the interval of

possible test statistics.

e increases with the number of observed values lying on the boundaries. Hence, the bounds

explicitly depends on the number of observed values lie on the boundaries of the support.

Intuitively, these are because when the observed values are lie on the support boundaries, the
missing data are constraint from taking values strictly less or larger than them. This restriction
limits the possible ranks the missing values can take, thereby constraining the range of the test

statistic.

6.1.2. Bounds of the p-value with ties

Proposition 6.1.3 provides the bounds of the statistic W(X,Y) when the data can be tied and
are defined in a potentially closed support. For proposing a testing method based on the bounds,
we still need to construct the bounds for the p-value of W(X,Y).

One might consider constructing the bounds of the p-values following the similar approach in
Proposition 3.2.4 when the data are not tied. However, this approach might not always lead to
the bounds of the p-value, since now the variance can take on different values depending on the
number of ties, as explained below.

When there are ties, the Wilcoxon-Mann-Whitney test statistic for multisets X = {X3, -+, X, }
and Y = {Y1,---,Y,,} still asymptotically follows a normal distribution with mean p = nm/2,
but the variance o2 takes the ties into account; if X UY contains e distinct values, with multi-
plicities di, ..., de, where d; is the ith smallest distinct value (so d; + -+ + de. = n + m), then

Lehmann and D’Abrera (1975) gives the variance as

o?(X,Y) =nm(n+m+1)/12 — nm{12(n + m)(n +m — 1)} i(d? —d;). (6.1)
i=1
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Comparing this with the variance nm(n +m + 1)/12 when there are no ties, the second term on

the right hand side in the above equation essentially corrects for ties and reduces the variance.
Since now the variance can take on different values depending on the number of ties, as shown

in Equation (6.1), the bounds of the p-value constructed according to Proposition 3.2.4 when

data are not tied might not always control the p-value, as illustrated by the following result.

Proposition 6.1.6. Suppose that X = {z1,...,2,} and Y = {y1,...,ym} are samples of real-
valued observations, which need not necessarily be distinct. Suppose that X’ ¢ X and Y/ C Y
are sub-multisets with sizes n’ and m/, respectively, which are known. Define Z = X UY and
Z' = X' UY’ and suppose that Z \ Z’ is unknown. Suppose X1,Y7 and Xs,Y5 are such that
X' cX;,and Y’ CYjfori=1,2and

Then, among candidates for X,Y, it is possible X3, Y3 exist such that X’ € X3 and Y’ C Y3 and
W(X1,Y1) < W(X3,Y3) < W(X,Y2),
but moreover, after defining pn = nm/2, the standardised statistics are such that
(W(X3,Y3) — p)/o(X35,Y3) & [(W(X1, Y1) — p)/o(X1, Y1), (W (X2, Y2) — p)/o(X2, Y2)],

and consequently p3 € [Pmin(X,Y), Pmax(X, Y)], where pnin(X,Y), and pnax(X,Y) are defined
according to Proposition 3.2.4 and ps is the p-values for W (X3, Y3).

Proof. The proof is provided in Section D.2 in the Appendix. U

Remark 6.1.7. Proposition 6.1.6 shows that when the data can be tied, the bounds of p-values
derived in Proposition 3.2.4 are no longer valid. This is because the variance of the test statistic
is no loner a constant of the sample sizes, but a value that depends on the number of ties. Hence,
while W (X3,Y3) can be bounded by [W (X1, Y1), W (X3, Y2)], we can still have

(W(X3,Y3) — p)/o(X3,Y3) € [(W(X1,Y1) — p)/o(X1, Y1), (W (X2, Ys) — p)/o(X2,Y2)],

depends on the variances o(X1,Y7), 0(X2,Ys) and o(X3,Y3).

In order to deal with the issue raised by Proposition 6.1.6, we start by computing the minimum

and maximum possible values for the variance 02(X,Y’) in the presence of ties.

Proposition 6.1.8. Suppose that X = {x1,...,z,} and Y = {y1,...,ym} are samples of obser-
vations, which need not necessarily to be distinct, from a space Q C R. Suppose that X’ € X and
Y’ C Y are sub-multisets with sizes n’ and m/, respectively, which are known, and that X' UY”’
", and dy < --- < d,. Define

contains e’ distinct values with multiplicities d}, ..., d.

o2 (X,Y)=nm(n+m+1)/12 — nm{12(n + m)(n +m — 1)} i{(d;)?’ —d},
i=1
win(X0Y) = 00 (X Y) = nm{12(n + m)(n +m — 1)} Hdpax — dimax — (do)® + di},

o max
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where dyax = d., +n +m —n’ —m/, then 0%(X,Y), the variance of Wilcoxon-Mann-Whitney
statistic W(X,Y) as defined in Equation 6.1, is bounded by

Tain(X,Y) < 03 (X,Y) < 07 (X,Y).

min
Proof. The proof is provided in Section D.3 in the Appendix. U
Extending results from the previous section, we can apply the proposed method to cases where

there may be tied observations and the sample space may have closed support, by using the

following result.

Corollary 6.1.9. Suppose that X = {z1,...,2,} and Y = {y1,...,ym} are samples of obser-
vations, which need not necessarily be distinct, from a space 2 C R. Suppose that X’ C X and
Y’ C Y are sub-multisets with sizes n’ and m/, respectively, which are known, and compute [0X].|,
|0X}], |0Y,| and |0Y}| from Proposition 6.1.3 and opmin(X,Y), 02, (X,Y) from Proposition 6.1.8,

max

and define p = nm/2,
Wiin(X,Y) = W(X',Y") +|0Y,| (n — n) /2 + [0X}| (m — m') /2,
Winax(X,Y) = W(X',Y') 4+ (mn — m'n) — |0X],| (m —m') + |0Y}| (n —n),
p1 = 20(— [Wnin(X,Y) — ,U‘ [omin(X,Y)), p2 =2®(— ‘WmaX(Xa Y) - N‘ [omax(X,Y)),
P3 = 20(— [Winax(X,Y) — ptf /omin(X,Y)), pa = 20(— [Wiin(X,Y) — pt] /omax(X,Y)).

Then, the the p-value of W (X,Y') is bounded as follows

p1 < p < pa, if Winin(X,Y) —p <0 and Wiax(X,Y) — u <0,
min{php?»} <p<l1, if Wmin(Xa Y) —p <0 and Wmax(Xa Y) —u >0, (62)
P3 < p < P4, imein(X,Y)—,uZOand Wmax(XaY)_HZO'

Proof. The proof is provided in Section D.4 in the Appendix. (]

According to Corollary 6.1.9, given a significance threshold o € (0,1) and defining p =
max{pz,pa}, if p < a and the two terms (Wnin(X,Y) — p) and (Wmnin(X,Y) — p) have the
same sign, then the data will yield a significant result, regardless of the missing values in
(XUY)\ (X'UY’).

6.1.3. Simulations for the proposed location test with ties and closed support

We ran numerical simulations to demonstrate the advantage of accounting for ties and closed
support when using the proposed method instead of using the original version from Chapter 3.
The first experiment is similar to the one shown in Figure 3.2, but uses Poisson distributions,
rather than normal distributions. The data in first sample X are independent observations of
a Pois(1) random variable with data missing completely at random (MCAR). The data in the
second sample Y are independent observations of a Pois(A) random variable with data missing
not at random (MNAR); only values greater than 0 can be missing, according to the mechanism

in Equation (3.11). For the Type I error plot A =1 and for the plot of statistical power, A = 3.
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The results in Figure 6.1 show that the modified method has an improvement in statistical power
over the original proposed method which doesn’t account for ties or closed support.

Figure 6.2 is similar to Figure 6.1, but shows decreased power when the second sample consists
of observations sampled from a Pois(2) distribution. In Figure 6.3, on the other hand, the second
sample of observations are sampled from a Pois(4) distribution. In this case, the proposed method,
which takes ties and closed support into account has good power when up to 20% of the data is
missing.

In Figure 6.4, the data for both the Type I error and power plots is the same as for Figure 6.3,
but we show the proposed method taking ties into account, but not taking the closed support into
account. In this case, the performance is almost exactly the same as for the proposed method,
which does not take ties or closed support into account. This shows the importance of taking the
closed support into account, as illustrated in Figure 6.1, 6.2 and 6.3, since Poisson-distributed
observations have a lower bound of 0.

In Figure 6.5, the data is the same as for Figure 6.1, but now with the sample sizes increased
to n = m = 1000. We see an increase in power in the proposed method(s), as well as an increase

in the Type I error in the methods which use imputation methods or case deletion.

e Q|
- Complete data -
--- Case deletion
© - -
e Mean imputation g
---- Hot deck imputation
‘é © | — Proposed method © |
o © | = = Proposed method with ties _and'c'losed support o
= —— Sig level: 0.05 5
[ B ’
Q < = . o<
'2‘ o - . - o
o PR o
o :_: : P - o
o | B S S o |
S T T T T T T T i T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Proportion of data missing Proportion of data missing

Figure 6.1.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data for the
first sample X is missing completely at random (MCAR) but the data for the sec-
ond sample Y is missing not at random (MNAR), according to the mechanism in
Equation (3.11). (Left) Type I error: Pois(1) vs Pois(1); (Right) Power: Pois(1) vs
Pois(3). For both figures, a significance threshold of o = 0.05 has been used and the
total sample sizes are n = 100, m = 100, and 1000 trials were used.
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Figure 6.2.: The Type I error and statistical power of the proposed method and the standard

Type | error

Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data for the
first sample X is missing completely at random (MCAR) but the data for the sec-
ond sample Y is missing not at random (MNAR), according to the mechanism in
Equation (3.11). (Left) Type I error : Pois(1) vs Pois(1); (Right) Power: Pois(1) vs
Pois(2). For both figures, a significance threshold of o = 0.05 has been used and the
total sample sizes are n = 100, m = 100, and 1000 trials were used.
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Figure 6.3.: The Type I error and statistical power of the proposed method and the standard

Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data for the
first sample X is missing completely at random (MCAR) but the data for the sec-
ond sample Y is missing not at random (MNAR), according to the mechanism in
Equation (3.11). (Left) Type I error : Pois(1) vs Pois(1); (Right) Power: Pois(1) vs
Pois(4). For both figures, a significance threshold of a = 0.05 has been used and the
total sample sizes are n = 100, m = 100, and 5000 trials were used.
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Figure 6.4.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data for the
first sample X is missing completely at random (MCAR) but the data for the second
sample Y is missing not at random (MNAR), according to the mechanism in Equa-
tion (3.11). We also plot the modified method, but without taking closed support
into account. (Left) Type I error : Pois(1) vs Pois(1); (Right) Power: Pois(1) vs
Pois(4). For both figures, a significance threshold of o = 0.05 has been used and the
total sample sizes are n = 100, m = 100, and 1000 trials were used.
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Figure 6.5.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data for the
first sample X is missing completely at random (MCAR) but the data for the second
sample Y is missing not at random (MNAR), with only observations greater than 0
are possibly missing. (Left) Type I error : Pois(1) vs Pois(1); (Right) Power: Pois(1)
vs Pois(4). For both figures, a significance threshold of av = 0.05 has been used and
the total sample sizes are n = 1000, m = 1000, and 1000 trials were used.
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6.2. A variant of the location test method with missing data

As discussed earlier, all the proposed methods considered so far are based on the bounds of the
test statistics of realised, real-valued observations. In this section, we take a different perspective
and construct bounds for the Wilcoxon-Mann-Whitney test statistic prior to the data are realised.
In other words, the test statistic in the presence of missing data is treated as a random variable.

Our goal in this section is to construct other random variables that, by design, are guaranteed
to be less than or equal to, or greater than or equal to, the Wilcoxon-Mann-Whitney test statistic
with missing data for every possible realisation of the data. Once such bounding random variables
are constructed, we study their distributions under the null hypothesis, and propose a novel
method for rejecting the null hypothesis using the observed data alone. Importantly, we prove
that this approach controls the Type I error regardless of the missingness mechanisms.

For our purposes in this section, X and Y will be used to denote sets of random wvariables,
rather than observations.

We start this section by providing bounds of the test statistic in the presence of missing data,

when the statistic is taken as a random variable.

6.2.1. Bounding the test statistic as a random variable

Suppose X = {Xi,...,X,,} and Y = {Y3,...,Y,,} are independent and identically distributed
random variables following continuous cumulative distribution functions F, and G, respectively.
The Wilcoxon-Mann-Whitney test statistic is defined as

n
W(X,Y)=> R(X,XUY)-n(n+1)/2
i=1
Once variables in X and Y are all observed, one can obtain the testing result by first computing
the p-value of the test statistic as the probability of more “extremes” events to happen under the

null hypothesis, i.e.,

p(W(X,Y)) = 2min {<1> <W(XY)_“) 1-® (W(XY)_“> } ,

g o

where y = nm/2 and 0* = nm(m + m + 1)/12. Then, the null hypothesis is rejected if the
p-value is less than or equal to a pre-specified significance level a.. Notably, this procedure relies
on the asymptotic result that, under the null hypothesis, W (X,Y") is approximately normally
distributed with mean p and variance o2, as discussed in Section 2.2.1. Without this result, this
procedure is not guaranteed to control the Type I error below a.

Suppose only n’ number of random variables in X, and m’ number of random variables in
Y will be observed, and denote them as X', Y’ respectively. One could still compute the
Wilcoxon-Mann-Whitney test statistic using only the observed variables W (X', Y”’). However, the
distribution of W (X', Y”") under the null hypothesis now depends on the missingness mechanism.
In other words, how the observed n’ and m’ random variables are selected. See Section 2.3.1 for
more discussions about the missingness mechanisms.

For example, suppose the n’, m’ random variables in X’ and Y’ are selected randomly, i.e.
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the data are missing completely at random (MCAR), then one can show that W(X',Y”) still
follows a normal distribution, with mean n'm’/2 and variance n'm/(n’ +m’ 4+ 1)/12 under the
null hypothesis. However, if larger values in X are more likely to be observed than smaller values
in X, then this is missing not at random (MNAR), and the distribution of W (X', Y”") could not
follow the same normal distribution, even when the null hypothesis is true.

When the distribution of W(X’,Y') under the null hypothesis is unknown, it is challenging
to directly constructing a valid p-value. In Chapter 3, we propose one method for obtaining
valid p-values based on the bounds of Wilcoxon-Mann-Whitney test statistic after X and Y are
realised.

In this section, we propose to construct a valid p-value by first bounding the Wilcoxon-Mann-

Whitney test statistic W(X',Y’) as a random variable, as shown by the following result.

Theorem 6.2.1. Suppose X = {X;,...,X,} and Y = {V1,...,Y,,} are continuous random
variables. Suppose X’ = {X{,..., X],} is a non-empty subset of X and Y' = {Y/,...,Y/ } is a
non-empty subset of Y. Let us order X, ..., X, from small to large as X(y), ..., X(,) and denote

X* - X \ {X(n/+1), P ,X(n)}, )(>k - X \ {X(1)7 - ,X(nfn/)}.
Similarly, let us order Y1, ...,Y, from small to large as Y{y), ..., Y(;,) and denote

Ve = Y\ {Yowst - Yo b Y7 =Y\ ¥y, Yionn) }-
Then, the Wilcoxon-Mann-Whitney test statistic W (X', Y”) is bounded as follows

W(X,,Y*) < W(X',Y) < W(X*Y,).

Proof. The proof is provided in Section D.5 in the Appendix. U

While the above theorem considers X and Y as random variables, the result holds when they
are observed samples. We take them explicitly as random variables in the theorem to make the
notation in this section consistent as we will need to investigate the distributions of the bounds
W(X,,Y*) and W(X*,Y,) in Proposition 6.2.2.

Note the above theorem does not impose any constraints on the subsets X’ and Y’, which
can be considered as variables that will be observed. Hence, the result holds regardless of the
missingness mechanism. After proving this result, we proceed to study the distribution of the
test statistics W (X,,Y™) and W (X*,Y,) under the null hypothesis.

Deriving these distributions in closed form appears to be technically challenging. However, it is
possible to approximate their distributions through numerical simulations, based on the following

result.

Proposition 6.2.2. Suppose (P, ..., P,,Q1,..., Q) is a uniform random permutation of {1,..., N}
with N =n+m. Denote P ={Py,...,P,}, @ ={Q1,...,Qm}. Order Pp,..., P, from small to
large as Py), ..., Pn), and Q1, ..., Qm from small to large as Q (1), . .., Q). Denote

P = P\ {Pps1), - P}y P* =P\ {Pay, .., P},
and Qx = Q\{Qm/11),-- Q) 1, @ =Q\{Q),-- s Qun—m}-
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Then, suppose X = {Xi,...,X,} and Y = {¥7,...,Y,,} are independent continuous random

variables following the same distribution. We have

4

W(X.,Y*) £ W(P,,Q"), and W(X*,Y,) £ W(P*,Q.),

where W (X,,Y™) and W(X*,Y,) are defined in Theorem 6.2.1.

Proof. To start, denote Z = X UY. Since X = {Xy,...,X,,} and Y = {V3,...,Y,,,} are
independent continuous random variables, the probability of ties is zero. Further, as X and Y

follow the same distribution, the ranks of random variables
(R(le Z)7 s 7R(Xn7 Z)? R(}/h Z)’ SRR R(Yma Z))

is uniformly distributed on all permutations of {1,..., N} with N = n + m. In other words, we

have
(R(X1,2),...,R(Xn,Z),R(Y1,Z),...,R(Y,,Z)) 4 (Pry ., PryQ1y. ., Q).

After ordering, we further have,

is a Borel-measurable function of R(X(y),Z),..., R(Xn), Z2), R(Y(m—m/41):Z); - - R(Y(m), Z).

Similarly, we have

Similarly, we can show that W (X™*,Y) g W (P*, @), which completes our proof. O
Following Proposition 6.2.2, we can obtain the approximate distributions of W (X,,Y™) and
W (X™*,Y,) under the null hypothesis using numerical simulations. Algorithm 1 summarise the
steps for generating independent random samples following the same distribution as W (X, Y™*)
under the null hypothesis.
Following Algorithm 1, the approximate distribution of W (X, Y™*) under the null hypothesis
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Algorithm 1 Generate independent random samples following the same distribution as
W (X, Y™) under the null hypothesis

Input: Integers n,m,n’,m’ where n > n’, m > m’. The number of samples B € N.
Output: B independent samples {W;(P.,Q*)}2 ,  each following the same distribution as
W (X, Y*) under the null.
1: Let N =n+m.
2: for k€ {1,...,B} do
: Generate a random permutation of {1,..., N}, take the first n as P = (Py,..., P,), and
the last m as Q = (Q1,...,Qm), where n +m = N.
4: Order P, ..., P, from small to large as Py, ..., Py), and Q1, ..., Qy, from small to large
as Q(l), ey Q(m)
: Let P, = P\ {Py11),---, P} include the smallest n — n’ values in P.
: Let Q" = Q\{Qq);---;Q(m—ny)} include the largest m —m’ values in Q.
T: Compute the Wilcoxon-Mann-Whitney statistic between P, and Q* as

Wi (Py, Q") :Z Z I(Q(j) SP(Z')) —n(n+1).

i=1 j=m—m'/+1

8: end for
9: return The B samples {W;(P., Q*)}2 ;.

is

B
F(t) =Y 1(Wi(P., Q") < 1) /B.

i=1
The approximate distribution of W (X*,Y;) can be obtained following the similar approach in
the algorithm by replacing P, and Q* as P* and Q., respectively.

6.2.2. p-value of the proposed variant method

Theorem 6.2.1 shows that the Wilcoxon-Mann-Whitney test statistic after ignoring missing data
is bounded such that W(X,,Y*) < W(X',Y') < W(X*,Y,). In Proposition 6.2.2, we further
investigate the distributions of W (X, Y*) and W (X*,Y,) under the null hypothesis and propose
a numerical simulation approach for approximating the distributions in Algorithm 1.

Based on these results, we now propose a novel Wilcoxon-Mann-Whitney test method in the
presence of missing data with controlled Type I error regardless of the missingness mechanism.
The key idea of our proposed method is to consider the probability of events that are more
“extreme” than observing W (X', Y”’) under the null hypothesis, regardless of the missingness

mechanisms. Our main result is summarised as the following

Proposition 6.2.3. Suppose X = {Xi,...,X,,} and Y = {Y1,...,Y,,} are independent con-
tinuous random variables following the same distribution, X’ = {X7,..., X/,} is a non-empty
subset of X and Y’ = {Y{,...,Y/,} is a non-empty subset of Y. Let {W;(P.,Q*)}2, and
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{W;(P*,Q.)}E | be independent random variables generated according to Algorithm 1. Define

1+ 32 T(Wi(P, Q) S W(X', YY)

P1 = B+1 )
1+ B 1wy(P*,Q.) > WX, Y’
and py = 2 iz 1( (B+Ql) ( )

Then, we have Pr(p; < «/2) < a/2 and Pr(p2 < a/2) < a/2 for a given significance level o €
(0,1). Therefore, defining the p-value of the test statistic W (X', Y”) as

p = min{2min{py, p2}, 1}, (6.3)

we further have Pr(p < ) < a.

Proof. The proof is in Section D.6 of the Appendix. U

Remark 6.2.4. According to Proposition 6.2.3, the probability that the p-value in Equation (6.3)
is smaller or equal to a significance level a € (0,1) is bounded by «. Therefore, rejecting the
null hypothesis whenever the p-value is less than or equal to « ensures that the proposed method

controls the Type I error, without requiring any assumptions about the missingness mechanism.

6.2.3. Simulations for the variant location method

We run numerical simulations for evaluating the Type I error and statistical power of the variant
method proposed in this section, and compare it with the original proposed location testing
method from Chapter 3.

The first experiment is similar to the one considered in Figure 3.2 when the proportion of
missing data is increasing. The results in Figure 6.6 show that the variant method, like the
original proposed location testing method, successfully controls the Type I error. However, the
variant method demonstrates higher statistical power than the original method. The experiment
in Figure 6.7 follows a similar setup to Figure 3.2, but with the mean of the distribution of Y
increased to 2. Under this setting, the variant method outperforms the original method by larger
gap: the variant method maintains strong power even when roughly 25% of the data are missing,
whereas the original method fails to produce significant results.

Figure 6.8 considers a similar experiment to that considered in 3.4 when the sample size is
increasing, but the proportion of missing data are fixed at 10%. It shows that the variant
method of this section is more powerful than the original proposed location testing method from
Chapter 3 across all sample sizes considered in this experiment. Both methods control the Type
I error, while all other methods fail to do so.

Figure 6.9 considers a similar experiment as the one for Figure 3.7, when the mean value of the
distribution of sample Y increases with 10% of data missing. The results show that the variant
method exhibits higher statistical power than the original method across different mean values
of sample Y. Figure 6.10 considers a similar experiment, but with 20% of data missing, rather
than 10%, it shows that the advantage of variant method over the original method increases with

larger proportion of missing data. Notably, other missing data methods exhibit significant drops
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in power when the mean shift is small. The power of these methods starts recovering when the

mean value of the distribution of Y is larger than 0.5.
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Figure 6.6.: The Type I error and statistical power of the variant of the proposed location testing
method, the original proposed location testing method, and the standard Wilcoxon-
Mann-Whitney test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing not at
random (MNAR), according to the mechanism in Equation (3.10), and (3.11). (Left)
Type I error: N(0, 1) vs N(0, 1); (Right) Power: N(0,1) vs N(1,1). For both figures,
a significance threshold of a = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.

114



Type | error
0.4

0.8 1.0

0.6

0.2

0.0

......... Q]
TR e <
P \
. o | \
7 o \
R + « Complete data
o © | -~ Case deletion \
‘0 5 S ] Mean imputation \
g g --- Hot deck imputation \
Rt & ¥ | — Proposed method \
Rt = = Proposed method: variant \
e —— Sig level: 0.05 N
L N \
e o
Pt \
et
- o —
T T T T T T T e T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Proportion of data missing Proportion of data missing

Figure 6.7.: The Type I error and statistical power of the variant of the proposed location testing
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method, the original proposed location testing method, and the standard Wilcoxon-
Mann-Whitney test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing not at
random (MNAR), according to the mechanism in Equation (3.10), and (3.11). (Left)
Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(2,1). For both figures,
a significance threshold of o = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.
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Figure 6.8.: The Type I error and statistical power of the variant of the proposed location testing

method, the original proposed location testing method, and the standard Wilcoxon-
Mann-Whitney test after the missing data is either known or has been imputed or
ignored as the sample sizes increase. The data is missing not at random (MNAR),
according to the mechanism in Equation (3.10), and (3.11). (Left) Type I error:
N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(1,1). For both figures, a significance
threshold of a = 0.05 has been used and the proportion of missing data for both
samples is s = 0.1, and 1000 trials were used.
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value increases. The data is missing not at random, according to the mechanism in
Equation (3.10), and (3.11). Data in samples X and Y are generated from N(0,1),
and N(A,1), respectively, with A denoting the mean value shift. A significance
threshold of a = 0.05 has been used, the total sample sizes are n = m = 100, the
proportion of missing data for both samples is s = 0.1, and 1000 trials were used.
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Figure 6.10.: Statistical power of the variant of the proposed location testing method, the original

proposed location testing method, and the standard Wilcoxon-Mann-Whitney test
after the missing data is either known or has been imputed or ignored as the mean
value increases. The data is missing not at random (MNAR), according to the
mechanism in Equation (3.10), and (3.11). Data in samples X and Y are generated
from N(0,1), and N(A, 1), respectively, with A denoting the mean value shift. A
significance threshold of o = 0.05 has been used, the total sample sizes are n =
m = 100, the proportion of missing data for both samples is s = 0.2, and 1000 trials
were used.
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6.3. Conclusion

This section considers two different extensions of the proposed location testing method from
Chapter 3 for obtaining higher statistical power. Importantly, both extensions still make no
assumptions of the missingness mechanisms, and are shown to be able to control the Type I error
regardless of values of missing data.

The first extension considers the proposed location testing method when the data can be
tied and are defined in potentially closed support. The bounds of the Wilcoxon-Mann-Whitney
test statistic and the corresponding bounds of the p-value are derived. We perform numerical
simulations and demonstrate that, by taking into account the ties and closed support, the power
of the proposed method can be improved.

The second extension considers the Wilcoxon-Mann-Whitney test statistic with missing data
as a random variable, rather than a realised observation as considered for the original proposed
method. We bound the Wilcoxon-Mann-Whitney test statistic using other random variables with
fixed distributions under the null, and prove that these distributions can be approximated using
numerical simulations. Based on these results, we propose a new testing method based on the
Wilcoxon-Mann-Whitney test, and prove that this method also controls the Type I error without
the need to assume the missingness mechanisms. Simulation results demonstrate that this variant
method has higher statistical power than the original method, especially when the proportion of

missing data are large. See Figure 6.10 as an example.
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7. Conclusion

Addressing the missing data problem in hypothesis testing is important yet challenging. When
the missing data are not handled correctly, the testing results could have a Type I error rate higher
than a pre-specified significance level. This problem does not vanish with larger sample sizes;
on the contrary, the Type I error could asymptotically converges to 1 as sample sizes increase,
even when only 1% of the data are missing. See Figure 3.5 in this thesis for an example. The
missingness mechanism behind the missing data is often unknown, making the proper treatment
of missing data difficult.

This thesis proposes several rank-based hypothesis testing methods in the presence of missing
data, without making any assumptions about the missingness mechanisms. Specifically, we adapt
the Wilcoxon-Mann-Whitney test, the Ansari-Bradley test, and Spearman’s footrule to handle
missing data for the location, scale, and independence tests, respectively. An important property
of these methods is that the Type I error is always controlled, regardless of the values of missing
data.

To summarise the contributions of this thesis:

e We derive the tight lower and upper bounds of the Wilcoxon-Mann-Whitney test statistic in
the presence of missing data. Based on the bounds, the corresponding bounds of the p-value
of the test results are constructed. We prove that, by rejecting the null hypothesis when all
possible p-values are significant, the proposed method controls the Type I error regardless
of the values of the missing data. The statistical power of our method is studied. We show
that when more than 30% of the data are missing in both samples X and Y, the method
does not produce any significant result, regardless of the observed values. The approximate
and asymptotic statistical power of the proposed method are also investigated, under the
assumption that the data are missing completely at random (MCAR). We perform various
numerical experiments for evaluating the Type I error and statistical power of the proposed
method, and compare it with other common missing data methods. Finally, our method is

illustrated using clinical trial data that contains missing values.

o We extend the framework for the Wilcoxon-Mann-Whitney test to the Ansari-Bradley test
for the scale testing problem. Tight lower and upper bounds of the Ansari-Bradley test
statistic are derived, and then applied to obtain the corresponding bounds of the p-value.
By rejecting the null hypothesis when the maximum possible p-value is smaller than the
significance level o, we propose a new scale testing method in the presence of missing data.
This method is then combined with the proposed location testing method using the Holm-
Bonferroni method, resulting in a location-scale testing method that can handle missing
data. The performance of the proposed scale and location-scale tests is evaluated through

extensive numerical simulations. A hepatitis C virus dataset is considered for illustrating
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the practical utility of the proposed location-scale testing method.

e We construct tight lower and upper bounds for Spearman’s footrule in the presence of
missing data, and propose corresponding algorithms for efficiently computing these bounds.
Based on these results, we further derive non-trivial bounds of the Kendall’s 7 coefficient.
The bounds of the p-value of Spearman’s footrule are also constructed. By rejecting the null
hypothesis whenever the maximum possible p-value is smaller than «, we introduce a novel
independence testing method that accommodates missing data without making any miss-
ingness assumptions. The Type I error rate and statistical power of the proposed method
are evaluated and compared with other common approaches for missing data through ex-
tensive numerical simulations. We illustrate our method on real-world data by comparing
the dependence of yearly precipitation levels in the United Kingdom, Germany and the
Unites States.

e We extend the proposed location testing method based on the Wilcoxon-Mann-Whitney
test to cases where data can be tied and defined on a potentially closed support. The
bounds of the Wilcoxon-Mann-Whitney test statistic, and its corresponding variance are
derived, and then used to derive the bounds of the corresponding p-value. We perform
various numerical simulations and demonstrate that by taking into account ties and closed

support, the power of the proposed location testing method can be further increased.

e We consider a variant of the proposed location testing method by treating the Wilcoxon-
Mann-Whitney test statistic in the presence of missing data as a random variable, rather
than a realised value. We propose to bound the test statistic using other variables with fixed
distributions under the null hypothesis. We prove that these distributions can be approx-
imated using numerical simulations, and subsequently apply this result for constructing a
novel location testing method with controlled Type I error. This variant of the proposed
method is evaluated using numerical simulations, and is shown to be more powerful than

the original proposed location testing method.

Future Work

While there could be multiple different directions for extending the work in this thesis, the

following four topics represent promising areas to be explored.

Consideration of ties

The proposed methods in this thesis assume the data are distinct. For discrete-valued data,
however, two or more observations could be equal, so the data can be tied. Chapter 6 extends
the proposed location testing method to cases where data can be tied and defined on a potentially
closed support, and demonstrates that by taking ties and the closed support into account, the
power of the proposed method can be improved. Following the similar approach used in Chapter 6,
it is possible to extend the proposed scale testing method and independence testing method to

handle ties and closed support.
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Bounding test statistics as random variables

The proposed methods in this thesis are based on the bounds of the corresponding test statistics
when the variables are realised. In other words, the test statistics are considered as realised
real values. In Chapter 6, we show that it is possible to take a different perspective and bound
the test statistic in the presence of missing data as a random variable, prior to the data are
realised. Chapter 6 explores this methodology for the Wilcoxon-Mann-Whitney test, and shows
that this methodology improves the power of the original proposed location testing method
quite significantly in certain cases, while also controlling the Type I error for any missingness
mechanism. It is possible to extend this methodology to the Ansari-Bradley test and Spearman’s
footrule independence test. The difficulty in extending this methodology is constructing random
variables for bounding the test statistic, and study the distributions of these bounding variables

under the null hypothesis.

Extend the framework to other rank-based methods

This thesis focuses mainly on constructing new methods based on the Wilcoxon-Mann-Whitney
test, the Ansari-Bradley test, and Spearman’s footrule for the location, scale, and independence
tests in the presence of missing data. However, the framework in this thesis could be extended to
other rank-based hypothesis testing methods. Examples include the Lepage test for the location-
scale testing and Spearman’s p for the independence testing. The main challenge in such exten-
sions lies in deriving tight bounds for the corresponding test statistics in the presence of missing
data.

Multivariate hypothesis testing with missing data

While this thesis focuses on univariate data, the framework can be extended to multivariate
hypothesis testing. Such an extension requires deriving bounds for the relevant test statistics in
the presence of missing data. Multivariate rank-based statistics are natural candidates for this
approach (Chen et al., 2022a; Zhou et al., 2024). However, rank-based statistics are not necessary:
any statistic that admits valid bounds with missing data can be considered. For example, Zeng
et al. (2025a) extend the framework to the Maximum Mean Discrepancy (MMD) test (Gretton
et al., 2012) when the Laplacian kernel is applied.
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A. Proofs of results in Chapter 3

This chapter provides proof for results used in Chapter 3.

A.1. Bounds of sum of ranks

Proposition A.1.1. Suppose that X = {x1,---,z,} and Y = {y1,---

,Ym} are samples of

distinct, real-valued observations. Suppose that X’ C X is a subset of n’ values in X, and
suppose that Y/ C Y is a subset of m/ values in Y. Defining 7 = X UY and 72/ = X' UY’

and supposing only Z’ is known, the minimum and maximum possible rank sum of X, over all

possible values for the d = n —n’ + m — m’ observations in Z \ Z’, are

where Ry/z denotes the sum of ranks of X in Z as defined in Definition 2.2.2.

gl\léll Rx|z = Rxrz7+ (n—n')(n+n'+1)/2

Izn\az}fRXlz = Ry z +{n(n+2m+1) —n'(n' +2m' +1)}/2,

Proof. To start, let us denote X \ X' = X,, and Y \ Y’ = Y,. In other words, X, is the set

that includes all unobserved values in X, and similarly, Y, is the set that includes all unobserved

values in Y.

According to the definition of the sum of ranks in Definition 2.2.2,

Rx;z =Y _ R(z,2)

rzeX

=Y R(z.2)+ > R(z,2)

zeX'’ zeXx

- RX"Z + RX*‘Z

Consider any x € X’. Since Z =X UY = X UY'UY,,

It follows that

R(z,Z) = R(z,X) + R(z,Y’) + R(z,Ys).

Rxiz= Y R(X)+ Y R@Y)+> R(zY.),

reX'’ reX'’ zeX'’

=C, =Cs =Cj3
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and

Hence,
Rxiz =Ci1+C2+C5+ D1+ Dy + Ds. (A.3)
Notice that

Ci+Di= )Y R(@X)+ > Rz X)

rzeX’ € X

= ZR(:U,X)
reX
= (1+n)n/2=n?/2+n/2.
Also, since Z' = X' UY",

RXI|Z/ = Z R(LL’,ZI)

zeX'’
=Y R(@,X)+ > RY')
reX’ zeX’

= (1+ ) /2 + Cs.
Thus,
CQ = RX’|Z’ — (1 + n/)n//Q.

Since all values in Z’ are observed, Cs is a constant determined solely by observed values.
Put the above results of C; + Dy and C) back into Equation (A.3), we obtain that

RX|Z :RX/|Z/ — (1+n/)n'/2+n2/2+n/2—|—(}’3-|-D2+D3

(A.4)
= RX’|Z’ + (n—n’)(n—i—n' + 1)/2+03 + Dy + Ds.

The following of this proof derives the bounds of Ry by considering the bounds of the terms
Cs, Dy and D3 separately.
First, recall that

Cs= Y R(xY.)=> Y I(y<uz).

zeX’ zeX’ yeYs

Notice that

Cs > 0.
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Further, when any y € Y* is lager than any x € X', i.e.

. /
min Y, > max X',

= (5 =0.

Similarly, recall that

Dy= > R(xY)=)> Y I(y<u).

rE€X« reXi yeY’

We have
D2 2 Oa
and when any y € Y’ is larger than any = € X,, i.e.

. !
min Y’ > max X,

= Dy = 0.

Finally, we recall that

Dy=> R(zY)= Y > Iy<ax).

z€X, rEX. yeYs

We have
DS > 07
and when any y € Y, is larger than any « € X,, i.e.

min Y, > max X,,

= D3 =0.
Hence, we have shown that
Cs, Dy, D3 > 0,
where the “=" holds when the following three conditions all hold:

min Y; > max X',
minY’ > max X,

min Y, > max X,.
Note that when

min Y, > max Z’ and max X, < min Z’,

123



the above three conditions hold. In other words, if any unobserved values in y € Y, is larger than
all observed values in z € Z’ while any unobserved values in € X, is smaller than all observed

values in z € Z’, we have

Ry |z = Pavation (A-4) Rxiz + (n—n')(n+n"+1)/24+ Cs+ Dy + D3
= Rx/|zo+ (n—n')(n+n"+1)/2.

Hence, we have

21\151/ Rx|z = Rxz7 + (n—n')(n+n'+1)/2,

which proves Equation (A.1).
To prove Equation (A.2), notice that we can apply the result of Equation (A.1) and show that

gl\iZH,Ry|Z = RY!‘ZI —i—(m—m/)(m—l—m’—i—l)/Q

=F

Since

Rz 1z = Rxz + Ry|z = (1 +n+m)(n+m)/2

=Fs

is a constant, when Ry takes its minimum among all possible Z*, Ry, takes its maximum,

ie.,

maXRx‘Z = RZ|Z — min Ry‘z
Z\Z' Z\Z'

== EQ - RY’|Z’ - El.
Notice that

RY/|Z/ —+ RX/|ZI = (1 -+ Tl/ + m/)(n/ =+ m/)/2

=Es

- RY’|Z’ = F5— RX/|Z"
Then, we further have

HlaXRX|Z =Fy — E3+ RX’\Z’ — Fy.
2\Z'
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We can verify that

By — By — By

=14+n+m)n+m)/2—Q+n"+m )0 +m)/2—(m—m)(m+m'+1)/2
={n+m+ni+m?+2nm—1+n +m)n +m)—m? —mm/ —m+mm' +m? +m/'}/2
={n+n>4+2nm—n —m' —n? —m”? - 20'm' + m? + m/}/2

= {n+n?+2nm— (0 +n*+2n'm')}/2

={n(n+2m+1)—n'(n' +2m' +1)}/2.

(A.5)
Hence, we have
an\aZ}fRXIZ = Rx/z +{n(n+2m+1) —n'(n' +2m' +1)}/2.
This proves Equation (A.2), and completes our proof. O

A.2. Maximum allowable proportion of missing data

The following proposition, while not stated in the main paper, is needed to prove Proposi-
tion 3.3.1.

Proposition A.2.1. Suppose X = {x1,x9, - ,z,} and Y = {y1,¥y2, - ,ym} are samples of
distinct real-valued observations and X’ € X, Y’ C Y are subsets of distinct values with size
n' and m’ respectively, which are observed. Suppose that n,m are sufficiently large enough for
applying normality approximation in Wilcoxon-Mann-Whitney test. Then, for any significance
level @ € (0,1), Condition 3.2.1 or Condition 3.2.2 is true if and only if either of the following

two inequalities are true

WX, Y") > & 11— a/2){nm(n +m +1)/12}/2 + nm/2,
W(X",Y') < & Ha/2){nm(n +m +1)/12}% — nm/2 + n'm/,

where ®(x) is cumulative distribution function of the standard normal distribution.

Proof. Recall that Condition 3.2.1 is defined as

2@4(1_3)mm‘“m4§37‘“2¢4(1_;)

Wmin(X7 Y) —

g

Since Winin(X,Y) < Wiax(X,Y), and ®~1(z) is a monotonic increasing function, hence Condi-

tion 3.2.1 is equivalent to

Wmﬂi@?—u2®](1_§>

-@?W@JXJ@Eo@”(l—%)+M

— WX,Y") > 1 - a/2){nm(n+m+1)/12}/% + nm/2.
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Similarly, recall that Condition 3.2.2 is defined as

Wmin()i;Y) —h g (g) and Wmax()iay) —H (g) .

Since Winin(X,Y) < Winax(X,Y), and ®~1(z) is a monotonic increasing function, hence Condi-

tion 3.2.2 is equivalent to

Wl X.Y) 1 _ g1 (%)
o 2
= Whnax(X,Y) < 0@~ ! (%) + 1

— WX, Y +nm—n'm <® (a/2){nmn+m+1)/12}"/? + nm/2
—= WX Y <& Ya/2){nm(n+m+1)/12}/%2 —nm/2 — n'm/.

This completes our proof. O
The following well-known result regarding the Wilcoxon-Mann-Whitney statistic will be useful

to prove Proposition 3.3.1.

Lemma A.2.2. If X and Y are samples of n and m values, respectively, with all values distinct,
then the Wilcoxon-Mann-Whitney test statistic W (X,Y) is bounded by 0 < W (X,Y) < nm.

Proof. By definition, W(X,Y) = Rx|xuy — n(n +1)/2, and

Rx\xuy = Z R(z, X UY).
zeX

The rank sum Rx|xyy is minimised when the values in X occupy ranks 1,...,nin XUY, and so
Rx|xuy = n(n +1)/2, which implies W(X,Y’) = 0 is the minimum possible value for W(X,Y").
On the other hand, Rx|xyy is maximised when the values in X occupy ranks n+1,...,n+m in
X UY, which implies Rx|xuy = nm+n(n+1)/2, which implies W (X,Y) = nm is the maximum
possible value for W(X,Y). O

We are finally ready to provide Proposition 3.3.1 in the main paper which is restated here:

Proposition A.2.3. Suppose that X = {z1,, -+ ,z,} and Y = {y1, - ,ym} are samples of
distinct real-valued observations and X’ € X and Y’ C Y are subsets of distinct values with size
n' and m’, respectively, which are observed. Suppose that n,m are sufficiently large enough for
applying normal approximation in the Wilcoxon-Mann-Whitney test. Then for any significance
threshold « € (0,1), if

n'm//(nm) < 1/2 4+ /(1 +n+m)/(12nm)®1 (1 — a/2), (A.6)

where ®(z) denotes the cumulative distribution function of the standard normal distribution, the
proposed method will not reject the null hypothesis, regardless of the observed values in X’ and
Y’

Proof. Suppose the conditions of the proposition are satisfied, and

n'm’/(nm) < 1/2+ & Y1 — a/2){(n+m +1)/(12nm)}"/2. (A.7)
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Then

n'm’/(nm) < 1/2+®7(1 — a/2){(n+m +1)/(12nm)}/?
— n'm’ <nm/2+® (1 —a/2){nm(n+m+1)/12}1/2
= 0<—n'm +nm/2+ 31— a/2){nm(n+m+1)/12}1/2
= 0>n'm' —nm/2 — (1 — a/2){nm(n +m +1)/12}'/2
= WX, Y)>0>n'm —nm/2 — & 11 — a/2){nm(n +m +1)/12}/2
— W(X",Y") > Ha/2){nm(n+m+1)/12}1/2 — nm/2 + n'm/, (A.8)

since ®1(1 — 2) = —®~1(z), for x € (0,1), and using Lemma A.2.2 applied to X’ and Y’, i.e.
0 <W(X"Y') <n'm/. Similarly,

n'm’/(nm) < 1/2+ &7 (1 — a/2){(n+m +1)/(12nm)}/?
—n'm' <nm/2+ 11 - a/2){nm(n+m+1)/12}}/2
= W(X"Y") <n'm <nm/2+ &1 — a/2){nm(n+m+1)/12}1/2
— WX, Y") <1 - a/2){nm(n+m+1)/12}% + nm/2. (A.9)

Given that if Inequality (A.7) is true it implies both Inequalities (A.8) and (A.9) are true, this
means that neither of the inequalities in Proposition A.2.1 are true, which implies that nei-
ther Conditions 3.2.1 nor Condition 3.2.2 is true. Hence, the proposed will not reject the null
hypothesis. O

A.3. Power for data missing completely at random

The following proposition provides results for the power of the proposed method, when the data

are assumed to be missing completely at random.

Proposition A.3.1. Let X = {X;,---,X,,} and Y = {Y1,---,Y;,} be sets of random vari-
ables identically and independently distributed according to continuous distributions F' and G,
respectively. Let X’ € X and Y/ C Y denote the subsets of distinct random variables with sizes
n’ and m’, respectively, which can be observed. Assume that the observations of the random
variables in the complements X \ X’ and Y \ Y’ are missing completely at random (MCAR),
and 0 < Pr(X; <Yj) < 1. Suppose that n,m are sufficiently large enough for applying nor-
mal approximation in the Wilcoxon-Mann-Whitney test. Then, for any given significance level
a € (0,1), the proposed method yields a significant p-value with probability approximately equal

to

(L —p)/o") +1=2((R—p')/o"),

where @ is the cumulative distribution function of the standard normal distribution, and L, R, 1/, o’
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are

L=0dYa/2)+pu—nm+n'm', R=cd'(1-a/2)+pu,
p=m'n'pr, (6')? = m/'n'pi(1—p1) +m'n'(n" = 1)(pa — pi) +n'm/(m’ = 1)(p3 — p),

and u = nm/2, 0> = nm(n +m+1)/12, and

plzPr(Xl <Y1), pQZPI'(Xl <Y and X, <Y2), ngPr(Xl <Y andX2<Y1).

Proof. The proof is based on the results in Section 3, Chapter 2 in Lehmann and D’Abrera
(1975).

Since the missingness mechanism is assumed missing completely at random for both X and Y,
for all observed variables in X and Y, we must have X’ and Y are also identical and independently
distributed according to F' and G, respectively.

Then, from (2.14) in Lehmann and D’Abrera (1975), since F, G are both continuous cumulative
distribution function and 0 < P(X; < Yi) < 1, W(X',Y’) approximately follows a normal

distribution, i.e.
W(X",Y") = ') /o' ~N(0,1) (A.10)

approximately, where 1/ = E(W (X’,Y”)) and ¢’ = (var(W (X', Y”)))"/2, and from the Equations
(2.17) and (2.21) in Lehmann and D’Abrera (1975) respectively, we have

/ ! !
H=mnpi,

o =m'n'pi (1 —p1) + m'n’(n' — 1)(p2 — p3) + n'm/(m’ — 1)(ps — p}),

where
p1=Pr(X; <Y1),p2=Pr(X; <Yy and X; <Ys),ps =Pr(X; <Y; and Xo <Y7).

In Proposition A.2.1, we showed that the proposed method yields a significant p-value if and

only if either of the following two inequalities are true

WX, Y') < & Ha/2){nm(n +m +1)/12}1/% — nm/2 + n'm/,
WX, Y > & 11 —a/2){nm(n+m+1)/12}/2 + nm/2,

Recall that o = {nm(n + m +1)/12}'/2 and u = nm/2. We can denote the right hand sides of
the above two inequalities as L = c® !(a/2) + p — nm +n'm/, and R = 0® (1 — o/2) + p,
respectively. Subsequently,

Pr (Proposed method yields a significant p-value)
=Pr(W(X",Y') < Lor W(X"Y') > R)
=Pr (W(X"Y') <L) +Pr (W(X"Y')>R).
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Notice that, according to the approximation result in (A.10),

Pr(W(X'Y')<L)=Pr(W(X"Y")—p)/o' <(L—-p))o")=®{(L—p')/o"},
Pr(W(X',Y') > R) =Pr (W(X"Y') =) /o' > (R—')/o") = 1= ®(R— ) /0.

Hence,
Pr (Proposed method yields a significant p-value)
~@((L—p))o')+1-2((R-u)/0),

which completes our proof. O

A.4. Asymptotic power for data missing completely at random

Proposition A.3.1 provides approximate power of the proposed method for finite sample sizes
when the data are missing completely at random. However, the following proposition considers

asymptotic power of the proposed method when the sample sizes are infinite.

Proposition A.4.1. Let X = {X1, -+, X,,} and Y = {Y3,---,Y,,,} be sets of random variables
identically and independently distributed according to continuous distributions F' and G, respec-
tively. Let X’ C X and Y’ C Y denote the subsets of distinct random variables with sizes n’ and
m/, respectively, which can be observed. Assuming that the random variables in the complements
X\ X’ and Y \ Y’ are missing completely at random (MCAR), and 0 < Pr(X; < Y7) < 1, and

additionally assuming m’ < n’ and

m'/n’ — X when n,m — oo, where 0 < X\ <1, (A.11)
n'/n — Az, when n,m — oo, where 0 < \, < 1, (A.12)
m'/m — A,, when n,m — oo, where 0 < X\, <1 (A.13)
AzAy(p1 — 1) +1/2 # 0 and A\ A\yp1 — 1/2 # 0, where p; = Pr(X; < Y7). (A.14)

As n,m — oo, with probability

0, if AzA —1)+1/2>0and A\ A\p1 —1/2 <0,
p:{ LA (pr = 1)+ 1/2> 0 and AsAypr — 1/ (A.15)

1, otherwise,

the proposed method will yield a significant p-value.

Proof. TFor any given n,m,n’,m’, since the data are assumed to be missing completely at
random (MCAR), the observed variables X’ and Y are identically and independently distributed
according to F' and G, respectively.

Since 0 < M <1 and 0 < Pr(X; <Yj) < 1, the Corollary 5 in Lehmann and D’Abrera (1975)
(see Appendix: U-Statistic Corollary 5 in Lehmann and D’Abrera (1975)) can be applied, and

we obtain that

(W(X",Y") = i) /o’ =2 N(0,1), when n,m — oo, (A.16)
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with
p =m'n'py, (A.17)
o' = {m'n'pi(1 = p1) + m'n'(n = 1)(p2 = p}) + n'm’(m’ — 1)(p3 — p)}'/*. (A.18)
Notice that
mm
m/n = iy
According to (A.11), (A.12) and (A.13), we have limitations

lim m/m' — 1/, where 0 < A\, <1,

n,m—0o0

lim m'/n’ — X, where 0 < X <1,

n,m—00
lim n'/n — Ay, where 0 < A\, < 1.

n,Mm—00

Hence, the limitation of m/n exists and

lim m/n_< lim m/m)< lim m/n>< hmoon/n> = N /Ay

,M—00 n,m—oo 7n,Mm—00 n,m—

For notation convenience, let us denote
A=A/ Ny

Let us now consider the probability of the proposed method yielding a significant p-value.
Proposition A.2.1 asserts that

Pr (Proposed method yields a significant p-value)
=Pr (W(X"Y") <o® ' (a/2) + p—nm+n'm') +Pr (W(X",Y') >0 (1 —a/2)+4),

where p = nm/2 and 02 = nm(n +m + 1)/12. Further,

Pr (Proposed method yields a significant p-value)
=Pr(W(X"Y') = p+nm—n'm <o® Ha/2)) +Pr (W(X"Y') —pu> 0@ (1 - a/2))

’ / _ !/ 1 _
( (X,Y) = p+ nm — n/'m) §¢_1(a/2))+Pr (W/(‘X’Y)qu)_l(l_a/2)>
o g
/ / I _ ! /
=y (G WOOTD il i o)
0’ O—
"W(X', Y’ =
(JW +,u a 2@1(1—01/2)).
o o
Denote

ai(n,m,n'm’) = (¢ — p+nm—n'm') /o, and as(n,m,n’,m’) = (' — u)/o.
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Then

Pr (Proposed method yields a significant p-value)
=Pr ((a’/a)(W(X', Y') =)/ + ar(n,m,n'm') < _l(a/2)) (A.19)
+Pr ((o' /o) (W(X",Y") = i) /o’ + az(n,m,n'm’) > (1 — a/2)).

Our goal is the limitation of the Equation (A.19) when n,m — oco. We start by considering

the limitation of 0/ /o. Recall that 02 = nm(n+m+1)/12, and ¢’ is defined in Equation (A.18).
Then

<G,>2 _ e —p1) +m'n(n — 1) (p2 = pi) +n'm/(m' = 1) (ps — pi)

e nm(n+m+ 1)

Divide the numerator and denominator of the above equation both by n?m,

<0’>2 _ 12%%%171(1 —p) + G
1+ (m/n)+ (1/n)

Following limitations (A.11), (A.12), and (A.13), and recall that we have shown that lim,, 0o m/n —
A,

m (& i 190 AR (P2 — pT) + NEAN (s — )
n,m—00 o 1 + )\
g (T e (O A8 (2 = pD) + AAN (03 — pi) v C

According to asymptotic result (A.16), (W (X', Y')—u') /o’ convergences in distribution to N(0, 1).

Since o’ /o convergences to a constant C, then according to Slutsky’s theorem,
i (o' Jo) (W (X", Y") = /) /o' =2 N(0,1) (A.20)
Next, we consider other terms in Equation (A.19). Recall that ¢/, u and o are defined as
i =mn'pr, p=nm/2, o ={nm(n+m+1)/12}/2.

We can therefore rewrite aj(n, m,n’,m’') and az(n, m,n’,m’) in Equation (A.19) as

ai(n,m,n’,m") = (' — p+nm—n'm')/o
= (m'n'p1 — nm/2 + nm — n'm) /{nm(n +m +1)/12}'/?
= {(n'/n)(m' fm)(pr = 1) + 1/2}/{(n + m + 1)/ (12nm) }'/2, (A.21)
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and

az(n,m,n’,m') = (@' —p)/o

= (m/n'p1 — nm/2)/{nm(n +m +1)/12}}/2

= {(m//m)(n /n)p1 = 1/2}/{(n +m+1)/(12nm)}'/2,

(A.22)

respectively. Then, according to limitations (A.12) and (A.13) such that lim »n'/n — A\, and
n,M—00

lim m'/m — A, respectively, we note that for the numerator of Equation (A.21),

n,Mm—00

lim_{(n'/n) (' /m)(p1 — 1)+ 1/2} = AeAy (pr — 1) +1/2,

n,Mm—00

and for the numerator of Equation (A.22)

lim {(m'/m)(n'/n)p1 — 1/2} = A\gAyp1 — 1/2.

T,1M—+00

Note that the denominators of both Equation (A.21) and (A.22)

lim {(n+m+1)/(12nm)}"/? = 07.

7,1M—+00

Combining Equation (A.23) and (A.25),

lim ay(n,m,n'm’) — +o0 if \;A\y(p1 — 1) +1/2 > 0,

n,Mm—00
lim aq(n,m,n'm’) = —oo if Az A\y(p1 — 1)+ 1/2 < 0.

n,Mm—00

Similarly, combining Equation (A.24) and (A.25),
lim as(n,m,n'm’) — +oo if AzA\yp1 —1/2 > 0,
n,m—00

lim as(n,m,n'm’) = —oco if Az A\yp1 —1/2 < 0.
n,Mm—00

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

Recall that we assume in Equation (A.14) that A;Ay(p1 — 1) +1/2 # 0 and A\gAyp1 — 1/2 # 0.

Hence, we can categorise all possible interactions among A;, Ay, p1 into the following 4 cases:

Case I : Az Ay (p1

y( +1/2 < 0 and A\Ayp1 — 1/2 <0,
Case II : Az Ay (p1

y

u(

)

)+1/2 >0 and A A\yp1 —1/2 <0,
Case III : A\, (p1 )
Case IV :\; )\, (p1 )

+1/2 <0 and A A\yp1 —1/2 >0,

—1
—1
—1
—1)+1/2>0and A\;A\yp1 —1/2 > 0.

The following proof obtains the limitations of Equation (A.19) under Case I, II, IIT and IV,

separately.

Case L. Let us consider Case I first, i.e.

AeAy(p1 — 1) +1/2 <0 and A\ A\yp1 < 1/2.
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Notice that this case is possible. For example, we can consider A\; = Ay = 0.9 and p; = 0.1, then
Aady(p1 — 1) = —0.9% = —0.729 < —0.5, and A\ A\yp1 = 0.081 < 1/2.
When Case I holds, according to Equation (A.27) and (A.29),

. / / . / /
lim a;(n,m,n'm)— —oo, lim az(n,m,n'm") — —oo
n,m—00 n,Mm—00

Recall that in Equation (A.20), we have shown that

Jim (W(XY') =)o’ (o [o) - ON(0,1),

with C' being a constant. Then

mlrlgloo Pr (o' /o) (W (X", Y") = i) /o’ + ai1(n,m,n'm') < @ (a/2)) — 1
S Pr (o' /o) W(X",Y') — i) /o' + as(n,m,n'm’) > (1 —a/2)) — 0

Put the results back into Equation (A.19), we obtain for Case I

lim Pr (Proposed method yields a significant p-value)
n,m—00

m?l?ir_rioo Pr ((o' /o)W (X", Y") = i) /o’ + a1(n,m,n'm’) < >~ Ha/2))
+ n,rlriLIEoo Pr ((o' /o)W (X", Y") = i) /o’ + az(n,m,n'm’) > 11 -a/2)) =1

Case II. Let us now consider Case 11, i.e.

AzAy(p1 — 1) +1/2 >0 and A A\yp1 < 1/2.

Notice that this case is possible. For example, we can consider A\; = Ay = 0.5 and p; = 0.5, then
Aady(p1 — 1) = —0.53 = —0.125 > —0.5, and A\ \,p1 = 0.0125 < 1/2.
When Case II holds, according to Equation (A.26) and (A.29)

. / / . !/ /
lim aj(n,m,n'm)— +oo, lim as(n,m,n'm’)— —oo.
n,m— 00 n,m—00

Recall that we have shown in Equation (A.20) that

Jim (o' fo)(W(X"YT) = u) /o -4 ON(0,1),

with C' being a constant. Then

nﬁl)iirgoo Pr((o'/o)(W(X",Y') — i) /o' + ar(n,m,n'm/) < & (a/2)) = 0

mlrlgloo Pr ((o/ /o) (W (X", Y") — i) /o’ + as(n,m,n'm’) > &1 (1 — a/2)) = 0,
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Put the results back into Equation (A.19), we obtain for Case II

lim Pr (Proposed method yields a significant p-value)

= nTlrlLr—r)lOO Pr((o'/o)(W(X"Y') — i) /o' + a1(n,m,n'm/) < &~ (a/2))
+ mlyllrgoo Pr ((o'/o)(W (X", Y") — i) /o’ + az(n,m,n'm) > o1 - @/2)) =0.

Case III. Let us now consider case 111, i.e.

AzAy(p1 — 1) +1/2 <0 and A\gAyp1 > 1/2.

Notice that

Ady(p1 — 1) +1/2<0 <= AAy(1—p1)—1/2>0
= AaAy — AgAyp1 > 1/2
= Ay > A Agpr +1/2
= Ay > 1

Hence the Case III is impossible provided 0 < Az, A, < 1.
Case IV. Let us consider Case 1V, i.e.

AzAy(p1 — 1) +1/2 >0 and A\gAyp1 > 1/2.

Notice that this case is possible. For example, we can consider p; = 0.9 and A\, = A, = 0.9. Then
AzAy(p1 — 1) = —0.081 > —1/2, and A\ \,p1 = 0.93 = 0.729 > 1/2.
When Case IV holds, according to Equation (A.26) and (A.28)

lim aj(n,m,n'm') — 4+oo, lim as(n,m,n'm’) — +oo.
n,m—+00 n,m—00

Recall that we have shown in Equation (A.20) that

lim (o//o)(W(X',Y') = i) /o’ —¢ CN(0,1),

n,Mm—00

with C' being a constant. We then have

lim Pr((o//o)(W(X",Y") = i') /0" + a1(n,m,n'm’) < <I>_1(a/2)) —0

lim Pr((o//o)(W(X',Y") = i)/o’ + az(n,m,n'm’) > &7 1(1 — /2)) — 1,

n,m—00

Put the results back into Equation (A.19), we obtain for Case IV

lim Pr (Proposed method yields a significant p-value)

= nrlrlLIgoo Pr((o'/o)(W(X",Y') — i) /o' + a1(n,m,n'm/) < &~ (a/2))
+ erilrgooPr (o)) (W (X", Y") — i) /0’ + as(n,m,n'm/) > &1 — a/2)) = 1.
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Overall, among all possible 4 cases, we have shown Case III is impossible, Case II leads to
the rejection probability to 0 when n,m — oo, and Case I, Case IV both leads to the rejection
probability to 1 when n,m — oco. Thus, if Case II holds, the rejection probability goes to 0 when

n, m — oo, otherwise the probability goes to 1. Notice that the Case II can be written as
)\x)\y(l —pl) < 1/2,)\m)\yp1 < 1/2.

Hence, we conclude our results. O
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B. Proofs of results in Chapter 4

This chapter presents technical results required in Chapter 4. We prove the tight bounds of
the Ansari-Bradley test statistic in the presence of missing data, when data are assumed to be

distinct.

B.1. Lower bound with single value missing

We begin our proof by considering the case where only one single value in X is not observed.
The main result for this section is Proposition B.1.6.
We first prove the following lemma, which considers the implications if a single value z € X is

replaced with another value z* where the rank of x* is equal to the rank of x plus or minus one.

Lemma B.1.1. Suppose X = {x1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values. Let z € X be any element in X. Denote X’ = X \ {z}. Consider any real value z*
that is distinct from all values in X’ UY, and denote X, = {z*} U X’. Then, if R(z, X UY) =
R(z*,X,UY) + 1 we have x > z*, and 1 > >~ _,I(z > 2> 2*) > 0. On the other hand, if
R(z,XUY)=R(z*, X, UY) -1, wehave 2* > 2,and 1 > >, I(z* > 2> x) > 0.

Proof. To start, let us assume R(z, X UY) = R(z*, X, UY) + 1. According to the definition
of rank, R(z, X UY) = > xyl(@>2) = 1+ > xyl(z>2). Since all values in X U
Y are distinct, we have I(x > 2) = I(z > z) for any z € X' UY. Hence, Rz, X UY) =
L+ .cxwuy (x> 2). Similarly, we can show that R(z*, X, UY) = 14+ > iy 1(2* > 2).
Subsequently, since R(z, X UY) = R(z*, X, UY) + 1, we have

Z I(x>2)= Z I(z*>z)+1
zeX'UY zeX'UY

=z >z

Further, we have

ZI($>Z)+ZI(ZL’>2): ZI(x*>z)+ZI(:U*>z)+1

zeX'’ z€Y ze X'’ z€Y

— ZI($>Z)— ZI(ac*>z):ZI(x*>z)—ZI(w>z)+l
zeX'’ zeX' z€Y z€Y

— Z (I(x > 2)—I(z* > 2)) = Z(I(w* >z)—I(x>2)+1.
zeX’ z€Y
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Since x > z*, we have

Z (I(x > 2)—I(z* > 2)) >0, and Z(I(:z:*>z)—1(x>z)) <0.

zeX/’ z€Y

Therefore, we have 1 > 3+, (I(z > 2) — I(2* > z)) > 0, which is equivalent to

1> ZI(m>z>x*)20.
zeX'’

Hence, we completes our proof when R(z, X UY) = R(z*, X, UY) + 1.

For the case when R(z, X UY) = R(z*, X, UY) — 1, note that we have R(z*, X, UY) =
R(z,X UY) + 1, then using the result we have already proved above, we have z* > z, and
1> cx/1(z* > 2z>x) >0, which completes our proof. O

According to Lemma B.1.1, if x € X is replaced with another value x* where the rank of z*
is equal to the rank of  plus one, i.e. R(z, X UY) = R(z*, X, UY) — 1, then we must have the
value of z* is strictly greater than z, and perhaps less immediately obvious, there exists at most
one value z € X' that is greater than = but smaller than z*, i.e. 1 >3 ., I(z* > 2> 2) > 0.
However, when the rank of z* is equal to the rank of 2 minus one, the opposite conclusion can
be drawn from Lemma B.1.1.

Applying Lemma B.1.1, we proceed by analysing how the values of the Ansari-Bradley test
statistic T'(X,Y’) changes when = € X is replaced by x*, still assuming that the rank of x* is
equal to the rank of x plus or minus one. Additionally, we assume that the ranks of z and x* are
either both greater than (N 4 1)/2, or both smaller than (N + 1)/2.

Proposition B.1.2. Suppose X = {z1,...,z,} and Y = {y1,...,ymn} are samples of distinct
real values. Let x € X be any element in X. Denote X’ = X \ {z}. Consider any real
value z* that is distinct from all values in X’ UY, and denote X, = {z*} U X’. Assume that
(R(x,XUY)—(N+1)/2)(R(z*, X, UY) — (N +1)/2) > 0. Then, if case

(I): |R(x,XUY)—(N+1)/2|=|R(z", X, UY)—-(N+1)/2|+1
holds, we have T(X,Y) > T(X.,Y). However, if case
(II) : |R(z,XUY)—(N+1)/2| =|R(z", X, UY)—(N+1)/2| -1

holds, we have T'(X,Y) < T(X,,Y).

Proof. We first prove the result for case (I). Then, we show that the result for case (II) follows
directly from the result for case (I).

Without loss of generality, assume x = x1. According to the definition of the Ansari-Bradley
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test statistic, we have

T(X,Y)=)_

=1

Rz, X UY) — %(N+ 1)'

n

1
R(a1, X UY) = 5(N + 1)‘ +)
=2

1
R(z;, XUY) — 2(N+1)‘.

By the definition of rank, for any i € {2,...,n}, R(z;, X UY) = R(z;, X’ UY) + I(x; > x1).
Since x; # 1, we further have R(z;, X UY) = R(z;, X' UY) 4+ 1(z; > x1). Hence,
n

T(X,Y) = ‘R(m,XUY) - ;(NH)‘ s
=2

R(z;, X' UY) +1(z; > 21) — %(N—i— 1)'

|R(:U1,XUY)— (N +1) ‘ ZI T; > 1)

1
ml,X’UY)+1—2(N+1)‘

n

+ZI(1‘Z' < x1)

=2

1
R, X'UY) = S (N + 1)‘.

Similarly, we can show that

1 n
T(X*,Y) = ’R(x*jX* UY) - §(N+ 1)’ + ZI(.% > x*)
=2

1
R(:ci,X’uY)+1—2(N+1)‘
n . 1
+Y I(zi<a )'R(mi,X’UY)2(N+1)‘.

1=2

For notation convenience, for any i € {2,...,n}, let us denote

1
a; = ’R(mi,X’UY) +1-— §(N+ 1)

1
, Bi= ‘R(wi, X'uYy) - 2(N+1)‘.
Then, we have

T(X..Y)-T(X,Y)

- 'R(g;*,X* uyY) — %(N-i' 1)' - ‘R(l‘laXUY) - %(NJF 1)‘ (B.1)

n

+Z (x; > ™) —I(x; > x1)) a,—i—z (x; <a¥) —I(x; < x1))Bi-

=2

Notice that
|R(z1,XUY)—(N+1)/2| =|R(z", X, UY)— (N +1)/2| + 1.
Hence,
T(X.,Y)-T(X,)Y)

n n

=1+ Z (I(z; >2") —T(x; > 1))y + Z(I (x; < x®) —I(x; < x1))Bi.

=2 =2
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Since (R(z1,XUY)—(N+1)/2)(R(z*, X, UY) — (N +1)/2) > 0, we have either the following

two cases holds:

(i) : R(z1, X UY) > R(z", X, UY) > =(N+1), and R(z1, X UY) = R(z", X, UY) + 1,

1

2
1

(ii) : §(N+ 1)> R(z*, X, UY) > R(z1,XUY) and R(z1, X UY) = R(z", X, UY) — 1.

Suppose case (i) holds, then according to Lemma B.1.1, we have x; > z*. Hence, for any
i€{2,...,n},

I(z;>2")—1(z; >x) =1(x; <2¥) —I(x; < 1) =0, if z; > a1,
I(z;>2")—1(z; >x1) =1, I(ay; <a¥) —T(x; <xp) =—1, if &1 >x; > 2",
I(z;>2")—1(z; >x1) =1(x; <2¥) = I(x; < x1) =0, if x; < a*.

Therefore, we have T'(X,,Y) — T(X,Y) = =1+ > " o I(x1 > 2; > z*) (s — fB;). According to
Lemma B.1.1, we have 1 > " ,I(z1 > x; > 2*) > 0. In other words, there is at most one z;
greater than z* but smaller than x;. By definition, we also have that 1 > «; — ; > —1 for any
i €{2,...,n}. Hence, we have proved T'(X,,Y) < T(X,Y) under case (i).

Similarly, suppose case (ii) holds, then according to Lemma B.1.1, we have x; < z*. Hence,

for any i € {2,...,n}, we have

I(x; >2") —T(x; > ) =1(x; <2*) — I (z; <) =0, if x; > 2™,
I(x; >a") —1(x; >a1) =—1, I(x; <2) = I(x; <o) =1, if 2™ >z >y,

I(z;>2")—1(z; >x1) =1(x; <2¥) = I(x; < x1) =0, it z; < 7.

Therefore, we have T'(X,,Y) - T(X,Y) = =1+ > " o I(z* > x; > x1) (B — a;). According to
Lemma B.1.1, we have 1 > >~ ,I(2* > a; > 1) > 0. In other words, there is at most one z;
greater than x1 but smaller than x*. By definition, we also have that 1 > 3; — a; > —1 for any
i €{2,...,n}. Hence, we have proved T(X,,Y) < T(X,Y) under case (ii), which completes our

proof for the case (I) when
|R(x1,XUY)—(N+1)/2| = |R(z", X, UY)— (N+1)/2|+ 1.
For the case (IT) when
|IR(z, X UY)—(N+1)/2|=|R(z*, X, UY)— (N+1)/2| - 1.
Notice that
|R(z*, X, UY) = (N+1)/2|=|R(z,XUY)— (N +1)/2| + 1.

Then using the result for the case (I), we have T'(X,,Y) > T(X,Y), which completes our proof.
(]

Under the assumption that the ranks of = and z* are either both greater than (N + 1)/2, or
both smaller than (N + 1)/2, Proposition B.1.2 asserts that when the absolute distance between
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the rank of the replaced value x* and (N +1)/2 is one plus the absolute distance between the rank
of original value z and (N +1)/2,i.e. |R(z*, X, UY)—(N+1)/2| = |R(z, XUY)—(N+1)/2|+1,
the Ansari-Bradley test statistic is not decreasing.

Proposition B.1.2 appears to suggest that larger absolute distance between the rank of the
replaced value z* and (N +1)/2 leads to larger value of the Ansari-Bradley test statistic. We shall
prove this argument in Proposition B.1.4. However, before doing so, we introduce the following
lemma, which shows that when considering the values of the Ansari-Bradley test statistic after

replacing a set of values, only the ranks of original values and replaced values matter.

Lemma B.1.3. Suppose X = {z1,...,2,} and Y = {y1,...,yn} are samples of distinct real
values. Let X = {#1,...,%,_n/} be a non-empty subset of X. Denote X' = X \ X. Consider a
set X = {a%,...,2%_,} of real values, denote X, = X U X', and assume that (X.,Y) € D(n,m).
Then, if

{R(Z1,XUY),...,R(Zp_pn, XUY)} = {R(x’{, X.UY),...,R(z X, U Y)} ,

n—n'>

we have T(X,Y) =T(X,,Y).

Proof. To start, let us denote X' = {a,...,2/,}, Z = X UY, and Z* = X, UY. Then,
according to the definition of the Ansari-Bradley test statistic,

n

T(X,Y)=>)_

R(z:, 7) —;(NJrl)‘

=1
_y R\ Z) — (N + 1) +n§/ R(i, Z) — S(N + 1)
=1 i 2 =1 7 2
Similarly, we have
n’ 1 n—n' 1
T(X,,Y) = 7 — (N +1 © 7Y~ (N +1)].
(e = D[R 7 = 5V )+ 3 Rt 7 50+

Since {R(%1,Z),...,R(Zn_n,Z)} = {R(2},Z%),...,R(a} Z*)}, we have

n—n’>

! n_n/

R(%,7) — %(NJr 1)‘ =)
=1

n—

3

1
Risi 27) = 5V +1).

=1

Thus, in order to prove T'(X,Y) = T(X,,Y), it is sufficient to show that
R(z},Z2) = R(x}, Z*), for any i € {1,...,n'}.

Denote Z' = X' UY. Let € X’ be any value in X', and denote R(z, Z’) = k', then R(z, Z)
depends only on {R(%1,72),..., R(Z_n, Z)}, such that

n_/

Rz, 2)=k — > 1(RGE,2)<k) =k—F.
1

S

7
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For the “ = 7, note that R(z,Z’) = Kk’ implies k' elements in Z’ smaller than z, and R(z, Z)
implies k& elements in Z smaller than x. Then there are k — k' elements in X’ smaller than x,

hence the result. For the “ <=7, let us assume 71 < ... < Tj,_,, then

> I(R(E:,2) <k)=k—F

=1

<~ {R(ﬂ?l,Z), . .,R(fck_k/,Z)} < k, and {R(jk_k/+1,Z),. . .,R(i‘n_n/,Z)} >k
(31,2

<~ {R /), ceey R(fk_k/, Z/)} < k‘/, and {R(fik_kq_l, Z/), . ,R(in_n/, Z/)} > K.

Since R(x,Z'") = K/, there are k — k’ elements in X’ smaller than x. Hence, we have proven the
“ : 2 .
Similarly, we have

n—n/'

Rz, Z*)=k < Y I(R(z},Z")<k)=k-F.
=1

Since {R(%1,Z),...,R(Zn—p,2)} = {R(x}, Z*),...,R(z}_,,, Z*)}, we have

R(z,Z) = R(x,Z%),

which completes the proof. O

Lemma B.1.3 stresses that when considering the values of Ansari-Bradley test statistic, only
the ranks of the values matter. With Lemma B.1.3, we now proceed to prove the following
proposition which generalises Proposition B.1.2. We continue to assume that the ranks of z and
x* are either both greater than (N + 1)/2, or both smaller than (N + 1)/2. That is, (R(z, X U
Y)—(N+1)/2)(R(z*, X, UY)—(N+1)/2) > 0. However, unlike Proposition B.1.2, the following

proposition does not require the rank of z* to differ from that of x by exactly one.

Proposition B.1.4. Suppose X = {z1,...,z,} and Y = {y1,...,yn} are samples of distinct
real values. Let X C X be a non-empty subset of X. Denote X’ = X \ X. Consider any real
value z* that is distinct to all values in X’ UY, and denote X, = {z*} U X’. Assume that
(R(x, XUY)—(N+1)/2)(R(z*, X, UY) — (N +1)/2) > 0. Then, if case

(D) : |R(x,XUY)—(N+1)/2| > |R(z", XsUY) — (N +1)/2]
holds, we have T'(X,Y) > T(X.,Y). However, if case
(II) : |[R(z, X UY) = (N +1)/2| < |R(z*, X, UY) — (N +1)/2]

holds, we have T'(X,Y) < T(X,,Y).

Proof. We first prove the result for case (I). Then, we show that the result for case (II) follows
directly from the result for case (I).
Since (R(z, X UY) — (N +1)/2)(R(z*, X, UY) — (N +1)/2) > 0, then we have one of the
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following two cases holds:

(i) R(z, X UY) > R(z*, X, UY) > =(N + 1),

| =

or (ii) R(z,XUY) < R(z*, X, UY) < (N +1).

N |

Note that if R(z, XUY) = R(z*, X, UY), then we have T'(X,Y) = T'(X,, Y) according to Lemma
B.1.3. Hence, we only need to consider the cases when R(z*, X, UY) # R(z, X UY).

Suppose case (i) holds. That is, assume that R(z, X UY) > R(z*, X, UY) > 3(N +1). Then,
without loss of generality, assume that R(z, X UY) = R(z*, X, UY) + a, where a € Nt is a

positive integer. Let x7,..., 2} be real numbers distinct to samples in X’ UY such that
Rz, {zj}UX' UY) = R(x, X UY) — k,for any k € {1,...,a}.
Denote = = . Then, for any k € {0,...,a}, we have

R(zj, {z;} UX'UY) = S(N + 1),

N | —

and for any k € {1,...,a},
Rz}, {z;}UX'UY) = R(zj_1,{zj_1} UX'UY) — 1.

Subsequently, by applying Proposition B.1.2 between each {z}} UX")Y and {z}_,} UX",Y for
ke {1,...,a}, it follows that

THzu X Y)> - >THziuXY).
Since x = z{j, we have T'({z{} U X", Y) = T'(X,Y"). Further, since
Rz {z:}UX'UY)=R(x,XUY) —a=R(z*, X, UY),
then according to Lemma B.1.3, we have T({z}} U X', Y) = T(X.,Y). Therefore,
T(X,Y)=T{zf} UX",Y) > - > T({z}} UX",Y) = T(X,,Y).

which proves our result when case (i) holds. Case (ii) can be proved similarly, thus it is omitted
here.

Subsequently, for case (II), note that
|R(z, X UY)— (N+1)/2| <|R(z*, X, UY)—(N+1)/2|
is equivalent to
|R(z*, X, UY) = (N+1)/2| > |R(z,XUY)— (N +1)/2|.

Then, by applying the result for case (I), we have T'(X,,Y) > T(X,Y), which completes our
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proof. O

Proposition B.1.4 asserts that when the absolute distance between the rank of the replaced
value * and (N +1)/2 is larger than the absolute distance between the rank of the original value
z and (N +1)/2, ie. |R(z*, X, UY)—(N+1)/2] > |R(z,X UY) — (N + 1)/2|, the values of
Ansari-Bradley test statistic with z* is greater or equal to that with z. This result generalises
Proposition B.1.2, by dropping the assumption that the rank of z* differs from that of x by
exactly one. However, Proposition B.1.4 still assumes that the ranks of z and z* are either both
greater than (N + 1)/2, or both smaller than (N + 1)/2.

In order to obtain more general results regarding the values of the Ansari-Bradley test statistic
with one single value missing. We first prove the following lemma. Unlike Proposition B.1.2 and
Proposition B.1.4, the following lemma does not assume the ranks of x and =* are both larger or
both smaller than (N + 1)/2.

Lemma B.1.5. Suppose X = {x1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values. Denote N = n + m and assume N is even. Suppose x € X is any value in X and denote
X' = X \ {z}. Consider any real value z* that is distinct to all values in X’ UY, and denote
X, ={z*} U X'. Then, if

|R(z*, X, UY) = (N+1)/2|=|R(z,XUY)— (N+1)/2| =1/2
we have T'(X,Y) =T(X,,Y).

Proof. To start, if R(z*, X, UY) = R(z, X UY). Then, we have our desired result T'(X,Y) =
T(X.,Y) according to Lemma B.1.3. However, if R(z*, X, UY) # R(z, X UY), since

IR(z*, X, UY)—=(N+1)/2| = |R(z,XUY)— (N+1)/2| =1/2,
we have one of the following two cases is true

(i) R(z*, X, UY) = (N +1)/2—1/2, R(z,XUY) = (N +1)/2 +1/2,
or (i) R(z*, X, UY) = (N+1)/2+1/2, R(z,XUY) = (N +1)/2 - 1/2.

In the following, we consider only case (i). Once case (i) has been established, observe that case

(ii) is equivalent to
R(z,XUY)=(N+1)/2—-1/2, R(z*, X, UY)=(N+1)/2+1/2.

Hence, we have T'(X,,Y) = T(X,Y) from case (i).
Without loss of generality, let us assume that x = x1. Then, according to the definition of the

Ansari-Bradley test statistic,

n

T(X,Y)=)_

i=1

Rlzs, XUY) — %(N+ 1)‘

1
= R(xi,XUY)—§(N+1) .

1 n
R(z1, X UY) = 5(N + 1)‘ +>
1=2
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By the definition of rank, we have R(z;, XUY') = R(z;, X'UY)+1(z; > x1) forany i € {2,...,n}.
Since x; # 1, we further have R(z;, X UY) = R(z;, X' UY) +1(x; > x1) . Hence,
n

T(X,Y)= ‘R(.Tl,XUY) — ;(N+1)‘ _|_Z
=2

R(ﬂ?in/UY) —i—I(ﬂZi > 131) - %(N—F 1)‘

:’R(:cl,XUY)— N+1‘ ZI )

1
:vl,X’UY)+1—2(N+1)‘

n

+ZI($i < 1)

=2

1
R(z, X'UY) ~ 5(N + 1)‘ |
Similarly, we have

1
T(X*,Y):’R(x XUY)—N—i—l’ ZI (x; > a* ‘ x,,X’UY)+1—2(N+1)‘
I(z; * H X' UY)— (N +1)|.
+§ (x <m)'R(m uY) 2( + )‘

For notation convenience, for any i € {2,...,n}, let us denote

o = ‘R(xi,X’ UY)+1-— %(NJr 1)|, and §; = ‘R($i7X/ uY) — %(NJF 1)‘ : (B.2)

Subsequently,
T(X.,Y) - T(X,Y)

= 'R(x*,X*UY) — 1(N+1)' - ‘R(xl,XUY) - 1(N+1)‘

(B.3)
+Z (x; > ™) —I(x; > x1)) az—i—z (x; < a*) = I(x; < x1))Bi-
=2
Since case (i) is true, we have
x 1 1
R(z*, X, UY) = §(N+ 1) — 5 R(z1,XUY) = 5(N+ 1)+ =
Thus,
. 1 1
‘R(m , X, UY) — §(N+ 1)‘ — 'R(:cl,XUY) — §(N+ 1)' =0.
Hence,
T(X.,Y)=T(X,Y)=> (I(z;i>a") = I(z; > z1)) i + »_(L(mi < a*) = L(z; < 21))B;
=2 1=2

following Equation (B.3). Since R(x;, X UY) = R(z*, X, UY) + 1, we have 1 > z* according
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to Lemma B.1.1. Hence, for any i € {2,...,n},

I >a") —I(x; > 1) =1(x; <a¥) —I(x; < x1) =0, if x; > 1

I(x; >a")—1(x; >x) =1, I(z; <z¥) = I(x; <) =—1, if &1 >a; > 2"

I(x; >a") —1(x; > ) =1(x; <z¥) = I(z; <x1) =0, if x; < ™.
This gives us

T(X.,Y) = T(X,Y) =Y T(x1 >z >2") (0 — Bi).
=2

According to Lemma B.1.1, we further have
n
1> Zl(azl >ax; >2") > 0.
i=2

If Y o I(x1 > 2 > 2*) = 0, then we have
T(X,,Y) - T(X,Y) = 0,

which gives us the desired result.
However, if " ,I(x1 > z; > 2*) = 1, then there exists one and only one value z; € X’ such

that x1 > x; > x*. Hence, we have
T(X:,Y) -T(X,Y) =a; - f (B.4)

Since x; > xj, we have R(z1, XUY) > R(z;, XUY). Recall that R(x;, XUY) = (N+1)/2+1/2.

Hence,
1 1
5(N+ 1)+ 5> R(z;, X UY).

Additionally, since 2* < x;, it follows that

1

1 *
S(N+1) = 2 = R@", X, UY) < R(a;, X UY).

2

Thus, we have

1 1

Further, notice that
R(zj, X UY) = R(zj, X" UY) +1(z; > x1).

Since 1 > x; > z*, we have I (z; > 1) = 0, which means

1 1
R(xj,XluY) = R(.%'j,XUY) = §(N+1) -5
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Then, by the definition of o; and f; in Equation (B.2), we have o; = 5; = 1/2, which proves the
result T(X,,Y) = T(X,Y) according to Equation (B.4). This completes our proof. O

We are now ready to prove the final result concerning the lower bounds of the Ansari-Bradley
test statistic when one single value in X is missing. This result is proved by applying mainly

Proposition B.1.4, and Lemma B.1.5.

Proposition B.1.6. Suppose X = {x1,...,z,} and Y = {y1,...,ym} are samples of distinct
real values. Denote N = n + m. Suppose x € X is a value in X and denote X' = X \ {z}.
Consider a real value z* that is distinct to all values in X’ UY, and denote X, = {z*} U X".
Then, if

0, when N is odd,

1
R(:L'*,X*UY)—(N—I—l)': ]
2 1/2, when N is even,

we have T'(X,Y) > T(X,,Y).

Proof. We first prove the case when N is odd. In other words, we show that when R(z*, X, UY') =
(N +1)/2, we have T(X,Y) > T(X,,Y).

Suppose R(x, X UY) = (N 4 1)/2, then we have R(z*, X, UY) = R(x, X UY). According to
Lemma B.1.3, we have T'(X,Y) = T(X,,Y), which proves our result. However, if R(z, X UY") >
(N+1)/2,or R(z, XUY) < (N+1)/2, then we have T'(X,Y) > T'(X.,Y) according to Proposition
B.1.4. Hence, we have shown that we always have T(X,Y) > T(X,,Y) for the case when N is
odd.

We now consider the case when N is even. That is, if |[R(z*, X, UY) — (N +1)/2| = 1/2, we
have T'(X,Y) > T(X,,Y).

Let 27 and z3 be values that are distinct to data in X’ UY, and suppose that

1 1 1 1
Rz}, {zj}uX'uY) = §(N—I— 1)+ 3 and R(z3, {z3} U X' UY) = §(N+ 1) — 3

Then, according to Lemma B.1.5, we have
T(X.,Y)=T{z{}uX,Y)=T{z3}u X", Y).
Suppose R(z, X UY) = (N+1)/2—-1/2, or R(x,X UY) = (N +1)/2+ 1/2. By applying
Lemma B.1.5 directly, we have T'(X,Y) = T(X,,Y).
However, if R(z, X UY) > (N +1)/2+ 1/2, then according to Proposition B.1.4,
T(X,Y) > T({z{} UX",Y) = T(X,,Y).
Finally, if R(z, X UY) < (N +1)/2 — 1/2, then by applying Proposition B.1.4 again,

T(X,Y) > T({z5} UX',Y) = T(X.,Y).

This completes our proof. O
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B.2. Lower bound with multiple missing values in X

In this section, we generalise the results in Proposition B.1.6 to the cases where multiple values
in X can be missing. The main results for this section is Theorem B.2.12.

We start by proving the following result:

Lemma B.2.1. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Let X = {551, .. Zp_n} be a non-empty subset of X, and denote X’ = X \ X. Suppose
X = {z%,...,2}_,/}, and denote X, = X U X.. Assume that all values in X, U X’ are distinct.
Subsequently, for any r € X', if

R(z, X UY) > max{R(i1, X UY),..., R(@n_p, X UY)},
and R(z, X UY) > max{R(z], X, UY),...,R(z,_,,, X, UY)},

we have R(z, X, UY) = R(z, X UY).

Proof. First, we show that z > max X and z > max X. The inequality x > max X comes

directly from the assumption that
R(z, X UY) > max{R(Z1, X UY),...,R(Zp_p, X UY)}.

The inequality « > max X is not immediately obvious, so we prove it by contradiction. Suppose
instead that max X > z. Without loss of generality, assume x] = max X > z. Subsequently,

according to the definition of rank,

Rz}, X, UY) = Zlm1>$ + Z (] > 2)

i=1 zeX'UY

=n—n' + E xl > z
zeX'UY

>n—n'+ E (x> 2)
zeX'UY

n I

=Y I@>&)+ » I(z>z)=R(EXUY),
zeX'UY

|
3

Il
_

i
which contracts the assumption that

R(z,XUY) > max{R(z], X, UY),...,R(z)_,,, Xs UY)}.

Lp—n's

Therefore, it must hold that x > max X,.
Now we prove that R(z, X, UY) = R(z, X UY) using the above conclusions. Note that by the

definition of rank,

R(z, XUY)=R(z, X' UY)+ > I(z>%)
=1

= R(z,XUY)=R(x, X' UY) +n—n,
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where the “ = ” holds because = > max X. Similarly,

R(z,X,UY)=R(z, X' UY) + I(x >xj),
= R(z,X,UY)=R(z, X' UY)+n—n,

where the © = 7 holds because z > max X,. Hence, we have shown our desired result
R(z,X,UY)=R(z,XUY). O
The following lemma provides the same conclusion as Lemma B.2.1, but with different condi-

tions.

Lemma B.2.2. Suppose X = {z,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Let X = {Z1,...,Zp_n} be a non-empty subset of X, and denote X' = X \ X. Suppose
X = {z7,...,2__,}, and denote X, = X U X’. Assume that all values in X, U X’ are distinct.
Subsequently, for any z € X', if

*
n—m

R(z, X UY) <min{R(Z1, X UY),...,R(Zp_n, X UY)},
and R(z, X UY) < min{R(z], X, UY),...,R(z,_,,, X, UY)},

n—n'’s

we have R(z, X, UY) = R(z, X UY).

Proof. The proof is similar to the proof for Lemma B.2.2. First, we show that 2 < min X and

2 < min X. The first inequality # < min X comes directly from the assumption that
R(z,XUY) <min{R(Z1,XUY),...,R(Zp_pn, X UY)},

The inequality x < min X is not immediately obvious, so we prove it by contradiction. Suppose
instead that z > min X. Without loss of generality, assume z] = min X, < z. Subsequently,

according to the definition of rank,

n—n'

R(z], X, UY) = I(x] >2})+ Z I(z] > 2)
i=1 zeX/UY

I
—_
_|_
f—

w
=%
Vv
X

which contracts the assumption that

R(z, X UY) <min{R(z], X, UY),...,R(z;_.,, X, UY)}

n—n'»
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Hence, we must have z < min X,.
Then, we prove R(z, X,UY) = R(x, XUY") using the above results. According to the definition

of rank, we have

Rz, XUY)=R(z, X' UY)+ > I(x>%)
=1

— R(z, X UY) = R(z, X' UY),

where the “ = ” holds because x < min X. Similarly, we have
n—n'
R(z,X,UY) =Rz, X'UY)+ > I(z>a})
i=1
= R(z,X.UY)=R(z,X'UY),
where the “ = ” holds because < min X. Hence, we have shown our desired result

R(z, X, UY)=R(z,XUY). (]
The following lemma provides similar results for Lemma B.2.1 and B.2.2, but is concerning with
the rank of x in observed values R(z, X’ UY"), rather than the rank of z in all values R(xz, X UY).

Lemma B.2.3. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
/} be a set

of distinct real values, and denote X, = X U X'. Assume all values in X, UY are distinct.

values, X’ is a non-empty subset of X, and |X'| = n/ < n. Let X = {a%,...,z

*
n—m
Subsequently, for any = € X',

R(z, X' UY) <min{R(z}, X, UY),...,R(z}_,,, X, UY)}
< R(z,X.UY) =R(z, X' UY).

Proof. We first prove the “ = 7. Without loss of generality, let us assume that x] = min X,.
By definition, R(z}, X, UY) = Z?;lnl Iz} >x)) + > cxuy L@} > 2). Since 27 ¢ X' UY, we
further have

n—n'

R(z}, X, UY) =Y I(@f>a))+ > I(a}>2)
i=1 zeX'UY

=1+ Z I(z] > 2).

zeX'UY

Hence, >,y y 1(2] > 2) = R(2], X, UY) — 1. For any x € X', since
R(z, X' UY) < min{R(z], X, UY),...,R(z}_,,, X, UY)},

n—n's

we have

Z [(z]>2)> Rz, X'UY)-1= Z [(z>2)—1= Z I(x>2z).

zeX'UY zeX'UY zeX'UY
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Thus, 27 = min X, > z, where x € X’ is any value in X’. Using this result, we have

n—n'

R(z, X, UY)=> T(x>a})+ Y I(@>2)= Y I(z>2)=R(xXUY),
zeX'UY zeX'UY

I
—

%

which proves the “ — 7.
We now prove the “ < ”. For any € X', notice that

~

n—

R(z, X, UY) = I(x>ax])+ Z I(x > 2)
zeX'UY

S

I
—

e
ﬁ\

I(z>2zf)+ R(z, X' UY).

@
I
—

Hence,
R(z,X,UY)=R(z,X'"UY)
n—nm
— Z I(x>27)=0
i=1

= r < min{z],...,z,_}

— R(z, X, UY) <min{R(z], X, UY),...,R(z)_,,, Xs UY)}.

n—n'»
By the definition of rank, we have R(z, X’ UY) < R(z, X, UY"). Hence, we have

R(z,X'UY) < min{R(z%, X, UY),...,R(z’_,,, X, UY)},

n—n’»

which proves the “ <« 7. O

The following lemma considers the opposite condition as considered in Lemma B.2.3.

Lemma B.2.4. Suppose X = {z1,...,2,} and Y = {y1,...,ymn} are samples of distinct real
values and X’ C X is a subset of X, with sample size |X'| = n’ < n. Let X = {«f,...,2%_,}
be a set of real values, and denote X, = X U X'. Assume that all values in X, UY are distinct.

Then, for any = € X/,

R(z, X' UY) > min{R(z}, X, UY),...,R(z}_,,, X, UY)} (B.5)
< R(z,X.UY) > R(z, X' UY). .

Additionally, suppose that the set R(z}, X, UY),...,R(z*_ ,, X, UY) consists of consecutive

n—n'’

integers. Then, the following equivalence holds:

R(z, X' UY) > min{R(z}, X, UY),...,R(z}_,,, X, UY)} (B.6)
< R(z,X,UY)=R(z,X'UY)+n—n'. ‘

Proof. The “ <= " of (B.5) follows directly from Lemma B.2.3. For the “ = 7, we have
R(z,X,UY) # R(xz, X' UY) according to Lemma B.2.3. By the definition of rank, we also have
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R(z,X,UY) > R(z, X" UY). Hence, we have R(z, X, UY) > R(z, X" UY), which proves the
13 : 77'
We now prove the “ = 7 of (B.6). For any x € X’ such that

R(z, X' UY) > min{R(z], X, UY),...,R(z}_,,, X, UY)},

Lpn—n's

we have R(z, X' UY) > R(z}, X, UY). By the definition of rank, R(z, X, UY) > R(x, X' UY).
Hence, R(z, X, UY) > R(z}, X, UX'UY). Further, since {R(z, X, UY),...,R(z*_ ,, X, UY)}

consists of consecutive integers, and all values in X, UY are distinct, it follows that

n—n'’

R(z, X, UY) > max{R(z], X, UY),...,R(z,_,,, X, UY)}.
Hence, x > max{xz7,...,z}_ ,}. Then, we have
n—n'
R(z, X, UY)=> T(x>z))+ Y I(x>2)
i=1 zeX'UY
=n—n+ Z (x> 2)

zeX'UY
=n—n'+ Rz, X' UY),

which proves the “ = ” of (B.6).
We now prove the “ <= 7 of (B.6). Let 2 € X’ be any value such that

R(z, X, UY)=R(z, X' UY)+n—n'.

By the definition of rank,

~

n—

3

R(z, X, UY) = I(x>ax])+ Z I(z>2)

zeX'UY

i

T
3\

I(z>z)+ Rz, X' UY).

@
Il
—

Hence,

Rz, X, UY)=n—n'+ Rz, X' UY)

n—n'

— Zl(x>xf):n—n’
i=1
= x> max{z],..., T, .}

Without loss of generality, let us assume that ] = min X,. Subsequently, since

R(z7, X UY:Z (x] > 7)) Z [(z]>2)=1+ Z (x] > 2),

=1 zeX'UY zeX'UY
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and

Rz, X'UY)= > I>z)=1+ » I(z>2),

zeX'UY zeX'UY

we have
R(z,X'UY) > R(x}, X, UX'UY),

which proves the “ <= " of (B.6). O

The following lemma shows that if we replace values in X with ranks in the right hand side of
Equation (B.7) with values taking ranks in the right hand side of Equation (B.8), the value of
the Ansari-Bradley statistic is not changed. Note that we now assume that the total sample size
N =n+m is odd.

Lemma B.2.5. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Let N = n + m and assume N is odd. Suppose X’ C X is a non-empty subset of X
such that |X'| = n/ is odd. Let X = X \ X/, and denote X = {#1,...,%,_,}. Consider a set
X = {z7,...,2}_,,} of real values, and denote X, = X U X’. Assume that all values in X, UY

are distinct. Subsequently, if

{R(#,XUY),...,R(Zp_p, X UY)}

n—n 1 n—n'" 1 (B.7)
=- 1+ =(N+1),... S(N+1
(Pt S g e

and

{R(z],X,UY),...,R(z}_,y, Xs UY)}

n—n' 1 n—n' 1 (B.8)
={- S(N+1),... —1+4=(N+1
{25 S e v

we have T'(X,Y) =T(X,,Y).

Proof. To start, let us denote N’ = (N+1)/2—(n—n’)/2. By the definition of the Ansari-Bradley

test statistic,

1 1
T(X.,Y)= > ‘R(:U,X*UY)—Q(NJrl))JrZ R(z, X, UY) = 5(N +1)|,
r€X, 1.¢
1 1
and T(X,Y) = ZX‘R(JC,XUY) - 2(N+1)‘ + ; R(z,XUY) — 2(N+1)‘.
Te 2
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Note that

/ /
> ’R(x,X*UY)—;(N—i-l)‘: —n_zn +1‘+...+0+...+ n;n :
€ X«

1 n—n' n—n'
Z‘R(w,XUY)—2(N+1)‘:— 5 +... 404+ 5 -1
reX

n—n' n—n'
= |— 5 +1‘+...+0+...+ 5

Hence, > o |R(z, X, UY) = (N +1)| =, c5 |R(z, X UY) — (N +1)|. Then, in order to

prove our result, it is sufficient to show that

1 1
Z:R@Xﬂﬂﬁ—%N+UM:z:R@XUY}—%N+DW
rzeX’ rzeX’
Notice that
1 1
Z R(z,X.UY) — 5(N+ 1)‘ = Z I(R(z,X'UY) < N')|R(z, X, UY) — 5(N+ 1)‘
rxeX'’ zeX’
1
+ Y I(R(,X'UY) > N') |R(z, X, UY) — 5(N+ 1)‘.

zeX’

According to Lemma B.2.3, we have that

> I(R(z,X'UY) < N)

1
Rz, X.UY) = Z(N + 1)’

zeX’
1
= Z I(R(z,X'UY) <N R(x,X’UY)—2(N+1)‘.
zeX’

Meanwhile, since { R(zf, X, UY),..., R(a X, UY)} ={N',...,N'+n—n'— 1} consists of

n—n'?

consecutive integers, then according to Lemma B.2.4,

1
Z I(R(z,X'UY)>N') R(:E,X*UY)—z(N+1)‘
zeX'’
1
— Z I(R(z,X'"UY)>N') R(:U,X’UY)+n—n’—2(N+1)’.
zeX'’
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Hence, we have

;l R(m,X*UY)—;(N+1)‘

= ngl (R(z,X'UY) < N') |R(z, X' UY) — %(N+ 1)‘

+x§/1 (R(z,X'UY) > N') |R(z, X' UY) +n—n'— %(N + 1)‘ (B.9)
= ;/1 (R(z, X' UY) < N') <;(N+ 1) — R(w,X’UY)>

+ ;/I(R(:c,X’UY) > N') <R<x,X’UY) +n—n'— ;(NH)) :

Similarly, by applying Lemma B.2.3 and Lemma B.2.4, we can show that

Y Rz, X UY) —(N+1)’
reX'’

1
= > I(R(z,X'UY) <N +1) ‘R(m,X’UY) - 5(N+ 1)‘
zeX'’

1
+ E I(R(z, X' UY) >N +1) ‘R(J:,X'UY)—I—n—n'—2(N+1)‘
zeX’

N m;,l (R(z, X' UY) <N'+1) <;(N+ 1) - R(z, X’ uY))

1
+ Z I(R(z,X'UY)>N"+1) <R(a:,X'UY)—|—n—n'— 2(N—|—1)> .
zeX'’

Notice that

/ ! 1 /
m;/I(R(:U,X UY) <N +1) (2(N+1) — R(z, X UY)>

=Y I(R(z,X'UY) < N') <;(N+ 1) —R(x,X’UY)>

rzeX’

+ Y I(N' <Rz, X'UY) < N'+1) <;(N+1)—R(x,X’UY)>.

reX’
Meanwhile,

Z I(R(z,X'UY)>N"+1) (R(;U,X'UY)—i-n—n’— ;(N+1)>

rzeX’

!/ ! !/ !/ 1
= ZI(R(m,X uY)>N') <R(x,X UY)+n—n —2(N+1)>

rzeX’

— ZI(N'+1>R(3€,X’UY)2N’) <R(m,X’UY)+n—n’—;(N+1)).

zeX'’
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Hence, we can further decompose .. v/

2.

R(z,XUY) — 3(N +1)| as follows

R(z, X UY) - ;(N+1)‘

eX’
1
= Z I(R(z, X' UY) < N') <2(N+ 1) — R(:U,X/UY)>
eX’
1
+ZI(N’§R(:L=,X’UY)<N’+1)<2(N+1) :nX’UY)
e X’

—I—ZI(R(:L‘,X'UY)ZN’) <R($,X’UY) n—n—= N—l—l)
e X’

e X’

Recall that in Equation (B.9), we showed that

2.

1
R(z,X.UY) = S (N + 1)‘

zeX'
— Z I(R(z, X" UY) < N') <;(N+ 1) — R(w,X’UY)>
zeX’
!/ ! !/ !/ 1
+x§II(R(m,X uY)=N') <R(w7X UY)+n—n —2(N+1)>-

Hence, we further have

2.

R(z, X UY) - ;(N+1)‘

zeX'’
1
= > R(m,X*UY)—2(N+1)‘
zeX'
1
+ Z N’<Rx ,X'UY) <N’+1) <2(N+1)—R(:r,X’UY)>
zeX'’

rzeX’

- Y I(N'+1>R(,X'UY) >N <R(x,X’UY)+n—n’—;(N—|—1)>.

If Y iex/ TV < R(z, X' UY) < N+ 1) = 0 then we have

2.

zeX’

z, X, UY)—f(N+1)

R(z, X UY) - ;(N+1)‘

zeX’ '

which proves our result. Otherwise, we have

> I(N' < R(@,X'UY) <N +1) =1,
zeX’

—ZI(N’+1>R(:L‘,X’UY)2N’) <R(a: X'UY)+n—n —;(N—I—l)).
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and R(z, X' UY) = N'. Subsequently,

! / !/ ]' !/
xglI(N < R(z,X'UY) < N'+1) (2(N+1)—R(x,X UY))

- Y I(N 41> Rz, X' UY) > N') (R(x,X’uY)+n—n’—;(N+1)>
rzeX’

- (;(NJrl)—N') —~ (N’Jrn—n'—;(NJrl))

= (;(N+1)+n_2n,—;(]\f+1)> — (—n;n/+;(N+1)+n—n’—;(N+1)>

! !
_n-n _n n:O‘
2 2

Hence, we obtain our desired result

>

zeX’

1
R(z, XUY)—f (N +1 ‘ Y |R@ X*UY)2(N+1)‘.
zeX'’
O
The following proposition considers the ranks of imputation which would allow us to take the

lower bound of the Ansari-Bradley statistic, when the total sample size N = n + m is odd.

Proposition B.2.6. Suppose X = {z1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values. Denote N = n+m and assume N is odd. Let X’ C X be a non-empty subset of X with size
|X'| = n'. Consider a set X = {x},...,2* _,} of real values, and denote X, = X U X'. Assume

that all values in X, UY are distinct, and denote R = {R(f{,X* uyY),...,R(z;_,,, X, U Y)}
Subsequently, if n — n' is even, then we have T'(X,,Y) < T(X,Y), provided that either

_ a1
R:{—"2”+1+ (N +1),. ”2"+(N+1)},

!/

n—n 1
R=1<-— —(N+1),...
or { 5 +2( +1),...,

n—n'
2

—14= (N+1)}

However, if n —n’ is odd then we have T(X,,Y) < T(X,Y), provided that

Proof. We prove the proposition by mathematical induction on n — n’. Consider the base case
when n —n’ = 1. We are given that R(z}, X, UY) = (N + 1)/2, which immediately follows that
|R(z7, X, UY) — (N +1)/2| = 0. Hence, we have T'(X,,Y) < T(X,Y) according to Proposition
B.1.6, which proves the base case.

Let k € {1,...,n—1}, and suppose that the statement of Proposition B.2.6 holds for n—n’ = k.
We show that the proposition also holds for n —n' = k + 1. We prove this result for the following
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two cases:

case(I) : k is odd,

and case(II) : k is even,

separately.
Suppose case (I) holds. We show that the proposition also holds for n —n’ = k+1. Specifically,
we show that T'(X,,Y) < T(X,Y) provided either

n—n'

2

n—n' 1
R:{— g LGN ),

1
+2(N+1)},
n—n'

2

n—n'" 1
R=<— —(N +1),...
or { 5 +2( +1),...,

1
-1+ §(N + 1)} )
where n—n’ = k+1. By Lemma B.2.5, these two cases yield the same value of the Ansari-Bradley
test statistic T'(X,,Y). Therefore, denote

n—n

2

/
- 1
Rlz{_” 2” 15N+ 1),

+;(N+1)},

n—n" 1 n—n' 1
Ro=4q— —(N+1),... —14+=-(N+1
or 2 { 2 + 2( + )7 ? 2 + 2( + )} ?

it is sufficient to show T'(X,,Y) < T(X,Y) when R = R; or R = Ra.
Let us denote X = X \ X', and X = {Z1,...,&p41}. Consider a set Z* = {z{,...,2}} of
distinct real values, and denote Z = Z*U{Z1} UX’. Assume that all values in ZUY are distinct,

and

k—1 1 k—1 1
{R(zf,ZUY),...,R(z;;,ZUY)}:{—2+2(N+1),...,2+2(N+1)}.

By the induction hypothesis, i.e. the Proposition B.2.6 is correct when n —n’ = k, it follows that
T(Z,)Y)<T(X,Y). (B.10)

Since 27, ..., 2} takes the ranks between —(k —1)/24+ (N +1)/2 to (k —1)/2+ (N +1)/2, the
rank of 1 in ZUY is either smaller than —(k —1)/2 + (N + 1)/2 or greater than (k —1)/2 +
(N 4 1)/2. In other words, we have either

k 1 k

—1 ~1 1
R(#1,Z0Y) < ===+ 5 (N +1), or R(#,,ZUY) > ~— + (N +1).

Below we prove that we have our desired result T'(X,,Y) < T(X,Y) for both cases.
Suppose R(Z1, ZUY) < —(k —1)/2+ (N +1)/2. Then, consider a real value z* that is distinct
to values in Z* U X' UY. Denote Z' = {z*} U Z* U X', and assume that
k—1 1

R(a*,Z/UY) = === =1+ S (N +1).
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Notice that R(z*,Z'UY) < (N +1)/2 and R(Z1,ZUY) < (N +1)/2, and
x o 1 . 1
R(z*,Z'UY) — 5(N+1) <|R(%1,ZUY) — 5(N+1) )
According to Proposition B.1.4, we have
T(Z/, Y) < T(Z, Y) < Inequality (B.10) T(X, Y)

To complete our prove for this case, it then suffices to show that T'(X,,Y) =T(Z,Y).
Recall that for any i € {1,...,k}, we have

k—1 1
R(:,ZUY) > === =1+ (N +1).

Then, for any i € {1,...,k},

k—1 1

and R(z},ZUY) > R(z*,Z' UY).
According to Lemma B.2.1, for any ¢ € {1,...,k},
R(z5,ZUY)=R(z;,Z'UY)

k-1 1 k-1 1
2 2 2 2 )

= {R(2{,Z'UY),...,R(z,Z'UY)} = {—+(N+1),...,+(N+1)
Hence, we have
Ro=R(x*,Z’UY)U{R(2],Z'UY),...,R(z, Z' UY)}.
According to Lemma B.1.3, we have
T(X.,Y)=T(ZY),

which completes our proof for this case when R(Z1,ZUY) < —(k—1)/2+ (N +1)/2.

The case when R(z1,ZUY) > (k—1)/24 (N +1)/2 can be proved similarly. Consider a real
value z* that is distinct to all values in Z* U X’ UY. Denote Z' = {*} U Z* U X', and assume
that

k—1 1

Note that R(z*,Z'UY) > (N +1)/2 and R(Z;,ZUY) > (N +1)/2, and

1 1
R(z*,Z'UY) — 5(N+ 1)‘ < ’R(i;l,ZUY) - 5(N+ 1)|.
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Then, according to Proposition B.1.4,
T(Z/, Y) < T(Z, Y) < Inequality (B.10) T(X, Y)
To complete our prove for this case, it then suffices to show that T'(X,,Y) =T(Z",Y).
Recall that for any i € {1,...,k},

k—1 1

Then for any i € {1,...,k}, we have

k-1 1
R(:c*,Z’UY):T+1+§(N+1)>R(z;*,ZUY),

and R(Z1,ZUY) > R(2;,ZUY).
According to Lemma B.2.2, for any i € {1,...,k},

R(z,ZUY) =R(z,2'UY)
k-1

1 k-1 1
:>{R(zf,z’uy),...,R(zg,Z’uY)}:{—2+2(N+1),...,2+2(N+1)}.

Hence, we have
Ri=R(x*,Z’UY)U{R(2],Z'UY),...,R(z, Z' UY)}.
According to Lemma B.1.3, we have
T(X,.,Y)=T(ZY),

which completes our proof for this case when R(Z;,ZUY) > (k—1)/2+ (N +1)/2.
Suppose case (II) holds. In other words, k is even. We show that the proposition also holds
for n —n' = k + 1. Specifically, we show that T'(X,,Y) < T(X,Y) provided

R:{_"—”/—Hr

1 n—n'—1
2 2

N+1),...
(N+1),..., =2

+;(N+1)},

where n — n’ = k + 1. As before, let us denote X = X \ X', and X = {#1,...,%411}. Then, we
show that T'(X,,Y) < T(X,Y) for the following two cases separately:

k 1
(i) : R(Z1,{z:} UX'UY) < 5 Tl 5(N+ 1),

k 1
(ii) : R(Z1,{z1} UX'UY) > 5 Tl 5(N+ 1).

Suppose case (i) holds, i.e., assume that R(Z1,{Z1}UX'UY) < —k/2+1+4 (N +1)/2. Consider
aset Z* = {z{,..., z;} of distinct real values, and denote Z = Z* U {Z;} U X’. Assume that all
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values in Z are distinct, and

k 1 |
{R(zf,ZuY),...,R(z;;,ZuY)}:{—2+1+2(N+1),...,2+2(N+1)}.

By the induction hypothesis, i.e. the Proposition B.2.6 is correct when n — n’ = k, we have
T(Z,Y)<T(X,Y). (B.11)
Notice that
~ ~ / k 1 : * *

R(Z1, {71} UX'UY) < -5+ 1+ §(N+ 1) =min{R(2],ZUY),...,R(2,ZUY)}.

According to Lemma B.2.3, we have
- . , k 1
R(Z1,ZUY) = R(Z;,{z1} UX'UY) < —5 +1+ §(N+ 1).

Now consider a real value z*. Denote Z' = Z* U{z*} UX’. Assume that values in Z’ are distinct
and
R(x*,Z'UY) = —k/2+ (N +1)/2.

Notice that R(Z;,ZUY) < (N +1)/2 and R(z*,Z’UY) < (N +1)/2, and R(#1,ZUY) <
R(z*,Z'" UY). Then according to Proposition B.1.4, we have

T(Z,, Y) < T(Z, Y) < Inequality (B.11) T(X, Y)

Then, for proving our result under this case, it suffices to prove T'(X,,Y) =T(Z",Y).
Notice that for any i € {1,...,k},

k 1
Then, for any i € {1,...,k}, we have

ko1
R(z*,Z'UY) = 5 §(N+1) < R(z},ZUY)

k 1
R(i1, ZUY) < =5 + 14 (N +1) < R(s}, ZUY).

According to Lemma B.2.1, for any i € {1,...,k},

R(z,Z'UY) = R(z},ZUY)

k 1 |
:>{R(zf,Z’uY),...,R(z;,Z’uY)}:{—2+1+2(N+1),...,2+2(N+1)}.

Hence, we have

R ={R(z*,Z’ UY)YU{R(z},Z'UY),...,R(z}, Z' UY)}.
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According to Lemma B.1.3, we have
T(X,,Y)=T(ZY),

which completes our proof for case (i).

Case (ii) can be proved similarly. Suppose case (ii) holds, i.e., assume that R(Z1,{Z:} U X' U
Y)>—k/2+ 1+ (N +1)/2. Consider a set Z* = {2],...,2}} of distinct real values, and denote
Z =7Z*U{2:} UX'. Assume that all values in Z are distinct, and

E 1 k 1

N + 1)} .
By the induction hypothesis, i.e. the Proposition B.2.6 is correct when n —n’ = k, we have

T(Z,Y) < T(X,Y). (B.12)

Notice that

(N+1)
2

k
R(z1, {71} UX'UY) > -5t 1+ >min{R(z],ZUY),...,R(z},ZUY)}.

Then according to Lemma B.2.4, we have
- . , k 1
R((L‘l,ZUY):R(fL'l,{xl}UX UY)+I€Z§+1+§(N+1).

Now consider a real value z*. Denote Z' = Z* U{z*} U X’. Assume that values in Z’ are distinct

and
. k1
R(z*, Z UY):§+§(N+1).

Notice that R(z*,Z"UY) > (N 4+ 1)/2, and R(Z1,ZUY) > (N 4+ 1)/2 and R(z*,Z’UY) <
R(%1,ZUY). Then, according to Proposition B.1.4, we have

T(Z,, Y) < T(Z, Y) < Inequality (B.12) T(X, Y)

Then, for proving our result under this case, it suffices to prove T'(X,,Y) =T(Z",Y).
Notice that for any i € {1,...,k},

R(z;,ZUY) <
Thus, for any i € {1,...,k},

1
+5(N+1)> R(5, ZUY),

161



According to Lemma B.2.2, for any i € {1,...,k},

R(z5,ZUY) =R(z:,Z' UY)

ko1 k 1
= {R(zI,Z’uY),...,R(z;;,Z’uY)}:{—2+2(N+1),...,2—1+2(N+1)}.

Hence, we have
R={R(x*,Z'UY)}U{R(2},Z' UY),...,R(z, Z' UY)}.
According to Lemma B.1.3, we have
T(X,,Y)=T(ZY),

which proves our result under case (i), and completes our proof. O
Recall that Lemma B.2.5 and Proposition B.2.6 both assume that the total sample size N =
n + m is odd. The following Lemma B.2.7 and Proposition B.2.8 provides similar results when
the total sample size N is even.
The proofs for Lemma B.2.7 and Proposition B.2.8 are similar to that of Lemma B.2.5 and

Proposition B.2.6, respectively, differing only in notation. Thus, the proofs are omitted here.

Lemma B.2.7. Suppose X = {x1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values. Let N = n + m and assume N is even. Suppose X’ C X is a non-empty subset of X
such that |X| = n’ is odd. Let X = X \ X’ and denote X = {Z1,...,%,_,}. Consider a set
X ={at,..., xr_,} of real values, and denote X, = X UX'. Assume that values in X, U X' are
distinct. Then, if

{R(#1,XUY),...,R(Ep_p, X UY)}

n—n'

n—n 1
:{ 145N+,

- +;(N+1)},

and

{R(z],X,UY),...,R(z},_,y, Xs UY)}

n—n'

/
w1
:{—" ”+§(N+1),...,

1
-1+ -(N+1

we have T'(X,Y) =T(X,,Y).

Proof. The proof follows the same approach as that of Lemma B.2.5, differing only in notation.
Thus, it is omitted here. U

Proposition B.2.8. Suppose X = {z1,...,z,} and Y = {y1,...,ym} are samples of distinct
real values. Let N = n+m and assume N is even. Let X’ be a non-empty subset of X and denote
|X'| = n/. Consider a set X = {z%,... ,ar_,} of distinct real values, and denote X, = Xux'.

Assume all values in X, UY are distinct. Denote R = {R(wT,X* uyY),...,R(z* X, U Y)}

n—n’?
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Subsequently, if n —n' is even, we have T'(X,,Y) < T(X,Y), provided

n—n'—1 1 n—n'—1 1
R=q——+-(N+1),...,——+-(N+1) .
Similarly, if n — n’ is odd, we have T'(X,,Y) < T(X,Y), provided that either

n—n'
2

n—n" 1 1
=< — —(N+1),... —1+—-(N+1
n—n'

-~ 1 1
orR:{—n "+1+§(N+1),..., > +2(N+1)}.

2

Proof. The proof follows the same approach as that of Proposition B.2.6, differing only in
notation. Thus, it is omitted here. O
Proposition B.2.6 and Proposition B.2.8 provides the ranks of the imputations for taking the
minimum value of the Ansari-Bradley statistic. Below we consider the minimum value of the
Ansari-Bradley after the missing data are imputed according to Proposition B.2.6 and Proposi-
tion B.2.8.
We first make the following definition, which classifies all possible configurations of the total

sample sizes N = n + m and the number of missing values based on the parity of N and n —n’.

Definition B.2.9. Let N > n > n’ be positive integers. We define the following four cases
C(1),C(2),C(3) and C(4) according to the parity of N and n —n':

Q

(1) : N is odd but n —n’ is even,
(2): N is odd and n — n’ is odd,
(3): N is even but n — n’ is odd,
(4)

Q QO q

. /.
: N iseven and n —n' is even.

Then, we define the following four sets, which are useful for Proposition B.2.11.

Definition B.2.10. Let N > n > n’ be positive integers, we denote S(1),S(2),S5(3),S(4) as

!/

S(l)-{—n;n +%(N+1),..., _2" —1+;(N+1)},
5(2)2{71_2/_1+;(N+1),...,”_’;/_1+;(N+1)},
5(3)={—”_2”'+;(N+1),...,”_2”/—1+;(N+1)},
3(4)—{—n_2/_1+;(]\7+1),...,n_7;/_1+;(N+1)},

respectively.

Using Definition B.2.9 and Definition B.2.10, the following proposition gives the explicit form
of the Ansari-Bradley statistic after imputing the missing values in X according to Proposi-
tions B.2.6 and B.2.8, across all cases defined in Definition B.2.9.
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Proposition B.2.11. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct
real values and X’ C X is a non-empty subset of X with sample size |X’| = n’. Denote N = n+m.
Consider a set X = {«%,..., 2 _,,} of distinct real values, and denote X, = X U X'. Assume

that all values in X, UY are distinct and denote R = {R(z], X, UY),...,R(z}_,,, X, UY)}.

Subsequently, we have

T(X',Y)+ (n?>—-n")/4 if C(1) holds, and R = S(1),
T(X..Y) = T(X,Y)+ (n?—-n"?-1)/4 if C(2) holds, and R = S(2),
T T(XLY)+ (2 —n2+1)/4 if C(3) holds, and R = S(3),
T(X',Y)+ (n? —n'?)/4 if C(4) holds, and R = S(4),
Proof. To start, let us denote X’ = {a/,...,2/,}. Below, we only consider the first case

when C(1) holds, and R = S(1), because the other three cases can be proved following the same
approach.
By the definition of the Ansari-Bradley test statistic, we have

n—n' Na+1 n’
T(X.,Y)= > |R(x}, X, UY) - —— |+ >
i=1 =1

N+1
R(z), X, UY) — TJF .

Since R = S(1),

’

n—m
N+1 n—n' n—n' (n —n')?
R(x;, X, UY) — = |- -1|=—=

Hence, in order to prove our result under this case, it is sufficient to show that

n/

N 1 2 02 2
SR, X0y - X e yy ¢ o )
g 2 4 4
N
:T(X/,y)ﬂn?n)n.

In order to prove our result under this case, we first show the two equivalence (B.13) and (B.14)
below.
Note that

n—n'

2

—n+n'+n+m+1 ' +m+1

minS(1) = — 5 5

1
+ (V1) =

Then, according to Lemma B.2.3, for any i € {1,...,n’}, we have

/
1
R, X'UY) < "R s R(al, X, UY) = Rial, X' UY).
Further, for any 7 € {1,...,n}, we have
' 1 N +1
R(z;, X'UY) < % < R(z},X.UY) < T+ (B.13)

The “ = 7 follows from the fact that R(z}, X, UY) = R(z}, X' UY) and n' +m < N. For the
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“ <=7 since values of X, take all the ranks in S(1),

R(z}, X, UY) < (N +1)/2

—_m! 1 ’ 1
— R(x}, X, UY) < minS(1) = -2 2” +5(N 1) = %

Notice that R = S(1) consists of consecutive integers, and minS(1) = (n’ +m+1)/2 as we

have shown before. Then according to Lemma B.2.4, for any i € {1,...,n'},

n4+m-+1

5 <~ Rz}, X, UY)=R(x,, X' UY)+n—-n

Rz}, X' UY) >

Further, for any ¢ € {1,...,n}, we have

N+1
— R, X,UY)> ; . (B.14)

n4+m+1

Rz}, X' UY) > 5

The “ =" follows from the fact that R(z}, X, UY) = R(z}, X'UY)+n—n"and (n' +m+1)/2+
n—mn'> (N +1)/2. For the “ <", since values of X, take all the ranks in S(1), we have

N+1
R(z}, X, UY) > ;_
, n—n' 1
= R(z;, X, UY) >maxS(1) = 5 —1—|—§(N+1).

Since R(z}, X, UY) = R(z}, X' UY) + " 1 (2], > a7),

n—m
R(z}, X' UY) = R(2}, X, UY) — I(zf > )
i=1
/
- 1
— R(z}, X'UY) > 2" “14 (N +1) = (n—n)
/
1
— R, X'UY) > %

After proving (B.13) and (B.14), we first decompose Z:il |R(z}, X, UY) — (N +1)/2] as such

N+1| &
R(gc;,X*uY)—T+ => jI(R(m;,X*uY)<
=1
" N+1 N+1
I X, UY) > L X, UY) - — ).
D e I CCE AR

,n/

D

i=1

N+1><N+1_R@%&Uy0

2 2

For notation convenience, we denote N’ = (n' +m + 1)/2 and

ri = R(z}, X' UY), for any i € {1,...,n'}.
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Then, by applying (B.13) and (B.14), we further have

n/

D

N+1] & <N+1 >
=1

R(xj, X, UY) = —— => I(ri<N)

=1

Notice that

N+1 n+m+1 n+m+1 n-—n , n—n

= e —|— :N—|— s
2 2 2 2 2
N+1 2n—-2n"-n—-m-—1 n4+m+1 n-—n n—n'
d —_n = = = — :—/
menTm T 2 > T2 T

Hence, we have

n/

N+1
S| R, X UY) - T+
i=1
n—n' a n—n'
_z n<zvf( = D BCER I CER R =y
i=1
/ u / / (n_n/)n/
_Z rZ<N —rl) le(riZN)(ri—N)—l— 5
1=
—_ n"\n! YAV
=Z\n~—N’!+i(” O _ p(x, vy + IO
; 2 2

which completes the proof of our result under Case (1). O

Finally, we combine the results of Propositions B.2.6, B.2.8 and B.2.11, and concludes this
section. The following theorem provides the lower bound of the Ansari-Bradley statistic in the

presence of missing data when only values in X can be missing.

Theorem B.2.12. Suppose X = {z1,...,2,} and Y = {y1,...,ymn} are samples of distinct real
values, and X’ C X is a subset of X with sample size | X| = n/, which are observed. Then, the
minimum possible Ansari-Bradley test statistic, across all possible values of missing data, is given

as follows:

T(X',Y)+ (n?>—n")/4 if C(1) or C(4) holds,
min  T(X,Y)=T(X,,Y)={ T(X,Y)+(n*-n”—-1)/4 if C(2) holds,
AR T(X',Y)+(n?—n2+1)/4 if C(3) holds.

Proof. Denote N = n+ m. Then, the parity of N and n —n’ satisfy either C(1 ) C(2), C(3) and
C(4). Let us assume that C(k) holds, where k € {1,2,3,4}. Let X = {a7%,..., x¥ _ .} be aset of
distinct real values, and denote that X, = X UX'. Assume that all values in X, UY are distinct

and

{R(z], X, UY),...,R(z;_.,, X, UY)} =S(k).
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Then, according to Proposition B.2.6 and B.2.8, we have
T(X.,Y)<T(X,)Y),
for any possible values of X \ X’. Hence, it follows that

T(X.Y)< min  T(X,Y).
X\X'eRn—n'

Be definition, we have

min ~ T(X,Y) < T(X,,Y).

X\X'eRn—'
Hence,
min  T(X,Y)=T(X.,Y),
X\X/eRnfn/
where
T(X',Y)+ (n?—n?)/4 if C(1) or C(4) holds,
T(X.,Y)=4q T(X,Y)+ (n?>-n"?-1)/4 if C(2) holds,
T(X',Y)+ (n?—-n"?24+1)/4 if C(3) holds.
according to Proposition B.2.11. Hence, we conclude our result. O

B.3. Lower bound with multiple missing values in Y

The previous section considers the tight lower bound of the Ansari-Bradley test statistic when
multiple values can be missing in X. This section considers similar problem, but when multiple
values in Y can be missing, while all values in X are observed. The main results in this section
is Theorem B.3.8.

We first show that the sum of the Ansari-Bradley test statistics in both directions T'(X,Y") +
T(Y,X) is a constant depending only on the total sample sizes N = n + m.

Lemma B.3.1. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Denote N = n + m. Then, the sum of the Ansari-Bradley test statistics T'(X,Y’) and
T(Y,X) is a constant of sample size N. More specifically,

N

. N+1 N2/4 N is even,
T(X,Y)+T(Y7X)—; T _{ (N2—1)/4 N is odd.

2
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Proof. By definition of the Ansari-Bradley test statistic, we have

n

N+1

T(X,Y)= X UY)— ———|,
(.Y = 3[Rl X UY) = =
“ N+1

T(Y,X) = LXUY) - ]

Since X and Y are samples of distinct values, each value in X and Y take a distinct rank in

{1,...,N}. Hence, we have our desired result
N
N+1
TX,Y)+T(Y,X)= ) — ——

When N is odd,

1 —

N | =

hE

(N+1)’

<.
Il

1 1 1 1
1 1
:(2(1\7—1))+...+0+...+(2(N—1)>
1 1
=(1+=(N-1))=(N -1
(1+50-1) 50 -1
_N?-—1
- —
However, when N is even,
St
i=1 2
1 1 1 1 1
_(2(N+1)—1>+...+<2(N+1)—2N>+2+...+2(N—1)
1 1 1
=|=+=(N-1)| =N
<2+2( )>2
N2
:4'
Hence, we complete our proof. O

This lemma shows that in order to minimise the Ansari-Bradley statistic T'(X,Y’) when values
in Y can be missing, we only need to maximise 7'(Y, X)) since T'(X,Y) + T(Y, X) is a constant.

We approach this problem by first considering the case when only one value in Y can be missing.

Lemma B.3.2. Suppose X = {z1,...,2,} and Y = {y1,...,yn} are samples of distinct real
values. Denote N = n + m. Suppose y € Y is a value in Y, and denote Y/ =Y \ {y}. Consider
two real values y*, y., and denote Y, = {y*} UY”, and Y, = {y.} UY’. Then, if

Yys <min X UY’, and y* > max X UY"’,
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we have T'(Y, X) < max{T(Y, X,), T(Y, X,)}.

Proof. This result follows from Proposition B.1.4. Suppose y > (N + 1)/2. Then, according to
Proposition B.1.4, we have T(Y, X) < T(Y,, X). However, if y < (N + 1)/2, then according to
Proposition B.1.4, we have T'(Y, X) < T'(Y,, X). Overall, we have

T(Y,X) <max{T(Y, X,), T(Y, X,)}

as required, which completes our proof. O
Then, we generalise the result in Lemma B.3.2 into the cases where multiple values in Y can

be missing. We first make the following definition:

Definition B.3.3. Suppose X is a sample of distinct real values. We define X'(X,?) to be a
collection of sets of ¢ distinct values such that if X € X(X,t), then all values in X are either

smaller than min X or larger than max X. That is,
X(X,t) ={{z],..., 27} : 2] ¢ [min X, max X]|, and z; # x for i # j}.

Applying Definition B.3.3, we generalise Lemma B.3.2 into the following result:

Lemma B.3.4. Suppose X = {x1,...,2n} and Y = {y1,...,ym} are samples of distinct real
values. Let Y/ C Y be a non-empty subset of Y with sample size |Y'| = m/. Then there exist
Y € X(X UY’,m —m/) such that T(Y UY", X) > T(Y, X).

Proof. We prove this result by mathematical induction on m — m’. The base case when
m —m’ = 1 is proved in Lemma B.3.2 since {y*},{y.} € X(X UY’,1). For the induction step,
let k € {1,...,m — 1}, and assume the lemma is correct when m —m’ = k. We show that it still
holds when m —m/ =k + 1.

Denote Y\ Y = Y = {f1,...,Jks1}. By assumption that Lemma B.3.4 is correct when
m —m' =k, there exist Y, € X(X U {91} UY’ k) such that

TY,U{uY' X)>T(Y, X).
Further, consider two values y*, y. such that
Y <min X UY,UY’ and y* >max X UY,UY".
Then according to Lemma B.3.2, we have

max{T({y.} UY, UY" X)), T{y }UuY. UY X))} >T(Y, U {1} UY’ X)
— max{T({y,} UY, UY", X), T({y*}UY,UY’", X)} > T(Y, X).

Since Y, € X(X U{g1}UY" k), and we have that y, < minY,UY'UX and y* > maxY,UY ' UX.
Hence we have {y*} UY, € X(Y'UX,k+1), and {y,} UY, € X(Y'U X,k + 1), which completes
our proof. O

The following Definition B.3.5 further defines subsets of the set X'(X,t) in Definition B.3.3

subjecting to a integer k.
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Definition B.3.5. Suppose X is a sample of distinct real values, and X € X (X,t), where t is a
positive integer. We define Y (X, t, k) to be a subset of X'(X,t) such that if X e V(X,t, k), we
have X € X(X,t), and Y wex L(z >max X) = k. In other words,

t
V(X t k)= X(X,t)N {{gﬁ, coa)e ) T(af > max X) = k} .
i=1
The following Definition B.3.6 defines a function which is important for stating the results in

Proposition B.3.7.

Definition B.3.6. Suppose X = {x1,...,z,} and Y/ = {91, ...,y } are samples of distinct real
values, and m € N is a positive integer such that m > m’. Denote Z' = X UY’, N' = (n+m/ +
1)/2, and M" = (m —m/)/2. For any given k € {0,...,m —m'}, denote a = min {0,k — M'},
b = max {0,k — M'}. For any ¢ € {1,...,n}, let us denote A; = I(R(x;,Z') < N' +a),B; =
I(N'"+a<R(z;,Z'") < N'"+b), and C; =1(R(x;,Z") > N' 4+ b). Then, we define

fxyrm(k) = (k— M) Z(Ai — ;) +sgn(k — M") Z B; 2N+ k—M'—2R(z;,2")),
i=1 i=1
where sgn(z) = 1 if > 0, otherwise sgn(z) = —1.

The following proposition provides explicit form of the Ansari-Bradley statistic when the miss-
ing values in Y are imputed with Y € Y(X UY',m —m/, k).

Proposition B.3.7. Suppose X = {z1,...,z,} and Y = {y1, ..., ym } are samples of distinct real
values and Y’ C Y is a subset of Y with sample size |Y'| = m/. Then, if Y € Y(XUY’',m—m', k),
we have T(X,Y.) = T(X,Y’) + fxy'm(k), where Y, = Y UY", and fxy’ (k) is defined in
Definition B.3.6.

Proof. Since Y € Y(X UX’,m —m/, k), according to the definition of ¥ in Definition B.3.5, we
have yf <min X UY” or yf > max X UY"’, for any ¢ € {1,...,m —m’}. Notice that we also have
k= E:’;ml I(yF > max X UY”’). In other words, the ranks of values of ¥ take k maximum, and

m — m/ — k minimum distinct values in {1,..., N}, i.e.,
{R(y{, X UYy),....,R(yp, ., XUY)} ={1,...o m—m' —k}U{N —k+1,...,N}.

Let us divide Y into Yl and Yg such that values in Yl take the minimum ranks, while values in

Ys take the maximum ranks. That is,

Vi={ye V[l <R XUY.) <m—m' ~k},

andf’z:{ye?!N—kJrlgR(y,XuY*)gN}.
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According to the definition of the Ansari-Bradley test statistic,

& 1
106V = 30 | Rl X UY.) = 5V 1)
=1

n , 1
:; R(xi,XUY)+§I(xi>y)—2(N+1)
:Z R(z;, X UY') + Zl(mi>y)+ Zl(wi>y)—%(N+1) .

=1 yeY; yeYs

By definitions of }Afl and Yg, we have

Zl(xi >y)=m—m'—k, and ZH% >y) = 0.
yeY: YEY?
Hence,

n

T(X,Y.) =)

=1

1
R(mi,XUY')+m—m’—k—§(N+1) :

Notice that
1 1 , , 1 , 1 ,
§(N+1) = §(n+m—m +m +1)= §(n+m —|—1)+§(m—m).

Hence, we further have

n

1 1
T(X,Y;):Z R(azi,XUY')—|—m—m’—k—§(n+m’+1)—§(m—m’)
i=1
. / 1 / 1 /
:Z R(:ci,XUY)fi(nqu +1)+§(mfm)fk: .
=1

For notation ease, let us denote N' = (n+m’+1)/2, M’ = (m —m')/2 and
Xi = ‘R(wi,XUY') — N + M — k‘, for any i € {1,...,n}.
Denote a = min {0,k — M'}, and b = max {0,k — M'}. For any i € {1,...,n}, also denote that

Ai =1 (R(z;, XUY') < N'+a),
Bi=I(N'+a<R(z;, XUY') <N +b),
Ci=I(R(z;, XUY') >N +b).

Note that A; + B; + C; = 1. Thus, we have

n n n
T(X,Y) = Z Aixi + Z Bixi + Z CiXi- (B.15)
i=1 i=1 i=1
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Below we prove our results for the following two cases separately:
Case (i) : k— M’ >0, Case (i) : k — M’ < 0.

Suppose case (i) holds. That is, assume that k — M’ > 0. Then, we have a = 0 and b = k— M’.
For the first term on the right hand side of the Equation (B.15), notice that

Ai=1 = R(z;, XUY')< N = R(z;, XUY') < N +k—- M.

Hence, when A; = 1, we have y; = (N = M’ + k — R(z;, X UY")). Therefore,
d Aixi =) Ai (N = M +k— R(z;, X UY"))
i=1 i=1

S A (N R X UYY) 4 Y A, (k- ).
=1

i=1

Similarly, for the second term on the right hand side of the Equation (B.15), when B; = 1, we

have
R(zi{, XUY )< N +k-M = y; = (N’—M’—i—k—R(:ci,XUY’)).
Hence,

> Bixi=Y Bi(N' =M +k— Rz, X UY"))
i=1 i=1

=Y Bi(R(x;, XUY') = N') + ) B; (2N' = M’ + k — 2R(z;, X UY")) .
i=1 =1

Similarly, for the third term on the right hand side of the Equation (B.15), when C; = 1, we have
R(mi,XUY’) >N +k-M = Xi = (R(.%‘Z',XUY/) —N’—i—M’—k) .
Hence, we have

ZC»L'XZ' = ZCZ (R(l’i,XUY/) — N +M — k‘)
=1 =1

— Zn:c,- (R(z;, X UY') = N') +Zn:Ci (M~ k).
=1

=1

Combining the above results for the first, second and third terms on the right hand side of the
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Equation (B.15) together,

ZA R(z;, X UY")) +§:Ai(k—M’)
i=1

+ Z B; (R(x, X UY') = N')+ Y B; (2N' = M’ + k — 2R(z;, X UY"))

=1

+ znjci (R(zi, XUY') = N') + znjci (M’ —

According to the definition of the Ansari-Bradley test statistic,

n

T(X,Y) =)

=1

1
R(z;, X UY") — §(n+m’ +1)

=S I(R(z:, X UY') < N') (N' — R(z;, X UY"))

# 3R XUY) 2 V) (R XUY) =)

n

_ZA R(z;, X UY")) + > (Bi+ Ci) (R(zs, X UY") = N').
=1

Therefore, we have

T(X,Y,) =T(X,Y")+ ) A (k- M)
1=1
+3 Bi(2N' = 2M' + k- 2R(2;, X UY")) + Y C; (M — k)

i=1 =1
n

=T(X,Y')+ (k= M)> (A —Ci)+ > Bi (2N +k — 2M’ — 2R(x;, X UY"))
=1 =1

= T(X7 Y/) + fX,Y’,m(k)u

where the last equation holds because kK — M’ > 0. This completes our proof for case (i). The
result for case (ii) can be proved similarly.

Suppose case (ii) holds. That is, assume that &k — M’ < 0. Then we have a = k — (m —m/) /2,
and b = 0. Hence, for the first term on the right hand side of the Equation (B.15), we have

> Aixi = ZAi (N'=M'+k— R(z;, X UY"))

—ZA R(z;, X UY")) +ZA (k— ).

=1
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Similarly, for the second term on the right hand side of the Equation (B.15),

ZBiXi = ZBz (R(.%'i,XUY’) _N/+M/—k)

n

_ZB R(z;, X UY")) + > B; (2R(x;, X UY') —2N'+ M' — k),

=1

and for the second term on the right hand side of the Equation (B.15),
n n
ZCiXi = ch (R(l‘i,XUY,) — N +M — kj)
- - )
= ZCz (R(xi,XUY’) —N/) + ZCZ (M’ _
Hence, we have

T(X,Y,UY') =) A (N' = Rz, X UY")) + Y A; (k- M)
i=1 i=1

+Y Bi (N = R(z:, X UY")) + Y Bi (2R(2;, X UY") — 2N' + M’ — k)

i=1 =1

+) Ci (R(z;, X UY') = N) +ici (M’ —

1
R(z;, X UY") — 2(n+m’+1)‘

I

@
I
—

(R X UY') < N') (N = Ra, X UY)

+
NE

I(R(z;, XUY') > N') (R(zi;, X UY') = N')
1

-.
Il

M:

(Ai + B;) (N — R(z;, X UY") +ZC R(z;, XUY") = N').
=1

.

Therefore, we have

T(X,Y,)=T(X,Y')+ Zn: A (k— M)
i=1

+Y  Bi (2R(z;, X UY") 2N+ M' — k) + > Ci (M’ -
i=1 )

=T(X,Y')+ (4 - C) Y (k— M) - Zn: B; (2N + k —2M' — 2R(2;, X UY"))

i=1 =1
=T(X,Y') + fxy m(k),
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where the last equation holds because k — M’ < 0. This completes our proof for case (ii). (]
We complete our results for the lower bounds of the Ansari-Bradley statistic when multiple

values in Y can be missing using the following result:

Theorem B.3.8. Suppose X = {z1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values and Y/ C Y is a subset of Y with sample size |Y’| = m/, which are observed. Then, the

minimum possible Ansari-Bradley test statistic, across all unobserved values, is given as follows:

min  T(X,Y)=T(X,Y') + min  fxyrm(k),
y\y/eRm—m’ ke{0,...,m—m’} T

where fx y’ (k) is defined in Definition B.3.6.

Proof. To start, let us assume that when the unobserved values Y \ Y’ = }7, the Ansari-Bradley

test statistic takes the minimum value. In other words,

T(X,YUY')= min T(X,Y).
Y\y/ERmfm’

Now, consider m —m’ + 1 different sets Y1), ... y(m—m'+1) ¢ X(XUY’',m—m'), such that

k= Z I(y>maXXUY’), where k € {1,...,m —m' + 1}.
yeY (k)

By definition, we have

T(X,YUY )= min T(X,Y)<min{T(X,YUYD), . T(X, Y Uym ™+
Y\Y’eRm—m'

Below we show that
T(X,Y UY') 2 min{T(X, Y uYW),... T(X, Yy )y,

Note that according to Lemma B.3.4, there exist a set Y € X(X UY';m —m') such that
T(YUY', X)>T(YUY’ X). By Lemma B.3.1,

N
T(YUY' X)+T(X, Y UY)=T(X, YUY )+ T(YUY' X) =)

Then we also have

T(X,YUY')<T(X,YUY’)
— min{T(X, YUYW, .. T(X, YUy <T(X, Y UY’).

Hence, we have our desired result
T(X,Y UY') = min{T(X,Y' UYW),... T(X, Y Uy )

= T(X, Y/) + min fX,Y’,m(k);
kef '}

yeeesU—MM
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where the last equation follows from Proposition B.3.7. (]

B.4. Lower and upper bounds under general missingness case

This section combines the results from Section B.2 and B.3 when only values in X can be missing,
and only values in Y can be missing, respectively. We derive the tight lower and upper bounds of
the Ansari-Bradley test statistic in the presence of missing data without assuming any missingness
patterns, as shown in Theorem B.4.7 in the end of this section.

We start by proving the following lemma, which shows that if we replace a subset Y of Y such
that for any y € Y, R(y, X UY) < (N +1)/2 with Y = V(X UY’,m — m/,0), the values of the

Ansari-Bradley statistic can only decrease or remain unchanged.

Lemma B.4.1. Suppose X = {z1,...,2,} and Y = {y1,...,ymn} are samples of distinct real
values. Denote N = n+m. Suppose Y C Y is a non-empty subset of Y such that for any y € Y,
R(y,XUY) < (N+1)/2. Denote Y = Y\ Y, and [Y'| = m/. Then, if Y = Y(XUY’,m—m/,0),
we have T(X,Y,) < T(X,Y), where Y, = Y UY".

Proof. We prove the result by mathematical induction on m — m/. Let us denote Yy =
{yi,.-.,y’_,}. For the base case when m —m’ = 1, since Y = Y(X UY’,1,0), we have
y; < max X UY’. Hence, R(y;,X UY,) = 1. Then, according to Proposition B.1.4, we have
T(Y,X) <T(Y,, X). By applying Lemma B.3.1, we have our desired result T'(X,Y,) < T(X,Y).

Let k € {1,...,m — 1}, and suppose that Lemma B.4.1 holds for m — m’ = k. We show that
the lemma also holds when m —m/ = k + 1.

Denote Y = {91, .., Uk+1}, and without loss of generality, let us assume §; = max Y. Consider
aset Z = {z%,.. .,2z;} and assume that Z e Y(XUY'U{i} k, 0). For notation convenience,
denote Z = ZUY’ U{71}. Then, by the assumption that Lemma B.4.1 is correct when m—m/ = k,

we have
T(X,Z)<T(X,Y). (B.16)
Since §; = max Y, we have
R(51, X UY) > max{R(g2, X UY),..., R(Jx+1, X UY)} > £k,

where the last “ > holds because {R(g2, X UY),..., R(gr+1, X UY)} are k distinct values in
{1,...,N}. Then, since Z € Y(X UY' U{f1},k,0), we have

2 <min X UY'U{j}, forany i € {1,...,k}
= {R(z],XUZ),...,R(z,, XU Z)} ={1,...,k}
= R(71,XUY) > max{R(z],X UZ),...,R(z;, X U Z)}.

Then, according to Lemma B.2.2,

1
R(ji, X UZ) = R(§1, X UY) < 5(N +1).
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Next, consider any real value {y*} € Y(Y'U Z,1,0), and denote Z’ = Y’ U Z U {y*}. Then, by

applying the lemma when m — m/ = 1, we have
T(X, Z/) < T(X, Z) < Inequality (B.16) T(X, Y)

Now, in order to finish our proof, we only need to show that Z U {y*} € (X UY’, k +1,0).
Since Z € Y(X UY'U {1}, k,0), we have zf < min X UY’, for any ¢ € {1,...,k}. Combining

this result with {y*} € Y(Y’ U Z,1,0), hence we have Z U {y*} € V(X UY", k + 1,0), which

completes our proof. O

The following lemma provides the same conclusion as Lemma B.4.1, but now we replace the
subset Y of Y such that for any y € Y, R(y, X UY) > (N +1)/2 with Y = (X UY’, m —m/,0),

Lemma B.4.2. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Denote N = n+m. Suppose Y C Y is a non-empty subset of Y such that for any y € Y,
R(y,XUY) > (N +1)/2. Denote Y’ =Y \Y, and |Y’| = m/. Then, if Y = V(X UY’',m —
m',m —m’), we have T(X,Y,) < T(X,Y), where Y, =Y UY".

Proof. This result can be prove following the same approach for proving Lemma B.4.1. Thus it
is omitted here. (]

The following definition is used in Proposition B.4.4.

Definition B.4.3. Suppose X and Y are samples of distinct values, ¢; and t5 are positive integers,
and k € {1,2,3,4}. Then we define

Z(X,Y,t1, 12, k) = {(X,Y) R =8(k),V € X(X, UY,t) } ,

where R = {R(z}, X, UY%),..., R(z} , X.UY:)}, X = {a},...,2} }, X, = XUX, and Y, = YUY

Applying Definition B.4.3, we show that there exist imputations X,V € Z(X',Y',n—n/,m —
m’,4) that minimises the Spearman’s footrule, when N and n — n’ satisfy condition C(i) for
i=1{1,2,3,4}.

Proposition B.4.4. Suppose X = {z1,...,z,} and Y = {y1,...,ym} are samples of distinct
real values. Let X' C X,Y’ C Y be observed subsets of X, and Y with sample sizes |X'| = n/,
and |Y'| = m’. Denote N = n + m, and suppose N and n — n’ satisfy condition C(i), where
i €{1,2,3,4}. Then there exist X,Y € Z(X', Y’ ,n—n/,m—m/, i) such that T(X,,Y,) < T(X,Y),
where X, = X UX’, and Y, =Y UY".

Proof. To start, let X = {z%,..., x¥ .} be a set of distinct real values. Denote X, = XuXx'.

Assume that values in X, UY are distinct, and
{R(2], X, UY),...,R(x)_,,, X, UY)} = S(3).
Then, according to Proposition B.2.6 and Proposition B.2.8, we have

T(X,.Y) <T(X,Y), (B.17)
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for any ¢ € {1,2,3,4}.

Denote Y =Y \ Y’ Let s, = minS(4) and s* = maxS(i). Since values in X, take the ranks
between s, and s*, for any y € Y, we have R(y, X, UY) > s* +1or R(y,X,UY) < s, — 1. By
definition of S(i), for any ¢ € {1,2,3,4}, we have

n—n' 1 1 1 1 1
L < - 14+ (N+1)<—-414+-(N+1)=-+-(N+1),
seS o F L S(NF1) S —o 414 (N 4+ 1) = S+ S (N +1)
—n'—1 1 1
ands*z%+§w+1)z§(1\r+1).

Hence, for any y € Y, we have either
. 1 1
Ry, X, UY)>s"+1> §(N+1)’ or Ry, X, UY) <s,—1< §(N+1).
Thus, we can partition Y = Y; UYs, where
- - 1

- : 1
Yy = {y|y €Y, Ry, X, UY) > §(N—|— 1)}

Denote |Yi| = 1, and |Ya| = lo. Without loss of generality, denote Y = {fj1,... %1}, Yo =

{gll-‘rlu .. gll-‘rlg}a and Y = {gla .. gllagh-l-l) cee 7gl1+lg}'
Suppose Y7 € Y(X, U (Y \ Y1),11,0). Then, according to Lemma B.4.1,

T(X.,(Y \ Y1) UY) < T(X.,Y) < Meaaliy 310 7(X y), (B.18)

Since for any y € Y7, R(y, X, UY) < s, — 1, and for any = € X, R(z,X.UY) > s.. Hence, for
any € X, R(z, X, UY) > max{R(y, X, UY) : y € Y1}. Since |V1| = [, and values in Y] takes

distinct values in {1,..., N}, we have
R(z,X,UY) >max{R(y, X, UY) :y € Y1} > I;.

Note that Y7 € Y(X, U (Y \ Y1),11,0). Hence, for any y € Y1, we have y < min X, U (Y \ V1),

which implies
{RGL XU\ T UYL, R, XU (VAT UT) = {10
Hence, for any z € X , we also have
R(z, X, UY) > {R(gjl,X* U\ UYY),..., R, X, U (Y \ Y1) uf/l)}.
Then, by applying Lemma B.2.1,

R(z, X, UY) = R(z,X,U (Y \ Y1) UY)), for any z € X.
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Therefore

{R(m*{,X*U(Y\ffl)UYl),...,R( X, U(Y\Yl)qu)}

= {R(z%, X, UY),...,R(x}
= S(i).

X, UY)}

Ln—n's

Similarly, by applying Lemma B.2.1, we have

R(j, X, U(Y \ Vi) UT1) = R(, X, UY) > %(N +1), for any y € Ts.
Suppose Ys € VX, uY'uU Yy, lo, l2). Then, according to Lemma B.4.2,

T(X,,Y' UYL UYs) < T(X,, (Y \ Y1) UY;) < Ineauality (B18) p(x 'y,

Subsequently, in order to complete our proof, we need to show that ViuYs e X (X UY' 11+ 19),
and {R(x{,X* UY'UY,UY),... R, X, UY'UY; UYQ)} S(9).

For the first part, notice that ¥; € Y(X. U (Y \ Y1),11,0). Hence for any y € Y;, we have
y < min X, UY’. Note also Yy € V(X UY' U fﬁ,lg,lg). Hence for any y € Ys, we have
y > max X, UY’. Therefore, we have Y; UY, € X(X.UY' 1 +1).

For the second part, note that R(j, X, U (Y \ Y1) UY]) > (N 4 1)/2 for any y € Y3, and
{R(af{,X* UY\Y)UY),...,R(z_,, X, U(Y \Y)U Yl)} = S(4) takes consecutive ranks be-
tween s, and s*, where s, < (N +1)/2 + 1/2. Since ranks are distinct values in {1,..., N}, for

any x € X, we have
R(z, X, U(Y \ Y1) UY]) < min{R(y, X, U (Y \ Y1) UY]) : y € Ya}.
Note also that Y5 € V(X UY'U Yl, l2,13). By definition of ), we have

y > max X, UY'UY;, for any y € Vs
— min{R(y, X, UY' UV, UY3) :y € Yo} > R(z, X, U(Y \ Y1) UY}), for any z € X.

Then, by applying Lemma B.2.2, we obtain desired result

{R(q:’{,X*uy/quuYg),...,R( Z_ X, UY' uyluYQ)} S().

This completes our proof O
Before we present the final results, we prove the following two lemmas. The first lemma con-
siders imputations X , Yez (X", Y, n—n';m—m’,i), and provides the minimum and maximum
possible number of imputed values in Y that are larger than all values in X UX'UY’. In other
words, the lemma provides lower and upper bounds for k =) /" lm I <y;“ >max X UX' UY’ )

Lemma B.4.5. Suppose X = {z1,...,2,} and Y = {y1,...,ymn} are samples of distinct real
values. Let X’ C X and Y’ C Y be observed subsets with sizes | X’| = n’ and |Y'| = m/. Denote
N =n+ m, and suppose N,n — n’ satisfy condition C(i), where i € {1,2,3,4}. Suppose X,V €
Z(X',Y',n—n',m—m/,i). Denote Y = {yf,.. Y s and k = Z?:lmll (y:‘ > max X U X' U Y’),
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then we have

a<k<b ifie{1,3},
c<k<d ifie{24},

where a, b, ¢, d are constants of sample sizes defined as

a=max {(m—n'—2m'+1)/2,0},

b=min{(m+n +1)/2,m—m'},

c=max {(m—n'—2m')/2,0},
and d = min {(m +n')/2,m —m'} .

Proof. To start, consider the cases when i € {1,3}. That is, suppose N and n — n’ satisfy C(1)
or C(3), and X,V € ZXY''n—n'm—-—m/ 1), or X,V € Z(X"Y')n—n';m —m’/,3). Denote
X, =XUX', Y. =YUY’, and R = {R(z%, X, UY,), ..., R(z*_ ,, X, UY:)}. Then, by definition

of Z, we have

!/

n—n !

n—n
2

73:3(2'):{ +%(N+1),..., 1+;(N+1)},

where ¢ = {1,3}. Denote s, = —(n —n')/24+(N+1)/2, and s* = {(n — n')/2+(N+1)/2,...,N},

as min R and max R, respectively. Let
ﬁ:{yé?:y>maxX*UY'}.
Then |Y1| = k. By definition of Y3, for any y € Y7,
s* < R(y, X, UY,) < N.

Note that

2N—n+n’+2—N—1_m+n’+1

,+1,...N}=N—s = - ,
ot 1 N} = N =5 > .

and since each value in Y; take different values in {s.+1,..., N}, we have k = |Y1| < (m+n'+1)/2.
By definition of Y7, we also have k < m — m/. Hence, k < b.

Using similar approach, we can show that a < k. Let
?gz{ye?:y<minX*UY'}.
Since X,Y € Z(X'.Y'.n—n',m —m',1), or X,Y € Z(X',Y'.n —n/,m —m',3), we have
Y € X(X,UY', m—m’). By definition, for any y € ¥, we have y < min X,UY” or y > max X,UY".

Hence, |Ya| = m — m’ — k. Also, by definition of Y3, for any y € Y5,

1 < R(y, X, UY,) < ss.
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Note that

n—n'

2

1
H1,...,8. — 1} = 8. = — +§(N+1).

and since each value in Ys take different values in {1,...,8« — 1}, we have

n—n'" 1
—(N+1)—-1
!

n—n 1 m—n'—2m'+1
——(N+1 1= .
2 2( + )+ 2

Vol < {1,...,8. — 1} = —

= k>m-—m+

By definition, we also have k > 0. Hence, k > a, which proves our cases when i € {1, 3}.
The cases when i € {2,4} can be proved similarly. Thus, it is omitted here. O
The following lemma provides explicit form for the Ansari-Bradley statistic after being imputed
with (X,Y) € Z(X")Y' ,n—n',m—mi).

Lemma B.4.6. Suppose X = {x1,...,z,} and Y = {y1,...,ym} are samples of distinct real
values. Let X’ C X,Y’ C Y be subsets of X, Y with sample sizes |X'| = n/, and |Y'| = m/.
Denote N = n+m, and suppose N and n—n’ satisfy C(i), where i € {1,2,3,4}. Suppose (X, Y) €
Z(X"Y',n—n',m—m’,i), and denote Z?gmll (y;“ >max X UX'U Y’) = k. Subsequently, we

have

T(X"Y') + fxryrm(k) + (n* —n') /4 if @ e{1,4},
T(X.,Ys) =9 T(X,Y)+ fxryrmk)+ (02 —=n?-1)/4 if i=2,
T(X"Y') + fxryrm(k) + (n° =n? +1) /4 if i=3,

where X, = X’UX and Y, = Y UY".

Proof. To start, by applying Proposition B.2.11, we have

T(X',Y.) + (n? —n'?)/4, if i€ {1,4},
T(X.,Y,UY) =< T(X'Y,)+(n?>—n?-1)/4 if i=2,
T(X,Y.)+(n?—n?+1)/4 if i=3.

Then, by applying Proposition B.3.7 we have
T(X',Y) = T(X,Y') + Fxoyrm(h):

Combining the above to results, we have our desired results. O
Finally, we prove the main results for the tight lower and upper bounds of the Ansari-Bradley

statistics in the presence of missing data.

Theorem B.4.7. Suppose X = {z1,...,2,} and Y = {y1,...,ym} are samples of distinct real
values. Let X’ C X and Y’ C Y be observed subsets with sizes | X’| = n’ and |Y’| = m/. Define
a=max{(m—n"—2m'+1)/2,0},b =min{(m +n" +1)/2,m —m'}, ¢ = max {(m — n' — 2m’)/2,0}

and d = min {(m +n’)/2,m —m’}. Then, the minimum possible Ansari-Bradley test statistic
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over all possible missing values is:

pen fxryrm(k) + (n* —n') /4 if C(1),
min foyrm(k) + (27 =1 — D/ i C(2)
min  T(X,Y)=T(X,Y")+{ Feled s
X\X’ER"7"I7 ke?]ln b} fX/’Y/7m(k;) —|— (Tl n + 1)/4 lf C(g),
Y\Y'eRm—m' B
\ kEI{Iclind} Ixryrm(k) + (n? —n'?)/4 if C(4),

and the maximum possible Ansari-Bradley test statistic is:

N2/4 N i
max T(X,Y)=—-— min T, X)+ 2/ ?S Ve
X\XIER"_nI, X\X’ERn_n/, (N — 1)/4 N is Odd
Y\Y'erm—m’ Y\Y'erm—m’

Proof. For notation convenience, let us denote

Thin(X,Y) = min T(X,Y), and Thax(X,Y) = max T(X,Y).
X\xleRn—n/’ X\X/GRn_n/,
Y\Y'erm—m’ Y\Y’eRm—m’'

To start, denote N = n + m. Suppose N,n — n’ satisfy C(i), where i € {1,2,3,4}. Let us
assume that when X \ X’ = X, and Y \ Y’/ = Y, the Ansari-Bradley test statistic takes the

minimum values, i.e.,
T(X'UX,Y'UY) = Tun(X,Y).

Consider (X,Y) € Z(X",Y',n—n';m—m/ i), and denote X = {a],...,2_}, Y = 7 P Vs
and k = Z?;m/l (yl* >max X UX'U Y’). Then, by Lemma B.4.6,

T(X"Y") + fxryrm(k) + (n? — n'2) /4, it C(1), or C(4)
T(X.,Y.) =49 T(X"Y)+ fxryrm(k)+ (n?—n?—1)/4, if C(2)
T(X'Y") + fxryrm(k) + (n® =0 +1)/4, if C(3)

By Lemma B.4.5, when N,n — n’ satisfy C(1) or C(3), k € {a,...,b}; while N,n — n’ satisfy
C(2) or C(4), k € {c,...,d}. Without loss of generality, let us assume that Y takes the k that

minimises fxy’ (k). In order words,

T(X',Y')+ pem fxryrm(k) + (n* —n'?) /4, if C(1)
(ST
T(X'Y')+ min  fxryrm(k)+n?—n?-1)/4, ifC(2)
T(X* Y:k) _ kede,...,d}
’ T(X',Y") + o fxryrm(k) + (n? —n? +1)/4, ifC(3)
€1a,...,
T(X',Y')+ . l{nind} fxryrm(k) +(n* —n'?) /4, if C(4)
€E1Cse-y

By definition, we have

Toin(X,Y) < T(X,,Y,)
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However, according to Proposition B.4.4, there exist (Xl, }71) € Z(X")Y',n—n';m—m' i), such
that

T(X'UX,YUY) <T(X'UX, Y UY).
Applying Lemma B.4.6, we have
T(X,,Y,) <T(X'UX.,Y' UY}).
Combining the above results,

T(X.,Y,) <T(X'UX,Y'UY) <T(X'UX,Y'UY) = Tuin(X,Y) < T(X,,Y3)
— T(X*7 Y:k) = Tmin(X7Y>-

Then, according to Lemma B.3.1, we have

N2 /4 N is even,

T(X,Y)=-T(Y,X)+ { (N2-1)/4 N is odd.

Hence,

N2 /4 N is even,

Tax (X, Y) = —Toin (Y, X) +
(X, Y) ¥ %) {(N2—1)/4 N is odd.

This completes our proof. O
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C. Proofs of results in Chapter 5

This chapter provides proofs for Chapter 5 in the main text. Our objective is to establish the
tight lower and upper bounds of Spearman’s footrule in the presence of missing data, where the

components of X and Y can be missing in any configuration.

C.1. Different missingness cases

If a vector contains missing values, we will refer to it as partially observed, while a vector with
no missing values is fully observed. We start by considering three specific cases which, when

considered together, cover any possible case of a pair of partially observed vectors.

e Missing case I. All missing values are either all in X or all in Y. In other words, either X

or Y is fully observed, while the other vector is partially observed.

e Missing case II. For any pair (X (i),Y (7)), ¢ € [n], at most one value is missing. Therefore,
both X and Y may contain missing data, and if X (i) is missing, the paired Y (i) must be
observed. On the other hand, if Y'(4) is missing, the paired X (i) must be observed.

e Missing case III. For any pair (X (¢),Y (7)), ¢ € [n], the two values are either both observed,
or both missing. Therefore, both X and Y may contain missing values, and if X (i) is
missing, the paired Y'(4) is also missing. Similarly, if Y'(7) is missing, the paired X () is also

missing.

Note that these three missing cases are not mutually exclusive. In particular, the missing case
I can be considered as a special case of missing case II, given that the latter includes the case
where only one vector of X and Y can have missing values.

The three cases above are special cases of missingness patterns for a pair of vectors X,Y.
We consider the case for which any missingness pattern is possible for X, Y to be the general
missingness case. Fortunately, the following result shows that a pair of vectors subject to a
general missingness pattern can always be rearranged into a concatenation of subvectors subject

to missing case II and missing case III.

Lemma C.1.1. Suppose X,Y € V" are only partially observed and subject to a general miss-
ingness pattern. Then there exist subvectors X, X3, Yo, Ys and a permutation o such that the
concatenated subvectors (X, X3) and (Y2, Y3) are equal to the permutations of X and Y under

o, respectively, i.e.
(X2, X3) = (X(0(1)),...,X(a(n)),  (Y2,¥3) = (Y(o(1)),...,Y(c(n))).

Furthermore, the pair Xs,Y5 is subject to missing case II, while the pair X3, Y3 is subject to

missing case III.
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Table C.1.: (Left) Example data under general missing case, where we do not make any as-
sumptions of the missingness patterns. (Right) Example data after permutation, the
subvectors including the first four indices are missing according to missing case II,

while the last two indices are missing according to missing case III.
a b c d e f g h a d g e c f b
X 52 * 46 2.1 * 33 1.8 * X 52 18 6 * 46 33 *
Y ¥ ox 1.2 * 3.6 24 ¥k Y * * * 36 12 24 *

* ¥ S

Proof. Denote the number of pairs where both (X (i),Y(i)) are observed as nj, and the corre-
sponding indices as (o(1),...,0(n1)); the number of pairs where only X (i) is observed but Y (i)
is missing as mj, and the corresponding indices as (o(ny + 1),...,0(n1 + my)); the number of
pairs where only Y (i) is observed but X (i) is missing as mg, and the corresponding indices as
(o(n1+my1+1),...,0(n1 +mq + my)). Finally, denote the indices of the pairs such that both
(X (4),Y (i) are missing as (o(n1 +m1 +ma +1),...,0(n1 +m1 +ma +m)).

Then, since each pair either: observes both X (i) and Y'(i), observes one of X(i) or Y (i),
does not observe X (i) nor Y (i), we have ny +mj + mg +m =n and o0 = (o(1),...,0(n)) is a
permutation of indices {1,...,n}.

Further, since the subvectors
(X(c(1)),...,X(c(n—m))), Y(c(1)),...,Y(c(n —m)))

includes only pairs where at most one pairs is missing, the subvectors are missing according to
missing case II.

Since the subvectors
(X(c(n—=m+1)),...,X(c(n))), Y(c(n—m+1)),...,Y(c(n)))

includes only pairs where both values are missing, the subvectors are missing according to missing
case III.

Let us define Xo = (X(0(1)),...,X(c(n —m))), X3 = (X(o(n —m + 1)),...,X(c(n))),
Yo = (Y(c(1)),...,Y(o(n—m))), and Y3 = (Y (c(n—m+1)),...,Y(c(n))). This then completes
our proof. O

For illustrating the result, we provide one example in Table C.1, where the data under general
missingness case are composed of missing case II and missing case 111 after permutation. As we
mentioned before, missing case I is a special case for missing case II and will be useful for proving
the bounds for missing case II.

Let X, Y € V" which may be only partially observed. We use the notation U to denote the
set of all indices where X (i) is missing but Y (i) is observed. Furthermore, we use the notation
V' to denote the set of all indices where X (i) is observed but Y (7) is missing. Additionally, we
use the notation W to denote the set of all indices where both X (i) and Y (¢) are missing.

Finally, R(X, X) is used to denote the vector of ranks of all components in X, i.e.

R(X, X) = (R(X(1), X),..., R(X(n), X)).
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For example, if X = (7,2,5), then R(X,X) = (3,1,2). Note that, in practice, we often first
convert the vectors X and Y into the rank vectors R(X, X) and R(Y,Y’), respectively, and work

with these rank vectors directly.

C.2. Some important lemmas

Before proving our results for the bounds of Spearman’s footrule, we first provide several lemmas

that will be used repeatedly throughout the proofs.

Lemma C.2.1. Suppose X € V" and 0,0’ C [n] are non-empty subsets of indices such that
O C O'. Denote |O"\ O| = k. Then, for any i € O, we have

R(X (1), (X())ieo) + k> R(X (i), (X())ieco) = R(X (i), (X(1))ie0)-
Proof. Let ¢ € O be a fixed index. Then, according to the definition of rank, we have

R(X (i), (X(D)ieo) = Y LX) < X(3))

leo’

=N IXO < X))+ > LX) < X))

leo leO'\O

= R(X (i), (X(Dheo) + Y T(X() < X(i)).

1€0\O

Since |0\ O| = k, we have k > >icono 1 (X (1) < X(i)) = 0. Thus, it follows that

R(X (1), (X(D)ico) +k = R(X (i), (X (D))icor) = R(X(4), (X (1))ie0),

which completes our proof. U

Lemma C.2.2. Suppose X € V", and U, O C [n] are non-empty disjoint subsets of indices such
that U U O = [n]. Then, for any i € O, if either of the following two conditions hold:

(i) : X(j) > X (4), for any j € U,
or (i) : R(X(j), X) > R(X(4), (X(1))ieo), for any j € U,
we have R(X (i), X) = R(X(7), (X (1))ic0)-

Proof. First, we show that if the condition (i) is true, then we have R(X (i), X) = R(X (i), (X(1))ico)-
To start, let i € O be a fixed index such that the condition (i) is true, i.e., for any j € U,
X (j) > X (i). According to the definition of rank, we have

R(X(i),X) = > T(X(I) < X(i)).

le[n]

Since U and O are non-empty disjoint subsets of [n] such that U U O = [n], then we have

R(X(i),X) =) I(X(1) < X(i)+ > I(X(1) < X().

leO leU
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Now, according to the condition (i), we have X (j) > X (i), for any j € U. Hence,
D LX) < X(@) =0,
leU
which follows that
R(X(i),X) =) L(X(1) < X(i)) = R(X (i), (X(1))ieo0)-
leO

Thus, we complete our prove when the condition (i) is true.

Next, we show that if the condition (ii) is true, we have R(X (i), X) = R(X(¢), (X (1))ico). Let
i € O be any fixed index such that the condition (ii) is true, i.e., for any j € U, R(X(j),X) >
R(X(i),(X(1)ieo). We prove the result for the condition (ii) by showing that the condition (ii)

implies the condition (i), i.e.,
R(X(j),X) > R(X(i),(X(1))eo), for j e U = X(j) > X (i), for j € U.
Without loss of generality, denote u as the index of the minimum value in (X(1));ev, i.e.,
X () = min(X () rer
Then, all components with indices in U \ {u} are larger than X (u). Hence, we have

STIX() < X(w) = 1(X(u) < X(u)) = 1.
leU
Subsequently, since U and O are non-empty disjoint subsets of [n] such that U U O = [n], then

according to the definition of rank, we have

R(X(u),X) =Y T(X(I) < X(w)+ > T(X(I) < X(u))

leo leu
= T(X() < X(u) +1(X(u) < X(u))

= (C.1)
= Y I(X() < X(u)

leOu{u}
= R(X(u), (X(1))ieoufu})-

Next, according to Lemma C.2.1, we have
R(X (i), (X(1))ieo) +1 = R(X(3), (X (1)) icouu})-

According to the condition (ii), we have R(X (j), X) > R(X(¢), (X (I))ic0), for any j € U. Notice
that v € U, then we have

187



where the “ = ” holds because R(X (i), (X (l))ico) and R(X (u), X) are both integers. Hence,

we have

R(X(u), X) = R(X (i), (X(D)ico) +1 = R(X(2), (X (1)) icouquy)-
According to (C.1), we further have

R(X (u), (X(D)icovtuy) = R(X(u), X) > R(X (), (X(1))icouu})-

Since X € V" is a vector of distinct real values, and u ¢ O, then we have

»

R(X (i), (X<l))l€OU{u}) # R(X(u), (X(l))ZEOU{u})
= R(X(u), (X(D))icougu}) > R(X(7), (X (D))icoufuy)

(
= X(u) > X(4).

Recall that X (u) = min(X (l));cy. Therefore, we have X (j) > X (i) for any j € U.
Then, by applying the result when the condition (i) holds, we obtain

which completes our proof.

O

Lemma C.2.3. Suppose X1,X2 € V", and U,O are non-empty disjoint subsets of [n] such
that U U O = [n]. Then, if X3 is an imputation of X; for indices U and R(X;(),X;) =

R(X3(1), X2), for any ¢ € U, we have R(X1, X1) = R(X2, X2).

Proof. To start, let us denote

U= {ulv"' 7um}a and O = {017"' 7On—m}-

For both j = 1,2, since X; € V" is a vector of n distinct real numbers, the ranks of all components

in X; form a permutation of {1,--- ,n}, i.e.,
{R(X;(1),X;), - ,R(X;(n), X;)} ={1,--- ,n}, for both j = {1,2}.
Let us denote
S;=A{1,--- ,n}\ {R(X;(u1),Xj), -+, R(Xj(um), X;)}, for both j = {1,2}.
Then, since UUO = [n] ={1,2,--- ,n}, we have
{R(Xj(01),X}), -+, R(Xj(0p—m), X;)} = S}, for both j =1,2.

Since R(X; (i), X1) = R(X2(i), X2), for any i € U, we have Sy = 5.

Notice that for any fixed ¢ € {1,---,n —m}, and j = 1,2, the order of R(X;(0;),X;) in S}
equals to the order of X;(0;) in {X;(01),...,X;(0p—m)}. Since X, is an imputation of X; for
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indices U, then according to the definition of imputations, for any i € {1,2,--- ,n —m}, we have
X1(0;) = Xa(0;). Hence, the order of X;(0;) in {X1(01),...,X1(0n—m)} equals to the order of
X2(0;) in {X2(01),...,X1(0p—m)}. Thus, the order of R(X;(0;), X1) in S equals to the order of
R(X32(0;), X3) in Sy. Furthermore, since S; = Sz, we have

R(X1(0:), X1) = R(X2(0), X2),

where ¢ € {1,--- ,n —m}. Since we also have R(X;(i),X1) = R(X2(i), X2), for any i € U, and
O UU = [n], then we have

R(X1(4), X1) = R(X2(i), X2), for any i € [n].

In order words, we have R(X1, X7) = R(X2, X3). This completes our proof. O

C.3. Tight lower bounds of Spearman’s footrule

In what follows, we first provide the tight lower bounds of Spearman’s footrule. In Section
C.3.1 and C.3.2, the problem for establishing exact lower bounds under missing case I and II
are discussed, respectively. Algorithms 2 and 3 provide computationally efficient methods for
computing these bounds. The lower bound under missing case III is discussed in Papaioannou
and Loukas (1984), although it not shown there that the bound is tight. In Proposition C.3.31,
we show this bound is tight. Finally, by synthesising the results developed for missing case I, II

and III, we provide the lower bounds in the general missingness case.

C.3.1. Lower bound under missing case I

We begin by carefully studying missing case I, where the missing values are assumed to be either
all in X or all in Y. Without loss of generality, we proceed by assuming only X contains missing
values.

We first prove Proposition C.3.5, which investigates the conditions for taking the minimum
Spearman’s footrule when one component X (u) in X is replaced by a new value X, (u). The

following four lemmas will be useful for proving the proposition.

Lemma C.3.1. Suppose X, X, € V" and let X, be an imputation of X for an index u € [n].
Then, if R(X.(u), Xx) = R(X(u), X) + 1, we have X, (u) > X (u) and

> I(X() > X(w) T(X (i) < Xu(u) = 1.
i€[n]\{u}

However, if R(X.(u), Xx) = R(X(u),X) — 1, we have X, (u) < X(u) and

> I(X (i) > Xu(w) I(X (i) < X (u) = 1.
i€[n]\{u}
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Proof. To start, according to the definition of rank, we have
R(X(u),X) =Y I(X(i) < X(u) =1(X(u) < X(u)+ > L(X(i) < X(u)).
i€[n] i€[n)\{u}
Since X € V" is a vector of distinct real values, we have
R(X(u),X)=14 Y I(X(i) < X(u)). (C.2)
i€n]\{u}
Similarly, we can obtain
R(X.(u),X.) =1+ Y T(X.(i) < X.(u)).
i€[n]\{u}

Since X, is an imputation of X for the index u, then according to the definition of imputations,
we have X, (i) = X (i) for any i € [n] \ {u}. Hence, we further have

R(X.(u), X.) =1+ Y T(X(i) < X.(u)). (C.3)
i€[n]\{u}
Subsequently, if R(X.(u), Xx) = R(X(u), X) + 1, by combining (C.2) and (C.3), we have
dOIX() < Xu(uw) = Y L(X() < X(u) + 1.
i€[n]\{u} i€[n]\{u}

Hence, it can be seen that X.(u) > X (u).

Now, since X € V" is a vector of distinct real values, we further have

S OIX() < Xu(w) - Y T(X() < X(u) =1

i€\ {u} i€[n]\{u}
= ) IX@E) < X))+ > T(X(u) < X(i) < Xu(u))
i€[n]\{u} i€[n]\{u}
- ) I(X(i) < X(u) =1
i€[n]\{u}
= Y I(X(u) < X(i) < X.(w) =1
i€[n]\{u}
= Y T(X() > X(w)T(X(i) < Xu(u) =1,
i€[n]\{u}

which proves our results when R(X.(u), X\) = R(X (u), X) + 1.
The case when R(X.(u), X.) = R(X(u),X)—1 can be proved similarly. Combining (C.2) and
(C.3), we have

Y OIX@) < X)) = Y LX) < X(w) -1,
i€[n]\{u} i€[n]\{u}

which follows X, (u) < X (u).
Since X, € V" is a vector of distinct real values and X, (u) # X, (i) = X (i) for any i € [n]\ {u},
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we have

doOIX(E) < Xw) - > T(X(i) < Xu(u) =1

i€[n)\{u} i€[n]\{u}
= Y I(XE) < X))+ Y T(Xa(w) < X(i) < X(u)
i€[n)\{u} i€[n)\{u}
= ) I(X() < Xu(w) =1
i€[n)\{u}
= Y T(Xu(uw) < X(i) < X(w) =1
i€[n)\{u}
=Y T(X() > Xu(w) T(X (D) < X(u) =1,
i€[n]\{u}

which proves our results when R(X,(u), Xs) = R(X(u),X) — 1, and completes our proof. O

Lemma C.3.2. Suppose X,Y € V" and let X, € V" be an imputation of X for an index u € [n].
For any i € [n] \ {u}, let us denote

&= }R(X(Z)v (X(l))le[n]\{u}) +1- R(Y(Z)v Y)‘ )
and ¢; = |R(X (i), (X (1)iep\fu}) — R(Y (8),Y)] .

Then, we have

D(X.,Y) - D(X,Y) = |[R(X.(u), X) — R(Y (u),Y)| - |R(X(u), X) — R(Y (u),Y)

+ 30 LX) > Xa(w) T(X(6) < X(w) (& — i)
ie[n]\{u}

+ D LX) < Xu(w) I(X(0) > X(w) (¢ — &)
i€[n]\{u}
Proof. For convenience, let us assume (after relabelling) v = 1, and denote

a=|R(X(1),X) = R(Y(1),Y)|, and 5 = |R(X.(1), X) — R(Y(1),Y)].

According to the definition of Spearman’s footrule, we have

D(X,Y) = Z [R(X (i), X) = R(Y (i), Y)]
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According to the definition of rank, for any i € {2,..., n}, we have

R(X (i), X) = ) 1(X(1) < X(i))
=1

I
NE

L(X(1) < X(4) +T(X(1) < X(2))

T
[\o}

Il
—~

X(@), (XD emp ) +TX (1) < X (@)

Since X € V" is a vector of distinct values, I (X (1) < X(i)) = I(X (1) < X(7)). Hence, for any
ie{2,..., n}, we have

R(X (1), X) = R(X (1), (X(1))epmpqy) + TX(1) < X (7))

Therefore, it follows that

D(X,Y) =a+ Y |RX(0), (X(D)empy) +1(X(1) < X (i) - RY (D), Y)].
=2

Subsequently,

D(X,Y)=a+) L(X(1) < X(0) [RX@), (X()eppay) +1 - RY(),Y)]
1=2

+ ) T(X(1) > X(0) [R(X (@), (X D)iemp1y) — RY(0),Y)]
i=2
—a+ Y LX) > XA) &+ S LX() < X(1) v
i=2 i=2
Similarly, we can show that

D(X.,Y) =B+ T(X.(1) < X.(i)) |R(X.(0), (X () ieppf1y) + 1 — RV (3),Y)]
=2

n

+ 3 T(X(1) > Xi (@) [ RO, (X (D) 1y) — RY(0), V)
1=2

Since X, is an imputation of X for the index 1, then according to the definition of imputations,
we have X, (i) = X (¢) for any 7 € [n] \ {1}. Thus, we have
D(X.,Y) =8+ > T(X(i) > X.(1)) |[R(X (i), (X(I)epg1}) + L = RV (3),Y)
=2

+ Y LX) < Xu(1) [RX (@), (X D)ieppry) — RY (@), )]
=2

=B+ Y T(X() > Xu(1) & + > T(X (i) < Xu(1)) .
1=2 =2
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Now, we have

D(X,.,Y)-D(X,Y)=8—-a+ Y {I(X()>X.(1)-1(X()>X1)}
=2

n (C.4)
+) {I(X () < Xu(1) = T(X(6) < X (1))} .
i=2
Next, since X, X, € V" are both vectors of distinct real values, then for any ¢ € {2,--- ,n},

we have X (i) # X(1), and X,(i) # X.(1). Further, since X, is an imputation of X for the
index 1, we have X, (i) = X (i) for any i € {2,..., n}. Hence, we also have X (i) # X, (1) for any
i€ {2,---,n}. Subsequently, for any i € {2,--- ,n}, we have

1(X(i) > X.(1)) — [(X(i) > X(1))
=1(X (i) > X, (1)) (X (i) < X(1)) = I(X () > X (1)) I(X(d) < X.(1))
+ LX) > X, (1)) I(X () = X(1)) = T(X (@) > X(1)) I(X (i) = Xi(1))

Since for any i € {2,...,n}, we have X (i) # X (1), X.(1). Hence,

L(X(i) > X.(1)) = I(X(0) > X.(1)),
L(X(i) > X(1)) = I(X(i) > X(1)),

which means
L(X() > X, (1)) T(X(0) = X(1)) = [(X(7) > X(1)) [(X(i) > X.(1)) =0

Therefore, we have

L(X (i) > X.(1)) = T(X (i) > X(1)) (C.5)

1(X (i) > X. (1) 1(X(i) < X(1)) = 1(X(i) < X (1) I(X(i) > X(1)).
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Similarly, for any i € {2,--- ,n}, we have

[(X() < Xu(1)) = T(X (1) < X.(1)),
[(X () < X(1) =1(X(#) < X(1)),

which means
L(X (i) < X.(1) L(X (i) < X(1)) — T(X(i) < X(1)) [(X (i) < X.(1)) = 0.

Therefore, we have

I(X (i) < X.(1)) = T(X (i) < X(1)) (C.6)

1(X (i) < X, (1) I(X (i) > X(1)) = 1(X(i) < X(1))I(X(5) > X,(1)).

Putting (C.5) and (C.6) back into (C.4), we obtain
DX, Y)-D(X,Y)=p—-a+ iI(X(i) > X (1) 1(X () < X(1) &
- éI(X(i) < X)X (@) > X(1) &
+ Zn;I(X(z') < X.(1))I(X() > X(1)) s

— Y LX) > XL (1) LX) < X(1) v
1=2
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That is,
D(X.,Y)=D(X,Y)=8—a+> T(X(i) > X.(1)) (X (i) < X(1)) (& — ¢s)
i=2

+ 31X () < X (W) LX) > X(1) (4 - &).
=2

This completes our proof. O

Lemma C.3.3. Suppose X,Y € V" and let X, € V" be an imputation of X for an index u € [n].

Then, if one of the two following conditions holds

(i) : R(X(u), X) > R(Y(u),Y) and R(X.(u), X,) = R(X(u),X) — 1,
or (i) : R(X(u),X) < R(Y(u),Y) and R(X.(u), Xs) = R(X(u),X) + 1,

we have D (X,,Y) < D (X,Y). However, if one of the two following conditions holds

v

(Y(u),Y) and R(X.(u), X)
(Y(u),Y) and R(X«(u), Xy)

R(X(u),X)+1,

(iif) : R(X (u), X)
X R(X(u), X) -1,

R
)< R

IN

we have D (X,,Y) > D (X,Y).

Proof. For convenience, let us assume (after relabelling) v = 1, and denote
a=[R(X(1),X) - R(Y(1),Y)[, and 8 = |R(X.(1),X) — R(Y(1),Y)].
For any i € {2,---,n}, let us denote

& = [R(X (1), (XD)ieppg1y) +1 - RY(0),Y)],
and ¢; = [R(X (0), (X (D))iepap1y) — ROV (2),Y)] -

Then, for any i € {2,--- ,n}, if
R(X(4), (X(D))empg1y) — R(Y(4),Y) >0,
we have

Vi = R(X (1), (X)) g13) — R(Y (49),Y),
and § = R(X(4), (X() igpnp\{13) + 1 = R(Y (8),Y).

Hence we have & = i; + 1. However, if

R(X (@), (X(D))eppq13) — R(Y(2),Y) <0,
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we have

Yi = R(Y(i),Y) = R(X (@), (X(1))igpp\{13)5
and & = R(Y (i), Y) — R(X (@), (X(1))igpp{13) — 1-

Hence we have & = 1¢; — 1. Therefore, we have
& — e {—1,1}, for any i € {2,--- ,n}. (C.7)

Next, according to Lemma C.3.2, we have
D(X.,Y)=D(X,Y) =8 —a+) T(X()> X.(1) (X (i) < X(1)) (& — ¢s)
i=2

+ iI(X(i) < X)X (@) > X(1)) (i — &)
For notation ease, let us denote
¥ = zn;I(X(i) > XL (1) T(X (i) < X(1)) (& — i),

and ¥y = iI(X(i) < X.()T(X(0) > X(1)) (¢ — &).

Then we have
D(X.,Y)—-D(X,Y)=f—a+3 + %, (C.8)
Suppose the condition
(i) : R(X(1),X) > R(Y(1),Y) and R(X,(1),X,) = R(X(1),X) — 1

holds. Then we have

R(X(1),X) - R(Y(1),Y) >0
— a = |R(X(1),X) - R(Y(1),Y)| = R(X(1), X) - R(Y(1),Y),

and

R(X.(1),X.) — R(Y(1),Y) = R(X(1),X) — 1 — R(Y(1),Y) > 0
— 8= |R(X.(1), X.) - R(Y(1),Y)| = R(X(1),X) — 1 = R(Y(1),Y).

Hence, we have
B=a-—1.

Meanwhile, since R(X.(1), X,) = R(X(1),X) —1 and X, is an imputation of X for the index 1,
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then according to Lemma C.3.1, we have
X:(1) < X(1) = I(X(i) < X.(1))I(X () > X(1)) =0,

for any i € {2,...,n}. Therefore,
S = STT(X() < X, (D) T(X () > X(1)) (6 — &) =0.
=2

According to Lemma C.3.1, we also have

n

D T(X (i) > Xu(1)T(X (i) < X (1)) = 1.

1=2

According to (C.7), we have & — 1; € {—1, 1}, which then follows that
D1 =Y T(X(i) > X.(1) I(X (i) < X(1)) (& — )
=2
< T(X(i) > X, (1) I(X (i) < X(1)) = 1.
=2

Recall that 8 = a — 1. Subsequently, following (C.8), we have
DX, Y)-D(X,)Y)=—-14%+%<-14+14+0=0,
which proves our results when the condition (i) holds. The other three cases can be proved
similarly.
Suppose the condition
(il) : R(X(1),X) < R(Y(1),Y) and R(X.(1),X,x) = R(X(1),X)+1

holds. Then we have

R(X(1),X) - R(Y(1),Y) <0
— a = |R(X(1),X) - R(Y(1),Y)| = R(Y(1),Y) - R(X(1), X),

and

R(X.(1),X,)— R(Y(1),Y) = R(X(1),X)+1—R(Y(1),Y) <0
= B =|R(X.(1),Xs) = R(Y(1),Y)| = R(Y(1),Y) — R(X(1),X) — L.

Hence, we have
B=a—1.

Since R(X.(1),X,) = R(X(1),X) + 1, and X, is an imputation of X for the index 1, then
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according to Lemma C.3.1, we have
X:(1) > X(1) = I(X(@) > X.(1)) I(X () < X(1)) =0,

for any i € {2,...,n}. Therefore,
51 = STT(X() > X, (D) T(X () < X(1)) (& — ) =0.
=2

According to Lemma C.3.1, we also have

n

D T(X (i) < Xu()T(X (i) > X (1)) = 1.

1=2

According to (C.7), we have & — 1; € {—1, 1}, which follows that
Sp =Y L(X(i) < Xo(1) T(X(5) > X(1)) (i — &)
=2
< T(X () < X, (1) (X (i) > X(1)) = 1.
=2

Recall that 8 = a — 1. Subsequently, following (C.8), we have
D(X,,Y)=D(X,Y)=—14+35+5 < ~1+40+1=0,

which proves our results when the condition (ii) holds.

Suppose the condition

holds. Then we have

R(X(1),X)—R(Y(1),Y)>0

and

R(X.(1),X,) — R(Y(1),Y) = R(X(1),X) + 1 — R(Y(1),Y) > 0

= = |R(X.(1), Xs) = R(Y(1),Y)| = R(X(1),Y) = R(Y(1), X) + L.

Hence, we have

B=a+1.

Since R(X.(1),X,) = R(X(1),X) + 1 and X, is an imputation of X for the index 1, then
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according to Lemma C.3.1, we have
X:(1) > X(1) = I(X(@) > X.(1)) I(X () < X(1)) =0,

for any i € {2,...,n}/ Therefore, we have
5= ST1X() > X (1) L(X () < X(1) (& — ) = 0.
=2

According to Lemma C.3.1, we also have

n

D T(X (i) < Xu()T(X (i) > X (1)) = 1.

1=2

According to (C.7), we have & — 1; € {—1, 1}, which follows that
Sp = Y T(X(i) < Xo(1) T(X(5) > X(1)) (i — &)
1=2
> T(X () < X.(1) I(X (i) > X(1)) - (=1) = —1.
=2

Recall that 8 = a + 1. Following (C.8), we have
D(X,,Y)-D(X,Y) =145+ >1+40-1=0,

which proves our results when the condition (iii) holds.

Finally, suppose the condition
(iv) : R(X(1),X) < R(Y(1),Y) and R(X.(1),X,) = R(X(1),X) -1
holds. Then we have

R(X(1),X) - R(Y(1),Y) <0,
= a=|R(X(1),X) - R(Y(1),Y)| = R(Y/(1), X) — R(X(1),Y),

and

R(X.(1),X,) = R(Y(1),Y) = R(X(1),X) -1 - R(Y(1),Y) <0,
— B =[R(X.(1), Xs) = R(Y(1),Y)[ = R(Y(1), X) = R(X(1),Y) + 1.

Hence, we have
B=a+1.

Since R(X«(1), X,) = R(X(1),X) — 1 and X, is an imputation of X for index 1, then according
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to Lemma C.3.1, we have
X:(1) < X(1) = I(X(i) < X.(1))I(X () > X(1)) =0,

for any i € {2,...,n}. Therefore,

S = SUT(X () < Xa(D)T(X(0) > X (1) (¢ — &) = 0.
=2

According to Lemma C.3.1, we also have

n

D T(X (i) > Xu(1)T(X (i) < X (1)) = 1.

1=2

According to (C.7), we have & — 1; € {—1, 1}, which follows that
S1= Y T(X () > XL (1) T(X () < X(1)) (& — i)
=2
> T(X (1) > X.(1) I(X (i) < X(1)) - (-1) = —1.
=2

Recall that 8 = a + 1. Following (C.8), we have
D(X,,Y)-D(X,Y) =145+ >1-1+40=0,

which proves our results when the condition (iv) holds.

O

Lemma C.3.4. Suppose X € V" and u € [n] is an index. Let r be an integer between 1 to n.

Then, there exists an imputation X, € V" of X for the index u such that R(X,(u), X,) = r.

Proof. For notation ease, let us assume (after relabelling) that v = 1 and X(2),---, X(n) are

ordered such that X(2) < --- < X(n).

Suppose 7 = 1. Let X.(i) = X (i) for any ¢ € {2,---,n} and let X,(1) be a real number
such that X,(1) < X(2). Then X, is an imputation of X for the index u. Meanwhile, since

X«(1) < X(2), we have

X.(1) < X(2) << X(n)
= X, (1) < Xi(2) < -+ < Xi(n).

Thus, according to the definition of rank, we have
n
R(X.(1),X.) = S L(X. () < X.(1) = 1.
i=1

Therefore, R(X.(u), Xx) =1 = r, which proves our result when r = 1.

Suppose 1 < r < n. Let X, (i) = X(i) for any i € {2,--- ,n}, and let X, (1) be a real number
such that X (r) < X.(1) < X(r+1). Then X, is an imputation of X for the index u. Meanwhile,
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since X (1) < X«(1) < X(r+ 1), we have

X2)< < X(r)<X1)<X(r+1)<---<X(n)
— X,(2) < < X (r) < Xu(1) < Xu(r+1) < --- < Xy (n).

Thus, according to the definition of rank, we have

Therefore, R(X.(u), Xx) = r, which proves our result when 1 < r < n.

Suppose 7 = n. Let X,(i) = X(i) for any i € {2,--- ,n} and let X,(1) be a real number
such that X,.(1) > X(n). Then, X, is an imputation of X for the index u. Meanwhile, since
X«(1) > X (n), we have

Xi(1) > X(n)>--->X(2)
= X, (1) > Xi(n) > - > X,(2).

Thus, according to the definition of rank, we have

Therefore, R(X,(u), Xx) = n, which proves our result when r = n, and completes our proof.
O

We are now ready to prove Proposition C.3.5.

Proposition C.3.5. Suppose X,Y € V" and let X, € V" be an imputation of X for an index
u € [n]. If we choose X, (u) such that R(X.(u), Xx) = R(Y(u),Y), then we have D (X,,Y) <
D (X,Y). Moreover, for any other imputation X’ € V" of X for the index u, we have D (X,,Y) <
D(X'Y).

Proof. Notice that there are two statements in Proposition C.3.5:

(i) Suppose X,Y € V" and let X, € V" be an imputation of X for an index uw € [n]. If
R(X.(u),Xs) = R(Y(u),Y), then we have D (X,,Y) < D (X,Y).

(ii) Suppose X,Y € V" and let X, € V" be an imputation of X for an index u € [n]. If
R(X.(u), X,) = R(Y(u),Y), then for any other imputation X’ € V" of X for index u, we
have D (X,,Y) < D (X",Y).

Below, we first show that the statement (i) is true. Then we prove the statement (ii) is true using
the statement (i).
First, we prove the statement (i) is true. Suppose R(X (u), X) = R(Y (u),Y’). Then, we have
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Since X, € V" is an imputation of X for the index u € [n], then according to Lemma C.2.3, we
have R(X., X.) = R(X, X), which implies that

D(X,,Y)=D(X,Y).

Hence, we have proved the statement (i) when R(X (u), X) = R(Y (u),Y).
Suppose R(X (u), X) > R(Y (u),Y), denote R(X(u),X) = R(Y(u),Y) + a, where a € N and
a > 0. According to Lemma C.3.2, we can find vectors Xy, Xo,---, X, € V" such that each

vector is an imputation of X for the index u € [n] and
R(Xy(u), Xx) = R(X(u),X) — k, for any k € {1,--- ,a}.
Denote Xo = X. Then, for any k € {1,--- ,a}, we have
R(Xk-1(u), Xg—1) = R(X(u),X) — (k—1) > R(X(u),X) —a=R(Y(u),Y),
and
R(Xk(u), Xi) = R(Xp—1(u), Xg—1) — 1.

Subsequently, by applying Lemma C.3.3 between each X, Y and Xj_1,Y, where k € {1,--- ,a},

we have
D(X,Y) :D(X()’Y) ZD(XlaY) > ZD(XG)Y)

Notice that

Since X, is an imputation of X, for the index w, then according to Lemma C.2.3, we have
R(X., X,) = R(Xq, X,), which gives

D(X,,Y)=D(X,Y)<D(X,Y).

This proves the statement (i) when R(X (u), X) > R(Y (u),Y).

The case when R(X (u), X) < R(Y (u),Y’) can be proved similarly. Hence, we have shown the
statement (i) is true.

Next, we show that the statement (ii) is true using the statement (i). Let X’ € V™ be an
imputation of X for the index u. According to Lemma C.3.2, we can find an imputation X, € V"
of X’ for the index u € [n], and R(X.(u), X.) = R(Y (u),Y). Then, according to the statement

(i), we have
D(XLY)<D(X,Y).

Since X, € V" is an imputation of X for the index u € [n], and R(X.(u), Xx) = R(Y (u),Y),
then according to Lemma C.2.3, we have R(X/, X|) = R(X., X.), which implies D (X],Y) =
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D (X,,Y). Thus, we have
D(X,,Y)=D(X.,Y) <D(X"Y).

This proves the statement (ii), and completes our proof. O

This proposition demonstrates that if one component of X is changed, Spearman’s footrule
will be minimised when the rank of that component equals to the rank of its paired component,
ie. R(Xi(u),Xs) = R(Y(u),Y). For example, consider vectors X = (1.1, %, 3.3), and ¥ =
(3.9, 2.8, 1.7), where * denotes a missing data in X. Then, the proposition suggests that the
minimum Spearman’s footrule between X and Y is achieved when the missing entry in X is
assigned rank 2, matching the rank of the corresponding value 2.8 in Y.

When considering Proposition C.3.5, a natural concern would be whether the required impu-
tation X, actually exists. To this end, we verify the existence of such imputations X, of X, in
the more general case where multiple components are imputed so that the ranks of all imputed

components match the ranks of their paired components in Y.

Lemma C.3.6. Suppose X, Y € V" and U C [n] is a subset of indices. Then there exists X, € V"
such that

X.(i) = X(i) for i € [n] \ U, and R(X.(i),X,) = R(Y (3),Y) for i € U. (C.9)

Proof. We first consider the case when U = [n]. Let X, =Y, then according to the definition
of imputations, we have that X, € V" is an imputation of X for U = [n]. Since X, =Y, we have
R(X.,X.:) = R(Y,Y). Hence, Lemma C.3.6 is true when U = [n].

However, if U = ), we can let X, = X. Then according to the definition of imputations,
X, € V" is an imputation of X for U = (). Hence, Lemma C.3.6 is true when U = (.

Now, we only need to prove Lemma C.3.6 when U # [n] and U # (.

For any fixed n € N, let P(k) be the statement of lemma C.3.6 when |U| = k. We prove P(k)
holds for any k € {1,...,n — 1} by induction on k.

Base Case: We show P(1) is true. Suppose |U| = 1. Then P(1) is true according to
Lemma C.3.2.

Induction Step: We show the implication P(1), P(k) = P(k+ 1) forany k € {1,...,n — 2}.

Suppose |U| = k + 1, and denote m = k 4+ 1. Without loss of generality, let us assume (after
relabelling) U = {1,--- ,m} and Y(1),--- ,Y(m) such that Y(1) < --- < Y(m).

Notice that |[U \ {1}| = |U| —1 =m — 1 = k. Then since P(k) is true, there exists X; € V"
such that

Xi(i) = X(1), i€\ (U\{1}), (C.10)
R(X1(i), X1) = R(Y(i),Y), ieU\{1}. (C.11)

According to Lemma C.2.1, for any ¢ € U \ {1}, we have

R(X1(1), (X1 (D))iepmpf13) = R(X1(i), X1) = 1= R(Y (i),Y) — 1,
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where the last equation holds according to (C.11). Then, since Y (1) < --- < Y(m), we have
R(Y(1),Y) <--- < R(Y(m),Y). Hence, for any i € U \ {1}, we have

R(X1(7), (X1 (1)iemp{13)
= R(X1(7), (X1 (1)iemp{1})

Y

R(Y(i),Y)—1> R(Y(1),Y) — 1
R(Y(1),Y). (C.12)

Y

Since P(1) is true, then there exists Xo € V" such that

Xo(1) = Xu(2), 1€ [n]\ {1}, (C.13)
R(X(1), X5) = R(Y(1),Y). (C.14)

According to Lemma C.2.1, for any ¢ € U \ {1}, we have
R(X5(i), X2) > R(X2(i), (X2(D))iefn\(13)-
Notice that according to (C.13), for any i € U \ {1}, we have
R(X2(1), (X2(1)iepp 113) = R(X1(2), (X2 (D)1 f13)-
Hence, for any i € U \ {1}, we have

R(X5(i), X2) > R(X1(1), (X1(1))iepp13) =92 R(Y (1),Y)
=(C1) R(X5(1), X).

Since Xo € V" is a vector of distinct real values, for any i € U \ {1} we have R(X2(i), X2) #
R(X>2(1), X5). Hence, for any i € U \ {1},

R(X2(i), X2) > R(X2(1),X2) = R(X2(7), X2) > R(X2(1), X?)
— XQ(’L) > Xg(l)

According to Lemma C.2.2, we then have
R(X2(1), (Xa()iemp 1) = R(X2(1), X2) = R(Y(1),Y). (C.15)
Now, since P(k) is true, there exists X3 € V" such that

X3(i) = Xo(1), i€ [n]\(U\{1}), (C.16)
R(X3(i), X3) = R(Y(i),Y), ieU\{1}. (C.17)

Since Y(1) < --- < Y(m), we have R(Y(1),Y) < --- < R(Y(m),Y). Then, for any i € U \ {1},
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it follows that

R(X3(i),X3) _(c17) R(Y(Z),Y) > R(Y<1),Y)
=) R(X5(1), (Xa2(D)iep @ (1p)
=16 R(X5(1), (X3())iepp @\ (1)))-

Subsequently, according to Lemma C.2.2, we have

R(Xs3(1), X3) = R(X5(1), (Xs(D)iepuanay) = BO(1), V).
Combining this result with (C.17), it follows that

R(X35(i), X3) = R(Y (4),Y), for any i € U.
Notice that for any ¢ € [n] \ U, we have
X3(i) =(C16) X, (i) =(C13) x, (5) =(C10) x(4).
Thus, we have found an imputation X3 € V" of X for the indices U such that
X3(i) = X(i),i € [n] \ U, and R(X3(i),X3) = R(Y(¢),Y) for all ¢ € U.

This proves P(k 4 1) is true, and completes our proof. O

The proof for Lemma C.3.6 constructs X, sequentially by considering the order of the values
in the paired vector (Y (u))uecrr. The first step is to identify uy, the index in U with the minimum
rank in Y, defined as u; = argmin{R(Y (u),Y)|u € U}. Then the component X (u;) is imputed

so that its rank satisfies

R(X (u1), (X(@))iefn\v1ufury) = B(Y (u1),Y).

Following this imputation, the ranks of all observed values in X are updated. U is then updated
to U \ {u1}, and this process is repeated until U is empty. Algorithm 2 below formally describes
the procedure of the proof of Lemma C.3.6. Note that in Algorithm 2 we work with the rank
vectors R(Y,Y) and R(X,, X,), rather than the actual vectors Y and X, which suffices for our

purpose of computing the value of Spearman’s footrule D(X,,Y).

Remark C.3.7. The computational complexity of Algorithm 2 is analysed as follows. Rank-
ing all observed components in X and Y in line 1 requires O(nlogn) steps. Inside the while
loop, identifying u; in line 3 requires the computational complexity O(n), and updating ranks
of observed components between line 5 and line 8 requires the computational complexity O(n).
Denote m; = |U|. The while loop run m; times. Since each iteration is O(n), the computa-
tional complexity of loop is O(myn). Overall, the computational complexity for Algorithm 2 is

O(nlogn +min).

To further emphasise that, when computing Spearman’s footrule, it is the ranks R(X,, X) of

the imputed vector X, that are important, rather than the imputed values (X, (u))yer themselves,
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Algorithm 2 An Algorithm for Computing the Exact Lower Bound of Spearman’s Footrule
Under Missing case 1
Input: X,Y € V" where X may be partially observed and Y is fully observed.
Output: Minimum possible Spearman’s footrule distance between X and Y.
1: Rank all observed components in X and Y.
2: while U # () do
Identify uy = argmin {R(Y (7),Y)]i € U}.
Let R(X (u1), (X (2))ic{mn\vyofuy) = B(Y (u1),Y).
for i € [n]\ U do
Denote r; = R(X (i), (X ())icm)\v)
Update R(X (i), (X(4))je{pm)\viogu}) ¢ 7i +1(ri = R(Y (u1),Y)).
end for
9: Update U < U \ {u1}.
10: end while
11: Output D (X,Y).

we have the following lemma which will be useful in proving later results.

Lemma C.3.8. Suppose X,Y € V" and U C [n] is a subset of indices. Let X;, Xo € V" both
be imputations of X for indices U. Then, if for any i € U,

R(X1(i), X1) = R(X2(i), X2) = R(Y (4),Y),

we have D (X1,Y) = D (X3,Y).

Proof. Since X, X2 € V" are both imputations of X for U, for any i € [n] \ U, we have
X1(7) = Xo(2) = X(4).

Therefore, according to the definition of imputations, Xs is an imputation of X; for indices U.

Since for any i € U, we have
R(X1(i), X1) = R(X2(i), X2).
Then, according to Lemma C.2.3, we have
R(X1,X1) = R(Xq, X3).
Hence,
D(X1,Y)=D(Xy,Y).

This completes our proof. O
We are now ready to state the main result for missing case I, which is an extension of Propo-
sition C.3.5.

Theorem C.3.9. Suppose X,Y € V" and U C [n] is a subset of indices. Let X, € V" be an
imputation of X for indices U such that R(X.(i), Xs) = R(Y(¢),Y) for any ¢ € U. Then, we
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have D (X,,Y) < D (X,Y). Moreover, for any other imputation X’ € V" of X for U, we have
D(X.,Y) < D(XY).

Proof. Notice that there are two statements in Theorem C.3.9:

(i) Suppose X,Y € V" and let X, € V" be an imputation of X for indices U C [n]. If
R(X.(i),Xs) = R(Y(i),Y) for any i € U, then we have D (X,,Y) < D (X,Y).

(ii) Suppose X,Y € V" and let X, € V" be an imputation of X for indices U € [n]. If
R(X.(7),Xs«) = R(Y(i),Y), for any i € U, then for any other imputation X’ € V" of X for
indices U, we have D (X,,Y) < D (X',Y).

Below, we first show that the statement (i) is true. Then, we prove the statement (ii) is true
using the statement (i).

First, we show that the statement (i) is true. Denote m = |U|. When m = n, we have
R(X.,X.) =RY,Y) = D(X.,Y)=0. According to the definition of Spearman’s footrule,
we have D (X,Y) > 0. Hence, we have D (X,Y) > D (X,,Y) = 0. Therefore, we have shown the
statement (i) is true when m = n.

However, when m = 0, then according to the definition of imputations, we have X = X,.
Then, we have D (X,,Y) = D (X,Y), which proves the statement (i) when m = 0.

Now, in order to prove the statement (i), we only need to consider cases when 1 < m <n — 1.
For any fixed n € N, let P(k) be the statement of statement (i) when |U| = k. We prove P(k)
holds for any k € {1,...,n — 1} by induction on k.

Base Case: Notice that P(1) is true according to Proposition C.3.5.

Induction Step: We show the implication P(1), P(k) = P(k+1) for any k € {1,...,n—2}

For convenience, let us assume (after relabelling) U = {1,--- ,m}, and Y(1) < --- < Y(m).
According to Lemma C.3.6, we can find a vector X; € V" such that

X1(i) = X(i), foranyic [n]\ (U\{1}), (C.18)
R(X1(i), X1) = R(Y(i),Y), foranyie U\ {1}. (C.19)

That is, X; is an imputation of X for indices U \ {1} such that (C.19) holds. Notice that
[U\{1}| =|U|—1=k+1—1=k. Then since P(k) is true, we have

D(X,,Y) < D(X,Y).
According to Lemma C.3.6, we can find a vector Xo € V" such that

Xo(i) = X1(i), for any i€ [n]\ {1}, (C.20)
R(X2(1),X2) = R(Y(1),Y). (C.21)

That is, X is an imputation of X; for index 1 such that (C.21) holds. Subsequently, since P(1)

is true, we have

D(X5,Y)<D(X;,Y).
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According to Lemma C.2.1, for any i € [n] \ {1}, we have
R(Xs(i), X2) > R(Xa(i), (Xa () hiepup13) =" R(X1(3), (X1 (D) iepup1})-
Subsequently, applying Lemma C.2.1 again, for any ¢ € U \ {1}, we have
R(X1(2), (X1 (D) 1) = R(X1 (1), X1) = 1 = R(Y(5),Y) — 1.
Since Y (1) <--- <Y (m) and U = {1,--- ,m}, then for any i € U \ {1}, we have

R(X1(3), (X1(D))iepnpg1y) = R(Y (4),Y) =1 > R(Y(1),Y) — 1
= R(X1(7), (X1 ())iemp 1) = R(Y (1),Y).

Hence, for any i € U \ {1}, we have
R(Xa(i), X2) = R(X1(3), (X1 (D)iepp1y) = RV (1), Y) =2V R(X5(1), X2).
Since X9 € V™ is a vector of distinct real values, for any i € U \ {1}, we further have

R(XQ(i),XQ) 7é R(XQ(I),XQ) — R(XQ(i),XQ) > R(XQ(l),XQ)
- XQ(Z) > XQ(l)

Subsequently, according to Lemma C.2.2,
R(X2(1), (X2(0))iemp @) = R(X2(1), X2) =2V R(Y (1), Y). (C.22)
According to Lemma C.3.6, we can find a vector X3 € V" such that

X3(i) = Xa(i), for any i € [n]\ (U \ {1}), (C.23)
R(X3(i), X3) = R(Y(i),Y), foranyieU\{1}. (C.24)

That is, X3 is an imputation of Xo for indices U \ {1} such that (C.24) holds. Notice that
[U\{1}| =|U|—1=k+1—1=k. Then since P(k) is true, we have

D(X3,Y)<D(XyY).

Since Y (1) < --- < Y(m), we have R(Y (i),Y) > R(Y(1),Y) for any i € U \ {1}. Hence, for any
i€ U\ {1}, we have

R(X3(i), X3) =@ R(Y (i),Y) > R(Y(1),Y)
=22 R(X5(1), (X2(9))icpp@nf1})-

Further, according to (C.23),

R(X2(1), (Xo(D)iemp@nq1y) = B(X3(1), (X3(0))iemp @\{1}))-
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For any i € U \ {1}, we then have

R(X3(i), X3) > R(X2(1), (X2() icpmp @\ f1p)) = R(X3(1), (X3(0))icpmp\ @\ f1}))-

By applying Lemma C.2.2, we have

R(X3(1), X3) = R(X5(1), (X3(1))iemp\@\{1}))
= R(X2(1), (X2())iepp@nq1y) =22 R(Y(1),Y).

Combining this result with (C.24), we have
R(X3(i), X3) = R(Y (4),Y), for any i € U.
Notice that for any ¢ € [n] \ U, we have
X3(i) =(O2) X, (i) =(C20) x,(5) =(C18) x ().
Since X, € V" is an n-dimensional vector of distinct real values such that

X.(i) = X(i), forany i€ [n]\U,
R(X.(i),Xx) = R(Y(4),Y), foranyiecU.

Then according to Lemma C.2.3, we have
R(X3,X3) = R(X.,Xy) = D(X3,Y)=D(X,,Y).
Notice that we have
D(X,,Y)=D(X3,Y)<D(Xy,Y)<D(X,Y)<D(X)Y).

Hence, we have shown P(k + 1) is true, this completes our proof for the statement (i).

Next, we show that the statement (ii) is true using the statement (i). According to Lemma C.3.6,
we can find a vector X, € V" such that it is an imputation of X’ for indices U C [n], and
R(X.(i),X.) = R(Y(i),Y) for any i € U. Then, according to the statement (i), we have

D(X.Y)<D(XY).

Since X, € V" is an imputation of X for the index U C [n], and R(X.(7), X«) = R(Y (9),Y) for
any ¢ € U. Then, according to Lemma C.2.3, we have R(X., X.) = R(X,, X), which means
D (X.,Y)= D (X.,Y). Therefore, we have

D(X,,Y)=D(X,,Y)<D(X"Y).

This proves the statement (ii) and completes our proof. O
Theorem C.3.9 provides the conditions under which the imputation X, will minimise Spear-

man’s footrule under missing case I. Moreover, Lemma C.3.6 shows that X, exists and so this
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lower bound is tight.

C.3.2. Lower bound under missing case II

This section focuses on the lower bound of Spearman’s footrule under missing case II, where
X,Y € V" may contain unobserved samples, but for each pair (X (i), Y (7)), at least one value is
observed. We shall use U C [n] to denote the set of indices where X (i) is missing but Y () is
observed, and V' C [n] will denote the set of indices where X (7) is observed but Y'(7) is missing.

Given this notation, consider the following two conditions:

Condition C.3.10. X, Y, € V" are imputations of X and Y for indices U,V C [n] respectively,
such that U NV = () and

X«(7) = X(4) for all i € [n] \ U, and Y, (j) =Y (j) for all j € [n]\ V.
Condition C.3.11. X,,Y, € V" are such, for indices U,V C [n],
R(X.(i), X.) = R(Y.(i),Y.),i € UUV.

Condition C.3.10 ensures that X, and Y, are imputations of X and Y satisfying missing case
II. Condition C.3.11 ensures the ranks of the imputed components of X, and Y, are equal to the
ranks of their paired components.

It is proved in Theorem C.4.13 that the minimum possible value of Spearman’s footrule between
X and Y equals D (X,,Y:) when X, and Y, satisfy both Conditions C.3.10 and C.3.11. While
finding X, and Y, that satisfy Condition C.3.10 is straightforward, it is less obvious that we can
always find imputations that satisfy both Conditions C.3.10 and C.3.11. Hence, we first prove
the existence of such imputations in Proposition C.3.13.

To start, we first provide the following lemma, which is obtained directly by applying Lemma C.3.6.

Lemma C.3.12. Suppose X € V" and U C [n] is a subset of indices. Denote m = |U|, and let

(o(1))icv be a vector of any m distinct values in [n]. Then, there exist an imputation X, € V"
of X for U such that R(X.(i), Xs) = o(i), for any i € U.

Proof. Let Y € V" be a vector such that R(Y(i),Y) = o(i), for any i € U. Subsequently,

according to Lemma C.3.6, there exist an imputation X, € V" of X for indices U such that
R(X.(i),Xs) = R(Y(2),Y) = 0(i), for any i € U.

This completes our proof. O

We are now ready to prove Proposition C.3.13.

Proposition C.3.13. Suppose X,Y € V", and U,V C [n] are disjoint subsets of [n] such
that UNV = () and U UV # (. Then, there exist imputations X,,Y, € V" satisfying both
Conditions C.3.10 and C.3.11. In other words, there exist imputations X,,Y, € V" of X and Y
for U and V, respectively, such that R(X,(i), Xi) = R(Yi(i),Ys) forany i e UU V.
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Proof. For any given n € N, let P(k) be the statement of Proposition C.3.13 when |U|+|V| = k.
We prove P(k) holds for any k € {1,...,n} by induction on k.

Base Case: We show P(1) holds. If |U|+ |V| =1, it is either U =0, |[V|=1or |[U| =1,V = .
Suppose U = (), |[V| = 1. Then, let X, = X. According to the definition of imputations, X, € V"
is an imputation of X for U = (). Further, according to Lemma C.3.6, we can find an imputation
Y. € V" of Y for indices V such that R(Yi(i),Yi) = R(X(¢),X) for any ¢ € V. Notice that
X, = X. Hence, we have R(Y,(i),Ys) = R(X.(i),X,) for any i € V. Recall that U = 0.
Therefore, we have R(Yi(i),Y:) = R(X.(i),X,) for any i € U U V. Hence, we have shown P(1)
is true when U = (), |V| = 1. The case when |U| =1,V = () can be proved similarly.

Induction Step: We show the implication P(k) = P(k+ 1) for any k € {1,...,n —1}.

Suppose |U| + |V| =k + 1. Then, we have either

(i):|U|=0,|[V]=k+1or |U =k+1,|V|=0,
or
(i) : U] >0,|V|>0,|U|+|V|=k+1,

is true. Below, we consider the case (i) and the case (ii) separately.

First, suppose the case (i) : [U| =0,|V| =k +1or |U|l = k+1,|V| = 0 is true. We consider
|U| =0,|V|=k+1. Since |U| =0, we have U = (). Let X, = X. According to the definition of
imputations, X, € V" is an imputation of X for U = (). Further, according to Lemma C.3.6, we
can find an imputation Y, € V" of Y for indices V such that R(Y, (i), Ys) = R(X (i), X) for any
i € V. Notice that X, = X. Hence, we have R(Y.(i),Y:) = R(X.(i), X,) for any i € V. Recall
that U = (). Therefore, we have R(Y.(i),Ys) = R(X.(i), X,) for any i € U UV. Hence, we prove
the result when |U| = 0,|V| = k+ 1. The case when |U| = k+ 1,|V| = 0 can be proved similarly.
Hence, we have shown P(k + 1) is true under the case (i).

Now, we consider the case (ii) : |[U]| > 0,|V| > 0,|U| + |V| = k + 1. Without loss of generality,
let us assume (after relabelling) V ={1,--- ¢}, U={t+1,--- ,t+m}, X(1) <--- < X(¢), and
Y(t+1)<--- <Y(t+m). Further, let us assume

RX (1), (X(D)iempo) < RY (€ +1), (Y (D))iempv)-

However, if R(X(1),(X(1))ieppv) > RY (t+ 1), (Y())igpn)\v), we can then switch the label for
X and Y and relabel the relevant components.

Denote
o = RX (1), (X()regupo): (C.25)
Since X(1) <--- < X(t)and Y(t+1)--- <Y (t+m), we have

R(X(1), (X(D))iepnpv) < -+ < RX(@), (XD)iempv); (C.26)
and R(Y(t + 1), (Y(D))ieppv) <--- < RY(t+m), Y1) ieppv)s (C.27)
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respectively. Further, since R(X (1), (X(1))icpnpv) < R(Y (E+ 1), (Y(1))1gpn)\v), we have
a = R(X (1), (X(D))heppv) < RY (@), (Y (D) )igppv), for any i € U. (C.28)

Since X € V" is a vector of distinct real values, then { R(X (i), (X (I))iefn\v) : 4 € V'} is a set of
t distinct values in [n]. Subsequently, according to Lemma C.3.12, there exist Y; € V" such that

Yi(i) =Y (i), i€[n]\V, (C.29)
R(1(i), Y1) = R(X (i), (X(D))iepp\v), 1€V (C.30)

That is, Y7 is an imputation of Y for indices V' € [n] such that (C.30) holds.
Recall that V' = {1,--- ,t}. Let us assume V' \ {1} # 0, i.e., t > 1. Then, for any i € V' \ {1},

we have

R(Y1(i), Y1) =1 R(X (i), (X(D))iepapvr)
>0 R(X (1), (X())ieppv) = RYVA(1), Y1)
= Y1(i) > Yi(1), for any i € V' \ {1}.

Subsequently, by applying Lemma C.2.2, we have

R(Y1(1), Y1(D)iepnpov\{1y) = B(Y1(1), Y1).

Notice the above equation still holds when V'\ {1} = ). Recall that o = R(X (1), (X(1))icp\v)-

Hence, we further have

R(Y1(1), Yi(D))iepnp (1)) = R(Y1(1), Y1)

C.31
=3 RX (1), (XD)ieppv) = @ .

Since U and V are non-empty disjoint subsets of [n|, we have U C [n] \ V. Hence, (C.29)
implies Y7 (i) = Y (i) for any i € U. Thus, for any i € U, we have

R(Y1(2), Yi(D)ieppv) = REY (0, (Y (D))iempv)-

Since [n]\ V C [n] \ (V' \ {1}), we can apply Lemma C.2.1 and get that, for any i € U,

R(Y1(3), Yi(D)iemp 1) = B(Y1(8), (Yi())ieppv)
= R(Y (@), Y(1)iepmp\v)
>(©2) R(X1(1), (X1 (1)ieppv) = o

Recall that Y] € V" is a vector of distinct real numbers and 1 ¢ U = {¢t +1,...,¢t + m}, where

1 <t,m. Hence, for any i € U, we have

R(Y1(i), "1 (l))le[n]\(\/\{l})) # R(Y1(1), (Yl(l))le[n}\(v\ﬂ})) _(C31)
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Therefore, for any 7 € U, we have

R(Y1(3), Yi(D)igpmp v\ 1) > @ (C.32)

Since |[V\{1}| = |V|—=1=m—1 and |U| = ¢, we have |V \ {1}| + |U| =m — 1+t = k. Since
P(k) is true, then there exist Xo, Yo € V" such that

X (i) = X (i), for any i € [n]\ U, (C.33)
Yai) = Yi(@), for any i € [n]\ (V'\ {1}), (C.34)
and R(X2(i), X2) = R(Y2(i),Ys), for any i € U U (V \ {1}). (C.35)

That is, Xo,Y> are imputations of X and Y7 for U and V \ {1}, respectively, such that (C.35)
holds. According to (C.34), we have

R(Y2(1), (Ya(D)iepp o) = B D), Y1(D))iepp i) = o (C.36)

Since V.= {1,...,t}, we have [n|]\V = {t+1,...,n}, and [n]\ (V\{1}) ={1,t+1,...,n}. Then,
since U ={t+1,...,t +m}, we have U C [n|\ V,and U C [n]\ (V \ {1}). Hence, according to
(C.34), we have for any i € U,

R(Ya (1), Ya))iepp o f1p) = ROYA(E), Vi) iepp o) > a
According to (C.33), we have Xa(1) = X(1), and
R(X2(1), (X2(D))igppv) = R(X (1), (XD)igmpv) = -
Hence, for any i € U
R(Ya(i), (Ya(D))igpp(v\{1}) > @ = R(X2(1), (X2(D) )1gjnp\v)-

According to Lemma C.2.1, for any i € U, we have

R(Y2(i), Y2) > R(Y2(4), (Y2(1))igpmp(v\{1}))5
which implies that

R(Y2(i), Y2) > o = R(X2(1), (X2(1))iepp\vr)-
Subsequently, for any i € U, we have

R(X(i), X2) =) R(Y3(i), Y2) > a = R(X2(1), (X2())iepupv)-

According to Lemma C.2.2, we then have

R(X(1), X2) = R(X2(1), (Xo(D)iepnv) = o (C.37)
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Since V C [n] \ U, (C.33) gives Xa(i) = X (i) for any i € V, and
R(X2(1), (X2(D))iepmpv) = R(X (@), (X(D)igppv): 1€V
Recall that V = {1,...,¢}. Let us assume V \ {1} # 0. Then, for any i € V \ {1}, we have
R(X2(4), (X2(1))iepnpv) = R(X(4), (X (1) )iepp\v)-

Since X(t) > ... > X (1), we have

R(X2(7), (X2(D)iepmpv) = R(X (@), (XD))iempv)
> R(X (1), (X())ieppv) =% a.

According to Lemma C.2.1, for any i € V' \ {1}, we have
R(X5(1), X2) > R(X2(4), (Xo())iepnpv) > o
Then, for any i € V'\ {1}, we have
R(Ya(i), Ya) = 9% R(Xo(i), Xa) > a =@ R(Ya(1), (Ya() Jiepup\ 0\ (11))-
According to Lemma C.2.2, we have

R(Y2(1),Yz2) = R(Y2(1), (Y2(D))igmp (v\{1}))-

Notice that the above equation still holds when V' \ {1} = (.

Subsequently, we have
R(Y2(1),Y2) = R(Ya(1), (Ya())iepprripy) =39 @ =37 R(X5(1), Xa).

Combining this result with (C.35), we obtain

R(X3(i), X2) = R(Y2(i),Y3), for any i € U U V. (C.38)
Recall that we have

Ya(i) =(©34 v, (3) =30 v (i), for any i € V,
and

Xy (i) =©33) X (i), for any i € [n] \ U.

Hence, we have found imputations X5, Y5 € V" of X and Y for U and V, respectively, such that
(C.38) holds. Therefore, we have shown P(k + 1) is true. This proves our results when the case
(ii) holds and completes our proof. (]

The proof of Proposition C.3.13 follows a similar idea to the proof of Lemma C.3.6. The
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construction of X, and Y, is summarised in Algorithm 3 below.

Algorithm 3 An algorithm for computing the exact lower bound of Spearman’s footrule under
missing case II and general missingness case
Input: X,Y € V", where both vectors may be partially observed under missing case II.
Output: Minimum possible Spearman’s footrule distance between X and Y.

1: Ignore all components where values in both X and Y are missing.

2: Rank all observed components in X, Y.

3: while U # () and V # () do

4 Let u; = argmin { R(X (¢), (X (4)) empu)li € V}.

5 Let uo = argmin {R(Y(Z), (Y(]))]e[n]\\/)’z S U}

6 if ROX(u1), (X)) < ROY (u2), (Y (7));cp ) then

T Let R(Y (u1), (Y (5))jeqinpvivfu}) = B(X (u1), (X (7)) jeppv)
8:
9

for i € [n]\V do
: Denote R(Y (i), (Y (j))jeppv) = si-
10: Update

R(Y (i), (Y () jefmh\Vioguy) < si +1(si > R(X (w1), (X (7)) jempv)) -
11: end for
12: Update V « V' \ {uy}.
13: else
14 Let R(X (u2), (X(7)jefm\vyotuy) = BY (u2), (Y (5))jempv)
15: for i € [n]\ U do
16: Denote R(X (), (X (5))jempv) = ri-
17: Update
R(X (1), (X(4))jefmh\vrvfus}) < Ti +1(ri = R(Y (u2), (Y () jeapv)) -
18: end for
19: Update U <+ U \ {uz}.
20: end if

21: end while

22: if U # () or V # () then

23: Run Algorithm 2 when U # (). Reverse X and Y and run Algorithm 2 when V' # ().
24: end if

Remark C.3.14. The computational complexity of Algorithm 3 is analysed as follows. Ranking
all observed components in X and Y in line 4takes O(nlogn) steps. Inside the while loop, the
computational complexity for finding the minimum ranks in line 4 and 5 is O(n), and for updating
ranks of observed components from line 8 to line 11, and line 15 to line 18 is O(n). Let |U| = my,
and |V| = mgy. The loop can run up to m; + mg — 1 times. Since each iteration is O(n), the
computational complexity for the while loop is O(n(mj+ms)). The computational complexity for
Algorithm 2, called in line 23, after ranking all observed components is O(nm1) when U # ) and
O(nmz) when V' # (), according to Remark C.3.7. Therefore, the total computation complexity
for Algorithm 3 is O(nlogn + n(myi + ma)).

We now prove Proposition C.3.23, which shows that all imputations X, and Y, satisfying both
Conditions C.3.10 and C.3.11 yield the same value of Spearman’s footrule. First, we prove several

lemmas which will be useful for proving the proposition.
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Table C.2.: (Left) Values of (X,Y) under missing case II, and an example of two imputations

(X1,Y1) and (Xo,Y3) such that the ranks of a,b,d,e are the same for both im-
(Right)
Ranks of (X,Y’) and imputations (X7,Y1) and (X2,Y2). The imputed components
are underlined. Proposition C.3.13 guarantees the existence of such imputations,
Propo-
sition C.3.23 shows that all such imputations yield the same value of Spearman’s

putations, while preserving the relative ranks of the observed elements.

while Algorithm 3 provides a method for constructing such imputations.

footrule. Theorem C.3.29 further demonstrates that these imputations minimise

Spearman’s footrule.
Values a b c d e f g h Ranks a b ¢ d e f g h
X 6.3 24 5.5 * * 47 38 1.8 R(X,X) 6 2 5 * * 4 3 1
Y ¥ % 11 24 35 42 58 6.7 RY,Y) * * 1 2 3 4 5 6
X1 63 24 55 29 31 47 38 1.8 R(Xy,X;) 8 2 7 3 4 6 5 1
Y1 82 21 1.1 24 35 42 5158 6.7 R(Y1,Y71) 8 2 1 3 4 5 6 7
X 6.3 24 55 20 23 47 38 1.8 R(X2,X5) 8 4 7 2 3 6 5 1
Y, 82 41 1.1 24 35 42 58 6.7 R(Y2,Y3) 8 4 1 2 3 5 6 7

Lemma C.3.15. Suppose X1, X2 € V", and O C [n] is a non-empty subset of indices such that
O # [n]. Suppose there exist an index k € [n] \ O such that

R(X1(k), (X1(1)iegrivo) = R(X2(k), (X2(1))ieqriuo),

Then, for any ki, ks € O, if

we have

Proof. To start, let us denote

R(X1(k1), (X1(D)iegryuo) = R(Xa(k2), (X2(1))ie{ryuo)-

a = R(X1(k), (X1()))iegryuo) = R(Xa(k), (X2(1))iefryuo)-

R(X1(k1), (X1(D)ico) = R(Xa(k2), (X2(1))ico)

Suppose k1, ks € O are such that

Then, we have either

case (i) : @ > R(X1(k1), (X1(1))ieo) = R(X2(k2), (X2(1))ic0),
or case (ii) : @ < R(X1(k1), (X1(1))ico) = R(Xa(k2), (X2(1))ico),

R(X1(k1), (X1(D))ico) = R(Xa(kz), (X2(1))ic0)-

is true. In the following, we prove our result when the case (i) and the case (ii) are true separately.

Suppose the case

(i) : a > R(X1(k1), (X1()))ico) = R(Xa(k2), (X2(1))ic0)
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is true. Then it follows

a = R(X1(k), (X1(D)ieryuo) > R(X1(k1), (X1(1))ico)
and a = R(Xa(k), (X2(1))iefryuo) > R(Xa(k2), (X2(0))ico)-

Applying Lemma C.2.2 to (X1(1))iefryuo and (Xa(1))ieqruo separately, we have

R(X1(k1), (X1(D))iegrpuo) = R(X1(k1), (X1(D))ico),
and R(Xa(k2), (X2())iefriuo) = R(Xa2(k), (X2(1))ico);

respectively. Since R(X1(k1), (X1(1))ico) = R(X2(k2), (X2(l))ico), then we have
R(X1(k), (X1(1)iegrivo) = R(X2(k), (X2(1))ieqriuo),

which proves our result when the case (i) holds.

If, however, the case

(ii) : o < R(X1(k1), (X1(D))ieo) = R(X2(k2), (X2(1))ie0)

is true, we can apply Lemma C.2.1 and get

R(X1(k1), (X1(D)iegryvo) = R(X1(k1), (X1(0))ieo)
> a = R(X1(k),(X1(1))iefxyuo)

and

R(X2(k2), (X2(D))iefryuo)

v

R(X2(k2), (X2(1))ic0)
> a = R(Xa(k), (X2(l))le{k}uo)-

Since X7 and X5 are both vectors of distinct real values and k # k1, ko, we have

R(X1(k1), (X1(D))iefryvo) # R(X1(k), (X1(1))iegkivo)
= R(X1(k1), (X1(D))iefryvo) > R(X1(k), (X1(1))iegrivo)
— Xl(k'l) Xl(k‘),

(
(

and

R(Xa(k2), (Xa(D))ieqriuo) # R(Xa2(k), (X2(1))icfryuo)
= R(X2(k2), (X2(1))ie{ryuo) > R(X2(k), (X1(1))ie{ryuo)
= Xg(kg) Xg(k)

(
(

Subsequently, according to the definition of rank and notice that X, Xo € V" are vectors of
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distinct real values, we can show that

R(X1(k1), (X1(D)ieqryuo) = R(X1(k1), (X1(D))ieo) + 1(X1(k1) > X1(k))
= R(X1(k1), (X1(D))ie0) + 1,

and

R(Xa(k2), (X2(1))icryuo) = R(Xa(k2), (Xa2(1))ico) + 1 (Xa(k2) > Xa(k))
= R(X2(k2), (X2(1))ic0) + 1.

Recall that R(X1(k1), (X1(1))ico) = R(X2(k2), (X2(l))ico). Hence, we have

R(X1(k), (X1(D))ieqryuo) = R(X2(k), (X2(1))ie{ryuo)-

This proves our results when the case (ii) is true, and completes our proof.
O

Lemma C.3.16. Suppose X1, Xo € V" and O1, Oy C [n] are non-empty disjoint subset of indices
such that O1, 05 # () and O1 N O9 = (). Suppose

R(X1(7), (X1(1))ico,00,) = R(X2(i), (X2(1))ic0,00,), for any i € Oy

Then, for any ki, ks € Oq, if

R(X1(k1), (X1(D)ico,) = R(Xa(ke), (X2(1))ic0, )

we have

R(X1(k1), (X1(1))ico,u0,) = R(X2(k2), (X2(1))ico,00,)-

Proof. For any given n € N, let P(k) be the statement of Lemma C.3.16 when |O3| = k. We
prove P(k) is true for any k € {1,...,n — 1} by induction on k.

Base Case: The case P(1) is shown in Lemma C.3.15.

Induction Step: We show the implication P(1), P(k) = P(k+1) for any k € {1,...,n—2}.

Let us now consider the case when |Oy| = k + 1. Without loss of generality, let us assume
(after relabelling) Oz = {1,...,k+1}. Then according to the definition of ranks and notice that

X1, X9 € V" are vectors of distinct real values, for any i € Oo, and j = 1,2, we can show that
R(X;(1), (Xj(l))leolu(Oz\{k})) = R(X; (@), (X;(1)icorvo,) — T(X; (i) > X;(k)).
Notice that for any ¢ € O, and j = 1,2, we have

1(X;() > X;(k)) = LR(X;(0), (X;(1))ico,u0,) > R(X;(F), (Xj(1))icoru0,)) -
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Hence, for any i € O2, and j = 1,2, we have

R0 (500, (o 1y)) = R 0): (K5 (Dicorvo,)

-1 (R(Xj (Z)a (Xj (l))l€O1U02) > R(Xj (k)> (Xj(l))lEO1UO2)) :

Since

R(X1(7), (X1(1))ico,u0,) = R(X2(i), (X2(1))ico,u0,), for any i € O,
then for any i € Oz \ {k}, we have

RO, (X10) 0,0 (00 ay)) = B0 (200,001 019

Notice that |(O2 \ {k})| = k, and R(X1(k1), (X1(1))ico,) = R(X2(ks), (X2(1))ico,). Then, since

P(k) is true, we have

R(X1(k1), (X1(1)) R(X2(k2), (X2(1))

zeolu(OQ\{k})) - 1€0:1U(02\{k}) )-

Next, since
R(X1(i), (X1(1))ico,u0,) = R(X2(i), (X2(I))ico,u0,), for any i € Oq,
we have

R(X1(k), (X1 R(X3(k), (X2

(l))le{Olu (Oz\{k}) }u{k}) -

Notice that (C.39) is true, and P(1) is true. Then, we have

R(X1(k1), (X1(1))ico,00,) = R(X2(k2), (X2(1))ico,00, )-

Hence, we have shown P(k + 1) is true. Thus, we complete our proof.

Drefon(onm) ot

(C.39)

O

Lemma C.3.17. Suppose X;1,X2 € V" and O C [n] is a non-empty subset of indices. Let
01,02 C [n] be non-empty subsets of indices such that O1UO2 = O, O1NO03 # (), and O1\ O3 # 0.

Suppose

R(X1(2), (X1(D)ico,) = R(X2(), (X2(I))ico, ), for any i € O1 N Oy,

(C.40)

and (R(X1(3), (Xl(l))ZEO))ieoz is a permutation of (R(Xa(i), (X2(l))leo))ieog' Then, for any

kEOl\OQ, if

R(X1(F), (X1(D)ieo,) = R(X2(k), (X2(I))ico,);

(C.41)
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we have

R(X1(k), (X1(1))ieo) = R(X2(k), (X2(1))ico)-

Proof. To start, since R(X1(7), (X1(0))ico,) = R(X2(7), (X2(]))ie0,) for any ¢ € O1 N O3, and
R(X1(k), (X1(I))ieo,) = R(X2(k), (X2(1))ico, ), we have

Y LRG3, (Xi(D)ieor) < R(X1(R), (X1(1))ieoy))
1€01N02

= ) L(R(Xa(i), (X2(D)ieo,) < R(Xa(k), (X2()icoy)) -
1€01N02

Notice that for any ¢ € O; N O3z, we have

L(R(X1(3), (X1(D)icoy) < R(X1(k1), (X1(1))ieo,)) = 1(X1(i) < X1(k1))
and I (R(X2(7), (X2(0))ico,) < R(X2(k1), (X2(1))ico,)) =1

Thus, we have

DI < Xa(k) = Y T(Xa(i) < Xa(k)).

1€01N02 1€01N0O2

Then, since X1, X2 € V™ are both vectors of distinct real values and k ¢ O; N O3, we have

Y oIn@) <xk) = Y LX) < Xa(k)). (C.42)

1€01N02 1€01N0O2

Subsequently, according to the definition of rank, we have

R(Xi(k), (X1(1))ic01\0,)
= > (XG0 < Xi(k)

1€01\02

=Y IO <Xk) - > X)) < Xi(k)
€01 1eO01NO2

= R(X1(k), (Xi(D)ieco) = D T(X(D) < Xi(k)).

1€0O1N0O2
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According to (C.41) and (C.42), we further have

R(X1(k), (X1(D)ieon\0,)

=C4) R(X(k), (X2(Dieor) — > 1(X1(D) < Xa(k))
1€e01NO2

=(C12) R(X,y(k), (X2(]))ico,) — Z [(Xa(l) < Xa(K))
1€01M02

=) LX) <X (k) - D LX) < Xa(k)

€O, 1le01NO2

= ) I(Xa(l) < Xa(k))

1€e01\02
= R(XQ(k), <X2<l))l601\02)'

(C.43)

As (R(X1(2), (Xl(l>)leo))i602 is a permutation of (R(X2(i), (X2(l))160))i602’ then there exist

a permutation (o(i));eo, of Oz such that

R(X1(0(4)), (X1(1))ico) = R(X2(i), (X2(1))ico), for any i € O.

Let X3 € V" be a permutation of X7 such that

X3(i) = X1(1), for any i € [n] \ Oq,
and X3(i1) = X1(o(4)), for any i € Oa.

Notice that O1 \ O2 C [n] \ Oa, hence we have (X1(l))ico\0, = (X3(1))ico1\0,-

k€ O1\ Oz, we have X;(k) = X3(k). Hence, we have

R(X3(k), (X3(1))ico\0,) = R(X1(k), (X1(1))ico:\0.)-

According to (C.43), we further have

R(X3(k), (X3(1)icono0.) = RB(X2(k), (X2(1))icor\0)-

(C.44)

Next, since

(C.45)

(C.46)

Next, notice that O = Oz U (O \ O2), where O \ Oz C [n] \ Oz. Then, since X3(i) =
Xi(o(7)), for any i € Oz, and X3(i) = Xi(¢), for any i € [n] \ Oz, we have (X1(1))ico is a

permutation of (X3(1));co. Hence, for any i € O2, we have
R(X3(1), (X3(1))ico) = R(X1(0 (), (X1(D))ie0)-
According to (C.41), we further have

R(X3(i), (X1(1))ico) = R(X2(i), (X2(1))1c0), for any i € O.

Notice that (C.46) and (C.47) is true. Then, according to Lemma C.3.16, we have

R(X3(k), (X3(1)ico) = R(Xa(k), (X2(1))ico)-

(C.47)
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Since (X1(1))1co is a permutation of (X3(1))co, and X (k) = X3(k), we have
R(X3(k), (X3(D)ico) = R(X1(k), (X1(1))co).
Thus,
R(X1(k), (X1(1)ieo) =) R(Xa2(k), (X2(D))ico).

This completes our proof.
O

Lemma C.3.18. Suppose X,Y € V" andlet V ={1,--- ,t}, U = {t+1,--- ,t+m} be subsets of
indices, where ¢, m > 1 and t+m < n—1. Suppose X (¢t) > ... > X(1),Y(t+m) > ... > Y (t+1)
and R(Y(t+1), (Y (Diepuyv) > RX(D). (XW)ieper) Then, it R (), X) = RY(0). ) for any
i€ UUV, we have R(X (1), (X(1))ieppv) = R(X(1),X) = R(Y(1),Y).

Proof. To start, according to Lemma C.2.1, for any ¢ € U UV, we have
R(X (1), X) = R(Y(i),Y) = R(Y (), (Y (1) )ien)\v )-

Since it is assumed that Y (¢t +m) > ... > Y (t+ 1), then forany i e U = {t + 1,...,t + m}, we

have

REY(t +m), Y (D)igppv) > - > RY (¢ + 1), (V(D))igppv)-

Hence, for any ¢ € U, we have

Since

RY (t+1), YD))iempv) > BRX 1), (X(D))epmpv),
then for any i € U, we have
R(X (), X) > R(X(1), (X(D)icmpv)-
According to Lemma C.2.2, we further have
R(X (1), (X(D))ieppv) = R(X(1), X).

Since for any i e UUV, R(X (i), X) = R(Y(¢),Y), we have

This completes our proof. O
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Lemma C.3.19. Suppose X, Y € V" andlet V ={1,--- ,t}, U = {t+1,--- ,t+m} be subsets of
indices, where t,m > 1 and t+m < n—1. Suppose X (¢) > ... > X(1), Y(t+m) > ... > Y (t+1)
and R(Y (¢ + 1), (Y (I))igapv) = R(X(1), (X(1))igpn)\v)- Denote

a=RY(@t+1), Y(D))iem\v) = RXQ), (X)) iemp\v)- (C.48)
Define a and b as

a=max{i € {0,--,¢t = 1} [ R(X(1 + 1), (X(1))ieppv) = o + 1},
and b = max{i € {0, - ,m — 1} [ R(Y(t + 1 +1), (Y())igpn)\v) = @ + i},

respectively. Then, if R(X (i), X) = R(Y (7),Y), for any i € U UV, we have
a+i<RX(1+i),X)<a+b+i+1, i€{0, -, al}, (C.49)

and a+i<RY(t+1+i),Y)<a+a+i+1, ie{0,--- b} (C.50)

Proof. We only prove inequality (C.50) is true, since inequality (C.49) can be proved similarly,
or be proved in the same way after switching the labels between X and Y, and relabelling the
relevant components of the data.

According to the definitions of a and b, we have

R(X(l + 7’)7 (X(l))le[n]\U) = a+i, for any ¢ € {07 T ,CL}, (051)
and R(Y(t +1+1), (Y(]))ignp\v) = o + i, for any i € {0,---,b}. (C.52)

Subsequently, according to Lemma C.2.1, we have
RY(t+1+1i),Y)>RY(@+1+1), Y))gp\v) =a+i, forany i€ {0,--- b},

which proves the left-hand side of (C.50).

In the following, we prove the right-hand side of (C.50) is true.

To start, let us consider the case when ¢ = t — 1. According to Lemma C.2.1, for any ¢ €
{0,---,b}, we have

RY(t+1+44),Y) <t+RY(t+1+1), Y()iepmpw)-
Then, we have
RY(t4+1+d),Y)<C2trati=a+ita+tl.

Hence, we have shown that the right-hand side of (C.50) is true when a =¢ — 1.
Now we consider the cases when a < ¢t — 1. For any fixed non-negative integer b > 0, let P(k)
be the statement that

Pk):RY(t+1+14),Y)<a+a+i+1 for any i <k.
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We prove P(k) holds for any k € {0,...,b} by induction on k.
Base Case: We prove P(0) holds. Since a < t—1, it follows a+1 < ¢t and a+2 < t. According

to the definition of a, we have
R(X(a+1),(X(D)igmp\v) = @ +a,
and
R(X(a+2),(X())iepmp\v) #a+a+1.
Since a +2 <t and X(t) > ... > X(1), we have
R(X(a+2),(X())iepmp\v) > a+a.
Thus, we have
R(X(a+2),(X(1))epmp\v) >a+a+1. (C.53)

Since a+2 < t, we have {a+2,--- ,t} #0, and {a+2,--- ,t} C V. Then, since R(X (i), X) =
R(Y(i),Y), for any i € U UV, we have

R(X(),X)=R(Y(7),Y), forany i € {a+2,--- ,t}.

According to Lemma C.2.1, for any i € {a +2,--- ,t}, we have
R(X (i), X) = R(X (&), (X())iepmp\v)-

Hence, for any i € {a + 2,--- ,t}, it follows

R(Y(i),Y) = R(X(i), X) = R(X(3), (X(1))igpnp\v)-
Since X (t) > ... > X(1), we further have for any i € {a +2,--- ,t},

R(X (i), (X(D)ieppv) = R(X(a+2), (X)) igmp)-
Therefore, for any i € {a + 2,--- ,t}, we have

R(Y(4),Y) = R(X(2), (X(D))ieapv) = R(X(a+2), (X(1))iepmpv)
>(C:53) 4 +a+1.

According to (C.49), we have

at+ta+1=RY(t+1), (Y(l))le[n]\v) +a+ 1
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According to Lemma C.2.1, we have

RY(t+1), Y (D)ieppv) +a+1=>RY(E+1), ( YU))ieq, . at130{t+1,...n})-
Hence, for any i € {a +2,--- ,t},
RY(1),Y)>a+a+1=RY(t+1), Y())eq, . at13uft+1,..n})-

Subsequently, according to Lemma C.2.2, we have

RY(@t+1),Y)=RY({t+1), Y(D))eq,. ar130{t+1,..m}) Sata+1,

which proves P(0) holds.
Induction Step: We show the implication P(k) = P(k+ 1) for any k € {0,...,b— 1}.

Since P(k) is true, we have
RY(t+1+4),Y)<a+i+a+1, ie{0,---, k}.

Notice that 0 <k <b—1<m—2. Wehave {t+1,...;t+k+1} C{t+1,....t+m—1} CU.
Since R(X (i), X) = R(Y (:),Y) for any i € U UV, we have for any i € {0,--- , k},

R(X(t+1+14),X)=RY(t+1+1),Y).
Hence, for any i € {0,--- ,k}, we have

at+i+a+1
> R(Y(t+1+1),Y)
— R(X(t+1+1),X)

= Y I(XMOSX(E+1+4)+ > T(X(1) < X(t+1+1))
len)\U et

= R(X(t+1+1), (X()eppv) + Y XN < X(E+1+1). (C.54)
le{t+1, t+m}

Since Y(t+1) < --- < Y(t +m), we have
RY(t+1),Y) < < R(Y(t+m),Y).
Then, since R(X (i), X) = R(Y (7),Y) for any i € U UV, we have

R(X(t41),X) <--- < R(X(t+m), X)
— X(t+1)<--- < X(t+m)

= Yo KXW <X(E+1+i)=i+1, i€{0,---,m—1}
le{t+1,+ t+m}
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Since k <b—1<m—2, for any i € {0,1,--- ,k}, we have

Y KXW S X(E+14i) =i+1.
le{t+1,- t+m}

Thus, for any i € {0,--- ,k}, we have

a+it+a+1>C RX(E+144), (X0))igppo) +i+1
= R(X(t+1+1), (X)) <a+a,
= R(X(t+1+),(X1))eppo) < at+a+1<9 R(X(a+2),(X0)emn)-

Hence, we have X (t +1+1i) < X(a + 2) for any i € {0, --- , k}, which implies that

> 1(X(i) < X(a+2)=k+1.
e{t+1, t+1+k}

Since U = {t+1,--- ,t+m} and k < m, we have
R(X(a+2), (X(D))iefts1,— t+14830(n\U))

_ 3 I(X(i) < X(a+2)+ Y I(X(i) < X(a+2)

i€{t+1, - t+1+k} i€n)\U (0.55)
=k4+ 1+ R(X(a+2),(XD)iempv)
>O5) o ta+2+k.

Since X (1) < --- < X(t), we have
R(X(1),X) <--- < R(X(t),X).
Then, since R(X (i), X) = R(Y (i),Y) for any i € U UV, we have
RY(1),Y)<---<RY(}),Y) = Y(1)<---Y(t).
Then, for any i € {a + 2,--- ,t}, we have
R(Y(2),Y) > R(Y(a +2),Y).
Since R(X (i), X) = R(Y(7),Y) for any i € U UV, we have
R(Y(3),Y)>R(Y(a+2),Y)=R(X(a+2),X).

According to Lemma C.2.1, we have

R(X(a+2),X) > R(X(a+2),(X(D)ieftr1, t+14k}0([n)\U))
>C%) v ra+2+k
=) RY (t + k +2), Y () ieppy) +a+ 1.
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Applying Lemma C.2.1 again, we have

R(Y(t + k+ 2), (Y(l))zqn]\v) +a+1
> RY(t+k+2), (Y())ief1, at13U{t4+1, n})-

Hence, for any i € {a +2,--- ,t}, it follows that
R(Y(2),Y) 2 R(Y(a+2),Y)>RY(t+k+2), (Y())ie{1, at130{t+1, n})-
Thus, according to Lemma C.2.2, we have

RY(t+k+2),Y)=RY({+k+2), Y(D))ieq, - at13u{t+1,- n})
<a+a+k+2

That is,
RY(t4+1+k+1),Y)<a+k+1+a+1,

which proves the right-hand side of (C.50) when ¢ = k£ + 1. Hence, we have shown P(k+ 1)
is true. Overall, we have shown that the right-hand side of (C.50) is true. This completes our

proof.
O

Lemma C.3.20. Following Lemma C.3.19, let S, A;, Ay C [n] be subsets of indices such that

S={1,---,a+1}U{t+1,--- ,t+b+1},
A =V\{l,---;a+1}={1,--- ;t}\ {1, ,a+ 1},
and Ag =U\{t+1,--- ;t+b+1}={t+1,--- ,t+m}p\{t+1,---, t+b+1},

respectively. Then, (R(X (4), (X(l))le[n]\A2))ieS and (R(Y (4), (Y(l))IE[n}\Al))@'eS are both permu-
tations of {c, -+ ,a+ a+ b+ 1}. Further, for any i € S, we have

R(X (), (X())iepmp\ae) = BRY(0), Y (1))icmp\a,)-
Proof. According to Lemma C.3.19, we have

a+i<RX(A+19),X)<a+b+i+1, forany i€ {0,---,a}
—a<RX(1+i),X)<a+b+a+1, foranyiec {0,---,a}
— o< R(X(i),X)<a+b+a+1, foranyiec{l,---,a+ 1}, (C.56)

and

a+i<RY(@{t+1+1i),Y)<a+a+i+1, foranyiec {0,1,2,---,b}
— a<RY(@{t+1+414),Y)<a+a+b+1, foranyiec{0,1,2,---,b}
— a<RY(@H),Y)<a+a+b+1, foranyiec {t+1,---,t+ 1+ b}. (C.57)
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Then, according to the definition of b, we have b < m—1. Hence, we have {t+1,--- ,t+1+b} C U.
Since R(X (i), X) = R(Y (:),Y) for any i € U UV, then according to (C.57), we have

a<RX@#),X)<a+a+b+1foranyiec {t+1,---,t+1+b}.
Combining this with (C.56), then for any i € {1,--- ,a+1}U{t+1,--- ,t + 1+ b}, we have
a<R(X(@#E),X)<a+a+b+1 (C.58)
That is,
a<R(X(),X)<a+a+b+1, forany i € S.
Notice that

S| =[{1, - ,a+1}U{t+1,-- t+b+1}=a+b+2,
and {o, -+ ,a+a+b+1} =a+b+2.

Since X € V" is a vector of distinct real values, (R(X (i), X))
distinct integers. Hence, (R(X(i),X))iES
Since Y(t+1) < --- <Y(t+m), we have

;es 1s @ permutation of a + b+ 2

is a permutation of {a, -+ ,a+a+ b+ 1}.
RY(t+1),Y)<...<RY(t+m),Y).
Recall that R(X (i), X) = R(Y(¢),Y) for any i € U U V. Thus,

R(X(t+1),X) <...<R(X(t+m),X)
= X(t+1) <...<X(t+m).

Since Ag =U\{t+1, -, t+b+1}={t+1,--- ;t+m}\{t+1,- -, t+b+ 1}, then if Ay # 0,

we have for any i € Ay,
X(i)>X(t+b+1) = R(X(i),X)>RX(E+b+1),X)>C5 ¢ (C.59)

Since (R(X (i), X)), is a permutation of {a, -+ ,a+a+ b+ 1}, we have

i€S
R(X(i),X) ¢ {a,a+1,--- ,a+a+b+1}, forany i € [n]\S.

Notice that Ag = U\{t+1,--- ,t+b+1}, and [n]\S = [n]\ ({1, ,a+1}U{t+1,--- [ t+b+1}) =
(V\{L,-- ,a+ 1) U(U\{t+1, - ,t+b+1})U([n]\ (VUU)). Hence, Ay C [n]\S. Therefore,

we have
R(X(3),X) ¢ {a,a+1,--- ;a+a+b+ 1}, for any i € Ag. (C.60)

According to (C.59), when Ag # (), we have R(X (i), X) > « for any i € Ay. Combining with
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(C.60), we further have
R(X(i),X)>a+a+b+1, for any i € As.
According to (C.58), we then have

R(X(i),X)>a+a+b+1>R(X(),X), forany i € Ag,l €S
= X (i) > X(I) for any i € Ag,l € S.

Subsequently, according to Lemma C.2.2, for any i € S,

R(X (1), (X(1))icpnpaz) = R(X (@), X).

Notice that the above equation still holds when Ag = (). Then, since (R(X(i),X))iGS is a

permutation of {a, -, +a + b+ 1}, (R(X (i), (XU))lE[n]\Az))ieS is also a permutation of
{o, -+ ,a+a+b+1}.

Similarly, we can show that (R(Y(i), Y)) is a permutation of {a, -+ ,a+a+b+ 1} and

€S
R(Y (i), Y(D))ignpa,) = R(Y(7),Y) for any i € S.

Since (R(Yi,Y))iGS is a permutation of {, -+ ,a+a+b+1}, (R(Y; (Y(Z))le[n]\Al))ieg is also

a permutation of {«,---,a + a + b+ 1}. Further, since for any i € S € U UV, we have
R(X;, X) = R(Y;,Y), it follows that for any i € S, we have

R(Xi, (X(1)igpmpaz) = B(Yi, (YD) igpmpa,)-
This completes our proof. O

Lemma C.3.21. Suppose n > 2 is a positive integer. Let V = {1,...,¢},U = {t+1,...,t+m} C
[n] be subsets of [n] such that t,m > 1 and ¢t + m < n. Consider two integers a and b such that
t—1>a>0,and m—12>b>0, and define

S=A{1,...,a+1}U{t+1,...,t +b+ 1},
Ar=V\{Ll,...;a+1} ={1,...,t}\ {1,...,a + 1},
Ay =U\{t+1,....t+b+1}={t+1,....t+m}\{t+1,...,t +b+1}.

Denote O = [n]\ (UUV) =[n]\ {1,...,t+m}. Then, we have

[\ Ay =SUALUO, S,[n]\U C [n]\ Az, SN ([n]\U) #0, SU([n]\U) = [n] \ A,
and [n] \ A1 =SUA,UO, S,[n]\V C [n]\ A1, SN ([n]\ V) £ 0, SU([n]\ V) = [n] \ A;.

Proof. We first prove that [n] \ A2 = SU A; U O, Suppose Ay # (. Then, we have Ay =
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{t+1,...t+mp\{t+1,...,t+1+0}={t+2+0,...,t +m}. Hence,

]\ Ay = ({1,..., e} U{t+1,....t+ m}UO)\{t+2+b,...,t + m}
={1,..., 00U ({t+1,...t+m}\{t+b+2,....6+m})UO
={1,...,tfU{t+1,...;t+b+1}UO.

Since a <t — 1, we have {1,...,a+ 1} C {1,...,¢}. Then,

]\ Ay ={1,...,a+ 13U ({1,...,e}\{1,...,a+1}) U{t+1,....t +b+1}UO
={1,...,a+1}UA U{t+1,...,t+b+1}UO
={1,...,a+1}U{t+1,...,t+b+1} UA, UO
=SUAUO,

which proves [n] \ Ay = SUA; UO when Ay # 0.

However, when Ay = (), we have
{t+1,...t+b+1}=U = t+b+1=t+m = b=m— 1.
Hence, S={1,...,a+ 1} U{t+1,...,t +m}. Then, we have

SUALUO=A1,...;a+1}U{t+1,....t+m}UALUO
={1,...,a+1}UAU{t+1,...,n}
={l,...;a+1JU({L,..., 3\ {1,...,a+ 1) U{t+1,...,n}
= [n] = [n] \ Az,

which proves [n] \ Ay = SUA; UO when Ay = (). Therefore, we have shown [n] \ Ay =SUA; U
{t+m+1,...,n}.

Next, we show S, [n] \ U C [n] \ A2. Suppose Ay # (), we have Ay = {t +1,....t +m}\ {t +
1,...,t+140b}={t+2+0,...,t+m}. Then

]\ Ay =[n]\{t+2+0b,...,t +m}
— {1, }U{t+1,...t+1+D}UO.

Since S={1,...,a+ 1} U{t+1,...,t+ 1+ b}, we have S C [n] \ A2. However, suppose Ay = ().
Then we have [n]\ A = [n] and S C [n]\ Ag. Therefore, we have shown S C [n]\ A2. Meanwhile,
according to the definition of Ag, we have Ay C U, which gives [n]\ U C [n]\ Aa. Hence, we have
shown [n]\ U C [n]\ Asa.

Next, we show SN([n]\U) # 0. Since U = {t+1,...,t+m}, we have [n]\U = (UUVUO)\U =
VUuO ={1,...,t}UO. Notice that S={1,...,a+1}U{t+1,...,t+b+1}, wheret—1>a > 0,
and m—1>b2>0. Since {1,...,t}N{1,...,a+1} ={1,...,a+1} # 0, we have SN([n]\U) # 0.

Next, we show SU ([n] \ U) = [n] \ Aa. Suppose Ag # (. Then, we have Ay = {t +1,...,t+
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mi\{t+1,...,t+1+b}={t+2+b,...,t+m}. Hence,

]\ Ay = ({1,..., ¢} U{t+1,....t+m}UO)\{t+2+b,...,t + m}
={1,...,00u({t+1,...t+m}\{t+b+2,...,6+m})UO
={1,...,tfU{t+1,...;t+b+1}UO.

Since t — 1 > a > 1, we have {1,...,t} ={1,...,t} U{l,...,a+ 1}. Then, we have

M\ Ay ={L,... .00 U{l,...,a+1}U{t+1,...t4+b+1}UO
={1,...,a4+1}U{t+1,...t+b+1}U{l,...,t}UO
=SU({1,...,t1U0) =S U ([n] \ U).

However, when Ay = (), we have
{t+1,...,t+b+1}=U = t+b+1=t+m = b=m—1.
Then, we have S={1,...,a+ 1} U{t+1,...,t + m}. Hence, we have

SU(\U)=1{1,...,a+ 1} U{t+1,... .t +m}U (] \{t+1,....t+m)})
=[] = [\ Aa.

Therefore, we have shown SU ([n] \ U) = [n] \ As.

Now, we show [n] \ Ay = SU Ay UO. Suppose A; # 0. Then, we have A; = {1,...

{1,...,a+ 1} ={a+2,...,t}. Subsequently, it follows that

)\ A= ({1,...,64U{t+1,....t+m}UO)\{a+2,...,t}
={1,....t}\{a+2,...,8})U{t+1,....t+m}UO
={1,...,a+1}U{t+1,...,t+m}UO.

Since b <m — 1, we have {t+1,...,t +b+ 1} C{t+1,...,t +m}. Then, we have

[n]\ Ay

N\

= {1, a+1JU{t+1,..,t+mI\{t+1,..t+b+1)U{t+1,...,t+b+1}UO

={l,...,a+1}UAU{t+1,....t+b+1}UO
={l,...,a+1}U{t+1,...,t+b+1} UAUO
=SUAUO,

which proves [n]\ A1 =SUAyU{t+m+1,...,n} when Ay # 0.

However, when A; = (), we have

{1,...;0a+1}=V = a+1=t = a=t—-1
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Hence, S ={1,...,t}U{t+1,...,t + b+ 1}. Then,

SUAUO

={1,..,t}JU{t+1,...,t+b+1}UAUO
={l,..,00uf{t+1,...t+b+1}U({t+1,...,t+m}\{t+1,....t+b+1})UO
={l,...,t}uf{t+1,....t+m}uUO

= [n] =[]\ Aq,

which proves [n]\ Ay = SUAsU{t +m +1,...,n} when A; = (). Therefore, we have shown
MJ\A =SUAU{t+m+1,...,n}.

Next, we show S, [n]\V C [n]\ A1. Suppose A; # 0, we have Ay = {1,...,t}\{1,...,a+1} =
{a+2,...,t}. Then

n)\ A1 =[n]\{a+2,...,t}
={1,...,a+1}U{t+1,...,n}.

Since S={1,...,a+1}U{t+1,...,t+ b+ 1}, we have S C [n] \ A;. However, suppose A; = ().
Then, we have [n] \ A; = [n] and S C [n] \ A;. Therefore, we have shown S C [n] \ A;.

Then, according to the definition of A;, we have A; C V, which gives [n]\V C [n]\ A;. Hence,
we have shown [n] \ V' C [n] \ A;.

Next, we show SN ([n]\ V) # 0. Since V = {1,...,t}, we have [n]\V = {t+1,...,n}. Notice
that S={1,...,a+1}U{t+1,...;t+b+ 1}, wheret —1 >a >0, and m — 1 > b > 0. Then,
since {t+1,...,t+b+1}N{t+1,...,n}={t+1,...;t+b+1} #0. We have SN ([n]\ V) # 0.

Finally, we show SU([n]\V) = [n]\A;. When A; # (), we have A; = {1,...,t}\{1,...,a+1} =
{a+2,...,t}. Then

MI\A = ({1,..., e} Uu{t+1,....t+m}UO)\{a+2,...,t}
={1,....t3\{a+2,...,t}) U{t+1,...,.t + m}UO
={1,...,a+1}U{t+1,...,t +m}UO.

Since b < m—1, we have {t+1,...,t+b+1} C {t+1,...,t+m}, which gives {t+1,...,t+m} =
{t+1,...,t+m}U{t+1,...,t + b+ 1}. Then, we have

M \Ar={1,...,a+1}U{t+1,...;t+m}U{t+1,...;t+b+1}UO
={1,...,a+1}U{t+1,...;t+0+1}U{t+1,....6 +m}UO
=SU([n]\ V).

Hence, we have shown SU ([n] \ V) = [n] \ A1 when A; # (. However, suppose A; = (). We have

{1,...;,a+1}=V = a+1=t = a=t—1.
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Then, we have S = {1,...,t} U{t+1,...,t+ b+ 1}. Hence, we have

SU(R]\V) ={1,.. .t} U{t+1,....t+b+ 1} U]\ {1,....t})
=[] =[]\ Ar.

Therefore, we have shown SU ([n] \ V') = [n] \ A;. This completes our proof. O

The following result is important for proving Proposition C.3.23.

Proposition C.3.22. Suppose X1,Y7, X2,Ys € V" and U,V C [n] are disjoint subsets of indices
such that U NV = (. Then, if

R(X1(4), (X1 (1))ieppv) = R(X2(8), (X2(1))ignp\v ), for any i € [n] \ U, (C.61)
R(Y1(i), Y1(D))iepmpv) = R(Y2(4), (Y2(1))iepp\v), for any i € [n] \ 'V, (C.62)

and R(X;(i), X;) = R(Y;(4),Y;), forany i e UUV,j € {1,2}, we have D (X1,Y1) = D (X»,Y>).

Proof. For any given n € N, let P(k) be the statement of Proposition C.3.22 when |U|+|V| = k.
We prove P(k) holds for any k € {0,...,n} by induction on k.

Base Case: we prove P(0) is true. Since |[U| = |V| =0, we have U = V = (). Then, according
to (C.61) and (C.62), we have R(X1,X1) = R(X2,X3) and R(Y1,Y1) = R(Y2,Y2), respectively.
Hence, we have D (X1,Y1) = D (X2, Y2). This proves P(0) is true.

Induction Step: We show the implication

P(i), forany i <k = P(k+1)

for any k € {0,...,n — 1}. Assume the induction hypothesis: when |U| + |V| =i < k, the cases
P(i) is true.
Suppose |U| + |V| = k + 1. Then we have either

case (I): |U|=k+1,|V|=0o0r |U =0,|V|=k+1,
or case (II) : |U| > 0,|V| > 0,|U| + |V| =k + 1,

is true.

Suppose the case (I): |[U| = k+ 1,|[V| =0or |U|] = 0,|V]| = k+ 1 holds. Without loss of
generality, let us assume |U| = k+1 and |V| = 0. The other case then can be proved in the same
way after switching the labels of X and Y.

Let us assume (after relabelling) U = {1,--- ,m}, and Y1(1) < ... < Yi(m). According to
(C.62), the order of Yi(1),...,Y1(m) equals to the order of Ya(1),...,Y2(m). Hence, we have
Y2(1) < --- < Ya(m). Thus, for both j = 1,2, we have Yj(1),...,Y;(m). Then, we have

R(Y;(1),Y;) <--- < R(Y;(m),Yj), for both j =1,2.
Since R(X;(1), X;) = R(Y;(i),Y;), for any i e UUV,j € {1,2}, we further have

R(X;(1),X;) < < R(X;(m), X;) = X;(1) <--- < Xj(m).
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Then, according to Lemma C.2.2, we have

R(X;(1), (X;(D))ieqryunp\vy) = B(X;(1), X;), 5 € {1,2}.

Since R(X;(1), X;) = R(Y;(i),Y;), for any i €e UUV,j € {1,2}, we have

R(X;(1), (X;(D))ieqryumpny) = R(X;(1), X;) = R(Y;(1),Y)),5 € {1,2}.

Next, since V' = (), and Yi(i) = Ya(i), for any ¢ € [n] \ V, then we have Y1 = Y5. Hence,
R(Y1(1),Y1) = R(Y2(1),Y2). Then, it follows that

R(X1(1), (X1(D)ieqryunpvy) = B(X2(1), (X2(D)ieqryunp\v))-

According to (C.61), we have

R(X1(3), (X1(D)iempv) = R(X2(i), (X2(1))igpmp\v ) for any i € [n] \ U.

Subsequently, according to Lemma C.3.15, we have

R(X1(3), (X1(D)ieqnyumpo)) = B(X2(7), (X2(D) Jieqryunp\v) ), for any i € [n] \ U.

Therefore, we have shown that for any i € {1} U ([n] \ U), we have

R(X1(4), (X1 (D))ieryumpo)) = B(X2(9), (X2(D) ) ieqryunpv))-

Notice that V' = (. Hence, we have |V|+ |[n]\ ({1} U ([n]\U))| =0+ |U\ {1} =m —1=k.
Meanwhile, notice that according to (C.62), we have R(Y7,Y;) = R(Ys,Ys). Also, we have
R(X;(i), X;) = R(Y;(7),Y;), for any i € (UUV)\ {1},j € {1,2}. Then, since P(k) is true, we
have D (X1,Y1) = D (X»,Y2). This proves P(k + 1) when case (I) is true.

Suppose the case (II): |[U| > 0,|V| > 0, |U|+|V| = k+1is true. Since |U| > 0,|V] > 0, we have
U # 0, and V # (. Without loss of generality, let us assume (after relabelling) V = {1,--- ¢},
U={t+1,---,t+m}, Xi(1) < -+ < X1(t), and Yi(t + 1) < .-+ < Yi(t + m). According
to (C.61), and (C.62), the order of X1(1),...,X1(¢) and the order of Yi(1),...,Y1(m) equals to
the order of Xa(1),...,X2(t) and the order of Y2(1),...,Ys(m), respectively. Hence, we have
X;(1) < <Xj(t),and Yj(t +1) < --- < Yj(t+m) for both j =1,2.

Since U = {t+1,---,t+m} and V = {1,--- ,t}, where {,m > 1, we have 1 € [n] \ U and
t+1 € [n]\ V. Then, according to (C.61) and (C.62), we have

R(X1(1), (X1 (D)igppv) = R(X2(1), (X2(D) Jigpup\v)s
and R(Y1(t + 1), (Yi(D))igpmpv) = B(Ya(t + 1), (Ya(D))iepp\v),

respectively. Let us denote

a = R(X1(1), (X1(D)iepmp\v) = R(X2(1), (X2(]) )igpmpv)>
B=RY1(t+1), Yi(D))iepmpv) = R(Ya(t + 1), (Ya(D))igp\v)-
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Notice that it is either o < 8 or @ > . Let us assume a < 3. However, if o > 3, we can switch
the labels between X; and Yj for both j € {1,2}, and relabel the relevant components of the
data.

In the following, we are going to consider the following two cases

case (i) : a < 3,

and case (ii) : a = 3,

separately.

Suppose the case (i): a <  holds. In other words,
R(X;(1), (X;(D))ieppo) < RO+ 1), (Y5(1))ieppv), for both j = 1,2.
According to Lemma C.3.18, we have
R(X;(1), (X;(D)ieppv) = R(X;(1), X;) = R(Y;(1),Yj), for both j =1,2. (C.63)
Since X;(1) < --- < Xj;(¢) for both j = 1,2, we have
R(X;(1),X;) <--- < R(X,(t),X;), for both j =1,2.
Then, since R(X;(i), X;) = R(Y;(4),Y;), for any i € U UV, j € {1,2}, we have

R(Y;(1),Y;) < --- < R(Y;(t),Y;), for both j = 1,2
— Y;(1) < Y;(2) < --- < Yj(t) for both j = 1,2.

Notice that V = {1,...,t}. Next, according to Lemma C.2.2, for both j = 1,2, we have
R(Y;(1), (Y5 hieqyuqpy) = R(Y;(1),Y;) =96 R(X; (1), (X;())iepmpo)-
According to (C.61), we have
R(X1(1), (X1 (D))iepmp\v) = R(X2(1), (X2(1))igpmpv)-

Then, it follows

R(Y1(1), Yi(D))ieqryunpvy) = R(Y2(1), (Y2(1))ief13u(n)\v))-

According to (C.62), for any i € [n] \ V,

R(Y1(2), (Yi(D))iepmpv) = R(Y2(9), (Y2(1))igpmp\v)-

Subsequently, according to Lemma C.3.15, for any i € [n] \ V, we have

R(Y1(i), Y1(D))ieqriyunpvy) = B(Y2(7), (Y2(1))ieqiyu(mp\v))-
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Therefore, we have shown that for any i € ([n] \ V) U {1},

R(Y1(3), Yi(D)ieqryunp\v)) = B(Ya(d), (Y2(1))ief130(n)\v))-

Notice that |U| + |V \ {1}| = |U| + |[V| =1 = k. Meanwhile, notice that according to (C.61),
we have R(X1(i), (X1(0))ieppv) = R(Xa(i), (X2(]))igppv), for any i € [n] \ U. Also, we have
R(X;(i), X;) = R(Y;(4),Y;), for any i € (UUV)\ {1},7 € {1,2}. Then, since P(k) is true, we
have D (X1,Y7) = D (X3,Y3). This proves P(k + 1) when the case (i) holds.

Now, suppose the case (ii): @ =  holds. In other words,
a= 0= R(X;1),(X;(1))iepmpv) = RY;(+ 1), (YD) iepmpv )
for j € {1,2}. Define

a=max{i € {0, ,t =1} [ R(X1(1 +1), (X1 (D))icpmpv) = @ + i},
and b =max{i € {0,--- ,m — 1} | R(Y1(t + 1 +1), (Y1(D))1pn\v) = @ + i}

Next, define

S={1,---,a+1}U{t+1,--- ,t+1+b},
A=V \{L,---,a+1} ={1,--- ;t}\ {1, ,a+ 1},
and Ag =U\{t+1,--- ;t+14+b}={t+1,--- ,t+m}\{t+1,--- ,t+1+0b}.

Then, according to Lemma C.3.20, for j = 1,2, (R(X;(4), (X;(1))ic\as)) ses» and (R(Y;(2), (V5 (1))iem)\a1)) jes
are permutations of {a, -+ ,a+a+ b+ 1}, and

R(X;(0), (X5 (D)iempan) = B(Y;(2), (Y5 ())iem\a, ), for any i € S.

Thus, (R(Xl(i)v(Xl(l))le[n]\Ag))ieS is a permutation of (R(XQ(i)v(X2(l))le[n}\A2)),-eg- Then,
there exist a permutation (o(l));es of S such that

R(Xa(2), (Xa(D))iemnaz) = B(X1(0(d)), (X1())igm)\a,), for any i €S. (C.64)
Since R(X;(7), (X;(1))ienpas) = B(Y;(i), (Y;(1))igm)\a, ), for any i € S, j € {1,2}, then we have

R(Ya(7), Ya())iepmp\a,) = B(X2(7), (X2(1))iepn)\a2)
= R(X1(a(@)), (X1 (1) e az) (C.65)
= R(Y1(a(2)), Y1(D)iem\a,)-
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Next, define O = [n] \ (U U V). Then, according to Lemma C.3.21, we have

n]\ A =SUA;UO, ( )
n]\ A1 =SUAUO, ( )
S, [\ U C [n]\ Az, SO ([n]\U) # 0, SU([n]\U) = [n] \ Ag, (C.68)
and S, [n]\V C [n]\ A1, SN ([n]\ V) #0, SU([n]\ V) = [n] \ Ay (C.69)

According to (C.61), we have
R(X1(), (X1 (D) )ieppv) = B(X2(2), (X2(1) Jigpp\v), for any i € SN ([n] \ U). (C.70)

Note that (R(X1(i), (Xl(l))le[n]\Ag))

according to (C.61), we have

;s 18 a permutation of (R(XZ(i)a(XZ(Z))le[n]\Ag))i€g7 and

R(X1(3), (X1(D))ieppv) = R(X2(8), (Xo2(D))1gmpv) for any i € ([n] \ U) \ S.

According to (C.68), we have S, [n] \ U C [n]\ Aa, SN([n]\U) # 0, and SU ([n] \U) = [n] \ As.
Then, we can apply Lemma C.3.17 and get

R(X1(4), (X2 (D))iemh\a,) = B(Xa(2), (X2())iemp\a,), for any i € ([n] \ U)\ S. (C.71)

According to (C.65), R(Y2(7), (Y2(1))ifn)\a, ) is @ permutation of R(Y1(4), (Y1(1))iem)\a,)- Mean-

while, according to (C.62), we have

R(Y1(2), Yi(D))ieppv) = R(Y2(d), (Ya2(1))igp\v), for any i € ([n] \ V) \ S.

According to (C.69), we have S, [n]\ V C [n]\ A1, SN([n]\V) #0, and SU([n] \ V) = [n] \ A;.

Subsequently, according to Lemma C.3.17, we have
R(Y1(i), Y1(D))igpnpa,) = R(Ya(i), (Ya(1) ) igpnp\a, ), for any i € ([n] \ V) \'S. (C.72)
Next, consider vectors X3, Y3 € V" such that

X3(i) = X1(0(7)), for any i € S, and X3(i) = X;(¢), for any i € [n] \ S;
Y3(i) = Yi(o(i)), for any i € S, and Y3(i) = Y1 (i), for any ¢ € [n]\ S,

where (0(1));es such that (C.64) is a permutation of S. Since X3 and Y3 are permutations of X

and Y7 according to indices, we have
D(X,Y3) = D(X1, Y1), (C.73)
Meanwhile, since X3(i) = X;(i), for any i € [n] \ S, and X3 is a permutation of X;, we have

R(X3(i), X3) = R(X1(), X1), for any i € (UUV)\S.
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Similarly, since Y3(i) = Y1(i), for any 7 € [n] \ S, and Y3 is a permutation of Y;, we have
R(Y5(i),Ys) = R(Y1(i), Y1), for any i € (UUV)\S.
Then, since R(X;(i), X1) = R(Y1(i), Y1) for any i € U UV, we have
R(X3(i), X3) = R(Y3(7),Y3), for any i € (UUV)\S.
Since we also have R(X2(7), X2) = R(Y2(i),Ys) for any i € U UV, then if follows that
R(X;(i), X;) = R(Y;(4),Y;), forany i € (UUV)\S,j € {2,3}.

Notice that according to the definition of S, A; and Ay, we have (UUV)\ S = A; U A,. Hence,

we have
R(Xj(i),Xj) = R(YVJ(Z),Y]), for any i € Ay UAg,j € {2,3}. (C.74)

According to (C.66), we have [n]\ Ay = SUA; UO. According to the definition of S, A;, O, we
have SNA; = 0, and SNO = (), which gives (A;UO)NS = (). Then, we have A;UO C [n]\S. Since
X3(i) = X1(0(7)), for any i € S, and X3(i) = X1(i), for any i € [n]\ 'S, then for any i € [n]\ As,

we have

X3(i)
X3(i)

X1(0(4)), ifi €8,
X1(d), if i € [n] \ S.

Hence, (X3(1))gjn)\a, is @ permutation of (X1(1));gjn\a,- Then, we have

R(X3(7), (X3(1)iepmpa,) = R(X1(o(2)), (X1()))igm\a,), for any i € S.

According to (C.64), we further have for any i € S,

R(X3(2), (X3(D))iemhay) = B(X1(0(2)), (X1(1))ien)\a2)
= R(X2(3), (X2(1) Jiepn)\42)-

Next, since (X3(1))iem)\a, is @ permutation of (X1(1))iefn)\a,, and for any i € ([n] \ U) \ S, we
have X3(i) = X1(4¢). Then, for any i € ([n] \ U) \ S, we have

R(X3(1), (X3(1))iempag) = B(X1(3), (X1(1) )1gn)\a2)
=T R(X5(1), (X2(1))1en\as)-

Hence, we have for any i € ([n] \ U) US, we have

R(X3(2), (X3(D))iemhay) = B(X2(2), (X2(D))iem\as)-
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According to (C.68), we have SU ([n] \ U) = [n] \ Aa. Hence, it follows that

R(X3(1), (X3(D)iema,) = B(Xa(2), (X2(D)iemp\a, ) for any i € [n] \ As. (C.75)

Similarly, according to (C.67), we have [n] \ A; = SU Ag UO. According to the definition of
S, Ag, O, we have SN Ay = ), and SN O = (), which gives (A2 UO) NS = ). Then, we have
Ay UO C [n]\S. Since Y3(i) = Yi(0(7)), for any ¢ € S, and Y3(i) = Yi(i), for any i € [n] \ S,
then for any i € [n] \ A;, we have

&
—
.
~—
I

Yi(o(i), ifi €S,
Yi(i), if i € [n] \ S.

&
—
~.
~—
I

Hence, (Y3(1))iem)\a, is @ permutation of (Y1(1))iefnp\a,- Then, we have

R(Y3(2), Ya(D)iepnpa,) = B(Y1(0(0), (Yi(D))igpmpa, ), for any i € S.

According to (C.65), we further have for any i € S,

R(Y3(i), (Y3(D)igpmpay) = B(Y1(o(3), Y1(D))igmp\a,)
= R(Y2(7), (Y2(]))ifnp\a,)-

Since (Y3(1))iem)\a, is a permutation of (Y1(1))icppa,, and for any i € ([n] \ V) \'S, we have
Y3(i) = Y1(¢). Then, we have

R(Y3(1), (Y3(D))iepmpa,) = B(Y1(2), (Yi(D)igmpa,)
=) R(Ya(i), (Ya (1)) 1eupan)-

Hence, for any i € ([n] \ V) US, we have
R(Y3(i), (Y3(D))iepmpa,) = R(Ya2(4), (Ya(D))iefn\a,)-
According to (C.69), we have SU ([n] \ V) = [n] \ Ay. Hence, it follows that
R(Y3(4), (Y3(D)iempa,) = R(Y2(i), (Y2() Jiem\a, )> for any i € [n] \ Ay (C.76)

Notice that (C.72), (C.75) and (C.76) are true, and [Aq|+ |Ag| = (|[V]|—1—a)+ (JU|—-1-0) =
[V|+|Ul-2—a—-b=k—1—a—b<k—1<k. Then, since P(i) is true for any i < k, we have

D (X3,Y3) = D (X5,Y2) =™ D (X1,11).

Therefore, we have shown P(k + 1) is true. This completes our proof. O

We now present Proposition C.3.23, which is proved by applying Proposition C.3.22.

Proposition C.3.23. Suppose X,Y € V" and U,V C [n] are disjoint subsets of indices such
that U NV = (. Suppose X1, Y] satisfy Conditions C.3.10 and C.3.11, and X5,Y5 also satisfy
Conditions C.3.10 and C.3.11. In other words, X7, Xo € V" are imputations of X for indices
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U, Y1,Y5 € V" are imputations of Y for indices V, and R(X;(i), X;) = R(Y;(i),Y;), for any
i€ UUV,j€{1,2}. Then, we have D (X1,Y1) = D (X2, Y3).

Proof. Since X, Xo € V" are imputations of X for indices U, then according to the definition

of imputations, we have X (i) = Xo(¢) for any ¢ € [n] \ U. Hence, we have

R(X1(2), (X1(D)iempv) = B(X2(2), (Xa(D))iempv), for any i € [n] \ U.

Similarly, since Y7, Y2 € V" are imputations of Y for indices V, then we have Y7 (i) = Y3(i) for

any ¢ € V, which follows

R(Y1(@), Y1(D))igpnpv) = B(Y2(3), (Y2(1))igpmp\v), for any i € [n] \ V.

Since R(X;(i), X;) = R(Y;(7),Y;), for any i € U UV, j € {1,2}, then according to Proposi-
tion C.3.22, we have D (X1,Y7) = D (X2,Y3). This completes our proof. O

Table C.2 provides an example of two pairs of imputations (Xi,Y];) and (Xs,Y3) for par-
tially observed data (X,Y’) that satisfy Conditions C.3.10 and C.3.11, and one can compute
D (X1,Y1) = D (X2,Y2) = 14. While the equivalence of missing case I found in Lemma C.3.6
can be proved in a relatively straightforward approach, the proof of Proposition C.3.23 is much
more challenging. For missing case I, the condition in (C.9) explicitly provides the ranks of all
components in U for both X; and X5. On the other hand, Condition C.3.11 for missing case II
only requires the ranks of all components of X;,Y; for indices U UV to be matched with their
paired components, for j € {1,2}. However, the rank of component X7 (i) in X; is not necessary
equal to the rank of X»(7) in Xy, for i € UUV. Similarly, it is not necessarily true for all i € UUV
that R(Y1(i), Y1) = R(Y2(i), Y2).

In Theorem C.3.29, we show that the minimum possible Spearman’s footrule is achieved when
imputations X, and Y, satisfy both Conditions C.3.10 and C.3.11.

Theorem C.3.29 provides the conditions under which the imputation X, Y, will minimise
Spearman’s footrule under missing case II. Moreover, Proposition C.3.13 shows that X, Y, exists
and so this lower bound is tight.

To further illustrate the results presented in this section for missing case II, we include a simple
example in Table C.2. This example demonstrates how Proposition C.3.13, Algorithm 3, Propo-
sition C.3.23, and Theorem C.3.29 can be jointly applied to obtain the minimum Spearman’s
footrule under Missing Case II. One can demonstrate that D (X, Y;) = 14 in this example is the
minimum possible value for this statistic among the (g) . (g) = 784 possible imputations via an
exhaustive enumeration.

We now prove Theorem C.3.29 for the tight lower bounds of Spearman’s footrule under missing

case II. First, we prove some lemmas which will be useful for proving the theorem.

Lemma C.3.24. Suppose X,Y € V". Let V. ={1,...,t},U = {t+1,...,t+m} C [n] be subsets
of indices such that ¢,m > 1. Suppose X (1) < ... < X(t)and Y (t+1) < ... <Y(t+m). Assume
RX (1), (X(D)iempv) = RY (¢ +1), (Y (D))iempv), and Y (1) > Y (¢ + 1). Denote

a = R(X (1), (X(D)hempv) = RY(E+1), (Y (1))icppv)- (C.77)
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Let X1, Y1 be imputations of X, Y for indices U and V' \ {1}, respectively. Then, if R(X;(i), X1) =
R(Y1(i),Y1) for any i € U U (V' \ {1}), we have

RYa1(t+ 1), Ya(D))igpmpv) = R(Y1(t +1),Y1)

(C.78)
=RVt +1), Yi(D))iepnpo\f1p) = @,

and

R(X1(1), (X1(D))igpnpv) = R(Xa(t + 1), X1)

(C.79)
= R(X1(t + 1), (X1 (D)igpmp\ @\ {t+1})) = @

Additionally, we have X;(1) < ... < X1(t), and Y1(t +1) < ... < Yi(t + m).

Proof. Since X;,Y; are imputations of X, and Y for indices U and V \ {1}, respectively, we

have

X1(i) = X(4), for any i € [n]\ U, (C.80)
and Y1(i) = Y (4), for any i € [n] \ (V \ {1}). (C.81)

We first show that X (1) < ... < X;(¢), and Yi(t +1) < ... < Yi(t + m). Notice that
{1,...,t} C n]\U, and {t + 1,t +m} C [n]\V C [n]\ (V \ {1}). Then according to (C.80)
and (C.81), we have X;(i) = X (i), forany ¢ € {1,...,t} and Y1(¢) = Y (), for any i € {t +
1,...,t + m}, respectively. Then, since X(1) < ... < X(t) and Y(t+1) < ... <Y(t+m), we
have X;(1) < ... < Xj(t),and Yi(t +1) < ... <Yi(t +m).

Next, we show that (C.78) is true. To start, according to the definition of rank, we have

RY (t+1), (YD) ieqiyu(n)\v))
I

= ) (Y(I) <Y(t+1))
le{1}U(In)\V)

=I(Y(Q)SY(E+1)+ > I(YI)SY(t+1)).
le[n]\V

Since Y(1) > Y (t+ 1), we have I(Y(1) <Y (¢ + 1)) = 0. Hence, we have

RY(t+1), (YD) ieqyumpvy) = Z I(Y()<Y(t+1))
e[\

=RY(t+1), Y D))eppv) = a.

Since {1} U ([n]\ V) ={1}u{t+1,....,n} =[n]\ ({1,...,t} \ {1}) = [n]\ (V' \ {1}), we have
(Y(l))le{l}u([n}\\/) = (Y(l))le[n]\(V\{l}) Then, it follows that

RY(t+ 1), Y(D))ieqryunpvy) = R (E+ 1), YD) iepp v\ f1))-

Hence, we have

R(Y(t+1), Y(D))iemp\f1p) = o (C.82)
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Since U = {t +1,...,t +m}, where t,m > 1, we have 1 € [n] \ U. Then, according to (C.80),
we have X1 (1) = X(1). Notice that (C.80) also means that (X1(1))icppv = (X(1))iefn\v- Hence,

we have

R(X1(1), (X1(1))igppv) = REX D), (X)) =7 e

Similarly, since V' = {1,2,...,t}, where t > 1, we have t +1 € [n] \ (V' \ {1}). Then, according
to (C.81), we have Yi(t+1) = Y'(t +1). Notice that (C.81) also means that (Y1(l))icpp\(v\{1}) =
(Y(D)iepp\(v\{1})- Hence, we have

R(Yi(t + 1), Mi(Dep i) = B (¢ +1), (Y Do) =

Notice that [n]\V C [n]\ (V' \{1}). Then, according to (C.81), we have Y;(i) = Y (i), for any i €
[n] \ V. Hence, we have (Y1(I))icfnp\v = (Y(1))icn\v- Then, it follows that

RYi(t+ 1), Yi(D)ieppv) = R+ 1), (Y ())ieppv) =7 e

Combining the above results, we have

R(X1(1), (X1 (D) )ieppv) = BY2(t + 1), (Yi(D))igpp\v)

(C.83)
= R(Y1(t + 1), Y1(D)iepp 0\ (1) = o
Next, suppose V' \ {1} # (). Then according to Lemma C.2.1, we have
R(X1(i), X1) = R(X1(3), (X1(D))igppvr), for any i € V'\ {1}.
Since R(X1(7), X1) = R(Y1(i),Y1) for any i € U U (V '\ {1}), then we have
R(Y1(i), Y1) = R(X1(), X1) > R(X1(2), (X1(1))igup\v), for any i € V' \ {1}.
Since X1(1) < ... < Xi(t), then for any i € V' \ {1}, we further have
R(Y1(i), Y1) > R(X1(4), (X1(1)iepnp\v)
> R(X1(1), (X1(D))igpmpv)
=) R(Yi(t + 1), Y1) Jicpponpiy) =) @
Hence, for any i € V' \ {1}, we have
R(Y1(i), Y1) > R(Yi(t + 1), (Y1 (D))igpp(v\{1}))-
Subsequently, according to Lemma C.2.2, we have
R(Y1 (t -+ 1), Yl) = R(Yl(t + 1), (Yl(l))le[n}\(‘/\{l})) =(C83) . (0.84)

In particular, the above equations still hold when V'\ {1} = (). Combining (C.83) and (C.84), we

242



have

RYa(t+1), Yi(D)ieppv) = RY1(E+ 1), (Yi(D))igpp v\ {1}))
= R(Yl(t + 1), Y1) =q.

This proves (C.78).
Next, we show that (C.79) is true. Suppose U\ {t +1} # ). Since R(X; (i), X1) = R(Y1(7), Y1)
for any i € U U (V' \ {1}), we have

R(X1(4), X1) = R(Y1(2), Y1), for any i € U \ {t + 1}.
According to Lemma C.2.1, we have
R(Yi(1). Y1) > R(Vi(D), (i()iefuv)- for any i € U\ {t +1}.
Further, since Y1(t+1) < ... < Yi(t + m), we have
R(Y1(3), Y1 (D))igmpv) > RY1(t + 1), (Y1(D))1gpmp\v), for any i € U\ {t +1}.
Hence, we have
R(X1(6), X1) > RYA(t+ 1), Yi(D))ieppv) =" @, for any i € U\ {t + 1}.

Next, notice that R(X;(i), X1) = R(Y1(7),Y1) for any i € UU(V \ {1}), and t +1 € U. Then we

have
R(X1(t+1),X1) = R(Vi(t+1),Y7) =8 o,
Then, according to Lemma C.2.2, we have
R(X1(t + 1), (Xa(D)igmp @\ fe+1p) = R(X1(t + 1), X1) = c. (C.85)

In particular, the above equations still hold when U \ {t + 1} = (). Combining (C.83) and (C.85),

we have

R(X1(1), (X1(D))igpmpv) = RX1(t + 1), (X1 (D)) 0\ {t+11))
— R(X,(t+1), X)) = a.

This proves (C.79), and completes our proof.
U

Lemma C.3.25. Following Lemma C.3.24, let X5 and Y> be imputations of X, Y7 for indices
U\{t+1} and V, respectively, such that R(X3(7), X2) = R(Y2(i),Y2) for any i € (U\{t+1})UV.
Then, we have R(X1(i), X2) = R(Y2(i),Y2), for any i € U U V.

Proof. According to the definition of imputations, since X5 and Y3 are imputations of X1, Y3
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or indices U \ {t + 1} and V, respectively, we have

Xo(i) = X1(7), for any i € [n] \ (U \ {t+1}), (C.86)
and Y2(i) = Y1(i), for any i € [n] \ V. (C.87)

According to the definition of Lemma C.3.24, we have X;(1) < ... < Xi(¢) and YV1(t + 1) <
... < Yi(t + m). Notice that {1,...,t} C [n]\U C [n]\ (U\{t+1}), and {t + 1,t + m} C
[n] \ V. Then according to (C.86) and (C.87), we have X2(i) = X;(i), for any i € {1,...,t} and
Ys(i) = Y1(i), for any i € {t + 1,...,t + m}, respectively. Then, since X;(1) < ... < X;(¢) and
Yi(t+1) <...<Yi(t+m), we have Xo(1) < ... < Xo(t) and Ya(t +1) < ... < Ya(t +m).

Since t+1 € [n]\ (U\ {t+1}), then according to (C.86), we have Xs(t+1) = X;(t+1). Notice
that (C.86) also gives (Xa(1))ien\ @ \{t+1}) = (X1(1))igm)\ @\ {t+1})- Hence, we have

R(Xo(t + 1), (Xo()) g\ @\{t+11) = BR(X1(t + 1), (X2 (1) ienp @\ ft+11))
_(C19)

Next, since V' = {1,...,t}, we have t + 1 € [n] \ V. Then, according to (C.87), we have
Ya(t+1) = Yi(t+1). Notice that (C.87) also gives (Y2(I))icfnp\v = (Y1(1))ie[n)\v- Hence, we have

R(Ya(t + 1), (Ya())ieppv) = RYA(t+ 1), Yi(D))iepapv) =™ a.
Combining the above results, we have
R(Xa(t + 1), (Xo(D))igpmp@\fe+1p) = R(Y2(t + 1), (Y2(D))igpap\v) = - (C.88)
Suppose U \ {t + 1} # ). Then, according to Lemma C.2.1, we have
R(Y2(i),Y2) 2 R(Y2(i), (Ya())igpp\v), for any U\ {t +1}.

Since R(X3(i), X2) = R(Y2(i),Ys) for any i € (U\{t+1})UV, we have R(X3(i), X2) = R(Y2(7), Y2)
for any i € U \ {t + 1}. Then, it follows that

R(X2(i), X2) = R(Y2(7), Y2) > R(Ya(i), (Y2(I))igpn)\v), for any U\ {t + 1}.
Since Ya(t+1) < ... < Ya(t+m), then forany i e U\ {t +1} = {t+2,...,t +m}, we have

R(X(i), Xo) > R(Ya(i), (Y2(1))1epm)\v)
> R(Ya(t + 1), (Ya(D))iepmp\v)
=C8) R(X5(t+ 1), (Xa()iepp @\ fe11))-

Then, according to Lemma C.2.2, we have
R(X(t+ 1), X2) = R(Xa(t + 1), (Xo(D))iepp @ fe+11) =) a. (C.89)

In particular, the above equation still holds when U \ {¢t + 1} = 0.
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Next, notice that [n] \ U C [n]\ (U \ {¢t + 1}). Then, according to Lemma C.2.1, we have

R(Xa(1), (Xo(D)igmp@\fe+1y)) = R(X2(1), (X2(D)iempv)-

Since U = {t+1,...,t +m}, where t, m > 1, we have 1 € [n] \ (U \ {t + 1}). Hence, according
to (C.86), we have X3(1) = X;(1). Meanwhile, notice that [n]\ U C [n] \ (U \ {t + 1}). Then
(C.86) also gives that (X2(1))iepnpv = (X1(1))iem\v- Hence, we have

R(X2(1), (Xo(D))ieppv) = R(X1(1), (X1(1)iepnpv)
=78 o =89 R(Xs(t + 1), (X2(1))iepp\ 0\ {t41}))-

Therefore, we have

R(X(1), (Xo(D)icp\ @\ ft+11)) = R(Xa(t + 1), (X2(1))iepm\ @\ {t4+1}))-

Since X5 € V" is a vector of distinct real values,

R(X2(1), (X2(1))iemp\ @\ ft+1})) 7 R(Xa(t + 1), (X2(D) iepm)\ @\ {t+1}))
= R(X2(1), (Xa()))icpp @ fer1))) > R(Xa(t+ 1), (Xa())icpp @ fer1y)) = a.

Since Xo(1) < ... < Xy(t). For any i € V = {1,...,t}, we have
R(X2(1), (X2(D))iepmp @ fe+1y)) = B(X2(1), (X2 (D) )igpmp 0\ {t+1))) > o
Then, according to Lemma C.2.1, for any i € V = {1,...,t}, we have

R(Xa(i), X2) > R(X2(7), (X2(1))igpm)\ 0\ {t+1}))
> a =) RYa(t+ 1), (Y2() Jicppv)-

Since R(X2(7), X2) = R(Y2(i),Y2) for any i € (U\{t+1})UV, we have R(Y2(i), Y2) = R(X2(i), X2)
for any ¢ € V. Then, it follows that

R(Yg(i), }/2) = R(XQ(’i),XQ) > R(Yg(t + 1), (Y2(l))le[n]\\/)> for any i € V.
Subsequently, according to Lemma C.2.2, we have
R(Ya(t +1),Y2) = R(Ya(t + 1), (Va(D))iepapv) =% o =) R(X,(t + 1), Xa).

Hence, we obtain R(Ya(t+1),Y2) = R(Xa2(t+ 1), X2). Since R(X2(i), X2) = R(Y2(7),Ys) for any
i€ (U\{t+1})UV, then we have

R(X2(i), X2) = R(Ya(i),Y3),for any i € U U V.

This completes our proof. O

Lemma C.3.26. Suppose X,Y € V"*. Let V ={1,...,t},U = {t+1,...,t+m} C [n] be subsets

245



of indices such that t,m > 1. Suppose X(1) < ... < X(t) and Y(t+1) < ... <Y (t+m), and
assume R(Y (t + 1), (Y())ieqiyu(mp\v)) > R(X(1), (X(1))igpmpv)- Let us denote

a = R(X(1), (X))iempv)- (C.90)

Let X; and Y; be imputations of X and Y for U and V \ {1} such that R(X;(i),X1) =
R(Y1(i),Y1) for any i € (V \ {1}) UU. Then, when V' \ {1} # 0, for any V' \ {1},

R(Y1(3), Yi(D)igmp13) = R(X1(1), (X1 (D)iepnpv) = R(X1(1), X1) = o

Additionally, we have X;(1) < ... < X1(t), and Y1(t +1) < ... < Yi(t + m).

Proof. Since Xi,Y; are imputations of X, and Y for indices U and V \ {1}, respectively, we

have

X1(i) = X(4), for any i € [n] \ U, (C.91)
and Y1(i) = Y (i), for any i € [n]\ (V' \ {1}). (C.92)

To start, we first show that X;(1) < ... < X3(¢), and Yi(t + 1) < ... < Yi(t + m). Notice
that {1,...,t} C o]\ U, and {t+ 1,t +m} C [n]\V C [n]\ (V \ {1}). Then according to
(C.91) and (C.92), we have X;(i) = X (i), for any i € {1,...,t} and Y1(:) = Y (i), for any i €
{t+1,...,t+ m}, respectively. Then, since X(1) < ... < X(t)and Y(t+1) <...<Y(t+m),
we have X1(1) < ... < Xj(t),and Yi(t +1) < ... <Yi(t +m).

Since U = {t +1,...,t+m}, where t > 1, we have 1 € [n] \ U. Then according to (C.91), we
have X1(1) = X(1). Notice that (C.91) also gives (X1(I))iepnpv = (X (1))igpn)\v- Hence, we have

R(X1 (1), (X1 (D)iepapv) = RX (L), (XW))iepupo) = e (C.93)

Similarly, since V' = {1,...,t}, where t > 1, we have t + 1 € [n] \ (V' \ {1}). Hence, according
to (C.92), we have Y1(t +1) =Y (¢t + 1). Since [n] \ (V' \ {1}) = {1} U ([n] \ V), then (C.92) also
gives that (Y1(1))ienyunpv) = (Y ())ief13u(n)\v)- Hence, we have

R(Y1(t+ 1), Vi(D))ieqyumpvy) = R+ 1), V(D)) ieqyumpnyv))-
Since R(Y (¢ + 1), (Y ())ieqyo(mnyy) > REX(L), (X(1)iepo), we further have
R(Yi(t+1), Mi(D)hequmnyy) > RX (1), (XD)iempo) = a. (C.94)
Next, notice that according to (C.92), we have
R(X1(i), X1) = R(Y:(), Y1), for any i € U.
According to Lemma C.2.1, for any i € U, we have

R(Y1(i), Y1) > R(Y1(3), (Y2(D))igpnp\(v\{1}))-

246



Since Yi(t +m) > --- > Yi(t + 1), for any i € U, we further have
RY1(3), Yi(D))iepponfip) = RO+ 1), Yi(D))igpponfip) > o

Hence, we have

R(X3(i), X3) > «, for any ¢ € U.
Notice that according to (C.93), we have

R(X1(1), (X1(D))eppv) = -
Subsequently, according to Lemma C.2.2, we have
R(X1(1), X1) = R(X1(1), (X1 (D))ieppv) = o (C.95)
Suppose V' \ {1} # (. Then for any i € V' \ {1}, according to Lemma C.2.1, we have
R(Y1(i), Yi(D)iepp 1) = R(Y1(9), Y1) — 1.

Since R(X1(7), X1) = R(Y1(i), Y1) for any i € (V\{1})UU, we have R(Y1(i), Y1) = R(X1(7), X1)
for any ¢ € V' \ {1}. Then, it follows that

R(Y1(3), Y1 (D))igmp (1) = R(Y1(2), Y1) =1 = R(X1(2), X1) — 1, for i € V'\ {1}.
Next, notice that X;(1) < ... < X;(t). Hence, for any i € V' \ {1}, we further have
R(X1(i), X1) — 1 > R(X1(1), X1) — 1 =99 R(X1 (1), (X1(1))iepapo) — 1.
Thus, we have
R(Y1(3), Yi(1))iepmp\(13) > R(X1 (1), (X1(1)ieupv) — 1, for any i € V' \ {1}.
Then, for any i € V' \ {1}, it follows that
R(Y1(3), Yi(D))igpp f13) = RX1(1), (X1 (D)ieppor) =% R(X1(1), X) = o

This completes our proof. O

Lemma C.3.27. Following Lemma C.3.26, let Y5 be an imputation of Y; for the index 1 such
that R(Y2(1),Y2) = R(X:1(1), X;). Then, we have

R(Y2(i), (Y2(D) ieqryuqnp\vy) > B(Ya(1), (Ya(D))igpmp(v\f1))) = @, for any i € U.

Proof. To start, since Y5(1) is an imputation of Y; for the index 1, we have

Ya(i) = Yi(7), for any i € [n] \ {1}. (C.96)
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Suppose V' \ {1} # . Then for any i € V' \ {1}, according to Lemma C.2.1, we have

R(Ya(i), Y2) = R(Ya(7), (Ya(D)) e\ 1})-

According to (C.96), we have Y5 (i) = Y1 (i) for any i € V\{1}, and (Yl(l>)l€[n]\{1} = (Yg(l))le[n]\{l}.

Hence, we have
R(Ya(i), Y2) = R(Ya2(d), (Y2(D))igmp 13) = B(Y1(2), (Y1 (D) )igmpf1y), for i € V\ {1}
According to Lemma C.3.26, we have
R(Y1(2), Y1())iempq13) = R(X1(1), X1), for any i € V' \ {1}.
Since R(X1(1), X1) = R(Y2(1),Y2), we then have
R(Y3(i),Ys) > R(Y2(1),Y3), for any i € V '\ {1}.
Since Y3 € V" is a vector of distinct real values, we have for any i € V' \ {1},
R(Yz(i), Y2) # R(Y2(1), Y2).
Thus, it follows that
R(Y2(i), Y2) > R(Y2(1),Y2) = Ya(i) > Ya(1), for any i € V'\ {1}.
Subsequently, according to Lemma C.2.2, we have
R(Y2(1),Y2) = R(Ya(1), (Ya())iepnp(v\{1}))-

In particular, the above equation still holds when V' \ {1} = ). Further, notice that R(Y2(1),Y3) =
R(X:(1),Xy), and according to Lemma C.3.26, R(X1(1), X1) = o. Hence, we have

R(Y2(1),Y2) = R(Y2(1), (Ya(D) e (v\(1}) = @ (C.97)
Next, according to Lemma C.2.1, for any ¢ € U,

Since V.= {1,...,t},U = {t + 1,...,t + m}, where t,m > 1, it follows [n]\ V C [n] \ {1}
and U C [n]\ {1}. Thus, according to (C.96), we have Y3(i) = Yi(i) for any ¢ € U, and
(Y2(D)iepmpv = (Y1(1))igmp\v- Then, we have

R(Ya(@), Ya(D))iepmpv) = B(Y1(9), (Yi(D)igmp\v), for any i € U.

Further, since [n]\ V' C [n]\ (V \{1}) and U C [n]\ (V' \ {1}), then according to (C.92), we have
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Y1(i) = Y (i) for any i € U, and (Y1(I))icpp\v = (Y (1))i1cn)\v- Hence, we have
R(Y1(2), Y1(D))iepmpv) = RY (4), Y (1))ign)\v ), for any i € U.
Hence, we have
R(Ya(i), Y2) > R(Y (i), (Y (1) )igjn\v ), for any i € U.
Further, since Y(t +1) < ... <Y(t +m), for any i € U, we have

R(Y2(2),Y2) = R(Y (1), (Y ())ieppv) = RY (£ 4 1), (Y (D))ienpv)-

Notice that we have

RY(t+ 1), (Y ())ieqyumpyy) > RX D), (X)) ieppo) = a.
Then, it follows that

RY (t+ 1), Y(D))ieqryunpvy) = a+1
= RY(t+ 1), Y(D))ieqryugnpvy) — 1 = .

According to Lemma C.2.1, we have

R+ 1), Y (D)iepmpv) = R (E+ 1), (Y (D)ieqiyunyy) — L

Hence, we have

RY (t41), Y (D))iempyv) =
Then, we have

R(Y2(i),Y2) > a, for any i € U

According to (C.97), we have R(Y>(1),Y2) = a. Since Y3 € V" is a vector of distinct real values,

then for any i € U, we have

R(Y2(i),Y2) # R(Y2(1),Y2) = «
= R(Y2(i),Y2) > R(Y2(1), Y2)
= Y3(i) > Ya(1)
— R(Y2(i), (Va())ie@umnyy) > BRY2(1), (Ya(D)ieppiqap) =77 a

This completes our proof. O

Lemma C.3.28. Following Lemma C.3.26 and Lemma C.3.27, let X3 and Y3 be imputations
of X1,Ys for U and V' \ {1}, respectively, such that R(X3(i),X3) = R(Y3(i),Y3) for any i €
(V\{1})UU. Then, we have R(X3(i), X3) = R(Y3(i),Y3), for any i € U U V.
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Proof. To start, since X3 and Y3 are imputations of X1, Ys for U and V' \ {1}, respectively, we

have

X3(i) = X4(i), for any i € [n]\ U, (C.98)
Y3(i) = Ya(i), for any i € [n] \ (V'\ {1}). (C.99)

Recall that U = {t + 1,...,t + m}, where t,m > 1. Hence, 1 € [n]\ U. Then according to
(C.98), we have X3(1) = X1(1). Notice that (C.98) also gives that (X3(I))ieppv = (X1())iefnp\v-

Hence, we have

R(X3(1)7 (XS(Z))le[n]\U) = R(Xl(l), (Xl(l))le[n]\U) =(C.90) o.

Similarly, since 1 € [n] \ (V' \ {1}), according to (C.99), we have Y3(1) = Y5(1). Notice that

[n\(V\{1} = {1})U([n]\V). Then (C.99) also gives that ()/E’m(l))le{l}u([n}\v) = (Y2(l))l€{1}u([n]\\/)'
Hence, we have

R(Y3(1), (Y3(D))ieqryu(npvy) = B(Y2(1), (Y2(D))iefryumpv))- (C.100)
According to Lemma C.3.27, we have
R(Ya2(1), (Ya(D))iefryu(mpv)) = o
Hence
R(Y3(1), (Y3(D))ieqryu(mp\v)) = o
Combining the above results, we have
R(X5(1), (Xs(D)ieppv) = R(Y3(1), (Ya(D) Jieqryu(nv)) = - (C.101)
Suppose V\ {1} # 0, then since R(X3(i), X3) = R(Y3(i), Y3) for any i € (V\ {1}) UU, we have
R(Y3(1), Y3) = R(X35(i), X3), for any i € V'\ {1}.

According to Lemma C.3.26, we have X1(1) < ... < X;(¢). Notice that from (C.98), we have
X1(i) = X3(i) for any i € V = {1,...,t}. Hence, we further have X3(1) < ... < X3(¢).
Subsequently,

R(X3(i), X3) > R(X3(1), X3), for any i € V'\ {1}.
According to Lemma C.2.1, we further have

R(X3(1), X3) > R(X5(1), (X3(1))ieppv) =1 R(Y3(1), (Y3(1)ieryu(mpy))-
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Hence, we have
R(Y3(i), Y3) > R(Y3(1), (Y3(1))ieqryu(np\v)), for any i € V' \ {1}.
Subsequently, according to Lemma C.2.2, we have
R(Y3(1),Y3) = R(Y3(1), (Y3(1))icpp(v\{1}) = @ (C.102)

In particular, the above equations still hold when V' \ {1} = 0.
Since R(X3(i), X3) = R(Y3(i),Y3) for any i € (V' \ {1}) UU, then for any i € U, we have

R(X3(i), X3) = R(Y3(i), Y3).
Then, according to Lemma C.2.1, for any ¢ € U, we have
R(Y3(i),Ys) > R(Y3(i), (Y3(D))ieq1yu(n)\v))-
Hence, for any ¢ € U, it follows that
R(X35(i), X3) > R(Y3(4), (Y3(1))ie{13u(n\v))-

Since U C [n]\V C [n]\ (V' \{1}), then according to (C.99), we have Y3(i) = Y5(i) for any i € U.
Notice that [n] \ (V \ {1}) = {1} U ([n] \ V). Then (C.99) also gives that (Y3(I))ic{iyu(n)\v) =
(YQ(Z))ZG{I}U([n]\V)' Hence, we have

R(Y3(4), (Y3(D)iequyumpv)) = B(Y2(2), (Ya(D))iep1yu(mp\vy), for any i € U.
Combining the above results, for any i € U, we have
R(X3(i), X3) > R(Y2(7), (Y2(1))ieqiyu(m)\v))-
According to Lemma C.3.27, we further have
R(Y2(3), (Ya()Jieqryuqnpvy) > @ =10 R(X5(1), (X3(0)iepm0)-
Hence, we have
R(X3(i), X3) > R(X3(1), (X3(0))iginp\v), for any i € U.
Subsequently, according to Lemma C.2.2, we have
R(X3(1), X3) = R(X3(1), (X3(D))igpnp\v) = @ = R(Y3(1),Y3).
Combining this result with (C.99), we have

R(X3(1), X3) = R(Y3(i),Y3), for any i € UU V.
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This completes our proof. O

We are now ready to prove Theorem C.3.29.

Theorem C.3.29. Suppose X,Y € V", and U,V C [n] are disjoint subsets of indices such that
UNV = (. Suppose X,,Y, € V" satisfy both Conditions C.3.10 and C.3.11. In other words,
X, Y, € V" are imputations of X, Y for indices U and V', and R(X.(i), X.) = R(Yx(i),Ys), for
any ¢ € UUV. Then, we have D (X,,Y:) < D(X,Y). Furthermore, for any other imputations
X.,Y] e V" of X,Y for indices U, V, respectively, we have D (X,,Y,) < D (X', Y").

Proof. Notice that there are two statements in Theorem C.3.29:

(1) : Suppose X,Y € V" and U,V C [n] are disjoint subsets of indices such that U NV = 0.
Then if X,,Y, € V" are imputations of X, Y for indices U and V, respectively, and
R(X. (i), Xx) = R(Yx(i),Ys), for any i € UUV, we have D (X,,Y,) < D(X,Y).

(2) : Suppose X,Y € V" and U,V C [n] are disjoint subsets of indices such that U NV = ().
Suppose X,,Y, € V" are imputations of X, Y for indices U and V, respectively, and
R(X.(i), X«) = R(Yi(4),Ys), for any i € U U V. Then for any other imputations X.,Y, €
V" of X,Y for indices U, V, respectively, we have D (X,,Y,) < D (X', Y’).

Below, we first show that the statement (1) is true. Then we prove the statement (2) using the
statement (1).

First, we show the statement (1) is true. To begin with, let us consider the case when |U|+
V| = n. Since UNV = 0, then |U| + |V| = n means U UV = [n]. Since R(X.(i),Xs) =
R(Yi(4),Ys), for any ¢ € UUV, we have R(X,, X,) = R(Y%,Y.). Hence D (X,,Y:) = 0. According
to the definition of Spearman’s footrule, we have D (X,Y) > 0 = D (X, Y.), which proves the
statement (1) when |U| + |V| = n.

When |U| + |[V] = 0, then according to the definition of imputations, we have X = X, and
Y =Y,. Hence we have D (X,,Y,) = D (X,Y). This proves statement (1) when |U| + |V| = 0.

Then, we only need to prove statement (1) when n — 1 > |U| + |V| > 1. For any given n € N,
let P(k) be the statement of the statement (1) when |U|+ |V| = k. We prove P(k) holds for any
ke{l,...,n— 1} by induction on k.

Base Case: We show P(1) holds. Suppose |U| 4+ |V| = 1. Then we have either |[U| =0, |V| =1
or [U| =1,|V| = 0. For both cases, the statement P(1) is true according to Theorem C.3.9.

Induction Step: We show the implication P(k) = P(k+ 1) for any k € {1,...,n —2}.

Suppose |U|+ |V| =k + 1. Then, we have either

case (I): |[U|=k+1,|V|=0o0r U =0,|V|=k+1,
or case (I) : |U| > 0,|V| > 0,|U|+ |V|=k+1,

is true.

Suppose the case (I): |U| =k+1,|V|=0o0r |U| =0,|V|=k~+1is true. Then the statement
P(k +1) is true according to Theorem C.3.9.

Suppose the case (II) : [U| > 0,|V] > 0,|U| + |V| = k + 1 is true. Without loss of generality,
let us assume (after relabelling) V = {1,...,t}, U ={t+1,...,t+m}, X(1) < ... < X(t), and
Yt+1)<Y(t+2) <...<Y(t+m).
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Notice that for R(X (1), (X (1))iepnpv) and R(Y (t + 1), (Y(1))ign)\v)> Wwe have either

R(X(1), (X(D)iemnv)

Y +1),(YD))iepmpv)s
or R(X(1), (X(1)iempv) t+1

>R
<RY(@+1), Y))iempv)

is true. Let us assume R(X (1), (X(1))ieppv) < R(Y (t+1), (Y(1))igpn)\v) is true. However, when
R(X(1),(X())ieppv) = RY(t + 1), (Y(I))iefn)\v) holds, we can switch the labels between X
and Y, and relabel the relevant components of the data.

Let us denote
a = R(X(1), (X()epnv)- (C.103)
Then, since a = R(X (1), (X(1))ienpv) < R(Y (t+ 1), (Y(I))igfn)\v), Wwe have either

case (i) :a = R(Y(t+ 1), (Y(I))igpp\v), and Y (1) > Y(t+ 1),
case (ii) : a = R(Y/(t + 1), (Y(1))igjnp\v)> and Y (1) <Y (¢t +1),
or case (iii) : o < R(Y (t + 1), (Y(1) )igpnp\v)>

is true. In the following, we are going to consider the three cases separately.

Suppose the case (i) is true. In other words,

a=RY(t+1), Y1))ewv): (C.104)
and Y(1) > Y(t+1). (C.105)

Then, according to Proposition C.3.13, there exist X1,Y; € V™ such that

X1(i) = X (3), for any i € [n]\ U, (C.106)
Yi(i) =Y (i), for any i € [n] \ (V \ {1}), (C.107)
R(X1(i),X1) = R(Y1(i), Y1) for any i € U U (V \ {1}). (C.108)

In other words, X1,Y; are imputations of X, and Y for indices U and V' \ {1}, respectively, such
that the equation (C.108) holds.

Since U and V are disjoint such that U NV = 0, then UN (V \ {1}) =0, i.e. U and V' \ {1}
are also disjoint. Notice that |[U|+ |V \ {1}| = m 4+t — 1 = k. Then, since P(k) is true, we have

D(X1,Y1) < D(X,Y). (C.109)

Next, applying Proposition C.3.13 again, we can find X3, Y5 € V" such that

Xo(i) = X1(7), for any i € [n] \ (U \{t+1}), (C.110)
Y5(i) = Yi(i), for any i € [n] \ 'V, (C.111)
R(X>5(i), X2) = R(Y2(7),Y3) for any i € (U\{t+1})UV. (C.112)

In other words, X5 and Y5 are imputations of X3, Y for indices U \ {¢t + 1} and V, respectively,
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such that (C.112) is true.
Notice that U and V are disjoint, i.e. UNV = (. Hence, (U \ {t +1}) NV = (. Next, since
[U\{t+ 1} +|V|=m+t—1=k, we can apply P(k) and get

D (X2,Y2) < D (X3, 11). (C.113)
According to Lemma C.3.25, we have
R(X4(i), X2) = R(Ya2(7),Ys),for any i e U U V.
Notice that

Xo(i) =C10 X1 (5) =(C19) X (3)  for any i € [n] \ U,
and Ya(i) =1 v () =(©100 ¥ (4)  for any i € [n] \ V.

In other words, Xo,Ys € V™ are imputations of X, Y for indices U and V, respectively, such that
R(X3(1), X2) = R(Ya2(i),Y2),for any i € UU V. Since X,,Y, € V" are imputations of X, Y for
indices U and V, respectively, such that R(X.(7), Xs) = R(Yi(7),Y%), for any i € U UV, then
according to Proposition C.3.22, we have D (X3,Y3) = D (X4, Y:). Thus,

D (X.,Y.) = D (Xo,Ys) <“19) D(Xx,,v7) <(©19) p(X)Y),

which proves P(k + 1) when the case (i) holds.

Suppose the case (ii) or the case (iii) holds. In other words, we have either

a=RY(t+1), YD))ieppy), and V(1) < Y (£ +1), (C.114)
or a < R(Y (t+ 1), (Y (1) iepupv)- (C.115)

According to the definition of rank, we have

RY (t+ 1), Y(D))iefr3u(n)\v))
1

= Y LY(@H<Y(E+1)
ie1)0([nl\V)

=IY()SY(E+1)+ Y I(Y(E) <Y(t+1))
i€[n]\V

=I(Y(1) <Y(E+1)+ RV (E+1), YD) eppv)-
Notice that I(Y (1) <Y (t+ 1)) > 0. Hence, we have

RY(t+ 1), Y(D))ieqryu(npvy) = B+ 1), (Y))igppv)-

Next, suppose (C.115) is true. We further have

RY (t+1), Y(D))ieqryumpvy) = RY (t+ 1), (Y(1))iemp\v)
> o =19 RX (1), (X(1))ieppo)-
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However, suppose (C.114) is true. Then, we have

RY (t+1), (YD) ieqryun)\v))
=I1(Y(1) <Y(E+1)+RY(t+1), Y1) em\v)
=1+a>a =219 R(X(1),(X(1))ieppv)-

Hence, when the case (ii) or the case (iii) is true, we have
R(Y(t+1), (Y (D)ieqryunpvy) > o= RX(1), (XO))igpp\v)- (C.116)

According to Proposition C.3.13, there exist X3, Y3 € V™ such that

X3(i) = X (i), for any i € [n] \ U, (C.117)
Y3(i) = Y (i), for any i € [n] \ (V' \ {1}), (C.118)
R(X3(i), X3) = R(Y3(7),Y3) for any i € (V \ {1}) UU. (C.119)

That is, X3 and Y3 are imputations of X and Y for U and V' \ {1} such that (C.119) is true.
Notice that U and V are disjoint, i.e. UNV = (. Hence, (U \ {t +1}) NV = (). Next, since
[U\{t+ 1} +|V|=m+t—1=k, we can apply P(k) and get

D (Xs,Y3) < D(X,Y). (C.120)

Notice that (C.116) is true. Then, according to Lemma C.3.26, when V \ {1} # (), for any
i€ V\ {1}, we have

R(Y3(0), (YD) 1) = RO (1), (Xa(D))iepune) = R(X3(1), X5) = o (C.121)
Next, according to Lemma C.3.6, there exists Yy € V" such that

Ya(i) = Y3(i), for any i € [n] \ {1}, (C.122)
R(Yi(1), Y1) = R(Xs(1), Xs). (C.123)

In other words, Y} is an imputation of Y3 of the index 1 such that (C.123) is true. Then, according

to Theorem C.3.9, we have
D (X3,Ys) < D(X3,Y3). (C.124)
According to Lemma C.3.27, for any 7 € U, we have

R(Y4(i), Ya(D))ieqryu(mpvy) > B(Ya(1), (Ya(D))igmp (1) = o (C.125)
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Next, according to Proposition C.3.13, there exist X5, Y5 € V" such that

X5(1) = X3(i), for any i € [n] \ U, (C.126)
Y5(i) = Ya(i), for any i € [n] \ (V \ {1}), (C.127)
R(X5(i), X5) = R(Y5(i),Ys) for any ¢ € (V \ {1}) UU. (C.128)

In other words, X5 and Y5 are imputations of X3,Y) for U and V' \ {1}, respectively, such that
(C.128) is true.

Since U and V are disjoint, U and V' \ {1} are also disjoint. Notice that |[U| + [V \ {1}| =
m+t—1 = k. Then, according to P(k), we have

D (X5,Y5) < D(X3,Yy). (C.129)
According to Lemma C.3.28, we have
R(X5(1), X5) = R(Y5(i),Ys), for any i e UU V.
Combining (C.126) and (C.117), we have
X5(i) =120 x5(i) =(C11) X (§), for any i € [n] \ U.
Combining (C.127), (C.122), and (C.118), we have
Ya(i) =(€127) y,(5) =(C129 y3(3) =(C18) y 3y for any i € [n] \ V.

In other words, X5, Ys € V™ are imputations of X, Y for indices U and V', respectively, such that
R(X5(i), X5) = R(Y5(1),Ys),for any i € U U V. Since X,,Y, € V" are imputations of X, Y for
indices U and V, respectively, such that R(X.(7), Xsx) = R(Yi(7),Y%), for any i € U UV, then
according to Proposition C.3.22, we have D (X5,Y5) = D (X4, Yi). Thus,

D (X.,Y:) = D (X5,Ys) <(©129 D (X3,v;) <(©12 D (X3, v3) <(©120 D (X,Y).

which proves P(k + 1) when the case (ii) or the case (iii) holds. This completes our proof for the
statement (1).

Next, we prove the statement (2) using the statement (1). According to Proposition C.3.13, we
can find X.,Y! € V" such that X/, Y/ are imputations of X', Y” for indices U, and V, respectively,
and R(X[(7),X]) = R(Y/(¢),Y/) for any i« € U U V. Then, according to the statement (1), we

have
D (X;,Y*') <D (X’,Y’) .
Next, since X, Y, € V" are imputation of XY for U and V, respectively, then we have

X.(i) = X (i), for any i € [n]\ U,
Y.(i) =Y (i), for any i € [n] \ V.
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Further, since X.,Y] € V"™ such that X.,Y/ are imputations of X', Y’ for indices U, and V,

respectively, we have

X! (i) = X.(i) = X (i), for any i € [n]\ U,
Y/(i) = Yi(i) = Y (i), for any i € [n]\ V.

In other words, X/, Y/ € V" are also imputations of X,Y for indices U, and V, respectively.
Notice that for X, and Y, we have R(X.(i),X,) = R(Yi(9),Ys), for any i € U U V. Also,
for X and Y/, we have R(X(i),X}) = R(Y/(4),Y/) for any i« € U U V. Then, according to
Proposition C.3.23, we have D (X.,Y/) = D (X,,Y.). Hence, we have

D (X, Y.)=D (XL,Y*') <D (X’,Y’) .
This proves the statement (2) and completes our proof. O

C.3.3. Lower bound under missing case III

Given two vectors X,Y € V", recall that in missing case III, for any pair of components
(X(i),Y(4)) at index ¢ € [n], the two values are either both observed or both missing. This
case for Spearman’s footrule has been previously considered in the literature, and the following

result is proved in Theorem 1 in Papaioannou and Loukas (1984).

Theorem C.3.30 (Papaioannou and Loukas (1984)). Suppose X,Y € V" and W C [n]. For
the subvectors, X’ = (X(i))icppw and Y = (Y'(4))icfn)\w, it can be shown that D (X', Y’) <
D(X,Y).

While this result provides a lower bound of Spearman’s footrule, it does not directly prove that
this bound is the minimum possible value of the Spearman’s footrule. The following result fills

this gap by identifying the conditions under which this lower bound is tight.

Proposition C.3.31. Suppose X,Y € V" and W C [n]. Define the subvectors X' = (X (4));cp)\w
and Y’ = (Y (4))iepnpw- If the following three conditions all hold,

(i) R(X (i), X) = R(Y(i),Y), for alli e W,

) min X () > X0)).
(ii) min (7) jimax (J)

) min ¥ () > Y i),
(iii) min (7) e (4)

then D (X,Y) = D (X', Y").

Proof. To start, according to the definition of Spearman’s footrule, we have

D(X,Y)= > |R(X(),X)-RY(i),Y)+ > [RX(i),X)—-RY(>),Y)|
iew i€n)\W
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According to the condition (i), for any ¢ € W, we have R(X (i), X) = R(Y (¢),Y). Then,
> |R(X(@), X) = R(Y(5),Y)| =0,
€W

which follows that

Next, according to the condition (ii), we have min(X(I))iew > max(X(l));cjnw- Then,

according to Lemma C.2.2, for any i € [n] \ W, we have

Similarly, according to the condition (iii), we have min(Y ());ew > max(Y(I))icjnw- Then,

according to Lemma C.2.2, for any i € [n] \ W, we have

Subsequently, we have
D(X,Y)= > [|R(X(i),X) - R(Y(i),Y)|
i€n)\W
= Y |R(X(),X') - R(Y(i),Y')] =D (X",Y").

This completes our proof. O

C.3.4. Lower bound under general missingness case

We are now ready to provide the lower bound of Spearman’s footrule in the general case, where
the missingness pattern of data is a combination of missing case I, II, and III. The previous results

can be combined to give the following result.

Theorem C.3.32. Suppose X,Y € V" and U, V, W C [n] are pairwise disjoint subsets. Suppose
X, Y, € V" are imputations of X, Y for indices U UW, and VU W, respectively. If the following

three conditions all hold

(i) R(X.(i),X) = R(Y.(i),Y), foralli e UUV UW,
i) min X.(7) > X.0).
() min X.(j) > max X.(j)

iii) minYy(j) > max Yi(j),
( >jeW (4) je[n]\)%/V (4)
then

D(X,,Y,) <D(X,Y),
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and for any other imputations X', Y’ € V" of X,Y for indices U U W, V U W, respectively,

D(X,,Y.) <D (X',Y').

Proof. Notice that there are two statements in Theorem C.3.32:

(1) : Suppose X,Y € V" and U, V,W C [n] are pairwise disjoint subsets of indices. If X, Y, €
V™ are imputations of X, Y for indices U and V, respectively, and condition (i), (ii) and
(iii) all hold, then we have D (X,,Y:) < D (X,Y).

(2) : Suppose X, Y € V" and U, V,W C [n] are pairwise disjoint subsets of indices. If XY, €
V" are imputations of X, Y for indices U and V, respectively, and condition (i), (ii) and (iii)
all hold, then for any other imputations X.,Y, € V" of X, Y for indices U, V', respectively,
we have D (X,,Y,) < D (X", Y").

Below, we first show the statement (1) is true. Then we prove the statement (2) using the
statement (1).

First, we show the statement (1) is true. Suppose W = () and UUV = (). Then according to the
definition of imputations, we have X, = X and Y, =Y. Hence, we have D (X,,Y,) = D (X,Y),
which proves the statement (1) when W =0 and UUV = ).

Suppose W = () and U UV # (). Then X,,Y, € V" are imputations of X,Y for indices U, and
V', respectively, such that R(X.(i),X) = R(Yi(7),Y), for any i € U UV UW. Then, according
to Theorem C.3.29, we have D (X,,Y,) < D (X,Y), which proves the statement (1) when W = ()
and UUV # (.

Suppose UUV = () and W # (. Then since (1), (2) and (3) all hold, we have X,,Y, € V" are
imputations of X,Y for indices W such that

R(X.(i), X) = R(Y.(),Y), for any i € W,
min(Xu(1))iew > max(X.(1))iempws
min(Yi(1))iew > max(Yi(1))iepmpw-

Denote X' = (X(1))icppw, and Y = (Y/(1))iepp\w- Then, according to Proposition C.3.31, we

have

D(X,,Y,)=D (X"Y').
Notice that according to Theorem C.3.31, we have

D (X' Y')<D(X,)Y).

Hence, we have D (X,,Y.) < D (X,Y), which proves the statement (1) when W # () and UUV =
0.

Next, suppose W # () and UUV # (). Denote a = |W|. Without loss of generality, let us assume
(after relabelling) W = {n —a +1,...,n}. Denote n’ = n —a. Then we have [n] \ W = [n/].
Denote X' = (X(D))icpupw»Y" = Y(D))igppws Xi = (Xa(O))ieppw, and Yy = (Yi(l))iepnpw -
Then, we have X', Y’, X, Y/ € V.
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Since X,,Y, € V" are imputations of X,Y for indices U U W, and V U W, respectively, then

we have

X.(i) = X (i), for any i € [n] \ (UUW),
and Y, (i) = Y (i), for any i € [n] \ (V. UW).

Notice that [n] \ (UUW) = ([n]\ W)\ U, and [n]\ (VUW) = ([n]\ V) \ U. Hence, we have

X.(i) = X (i), for any i € ([n] \ W)\ U,
and Y. (i) =Y (i), for any i € ([n] \ W)\ V.

Therefore, X, Y, are imputations of X', Y” for induces U,V C [n] \ W, respectively.

Since the condition (ii) is true, then according to Lemma C.2.2, for any i € U UV, we have
R(X.(3), X.) = ROX.(0), (X. (D)iepw) = R(Xa(i), X).

Similarly, since the condition (iii) is true, then according to Lemma C.2.2, for any i € U UV, we

have
R(Ya(i), Ya) = R(Yi(3), (Ya())iepapw) = R(Yi (), YY)

According to the condition (i), for any i € U UV, we have

R(X.(i), X) = R(Y.(i),Y)). (C.130)

Since X, Y/ are imputations of X', Y’ for indices U,V C [n/], respectively, then when n’ > 2,

according to Theorem C.3.29, we have
D(X,,Y])<D(XY').

However, when n’ =1, since UUV # (), and UUV C [n]\ W = [n/], we have UUV = [n/]. Then

according to condition (ii), we have D (X.,Y/) = 0. Hence, it also follows that
D (X.Y]) <D (X' Y').
Next, notice that according to Proposition C.3.31, we have
D(X.,Y.) = D (X.Y)),
and according to Theorem C.3.31, we have

D (X, Y') < D(X,Y).
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Hence, we have
D(X,Y.)=D (XL,Y*’) <D (X’,Y’) <D(X,Y).

This completes our proof for the statement (1).

Next, we prove the statement (2) is true using the statement (1). Suppose W = () and UUV = ().
Then according to the definition of imputations, we have X, = X1 = X and Y, = Y; =Y. Hence,
we have D (X,,Y,) = D (X1,Y1). This completes statement (2) when W =@ and U UV = (.

Suppose W = 0 and U UV # (. Then X,,Y, € V" are imputations of X,Y for indices U,
and V, respectively, such that R(X.(i), Xs) = R(Yi(i),Y%), for any ¢ € U U V. Meanwhile,
X1,Y7 € V" are imputations of of X, Y for indices U, V. Then, according to Theorem C.3.29,
we have D (X,,Y,) < D (X1,Y7). This completes the statement (2) when W =0 and UUV # ().

Suppose W # () and U UV = (). Let us denote X' = (X (I))icpmpw> and Y = (Y (1))icppw -

Then, according to Proposition C.3.31, we have
D(X,,Y.,)=D (X’,Y’) .

Next, let us denote X{ = (X{(1))icppw, and Y] = (Y{(1))icmp\w- Then, according to Theo-

rem C.3.31, we have
D (X1,Y{) <D (X1,Y1).
Since X1,Y; € V" are imputations of X,Y for indices W, we have X| = X’ and Y{ =Y’. Thus,
D(X'Y') =D (X1,Y]).
Combining the above results, we have
D(X1,Y1) > D (X1,Y{) =D (X".Y') = D (X,,Y.).

This completes our proof when W # () and U UV = 0.

Next, suppose W # () and UUV # (). Denote a = |W|. Without loss of generality, let us assume
(after relabelling) W = {n —a +1,...,n}. Denote n’ = n —a. Then we have [n] \ W = [n/].
Denote X' = (X(D))icppw, Y = Y O)ieppw, X1 = (Xi(D)ieppws Y7 = Y (D))ieppwv
XL = (X())ieppws Y7 = (Ya(D)ieppw- Then, we have XY’ X{,Y{, X, Y] e V.

Let us first show D (X1,Y1) > D (X.,Y,) when n’ = 1. Suppose n’ = 1. Then X, = X, (1)
and Y, = Y,(1). According to the definition of rank, we have R(X,, X,) = R(Y/,Y]) = 1. Hence,
D (X.,Y])=0.

Next, since the conditions (i), (ii) and (iii) all hold. Then according to Proposition C.3.31, we
have D (X,,Y:) = D (X.,Y]) = 0. Hence, we have D (X1,Y1) > 0= D (X,,Y,).

In the following, we show D (X7,Y7) > D (X, Ys) is true when n’ > 2.

First, we show that X| and Y/ are imputations of X/,Y{ for U and V, respectively, such that
R(X.(4),X.) = R(Y/(4),Y/), for any i € UU V.

Notice that X,, Y, € V" are imputations of X,Y for indices U U W, and V U W, respectively.
Then we have X, (i) = X (¢) for any i € [n] \ (UUW), and Y. (i) =Y (i) for any i € [n]\ (VUW).
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Notice that [n]\ (UUW) = ([n]\W)\U = [#/]\U and [n]\ (VUW) = ([n]\W)\V = [n]\ V.
Then, we have X, (i) = X (4) for any i € [n/] \ U, and Y, (i) = Y (i) for any i € [n/] \ V.

According to the definition of X, Y/ X' Y’ we have X/ (i) = X (i) = X' (i) for any i € [n/]\ U
and Y/(7) =Y (i) = Y'(4) for any i € [n/] \ V. Hence, X, and Y] are imputations of X1,Y] for U
and V', respectively.

Since the condition (ii) is true, then according to Lemma C.2.2, for any i € U UV, we have
R(X. (), Xs) = R(Xx(i), (X*(l))lE[n]\W) = R(X*(i),Xi).

Similarly, since the condition (iii) is true, then according to Lemma C.2.2, for any i € U UV, we

have
R(Ya(i), Ya) = R(Yi(3), (Ya()))iepapw) = R(Yi(3), YY)

According to condition (i), for any i € U UV, we have

According to the definition of X, Y/, we have
R(X.(i), X1) = R(Y!(i),Y!), for any i € UUV.

Next, according to Proposition C.3.13, we can find imputations X}, Yy € V"' of X/, Y/ for U and
V, respectively, such that R(X%(i), X]) = R(Y3(i),Y]) for any i € UUV. Since X, and Y] are im-
putations of X7, Y/ for U and V, respectively, such that R(X/(i), X.) = R(Y/(2),Y]), for any i €
U U V. Then, according to Proposition C.3.23, we have

D (X3,Y3) =D (X.,Y!).

Notice that the conditions (i), (ii), and (iii) all hold. Then according to Proposition C.3.31, we

have
D (X.,Y]) = D (X,,Y.).
Hence, we have

D (X,,Y,) =D (X3,Y;). (C.131)
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Next, let Xo, Yo € V™ be vectors such that the following five conditions all hold

Xo(i) = X5(i), for any i € [n] \ W, (C.132)
Ya(i) = Y5 (i), for any i € [n] \ W, (C.133)
R(X3(1), X2) = R(Ya(i),Y2), for any i € W, (C.134)
min(Xo(1))iew > max(X2(1))iem)w (C.135)
and min(Y2(l))iew > max(Y2(1))iepnpw- (C.136)

Combining (C.132) and (C.133), we have Xs(i) = X} (i) and Ya(i) = Y5 (i) for any i € [n/] \ W =
[n']. Further, since X5,Y; € V" are imputations of X1,Y]{ for U and V, respectively, we have
X)(i) = X{(i) for any i € [n/] \ U and Y5 (i) = Y{ (i) for any i € [n/] \ V. Hence, we have

Xa(i) = XB(5) = X{(3) = Xa(3), for amy i € (] \ U,
and Yo (i) = Yy (i) = Y{(i) = Y1(4), for any i € [n/] \ V.

Notice that [n'] = [n]\ W. Hence, we have [n/|] \U = [n]\ (W UU), and [n']\V = [n]\ (WUV).
Therefore, it follows that

X(i) = X5(i) = X1(i) = X1(i), for any i € [n] \ (W UU),
and Yo (i) = Y5 (i) = Y{(i) = Y1(4), for any i € [n] \ (W UV).

In other words, X» and Y3 are imputations of X1, Y] for indices W UU and W UV, respectively.
Notice that (C.134), (C.135) and (C.136) are true. Then according to Theorem C.3.32, we have

D (X1,Y1) > D (X2, Y2).
Since (C.134), (C.135) and (C.136) are true, then according to Proposition C.3.31, we have
D (Xs,Y2) = D (X5,Y3).
Hence, we have
D (X1,Y1) 2 D (X3, Yy) =PV D(X..Y.).

This completes proof for the statement (2), and finishes our proof. O

It is straightforward to show the existence of such X, Y, in Theorem 5.1.1 by applying Propo-
sition C.3.13. Hence the lower bounds for Spearman’s footrule in the general missing case are
tight.

For the imputations X, and Y, in Theorem 5.1.1, Proposition C.3.31 gives the equation
D (X.,Ys) = D (X (9))icppws (Y;(i))ie[n]\w), which suggests that, for indices in W, the com-
ponents of both X and Y can be ignored for the purposes of calculating the lower bound. Hence,
the minimum possible value of Spearman’s footrule in the general missing case can be deter-
mined using Algorithm 3 after ignoring all components with indices in W. This algorithm has

complexity O(nlogn + n(my + ma2)), as discussed in Remark C.3.14.
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Table 5.1 provides a simple example where X and Y are missing under general case. The
imputations X, Y, satisfy the three conditions required in Theorem 5.1.1. Hence, the imputations

X, Y, results the minimum possible Spearman’s footrule across all possible imputations.

C.4. Tight upper bound of Spearman’s footrule

This section provides tight upper bounds of Spearman’s footrule in the presence of missing data.
We consider missing case I, II and III separately, and then combine our results to obtain the

upper bounds in general missingness case.

C.4.1. Upper bound under missing case I

We start by considering missing case I for X, Y € V", where the missing components are assumed
to be either all in X or all in Y. Without loss of generality, let us assume only X contains missing
components while all values in Y are observed.

Suppose only a single component X (u) is missing. The following Proposition C.4.2 is comple-
mentary to Proposition C.3.5, which considers the lower bound for missing case I. We start our

proof for Proposition C.4.2 by providing the following lemma.

Lemma C.4.1. Suppose X,Y € V" and let X;, X3 be imputations of X for an index u € [n]
such that R(X;(u), X1) =1, and R(X2(u), X2) = n. Then, if

(i) : R(X(u), X) > R(Y (u),Y)
holds, we have D (X,Y) < D (X9,Y). However, if
(i) : R(X(u),X) < R(Y(u),Y)

holds, we have D (X,Y) < D (X1,Y).

Proof. We prove the results for the case (i) and (ii) separately.
Suppose case (i) : R(X(u),X) > R(Y(u),Y) is true. Then, we have either R(X(u),X) =n
or R(X(u),X) < n. Suppose R(X (u), X) =n. Then, we have

Since X5 is an imputation of X for the index w, then according to Lemma C.2.3, we have
R(X2,X2) = R(X, X). Hence, we have D (X,Y) = D (X2,Y).

Suppose R(X(u),X) < n. Denote R(X(u),X) = n — b, where b € N and b > 0. Then,
according to Lemma C.3.2, there exist V1,...,V}, € V" such that for any k£ € {1,...,b}, V} is an

imputation of X for the index u and

R(Viu(u), Vi) = R(X (u), X) + k.
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Define Vy = X. Then, for any k € {1,...,b}, we have

R(Vie1(u), Vee1) = R(X(u), X) + (k— 1) > R(X (1), X) > R(Y (u),Y),
and R(Vk(ul), Vk) = R(kal(ul), kal) + 1.

By applying Lemma C.3.3 for each pair V,Y and Vj_1,Y, where k € {1,...,b}, we have
D(Vp,Y)<D(V,Y)<...<D(W,Y). (C.137)
Notice that
R(Vy(u), Vy) = R(X(u), X) +b=mn= R(Xz(u), X2).

Since Vj, and X5 are both imputation of X for the index u, then according to Lemma C.2.3, we

have
D(Xs,Y)=D(V,Y).
According to (C.137), we further have
D(X5,Y)>D((V,Y).

Since Vp = X, then we have D (X,Y) < D (X»,Y). This completes our proof when the case (i)
is true.

When the case (ii) is true, the results can be proved similarly. Suppose the case (ii) is true,
then we have either R(X(u),X) = 1, or R(X(u),X) > 1 is true. Suppose R(X(u),X) = 1.
Then,

R(X(u), X) =1 = R(X1(u), X).

Since X7 is an imputation of X for the index w, then according to Lemma C.2.3 we have
R(X1, X1) = R(X, X). Hence, we have D (X,Y) = D (X,,Y).

Suppose R(X(u),X) > 1. Denote R(X(u1),X) = 1+ a, where a« € N and a > 0. Then,
according to Lemma C.3.2, there exist Vi,...,V, € V" such that for any k € {1,...,a}, V} is an

imputation of X for the index u and
Define Vy = X. Then, for any k € {1,...,a}, we have

R(Vie1(u), Viet) = R(X (w), X) — (k- 1) < R(X(u), X) < R(Y(u),Y),
and R(Vk(u), Vk) = R(Vk_l(u), Vk—l) — 1.
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By applying Lemma C.3.3 for each pair Vj,Y and Vj;_1,Y, where k € {1,...,a}, we have
D(Vo,Y)<D(W,Y)<--- <D (V,Y). (C.138)
Notice that
R(Va(u),Vy) = R(X(u),X) —a=1= R(Xi(u), X1).

Since V, and X; are both imputation of X for the index u, then according to Lemma C.2.3, we

have

D(X1,Y)=D(V,Y).
According to (C.138), we further have

D (X1,Y)>D(V,Y).

Since Vp = X, then we have D (X;,Y) > D (X,Y). This completes our proof. O
By applying C.4.1, we can prove Proposition C.4.2.

Proposition C.4.2. Suppose X,Y € V" and let X;, Xs be imputations of X for an index
u € [n] such that R(X;(u), X;) =1, and R(X2(u), X2) = n. Then,

D(X,Y) <max{D (X;1,Y),D (X2, Y)},
and for any imputation X’ € V" of X for index u,

D (X',Y) < max{D (X;,Y), D (X2, Y)}.

Proof. According to Lemma C.4.1, if R(X (u), X) > R(Y (u),Y), wehave D (X,Y) < D (X1,Y) <
max{D (X1,Y),D (X»2,Y)}. However, if R(X (u), X) < R(Y(u),Y), wehave D (X,Y) < D (X3,Y) <
max{D (X1,Y), D (X2,Y)}. Hence, we have

D (X,Y) < max{D (X1,Y),D (Xs,Y)}.

Next, we show that D (X', Y) < max{D (X1,Y),D (X2,Y)}. According to Lemma C.3.2,
there exist imputations X3, X4 € V" of X’ for the index u such that R(X3(u), X3) = 1, and
R(X4(u), X4) =n.

Then, according to Lemma C.4.1, if R(X'(u), X) > R(Y (u),Y), wehave D (X", Y) < D (X3,Y) <
max{D (X3,Y),D(X4,Y)}. However, if R(X'(u),X) < R(Y(u),Y), we have D (X")Y) <
D (X4,Y) <max{D (X3,Y),D (X4,Y)}. Hence, we have D (X', Y) < max{D (X3,Y), D (X4,Y)}.

Notice that X3, X4 are both imputations of X’ for the index u, and X’ is the imputation of
X for index u. Hence, according to the definition of imputations, we can show that X3, X4 are
both imputation of X for the index u. Notice that X1, X9 are imputation of X for the index u
such that R(X;(u),X;) =1, and R(X2(u), X2) = n. Then, according to Lemma C.2.3, we have
R(X3,X3) = R(X1,X1), and R(X4, X4) = R(X2,X2). Hence, we have D (X3,Y) = D (X1,Y)
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and D (X4,Y) = D (X2,Y). Notice that D (X', Y) < max{D (X3,Y), D (X4,Y)}. Therefore, we

have
D (X'Y) <max{D (X1,Y),D (X5,Y)}.

This completes our proof. O
When a single component of X is missing, Proposition C.4.2 shows that the maximum possible
value of Spearman’s footrule is achieved when the missing component is imputed to have rank
either 1 or n.
To extend Proposition C.4.2 to cases when multiple components of X may be missing, we first

make the following definition.

Definition C.4.3. Let U C T' C [n] be a subset of indices. Define

Z(U,T,n)={Z € V"| forany i € U, Z(i) > max Z(j) or Z(i) < min Z(j)}.
JET\U JET\U
It will often happen that T' = [n] in Z(U,T,n), but this will not always be the case. This
definition allows us to obtain the maximum possible Spearman’s footrule by considering rank
vectors of all possible imputations X, of X in the set Z(U, [n],n), as shown in Proposition C.4.5.

For proving Proposition C.4.5, we first show the following result.

Lemma C.4.4. Let U C [n] be a non-empty subset of indices, and suppose X; € Z(U, [n],n).
Let V' C [n] be a non-empty subset of indices such that V N U = (. Then, if Xy € Z(V,[n],n) is
an imputation of X; for V, we have Xy € Z(U UV, [n],n).

Proof. Since X; € Z(U, [n],n), we have

X1(%) > max X1(j), or X1(2) < min X;(j), for any i € U.

JEN\U jem\U

Hence, we have
Xq1(7) > max Xi(j), or Xy1(¢) < min  Xy(j), for any i € U. C.139
1(4) e 1(7) 1(4) e 1(J) y ( )

Next, since X9 is an imputation of X; for indices V', we have
X (i) = X1(i), for any i € [n] \ V.
Notice that [n] \ (UUV) C [n]\ V. Hence, we have
Xo(i) = X1(7), for any i € [n] \ (VUU)

== max Xqo(j) = max X;i(j), and min  Xs(j) = min  Xq(j).
JeE X2l = max ) Xa(d) jepn , X20) = o min ) X00)

Meanwhile, since U NV = (), we have U C [n] \ V. Hence, we have

Xo(i) = X1(7), for any i € U.
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Then, according to (C.139), we have

Xo(1) > max Xs(j), or Xo(i) < min  Xs(j), for any i € U. C.140
2(4) e 2(7) 2(i) e 2(7) y ( )

Since X9 € Z(V,[n],n), then we have

Xo(7) > max Xs(j), or Xo(i) < min Xs(j), for any ¢ € V.
2(%) ey 2(J) 2(4) PG 2(J) y

Notice that U NV = (). Then, we have U C [n] \ V. Hence, we have

Xo(i) > max Xo(j), or Xo(i) < min Xo(j), for any i € V.
jeu jeu

According to (C.140), we have

max Xo(j) > max or min Xs5(7) < min Xo(7).
jeu 2(7) jen)\(UuV) Jjeu 2(J) JE[R\(UUV) 2(J)

Hence, we further have

Xo(1) > max  Xa(j), or Xo(i) < min  Xs(j), for any i € V.
2(0) > ey, %29 2(0) < By X219 Y

Combining this result with (C.140), we have

Xo(i) > Xo(), or Xa(i) < min  Xo(j), f eV UU.
2(1) je[nr}r{?éiuv) 2(7), or Xa(i) je[nI]]\ﬂ(lguV) 2(7), for any i

This completes our proof.

We are now ready to prove Proposition C.4.5.

Proposition C.4.5. Suppose X,Y € V" and let U C [n]. Then, there exists an imputation
X. € Z(U,[n],n) of X for indices U such that D (X,Y’) < D (X,,Y), and for any other imputation
X' e V" of X for indices U, D (X",Y) < D (X.,Y).

Proof. In order to show Proposition C.4.5, we first show the following statement is true:

S: Suppose X,Y € V" and let U C [n]. Then, there exists an imputation X, € Z(U, [n],n) of
X for indices U such that D (X,Y) < D (X,,Y).

Then we prove Proposition C.4.5 using statement S.

First, we show the statement S is true. Suppose U = (), then according to the definition of
Z([n], [n],n) and imputations, we have X, = X. Hence, we have D (X,,Y) = D (X,Y). This
proves the statement S when U = (.

Suppose U = [n]. Then, according to the definition of Z([n], [n],n) and imputations, any vector
X, € V" is such that X, € Z([n],[n],n) and X, is an imputation of X for indices U = [n]. Let
X, = X, then we have D (X,,Y) = D (X,Y). This proves the statement S when U = [n].

In the following, we only prove the statement S when U # [n] and U # 0.
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For any given n € N, let P(k) be the statement S when |U| = k. We prove P(k) is true for any
ke {1,...,n— 1} by induction on k.

Base Case: 'We show P(1) is true. Suppose |U| = 1. Let us denote U = {u}.

Then, let X, X5 be imputations of X for the index w € [n] such that R(X;(u),X1) =
1, and R(X2(u), X2) = n. Since R(X1(u), X1) =1, we have

Xl(u) < jg%“i{lU Xl(])

Hence, X1 € Z(U,[n],n). Similarly, since R(X2(u), X2) = n, we have

X > max Xs(j).
2(u) jeY?J\ 2(7)
Hence, Xy € Z(U, [n],n).

Next, according to Proposition C.4.2, we have
D (X’,Y) <max{D (X1,Y),D (X3,Y)}.

Hence, we have shown that P(1) is true.

Induction Steps: We show the implication P(1), P(k) = P(k+1) forany k € {1,...,n—2}.

Denote m = k+1. Without loss of generality, let us assume (after relabelling) U = {1,2,--- ,m}.
Then, since P(k) is true, there exists an imputation X; € Z(U\{1}, [n],n) of X for indices U\ {1}
such that D (X,Y) < D (X;,Y).

Since P(1) is true, there exists an imputation Xo € Z({1}, [n],n) of X; for the index {1} such
that D (X1,Y) < D (Xa,Y).

Then, we have D (X,Y) < D (X2,Y). Further, according to Lemma C.4.4, we have Xy €
Z(U, [n],n).

Next, since X; is an imputation of X for indices U \ {1}, we have X;(i) = X (i) for any
i € [n] \ U. Further, since X is an imputation of X; for the index {1}, we have X5(i) = X (i)
for any i € [n] \ U. Hence, we have Xo(i7) = X (i) for any i € [n] \ U. In other words, Xs is an
imputation of X for indices U,

Thus, Xs € Z(U,[n],n) is an imputation of X for indices U such that D (X,Y) < D (X2,Y).
Hence, we have shown P(k + 1) is true. This completes our proof for the statement S.

Next, we prove Proposition C.4.5 using the Statement S. Let us denote
S={D(V,Y):V e Z(U,|n|,n) is an imputation of X for indices U}.

Then, the carnality of S is finite and there exist X, € Z(U, [n],n) of X for indices U such that
D (X,,Y)=max5S.

We now show that D (X,Y) < D (X,,Y). According to statement S, there exist imputation
X1 € Z(U,[n],n) of X for indices U such that D (X,Y) < D (X;,Y). Then, according to the
definition of S and X, we have D (X1,Y) < D (X,,Y). Hence, we have D (X,Y) < D (X,,Y).

Next, we show that D (X', Y) < D (X,,Y). According to statement S, there exist imputation
Xy € Z(U,[n],n) of X’ for indices U such that D (X', Y) < D (X2,Y). Since X’ is an imputation

of X for indices U, then X5 is also an imputation of X for indices U. Then, according to the
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definition of X, we have D (X2,Y) < D (X,,Y). Overall, we have D (X',Y) < D (X,,Y). This
completes our proof.
O

We briefly consider the number of possible X, € Z(U,[n],n), up to equivalent rank vectors.
An imputation X, € Z(U, [n],n) is such that all components in U are either larger or smaller
than all components at indices [n] \ U. Let m; = |U| and let r be the number of components
smaller than all components in [n] \ U. Then, there are m; — r components of X, that are larger
than its all components with indices in [n] \ U.

For the r smaller components with indices in U, each component can take a distinct rank
between 1 and r. Hence, there are r! possibilities for the ranks of these components. Similarly,
for the my —r larger components, each component can take a distinct rank between n—(m;—r)+1
and n. Hence, there are (m; — r)! possible ranks for these larger components. Since 0 < r < my,
the number of possible rank vectors of imputations X, € Z(U, [n],n) is given by > " r!(my —7)!.

Even for a moderately small mi, such as m; = 20, the number of permutations can exceed
5.14 x 10'8. Therefore, further refinement of Proposition C.4.5 is necessary to determine the
maximum possible Spearman’s footrule efficiently. We therefore consider ordering the components
of imputations X, with indices in U according to the values of their paired components, as shown

in Theorem C.4.10. We start by introducing the following lemma.

Lemma C.4.6. Suppose X,Y € V", and assume Y (1) < ... <Y(n). Let X; be a permutation
of X such that X7(1) > ... > X1(n). Then, we have

SIX () - V(@) < S 1X () - Y (i)l (C.141)
=1 =1

Proof. Let P(k) be the statement of Lemma C.4.6 when n = k. We prove that P(k) is true for
any k € N such that k£ > 2 by induction on k.

Base Case: We show P(2) is true. Suppose n = 2. Then, we have X = (X(1),X(2)). If
X (1) > X(2), then X; = (X(1),X(2)). Hence, we have X = X; and then (C.141) holds.

Thus, it is sufficient to prove (C.141) when X (1) < X (2). Suppose X (1) < X(2). Then, we
have X; = (X (2), X (1)). Therefore, the right-hand side of (C.141) is such that

(X1 (1) = Y()| +X1(2) =Y (2) = |X(2) - V()] + [X(1) = Y (2)]. (C.142)

Since Y (1) < Y(2), and X (1) < X(2), then there are following 6 cases of the order between
Y(1),Y(2),X(1), and X(2):

(1) ¥ (1) < Y(2) < X(1) < X(2),
(2) ¥(1) < X(1) < Y(2) < X(2),
(3) :X(1) < V(1) < Y(2) < X(2),
(4) ¥(1) < X(1) < X(2) < Y(2),
(5) :X(1) < Y(1) < X(2) < Y(2),
(6) :X(1) < X(2) < Y(1) < Y(2).
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In the following, we are going to consider the 6 cases separately.
Suppose the case (1) : Y(1) < Y (2) < X(1) < X(2) is true. Then, the left-hand side of (C.141)

[(X(1) =Y+ ]X(2) -Y(2) = X(1) - V(1) + X(2) - Y(2)
The right-hand side of (C.141) is

1X1(1) =Y ()] +[X1(2) = Y(2)] =12 X (2) - Y (1) + X (1) = V(2)]
= X(2)-Y(1)+X(1)
= X(1) -~ V(1) + X(2)

-Y(1)+X(1) -

-Y(1)+X(2)-Y(2).

Then, the right-hand side of (C.141) minus the left-hand side of (C.141) equals to
(XH-Y1)+X(2)-Y(2)—-(X1)-Y(1)+X(2)—-Y(2) =0.

Hence, we have shown (C.141) is true when the case (1) is true.
Next, suppose the case (2) : V(1) < X(1) < Y(2) < X(2) is true. Then, the left-hand side of
(C.141) is

[(X(1) =YW+ |X(2) Y (2)] = X(1) - V(1) + X(2) - Y(2)
= (X(2) - Y1) + (X (1) = Y(2).

The right-hand side of (C.141) is

1X1(1) =Y ()] +[X1(2) = V(2)] =) X (2) - Y ()] + X (1) - V(2)]
= X(2)-Y(1)+Y(2) - X(1)
= (X(2)-Y (1)) +(Y(2) - X(1)).

Subsequently, the right-hand side of (C.141) minus the left-hand side of (C.141) equals to

(X(2) - Y (1)) + (Y(2) - X(
— (V(2) - X(1)) — (X(1) - Y(2)) = 2¥(2) - 2X(1) > 0.
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Hence, we have shown (C.141) is true when the case (2) is true.
Next, suppose the case (3) : X(1) <Y (1) < Y(2) < X(2) is true. Then, the left-hand side of
(C.141) is

(X(1) =Y+ [X(2) - Y2 =Y(1) - X(1) + X(2) - Y(2)
= (X(2) - X(1) + (Y (1) - Y(2).

271



The right-hand side of (C.141) is

X1 (1) = V()] + [ X1(2) = V()| =) [X(2) = Y (1) + | X (1) = Y(2)|
= X(2)-Y(1)+Y(2) - X(1)
=(X(2) - X(1)+ (¥Y(2) -Y(1)).

Subsequently, the right-hand side of (C.141) minus the left-hand side of (C.141) equals to

(X(2) —X(1))+ (¥(2) -Y(1) — (X(2) - X(1) - (Y(1) - Y(2))
= (Y(2)—Y(1) = (Y(1) = Y(2) = 2Y(2) — 2Y(1) > 0.

Hence, we have shown (C.141) is true when the case (3) is true.
Next, suppose the case (4) : Y(1) < X (1) < X(2) < Y(2) is true. Then, the left-hand side of
(C.141) is

[(X(1) =YW+ |X(2) -Y(2) = X(1) - V(1) +Y(2) - X(2)
= (Y(2) =Y (1)) + (X(1) = X(2)).

The right hand side of (C.141) is,

| X1(1) = Y (1) + [X1(2) = Y/(2)] =) [ X(2) - Y(1)] + X (1) - Y(2)|
=X(2)-Y(1)+Y(2)-X(1)
=(Y(2) -Y(1)) +(X(2) - X(1)).
Subsequently, the right hand side of (C.141) minus the left hand side of (C.141) equals

Y(2)-Y(1)) +(X(2) - X(1)) = (Y(2) - Y (1)) = (X(1) = X(2))
= (X(2) — X(1)) = (X(1) = X(2)) = 2X(2) — 2X(1) > 0.

Hence, we have shown (C.141) is true when the case (4) is true.
Next, suppose the case (5) : X(1) < Y(1) < X(2) < Y(2) is true. Then, the left hand side of
(C.141) is

(X1 =YW+ |X(2) -Y(2)=Y(1) - X(1) +Y(2) - X(2)
= (Y(2) - X(1)) + (Y (1) = X(2)).

The right hand side of (C.141) is,

X1(1) = Y (1) + [ X1(2) - Y(2)] =9 X (2) = Y (1) + X (1) - Y(2)]
=X(2) =Y +Y(2)-X(1)
= (Y(2) - X(1)) + (X(2) - Y (1)).
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Subsequently, the right hand side of (C.141) minus the left hand side of (C.141) equals to

(Y(2) - X (1)) + (X(2) - Y(1) - (V(2) - X(1)) - (Y(1) - X(2)
— (X(2) - Y (1)) - (Y(1) - X(2)) = 2X(2) — 2Y(1) > 0.

Hence, we have shown (C.141) is true when the case (5) is true.
Next, suppose the case (6) : X(1) < X(2) <Y (1) < Y(2) is true. Then, the left hand side of
(C.141) is

(X1 =YW+ |X(2) -Y(2)=Y(1) - X(1)+Y(2) - X(2).

The right hand side of (C.141) is,

1X1(1) = Y (1) +]X1(2) - Y(2)] =) X (2) - Y(1)] + X (1) = V(2)]
—Y(1) - X(2)+Y(2) — X(1)
—Y(1) - X(1)+Y(2) - X(2)

Subsequently, the right hand side of (C.141) minus the left hand side of (C.141) equals to
Y (1) - X(1)+Y(2) - X(2) - Y1) - X1 +Y(2) - X(2) =0

Hence, we have shown (C.141) is true when case (6) is true. This completes our proof for P(2).
Induction Step: We show the implication P(2), P(k) = P(k + 1) for any integer k > 2.
Let X2 be a permutation of X such that Xo(1) > ... > Xs(n — 1) and Xa(n) = X(n). Then,

since P(k) is true, we have
n—1 n—1
DOIX@) Y@ <Y 1Xa(i) — Y (i)
i=1 i=1

Since X3(n) = X (n), we have

[ X (n) =Y (n)| = [Xa(n) = Y(n)|.

Then, we have

M IX@) =Y (i) <) 1Xa(i) = Y(i). (C.143)
=1

i=1

In the following, we are going to show P(k + 1) is true when
X(n) <min{X(1),...,X(n—1)}

and
X(n) > min{X(1),...,X(n—1)},

separately.
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Suppose X (n) < min{X(1),...,X(n—1)}. Then, since X2(1),...,X2(n —1) is a permutation
of {X(1),...,X(n—1)}, we have

min{ X (1),---, X(n —1)} = min{Xs(1),--- , Xa(n —1)}.
Next, since Xa(n) = X (n), then we further have
Xo(n) = X(n) <min{X (1), -+, X(n—1)} = min{Xs(1), -, Xo(n —1)}.

Since X5 is a permutation of X such that X3(1) > ... > Xa(n—1), and Xao(n) < min{Xa(1),--- , Xo(n—
1)}, we have X is a permutation of X such that Xo(1) > ... > Xs(n).

Since X is a permutation of X such that X;(1) > ... > X;(n), then we have Xy = Xj.
According to (C.143), we have

DIX@ Y@ <Y IX6) - Y ().
=1 =1

Hence, we have shown P(k 4+ 1) when X (n) < min{X(1),...,X(n—1)}.
However, suppose
X(n) >min{X(1),...,X(n—1)}.

Then, since X5(1),---, Xa(n — 1) is a permutation of {X(1),---,X(n — 1)}, we have
min{X(1),---,X(n—1)} = min{Xz(1), -, Xa(n — 1)}.
Since Xa(n) = X (n), then we further have
Xa(n) = X(n) > min{X(1),...,X(n— 1)} = min{Xs(1),...,Xa(n —1)}.
Further, since X5(1) > ... Xa(n — 1), we have
Xa(n) > Xo(n — 1) = min{Xa(1),..., Xo(n — 1)},
and
Xo(n —1) = min{Xs(1),...,Xa2(n)}. (C.144)

Next, let X3 be a permutation of Xy such that X3(i) = Xs(i) for any ¢ € {1,...,n — 2},
X3(n—1) = Xa(n), and X3(n) = Xs(n—1). Then, since Xo(n) > Xo(n—1), we have X3(n—1) >
X3(n)

Since P(2) is true, we have

[Xo(n —1) = Y(n = 1)| + | X2(n) = Y(n)]
< [Xz(n = 1) =Y(n = 1)[ +[X5(n) = Y (n)].
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Since X3(i) = Xo(i) for any i € {1,...,n — 2}, we have
n—2 n—2
D 1Xa(i) =Y (@) =) 1X5(0) = Y (D).
i=1 i=1

Then, we have

n

D 1Xa() = Y (i) < | X3(d) — Y (i) (C.145)
=1

i=1

Next, let X4 be a permutation of X3 such that X4(1) > ... > Xy4(n — 1) and X4(n) = X3(n).

Then, since P(k) is true, we have
n—1 n—1
D 1Xs(0) =Y (i) < D[ Xa(i) = Y (D).
i=1 i=1

Since X4(n) = X3(n), we have

[ X5(n) =Y (n)| = [Xa(n) = Y(n)].

Thus, we have

n

n
> [ Xs(i) = V()| <Y |Xu(i) = Y (i) (C.146)
i=1 i=1

According to (C.144), we have Xs(n —1) = min{X2(1),..., X2(n)}. Since X3 is a permutation
of X5 and X3(n) = Xa(n — 1), then we have X3(n) = min{X3(1),...,X3(n)}.

Next, since X4 is a permutation of X3, and X4(n) = X3(n), we have X4(n) = min{X4(1),..., X4(n)}.
Notice that X4(1) > ... > X4(n —1). Hence, we have X4(1) > ... > Xy(n).

Since X4 is a permutation of X3, X3 is a permutation of X5, X5 is a permutation of X, we
have X is a permutation of X. Then, since X7 is a permutation of X, and X1(1) > ... > X;(n),

we have X4 = X;. Hence, we have
DX =Y (@) =Y | Xali) - Y (i)
i=1 i=1
>(C146) 371X (5) — (i)

=1

>(CHO)N  Xy (i) = Y (i)
=1

519 3 X (0) — Y (3.
=1

Thus, we have shown P(k + 1) is true. This completes our proof.

By applying Lemma C.4.6, we can show the following result.
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Lemma C.4.7. Suppose X,Y € V" and for m < n assume U = {1,...,m} and Y (1) < --- <
Y (m). Let X’ be an imputation of X for indices U. Suppose X, is also an imputation of X for
indices U, and (X.(7));ev is a permutation of (X'(7));ey such that X, (1) > --- > X,(m). Then,
we have D (X')Y) < D (X,,Y).

Proof. Since X’ is an imputation of X for indices U, we have X'(i) = X (i) for any i € [n] \ U.
Similarly, since X, is an imputation of X for indices U, we have X, (i) = X (i) for any i € [n]\ U.
Hence, we have X, (i) = X'(i) for any i € [n] \ U.

Further, since (X.(4));cy is a permutation of (X'(i));cy, then we have X, is a permutation of

X'. Hence, according to the definition of rank, for any i € [n] \ U, we have

n

R(X.(0), X.) = Y T(X:(j) < Xu(0))
j=1

n

=Y T(X'(5) < X.(9)) -

J=1

Since X, (i) = X'(i) for any i € [n] \ U, we further have

R(X.(i), X.) = Y T(X'(j) < X'(i)) = R(X'(4), X'), for any i € [n] \ U.
j=1
Then, we have
> IR(X. (), X.) = R(Y(i),Y)| = > [R(X(i), X') = R(Y (i), Y)]. (C.147)
i=m-+1 i=m+1

Next, since X, is a permutation of X’, then according to the definition of rank, for any i € U,

we have

R(X.(1), X.) = ST(X0) < Xu(i) = S T(X'() < Xu(3)) -

J=1 J=1

Since (X«(7))iev is a permutation of (X'(7));cy, then there exist a permutation (o(1));ey of U
such that

X, (i) = X'(0(i)), for any i € U.

Hence, we have

R(X.(i), X.) = Y _1(X'(j) < X'(0(i))) = R(X'(0(i)), X’), for any i € U.
j=1
In other words, (R(X. (i), X4)),cp is a permutation of (R(X'(i), X')),cy. Since X, (1) > ... >
X«(m), we have R(X, (1), X,) > ... > R(X.(m), X).
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Then, according to Lemma C.4.6, we have

S IR(X.(0), X.) — R(Y (i), Y)] > 3 [R(X(), X') - R(Y (i), Y)|.
=1 =1

Combining this result with (C.147), we have

This completes our proof.
O
Consider any imputation X’ of X for indices U, Lemma C.4.7 suggests the values of Spearman’s
footrule will always be larger or equal if the components of X’ with indices in U are further

arranged inversely according to their paired components. More formally, let us define

Definition C.4.8. Suppose Y € V" and let U C T C [n]. Define
XY;U,T,n)={Z € Z(U,T,n)| for any i,5 € U, Z(i) > Z(j) if Y (i) <Y (j)}.

Then, combining Proposition C.4.5 and Lemma C.4.7, Theorem C.4.10 will allow us to ef-
ficiently determine an imputation X, that maximises Spearman’s footrule. For proving Theo-

rem C.4.10, we first need to show the following result.

Lemma C.4.9. Suppose X,Y € V" and for m < n assume U = {1,...,m} and Y (1) < ... <
Y (m). Suppose X; € Z(U, [n],n) is an imputation of X for U. If X5 is an imputation of X for
indices U such that (X2(i))icy is a permutation of (X;(i))ier, and Xa2(1) > ... > Xy(m), then
we have X9 € X(Y; U, [n],n).

Proof. Since X; € Z(U, [n],n), then we have

X1(?) < min X1(j), or X1(2) > max X;(j), for any i € U.
JEMNU JEMNU
Since X3 is an imputation of X for U, we have X3(i) = X (i) for any ¢ € [n] \ U. Then, since
X1 is an imputation of X for U, we have X;(i) = X (i) for any ¢ € [n] \ U. Hence, we have
X1(i) = Xa(i) for any i € [n] \ U. Thus, we have min;cp,\y X1(j) = minjeppv X2(j) and
maxcp)\v X1(j) = max;ep)\v X2(j). Then, we have

X1(%) < min Xo(j), or Xi(2) > max Xs(j), for any i € U.
jen\U JEMN\U

Since (X2(i))ier is a permutation of (X1 (7))ier, then we have

Xo(i) < min Xa(j), or Xo(i) > max Xs(j), for any i € U.
jen\U SN
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Thus, we have Xy € Z(U, [n],n). Notice that Y (1) < ... < Y(m) and Xa2(1) > ... > Xa(m).
Hence, we have for any i,7 € U, X3(i) > Xa(j) if Y(i) < Y(j). Therefore, we have shown
X9 € X(Y; U, [n],n). This completes our proof. O

By applying Lemma C.4.7, Lemma C.4.9, and Proposition C.4.5, we can show the following

result.

Theorem C.4.10. Suppose X,Y € V" and let U C [n]. Then, there exists an imputation
X« € X(Y;U,[n],n) of X for indices U such that D(X,Y) < D(X,,Y), and for any other
imputation X’ € V" of X for indices U, D (X', Y) < D (X.,Y).

Proof. Without loss of generality, let us assume (after relabelling) U = {1,...,m} and Y(1) <
... <Y(m). Let us denote

S={D(V,Y):V € X(Y;U,[n],n) is an imputation of X for indices U}.

The carnality of S is finite and there exist imputation X, € X (Y;U,[n],n) of X for indices U
such that D (X,,Y) = max S.

We first show that D (X,Y) < D (X,,Y). According to Proposition C.4.5, there exist impu-
tation Xy € Z(U, [n],n) of X for indices U such that D (X,Y) < D (X1,Y).

Next, let X5 be an imputation of X for indices U such that (X2(i));cr is a permutation of
(X1(7))icr, and Xo(1) > ... > Xo(m). Then, according to Lemma C.4.7, we have D (X;,Y) <
D (X,,Y).

According to Lemma C.4.9, we have Xy € X(Y;U, [n],n). Then, according to the definition of
X, we have D (X32,Y) < D (X,,Y). Hence, we have D (X,Y) < D (X,,Y).

Next, we show that D (X',Y) < D (X,,Y). According to Proposition C.4.5, there exist impu-
tation X3 € Z(U, [n],n) of X' for indices U such that D (X', Y) < D (X3,Y).

Since X’ is an imputation of X for indices U, then X3 is also an imputation of X for indices U.
Let X4 be a imputation of X for indices U such that (X4(7))ier is a permutation of (X3(%))icr,
and X4(1) > ... > X4(m). Then, according to Lemma C.4.7, we have D (X3,Y) < D (X4,Y).

According to Lemma C.4.9, we have X4 € X(Y;U, [n],n). Then, according to the definition of
X, we have D (X4,Y) < D (X,,Y). Hence, we have D (X', Y) < D (X,,Y). This completes our
proof.

U

Compared with Proposition C.4.5, Theorem C.4.10 further narrows down the scope of possible

imputations X, to the set X'(Y'; U, [n], n) for achieving the maximum possible Spearman’s footrule.

Remark C.4.11. Suppose an imputation X, € X(Y; U, [n],n). Then X, € Z(U, [n],n), which
means all components of X, in U are either larger or smaller than all components in [n]\ U. Let
mi = |U| and let r be the number of components smaller than all components in [n] \ U. Then,
there are m; —r components of X, that are larger than its all components with indices in [n]\ U.
The ranks of the r smaller components in U take all values between 1 and r, and the ranks of
the mq — r larger components in U take all values between n — (m; —r) 4+ 1 and n. Crucially, the
rank of each component in U is decided by the rank of its paired component. Since 0 < r < mjy,

the number of possible rank vectors for imputations X, € X(Y; U, [n],n) is m; + 1.
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Computing the value of Spearman’s footrule between X, and Y, for one possible X, re-
quires computational complexity O(nlogn). Thus, computing Spearman’s footrule for X, €
X(Y; U, [n],n) with the distinct (m;+1) rank vectors has computational complexity of O(nm; logn).
However, it is not necessary to re-rank all components and re-calculate the value of Spearman’s
footrule every time the ranks of components of X, in U are altered. Section C.5.1 provides an
efficient algorithm for computing the maximum Spearman’s footrule under missing case I with

computational cost O(m; + nlogn).

C.4.2. Upper bound under missing case II

This section considers the upper bound of Spearman’s footrule under missing case II, where both
X and Y may contain missing components, but each pair (X (i),Y (:)) has at most one value
missing.

First, we show the following result.

Lemma C.4.12. Suppose X,Y € V" and U,V C [n] are subsets of indices such that UNV = .
Suppose X is an imputation of X for U. If Y; € X(X1;V,[n],n), we have Y1 € X(X;V, [n],n).

Proof. Since Y1 € X(X1;V,[n],n), then we have Y1 € Z(V,[n],n), and for any i, j € V, we have
Y; > Y; if X1(i) < X1()).

Next, since X is an imputation of X for U, then we have X;(i) = X (i) for any i € [n] \ U.
Then, since UNV = (), we have V C [n] \ U. Hence, we have X (i) = X (i) for any i € V.

Thus, for any 4,5 € V, we have Y; > Y; if X (i) < X(j). Therefore, we have shown Y; €
X (X;V,[n],n). This completes our proof. O

Combining Lemma C.4.12, and Theorem C.4.10, we can show the the main results for the

upper bounds under missing case II.

Theorem C.4.13. Suppose X,Y € V" and U,V C [n] are disjoint subsets of indices such
that U NV = (). Then, there exist imputations (X.,Yy) € (X(Y;U,[n],n), X(X;V,[n],n)) of
X,Y for indices U and V, respectively, such that D (X,Y) < D (X,,Y,). Furthermore, consider
any imputation X')Y" € V" of X,Y for indices U and V, respectively, we have D (X' Y’) <
D (X.,Y.).

Proof. To start, let us denote

S={DV,W): (V,\W) € (X(Y;U,[n],n), X(X;V,[n],n))

are imputations of XY for indices U and V, respectively}.
Then, the carnality of S is finite and there exist imputations
(X, Ys) € (X(Y3U, [n],n), X(X;V, [n], n))

of X,Y for indices U and V, respectively, such that D (X,,Y,) = max S.
We first show that D (X,Y) < D (X,,Ys). According to Theorem C.4.10, there exist an This
completes our proof.imputation X; € X(Y;U,[n],n) of X for indices U such that D (X,Y) <
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D (X1,Y). Applying Theorem C.4.10 again, there exist an imputation Y7 € X (X1;V,[n],n) of Y’
for indices V' such that D (X1,Y) < D (X1,Y1). Hence, we have D (X,Y) < D (X1,Y7).

According to Lemma C.4.12, we have Y7 € X(X;V,[n],n). Notice that X; € X(Y;U, [n],n).
Then, according to the definition of (X, Yy), we have D (X1,Y7) < D (X, Ys). Hence, we have
D(X,Y) <D (X,,Y,).

Next, we show that D (X" Y’") < D (X,,Y). According to Theorem C.4.10, there exist an
imputation Xy € X(Y'; U, [n],n) of X’ for indices U such that D (X', Y') < D (X,,Y”).

Since X’ is an imputation of X for U, we have X5 is also an imputation of X for U. Meanwhile,
notice that Y’ is an imputation of Y for indices V, then according to Lemma C.4.12, we have
Xo € X(Y; U, [n],n).

Applying Theorem C.4.10 again, there exist an imputation Yo € X(Xy;V,[n],n) of Y’ for
indices V' such that D (X2,Y’) < D (X2,Y2). Hence, we have D (X', Y') < D (X1,Y2).

Since Y’ is an imputation of Y for V, then according to the definition of imputations, we can
show that Y5 is also an imputation of Y for V. Meanwhile, notice that X5 is an imputation of X
for indices U, then according to Lemma C.4.12, we have Y3 € X (X;V,[n],n).

Then, according to the definition of (X, Y,), we have D (X3,Y>) < D (X, Y.). Hence, we have
D (X', Y') < D (X.,Yx). This completes our proof.

U

If we denote m; = |U| and my = |V|, then the number of possible rank vectors of im-
putations X, € X(Y;U,[n|,n) is m; + 1 and the number of possible rank vectors of impu-
tations Y, € X(X;V,[n|,n) is mg + 1, following reasoning similar to that in Remark C.4.11
for missing case I. Hence, the number of possible combinations of rank vectors of imputations
(X, Ya) € (X(Y; U, [, ), X(X; V, 1], ) i (s + 1)(ima + 1).

C.4.3. Upper bound under missing case III

This section provides the upper bound of Spearman’s footrule under missing case 111, where for
each pair (X (i), Y (7)), the two values are either both observed or both missing.
To start, we consider the case where there is only one pair (X (u), Y (u)) where both values are

missing. The following result is proved by applying Lemma C.4.1 and Proposition C.4.2.

Proposition C.4.14. Suppose X,Y € V", and let u € [n]. Suppose X1,Y; € V" and Xo,Y, € V"

are imputations of X and Y for the index u such that

R(Xl(ul),Xl) = 1, and R(Yl(ul),Yl) =n,
R(Xg(ul),Xg) =n, and R(Yg(ul),Yé) =1

Then, D (X,Y) < max{D (X1,%1),D (X2,Y2)}.

Proof. To start, since R(Y2(u),Y2) = 1, then we have R(X(u),X) > R(Ya(u),Y2). Hence,
according to Lemma C.4.1, we have D (X,Y3) < D (X2, Y>).

Similarly, since R(Y1(u),Y1) = n, we have R(X(u), X) < R(Y1(u),Y1). Hence, according to
Lemma C.4.1, we have D (X,Y;) < D (X1, Y7).
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Hence, we have max{D (X,Y7),D (X,Y2)} < max{D (X;1,Y1),D (X2,Y2)}. According to
Proposition C.4.2, we have D (X,Y) < max{D (X,Y1),D (X,Y>)}. Thus, we further have
D (X,Y) <max{D (X;,Y1), D (X2,Y2)}. This completes our proof. O

When one pair (X (u), Y (u)) is missing, Proposition C.4.14 gives similar results as in Proposi-
tion C.4.2, offering two possibilities for determining the maximum possible value of Spearman’s
footrule.

Furthermore, to achieve the maximum possible Spearman’s footrule, Proposition C.4.14 re-
quires the paired ranks of the imputations for the index u to be at opposite ends of the sequence
1,...,n. For example, if the imputed rank of X (up) is 1, then the imputed rank of its paired
component must be n; conversely, if the imputed rank of X (u1) is n, then the rank of its paired
component must be 1. Let X, and Y, be imputations of X and Y, respectively. This condition

can be expressed as
R(X.(u), X&) + R(Yi(u),Ys) =n+ 1.

It will be useful to define a set of indices for which this condition is satisfied.

Definition C.4.15. Let W C [n] be a subset of indices. Define Y(W,n) as
YW,n) ={(Z1,Z2) € (Z(W,[n],n),V")|R(Z1(), Z1) + R(Z2(i), Z2) =n+1, i € W}.

Using Definition C.4.15, we can state Theorem C.4.18, which concludes the upper bounds of
Spearman’s footrule under missing case III. For proving the theorem, we will first need to prove

the following two lemmas.

Lemma C.4.16. Suppose X; € V", and for 2 < m < n, denote W ={n—m+1,...,n—1} as
a subset of indices. Suppose X7 € Z(W’, [n],n), and define

Wi =3ieW :X(i) > X1(1)p , Ws=1RieW :X1(i) < in Xqi(0)p.
(={iewnm> e x0fvg={iew 6@ < o 0]
Suppose X9 is an imputation of X; for the index n. Then if R(X2(n),Xs) = n, we have
R(XQ(Z)uXQ) = R(Xl(l)zXl) -1, for any i€ W1/7 and R(XQ(/L)’X2) = R(Xl(z)7X1)7 for any
i € Wj. However, if R(X2(n),X3) = 1, we have R(X5(i), X2) = R(X1(i),X1), for any i € W/,
and R(X2(i), X2) = R(X1(i), X1) + 1, for any i € WJ.

Proof. First, we show that if R(X2(n), X2) = n, then we have R(X2(i), X2) = R(X1(7), X1) — 1,
for any ¢ € Wi, and R(X2(i), X2) = R(X1(i), X1), for any i € W3,
According to the definition of rank, for any « € W/, we have

R(X5(i), X2) = Y T(Xs(j) < Xa(i))

j=1

1

= > 1(Xa(j) < Xa(i) +1(X2(n) < Xa(3)).
j=1
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Since R(X2(n), X2) = n, we have I(Xa(n) < X5(i)) = 0, for any i € W’. Then, for any i € W/,

we have

n—1
R(Xa(i), X2) = 3 1(Xa(j) < Xa(i)) = R(Xa (i), (Xa(l)icin-1y)- (C.148)
j=1

Since X5 is an imputation of X; for the index n, then we have Xz(i) = X;(¢) for any i €
[n] \ {n} = [n — 1]. Hence, (Xa(l));gjn—1] is a permutation of (X1(/));e[n—1)- Meanwhile, since
W' ={n-m+1,....n—1} C [n— 1], we have X5(i) = X;(4), for any i € W’. Then, it follows
that

R(Xo(0), (Xa()ieia-1)) = ROXL(0), (X2 (Do), for any i € W', (C.149)

Using the definition of ranks and notice that X; € V" is a vector of distinct real values, we can
show that

R(X1(1), (X1(1))iepm-1)) = R(X1(d), X1) — I(X1(n) < X1(4)), for any i € W'

If i € W{, then according to the definition of W7, we have Xi(i) > maxjcp,\w» X1(/). Since
n € [n] \ W', we have X;(i) > X1(n). Hence, we have

R(X1(u1), (X1(1))iepn—1]) = R(X1(u1), X1) — 1, for any i € W]. (C.150)

However, if i € W, according to the definition of W3, we have X (i) < mingep,\p X1(l). Since
n € [n] \ W', we have X;(i) < X;(n). Hence, we have

R(X1(u1), (X1())igpn—1) = R(X1(w1), X1), for any i € Wy (C.151)
Thus, for any ¢ € W/, we have

R(X5(i), Xa) =91 R(X,(i), (X2(1))iefu—1))
=@M R(X1(1), (X1(1))1efn-1))
=(C150) R(X, (i), X;) — 1.

[y

Similarly, for any i € W], we have

R(X5(i), X2) =) R(X2(1), (X2()iefn-1))
=19 R(X1(3), (X1(1))igfn-1))
_(C.151) R(Xl(i),Xl)-

—_

Hence, we have shown that when R(X2(n), X2) = n, we have R(X12(i), X2) = R(X1(4), X1) — 1,
for any i € Wi, and R(X»(i), X2) = R(X1(7), X1), for any i € W,

Similarly, we can show that if R(X2(n), X2) = 1, we have R(X2(i), X2) = R(X1(i), X1), for
any ¢ € W{, and R(X2(i), X2) = R(X1(i), X1) + 1, for any i € WJ.
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According to the definition of rank, for any i € W, we have

R(X(i), X2) = Y _T(Xa(j) < Xa(i))
j=1

n—1

= T(Xa(j) < Xa(i)) + 1(Xa(n) < Xa(i)).
j=1

Since R(X3(n), X2) =1, we have I (X3(n) < X3(i)) = 1, for any i € W’. Then, we have

n—1
R(X5(u1), Xa) = ;I(Xz(l) < Xp(w1)) +1 (C.152)
= R(X2(u1), (XZ(Z))ZE[n—l]) +1, for any i € W".

Since Xo is an imputation of X; for the index m, then we have Xo(i) = Xi(i) for any i €
[n] \ {n} = [n — 1]. Hence, (X2(l));cjn—1] is a permutation of (X1())ie[—1)- Meanwhile, since
W ={n—-m+1,...,n—1} C [n — 1], we have X2(i) = X1(4), for any i € W’. Then, it follows
that

R(Xa(i), (X2(1))iepn—1)) = R(X1(3), (X1(1))igfn—1)), for any i € W' (C.153)

Using the definition of ranks and notice that Xy € V" is a vector of distinct real values, we can
show that

R(X1 (i), (X1 (D)) = ROX1(3), X1) — (X1 (n) < X1(3)), for any i € W".

If i € W{, then according to the definition of Wy, we have Xi(i) > maxjcp,\w+ X1(l). Since
n € [n] \ W', we have X;(i) > X;(n). Hence, we have

R(Xl(ul), (Xl(l))le[n—l]) = R(Xl(ul),Xl) — 1, for any 1 E W{ (0154)

However, if i € W3, then according to the definition of W3, we have Xi (i) < minjeppw X1(0).
Since n € [n] \ W', we have X;(i) < X1(n). Hence, we have

R(X1(u1), (X1(1))igpn-1)) = R(X1(u1), X1), for any i € Wy (C.155)
Thus, for any i € W], we have

R(X5(i), X2) =91 R(X,(i), (Xa()iefn—1)) + 1
=159 R(X1 (i), (X1(1) i) + 1
_(C.154) R(Xl(Z),Xl)

—_
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Similarly, for any i € W, we have

R(X5(i), X2) =91 R(X,(i), (Xa(]))igfu—1)) + 1
=159 R(X1 (i), (X1(1) iepn-1) + 1
_(C.154) R(X1(4), X1) + 1.

Hence, we have shown that if R(X2(n), X2) = 1, we have R(X2(i), X2) = R(X1(i), X1), for any
i € Wi, and R(X3(i), X2) = R(X1(4),X1) + 1, for any ¢ € WJ. This completes our proof. O

Lemma C.4.17. Suppose X,Y € V" and for 2 < m < n assume W = {n —m +1,...,n},
and W ={n—-m+1,...,n—1}. Suppose (X1,Y1) € Y(W’',n) are imputations of X and Y for
indices W', and (X3, Y2) € Y({n},n) are imputations of X; and Y; for the index n. Then X»,Y>
are imputations of X and Y for indices W such that (Xs,Ys2) € Y(W,n).

Proof. First, we show that Xs,Ys are imputations of X and Y for indices W. Since X1,Y7 are
imputations of X and Y for indices W, then according to the definitions of imputations, we have
X1(7) = X(4) and Y1(7) = Y (4) for any i € [n] \ W'.

Since W' € W, we have [n] \ W C [n] \ W’. Hence, we have

Xi(1) = X (i), and Y1(i) = Y (i), for any i € [n] \ W.

Since X»,Y> are imputations of X; and Y; for the index n, then we have Xs5(i) = X1(¢) and
Ys(i) = Y1(7) for any i € [n] \ {n}. Since {n} C W, then we have [n] \ W C [n] \ {n}. Hence, we

have

Xo(i) = X1(7), and Ya(i) = Y1(i), for any ¢ € [n] \ W
= Xs(i) = X (i), and Ya(i) = Y (i), for any i € [n] \ W.

This proves that Xs, Y5 are imputations of X and Y for indices W.

Now, we show that (X2, Y2) € Y(W,n). To start, since (X1,Y1) € Y(W’',n), then we have X; €
Z(W',[n],n). Similarly, since (X2, Y3) € Y({n},n), we have X5 € Z({n}, [n],n). Then, according
to Lemma C.4.4, we have Xy € Z(W, [n],n). Hence, we have (Xo,Y3) € (Z(W,[n],n),V"). Then,
in order to show that (X, Y>) € Y(W,n), it is sufficient to show that

R(X5(i), X2) + R(Ys(i),Y2) =n+1, for any i € W.
Since (Xo2,Y2) € Y({n},n), we have
R(X2(n), X2) + R(Ya(n),Y2) =n+ 1. (C.156)
Then, we only need to show that
R(X5(i), X2) + R(Y2(i),Y2) =n+ 1, for any i € W'. (C.157)

Below, we prove (C.157) is true.
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Since Xo € Z({n}, [n],n), then we have

Xo(n) > max Xs(l), or Xa(n) < min Xso(I).
le[n—1] le[n—1]

Hence, we have either
R(XQ(TL),XQ) =n, or R(XQ(’I’L),XQ) =1.
Combining with (C.156), we have either

case (1) : R(X2(n),X2) =n, and R(Ya(n),Y2) =1,
or case (2): R(Xa(n),X2) =1, and R(Y2(n),Y2) =n,

is true.
Suppose case (1) is true. In other words, R(X2(n), X2) =n, and R(Y2(n),Ys) = 1.
Since X; € Z(W',[n],n), then we have

X1(3) > ler[zl]a\ﬁ// X1(l), or X1(4) < legzl}i\III/V’ X1(1), for any i € W'.

Let us define
W] = {z e W' : X1(i) > max X1(l)},
le[n\W’

and Wy = {z e W' :X1(i) < min Xl(l)} .
len\W"’

Then, we have W{ U W) = W’. Denote n} = |W{| and nf, = |WJ|.
Next, since Xo is an imputation of X; € Z(W’,[n],n) such that R(X2(n), X2) = n. Then

according to Lemma C.4.16, we have

R(XQ(Z),XQ) = R(Xl(l),Xl) — 1, for any 7 € Wll, (0158)
and R(X3(i), X3) = R(X1(i), X1), for any i € W3, (C.159)

For any i € W7, since X1(i) > max;cpn)\w X1(I), then we have
R(X1(i),X1) € {n,...,n —nf + 1}, for any i € Wj.

Further, since (X1,Y1) € Y(W',n), then R(X1(:),X1) + R(Y1(7),Y1) = n+ 1 for any i € W'.

Hence, we have
R(Y1(i), X1) € {1,...,n}}, for any i € W]

= Y1(i) < min_Yy(l), for any i € Wj. (C.160)
le[n]\W’
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Similarly, for any i € W3, since X1 (i) < minjepp)\p» X1(I), then we have
R(X1(i), X1) € {1,...,n4}, for any i € Wj.

Further, since (X1,Y1) € Y(W',n), then R(X1(i), X1) + R(Y1(7),Y1) = n+ 1 for any i € W'.

Hence, we have

R(Y1(i), X1) € {n,...,n —nk + 1}, for any i € W,
= Y1(i) > max Yi(l), for any i € Wj. (C.161)
IE[n\W

Combining (C.160) and (C.161), we have Y; € Z(W’,[n],n). Notice that Y3 is an imputation of
Y1 € Z(W, [n],n) for the index n such that R(Y2(n), X2) = 1. Then, according to Lemma C.4.16,

we have

R(Y5(i),Ys) = R(Y1(i),Y1) + 1, for any i € W/, (C.162)
and R(Y3(i),Y2) = R(Y1(i),Y1), for any i € Wj. (C.163)

Combining (C.158), (C.159), (C.162) and (C.162), for any i € W', we have
R(X3(i), X2) + R(Y2(i),Y2) = R(X1(i), X1) + R(Y1(7), Y1).
Since (X1,Y7) € V(W' n), then for any i € W, we have
R(X1 (), X1) + R(Y1(§), Y1) = n+ 1.
Hence, for any ¢« € W/, we have
R(X2(i), X2) + R(Y1(7), Y1) =n+ 1.

This proves (C.157) when the case (1) is true.

When the case (2) is true, (C.157) can be proved similarly. Suppose the case (2) is true. In
other words, suppose R(X2(n),Xs) =1, and R(Ya(n),Y2) = n.

Since X; € Z(W',[n],n), then we have

X1(3) > ler[gﬁ}v(w X1(1), or X1(3) < le[rqlzl}i\lll/w X1(1), for any i € W'.

Let us define

W) =<ieW: X(i Xy (1
1 {26 1(@)>ler[gﬁ>v<v, 1()},

dW)=3ieW :X1(i) < in Xq(1) ;.
and Wy {Z 1(2) R 1()}

Then, we have W{ U W3 = W’. Denote nj = |W]| and nb = |Wj|.
Next, since X9 is an imputation of X; € Z(W’,[n],n) such that R(X2(n),X2) = 1. Then
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according to Lemma C.4.16, we have

R(XQ(i),XQ) = R(Xl(i),Xl), for any ¢ € W{, (C.164)
and R(X2(i), X2) = R(X1(i), X1) + 1, for any i € Wj. (C.165)

For any i € W7, since X1 (i) > maxje,)\w» X1(l), then we have
R(X1(i),X1) € {n,...,n —nf + 1}, for any i € Wj.

Further, since (X1,Y7) € Y(W’',n), then R(X1(i), X1) + R(Y1(7),Y1) = n+ 1 for any i € W'.

Hence, we have
R(Y1(i), X1) € {1,...,n}}, for any i € W]

= Y1(i) < min Yi(l), for any i € W7. (C.166)
len\W"’

Similarly, for any i € W3, since X1 (i) < mineppwr X1(1), then we have
R(X1(i), X1) € {1,...,n45}, for any i € W3,

Further, since (X1,Y1) € Y(W',n), then R(X1(i),X1) + R(Y1(4),Y1) = n+ 1 for any i € W'.

Hence, we have
R(Y1(i),X1) € {n,...,n —nb + 1}, for any i € Wj

= Y1(i) > max Yi(l), for any i € Wj. (C.167)
len\W"’

Combining (C.166) and (C.167), we have Y3 € Z(W’,[n],n). Notice that Y5 is an imputation
of Y1 € Z(W',[n],n) such that R(Y2(n), X2) = n. Then, according to Lemma C.4.16, we have

R(Y5(i),Ys) = R(Y1(i), Y1), for any i € W7, (C.168)
and R(Y3(i),Y2) = R(Y1(i),Y1) — 1, for any i € W3, (C.169)

Combining (C.164), (C.165), (C.168) and (C.169), for any i € W', we have
R(X2(i), X2) + R(Y2(i), Y2) = R(X1(2), X1) + R(Y1(3), Y1).
Since (X1,Y7) € Y(W',n), then for any i € W/, we have
R(X4(i), X1) + R(Y1(4),Y1) =n + 1.
Hence, for any : € W/, we have
R(X2(i), X2) + R(Y1(7), Y1) =n+ 1.

This proves (C.157) when the case (2) is true. Hence, we complete our proof.
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We are now ready to prove Theorem C.4.18.

Theorem C.4.18. Suppose X,Y € V" and W C [n]. Then there exist imputations (X, Yy) €
Y(W,n) of X and Y for indices W such that D (X,Y) < D (X,,Y,). Furthermore, consider any
other imputations X', Y’ € V" of X,Y for indices W. Then D (X', Y’) < D (X,,Y,).

Proof. To prove Theorem C.4.18, we first prove the following statement

S : Suppose X,Y € V" and W C [n]. Then there exist imputations (X, Yy) € Y(W,n) of X
and Y for indices W such that D (X,Y) < D (X,,Ys).

Then we will prove Theorem C.4.18 using statement S.

First, we prove the statement S is true. Suppose W = (). Then according to the definition of
imputations, we have X, = X and Y, =Y. Hence, we have D (X,Y) = D (X, Yx). This proves
the statement S when W = ().

Suppose W = [n]. Then, let X, € V" be a vector such that X,(1) > ... > X,(n). In other

words, X, € V" is a vector such that
R(X.(i),Xs) =n+1—1i, for any i € [n].

Let Y, € V" be a vector such that Y,(1) < ... < Yi(n). In other words, Y, € V" is a vector such
that

R(Y.(i),Y:) =i, for any i € [n].
Hence, we have
R(X.(i), X:) + R(Yi(7),Ys) =n+ 1, for any i € [n].
Thus, X, Y, are imputations of X,Y for W = [n], and (X,,Ys) € Y(W,n).

Next, let us assume (after relabelling) Y7 < ... < Y¥,. Then according to the definition of

Spearman’s footrule, we have
= Zn: [R(X(2), X) = R(Y (1), Y)]
= Z |R(X — .
Since Y4 (1) < ... < Yi(n), we have
D(X..Y.) Z IR(X - R(Y.(0), Y2)]

—Z|R ) —il-

Notice that (R(X (i), X))iepn and (R(X«(i), X«))icpn) are both permutations of [n]. Then, we
have that (R(X.(i), X4))ic[n is a permutation of (R(X (i), X))icfn)- Since Xi(1) > ... > Xi(n),
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then we have R(X,(1), Xx) > ... > R(X«(n), X4). Hence, according to Lemma C.4.6, we have
D(X..Y.) > D(X.Y).

This proves the statement S is true when W = [n].

In the following, we prove the statement S is true when W # () and W # [n].

For any given n € N, let P(k) be the statement S when |W| = k. We prove P(k) is true for
any k € {1,...,n — 1} by induction on k.

Base Case: 'We prove P(1) is true. When |[W| = 1, let us denote W = u. Suppose X1,Y; € V"
and Xs, Yy € V" are imputations of X and Y for the index u such that

R(Xi(u),X1) =1, and R(Y1(u), Y1) =n,
R(XQ(U),XQ) =n, and R(YQ(U),YQ) =1.

Then, according to Proposition C.4.14, we have D (X,Y) < max{D (X1,Y1),D (X2,Y2)}.

Since R(X1(u), X1) = 1, we have X;(u) < X1(4) for any 7 € [n] \ {u}. Notice that W = {u}.
Then, we have X1 € Z(W,[n],n). Since R(X1(u), X1)+ R(Y1(u),Y1) = n+1, we have (X;1,Y]) €
Y(W,n).

Similarly, since R(X2(u), X2) = n, we have Xa(u) > Xo(i) for any ¢ € [n] \ {u}. Notice that
W = {u}. Then, we have Xy € Z(W, [n],n). Since R(X2(u), X2) + R(Y2(u),Y2) = n+1, we have
(X2,Y2) € Y(W,n).

Notice that D (X,Y) < max{D (X1,Y1),D (X2,Y2)}, (X1,Y1) € Y(W,n) and (X2,Y2) €
Y(W,n). Hence, we have shown P(1) is true.

Induction Step: We show the implication P(1), P(k) = P(k+1) for any k € {1,...,n—2}.

Denote m = k + 1. Without loss of generality, let us assume (after relabelling) W = {n —m +
1,---,n}. Define W ={n—-—m+1,--- ,n—1}

Notice that |W’| = |[W| — 1 = k. Then, since P(k) is true, there exist imputations (X1,Y7) €
Y(W',n) of X and Y for indices W’ such that D (X,Y) < D (X1,Y7).

Next, since P(1) is true, then there exist imputations (Xo,Y2) € Y({n},n) of X; and Y; for
the index n such that D (X1,Y1) < D (Xo,Y3).

Hence, we have D (X,Y) < D (X»,Y2). According to Lemma C.4.17, Xo,Y> are imputations
of X and Y for indices W such that (X»,Y2) € Y(W,n). Hence, we have shown P(k + 1) is true.
This completes our proof for the statement S.

Next, we prove Theorem C.4.18 is true using the statement S. let us denote
S ={D (V,,Va2) : (V1,Va) € Y(W,n) are imputations of X,Y for indices W}.

Then, the carnality of S is finite and there exist imputations (X,,Y:) € Y(W,n) of X,Y for
indices W such that D (X,,Y,) = max S.

We now show that D (X,Y) < D (X,,Y.). According to statement S, there exist imputations
(X1,Y1) € Y(W,n) of X,Y for indices W such that D (X,Y) < D (X1,Y1). According to the
definition of S, we have D (X1,Y1) € S. Hence, we have D (X1,Y1) < maxS = D (X,,Y,). Thus,
we have D (X,Y) < D (X,,Y,).

Next, we show that D (X', Y') < D (X,,Y:). According to the statement S, there exist im-
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putation (X2,Y2) € Y(W,n) of X’ Y’ for indices W such that D (X',Y’) < D (X»,Y2). Since
X', Y’ are imputations of X and Y for indices W, then X, Y5 are imputations of X,Y for
indices W. Then, according to the definition of S, we have D (Xo,Y2) € S. Hence, we have
D (X2,Y2) < maxS = D (X,,Y,). Thus, we have D (X', Y’') < D (X,,Y,). This completes our
proof. O

Theorem C.4.18 establishes the existence of imputations (X, Y:) € Y(W,n) of X and Y
that will maximise Spearman’s footrule D (X,Y’). In order to find this pair (X, Ys), we could
enumerate all possible imputations. If X,, Y, € R, there would be uncountable many imputations.
But, as already mentioned, we only need to consider X, and Y, to be rank vectors, since the
computation of Spearman’s footrule only uses ranks. Therefore, the problem is reduced to only
considering rank vector imputations, and these can be enumerated. However, different rank
vector imputations may lead to the same value of Spearman’s footrule statistic. Therefore, we
will only count the number of possible distinct values of Spearman’s footrule statistic using
(ranked) imputations (X, Yi) € Y(W,n).

For any imputations (X,,Y,) € Y(W,n) of X and Y for indices W, we have X, € Z(W,[n],n)
using Definition 5.1.4. Therefore, according to Definition 5.1.2 of Z(W,[n],n), either X, (i) >
maxjep\w Xx(J) or Xu(i) < minjep,w X«(j), for any i € W.

Denote m3 = |[W| and 7 = 3, o1 T (X (i) < (Xu(1))iepp\w )5 i-¢. the number of components of
X, with indices in W smaller than all components of X, with indices in [n]\ W. Then, there are
ma — r number of components of X, with indices in W that are larger than all components of
X, with indices in [n] \ W.

In fact, any imputations (X.,Y.) € Y(W,n) of X and Y for indices W with the same value
of r give the same value of Spearman’s footrule. For the moment, let r € {1,2,...,mg — 1}.
The r number of components of X, with indices in W smaller than all components of X, with
indices in [n]\ W take the ranks between between 1 and r, and the mg —r components of X, with
indices in W larger than all components of X, with indices in [n] \ W take the ranks between
n— (ms—r)+1 and n. According to the definition of Y(W,n), the ranks of components of Y; in
W are decided by the equation R(X(7), X«)+ R(Y.(7),Ys) = n+ 1. Hence, without changing the
values of Spearman’s footrule, we can reorder the pairs of components of X, and Y, in W, so that
the components of X, in W are arranged from small to large as 1,...,7r,n— (ms—7r)+1,...,n,
and then the components of Y, in W are arranged as n,...,n+1—r,ms —r, 1.

In the preceding paragraph, we considered r € {1,2,...,m3 — 1}, but it is also possible that
r = 0 or r = mg, in which case either all components of X, with indices in W are smaller or
larger than all other components, which can be considered similarly.

Since r ranges between 0 to mg, there are at most mgz+ 1 possible values of Spearman’s footrule
statistic, given by all possible imputations (X, Ys) € Y(W,n).

The above procedure shows how to construct imputations (X, Y) for each of these possible

mga + 1 values of Spearman’s footrule. This is detailed in Algorithm 7 in Section C.5.1.

C.4.4. Upper bound under general missingness case

This section considers the upper bound of Spearman’s footrule under the general missingness case,

where we do not make any assumptions about the missingness pattern. The previous results for
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missing case I, II, and III can be combined to give the following result.

Theorem C.4.19. Suppose X, Y € V", and let U, V, W C [n] be pairwise disjoint subsets.
Then, there exist (X, Yy) € (X (YU, [n]\W,n), X(X;V,[n]\ W,n)) N Y(W,n) of imputations X
and Y for indices UUW and VUW, respectively, such that D (X,Y) < D (X,,Ys). Furthermore,
consider any imputation X', Y" € V" of X, Y for indices U UW and V U W, respectively, we have
D (X', Y') < D (X,,Y,).

Proof. To prove Theorem C.4.19, we first prove the following statement

S : Suppose X,Y € V" and let U, V, W C [n] be pairwise disjoint subsets. Then, there exist
(X, Ys) € (X (YU, [n) \ W,n), X(X;V,[n] \ W,n)) N Y(W,n) of imputations X and Y for
indices U UW and V U W, respectively, such that D (X,Y) < D (X,,Y5).

Then we will prove Theorem C.4.19 using the statement S.

According to Theorem C.4.13, there exist imputations
(X1, Y1) € (X(Y3U, [n],n), X(X;V,[n],n))

of X, Y for indices U and V, respectively, such that D (X,Y) < D (X3, Y7).

Further, according to Theorem C.4.18, there exist imputations (X2, Y2) € Y(W,n) of X; and
Y1 for indices W such that D (X1,Y1) < D (X2,Y2). Hence, we have D (X,Y) < D (X9, Y>).

Then, in order to prove our result, it is sufficient to show that Xs, Y5 are imputations of X
and Y for indices U UW and V U W, respectively, and are such that (Xo,Y2) € (X(Y;U,[n]\
W,n), X(X;V, [n] \ Wyn)) 0 D(W;n).

First, we show that X5, Y5 are imputations of X and Y for indices UUW and VUW , respectively.

Since X1, Y7 are imputations of X,Y for indices U and V', respectively, we have

X1(7) = X (3), for any [n]\ U, and Yi(i) = Y (i), for any [n] \ V
= X1(i) = X(i), for any [n] \ (UUW), and Yi1(i) = Y (i), for any [n] \ (VUW).

Further, since X», Y5 are imputations of X7 and Y; for indices W, we have

Xo(i) = X1(2), for any [n] \ W, and Ya(i) = Y1(i), for any [n] \ W
= X1(i) = X1(¢), for any [n] \ (UU W), and Ya(i) = Y1(4), for any [n]\ (V UW).

Hence, we have
Xo(i) = X (i), for any [n] \ (UUW), and Ya2(i) = Y (i), for any [n]\ (V UW).
In other words, Xs,Ys are imputations of X and Y for indices U UW and V U W, respectively.
Next, we show (X2,Y2) € (X(Y;U,[n]\ W,n), X(X;V,[n]\ W,n)) N Y(W,n). Since (Xo,Ys) €

Y(W,n), we only need to show that (Xo,Ys) € (X (YU, [n]\ W,n), X(X;V,[n]\ W,n)).
We now show Xy € X(Y;U,[n] \ W,n). Since X; € X(Y;U,[n]|,n), then according to the
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definition of X (Y; U, [n],n), we have
X1(%) > max Xi1(j), or Xi(¢) < min X;(j), forany i € U
Jen\U JEMN\U

= X;(i) > max  Xi(j), or X1(¢) < min  X;(j), for any ¢ € U.
1(2) SO 1(7) 1(4) Jem oUW 1(7) y

Since X3 is an imputation of X; for W, we have X2 (i) = X (i) for any 7 € [n]\ W. Since [n]\ (UU

W) C [n]\W, we have max;ep\ wuw) X1(J) = max;ep wuw) X2(j) and minjepp oy X1(J) =
minje )\ (wuw) X2(j). Meanwhile, since U € [n]\W, we have X»(i) = X1 (i) for any i € U. Hence,

we have

Xo(1) > max  Xa(j), or Xa(2) < min  Xs(j), for any ¢ € U.
(i) > max | Xo(j), or Xo(i) < min  Xo(j), for any

Thus, we have shown Xy € Z(U, [n] \ W,n).
Next, since X1 € X(Y; U, [n],n), then according to the definition of X' (Y; U, [n],n), we have

X1(i) > X1(j), if Y(i) < Y (j), for any i,j € U.
Since X2(i) = X1 (i) for any i € U, then we have
Xo(i) > Xa(y), if Y(i) < Y(j), for any i,5 € U.

Hence, we have X9 € X(Y; U, [n] \ W, n).
Similarly, we can show that Y5 € X(Y; V,[n]\ W,n). Since Y1 € X(X;V,[n],n), then according
to the definition of X'(X;V,[n],n), we have

Yi(i) > max Yi(j), or Y1(¢) < min Yi(j), forany i € V
1(4) el 1(7) 1(4) jemiy 1(7) y

= Y1(i) > max  Xi(j), or Y1(i) < min  Yj(j), for any i € V.
10> iy ) or @) < min 110) Y

Since Y3 is an imputation of Y7 for W, we have Y5(i) = Y1(4) for any ¢ € [n] \ W. Since [n]\ (VU

W) C [n] \ W, we have maxje ) (vow) Y1(J) = maxjep)\(vow) Y2(j) and minjepp vow) Y1) =
minje )\ (vuw) Y2(j). Meanwhile, since V' € [n] \ W, we have Y (i) = Y1(i) for any i € V. Hence,

we have

Yo(2) > max  Ya(j), or Yo(z) < min  Y5(j), for any i € V.
2(0) > ey, Yal), o Yai) < i ) Y20 Y

Thus, we have shown Y3 € Z(V,[n] \ W,n).
Next, since Y7 € X(X;V, [n],n), then according to the definition of X (X;V,[n],n), we have

Yi(i) > Y1(j), if X(i) < X(j), for any i,j € V.
Since Y3(i) = Y7 (4) for any i € V, then we have

Ya(i) > Ya(y), if X (i) < X(j), for any i,j € V.
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Hence, we have Ys € X(X;V,[n] \ W,n). This completes our proof for statement S.

Next, we prove Theorem C.4.19 is true using statement S. Let us denote

S =A{D (21, 22) : (Z1, Z) € (X(Y; U, [n] \ W,n), X(X;V, [n] \ W,n)) N Y(W,n)
are imputations of X, Y for indices U UW and V U W, respectively}.

The carnality of S is finite and there exist imputations
(X, Vi) € (X(Y5U, [n] \ W,n), X(X;V, [n] \ W,n)) N Y(W,n)

of X,Y for indices U UW and V U W, respectively, such that max S = D (X,,Y,).
We now show that D (X,Y) < D (X,,Y,). According to the statement S, there exist imputa-

tions
(X1,Y1) € (X(Y3U, [n] \ W,n), X(X;V, [n] \ W,n)) N Y(W,n)

of X, Y for indices U UW and V U W, respectively such that D (X,Y) < D (X1, Y1). According
to the definition of S, we have D (X1,Y7) € S. Hence, we have D (X;,Y1) < max S = D (X,, Yy).
Thus, we have D (X,Y) < D (X,,Ys).

Next, we show that D (X', Y") < D (X.,Y,). According to statement S, there exist imputations

(X2,Y2) € (X(Y'; U, [n] \ W,n), X(X'; V, [n] \ W,n)) N Y(W,n)
of X', Y’ for indices U UW and V U W, respectively such that
D(X',Y') < D (X5,Ya). (C.170)

Below, we show that D (X5,Y3) € S. In other words, we show that X9, Y5 are imputations
of X and Y for indices U U W, and V U W, respectively such that (Xs,Y2) € (X(Y;U,[n] \
Won), X (X: V1] \ W) 0 V(Win).

Since X', Y’ are imputations of X and Y for indices U U W, and V U W, respectively, then
X, Yy are also imputations of X and Y for indices U U W, and V U W, respectively.

Since X5 € X(Y'; U, [n]\ W,n), then according to the definition of X (Y”; U, [n]\ W, n), we have

Xo(i) > Xo(j), if Y'(i) < Y'(j), for any i, € U.
Since Y’ is an imputation of Y for indices V U W, we have
Y'(i) =Y (i), for any i € [n] \ (VUW).
Then, since U C [n] \ (V U W), we have

Y'(i) = Y (i), for any i € U.
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Hence, we have
Xo(i) > Xa(j), if Y(i) < Y (j), for any i,j € U.

Since Xy € X(Y';U, [n] \ W,n), then according to the definition of X (Y';U, [n] \ W,n), we have
X9 € Z(U,[n] \ W,n). Hence, we have X9 € X(Y; U, [n] \ W,n).

Similarly, we can show Yy € X (X;V, [n]\ W,n). Since Y € X(X'; V, [n]\ W, n), then according
to the definition of X (X'; V, [n] \ W,n), we have

Yo (i) > Ya(j), if X'(i) < X'(j), for any 4,5 € V.
Since X’ is an imputation of X for indices U U W, we have
X'(i) = X (i), for any i € [n] \ (UUW).
Then, since V CC [n] \ (UU W), we have
X'(i) = X (i), for any i € V.
Hence, we have
Y (i) > Ya(j), if X (i) < X (j), for any i,j € V.

Since Yo € X (X';V,[n] \ W,n), then according to the definition of X'(X’;V,[n] \ W,n), we have
Yo € Z(V,[n] \ W,n). Hence, we have Yo € X(X;V,[n] \ W,n).

Next, since (X2, Y2) € Y(W,n), we have (Xs,Ys) € (X(Y;U,[n]\ W,n), X(X;V,[n]\ W,n))N
Y(W,n) Then, according to the definition of S, we have D (X5,Y2) € S. Hence, we have
D (X2,Ys) <maxS = D (X,,Y,). Thus, we have

D (X', Y") <(©19 D (X5, Y3) < D (X,,Y4).

This completes our proof. O

Remark C.4.20. The number of possible rank vectors of imputations X, and Y, for achieving
the maximum possible Spearman’s footrule under the general missing case can be analysed by
combining the analysis for missing cases I, II, and III.

Let us denote |U| = mq,|V| = mq, |W| = mg. Consider any pair of imputations (X,,Yi) €
YW,n)N(X(Y;U,[n]\ W,n),X(X;V,[n]\ W,n)) of X and Y for indices U UW and V U W,
respectively, where U and V are disjoint from W. In other words, consider a pair of imputations
(X4, Y) € Y(W,n), which means the components in W satisfy the condition in Definition 5.1.4,
and that X, and Y, satisfy the conditions of Definition 5.1.3 for the relevant components with
indices in U and V, respectively.

Now suppose the components of X, with indices in U and the components of Y, with indices
in V are fixed. Then, following the discussion of Theorem C.4.18, there are ms + 1 permutations
of ranks of the imputations X, and Y, for indices in W that would result in different values of

Spearman’s footrule.
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Next, suppose the components X, and the components of Y, with indices in W are fixed. Then
there are m1 + 1 and mo + 1 permutations of ranks of the imputations X, and Y, with indices in
U and V, respectively, that result in different values of Spearman’s footrule, following a similar
argument to Remark C.4.11.

Hence, considering all imputations for indices UUW and VUW | the total number of imputations
to consider in order to find the maximum value of Spearman’s footrule is (m;+1)(ma+1)(ms+1).

An algorithm for computing the tight upper bounds of Spearman’s footrule with computational

complexity O(nlogn + min{my, ms}? +mimams) is provided in Algorithm 8 in Section C.5.4.

C.5. Efficient algorithms for calculating tight upper bound

This section provides efficient algorithms for calculating exact upper bounds of Spearman’s

footrule under missing case I, I, IIT and general missingness case.

C.5.1. Algorithm for tight upper bound under missing case I

We provide an efficient algorithm for calculating exact upper bounds of Spearman’s footrule

under missing case 1. To start, we prove the following lemma:

Lemma C.5.1. Suppose X,Y € V" and for my € [n], let U = {uy,...,um, } C [n] be a subset
of indices. Suppose Y (u1) < ... < Y (up,), and assume X € X(Y; U, [n],n) is a vector such that
>icv L(X (1) < min(X(1))ieppv) = r, where r € {0,...,m1}. Then, for any i € {1,...,m1}, we

have

n—1i+1, if r=0,
R(X(ui), X) = ¢ T(wi <umy—r)(n—i+1)+1(u; > upmy—r) (my—i+1), ifmg>r>0,
mi — 1+ 1, if r=my.

Proof. To start, since X € X(Y; U, [n],n), then according to the definition of X (Y; U, [n],n), we

have

X (i) > max X(j), or X(i) < min X(j), for any i € U. (C.171)
JEMNU JEMNU

Since Y(u1) < ... < Y(tm,), then according to the definition of X' (Y; U, [n],n), we also have

R(X(w1), X) > ... > R(X (um,), X). (C.172)

Below, we prove our result when » = 0, m; > r > 0 and r = my, separately.

Suppose r = 0, then according to (C.171), we have
X(i) > max X(j), foranyiec U
JEMN\U
= R(X(1),X)e{n,....,n—my + 1}, for any i € U
— C1IR(X(u;),X)=n—i+1foranyie{1,...,m}.

This proves our result when r = 0.
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Similarly, suppose mj > r > 0, then according to (C.171), we have
ieZUI <X(z) < jen[lni]r\lUX(j)> =r, and ZEZUI (X(z) > jg[lﬁiiUX(jO =m;—r
= R(X(4),X)e{1,...,r}U{n,...,n—my +r+1}, forany i € U
— CIR(X(u;),X)=n—i+1forany ie{l,...,m —r},
and R(X(u;),X)=my —i+1forany i€ {m;—r+1,...,m}
= R(X(ui), X) =1(wi <tumy—r)(n—1i+1)+1(u; > tUpy—r) (mg —i+1).

This proves our result when m; > r > 0.

Finally, suppose r = my, then according to (C.171), we have

X (i) < min X(j), for any i € U
J€m\U

— R(X(),X)e{l,...,r}, foranyiec U
— C1IR(X (uy),X) =my —i+1foranyie{1,...,m}.

This proves our result when r = my and completes our proof. O

Then, we prove the following lemma:

Lemma C.5.2. Suppose X € V" and U C [n] is a subset of indices. Let X, € Z(U,[n],n) be

an imputation of X for indices U such that

D T(Xuli) < min(Xu()iepper) =7
€U

Then, we have

R(X.(1), Xs) = R(X (i), (X (1) )ienp\v) + 7 for any i € [n] \ U.

Proof. According to the definition of Z(U, [n],n), we have

X.(1) > max X,(j), or X4(i) < min X,(j), for any ¢ € U.
(0)> ma X.(3), or X.() < _min X.(7), for any

Then, since Y, I (X (i) < min(X,(1));epap ) = 7, we have r components of X, with indices U
smaller than any components of X, with indices [n]\ U, and other components of X, with indices

U larger than any components of X, with indices [n] \ U. Hence, we have

D T(Xu(j) < Xu(i)) =7, for any i € [n] \ U. (C.173)
jelt
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Next, according to the definition of rank, for any i € [n] \ U, we have

R(X.(i), X.) = > _T(X.(j) < X.(i))
j=1

=D I(X.() S Xu(i)) + Y T(Xu()) < X.(4))
jEU JEMNU
—CI) 1 S (X, () < X.(0).

JElN\U

Since X, is an imputation of X for U, we have X, (i) = X (i) for any ¢ € [n] \ U. Hence, we have

Y LX) <X@)= Y, LX) < X(3)), forany i€ [n]\U.

JElNU JElN\U

Then, for any i € [n] \ U, we have

R(X.(), X:) =r+ Y 1(X(j) < X())
jE\U

=7+ R(X(8), (X(D))ieppv)-

This completes our proof. O

We are now ready to prove the first main results for missing case I:

Proposition C.5.3. Suppose X,Y € V" and for my € [n], let U = {1,...,m1} C [n] be a subset
of indices. Suppose Y (1) < ... < Y(m1), and let X, € X(Y;U, [n],n) be an imputation of X

for indices in U such that
Y1 (X*O") (i) < min(X, " (z>)l€[n]\U) =
ieU

For any i € [n]\ U, denote d; = R(Y (1), Y) — R(X (i), (X (j))jem)\v), and for any r € {0,...,m1},
i€{1,...,m1}, denote qzm =I(i<mi—r)(n—i+1)+1(>my—7)(m; —i+1). Then, for

any 7 € {0,...,m; — 1}, we have

DY) =3 |q" - RY @) Y)|+ Y Ir—dil.
iU i€[n]\U

Proof. To start, according to the definition of Spearman’s footrule, we have

DX,y = zn: ‘R(X*(T)(i), X Z R(Y (i), Y)(
i=1
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In order to prove our result, it is then sufficient to show the following two equations hold:

(1): Y [RED6), X7 = Ry (),7)| = Y [o = RYV(), V)]
i=1 =1
and (2): Y |RXLD@6), X))~ RY(0),Y) = Y |r—di
ien)\U i€n]\U

Below, we show equations (1) and (2) are true separately.

First, we show that equation (1) is true.

Since X, € X(Y;U,[n],n), and Y (1) < ... < Y(my), then according to Lemma C.5.1, for
any i € {1,...,m1}, and r € {0,...,m1}, we have

n—i+1, if r=20,

R(X.D (@), X7y = { ¢, if my > >0,

mi—i+1, ifr=my,

R(X(i),X) = ¢, for any i € U,r € {0,...,m}.

Thus, for any i € U,r € {0,...,m1}, we have

i — R(Y (i),Y)|.

R(X. (), x{7) = R(Y (i), Y)‘ -

This proves equation (1).

Next, we show that equation (2) is true.

Since X" € X(Y;U,[n],n), then according to the definition of X(Y;U,[n],n), we also have
x!" e Z(U, [n],n). Notice that X" is an imputation of X for U, and

p! (X*(T) (i) < min(X, ™) (l))le[n]\U> =T
iU

Then, according to Lemma C.5.2, for any i € [n] \ U, we have
RX. (i), X)) = 1 + R(X (i), (X())iepupp), for any i € [n] \ U, (C.174)

Hence, we have

i€n)\U

= > |RXE), (XO)eppo) +7 = RY(0),Y)]
i€n)\U

= Z ’7’ — dz‘ .
ien)\U
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This proves equation (2), and completes our proof. O

Before showing the second main result for missing case I, we prove the following two lemmas.

Lemma C.5.4. Suppose X = (X (u1),..., X (uy)) is a vector of integers, where U = {uy,...,u,}

is a set of indices such that u; < ... < u,. Then, we have

DOIX(E) 1 =D X ()| =2> T(X(i) > 0) —n.

€U icU icU
Proof. To start, for any i € U, if X (i) > 0, we have
| X (@) + 1] — X)) =1.
If, however X (i) < 0, then since X is a vector of integers, we have X (i) + 1 < 0. Hence, we have
| X () + 1] —|X(¢)] =—1.
Therefore, we have

DX+ =X @) =) (X0 + 1]~ X (@)

icU icU icU
= T(X(i) > 0) = Y T(X(i) < 0)
icU icU
=> 1(X(i) > 0) - <n ) T(X () > 0))
ieU icU
=2 1(X(i) > 0) —n.
€U
This completes our proof. O
Lemma C.5.5. Suppose U = {1,...,m1}, and n € N is a number such that n > m;. For any

ie{l,...,mi}, r€{0,...,my}, define

=T <my—r)(n—i+ 1) 13 >my—r)(my—i+1).

Suppose Y (1),...,Y (m;) are real numbers. Then, for any r € {0,...,m; — 1}, we have
mi
Z i(r+1) - Y(z)‘
i=1
mi
=5 |¢ —Y(i)‘ bl —Y(my — )| —|n—my+r+1—Y(m —7).

Proof. We show our result for r =0, m; —1 > r > 0, and r = m; — 1 separately.
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When r = 0, we have

\me—m— oll

1€U
mi1—1
g+ ‘—Zm—z—l—l— @)+ 1 — Y.
€U
Hence, we have
icU zEU

=1-Y(mi)|—|n—m1+1-Y(m)]
=r+1-Ymi—r)—-n—-—mi+r+1-=Y(mi—r)|.

This completes our proof when r = 0.

Similarly, when my — 1 > r > 0, we have

mi—r m1
Y(i) =Y In—it1-Y(@|+ > |mi—i+1-Y(),
ieU =1 i=mq—r+1
and
m1—r—1 my

D |ai

€U i=1 i=mi—7r

Hence, we have

r+1 ‘ B

o =Y ()

ieU
:]ml—(ml—r)+1—Y(m1—r)]—]n—(ml—r)—i—l—Y(ml—r)\
=lr+1-Y(mi—7r)|—n—mi+r+1-Y(ms—r).

This completes our proof when m; —1 > r > 0.

Similarly, when r = my — 1, we have

D

icU

mi
g —Y(i)‘ =ln—1+1-YQ)|+> |Jm —i+1-Y(i)],
=2

‘—Z]nu—z—i—l— (i)].

ZGU
Hence, we have

(r+1

icU
=|lm—-1+1-Y(1 )|—\n—1+1—Y(1)|
=lr+1-Y(mi—r)—|n—mi+r+1-Y(m —r)|.

)—Y(i)‘: Yo it LY@+ Y it LY ().
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This completes our proof when » = m; — 1. Hence, we have shown our result.

Now, we are ready to prove the second main result for missing case I.

Proposition C.5.6. Suppose X,Y € V" and for my € [n], let U = {1,...,m1} C [n] be a subset
of indices. Suppose Y(1) < ... < Y(my), and let X, € X(Y;U, [n],n) be an imputation of X

for indices in U such that

31 (X*@“) (i) < min(X, (l))le[n]\U> _—
€U

For any i € [n]\U, denote d; = R(Y (i),Y) — R(X (i), (X (j))jem)\v), and for any r € {0,...,m; —

1}, denote s, =3, 1(di < 7). Then, for any r € {0,...,mq — 1}, we have
DX y)y = D(XM V) + 28, — n+my +C®,
where C) = |r +1 - R(Y (my —7),Y)| = |n—mi +7+1—R(Y (my —7),Y)|.

Proof. To start, according to Proposition C.5.3, we have

p(x"y)=%"

" =RV 6),Y)|+ Y Ir—dil,

ieU i€[n]\U
and DX y) = 30 [o ) — RV, + 3 1 dil,
ieU ie[n]\U

Whereq(r):I(iSmlfr)(n7i+1)+1(i>m17r)(m1fz'Jrl) for any i € {1,...,m;} and

i

r € {0,...,m1}. Then, in order to prove our result, it is sufficient to show that
Z lr+1—d;| — Z |r — di| = 2s, —n+my,
€[n]\U i€en]\U
and

> ")~ R(Y(5),Y)

ieU
=lr+1—-RY(mi—7),Y)|—|n—mi+r1+1—R(Y(mi—1),Y)|.

" = RY (), Y)| - )
eU

According to Lemma C.5.4, we have

YoolrH1-dil— > |r—dif=2 Y I(r—d;>0)—(n—m)

i€n)\U i€fn)\U ieln)\U

=28 —n+mj.

Next, notice that qz-(r) =IGE<mi—r)(n—i+1)+I(i>mi—7r)(mi —i+ 1), for any i €
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{1,

...,m1} and r € {0,...,m1}. Then according to Lemma C.5.5, we have

¢\ — R(Y(i),Y)

D

" = RY (), V)| - )

icU icU
=lr+1-Y(mi—7)|—|n—mi+r+1-Y(mg —r)]
=,

This completes our proof. O

Algorithm 4 An efficient algorithm for computing cumulative counts.

Input: A sequence of integers Z = (Z(1),...,Z(n)), two integer number m; < mao.
Output: s, = 37, 1(Z(i) < r) for any r € {m,...,ma}.
1: Initialise s,,, = 0. If mg > my, initialise ¢; = 0 for any ¢ € {m; + 1,...,ma}.
2: fori=1,...,ndo
3: if Z(Z) < mj then
4: so =50+ 1.
5: end if
6: if mp < Z(Z) < my then
7: tZ(z') = tZ(i) + 1.
8: end if
9: end for
10: If mg > my, compute s,41 = s, + t,41 for any r € {mq,...,mo — 1}.
11: Return s, for any r € {mq,...,ma}.

Remark C.5.7. The computational complexity of Algorithm 4 is analysed as follows. Each

step between line 3 and line 8 takes constant time O(1), and since the loop runs n times, the

computational complexity for the loop is O(n). The computation complexity for line 10 is O(mg—

myq ). Therefore, the overall computational complexity for Algorithm 4 is O(n + mg — mq).

Algorithm 5 An efficient algorithm for computing exact upper bounds of Spearman’s footrule
under missing case I.

Input: X,Y € V" where either X or Y is fully observed, while the other is partially observed.
Output: Maximum possible Spearman’s footrule distance between X and Y.

10:

If X is fully observed while Y is partially observed, then change the label of X and Y.
Denote m; as the number of missing components in X. If m; = n, return )" | |[i—(n—i+1)|.
Rank all observed components in X and Y.

Relabel X and Y such that (X (1),...,X(m1)) are unobserved and Y (1) < ... < Y (my).
Let U = {1,2,...,m1}. Fori € [n]\ U, let d; = R(Y (i), Y) — R(X(4), (X (1))icpn)\v)-

Run Algorithm 4 computing s, = > ;¢\ 1(di < r) for any r ={0,...,m; —1}.

For any r € {0,...,m; — 1}, compute

C" =r+1—=R(Y(my—71),Y)|—|n—mi+r+1—RY(mi—r),Y)|

Initialise Dy = > %4 }(n —i+1)— R(Y (i), (Y(l))le[n])} + Zie[n]\U |d;].
For r € {0,...,my — 1}, compute D, 11 = D, +2s, — n+my + c),
Return max{Dy, ..., Dp, }.

Remark C.5.8. A few comments of Algorithm 5 are made below:
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In Algorithm 5, the initialisation Dy computed in line 8 equals to D (X io)’

tion C.5.3. Spearman’s footrule D, 1 and D, equal to D(X£T+1), Y) and D(X,Er)7 Y), respectively,

and are updated according to Proposition C.5.6.

Y') defined in Proposi-

By computing { Do, ..., Dy, }, Algorithm 5 finds all possible Spearman’s footrule values D (X,,Y),
where X, € X(Y; U, [n],n) is imputation of X for indices U. See Remark 3 in the main paper for
explanation. Hence, according to Theorem C.4.10, the algorithm guarantees to find the maximum
possible Spearman’s footrule between X and Y.

The computational complexity of Algorithm 5 is analysed as follows. Ranking and relabelling
all observed components in X and Y in line 3 requires O(nlogn) steps. Using these rankings, in
line 5 computing each d; is O(1), and so overall line 5 is O(n —mq). According to Remark C.5.7,
the computational complexity of running Algorithm 4 in line 6 is O(n+m;) = O(n). Inline 7, each
iteration of the for loop is O(1), and since the loop runs mq times, the computational complexity
for the loop is O(m;). Line 8 and 9 takes O(1) and O(mq) steps, respectively. Therefore, the

overall computational complexity for Algorithm 5 is O(nlogn).

C.5.2. Algorithm for tight upper bound under missing case 11

This subsection provides an efficient algorithm for computing exact upper bounds of Spearman’s
footrule under missing case II, where X and Y might be partially observed, but for any pair

(X (4),Y (7)), where i € [n], at least one value is observed. First, we show the following result:

Proposition C.5.9. Suppose X,Y € V" and for my, my € [n] such that m; +mg < n, let V =
{1,...,me} and U = {ma+1,...,ma+m1} be subsets of indices. Suppose X (1) < ... < X(mz),
and Y(ms + 1) < ... < Y(mg +m1). Let (X, Y"™) € (X(Y;U, [n],n), X(X;V,[n],n)) be
imputations of X, Y for indices U and V, respectively, such that

ZI (X (” ) < min(X, (r1 )(l))le[n}\U> =,
€U

and Z ( ) < mln(Y(m)(l))le[n]\V> =r.

1S%

For any i € [n] \ (UUV), denote d; = R(Y (4), (Y (1))iepmp\v) — R(X(4), (X(1))iepmpv)- Then, for
any r1 € {0,...,m1}, and o € {0,...,mo}, we have

D(X, ) Y(m Z ’R )le[n]\U) +r— ql( 2
eV
> \pﬁ"m —ROE, (W) =72+ Y In—re—dil.
€U i€[n]\(UUV)

where qgm) =13 <mg—r2) (n—i+1)+1(i > ma —r2) (ma—i+1), and pz(h) =10 <my—r1)(n—
’i+1)+1(i > mq —rl)(ml —i-i—l).
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Proof. To start, according to the definition of Spearman’s footrule, we have

D(X! m) Y, (r2) Z ‘R X, (rl (7“1)) . R(Y*(TQ)(i),Kk(rz))’

%
+ Z ‘R(X*(Tl)(2> Xirl)) _ R(Y*(m)(i), Y*(rg))’
€U

oy |REEIE), X)) - RES 6, V).
ie[n]\(ULV)

Hence, in order to prove our results, it is then sufficient to show the following three equations all
hold:

(1) :Z ‘R(X*(Tl)(i)’XiTl)) B R(K(”)(i),}{,f”?))‘

2 ’R(X(i)’ (XWieppo) +r1—a)|,

=%
(2):) ’R(X*(’"l)(z‘), Xy — R (4), Y*“”?))’
ceU
p = REY (1), (Y (D)iepapv) — 72|
ceU
and (3): ). ‘R(X*“l)(i),x,ﬁ’“l)) _ R(){k(m)(i)’y*(rz))‘
1€[n]\(UUV)
Z [r1 =72 — dil.
€]\ (UUV)

Below, we show equations (1), (2) and (3) are true separately.

We first show equation (1) is true. Since X ) e x (Y; U, [n],n), then according to the definition
of X(Y; U, [n],n), we have x" e Z(U,[n],n). Since

=T,
€U

ZI (X*(Tl)(i) < min(X*(m)(l))le[n]\U>

and X" is an imputation of X for U, then according to Lemma C.5.2, we have

R(X. (), X)) = R(X(3), (X (1)igpupu) + 71, for any i € [n] \ U (C.175)
Next, since V"2 € X(X;V,[n],n), and X (1)

< .‘<X(m2
for any i € {1,..

), then according to Lemma C.5.1
.,ma}, we have

n—1i+1, ifro =0
R (6), vy = { i),

if mo > Tro > 0,
mo —t+ 1, if r =mo,
where qgm) =

I(i<mo—r2)(n—i+1)4+1(i>mg—ry)(mg—i+1). Notice that when ro =0
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and 9 = meo, R(Kk(m(i),Y*(TZ)) = qi(m) is still true for any 7 € {1,...,ms}. Hence, we have
R (), v"™)) = ¢\ for any i € V,ry € {0,...,ma}. (C.176)
Then, combining (C.175), and (C.176), we have
S RO, X1 = ROV @), v

eV

=2 ‘R(X(i)» (XD)reper) + 71— ¢
eV

i

which proves equation (1).
Similarly, we can show equation (2) is true. Since Y*(m) € X(X;V,[n],n), then according to
the definition of X(X;V,[n],n), we have v e Z(V,[n],n). Since

> I (Y*(TQ)(Z') < min(Y*(m)(l))le[n]\V) =7y,
eV
and Y*(m) is an imputation of Y for V, then according to Lemma C.5.2, we have

RO (i), YI) = R(Y (), (Y (1))iegapv) + 72, for any i € [n] \ V. (C.177)

Next, since x!" e X(Y;U,[n],n), and Y(ma2 +1) < ... < Y(ma + my), then according to

Lemma C.5.1, for any i € {1,...,ma}, we have

n—1i+1, if ry =0,
R(X.0D) (mg +14), Xy = { plro), if my > >0,
mi1—i+1, if r=maq,
Erl) =I(me+i<mo+mi—ri)(n—i+1)+I(ma+i>mo+mg—ry)(m —i+1)=
I6<my—r)(n—i+1)+1(G>mg—r1)(m1—i+1). Notice that when r; = 0 and r = my,
R(X.() (my + i),Xirl)) = pgm is still true for any i € {1,...,m2}. Hence, we have

where p

R(X.) (my + i),Xih)) = pgrl), forany i € {1,...,m1},71 €{0,...,mq}.
In other words, for any i € {ma+1,...,ma+my},7 € {0,...,m1}, we have
) )y — (1)
R(X. (), X)) =p") (C.178)
Then, combining (C.177), and (C.178), we have

Z ’R(X*(Tl)(i),X£r1)) _ R(Y*("’2)(Z‘)’}/*(T2))‘
€U

23

eV

9

p™ — R(Y (i), (Y (D)) — 72

which proves equation (2).
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We now show equation (3) is true. Since v\ ex (X;V,[n],n), then according to the definition

of X(X;V,[n],n), we have Y"?) € Z(V,[n],n). Since

So1(V () < min(VE Oy ) =7
eV

and Y*(TQ) is an imputation of Y for V, then according to Lemma C.5.2, we have
R(Y™) (@), V™)) = ROY (3), (Y (D)iegupv) + 72, for any i € [n] \ V. (C.179)
Then, combining (C.175) and (C.179), we have

> [REGE), X)) = R @), v

i€[n]\(UUV)
= Y R, (XUeppo) + 71— R @), (Y ()iepv) — 72
i€[n]\(UUV)
= Z |7"1 —T9 — dl| .
€]\ (UUV)
This proves equation (3), and completes our proof. O

Next, we show the following result.

Proposition C.5.10. Suppose X,Y € V" and for my, ma € [n] such that m; +ma < n, let V =
{1,...,ma} and U = {ma+1,...,ma+m1} be subsets of indices. Suppose X (1) < ... < X(ma),
and Y(ms + 1) < ... < Y(mg +m1). Let (X.0, Y™} € (X(Y;U, [n],n), X(X;V,[n],n)) be
imputations of X, Y for indices U and V, respectively, such that

SOT(X ) < min(X @) ey ) = 71,
ieU

and 1 (Y*(T2)(i) < min(K(TQ)(l))le[n}\V) = 1o
€V

For any 1 € {0,...,m1} and 9 € {0,...,mso}, define

g(rira) — ZI (R(X(z), (X(l))le[n}\U) +r— qz(rz) > 0) )
eV

and R = 37T (pM) = ROYG), (Y (D)ieav) =72 = 12 0)
icU
where ql(m) =10 <mg—r2) (n—i+1)+1(i > my — 1) (Ma—i+1) and pgh) =10 <my—ry)(n—
i+1)+1(i >my —r1)(mi—i+1). Forany i € [n]\(UUV), denote d; = R(Y (3), (Y (1))icpp\v) —

R(X (i), (X(1))iepnp\v), and for any i € {—ma,...,m1 — 1}, denote s; = 3 2cp\ wuv) Ldi < 7).
Denote n’ =n —my —mg. Then, for any r1 € {0,...,m1 — 1}, ro € {0,...,ma}, we have

DY) = DX V) 4 28y, y 0 42500 £y + O (CL180)
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and for any r1 € {0,...,m1}, ro € {0,...,my — 1}, we have

D(Xi’l”l)’Y'*(T‘Q'Fl)) _ D(X(’I’l) Y(T‘Q))
(C.181)
237‘1 —ro—1 + n - 2R(T1’T2) +mq + C(Tl’TQ)

where

O™ = |y + 1= RY (ma + my — 1), (Y (D))iepapv) — 72|
—In=mi+r1+1—=RY(m2+mi—711), Y (D))ien\v) — 2/,
O = |y + 1= R(X (ma — 1), (X(D))iepupor) — 71l
- }n —mag +7r2+1— R(X(m2 —r2), (X(l))le[n]\U) - 7“1’ .

Proof. We first show (C.180) is true. According to Proposition C.5.9, we have

DX, YI) = 37 R, (X D)) + 11—
eV

P, = ROCE), (Y (D) = 72|
ieU

+ Z |7“1—7“2—di|,

1€[n]\(UUV)

and

DX vy = % ‘R Diempe) +7r1+1— ¢\
i€V

+2
€U

+ Z |’I"1—|—1—7"2—di|.
€]\ (UUV)

) — R umwmmmm—q

In order to prove (C.180), it is then sufficient to show the following three equations all hold:

Z’R le[n]\(])—l—m—l-l—ql( 2)
eV
€ . - (C.182)
- Z ’R Diempv) +71—q; 7| = 280" + mg,
i€V
S|Py = ROCG), (Y Ohiea) 7o
- ) - (C.183)
= [p, = RO, (Y @) — 72| = 7,
€U
and
St lora—dil— ) Iri—re—dil =28 gy + 0. (C.184)
i€\ (UUV) ien)\(ULV)
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First, we show (C.182) is true. According to Lemma C.5.4, we have

>RGO, (X)) + 71+ 1= 0"

1%
= 3[R, (XO)ieaper) + 11— "
1%
=23 1 (ROXE), (XW)ieppe) + 71— 0 = 0) +ma
eV

— 250172 4y,

This proves (C.182).
Next, we show (C.183) is true. Notice that

D

icU

= b, = RO, (Y Ohep) — 72
ieU

ma+m1

1=mo—+1

ma+mi

D

i=mo—+1

i=1
mi
i=1
Then, according to Lemma C.5.5, we have

2.

iU
iU
=|r1+1—R(Y (ma+m1 —71), (Y ()icppv) — 72|

Pl = ROY (@), (Y (Diefa) = 72|

P = ROY (), (Y (D) — 72|

P, = RO, (Y (i) = 72|

P ROV +4), (Y D) — 72

pgrl) — R(Y(mg + i), (Y(l))le[n]\V) - 7‘2‘ :

P = ROY (@), (Y (Do) = 72|

p"™ = ROY (), (Y (D)iepapv) — 72

—In—mi+r1+1—R(Y (m2+mi1—r1), Y()iepmpv) — |

= o),

This proves (C.183).



Next, we show (C.184) is true. According to Lemma C.5.4, we have

Z ’T1+1—T2—di|— Z ’Tl—Tg—di’

ie[n]\(UUV) ie[n]\(UUV)

=2 Z I(ri—ro—d; >0)+n—m3—mgy
ieln\(UuY)

=2 Z I(d; <ry—mo)+n
i€[n]\(UUV)

=2 —py + n'.

This proves (C.184) and completes our proof for (C.180).

Similarly, we can prove (C.181) is true. According to Proposition C.5.9, we have

DX, Yy =3 ‘R D)icipo) + 1 — ¢!
eV
+> 1 = ROY (1), (Y (D)ieupv) — 7"2’

eU

+ > - —di,

1€[n]\(UUV)

and

DX,y ) => ‘R D)ieppu) + 11— q§r2+1)‘
eV

p™ = ROY(0), (Y i) = 72— 1]
€U

+ Z ‘Tl—rg—l—di‘.

i€[n]\(UUV)

Then, in order to prove (C.181), it is sufficient to show the following three equations all hold:

Z ’R<X(i)’ (X(0) le[n]\U) +r — qz’“2+1)’
eV

ool o (C.185)
=3 RO, (X Ohiepuper) + 1 — 0| = S5,
eV
[P = RO @ (Y W) = 72— 1]
€U
) () 4 o (C.186)
pi = RY(@E), Y D))emnv) — 7"2‘ =my — 2R""2)
€U
and
Z |11 — 1o — di| — Z |11 — 12 — d;i — 1] :n’—2tr1_r2_1. (C.187)
i€[n\(UUV) ieln]\(UUV)
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First, we show (C.185) is true. Notice that
qz(m) =1 <ma—ry)(n—i+1)+1(i>mg—r2)(m1 —i+1),

for any ¢ € {1,...,mo} and r9 € {0,...,ma}. Then, denote u; = i for any ¢ = 0,...,ma. We
have

¢ =1 (i < tmy—ry) (= 0+ 1) + 1 (w5 > Upny—ry) (M2 — i+ 1).

Then, according to Lemma C.5.5, we have

Z ‘R(X(i)7 (X(D)iempv) +1m1 — ql(r2+1)’
eV

=3[R, (X D)) + 11—
eV
2%
i€V

= |rg +1 = R(X(m2 — r2), (X(1))icnpv) — 71l

—|n—ma+r2+1—R(X(my—r2), (X())ieppv) — 71

= o),

a " = RO, (XOheape) = 71|

g -

R(X (1), (X(D))iepmpv) — 71

This proves (C.185).
Next, we show (C.186) is true. According to Lemma C.5.4, we have

>

™ = ROY (i), (Y (D)ieppyy) — 2 — 1)

€U
ST = ROY (), (Y (1)) — rQ‘
€U
=1 =231 (")~ ROV, (Y (Digayy) — 72— 12 0)

€U
— my — 2R072),

This proves (C.186).
Next, we show (C.187) is true. According to Lemma C.5.4, we have

Z |r1 — 1o — di| — Z |r1 —re —d; — 1]

i€[n]\(ULV) i€[n]\(ULV)
=n-—mj—mg— 2 Z I(ri —re—d; —12>0)
i€n]\(UUV)
:n'—2 Z I(digrl—rg—l)
i€[n]\(ULV)

/
=n — 2t7“1—r2—1-
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This proves (C.187) and completes our proof for (C.181). Hence, we finish our proof.

Remark C.5.11. A few comments of Algorithm 6 are made below:

In Algorithm 6, the initialisation Dg o computed in line 10 equals to D(X>£0)7 Y*(O)) defined in
Proposition C.5.9. Spearman’s footrule Dy, 11 4,, Dy, ro+1, and D, », equal to D(Xirﬁ_l), Y*(m)),
D(X irl), y 2t ), and D(X. irl), Y*(rz)), respectively, and are updated according to Proposition C.5.10.

By computing {Dq, ..., Dm, m,}, Algorithm 6 finds all possible Spearman’s footrule values
D (X.,Y,), where X, € X(Y;U,[n],n), Y. € X(X;V,[n],n) are imputations of X,Y for indices
U, and V, respectively. See discussions after Theorem 2.17 for explanations. Hence, according
to Theorem C.4.13, the algorithm guarantees to find the maximum possible Spearman’s footrule
between X and Y.

The computational complexity of Algorithm 6 is analysed as follows. Ranking and relabelling
all observed components in X and Y in line 2 requires O(nlogn) steps. Using these rankings, in
line 4 computing each d; is O(1), and so overall line 4 is O(n —mj; —mg). Line 5 and line 6 takes
O(m3) and O(m;) steps, respectively.

According to Remark C.5.7, the computational complexity of running Algorithm 4 in line 7 and
line 8 is O(my + ma), and O(mz), respectively. In line 9, each iteration of running Algorithm 4
within the for loop is O(my). Since the loop runs mqy times, the computational complexity for
the loop is O(mima).

Line 10 requires O(n) steps using the ranks of observed components. Line 13, line 14, line 17,
and line 18 all take O(1) steps, and since the loop in 12 runs m; times, the computational com-
plexity for the loop is O(mq). Further, since the loop in 11 runs ms + 1 times, the computational
complexity for the loop is O(mimsg). Therefore, the overall computational complexity for Al-
gorithm 6 is O(nlogn + mims + m3). Note that, however, if m; < mg, we can swap X and
Y. Hence, the computational complexity for find the tight upper bounds of Spearman’s footrule

under missing case II can be reduced to O(nlogn + min{my, ma}? + mims).

C.5.3. Algorithm for tight upper bound under missing case III

This section provides an efficient algorithm for computing exact upper bounds of Spearman’s
footrule under missing case III, where X and Y might be partially observed, and for any pair
(X (4),Y (7)), where i € [n], the two value are either both observed, or both missing.

To start, we prove the following lemma:

Lemma C.5.12. Suppose X,Y € V" and for 0 < mz <n,let W ={n—ms3+1,...,n} C [n] be
a subset of indices. If (X,Y) € Y(W,n) is such that

S (XO") (i) < min(X(”(Z)),EM\W) —r,
ieW
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Algorithm 6 An efficient algorithm for computing exact upper bounds of Spearman’s Footrule
under missing case 11
Input: XY € V", where X and Y might be partially observed, but for any pair (X (i), Y (7)),
where i € [n], at least one value is observed.
Output: Maximum possible Spearman’s footrule distance between X and Y.
1: Denote the number of unobserved components in X, Y as my and ms, respectively. If at least
my = 0 or my = 0 is true, run Algorithm 5. If my +mg = n, then return » 1, |i — (n—i+1)|.
2: Rank all observed in X and Y. Relabel X and Y such that (Y(1),...,Y(m2)), and (X (ma+
1),...,X(ma2+my)) are unobserved, and X (1) < ... < X(ma), Y(mi) < ... <Y (ma2+my).
3: Let V=A{1,...,mo},and U = {ma + 1,...,ma + my }.
4 For i € [n]\ (U UV), let d; = ROY (i), (Y ()ieprv) — RX6), (XOeppo)-
5. For any i € {1,...,ma} and ro € {0,...,ma}, let ql(rz) =I(@<ma—ro)(n—i+1)+
I(’L >m2—7‘2)(m27i+1).
6: Forany i € {1,...,m}, let p\”) =T(i <mq) (n—i+1)+1(3>mq)(my —i+1).
7: Run Algorithm 4 for computing s; = > ¢ @wuvy L (di < 4) for any i € {—mq,...,m; —1}.
8: Run Algorithm 4 for computing

ROr2) _ ZI (_pgg)mQ +R(Y (3), (Y (1)ieppv) + 1 < —r2) , for any rp € {0,...,ma}.
€U

9: For any given 7o € {0,...,ma}, run Algorithm 4 for computing

S0 = 31 (4f) — ROXD. (X Do) < 1)+ for any ri € {0},
eV

10: Initialise

Doo = Y |R(X(0), (XD)eppp) + 71— (n =i +1)]

eV
+Y =it ma+1) = RY (@), Y Digpy) — 72|+ D Iri—re—di.
el 1€[n]\(UUV)
11: for ro =0,...,mo do
12: for ry =0,...,m; —1do
13: Compute

O = |ry 41— R(Y (ma +my — 1), Y (D))iempv) — 72l
—|n—mi+ri4+1—=R(Y (m2+mi—r1), Y(1))ieppy) — 72l

14: Compute Dy, 41y = Dy py + 287, —p, + 1 + 28(rir2) g, + Cfrl’m).
15: end for

16: if r9 < my then

17: Let r;1 = 0 and compute

i) = |ry + 1 — R(X (ma — 12), (X)) igmpv) — 1l
—|n—ma+ry+1—R(X(mg —r2), (X(1))iepup\v) — 71] -

18: Compute Dy, rot1 = Dy — 257 —pp—1 + n' — 2R(r1r2) 4 my + Cé?“l,rz).
19: end if

20: end for

21: Return max{Dy, .., D, mq}-
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then we have Y € Z(W, [n],n), > 1(Y (i) < min(Y (I))iepupw) = m3 — r, and

S IR(X(),X) ~ RY(0),Y)| = 3 (16 < ms —r) n + 1 - 2i])
eW i=1

ms3
+ (1> ms—7r)[2ms — 2i+1—n).
=1

Proof. Without loss of generality, let us assume (after relabelling) Y(n —ms3+1) < ...

Since (X,Y) € Y(W,n), then we have X € Z(W,|[n],n), and
R(X(3),X)+ R(Y(3),Y)=n+1, for any i € W.
Then, for any 4,5 € W, we have
if R(X(i),X) > R(X(j),X), then R(Y(i),Y) < R(Y(5),Y).
Thus, we have

X()>X(j) = Y(i) >Y(j), forany i,5 € W.

(C.188)

<Y(n).

(C.189)

Hence, we have shown that X € X(Y;W,[n],n). Then, according to Lemma C.5.1, for any

i€ {l,...,ms}, we have

n—1i+1, if r =0,
R(X*(T)(n —m3+ Z)vX%(f)) = q(r)v if m3 > 1> 0’

msg—1i+1, if r =mg,

where ¢ =T(n—mg+i<n—r)(n—i+1)+I(n—mg+i>n—r)(ms—i+1).

In the following, we prove that the following three statements:

(i) : Y € Z(W, [n],n),

(i) : Y I(Y (i) < min(Y (1) )iepupw) = ms — 1,
ieW
(iii) : equation (C.188) holds,

are true when r = 0, mg > r > 0 and r = mg, separately.

Suppose r = 0. Then according to (C.190), we have
R(X(n—ms3+1i),X)=n—i+1, foranyic{1,...,ms}.
According to (C.189), we further have

RY(n—m3+1),Y) =1, forany i € {1,...,m3}.

(C.190)
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Since the m3 components of W takes the ranks from 1 to ms, then we have
Y (i) < min(Y (1)) 1epnp\w, for any i € W.

Hence, we have Y € Z(W, [n],n) and Y,y L (Y (4) < min(Y (1))iepopw) = m3 = mg—r. Further,

for any ¢ € {1,...,m3}, we have
R(X(n—m3+1i),X)—RY(n—-—m3+1i),Y)=n—i+1—i=n+1-—2i

which gives

S IR(X (1), X) = R(Y(1),Y)] =) |n+1—2il.
=1

ieW

This proves our result when r = 0.

Suppose m3 > r > 0. Then according to (C.190), we have

R(X(n—m3+1),X)=n—i+1, forany i€ {1,...,mg—r},
and R(X(n—m3+1i),X)=m3—i+1, foranyie {mz—r+1,...,ms}.

Then according to (C.189), we have

R(Y(n—m3+1),Y) =1, forany i € {1,...,m3 —r},
and R(Y(n—mg+1),Y)=n—ms+1i, forany i € {ms —r+1,...,ms},

Since the mg components of W takes either the ranks from 1 to ms—r, or the ranks from n—r+1

to n, then we have
Y (i) < min(Y (1)) 1w or Y (i) > min(Y (1)) 1epnpw, for any i € W.

Hence, we have Y € Z(W, [n],n) and > ey I (Y (i) < min(Y (1))iepopw) = ms — r. Further, for

any ¢ € {1,...,mg —r}, we have
R(X(n—ms+i),X)— R(Y(n—ms+i),Y) =n+1— 2,
and for any i € {ms —r+1,...,m3}, we have
R(X(n—m3+1i),X)—RY(n—m3+1i),Y)=2m3—2i+1—n.
Hence, we have

> IR(X (i), X) = R(Y (i), Y)|

ieW
ms3—r ms3

= In+1-2i[+ > [2mz—2i+1-n|
=1 i=m3—r+1
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This proves our result when mg > r > 0.

Suppose r = mg. Then according to (C.190), we have
R(X(n—m3+1i),X)=mg—i+1, forany i€ {1,...,ms}.
Then according to (C.189), we have
R(Y(n—m3+1),Y)=n—ms+1i, forany i € {1,...,ms}.
Since the m3 components of W takes the ranks from n — mg + 1 to n, then we have
Y (i) > max(Y (1))iepp\w, for any i € W.

Hence, we have Y € Z(W,[n],n) and > ;e I (Y (4) < min(Ys(1))ieppw) = m3 — r. Further, for

any i € {1,...,m3}, we have
R(X(n—m3+1i),X)—RY(n—m3+14),Y)=2m3—2i+1—n,

which gives
m3
> (R(X (1), X) = R(Y(i),Y)) = > _[2m3 — 2i + 1 —n].
iew i=1
This proves our result when » = mg, and completes our proof. O

Proposition C.5.13. Suppose X,Y € V" and for 0 < mg < n, let W ={n—ms+1,...,n} C [n]
be a subset of indices. Let (X*(T),Y*(T)) € Y(W,n) be imputations of X and Y for indices
in W such that >,y 1 (X (") (4) < min(X, (T)(l))le[n]\w> = r. For any i € [n] \ W, denote
di = R(Y (i), (Y (5))jempw) — R(X(3), (X (4))jempw)- Then, for any r € {0,...,m3}, we have

n—ms

DX V) = 37 (dy +my — 20| + g
=1

where ¢ = S (T(i < mg —7r) |n+1—2i]) + 37 (1(i > m3 —7)[2m3 — 2i + 1 —n)).

Proof. To start, according to the definition of Spearman’s footrule, we have

p(x, vy = Z‘R Y (@), v - R(XJ”(@),XY))‘
ieW

R0 - ko 10
i€n]\W

Then, in order to prove our results, it is sufficient to show that

S [RED@), ¥ - RO (), X0 = g,
ieW
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and

n—ms

ieln)\W i=1

Notice that

S RO (), ¥27) - REEO (), XU = g
icw

is true according to Lemma C.5.12. Hence, we only need to show that

n—ms

3 ‘R(n(”(i),n(”)—R(X*“)(z'),x,ﬁ’“)) = 3" |ds +my — 2.
i=1

E€n)\W

Since (X*(T),Y*(T)) € Y(W,n), then we have X, € Z(W,[n],n). Notice that

M1 (X*(’") (i) < min(X*(r)(l))le[n}\W> =T,

ieW

then according to Lemma C.5.2, we have

R(X.(i), XY = R(X (i), (X(D))ieppw) + 7 for any i € [n] \ W.

Next, according to Lemma C.5.12, we have Y*(T) € Z(W,[n],n), and
ST (V) < min(V g ) = ms — 7.
ieW

Then, according to Lemma C.5.2, we have

R (@), YY) = RY (i), (Y (D)iepupw) +m — r, for any i € [n] \ W.

Hence, we have

> RO V) - RO, x)
ien\W

= Y |RYE), (YD) igppw) — REX (), (X (1) iepapw) +ms — 2r
iEn)\W

n—ms

= Z |d; +ms3 — 2r|.

=1

This completes our proof. O

Lemma C.5.14. Suppose n € N such that n > 2, and mg € [n]. For any r € {0, ..., m3}, define

m3

m3
g => @i <mg—r)|In+1-2i))+ Y (I(i >mz—r)[2mz—2i+1—n|).
=1 =1
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Then for any r € {0,...,m3 — 1}, we have

g — g =20 + 1 —n| = In+1—2(mg — 7).

Proof. We prove our results when r = 0, m3 > r > 0, and r = mg, separately.

First, suppose » = 0. Then we have
ms
9" =>"In+1-2i
i=1

and

m3—1
gt =" n+1-2i|+ |1 —n|.
i=1

Hence, we have
g(r+1) _ g(r) =|1-n|—|n+1-2ms|.

This proves our results when r = 0.

Next, suppose m3z — 1 > r > 0. Then we have

ms—r ms
g(r):Z]n+1—2i]+ Z |2mg — 2i+ 1 —n/,
=1 i=m3—r+1
and
mz—r—1 ms
g = 3" In+1-2i+ Y [2Zmg—2i+1-n|.
=1 i=mgz—r

Hence, we have

gt — g = 12m3 — 2(ms — 1) + 1 —n| — [n+ 1 —2(mg — )|
=2r+1—n|—|n+1-=2(m3—r).
This proves our results when mz —1 > r > 0.
Finally, suppose » = m3 — 1. Then we have
ms
g =In -1+ [2m3—2i+1—n]|,
=2
and

mg3
gt =" 2ms — 2i +1—n.
=1
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Hence, we have
g — g = 12mg —1—n| —|n—1].

This proves our results when » = mg3 — 1, and completes our proof. O

Lemma C.5.15. Suppose X = (X (u1),..., X (uy)) is a vector of integers, where U = {uy, ..., u,}

is a set of indices such that u; < ... < u,. Then, we have

SOIX() 20 =D 1X@)|=2> T(X(i) = 0)+2) I(X(i)+1>0)—2n.

eU €U €U €U

Proof. To start, for any i € U, we have

X (i) + 2] — |X ()| =2, if X(i) >0,
X (i) + 2| — |X ()| =0, if X(i) = —1.

If, however X (i) < —1, then since X is a vector of integers, we have X (i) +2 < 0. Hence, we

have
| X (i) +2| — | X)) =-2, if X(i) < —1.
Therefore, we have

DX +2 =Y IX@) =) (X (@) + 2| — [X (@) ~ Y (0)])

ieU ieU ieU

=2 ZI ) >0)—2 ZI
€U €U

—221 >O—2<n—ZI )
€U cU

=23 T(X(i) > 0)+2) I(X(i)+1>0)—2n.
€U €U

This completes our proof. O

Proposition C.5.16. Suppose X,Y € V" and for 0 < mg <n,let W={n—-ms+1,...,n} C
[n] be a subset of indices. Let (X*(T),K(T)) € Y(W,n) be imputations of X and Y for in-
dices in W such that >, /1 (X*(’")(i) < min(X*(”)(l))le[n}\W) = r. For any i € [n] \ W,

let di = R(Y(3), (Y (5))jempw) — R(X(4), (X (7)) jempw). For any i € {—mg,...,m3 — 1}, let
$i = Y iepp\w 1 (di < @). Then, for any r € {0,...,m3 — 1}, we have

DX vy = DX V) 4 2590101y + S2r—ms — 1+ M)
+2r+1—n|—|n+1-2(m3—r)|.
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Proof. To start, according to Proposition C.5.13, we have

n—ms
D(X#ET)’Y*(T)) — Z |dz +ms — 27“| _|_g(r),
=1
n—ms
and D(X)ET‘+1)7}/*(T+1)) — Z |dz +mg — 2r — 2| + g(r+1)'
=1

Hence,

n—ms3 n—ms
— Z |d; + mg — 2r — 2| — Z \d; +m3 — 27| +g(r+l) —g(’”).
=1 i=1

Therefore, in order to prove our result, it is sufficient to show that

g — g =2 + 1 —n| = |n+1—2(m3 — 1),

and
n—ms n—ms3
Z |d; +mg — 2r — 2| — Z |di +mg — 2r| = 2(S2r—mg + S2r—mg+1 — N — M3).
i=1 i=1

Notice that according to Lemma C.5.14,
gt — g =20 + 1 —n| = n+1—2(ms — 1)

is true. Hence we only need to show

n—ms n—ms
Z |d1 + mg — 2r — 2’ - Z |d1 +mg3 — 27"‘ = 2(32r+17m3 + S2r—mg — N+ m3)
=1 =1

is true.

According to Lemma C.5.15, we have

n—ms n—ms

> ldi+ms—2r =2/ = > |di+mg — 2r]

i=1 i=1
n—ms n—ms

=2(n—m3)—2 Y I(di+mg—2r—2>0)—2 > I(dj+mz—2r—2+1>0)
=1 =1

n—ms
:2(n—m3)—2<n—m3— Z I(di+m3—2r—2<0)>

i=1

n—ms
—2<n—m3— Z I(di—l—m3—2r—1<0))

=1

n—ms3 n—ms3
2( I(di<2r+2—m3)+Zl(di<2r+1—m3)—n+m3>.
=1 =1
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Since 7, mg are integers and for any ¢ € {1,...,n —mgs}, d; is also an integer, then we have

I(di<2r+2—m3):I(dZ~§27’+1—m3)
and I(d; <2r+1—m3)=1(d; <2r —ms).

Hence, we have

n—ms3 n—ms
Z |d; +ms3 — 2r — 2| — Z |di +mg — 2r| = 2(S2r+1—mg + S2r—mg — N + M3).
i=1 i=1
This completes our proof. O

Algorithm 7 An efficient algorithm for computing exact upper bounds of Spearman’s Footrule
under Missing Case 111

Input: XY € V", where X and Y might be partially observed, and for any pair (Xj,Y;), where
i € [n], the two values are either both observed, or both missing.
Output: Maximum possible Spearman’s footrule distance between X and Y.
1: Denote m3 as the number of components such that both values (X(i),Y (7)) are missing. If
ms3 = n, then return ", |[i — (n — i+ 1)|.
2: Rank all observed data in X and Y. Relabel X and Y such that (X(n—mg+1),Y (n—ms3+
1)),...,(X(n),Y(n)) are missing.
3: Let W={n—ms+1,...,n}, and for any i € [n] \ W, let

di = R(Y (@), (Y (1) Jiepp\v) — R(X (@), (X (D))eppv)-

Run Algorithm 4 for computing s; = 3¢\ 1 (di < ) for any i € {—mg, ..., ms —1}.
Initialise Do = 31" [n + 1 — 24| + 37w |dil-
for r=0,...,m3—1do

Compute

Dr+1 =D, + 2(527"+17m3 + S2r—mgy — N+ m3)
+2r+1—n|—|n+1-2(mg—r)|.

8: end for
9: Return max{Dy, ..., Dp,}.

Remark C.5.17. A few comments of Algorithm 7 are made below:

In Algorithm 7, the initialisation Dy computed in line 5 equals to D(Xio),Y*(O)) defined in
Proposition C.5.13. Spearman’s footrule D,1, and D, equal to D(XYH), Y*(r)), D(Xir), Y*(r)),
respectively, and are updated according to Proposition C.5.16.

By computing { Do, ..., Dy, }, Algorithm 7 finds all possible Spearman’s footrule values D (X, Y%),
where (X,,Ys) € Y(W,n) are imputations of X and Y for indices W. See discussions following
Theorem 2.20 in the main paper for explanations. Hence, according to Theorem C.4.18, the
algorithm guarantees to find the maximum possible Spearman’s footrule between X and Y.

The computational complexity of Algorithm 7 is analysed as follows. Ranking and relabelling
all observed components in X and Y in line 2 requires O(nlogn) steps. Using these rankings, in
line 3 computing each d; is O(1), and so overall line 3 is O(n —mg). According to Remark C.5.7,

the computational complexity of running Algorithm 4 in line 4 is O(n 4+ m3). Line 5 requires

320



O(n) steps. In line 7, each iteration of the for loop is O(1), and since the loop runs ms times, the
computational complexity for the loop is O(ms). Therefore, the overall computational complexity
for Algorithm 7 is O(nlogn).

C.5.4. Algorithm for tight upper bound under general missingness case

This subsection provides an efficient algorithm for computing upper bounds of Spearman’s
footrule under general missingness case.

We first prove the following result.

Lemma C.5.18. Suppose X,Y € V" and for 0 < mq,mo, m3 < n such that mi+mo+ms < n, let
V=A{1,....oma}, U={ma+1,...,ma+mi} and W = {n—mgz+1,...,n} be subsets of indices.
Suppose X (1) < ... < X(mg), and Y(ma + 1) < ... < Y(ma2 + mq). Let (X*(”“),K(rz’m)) €
(X(Y; U, [n]\ W,n),X(X;V,[n]\ W,n)) N Y(W,n) be imputations of X,Y for indices U,V such
that

2! (X*(““)(i) < min(X*(”“)(l))ze([n]\m\U) -

€U
ZI (Y;(m’m)(i) < min(Yf”’m)(l))ze([n]\W)\v) — 1o,
1%

and Y I (X*“l”s)(z') < min(X*(“m(mle[n]\w) = 3.
eW

Then, for any i € ([n] \ W) \ U, we have
R(X179) (6), XTV)Y = g 4 4+ R(X(E), (X (1) ie(mpwn wov))- (C.191)
For any i € ([n]\ W)\ V, we have
ROV, Y7y = my = vy + v 4+ RY(0), (Y (D)ie(upwn wov)- (C.192)
For any r; € {0,...,m1}, 12 € {0,...,ma}, r3 € {0,...,m3}, we have

R(X,T173) (7 + mz),Xyl’m)) = pgrl) +rs, for any i € {1,...,my}, (C.193)
and R(Y,\"2™)(5), y."2"™)) = qz.(”) +mgs —rs, for any i € {1,...,ma}, (C.194)

(r2)

7

where pgrl) =10 <mi—r1) (n—mg—i+1)+1( > mq —r1) (mi1—i+1), and ¢
mg—i—i—l)—i-l(i>m2—r2)(m2—i+1).

Proof. First, we show (C.191) is true, since (X*(”’T?’),Y*(m’m)) € Y(W,n), then, according
to the definition of Y(W,n), we have X,("™) ¢ Z(W,[n],n). Notice that, according to the
definition of imputations, we have X,("""3) is an imputation of itself for indices W. Since
Diew ] (X*(”’T?’)(i) < min(X*(”“)(l))le[n]\w> = r3, then according to Lemma C.5.2, for any
i € [n]\ W, we have

R(X*(Tl’TS)(i)’X£T1’T3)) _ R(X*(m,m)(i)’ (Xim’m)(l))le[n}\w) T (C.195)
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Further, since X, ") € X(Y;U, [n] \ W, n), according to the definition of X(Y; U, [n] \ W, n),
we also have X, (") ¢ Z(U, [n] \ W, n). According to the definition of Z(U, [n] \ W, n), for any

i € U, we have
X*(T’I,TB)(Z') > maX(X*(Tl’Tg)(l))le[n]\Wa or X*(n,rs)(z‘) < min(X*(Tl’m)(l))le[n]\W-

Hence, we also have (X*(T17r3)(l))le[n]\w € Z(U,[n] \ W,n —mg). Since (X*(T17T3)(l))le[n]\w is an

imputation of itself for indices U, and we have

SoT(X () < min(X O O ) =71
€U

then according to Lemma C.5.2, for any i € ([n] \ W) \ U, we have

R (@), (X () ieppw)

o (C.196)
= R(X.9) (), (X (O)ie upwne) + 71

Since X" is an imputation of X for indices U U W, for any i € ([n] \ W) \ U, we have

R (@), (X ()i pwyo) = RX @), (XD o)- (C.197)

Combining (C.195), (C.196), and (C.197), for any i € ([n] \ W) \ U, we have
R(X, 009 (0), X3) = v 1+ RX @), (X Dieqpwnoum))-

This proves (C.191).
Similarly, we can show (C.192) is true. Since (X*(”’T"’),Y*(w’rs)) € Y(W,n), then according to
Lemma C.5.12, we have Y;"2") € Z(W, [n],n), and

ST (V) < min(V O ) = ms 7.
i€EW

(r2,73)

Notice that, according to the definition of imputations, Y is an imputation of itself for

indices W. Hence, according to Lemma C.5.2, for any i € [n] \ W, we have
R(Y;(m’m’)(i), Y*(Tz,m)) R(Y(rg,m)( ), (Y(rz,rs)(l))le[n]\w) + ms3 — 73. (C.198)

Further, since Y™™ ¢ X(X;V,[n]\W,n), we have y(r2rs) ¢ Z(V,[n]\W,n). Then according
to the definition of Z(V,[n]\ W,n), we have

Y () > max (V" () o Y (0) < min(V " @)iggupr, for i € V.

Hence, we also have (Y;(TZ’T?’)( D)iempw € Z2(V,[n] \ W,n —mg3). Since (K(TQ’TS)(Z))ZE[n]\W is an

imputation of itself for indices V', and we have

ZI (Y*(Tz,rs)(i) < min(Y*(rQ’m)(l))le([n}\W)\V> = 79.
eV
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then according to Lemma C.5.2, for any i € ([n] \ W) \ V, we have

RO (0), (V) () iegapav)

ar (C.199)
= RV (@), (Y22 (D))ie(pwyrv) + T2

Since Y,"*™) is an imputation of Y for indices V U W, for any 7 € ([n] \ W)\ V, we have

ROV (@), (V) (0)ie pwn ) = ROV (), (Y e ). (C.200)

Combining (C.198), (C.199), and (C.200), for any ¢ € ([n] \ W) \ V, we have
RO (0), Yi77) = my — vy o+ ROV (), (Y (D) apwn o)

This proves (C.192) is true.
Next, we show (C.193) is true, since X, "™) € X(Y; U, [n] \ W, n), then we have

X0 (6) > max(X, T (1)) e or Xa 079 (0) < min(X. T (1)) iep s for any i € U,
and X,"073)(3) > X, 08 (5), i Y (i) < Y (), for any i, j € U.

Hence, we have (X*(Tl’r3)(l))le[n]\w € X((Y(D)igpmp\w; U [n] \ W,n — mg). Since
21 (X*(“’T”(i) < min(X*(”“)(l))le([n]\W>\U> -
€U

then according to Lemma C.5.1, for any ¢ € {1,...,m1}, we have

n—mg—i+1, ifr; =0,
R(X,79) (my 4 4), (X T (1)) i) = . p", if my > 1 >0,

my—1t+1, if 71 = mo,

where p(ﬁ) =I(ma+i<mg+my—r1)(n—mg—i+1)+1(ma+i>mo+ms—ry)(m—i+l)=

IG<mi—r)(n—mg—i+1)+1(>my—ry)(m—i+1).
Notice that R(X.""3) (i), (X, ") (1))epupw) = p,grl) is still true when r = 0, or r; = mo.
Combining this result with (C.195), we have

R(X*(“’T?’)(i),X,gn’m)) = pgm) +rs, for any i € U.

This completes our proof for (C.193).
Next, we show (C.193) is true, since yr2ms) ¢ X(X;V,[n]\ W,n), then we have

Y*(TZ’TB)(Z') > maX(K(m’”)(l))le[n}\W, or Y*(Tg,rs)(i) < min(y:k(rz,m)(l))le[n]\w, for any i € V,
and Y*(rz,rs)(i) > Y*(T?’TS)(j), if X(i) < X(j), for any i,j € V.
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Hence, we have (Y (1) )iepw € X(X(D))iepapws Vi [n] \ Won — m3). Since

P! (Y@,m( ) < min(Y,"> 3)(l>>ze<[n1\W)\V) -
1%

then according to Lemma C.5.1, for any i € {1,...,ma}, we have

ROV (@), (V) (1) e )

n—ms—1i+1, if ro =0,
=q I(i<mag—mray)(n—mg—i+1)+1(G>ma—r2)(me—i+1), ifmg>ry>0,
mg — i+ 1, if 19 = mg

=I(t<mg—ro)(n—mz—i+1)+1(i>mg—r2)(Mme—i+1)
_ ),
Combining this result with (C.198), we have
R(Y*(rz,rg) (Z), }/*(7”2,1“3)) _ pz(rz) 4 ms — 73.

This proves (C.194) is true, and completes our proof. O

Using the results of Lemma C.5.18, we can show the following result:

Proposition C.5.19. Suppose X,Y € V" and for 0 < my,ms, m3 < n such that m; + mo +
ms < n,let V=A{L....me}, U={ma+1,...oma+mi}and W = {n—mg+1,...,n} be
subsets of indices. Suppose X (1) < ... < X(mg), and Y(mga + 1) < ... < Y(mg + mq). Let
(X, (r1rs) Y*(TQ’TS)) e (X(Y;U,[n]\ W,n), X(X;V,[n]\ W,n)) N Y(W,n) be imputations of X,Y
for indices U U W,V U W such that

D! (X*(“’TS)(Z') < min(X*(”’TS)(l))ze([nhvv)\U) -

€U
> 1 (Y“‘W)( ) < min(Y" 2’”)(l))ze([nl\VW\V) -
1%

o Z ( (r1,73) < mln(X*(m,Ta)(Z))le[n]\w> =T3.
1S4

Denote d; = R(Y (i), (Y (1) )iepw\v) — RIX (@), (X ())ie(mpwy\v) for any i € ([n]\W)\ (UUV).
Then for any r1 € {0,...,m1}, 72 € {0,...,ma}, and ro € {0,...,m3}, we have

D (x7 v ) = 37 ROE), (X Oieupwne) + 11— 6+ 2rs = ms|
%
+y pzn’r)ng = R(Y (@), Y(D))ieqpwyv) — T2 +2r3 — m3)
€U
+ Z |7“1—di—7“2+27"3—m3|+9(r3);

ic([n\W\(UUV)

where pgrl) =10 <my—r1)(n—mg—i+1)+1(i > my —r1) (m1—i+1), qu) =10 <mg—r2)(n—
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m3—1i+1)+1(i>mg—r2)(ma—i+1), and
ms3 m3

g =" (M <ms—ry)|n+1-2i))+ > (I(i>m3—rs)|2ms—2i+1-n|).
=1 =1

Proof. To start, according to Lemma C.5.18, we have
R(X, 7 (3), X)) = g vy 4 R(X(3), (X)) iempw@uvy)s
for any ¢ € V and

R(Y*(TQ’TS)(Z'), Y*(TQ’TS)) = q(TQ) +ms3 —rs, for any i € {1,...,ma}.

i
Hence, we have

Z ‘R(X*(n,rs)(i),Xim,m)) _ R(Kk(m’m)(i),n(rz’m))‘

e - (C.201)
= 3| ROX@), (XWequnwne) + 71— 0" + 205 = m|
eV

Next, according to Lemma C.5.18, we also have
ROV (@), YT) = my = 1+ 72+ R(Y (8), (Y (D)iequpwn wov)s
for any ¢ € U and

R(X,1173) (7 + mg),Xyl’TS)) = pgrl) + 73, for any i € {1,...,my}.
_— R(X*(T17T3)(,L~)7X>ET1,T3)) — p(il)

i—mso

+ 7, forany i € {mo+1,...,ma+m1}.

Hence,

Z ‘R(X*(Tl’rs")(i),Xirl’m)) — R(K(TQ’TB)(Z'),Y;(Q’M))‘
“ (C.202)

_ Z (r1)

Di—m, +2r3 —mg — 12 — R(Y (1), (Y(l))le([n]\w)\(UUV))’ :
icU

Next, according to Lemma C.5.18, for any ¢ € ([n] \ W) \ (U U V), we have

R(X.079) (i), XU™)) = g 1+ R(X(3), (X)) ie@pwnouvy),
and R(Y."™") (1), Y."")) = g — rg + ro + ROV (3), (Y (1) e (upiw\@wov))-

Hence,
Z ’R(X*(TLTB)(Z')’X£r1,r3)) _ R(}/;(TZ,TB)(i)7}/*(T2,T3))
i€([n\W)\(ULV) (C.203)
= Z |2rs + 11 — mg — ro — d;] .

ic([n\WO\(UUV)
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Now, since (X, ™17, Y,"2"™)) € Y(W, n) and

DI (X (mrs) (i) < mm(X*(““)(l))ze[n]\W) -
€W

then according to Lemma C.5.12; we have

> R @), X)) = R ), v )| < g, (C.204)
ieW

Finally, combining (C.201), (C.202), (C.203) and (C.204), we have
D (Xim,rs) Y;(m#’s))
_ Z ‘R (r1,73) X(r1,7‘3)) . R(Y:k(rg,rg)(i)7 }/*(7‘2,7‘3)))

_ Z ‘R (r1,73) X(n,ra)) . R(Y:k(rg,rg;)(i)7 }/*(7"2,7"3)))

%
+ Z ‘R (r1,r3) Xim,rS)) . R(}/*(m,r;a)(i), Y*(TQ,T‘g))’
€U
+ Z ’R(X*(Tl’TB)(i)’X£T17T3)> _ R(Y(m,rs)< ) Y(rg 7"3))‘

iG([n]\W)\(UUV)
£ ROV, X)) = R 0), YY)

ieWw
= Z ‘R(X(i), (X () le([n]\W)\U) +r— qz( r2) + 2r3 — m3‘
i€V
P = ROY (0), (Y (D)ieupwnv) = 72 +2r3 = m|
i€U
+ Z Iry — di — o + 2r3 — ma| + g\,

ic([n\W)\(UUV)

This completes our proof. O

Finally, we show the following result:

Proposition C.5.20. Suppose X,Y € V" and for 0 < mq,mg, mg < n such that mq + mo +
m3 <n,let V=A{L....me}, U={ma+1,....ma+mi}and W = {n—mg+1,...,n} be
subsets of indices. Suppose X (1) < ... < X(mg), and Y(ma + 1) < ... < Y(ma + m1). Let
(X, (rrs) y 2"y ¢ (x(Y,U, [n] \ W, n), X(X;V, [n] \ W,n)) N Y(W,n) be imputations of X,Y
for indices U U W, and V U W, respectively, such that

ZI (X*(T’I,T’3)(Z') < min(X*(rLrB)(l))le([n]\W)\U) =1y,

€U
> 1 (Y*(Tm)(i) < min(Y*(m’TS)(l))le([n]\W)\V) -
i€V

" Z ( (r173) () < min(X," 1,?3)(1))l€[n]\w> =rs.
ieW
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For any r1 € {0,...,m1}, 12 € {0,...,ma}, and r3 € {0, ..., m3}, denote

st = SOT(R(X @), (XOeupwne) + 71— a7 +2r5 = mg > 0)),
eV

Rrorara) =37 (p§?)n2 — R(Y (@), (Y (D)ie(mpwy\v) — 12 — 1+ 2r5 —mg3 > 0) ;
iU

Wherepgh) =10 <my—r1) (n—mg—i+1)+1(i > my —r1) (mi—i+1), qz(“) =1(i <mg—ry)(n—
m3 — 1+ 1) +1(i>ma—ry)(me—i+1). For any i € {-m1 — 1 — 2mg,...,ma}, let s; =
e wnwuvy L (di < 4), and denote n’ = n—my —my—mg. Then, for any ry € {0,...,m1—1},

ro € {0,...,ma}, and r3 € {0,...,m3}, we have

D(X£T1+1,r3) Y*(TLTB)) _ D(Xirl’m) Y*(Tz,rs))

(r1.72.73) (C.205)
+ 28(rurars) _ 2y trg 1y —2rs 1 + C L72,73)
for any r1 € {0,...,m1}, 72 € {0,...,mg — 1}, and r3 € {0,...,m3}, we have
D(Xirl,Ts) Y*(T2+1,7“3)) _ D(Xirl’m) Y*(T27T3))
( ) (C.206)
— 9R(rirars) 4 S mitry—r1 -2 + C2T1,T2,T3 ‘
and for any r; € {0,...,m1}, 72 € {0,...,ma}, and r3 € {0,...,mg — 1}, we have
D (Xim,r?,-&-l)’ Y*(T2,T3+1)> - D <X£r17r3)’ Y*(TQ,T3)> +12r3+1—n]
— 1—-9 — 99(rira,ra) 4 9g(rit+lrars) o
|n + (ms —r3)| + 2S5 + 25 meo (C.207)

+ 2R(7’1,7’2—1,T3) + 2R(7’1,7’2—2,7“3) _ 2m1
+ 252r3 41 —ra—ms + 2820540 —ro—ma41 — 2n'.
where for any r € {0,...,m1}, ro € {0,...,ma}, and r3 € {0,...,ms},
C(Tl’m’m) _ /
1 =—ma+n
+ |+ 1= RY (may +ma —7r1), (Y ())ie(upwiny) — 72 + 2r3 — ms|
- ‘n —mg—m1+r11+1—=R(Y(m1+me—71), (Y())ie@mpwv) — 72+ 2rs —ms|,
and
Cén,rg,rg) = my — n
+ ’TQ +1-— R(X(mg — ’I”), (X(l))le([n}\W)\U) —ry —2r3 + mg’
— ‘n —mg—mg+1ro+1— R(X(mQ — 7’), (X(l))le([n}\W)\U) — 17y — 2rs + ms| .
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Proof. First, we prove (C.205) is true. According to Proposition C.5.19, we have

D <X,,ET1’T3), Y*(rg,rg))

=" \R(X(z'), (XDe(unvne) +71 =0 +2rs = my|
iev
+> ‘Pzn% = R(Y (@), (Y(D))ie(pwyv) — T2 +2r3 — ms‘
€U
+ > ry — di — 2 + 2r3 — mg| + g%,
i€([R\W)\(UUV)
and
D (X£r1+1,7"3),y;(r27r3))
_Z‘ (Nie@pwnw) +r1+1— (T2)+2T3—m3‘
eV
+> Zrl’;zrzl (Y (@), YD))ieupwyv) — T2+ 2r3 — ms‘
€U
+ Z 11+ 1 —di — 72+ 2r5 — mg| + g,

i€([n\W)\(ULV)
Hence, we have
D (X£T1+1’T3),K(T2’T3)) -D (Xin,ra)’ Y*(Tz,rs))

=> ‘R(X(i), (XU epwne) +71+1 -\ +2ry — m3‘

i€V
= > | RO, (XO)eumne) + 71— ™ + 2rs = my|
i€V
(T1+1) .
+) ) = ROYVG), (Y (D) ie(upwyny) — r2 + 2rs — mg
o ‘ (C.208)
- Z pgilr)ng = RY (@), YD))ie@upwyv) — T2+ 2r3 — ms‘
icU
+ Z ‘T1+1—di—T2+27‘3—M3‘
ie([n\W)\(ULV)
— Z ‘T‘l—di—T’2+27’3—m3’.
i€([n\W)\(UUV)
Notice that, according to Lemma C.5.4, we have
> ‘R(X(i% (XU)epwne) +714+1 - +2ry - ms‘
i€V
- Z ’R(X(’i% (XD)iepwnw) +71 - ql( 2 oy — m3’
iev (C.209)
= 22 ( (XD e@pwnw) +m1— qZ( )y 2rg —mg > 0) — ma,
eV

_ 25(7“1,7“2,7“3) — T,
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and

Yoo it +lora42—my— > |di+ri—r242r3—mg
i€([R\W)\(UUV) i€([rR\W)\(UUV)
=2 Z I(di+m1 —ro+2r3s—ms3>0)— (n—m3 —mg—m3)

ic([n\W)\(UUV)

=2 Z I(di2m3+r277“172r3)7n/
i€([n\W)\(ULV)

=2n' —2 Z I(d; <mg+re—1r1—2r3) —n'.
i€ ([ \W)\(UUV)

Since ms, 1, 12,73 are integers, and for any i € ([n] \ W)\ (UUYV), d; is an integer, we have
I(di <msg—+re—1"1 —27’3) :I(di <mg+ro—n —27’3—1).

Thus, we have

Z ‘di+T1+1—T2+2T3—m3|
i€([n]\W)\(UUV)
— Z |d; +r1 — 19 + 213 — mgs)|
ie(\W\(ULY) (C.210)

=n' -2 Z I(di§m3+r2—r1—2r3—1)
i€([n\W)\(ULV)

/
=n — 25m3+r2—7~1—2r3—1~

Next, notice that

2.

iU

-3 ‘Pz(g)nfz = R(Y (@), Y(D))ie(mpwyv) — 72 + 213 — ms‘
iU

ma+mi

>

1=mao+1

pgiﬁl) — R(Y (i), Y(D))ie(npwyv) — T2+ 2r3 — m3‘

P = ROV (D), (Y (D)) = 72+ 2r = mg

ma+mq
i=mo+1

mi
1=1
mi
=1

PETT)M — R(Y (i), Y())ie(pwyv) — T2 + 213 — m3’

P R(Y (g + ), Y (D)) iempwnw) —r2 +2r3 — m3’

™ = R(Y (ma +4), (Y (D))ie(mpwyv) — 72+ 23 — mS) ,

(r1)

where p; ' =1(i <my —mr)(n—m3—i+1)+1(i>mqg —ry)(mi—i+1)foranyie {1,...,mi}
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and 71 € {0,...,m1}. Then, according to Lemma C.5.5, we have

mi

D

=1
mi
=1

= |r14+1 = R(Y (m1+ma — 1), (Y (D) ieupwyv) — r2 + 2r3 — ms]|

Y = ROY (ma + 1), (Y (1)ie(apwyyv) — 72 + 275 — ms‘

P = R(Y (g + 1), (Y (D))re(upwyv) = 72+ 273 = mS‘

- ‘n —mg—mi+r+1-— R(Y(m1 +mo — 7’1>, (Y(l))le([n]\W)\V) — 19+ 2r3 —ms

Hence, we have

> Pz(r—lyigl) — R(Y (i), Y(D))ie(pwyv) — T2+ 2r3 — mg‘

icv

-> ’PETLQ = R(Y (3), Y(I))ie(mpwnv) — T2+ 2r3 — ’ms‘ (C.211)
icU

_ C(Tlﬂ‘z,m)
- ¥

+ mo — n'.
Put (C.209), (C.210), and (C.211) back into (C.208), we obtain

D(X£r1+l,r3) Y;(TQ,Tg)) —D(Xﬂ(:rl’m) }/*(7‘2,7‘3))

r1,72,T
= QS(TLWJ?’) —mg + n' — 2tmat+ry—r—2rs—1 + Cf L72:73) + mg — n'

— 9G(ri,r2,r3) C£T177’2,T3).

- 23m3 +ro—ry—2rz3—1 +

This proves (C.205) is true.

Similarly, we can show (C.206) is true. According to Proposition C.5.19, we have
D (X(TM’B) Y(TQ,Ts))

=> ‘R(X(i), (XM iewnw) +r1— 0" 2y — ms‘

eV

3 [, = RO (Y Oieupwny) = 72 + 215 = mg
icU

+ > 71— di — 2 + 2r5 — ma| + ¢,

i€([n\W)\(UUV)
and
D <X£T1,7’3) : }/*(Tz-i-l,’l‘g))

=> ’R(X(i), (XM iewnw) +r1— gt oy — ms‘

eV

£ 3 [pT, = RO, (Y )iy = r2 = 1+ 215 — m|
ieU

+ Z |7"1—di—r2—1+2rg—m3|+q(T3),

ie([n\W)\(UUV)
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Hence, we have

=> ‘R(X(i), (XM iewnw) +r1— gt 4oy — m3‘

eV
= IRX @), (XD epwnw) + 11— ¢\ + 205 — ms)
eV
(r1) ;
+ —R(Y(3),(Y( - —7r9—1+2r3 —
ieZU Piiny — BY (@), YD))ig(mpwv) — 72 T3 ma) (C.212)
=3[P, = ROVG)L (O Oeupwny) = 72+ 2r — ms|
icU
+ Z |7’1—di—7’2—1+27’3—m3|
i€([n\W)\(UUV)
— Z |r1—di—7“2+27"3—m3].
i€([n\W)\(UUV)
Notice that, according to Lemma C.5.4, we have
> pz‘% — R(Y (@), Y(D))ie@pwyv) — 72 — 14 2r3 — m3‘
icU
-3 \pi”ﬁnz — R(Y (@), Y(D))ie(upwy\v) — T2 + 273 — m3’
iU (C.213)
=231 (pl"), = ROZG), (Y (Dieupuvny) — 72 — 1+ 205 = mg > 0) +my,
€U
— —9R(rirars) | mi,
and
Z |di—|—7“1—7‘2—1+27“3—m3|— Z |d¢—|—7"1—7“2+27“3—m3]
i€([n\W)\(UUV) i€([n\W)\(UUV)

= -2 Z I(di+7’1—r2—1+2r3—m3ZO)—i—(n—ml—mg—mg)
i€([n\W)\(ULV)

=-2 Z I(di2m3+r2—r1—27"3+1)+n/
ie([n\WN\(UULV)

2(71/ Z I(di<m3+7°27'127’3+1))+n/'
ie(

e([n\WN\(ULV)

Since mg,r1,r2, 3 are integers, and for any i € ([n] \ W) \ (U U V), d; is an integer, we have

I(di<m3+r2—r1—2r3+1):I(di§m3+r2—r1—2r3).
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Hence, we have

Z |di—|—r1—r2—1+2r3—m3|
i€([n\W)\(UULV)
> di+r1— 1o+ 2rs — mg| (C.214)

ie([n\W)\(UUV)

=9 /
= 28ma+ro—r1—2r3 — 1.

Next, notice that

> ‘R(X(i% (XD ie@pwnw) + 71— gt org — m3’

eV
=Y |REXG), (X equwne) + 11— ™+ 2r = mg|
eV
_ (T2+1) o .
=> g R(X (), (XD))ie@mpwnw) — 11— 2r3 + m3‘
eV
-> ¢\ — R(X(i), (XD)ieuwnw) —r1 —2r3 + ms’ -
eV
Since ngm) =1(i<mg—ry)(n—m3—i+1)+1(>mg—rg)(me— i+ 1), then according to

Lemma C.5.5, we have

> "™ — R(X (i), (X(I))ie(mpwnu) — 1 — 23 + Wz‘

eV

=3 |al"™ = REX @), (XOheupmwno) =1 = 2rs +ms|
eV

= ‘7"2 +1-— R(X(mQ — 7“), (X(l))le([n}\W)\U) —ry—2rs + m3‘

—|n—mg —my+ry+1 = R(X(mg —7),(X())iempwyw) — 1 — 2r3 +ma

_ Cérhrzmzs) —my+ 7.

Hence, we have

> R0, (XWOequpwne) + 71— a7+ + 205 —my

eV

- Z ‘R(X(Z), (X(l))le([n]\W)\U) +ry — qgm) + 27‘3 - m3) (C.215)
eV

_ 57‘1,7‘2,7‘3) —my+ .

Put (C.213), (C.214), and (C.215) back into (C.212), we obtain

D(X,Erl’m) Y;(T’2+1,7’3)) . D(Xirl’r?’) Y*(TQ,Tg))

b
— _9R(ri,r2,r3) I I A — n + C§T17T2J’3) —my+n

== _2R(T1’T2’T3) + 28m3+r2—7‘1—2r3 + C§TI’T27T3).

This proves (C.206) is true.
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Finally, we show (C.207) is true. According to Proposition C.5.19, we have

D <X£r1,r3)’ Y*(rz,rg))
(r2)

=" [RE ), (XOequpwne) + 71— 0" + 25 —ms|

iev

+> ‘Pz(g?m = R(Y (@), (Y(D))ie(mpwyv) — T2 +2r3 — ms‘
ieU

+ > ry — di — 2 + 2r3 — mg| + g%,

ie([n\W)\(UUV)
and

D (Xim,rg—i-l), Kk(rz,rg-‘rl))

= > | RO, (XOreupwne) +71 = 6™ + 25 +2 = my|

icv

+ p") = REY ), (Y (D))ie(mpw)\v) — 72+ 2r3 +2 — mg’
icU

+ Z |T1—di—7“2+27“3+2—m3|—|—g(r3+1),

i€([n\W)\(ULUV)
Hence, we have
D <X£r1,r3+l)’ Kk(’rg,’r‘g—&-l)) -D (Xirl,r3)7 Y:.STQ’T?’))

=> ’R(X(i)a (Xepwne) +71 — ¢ +2r5 +2 - m3’

eV

= >R @), (XOheunwne) + 7= 6 + 25—
eV

+ Z pgilgw — R(Y (4), (Y(l))le([n]\W)\V) —ro+4+2r3+2— ms)
ieU

=3[P, = ROV @), (Y (Dieuapwny) = 72 +2r5 = m|
ieU

+ Z |11 — di —ro + 2r3 + 2 — mg|
ie([n\W\(ULV)

- Z |r1 = di — 2+ 2r5 — mg| + g3t — g(rs),

ic([n\W\(UUV)

According to Lemma C.5.14, we have

gt — gt = |2rg 41— n| — [n+ 1 — 2(m3 — r3)|.

(C.216)

(C.217)
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According to Lemma C.5.15, we have

S RO, (XWeuwono) + 71— a7 + 2rs +2 = g

eV
=3 | ROXG), (X Ohequpwno) + 11— @™ + 2r = ms]
eV
=2) 1 (7“1 + 2r3 + R(X (i), (X (D)) (mpwy\(wuv)) — ¢ = mg > 0) (C.218)
icV

+2 ZI (7‘1 + 27’3 + R(X(Z), (X(l))le([n}\W)\(UuV)) - qz(m) —ms3+ 1 > 0) - 2m2
eV
= 250raa) | 9g(ritlrars) o

and

Z ‘Pﬁ% — R(Y (@), Y(D))ignpw\v) — T2 + 2713 +2 — mg‘

iU
-> P = RY(0), (Y (D))ie(upiwypy) — 2 + 273 — m3’
icU
=2) 1 (pgzlgw +2rg —mgz — o — R(Y (4), Y (D)) ie(mpwn@owv)) = 0) (C.219)
icU

+2) 1 (pﬁl,@ +2r3 —mg —r2 — R(Y(0), Y (D))ic(mpw\ov)) +1 2 0) = 2m
€U

— oR(rir2—1,r3) + oR(rira—=2,r3) _ 2ma,

and
> Ir1 —di — 79 + 273 + 2 — mg|
ie([n\W)\(UUV)
— Z \rl—di—r2+2r3—m3]

ic([n\W\(UUV)

=2 Z I(rl—di—r2+2r3—m320)
i€([n\W)\(VLU)

+ 2 Z I(rl—di—r2+2r3—m3—|—120)—2(n—m1—m2—m3) (0.220)
i€([n\W)\(VLU)

=2 Z I(di§2r3—|—r1—r2—m3)
i€([n\W)\(VLU)

+ 2 Z I(di§27“3+7’177“2—m3+1)—2n'
i€([n\W)\(VUU)

= 282511 —rp—mg T 259rg-4r1—ry—ma+1 — 2.
Put (C.217), (C.218), (C.219) and (C.220) back into (C.216), we obtain

D (Xirl,r3+1)7y*(T2,T3+1)> -D (Xirl,rg) Y*(rz,rg)>

=12r3+1—n| = |[n+1—2(mg —r3)| +28Tr2ra) 4 9glritlrars) _ op,

+ 2R(r17r2—1,r3) 4+ QR(T17T2—2,7"3) —2my + 252T3+r1—r2—m3 + 252r3+r1—r2—m3+1 — o
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This proves (C.207), and completes our proof. O

Remark C.5.21. A few comments of Algorithm 8 are made below:

In Algorithm 8, the initialisation Dy oo computed in line 15 equals to D(Xio’o), Y*(O’O)) defined in
Proposition C.5.19. Spearman’s footrule Dy, 41 9.5, Dri rot1,03, Drirors+1, and Dy, ., equal to
D(X£T1+1,T3)7Y*(r2,r3))7 D(Xirl,r3)’ Y*(m+1,r3))’ D(Xim,rg,—l-l),Y:k(rg,m—l-l))’ and D(Xirl,rg),y*(rg,rg))’
respectively, and are updated according to Proposition C.5.20.

By computing {Do 0.0, - - s Dy ma,ms > Algorithm 8 finds all possible Spearman’s footrule val-
ues D (X,,Y,), where (X,,Y,) € (X(Y; U, [n]\W,n), X(X;V, [n]\W,n))NY(W, n) are imputations
X and Y for indices U UW and V U W, respectively. See discussions following Theorem 2.21 in
the main paper for explanations. Hence, according to Theorem C.4.19, the algorithm guarantees
to find the maximum possible Spearman’s footrule between X and Y.

The computational complexity of Algorithm 8 is analysed as follows. Ranking and relabelling
all observed components in X and Y in line 3 requires O(nlogn) steps. Using these ranks, in
line 5 computing each d; is O(1), and so overall line 5 is O(n —mj — mg —mg). Line 6 and line 7
takes O(m3) and O(m;) steps, respectively.

According to Remark C.5.7, the computational complexity of running Algorithm 4 in line 8
and line 9 is O(m; + ma + m3), and O(mg + m3), respectively. Line 9 takes O(mgmg) steps.
In line 12, each iteration of running Algorithm 4 within the for loop is O(my + mg). Line 13
takes O(mims). Since the loop runs mgy + 1 times, the computational complexity for the loop is
O(mymams).

Line 15 requires O(n) steps using the ranks of observed components. Line 19, line 20, line 24,
and line 25 all take O(1) steps. Since the loop in line 18 runs my times, the computational
complexity for the loop is O(m;y). Since line 29 takes O(1) steps, each iteration within the loop
in line 17 takes O(my + 1) steps. Since the loop in line 17 runs mo times, the computational
complexity for this loop is O(mimg). Finally, the loop in line 16 runs mg times. Hence, the
computational complexity for this loop is O(mimaoms).

Therefore, the overall computational complexity for Algorithm 6 is O(n logn +m3+mimams).
Note that, however, if m; < ms, we can swap X and Y. Hence, the computational complexity
for find the tight upper bounds of Spearman’s footrule under the general missingness case can be

reduced to O(nlogn + min{my, ma}? + mimams).
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Algorithm 8 An efficient algorithm for computing exact upper bounds of Spearman’s Footrule
under general missingness case.

Input: X,Y € V", where X and Y might be partially observed.
Output: Maximum possible Spearman’s footrule distance between X and Y.

1:

Denote m; as the number of pairs (X (i),Y (7)) such that Y (i) is observed while X (i) is
missing. Denote mso as the number of pairs (X(i),Y (7)) such that X (i) is observed while
Y'(7) is missing. Denote mg as the number of pairs such that both (X (i), Y (7)) are missing.
If m1 + mo = 0, then run Algorithm 7. However, if mg = 0, then run Algorithm 6. If
my + mg + mz = n, then return y ;" | [t — (n — i+ 1)].

Rank all observed data in X and Y. Relabel X and Y such that Y'(1),...,Y (m2) are missing,
while X (1), ..., X (mg) are observed, and X (1) < ..., X(mz2). Let X (ma+1),..., X (ma+ms2)
be missing, while Y (mo+1),...,Y (ma+m;) are observed and Y (ma+1) < ... < Y(ma+m;).
Let (X(n—m3+1),Y(n—m3+1)),...,(X(n),Y(n)) be missing.

4: Denote V. =A{1,...,mo}, U={ma+1,...,mo+my},and W ={n—-—msg+1,...,n}.

For i € ([n] \ W)\ (UUV), let

di = R(Y (4), (Y (D))iempwyv) — BX (@), (X D)) iempwno)-

For any i € {1,...,m2} and ro € {0,...,ma}, let qi(w) =I(i<mag—mry)(n—mz—i+1)+
I(i>m2—r2)(mg—i+1).

7. For any i € {1,...,m1}, let pz(o) =I<mi)(n—m3—i+1)+1(i>mq)(mi—i+1).
8: Run Algorithm 4 computing s; = Zle([n}\W)\(UuV) I(d; <i) for any i € {—m1 — ma — m3 —

10:

11:
12:

13:

14:

1,...,7’)’L1—|-THQ—|-m3—|-1}.
Run Algorithm 4 computing

RO = ST (RO, (Y Ohieunwny) = P, < K)
€U

for any k € {—mo —mgz —1,...,m3 — 1}.
For any ro € {0,...,ma},73 € {0,...,ms}, let

ROT2r3) = RW) if — gy — 1+ 275 —my = k.

for r, € {0,...,m2} do
Run Algorithm 4 computing

SW=3%"1 (ngrz) = R(X (), (X(D)iempwnv) < k) ,
iev

for any k € {—mg,...,m1 +m3}.
For any r1 € {0,...,m1},73 € {0,...,ms}, let

S(T17T27T3) — S(k)7 if r1 +2r3 —ms =k.

end for
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15: Initialise

m2
Dooo =Y |n+i—1—R(X(),(X0))empmwno)]

=1
my

+3 n—mg+i—1—R(Y (ma+14), Y ())ie@pwno)]
=1
m3

+) In+1-2i+ > \d; +ms).
i=1 ie([n\W)\(UUV)

16: for r3 € {0,...,m3} do

17: for ro € {0,...,m2} do

18: for r; € {0,...,m;} do

19: Denote ¢y = r1 + 1 — ry + 2rg — ms, and compute
Oy = —my 0+ er — R(Y (m1 + ma — 1), (Y (D))iepwyv)|
— |01 +n—-—m3—mq— R(Y(m1 + mg — 7“1), (Y(l))le([n}\W)\V)‘ .

20: Compute

_ T1,72,T (r1,m2,73)
DT1+1,7"2,7"3 = DT17T27T3 + 25( nrars) 2Smytro—ri—2r3—1 + Cl :

21: end for

22: Let

23: if 7o < my then

24: Let r; = 0. Denote cs =19+ 1 — 11 — 2r3 + mgs, and compute

OS2 =y = 4 [ea — R(X (ma — 1), (X (1) )ieqppwo)]
— |ea +n —m3 —my — R(X(ma — 1), (X())icqupmwno)| -

25: Compute
DT1,7“2+1,7“3 - DTl,T2,T3 - QR(TLTQ’TS) + 25m3+rz—r1—2r3 + Cérl,m’m)'
26: end if
27: end for
28: if r3 < ms then
29: Let r1 = r9 = 0 and compute

DT1,T2,T3+1 = Dhﬂ“zﬂ“s + |2T3 +1- n| - |n +1- 2(m3 - T3)|
+ 25«(7"1,7"2,7"3) + 25(7‘14—1,7’2,7’3) — 2ms + 2R(7‘1,7‘2—1,r3) + 2R(7‘1,7‘2—2,r3)
- 2m1 + 2827‘34»7‘177’277)13 + 252r3+r1 —ro—m3+1 — 271/.
30: end if

31: end for
32: Return max{Dy 0.0, - -, Dmi mams}-
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D. Proofs of results in Chapter 6

This chapter provides proofs for the results used in Chapter 6.

D.1. Bounds of the Wilcoxon-Mann-Whitney statistic with ties

We start by proving Proposition 6.1.3, which extends Theorem 3.1.3 to the case where ties are

allowed, and the data are defined in a support €.

Proposition D.1.1. Suppose that X = {z1,...,2,} and Y = {y1,...,ym} are samples of
observations, which need not necessarily be distinct, from a space 2 C R. Suppose that X' ¢ X
and Y/ C Y are sub-multisets with sizes n’ and m/, respectively, which are observed. Denote
Z'=X'"UY’'. Then the Wilcoxon-Mann-Whitney statistic W(X,Y’) is bounded as follows:

min W(X,Y) = W(X",Y") + (|oYy] (n — n') + [0X}| (m —m)) /2,

Z\Z'
IZn\ang(X,Y) =W(X"Y') + (mn —m'n') — (|0X]| (m —m') + |0Y}| (n —n')) /2.
where
> I(x =minQ) if min( exists,
|8X(/l’ = rzeX'’
0 otherwise,
> I(z =max ) if max () exists,
|8X[;‘ = zeX’
otherwise,
> I(y=minQ) if min € exists,
|8Ya/| = yEY’
otherwise,
> I(y =max ) if max () exists,
|61/})/| = yEY’

0 otherwise.

Proof. Note that we only need to prove

min Rxjz = Ryojz + (0= n)(n-4 0 +1)/2-4 0¥ = n)/2 -+ 10{](m — )2,

an\aZ}’(RXIZ = Ry z + {n(n+2m+1) —n'(n' + 2m’ +1)}/2 — [0X;|(m — m') /2 — |0Y}|(n — n') /2.

Since if these are true, then Proposition D.1.1 can be proved following the same approach used
in Theorem 3.1.3.
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To start, let us denote X\ X’ = X* and Y\Y’ = Y*. In other words, X* is a multiset including
all unknown elements in X and Y™ is a multiset including all unknown elements in Y.

Then, the rank sum of X in Z can be decomposed:

Rxiz = Z R(z,Z) = Z R(z,Z) + Z R(x,Z) = Rx1z + Rx+|z- (D.1)

zeX zeX’ TeEX*

We consider Ry z and Ry« |z separately. First, notice that

Ry z = Z R(z,Z)
zeX’
- Z (ZI(ZZ' <z)+ <ZI(2’1':$)+1> /2>
rxeX’ \i=1 i=1
=Y Mlm<a)+ Y Yz =a) /2402
zeX’ i=1 zeX’ i=1

Since Z = X UY' UY™*, we have

n

Zl(zi<x):21(z<a:)+ZI(z<x)+ZI(z<a:),

i=1 zeX zeY’ 2€Yx

and
Zl(zi:x): Zl(z:x)—i— ZI(Z:x)+ Zl(z:x).
=1 zeX zeY’ 2€Yx

Therefore, we have

Rxiz =n'/2+ Z Zl(z<m)—|—z Zl(z<x)+z ZI(Z<J})

rzeX’ zeX zeX’ zeY’ zeX' z€Ys
=C1 :=Co :=C3
+ Z ZI(Z:Q:)/Q—F Z Zl(z:x)/2+ Z Zl(z:x)/Q.
reX’ zeX zeX’ zeY’ zeX’ z€Ys
:=Cy :=C :=Cp

Similarly, we can show that

Rx.z=(n—-n')/2+ Z Zl(z<x)+ Z Zl(z<a:)+ Z Zl(z<w)

reXi z€X r€Xy z€Y'! z€X, z€Y5
=D =Dy :=Ds3
+ Y D 1= 2+ ) Y I=2)/2+ > > I(z=ux)/2.
reXy zeX z€Xy z€Y'! z€X, 2z€Ys
=Dy :=Dsy :=Dg
Hence, we have
RX|Z:C1—|—CQ+"'+CG+D1+D2+”'+D6+n/2 (D.Q)
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Notice that

Ci1+Cy+ D1+ Dy

= Z ZI(z<a:)+ Z Zl(z:aﬁ)/Q—i— Z Zl(z<x)+ Z Zl(z:x)/2

reX’ zeX reX’ zeX re€Xy z€X r€Xy z€X
=D Y IE<a)+ ) Y 1(z==1)/2

rxeX zeX reX zeX
= Z Zl(zgx)—n/Q

rzeX zeX

= (1+n)n/2 —n/2=n?/2.

Also, we have

Rxnz=> R@2)=)Y (Zl(z<m)+ (Zl(zzx)H) /2)

zeX'’ zeX’ \zeZ’ zeZ'
=) N Ir<a)+ > > I(z=1)/2+n/2
zeX' zeZ' zeX’ zeZ'
=) N Ie<a)+ > ) Iz<a)+ > Y Iz=x2)/2+ > > I(z=1x)/2+n//2
reX' ze X' reX' zeY’ reX’ ze X'’ reX'’ zeY’
=Co+Cs+ Y > I(z<a)+ > Y I(z=a)/2+71/2
zeX’ ze X'’ zeX’ ze X'’
=Cy+C5+ Y <ZI(2<37)+ (Zl(z—w)—i—l) /2>
zeX’ \zeX'’ zeX’

=Cy+C5+ Y R(@,X') = (1+n)n'/2+ Cy + Cs.

rzeX’

Thus,
02 + 05 = RX’|Z’ — (1 + n')n'/Q.
Now, put the above results back into Equation (D.2),

Rxiz = Rxiz — (1 +n)n' /24 n?/24n/2+ C3+ Cs + D2 + D3 + D5 + Dg
= Rx/z+ (n—n")(n+n"+1)/24 Cs + Cs + Dy + D3 + D5 + D (D.3)

Below we consider Cs 4+ Cg, Dy + D5, D3 + Dg separately. Notice that

Cs+Co=> Y I(z<a)+ > > I(z=ux)/2

€X' 2€Y,4 zeX'! z€Yy

Suppose max 2 does not exist. In other words, z € Y, can be arbitrarily large. Then we have
C3+ Cg >0,

where the “=” holds when z > max X’ for any z € Y,. However, suppose max (2 exist. Denote
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|0X;| = > I(x =max§). Then we have
zeX’

C3+ Cg > |8X{,|(m — m')/2,

where the “=" holds when minY* = maxY* = max (2, i.e. all z € Y* equals to max 2. Overall,

we have
Cs+ Cg > |0X}|(m —m')/2,

where
> I(z =max Q) if max () exists,

‘8Xl/7} = reX’
0 otherwise.

Similarly, for Dy + D5, we have

Dy + D5 = Z ZI(Z<$)+ Z Zl(z:x)/Q.

zeX z€Y' rEXy z€Y'

Suppose min {2 does not exist. In other words, z € X, can be arbitrarily small. Then

Dy + D5 > 0,
where the “ =7 holds when z < minY’ for any x € X,. However, suppose min §) exists. Denote
|0Y)] = > I(y =min). Then we have
yey’
Dy + Ds > |8Ya'|(n — TL,)/2,
where the “=" holds when all z in X equals min (2, i.e.

minX™* = maxX* = min Q.
Overall, we have
Dy + Ds > \8Ya’](n — n')/2,

where

> I(y =min ) if min exists,
‘aYa{‘ = er’
0 otherwise,

For D3 + Dg, we have

Ds+Dg= Y > I(z<az)+ > > I(z=x)/2

rEXy z€Y4 rEXy z€Y4
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Then,
D3+ Dg >0

where the “=" holds when x < z for any = € X, and z € Y,.
Put the above results for C5 + Cg, Do + D5, D3 + Dg back into Equation D.3, we have

Rx|z > Rxrzr + (n—n/)(n+n' +1)/2 +[0X;|(m —m/) /2 + |0Y,|(n — n) /2,

“=" holds when the missing values in x € X, such that x = min () if min Q) exists,

where the
otherwise z < min Y”; the missing values in y € Y, such that y = max 2 if max Q exists, otherwise
y > max X'. Hence, we conclude the result for the lower bound.

For the upper bound, note that we have

min Ry = By -+ (m —m!)(m 4 m' +1)/2 +0X1)(m —m')/2 40| (n — )2

=F

Since

Rzz = Rxjz + Ry|z = (1 +n+m)(n+m)/2

:=Fo

is a constant, therefore when Ry, takes its minimum among all possible Z*, Rx|7 takes its

maximum, i.e.

maxRXZ = RZZ — minRYZ
Z\Z' | | Z\Z' |

= Ey — Ry z — E1 — [0X,|(m —m/) /2 — |0Y}|(n —n") /2.
Also, notice that

RY’ VA —+ RX’ I = (1 =+ TL, —I—m')(n/ —l—m/)/?
| |

:=Fj3

- RY’|Z’ = Fk3 — RX’|Z’
Hence, we have

I%l\az)fR)qZ =FEy — E3 +RX’|Z/ —F — |8X£L|(m - m')/2 - |8Yb’\(n —n’)/2

= Rx/z + (B2 — B3 — E1) — 10X |(m —m/)/2 —|0Y)|(n —n')/2.
Recall in Equation A.5, we have shown that

Ey — Es— Ey ={n(n+2m+1) —n'(n' +2m' +1)}/2.
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Hence, we conclude

max RX A
AVA |

= Rxjz + ({n(n+2m + 1) —n'(n' + 2m’ + 1)}/2) — [0X,|(m — m) /2 — [0Y]|(n — 1) /2,

which completes our proof. O

D.2. Issue of controlling p-value with ties

We now prove Proposition 6.1.6, which shows that the bounds of the p-value constructed according

to Proposition 3.2.4 might not always control the p-value when data are tied.

Proposition D.2.1. Suppose that X = {x1,...,z,} and Y = {y1,...,ym} are samples of real-
valued observations, which need not necessarily be distinct. Suppose that X' ¢ X and Y/ C Y
are sub-multisets with sizes n’ and m/, respectively, which are known. Define Z = X UY and
Z' = X' UY’ and suppose that Z \ Z’ is unknown. Suppose X;,Y; and X5, Y5 are such that
X' cX;and Y’ CYjfori=1,2and

W(X1,Y1) = gl\l; W(X,Y),  W(XyYz) = an\aZ%W(X,Y)

Then, among candidates for X,Y, it is possible X3, Y3 exist such that X’ € X3 and Y’ C Y3 and
W(X1, Y1) < W(X3,Y3) < W(Xg,Y2),
but moreover, after defining u = nm/2, the standardised statistics are such that
(W(X3,Y3) — p)/o(X3,Y3) & [(W(X1, Y1) — p)/o (X1, Y1), (W (X2, Y2) — p)/o(X2, Y2)],

and consequently ps & [Pmin(X,Y), Pmax(X,Y)], where pnin(X,Y), and pmax(X,Y") are defined
according to Proposition 3.2.4 and p3 is the p-values for W (X3, Y3).

Proof. We provide an example. Let us consider the case X = {1,2,3,2,2,1,1}, Y ={3,3,3,3,3,3,y7}
and the support is {1,2,3,4}, i.e. y7 is a real number taking from {1,2,3,4}. Suppose X' = X,

Y’ =Y \ {yr}, and denote Z' = X" UY’. According to the definition of ranks with ties, we can
verify that R(1,2') =2, R(2,7’) =5 and R(3,Z') = 10. Subsequently,

W(X,, Y/) = RX/|Z’ — n/(n’ =+ 1)/2
=3R(1,Z')+3R(2,Z')+ R(3,Z') —7-8/2
=6+15+10—28 = 3.

Now, we are going to obtain the minimum and maximum possible W (X,Y") using the result of
Proposition 6.1.3. Since the support Q@ = {1,2,3,4}, we have |0X]| = 3,]0Y;| = 0,|0X}| =
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0,]0Y}| = 0. Also, we have n —n’ = 0 and m —m/ = 1. Therefore, according to Proposition 6.1.3
min W(X,Y) = W(X',Y') + 0 = 3,
AVA

ma W(X,Y)=W(X"Y')+ (49 — 42) — 3/2 = 8.5.

Let us denote X7 = X, Y7y =Y’ U {4} and Xy = X, Yo = Y’ U {1}. That is, y7 takes 1 and 4
for Y7, and Y5, separately. Following the above procedures as we obtain W (X', Y”), we can verify
that

W(X1,Y1) = IZn\gl W(X,Y) =3, W(X2,Ys) = max W(X,Y) =8.5.

Recall that the variance of W (X,Y') with ties is defined as

3
o*(X,Y) =nm(n+m+1)/12 = nm{12(n + m)(n+m — 1)} (d} — dy),
=1

and nm =49,n+m+1=15,n+m — 1 = 13. Hence, we obtain

02(X1,Y1) =49-15/12 —49/(12-14 - 13)[(3% — 3) + (33 = 3) + (7> — 7)],
= 735/12 — 49/2184 - 384
= (133770 — 18816) /2184
= 114954/2184,

and

49
12-14-13
= 735/12 — 49/2184 - 420

= (133770 — 20580)/2184
= 113190,/2184,

02%(Xo,Ys) =49-15/12 — (43 —4) 4+ (32 = 3) + (72 = 7)]

respectively. For both cases, we have = nm/2 = 49/2. Thus, it further follows

(W (X1,Y1) — p)/o(X1,Y1) = (3 —49/2)/(114954,/2184) /2
— —43/{2(114954/2184)"/2}

(W (Xa,Ys) — p)/o(Xa,Ys) = (8.5 —49/2)/(735/12 — 49/2184 - 384)'/2
— —16/(113190/2184)'/2,

Define X3 = X, Y3 =Y’ U {3}. We can then verify that W (X3, Y3) = 3.5, which implies

gl\lzn, W(X,Y) =W(X1,Y1) < W(X35,Y3) < W(X2,Y2) = Tax W(X,Y).
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For the variance, we have

0%(X3,Y3) =49 -15/12 —49/(12 - 14 - 13)[(3* — 3) + (3% — 3) + (8% — 8)]
= 735/12 — 49/2184 - 552
= (133770 — 27084) /2184
= 106686/2184.

Thus,

(W (X3,Y3) — p)/o(X3,Y3) = (3.5 —49/2) /(735/12 — 49/2184 - 552)'/2
= —21/(106686/2184)'/2.

Notice that

{(W(X1,Y1) — p) [o(X1,Y1)}? = 43° /{4(114954/2184)}
= 43-43-2184/(4 - 114954)
= 1009554/114954,
{(W (X2, YY) — p)/o(Xz, Y2)}2 = 16%/(113190/2184)
=16 - 16 - 2184/113190
= 559104,/113190
{(W(X3,Y3) — ) /o(X3,Y3)}? = 21%/(106686,/2184)
= 21-21-2184/106686
= 963144,/106686.

Now, we compare the above three numbers using the concept of cross-multiplication. Since
963144 - 114954 = 110717255376 > 106686 - 114954 = 12263982444,
we have
{(W(X3,Y3) — ) /0 (X3,Y3)}> > {(W(X1, Y1) — p) o (X1, Y1) }2.
Similarly, since
1009554 - 113190 = 114271417260 > 559104 - 114954 = 64271241216,

we have

{W(X1,11) = ) /o(X1, Y1)} > {(W (X2, Ya) — ) o (X2, Y2) }.
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Thus, it follows

{(W(X3,Y3) — ) /o (Xs,Y3)}? > {(W(X1, Y1) — p) /o (X1, Y1)}
> {(W(X2,Y2) — p)/o(Xa, Ya)}>.

Note that (W(Xg, YE},) —,U,)/O'(Xg, YE;), (W(Xl, Yi) —/J,)/O’(Xl, YI) and (W(XQ, YQ) —IU/)/U(XQ,YQ)

are all negative real numbers. Hence,

(W(X3,Y3) = p)/0(X3,Y3) < (W(X1, Y1) — p)/o(X1, Y1)
< (W(Xa,Y2) — p)/o(X2,Ya).

Therefore,
(W(X3,Y3) — p)/o(X3,Y3) ¢ [(W(X1,Y1) — p) /o (X1, Y1), (W(Xa,Y2) — p)/0(Xa, Y2)].

Further, since (W/(X3,Y3)—u)/0(X3s,Y3), (W(X1,Y1)—p)/o(X1, Y1) and (W(X2, Y2)—p) /0 (X2, Y2)
all follow standard normal distribution and the cumulative distribution function ® is monotonic,

we have

20((W(X3,Y3) — p)/o(X3,Y3)) < 20(W (X1, Y1) — p)/o(X1,Y1))
< 20((W(X2,Y2) — p)/o(X2,Y2)).

That is, p3 < p1 < pe, which follows ps < min{p1,p2} = Pmin(X,Y). Thus, we conclude our
result. O
D.3. Bounds of variance

We now bound the variance of the Wilcoxon-Mann-Whitney test statistic when the data can be
tied.

Before proving the result Proposition D.3.2 in the main, we introduce the following Lemma.

Lemma D.3.1. Let f(z) = 2% — z, where x € R. Suppose az,...,a; and by,..., b, are both

non-negative integer sequence such that a; < b; for any ¢ = 1,..., k. Denote
Umax = max{a,...,ax}

and define z such as

k
Z = Gmax + Z(bZ —a;). (D.4)
Then, we have
f(Z amax > Z ) . (D.5)
=1
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Proof. To start, we notice that the equation (D.4) can be written as
k
Z:amax“‘bj _aj+ Z (bi—ai),
i=1,i#j

where j is any number in {1, ..., k}. Since b; > a; forany i = 1,...,k, for any given j € {1,...,k},

we have
k
> (b —ai) >0,
i=1,i#j

which gives us
2 2 Amax + bj — a;.
Recall that amay is defined as the maximum number in {ay,...,a;}. This follows
z > bj. (D.6)

Subsequently, according to the definition of f(z), we have

k
(f(bi) = fla;) = Z(bf’ —b; — a} + a;)

)

k

1

Using the definition of apax in equation (D.4), we further have

(f(bi) = f(ai)) = Z(b? —a}) = (2 — Gmax)

k k
1=

1

=1
k
= > (b — i) (0 + aibi + a2)} — (2 — Gmax).
=1

Subsequently, the inequality (D.6) gives us
k k
D (FB) = f(ai) Y (b — i) (2% + 20max + Gax) — (2 = Gmax)-
i=1 i=1

Using the definition of apax in equation (D.4) again, it follows

k
D (fbi) = f(a0) = (2 = tmax) (2> + 20max + Gpa) — (2 = Gmax)
=1
= Z3 - a?nax - (Z - amax)

_ .3 3
= 2" — Z — Qpax T Omax

= f(Z) - f(arnax)
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Thus, we conclude our result. O

Applying Lemma D.3.1, we can now bound the variance using the following result.

Proposition D.3.2. Suppose that X = {z1,...,2z,} and Y = {y1,...,ym} are samples of
observations, which need not necessarily be distinct, from a space Q € R. Suppose that X’ and
Y’ are sub-multisets with sizes n’ and m’, respectively, which are known and that X’UY” contains

¢/ distinct values with multiplicities df, ..., d,, and d} < ... < d,,. Define

e/

02X, Y) = mn(n + m +1)/12 — mn{12(n + m)(n +m — 1)}~ S {(d))?* — di}
i=1

Tmin(X, V) = 00 (X, Y) = mn{12(n +m)(n +m — 1)} " {dpax — dmax — (de)* + dys},
where dmax = d., +n+m —n' —m/, then 0%(X,Y), the variance of Wilcoxon-Mann-Whitney
statistic W(X,Y), is bounded by 02. (X,Y) < 0?(X,Y) < 02 (X,Y).
Proof. To start, let us assume that X UY take e distinct values from {si,sa, -, s.} and the
number of values in X UY equals to s; is d;. Without loss of generality, assume that X’ UY”’
take values from {si, s2,-- , Se} such that the numbers of values in X' UY” equals to s; is d} and
dy <...<d,. Defined,, ,...,d, =0.
We start by proving o2, (X,Y) > 02(X,Y). Notice that

max

(X, Y)=mn(n+m+1)/12 — mn{12(n + m)(n+m — 1)} * i{(dl)3 —d;},
=1

which follows
P (X,Y) = 0*(X,Y) = mnf12(n + ) +m— 1)} 3 (@) — )

=1

!

—mn{12(n+m)(n+m—1)} ! Z{(d;)?) —d;}
i=1

= mn{12(n +m)(n+m— 1)}y [{(di)’ — di} — {(d})* — d}}].

=1

Define
f(z) = 23 — z, where z € R.

We then have

Tmax (X, Y) = 0*(X,Y) = mn{12(n+m)(n +m — 1)} 7' Y (f(di) — f(d}).
i=1

Since d; is defined as the number of values in X UY taking s; while d; is defined as the number

of values in X’ UY” taking s;, we have

d <dj,i=1,2,--- ,e.
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Notice that f(0) = f(1) < f(2) < ..., which implies f(d;) — f(d}) > 0 for any i = 1,...,e. It

follows
o2 (X,Y) - o%(X,Y)>0.

Thus, we have proved o2, (X,Y) > ¢?(X,Y).

max
We now prove o2. (X,Y) < 0?(X,Y). To start, notice that

min

e/

o (X,Y) = o = ma{12(n +m)(n +m = 1)} Y {(d))* — di}
i=1

+mn{12(n +m)(n +m — 1)} " Hd> . — dmax — (d.)> +d}

= mn{12(n +m)(n +m — 1)}~ Z{(dz’)?’ —di}

— mn{12(n + m)(n +m — 1)} [Z P+ F ) — F(d) — 3 f(dn] .
i=1 ‘
Since we define d,, ,...,d, =0 and f(0) = 0, we have Zflzl f(dl) =375 f(d}). Thus,

(X, Y) = 024 = mn{12(n +m)(n +m— 1)} {f(dmax) — Fd) + () - f(dz‘))}
From the above Lemma S1, we have
F(dnax) = f(dr) =Y (f(di) = f(d))).
i=1

To see this, consider dy,dj, - - d, to be a1, as,- - ,a in Lemma 1, dq,dg, - - - de to be by, ba, - -+, by.
Then, we have a; < b; for any ¢ = 1,..., k. Recall that d,, is defined as the maximum over all
1dy,-d, and dyax = d +n+m—n'—m/ =d,, + > (di — d}).
Thus, we have shown

o*(X,Y) — o2, >0,

min

which completes our proof.

D.4. Bounds of the p-value

We now prove the bounds of the p-value, using the results of Proposition 6.1.3 and Proposi-
tion 6.1.8.

Corollary D.4.1. Suppose that X = {x1,...,2,} and Y = {y1,...,yn} are samples of obser-
vations, which need not necessarily be distinct, from a space  C R. Suppose that X’ ¢ X
and Y/ C Y are sub-multisets with sizes n’ and m’, respectively, which are known, and compute
|0X]|, |0X}], |0Y,| and |8Y/| from Proposition 6.1.3 and o2, (X,Y) from Proposition 6.1.8, and

max
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define
Winin(X,Y) = W(X",Y') + |0Y,| (n —n') /2 + |0X;| (m —m/) /2,  p=nm/2,
Winax(X,Y) = W(X',Y') 4+ (mn — m'n) — |0X],| (m —m') + |9Y}| (n — n),
p1 = 2®(= [Winin(X,Y) = paf /omin(X, V), p2 = 2@(= [Winax (X, Y) = pl /omax (X, Y)),
p3 = 2®(— [Winax(X,Y) — ptl /omin(X,Y)), pa = 2@(— [Winin(X,Y) — p1] /omax (X, Y)).

Then, the the p-value of W(X,Y) is bounded as follows

p1 < p<po, if Wiin(X,Y) — p <0 and Wiax(X,Y) — 1 <0,
min{p1,p3} <p <1, if Wpin(X,Y) — p <0 and Wipax(X,Y) — pu >0, (D.7)
p3 < p < pa, if Wiin(X,Y) —p >0 and Wiax (X, Y) — >0

Proof. Recall that W (X,Y) is bounded as such
Winin (X, Y) < W(X,Y) < Wipax(X,Y), (D.8)

where Wiin (X, Y) and Wipax(X,Y) are defined in Proposition 6.1.3 and o(X,Y") is bounded as

such
O'min(ny) < O'(X, Y) < UmaX(X7Y)7 (Dg)

where omin and omax are defined in Proposition 6.1.8.
Suppose now Wiin(X,Y) — p < 0 and Wiax(X,Y) — u < 0. Then according to Inequali-
ties (D.8), we also have W(X,Y) < 0. Then,

Onax(X.Y) > 0(X.Y) = o X.Y)(W(X.Y) = ) < 0(X,Y)(W(X,Y) — p).
Notice that

o (X, Y)(W(X,Y) ~ 1) < 0(X, V) (WX, Y) — p).
Then we have

O'max(Xv Y)(W(X’Y) - :u) < U(Xv Y)(Wmax(Xa Y) - H)
W(X,Y) — [ < WmaX(X, Y) —
o(X,)Y) T onax(X,Y)

(D.10)
Similarly, still assume that Wipin(X,Y) — < 0, and Wiax(X,Y) — < 0, we have
o(X,Y) > omin(X,Y) = (X, Y)(W(X,Y) = ) < 0min(X, Y)(W(X,Y) — ).
Notice that

U(X7Y)(Wmin(X7 Y) - :U’) < U(X7Y)(W(X7 Y) - N)'
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Hence, we have

U(X7Y)(Wmiﬂ(X7 Y) - :U’) < UmiH(X7Y)(W(X7Y) - M)
Wmin(X7 Y) — < W(X’ Y) - M
omin(X,Y) T o(X,Y)

Combining the above result with Inequality (D.10), we have

Wmax(Xu Y) —H
O'max(Xa Y)

Whin(X,Y) — < W(X,)Y)—pu
omin(X,Y) T o(X,Y)
— p1 < p < po.

<

Hence, we prove our results when Wyin (X, Y) — p < 0, and Wiax(X,Y) — 1 < 0.
Suppose now Wi (X,Y) — 1 < 0 while Wiax(X,Y) — > 0. Then, if W(X,Y) — u <0, we

have
Umin(X> Y)(W(X7Y) - M) > U(Xa Y)(W(va) - :u) > U(Xa Y)(Wmin(X7Y) - M)'

Hence,

bl

Whin(X,Y) — < W(X,)Y)—u
Omin o U( 7Y)
=P = p1-
Similarly, if W(X,Y) — u > 0, then

omin (X, Y)(W(X,Y) — 1) < omin (X, V) (Winax (X, Y) — p) < 0(X,Y)(Winax (X, Y) — p).

Hence,

W(X,)Y)—pu < Wnax(X,Y) —
O'(X,Y) o Omin
= P = p3.

Therefore, we have p > min{py, p3} whether W(X,Y) — pu < 0 or W(X,Y) — > 0 holds. By

definition of p-values, we have p < 1. Hence, we conclude

min{p17p3} S p S 17

which proves our results when Wi, (X,Y) — u < 0 and Wipax(X,Y) — p > 0.
Finally, suppose now Wiin(X,Y) —p > 0 and Wiax(X,Y) —p > 0. Then, we have W(X,Y) >
0, which follows

Wmin(X7 Y) — K
Umax(Xu Y)

— p3 < p < pa.

W(X,)Y)—pu
o(X,Y)

Wmax(Xa Y) —H
Umin(X7 Y)

< <
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This proves our results when Wyin(X,Y) — 1 > 0 and Wiax(X,Y) — ¢ > 0 and completes our
proof. O

D.5. Bounds of the Wilcoxon-Mann-Whitney statistic as a

random variable

Proposition D.5.1. Let X = {Xy,...,X,} and Y = {Y¥7,...,Y,,} be continuous random vari-
ables. Suppose X’ = {X{,..., X/} is any non-empty proper subset of X. Let us order X1,..., X,

from small to large as X(y),..., X(,) and denote
X = X \{ X415 Xy by X = X\ A{Xy5 s X(nn) -
Subsequently, we have

W(X,,Y)<W(X,Y)<W(X,,Y).

Proof. To start, denote X \ X' = X = {Xl, e ,Xn,n/}. Let us order random variables in X

from small to large as X(qy,..., X(n_n). Since X C X, foranyie {1,...,n—n'},

Xy > X5y, and X5y < X(ipm)-

Subsequently,
n m n—-n' m ~ n—n' m
SDNILTETORD 30 9 TC SRS of e s
i=n/+1 j=1 =1 j=1 =1 j=1
Notice that
n—n' m ~ n—n' m ~
15021 - 3 51 (52 )
i=1 j=1 i=1 j=1
Hence,
n m n—n' m ~ n—n' m
D RICTEIIED IS BTSN ED B PG BES )
i=n'+1 j=1 i=1 j=1 i=1 j=1

According to the definition of Wilcoxon-Mann-Whitney U test statistic,

n m
WX, V) =) Y 1(X]>Y;)
i=1 j=1
n m n—n' m
=Y >z - Y (%)
=1 j=1 =1 j=1
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Hence,

W(X,7Y)<ZZI(XZ>Y})_ ZI(X(U >YVJ) :W(X*,Y),
=1 j=1 i=1 j=1
and
WX, Y)Y Y I(Xi2Y) - Y > I(Xg =2Y) =W(X.,,Y),
i=1 j=1 i=n/+1 j=1
which complete our proof. O

We have similar result for Y when Y’ = {Y{,...,Y/,} is any non-empty proper subset of Y.

Proposition D.5.2. Let X = {X;,...,X,,} and Y = {Y1,...,Y},} be continuous random vari-
ables. Suppose Y/ = {Y{,..., Y/ } is any non-empty proper subset of Y. Let us order Y3,...,Y,

from small to large as Y(y),...,Y¥(,,) and denote

Yi=Y\ {Yoqr) s X b e =Y\ {Yy, s Yo ;-
Subsequently, we have

W(X,Y,) < W(X,Y) < W(X,Ys).

Proof. To start, denote Y \ Y’ =Y = {V¥1,...,Y,,_,v}. Let us order random variables in ¥
from small to large as f/(l), . ,ﬁm_m/). Since Y C Y, for any i € {1,...,m—m'},

Vi) > Yy, and Yig) < Yipm).

Subsequently,
n m—m’ n m-—m’ ~ n m
HX2Yp) 22 3 1(Xi=2¥p) 230 3 16 =Y).
=1 j=1 =1 j=1 i=1 j=m/+1
Notice that
n m-—m’ ~ n m-—m’ ~
Hxiz¥p) =3 3 1(x =2 7))
i=1 =1 i=1 =1
Hence,
n m—m’ n m—m' ~ n m
I(XlZY(J))Z I(Xlz J)ZZ Z I(X1>Y(J))’
=1 j=1 =1 j=1 1=1 j=m/+1
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According to the definition of Wilcoxon-Mann-Whitney U test statistic,

Sy i)

i=1 j=1
n m n m-—m’ ~
=YY 1x>Y)) - 1(x:27)
i=1 j=1 i=1 j=1
Hence,
n m n m
WEY)<SY N TX2Y) =D Y (X2 Y,) =W(X,Y),
=1 j=1 i=1 j=m/+1
and
n m n m-— m
WXY)2D Y TX2Y) =) > I(X; > Y) =W(X, ).
i=1 j=1 i=1 j=1
which complete our proof. U

Subsequently, by combining Proposition D.5.1 and D.5.2 together, we have the following the-

orem.

Theorem D.5.3. Let X = {X;,..., X} and Y = {Y7,...,Y,,} be continuous random variables.
Suppose X’ = {X{,..., X/, } is any non-empty proper subset of X and Y’ = {Y/,..., Y/ } is any
non-empty proper subset of Y. Let us order X1,..., X, from small to large as X(1),...,X(n)
and denote

X=X \{X(n +1),....X(n)}, X*=X\{X(1),...,.X(n—n)}.
Similarly, let us order Y7,...,Y,, from small to large as Y (1),...,Y(m) and denote

Yo=Y \{Y(m +1),....Y(m)}, Y =Y \{Y(1),....,Y(m—m)}.

Then, we have

W(X,,Y*) <W(X',Y) < W(X*Y,).

Proof. Applying Proposition D.5.1, it follows
W(X,,Y') < W(X,Y') < W(X,,Y).
Applying Proposition D.5.2 to W (X,,Y”’) and W (X,,Y") separately,

W(X,,Y:) < W(X.,Y')
W(X.,Y:) < W(X.,Y)

IN

( )7

w
W(X,,Y,).

IN
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Hence,
W(X,,Y.) < WX Y <W(X,,Ys),

which proves our result. O

D.6. p-value of the variant method

This section proves the Proposition 6.2.3 in the main.

Proposition D.6.1. Suppose X = {Xy,...,X,,} and Y = {Y1,...,Y,,} are independent con-
tinuous random variables following the same distribution, X’ = {X7,...,X/,} is a non-empty
subset of X and Y’ = {Y{,...,Y/,} is a non-empty subset of Y. Let {W;(P,,Q*)}2 and
{W;(P*,Q.)}2 | be independent random variables generated according to Algorithm 1. Define

= 1+ Zf;l I(W;(Py, Q%) < W(X',Y"))

b1 B+1 ’
1+ 8 1(wy(P*,Q,) > WX, Y’
and py = >iz1 L ( (Bﬁ) ( )

Then, we have Pr(p; < a/2) < /2 and Pr(p2 < «/2) < «/2 for a given significance level a €
(0,1). Therefore, defining the p-value of the test statistic W(X’,Y”) as

p = min{2min{py, p2}, 1},

we further have Pr(p < a) < «

Proof. We first show that Pr (p; < o/2) < «/2, and Pr (p2 > 1 — @/2) < «/2 can then be proven
similarly.
Define W(X,,Y™) and W(X*,Y;) according to Theorem 6.2.1, and denote

P P T(W(P, Q%) < W(X,, Y))
h1 B+1 '

According to Theorem 6.2.1, we have W (X,,Y*) < W (X', Y’). Hence,

pi <p1 = Pr(p1 <a/2) <Pr(p] <a/2).

Therefore, for proving Pr(p; < «/2) < «/2, it is sufficient to show that
Pr(p] < a/2) < a/2.

Note that

o 1+ Zf’: I(VVi(P*aQ*) < W(X*vY*))
5 = L B 1
B
= ) TWi(P, Q") S W(X., YY) <
=1

* < <2
P = =5

a(B+1)
2

— 1.
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If o(B+1)/2—-1<0, then we have

«o o
re(i<§) =05
rp1_2 O<2

which proves the result directly. Hence, we consider the case when o(B +1)/2—1 > 0. Let k be

the maximum integer smaller or equal to («(B + 1))/2 — 1. Then, we further have

B
pi<a/2 <= ) T(Wi(P, Q") < W(X,,Y")) < k.
i=1

Suppose we can show that

k+1
I(W;(P,Q") < W(X,,Y"))<k| < , D.11
pe (S <oy <) < 5 .11
then since
k+1§ 1 a(B+1)_1 N 1 :g7
B+1~ B+1 2 B+1 2

we would have

k+1

Pr(p} < o/2) = <ZI (P, Q) < W(X,, YY) < k:) <5<

Q
2"

[a—y

Therefore, for completing our proving Pr (p; < a/ 2) < «/2, it is then sufficient to show that
Inequality (D.11) holds. Note that {W;(P.,Q*)}2, and W(X,,Y*) are independent and iden-
tically distributed. The Inequality (D.11) can be shown straightforwardly if {W;(P.,Q*)}2,
and W (X,,Y™) are all distinct, i.e. without ties, by applying the fact that {W;(P,, Q*)}2, and
W (X, Y*) are exchangeable.

However, since {W;(P., Q*)}2., and W (X,,Y*) are discrete random variables, the probability
that the ties exist is non-zero. For proving Inequality (D.11), we therefore introduce random

noises for breaking the ties first. Let
Wi = W;(P,, Q") + Ui, for any i € {1,...,B}, and W(X,,Y*) = (X,,Y*)+ U,

where U, Uy, ...,Up are independent identically distributed random variable following standard
uniform distribution between [0, 1].

Note that {W;(P,, Q*)}2 | and W (X,, Y*) are still independent and identically distributed, but
now with probability of ties being 0. Therefore, by applying the changeability of {VVi(P*7 QM}E,
and W (X,,Y*) , we have
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Note that
Wi(P., Q*) S W(X,,Y*) = Wi(P,.,Q") < W(X,,Y™"),

since U, Uy,...,Up € [0,1]. Hence

B

S TW(PLQY) S WX, Y) 2 3T (Wi(P. Q) < W(X. YY),

=1 =1

~

which further implies that

Hence, we have shown Inequality (D.11). This finish our proof for Pr (p; < a/2) < «/2.
The inequality Pr(p2 < a/2) < a/2 can be proved similarly. Thus, it is omitted here.
Now we show that Pr(p < a) < «, where

p = min{2min{p;, p2}, 1}.
If 2min{pi,p2} > 1, then we have p = 1. Since a < 1, we have
Prip<a)=0<a.
However, suppose 2min{p;,p2} < 1. We then have p = 2min{p;, p2}. Further
Pr(p < a) = Pr(2min{p1, p2} < @)

P( <@ >a>
=Pr — or =
pLs 5 0rp2 =g

SPr(p1§%>+Pr<pQZ%)

This completes our proofs.
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E. Additional simulation results

E.1. Additional simulation results for Chapter 3

This section provides additional simulation results for Chapter 3.

E.1.1. Additional results for data missing completely at random

In this section, we consider the data to be missing completely at random (MCAR), but with
different sample sizes n,m and mean value shift as considered in the experiment for Figure 3.1.
The results for this section are shown in Figure E.1 and Figure E.2. Figure E.1 considers larger
sample sizes n = m = 500, and shows similar results to Figure 3.1, although the power of the
proposed method in Figure E.1 appears to be larger.

Figure E.2 shows the increased power of the proposed method by considering the first sample
consists of observations from N(0, 1), but the second sample consists of observations from N(2,1).

The proposed method still has good statistical power when 20% of the data are missing.
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Figure E.1.: The Type I error and statistical power of the proposed method and the standard

Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
completely at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right)
Power: N(0,1) vs N(1,1). For both figures, a significance threshold of o = 0.05 has
been used and the total sample sizes are n = 500, m = 500, and 1000 trials were
used.

Q] e ]
- Complete data -
--- Case deletion
© : : [°]
S o Mean imputation S
---=  Hot deck imputation
5o | — Proposed method ©
5 S | — Siglevel: 0.05 5 S|
- 2
8 < | c <
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o N T o
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30

Proportion of data missing Proportion of data missing

Figure E.2.: The Type I error and statistical power of the proposed method and the standard

Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
completely at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right)
Power: N(0,1) vs N(2,1). For both figures, a significance threshold of o = 0.05 has
been used and the total sample sizes are n = 100, m = 100, and 1000 trials were
used.
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Figure E.3.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
not at random (MNAR), according to the mechanism in Equation (3.10), and (3.11).
(Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(1,1). For both
figures, a significance threshold of o = 0.05 has been used and the total sample sizes
are n = 500, m = 500, and 1000 trials were used.

E.1.2. Additional results for data missing not at random

This section considers the data to be missing not at random (MNAR) following the same miss-
ingness mechanism used in Figure 3.2, but with different sample sizes n, m and mean value shift.
The results in this section are shown in Figure E.3 and Figure E.4. Figure E.3 considers larger
sample size n, m = 500 rather than n = m = 100. It shows that the Type I error of case deletion,
When the

proportion of missing data is around 15%, the Type I error of the three methods is close to 1,

mean imputation and hot deck imputation increases as the sample size increases.

while the proposed method controls the Type I error. Additionally, results in Figure E.3 also
suggests the power of the proposed method increases with larger sample sizes.

Figure E.4 considers the case where the first sample consists of observations from N(0, 1), but
the second sample consists of observations from N(2,1). The results are similar to Figure E.3 |

but the power of the proposed method is greater.
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Figure E.4.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
not at random (MNAR), according to the mechanism in Equation (3.10), and (3.11).
(Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(2,1). For both
figures, a significance threshold of o = 0.05 has been used and the total sample sizes
are n = 100, m = 100, and 1000 trials were used.

E.1.3. Gamma-distributed data

This section presents Figure E.5 and Figure E.6, which are similar to Figure 3.1 and Figure 3.2
in the main results, but the data are now Gamma-distributed, rather than Normal-distributed.

Similar to Figure 3.1, Figure E.5 also considers the data to be missing completely at random
(MCAR). However, the data in Figure E.5 follow the Gamma distribution, rather than the normal
distribution. Specifically, the data in sample X are generated from Gamma(1,1), while the data
in sample Y are generated in Gamma(1,1) for evaluating the Type I error, and Gamma(4,2) for
evaluating power. The distributions Gamma(1,1) and Gamma(4,2) are chosen to match the mean
value shift and variance settings used in the normal case in Figure 3.1: Gamma(1,1) has mean
1, and variance 1, and Gamma(4,2) has mean 2, and variance 1. The results of Figure E.5 are
similar to the results of Figure 3.1.

Figure E.6 considers the data to be missing not at random (MNAR). The data in sample X
are generated from Gamma(1,1), while the data in sample Y are generated in Gamma(1,1) for
evaluating the Type I error, and Gamma(4,2) for evaluating power.

The missingness mechanisms of X and Y are similar to Equation (E.1) and Equation (E.2),

with slight modifications:

min(1,sn/> " I(z; < 1)), if z; <1,
Pr (x; is missing) = ( [ 2= Iz < 1) ’ (E.1)
max(0,sn/ >0 I(z; < 1) = 1), otherwise,
and
min(1,sm/> " T(y; > 1)), if y; > 1,
Pr (y; is missing) = ( /2= 1 ) Y (E.2)
max (0, sm/> ", I(y; > 1) — 1), otherwise,
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Figure E.5.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
completely at random (MCAR). (Left) Type I error: Gamma(1,1) vs Gamma(1,1);
(Right) Power: Gamma(1, 1) vs Gamma(4,2). For both figures, a significance thresh-
old of o = 0.05 has been used and the total sample sizes are n = 500, m = 500, and
1000 trials were used.

The missingness mechanism is modified because all values from Gamma distributions are positive.
Hence, the original missingness mechanism specified by Equation (3.10) and Equation (3.11) will
randomly select values in X and Y to be missing, and the missingness case is equivalent to
MCAR.

To make data MNAR, we consider missingness mechanism specified in Equation (E.1) and (E.2).
Equation (E.1) and (E.2) are similar to Equation (3.10) and (3.11), but they select values in X
and Y according to whether values is larger or smaller than 1, rather than 0. The results in

Figure E.6 are also similar to the results in Figure 3.2.
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Figure E.6.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data is missing
not at random (MNAR), according to the mechanism in Equation (E.1), and (E.2).
(Left) Type I error: Gamma(1,1) vs Gamma(1,1); (Right) Power: Gamma(1,1) vs
Gamma(4,2). For both figures, a significance threshold of o = 0.05 has been used
and the total sample sizes are n = 100, m = 100, and 1000 trials were used.

E.1.4. A different missingness mechanism

This section presents Figure E.7, which considers a similar case to Figure 3.2 when data are
missing not at random (MNAR), but Figure E.7 applies a different missingness mechanism. The

data in X are randomly selected to be missing, while the data in Y are missing according to

y; + | min Y|
>y +m|min Y]

Pr (y; is missing) = (E.3)
In other words, the probability of a value in Y to be missing is proportional to its value after
adding |minY|. The value |minY'| is added to each value in Y so that all values in Y have
positive probability of being selected — except for minY if minY < 0.

The results of Figure E.7 show that the Type I error of case deletion, mean imputation and
hot deck imputation is smaller than that of Figure 3.2, although it still exceed the significance

level «.
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Figure E.7.: The Type I error and statistical power of the proposed method and the standard
Wilcoxon-Mann-Whitney test after the missing data is either known or has been
imputed or ignored as the proportion of missing data increases. The data are missing
not at random (MNAR). The data in X are randomly selected to be missing, while
the data in Y are missing according to (E.3). (Left) Type I error: N(0,1) vs N(0, 1);
(Right) Power: N(0,1) vs N(1,1). For both figures, a significance threshold of a =
0.05 has been used and the total sample sizes are n = 100, m = 100, and 1000 trials
were used.

E.2. Additional simulation results for Chapter 4

This section provides additional simulation results for Chapter 4.

E.2.1. Scale testing for data missing completely at random

This section considers similar experiments as that for Figure 4.1 when data are missing completely
at random (MCAR), but with different sample sizes and scale parameters. The results are shown
in Figure E.8 and Figure E.9. Figure E.8 considers larger sample sizes n = m = 500, and shows
similar results to Figure 4.1 with larger power.

Figure E.9 shows the increased power of the proposed method by considering the first sample
consists of observations from N(0, 1), but the second sample consists of observations from N(0, o?)

with ¢ = 5, rather than 3 used in Figure 4.1.
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Figure E.8.: The Type I error and statistical power of the proposed method and the standard

Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing completely
at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1)
vs N(0, 02), with the scale parameter o = 3. For both figures, a significance threshold
of a = 0.05 has been used and the total sample sizes are n = 500, m = 500, and
1000 trials were used.
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Figure E.9.: The Type I error and statistical power of the proposed method and the standard

Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing completely
at random (MCAR). (Left) Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1)
vs N(0, 0?), with the scale parameter o = 5. For both figures, a significance threshold
of & = 0.05 has been used and the total sample sizes are n = 100, m = 100, and
1000 trials were used.

365



°. i e i e e e Q ———
- Complete data =" -
--- Case deletiop””
© . 0
A Mean |mp.5/1tét|0n_ 2
----  Hot deck,,m_mputatlon
5 «© | — Proposgd method ©
5 S | — Siglevel: 0.05 5 S|
2 2
g < | ; 2 < |
P e o
e
o~ /.’_,_{' ~ |
o ot o
&
L
o | 2 o | -
°© T T T T T T T ° T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Proportion of data missing Proportion of data missing

Figure E.10.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing not at
random (MNAR), according to the mechanism in Equation (4.3), and (4.4). (Left)
Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(0,02), with scale
parameter ¢ = 3. For both figures, a significance threshold of « = 0.05 has been
used and the total sample sizes are n = 500, m = 500, and 1000 trials were used.

E.2.2. Scale testing for data missing not at random

This section considers experiments similar to Figure 4.2 when data are missing not at random
(MNAR), but with different sample sizes and scale parameters. The results are shown in Fig-
ure E.10 and E.11.

Figure E.10 considers different sample sizes n = m = 500, while Figure E.11 considers the first
sample consists of observations from N(0, 1), but the second sample consists of observations from
N(0,0?) with o = 5, rather than 3 used in Figure 4.2.
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Figure E.11.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing not at
random (MNAR), according to the mechanism in Equation (4.3), and (4.4). (Left)
Type I error: N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(0,02), with scale
parameter ¢ = 5. For both figures, a significance threshold of « = 0.05 has been
used and the total sample sizes are n = 100, m = 100, and 1000 trials were used.

E.2.3. Scale testing for Gamma-distributed data

This section presents Figure E.12 and Figure E.13, which are similar to Figure 4.1 and Figure 4.2
in the main results, but the data are now Gamma-distributed, rather than Normal-distributed.
Similar to Figure 4.1, Figure E.12 also considers the data to be missing completely at ran-
dom (MCAR). However, the data in Figure E.12 follow the Gamma distribution, rather than
the normal distribution. Specifically, the data in sample X are generated from Gamma(l,1),
while the data in sample Y are generated in Gamma(1,1) for evaluating the Type I error, and
Gamma(9,0.11) for evaluating power. The distributions Gamma(1,1) and Gamma(9,0.11) are
chosen so that the two distributions have roughly the same mean value but different variances:
Gamma(1,1) has mean 1, and variance 1; Gamma(9,0.11) has mean 0.99, and variance approxi-

mately 0.1.
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Figure E.12.: The Type I error and statistical power of the proposed method and the standard

Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data is missing completely
at random (MCAR). (Left) Type I error: Gamma(l,1) vs Gamma(1,1); (Right)
Power: Gamma(1,1) vs Gamma(9,0.11). For both figures, a significance threshold
of & = 0.05 has been used and the total sample sizes are n = 100, m = 100, and
1000 trials were used.
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Figure E.13.: The Type I error and statistical power of the proposed method and the standard

Ansari-Bradley test after the missing data is either known or has been imputed
or ignored as the proportion of missing data increases. The data is missing not
at random (MNAR), according to the mechanism in Equation (4.3), and (4.4).
(Left) Type I error: Gamma(1,1) vs Gamma(1,1); (Right) Power: Gamma(1,1)
vs Gamma(9,0.11). For both figures, a significance threshold of ov = 0.05 has been
used and the total sample sizes are n = 100, m = 100, and 1000 trials were used.
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Figure E.14.: The Type I error and statistical power of the proposed method and the standard
Ansari-Bradley test after the missing data is either known or has been imputed or
ignored as the proportion of missing data increases. The data are missing not at
random (MNAR). The data in X are randomly selected to be missing, while the
data in Y are missing according to (E.4). (Left) Type I error: N(0,1) vs N(0,1);
(Right) Power: N(0,1) vs N(0,02), with scale parameter ¢ = 3. For both figures,
a significance threshold of @ = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.

E.2.4. Scale testing for a different missingness mechanism

Figure E.14 considers a similar case to Figure 4.2 when data are missing not at random (MNAR),

but with a different missingness mechanism. For Figure E.14, the data in X are randomly selected

to be missing, while the data in Y are missing according to

Y3l

ST (E4)

Pr (y; is missing) =

In other words, the probability of a value in Y to be missing is proportional to its absolute value

after adding | minY|.
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Figure E.15.: The Type I error and statistical power of the proposed location-scale testing
method, and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-
Whitney test using the Holm-Bonferroni method after the missing data is either
known or has been imputed or ignored as the proportion of missing data increases.
The data are missing completely at random (MCAR). (Left) Type I error: N(0,1)
vs N(0,1); (Right) Power: N(0,1) vs N(u,0?), with the location parameter p = 1,
and the scale parameter ¢ = 3. For both figures, a significance threshold of o = 0.05
has been used and the total sample sizes are n = 500, m = 500, and 1000 trials
were used.

E.2.5. Location-scale testing for data missing completely at random

This section considers similar experiments as that for Figure 4.7 when data are missing completely
at random (MCAR), but with different sample sizes and scale parameters. The results are shown
in Figure E.15 to Figure E.17. Figure E.15 considers larger sample sizes n = m = 500, and shows
similar results to Figure 4.7 with larger power.

Figure E.16 shows power of the proposed method by considering the first sample consists of
observations from N(0,1), but the second sample consists of observations from N(yu,o?) with

different combinations of mean p and scale o.
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Figure E.16.: The Type I error and statistical power of the proposed location-scale testing

Type | error

method, and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-
Whitney test using the Holm-Bonferroni method after the missing data is either
known or has been imputed or ignored as the proportion of missing data increases.
The data are missing completely at random (MCAR). (Left) Type I error: N(0,1)
vs N(0,1); (Right) Power: N(0,1) vs N(u,0?), with the location parameter pu = 1,
and the scale parameter o = 4. For both figures, a significance threshold of o = 0.05
has been used and the total sample sizes are n = 100, m = 100, and 1000 trials
were used.
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Figure E.17.: The Type I error and statistical power of the proposed location-scale testing

method, and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-
Whitney test using the Holm-Bonferroni method after the missing data is either
known or has been imputed or ignored as the proportion of missing data increases.
The data are missing completely at random (MCAR). (Left) Type I error: N(0,1)
vs N(0,1); (Right) Power: N(0,1) vs N(u,0?), with the location parameter y = 2,
and the scale parameter ¢ = 3. For both figures, a significance threshold of & = 0.05
has been used and the total sample sizes are n = 100, m = 100, and 1000 trials
were used.
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Figure E.18.: The Type I error and statistical power of the proposed location-scale testing method
and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing not at random (MNAR), according to the mechanism in Equation (4.3),
and (4.4). (Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(u, o),
with the location parameter ;4 = 1 and the scale parameter ¢ = 3. For both figures,
a significance threshold of & = 0.05 has been used and the total sample sizes are
n = 500, m = 500, and 1000 trials were used.

E.2.6. Location-scale testing for data missing not at random

This section considers experiments similar to Figure 4.8 when data are missing not at random
(MNAR), but with different sample sizes and scale parameters. The results are shown in Fig-
ure E.18 to E.20.

Figure E.18 considers different sample sizes n = m = 500, while Figure E.19 considers the first
sample consists of observations from N(0, 1), but the second sample consists of observations from

N(u, 0%) with different combinations of mean y and scale o.
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Figure E.19.: The Type I error and statistical power of the proposed location-scale testing method

Type | error

and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing not at random (MNAR), according to the mechanism in Equation (4.3),
and (4.4). (Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(u, o),
with the location parameter ;4 = 1 and the scale parameter ¢ = 4. For both figures,
a significance threshold of & = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.
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Figure E.20.: The Type I error and statistical power of the proposed location-scale testing method

and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing not at random (MNAR), according to the mechanism in Equation (4.3),
and (4.4). (Left) Type I error: N(0,1) vs N(0, 1); (Right) Power: N(0,1) vs N(u, o),
with the location parameter ;4 = 2 and the scale parameter ¢ = 3. For both figures,
a significance threshold of @ = 0.05 has been used and the total sample sizes are
n = 100, m = 100, and 1000 trials were used.
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Figure E.21.: The Type I error and statistical power of the proposed location-scale testing
method, and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-
Whitney test using the Holm-Bonferroni method after the missing data is either
known or has been imputed or ignored as the proportion of missing data in-
creases. The data are missing completely at random (MCAR). (Left) Type I error:
Gamma(1,1) vs Gamma(1,1); (Right) Power: Gamma(1,1) vs Gamma(5,0.1). For
both figures, a significance threshold of e = 0.05 has been used and the total sample

E.2.7. Location-scale testing for Gamma-distributed data

sizes are n = 100, m = 100, and 1000 trials were used.

This section presents Figure E.21 and Figure E.22, which are similar to Figure 4.7 and Figure 4.8

in the main results, but the data are now Gamma-distributed, rather than Normal-distributed.

Similar to Figure 4.7, Figure E.21 also considers the data to be missing completely at random
(MCAR). However, the data in Figure E.21 follow the Gamma distribution, rather than the

normal distribution. Specifically, the data in sample X are generated from Gamma(1,1), while the

data in sample Y are generated in Gamma(1,1) for evaluating the Type I error, and Gamma(5,0.1)

for evaluating power. The distributions Gamma(1,1) and Gamma(5,0.1) are chosen so that the

two distributions have different mean and variance: Gamma(1,1) has mean 1, and variance 1;

Gamma(5,0.1) has mean 0.5, and variance 0.5.
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Figure E.22.: The Type I error and statistical power of the proposed location-scale testing
method, and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-
Whitney test using the Holm-Bonferroni method after the missing data is either
known or has been imputed or ignored as the proportion of missing data increases.
The data are missing not at random (MNAR), according to the mechanism in Equa-

E.2.8. Location-scale testing for a different missingness mechanism

tion (4.3), and (4.4).

(Left) Type I error: Gamma(1,1) vs Gamma(1,1); (Right)

Power: Gamma(1,1) vs Gamma(5,0.1). For both figures, a significance threshold of
a = 0.05 has been used and the total sample sizes are n = 100, m = 100, and 1000

trials were used.

Figure E.23 considers a similar case to Figure 4.8 when data are missing not at random (MNAR),

but with a different missingness mechanism. For Figure E.23, the data in X are randomly selected

to be missing, while the data in Y are missing according to Equation E.4, i.e., the probability of

a value in Y to be missing is proportional to its absolute value after adding | min Y|.
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Figure E.23.: The Type I error and statistical power of the proposed location-scale testing method
and the combination of the Ansari-Bradley test and the Wilcoxon-Mann-Whitney
test using the Holm-Bonferroni method after the missing data is either known or
has been imputed or ignored as the proportion of missing data increases. The data
are missing not at random (MNAR). The data in X are randomly selected to be
missing, while the data in Y are missing according to (E.4). (Left) Type I error:
N(0,1) vs N(0,1); (Right) Power: N(0,1) vs N(u,0?), with 4 =1 and o = 3. For
both figures, a significance threshold of e = 0.05 has been used and the total sample
sizes are n = 100, m = 100, and 1000 trials were used.

E.3. Additional simulation results for Chapter 5

This section provides additional simulation results for Chapter 5.

E.3.1. Bounds with missing data

We first perform simulations following the similar approach as for the figures in Section 5.4 in

the main text, with different correlation coefficients v € {—0.5,0.5}. The results are shown in

Figure E.24-E.27.
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Figure E.24.:

Spearman'’s footrule when data are MCAR with coefficient —0.5
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Rank correlation coefficients when data are missing completely at random (MCAR).
The subset of indices T' containing all components with at least one missing value
is selected randomly. For each i € T, there is probability 1/3 such that X (i) is
missing but Y (i) is observed, probability 1/3 such that Y (i) is missing but X (7)
is observed, and probability 1/3 such that both X (i) and Y (i) are missing. X,Y
are generated such that (X,Y) R N(0,X), where ¥ = <’1y 1), with covariance
coefficient v = —0.5. The methods are described in Table 5.3. The sample size for

X and Y is n = 100. Results represent the average of 1000 Monte Carlo simulations.
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Figure E.25.:

Spearman's footrule when data are MNAR with coefficient -0.5
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Rank correlation coefficients when data are missing not at random (MNAR). The
subset of indices T' containing all components with at least one missing value is
selected according to Equation (5.4). For each ¢ € T, there is probability 1/3
such that X (7) is missing but Y'(¢) is observed, probability 1/3 such that Y (i) is
missing but X () is observed, and probability 1/3 such that both X (i) and Y (4)
are missing. X, Y are generated such that (X,Y") B N(0,X), where ¥ = (i z ,
with covariance coefficient v = —0.5. The methods are described in Table 5.3. The
sample size for X and Y is n = 100. Results represent the average of 1000 Monte

Carlo simulations.
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Figure E.26.:

Spearman'’s footrule when data are MCAR with coefficient 0.5
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Rank correlation coefficients when data are missing completely at random (MCAR).
The subset of indices T' containing all components with at least one missing value
is selected randomly. For each i € T, there is probability 1/3 such that X (i) is
missing but Y (i) is observed, probability 1/3 such that Y (i) is missing but X (7)
is observed, and probability 1/3 such that both X (i) and Y (i) are missing. X,Y
are generated such that (X,Y) R N(0,X), where ¥ = <’1y 1), with covariance
coefficient v = 0.5. The methods are described in Table 5.3. The sample size for X

and Y is n = 100. Results represent the average of 1000 Monte Carlo simulations.
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Figure E.27.:

Spearman's footrule when data are MNAR with coefficient 0.5
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Rank correlation coefficients when data are missing not at random (MNAR). The
subset of indices T' containing all components with at least one missing value is
selected according to Equation (5.4). For each ¢ € T, there is probability 1/3
such that X (7) is missing but Y'(¢) is observed, probability 1/3 such that Y (i) is
missing but X () is observed, and probability 1/3 such that both X (i) and Y (4)
are missing. X, Y are generated such that (X,Y") B N(0,X), where ¥ = (i fly ,
with covariance coefficient v = 0.5. The methods are described in Table 5.3. The
sample size for X and Y is n = 100. Results represent the average of 1000 Monte

Carlo simulations.
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Figure E.28.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data
is missing completely at random (MCAR). The subset of indices T' containing all
components with at least one missing value is selected randomly. For each i € T,
there is probability 1/3 such that X (i) is missing but Y (i) is observed, probability
1/3 such that Y'(i) is missing but X (¢) is observed, and probability 1/3 such that
both X (7) and Y (i) are missing. (Left) Type I error: (X,Y) R N(0, I2); (Right)
Power: (X,Y) "< N(0,%), where ¥ = <i ]
For both figures, a significance level a = 0.05 is used and the sample size n = 500.
The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.5.

E.3.2. As the proportion of missing data varies

We perform simulations following the same approach as in Section 3.2.1 in the main paper when
the proportion of missing data s increases, with different correlation coefficients ~, sample size

n, or significance level a. The results are shown in Figure E.28-E.38.
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Figure E.29.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices T' containing all compo-
nents with at least one missing value is selected according to Equation (5.4). For
each ¢ € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,¥), where ¥ = <i ]
~ = 0.5. For both figures, a significance level a = 0.05 is used and the sample size
n = 500. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.30.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data
is missing completely at random (MCAR). The subset of indices T' containing all
components with at least one missing value is selected randomly. For each ¢ € T,
there is probability 1/3 such that X (i) is missing but Y (i) is observed, probability
1/3 such that Y'(7) is missing but X (¢) is observed, and probability 1/3 such that
both X (i) and Y (i) are missing. (Left) Type I error: (X,Y) N N(0, I2); (Right)

i 1

Power: (X,Y) " N(0,), where ¥ = ( |
For both figures, a significance level o = 0.05 is used and the sample size n = 200.
The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.8.
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Figure E.31.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices T' containing all compo-
nents with at least one missing value is selected according to Equation (5.4). For
each ¢ € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y (7) are missing. (Left) Type I error: (X,Y) Lig N(0, I);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.8. For both figures, a significance level & = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.32.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data
is missing completely at random (MCAR). The subset of indices T' containing all
components with at least one missing value is selected randomly. For each ¢ € T,
there is probability 1/3 such that X (i) is missing but Y (i) is observed, probability
1/3 such that Y'(7) is missing but X (¢) is observed, and probability 1/3 such that
both X (i) and Y (i) are missing. (Left) Type I error: (X,Y) N N(0, I2); (Right)
Li 1
Power: (X,Y) " N(0,), where ¥ = ( |
For both figures, a significance level @ = 0.05 is used and the sample size n = 200.
The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.8.
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Figure E.33.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices T' containing all compo-
nents with at least one missing value is selected according to Equation (5.4). For
each ¢ € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,¥), where ¥ = <i ]
~ = 0.9. For both figures, a significance level a = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.34.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data
is missing completely at random (MCAR). The subset of indices T' containing all
components with at least one missing value is selected randomly. For each ¢ € T,
there is probability 1/3 such that X (i) is missing but Y (i) is observed, probability
1/3 such that Y'(7) is missing but X (¢) is observed, and probability 1/3 such that

iid.

both X (i) and Y (i) are missing. (Left) Type I error: (X,Y) <~ N(0, I2); (Right)

iid.

Power: (X,Y) <~ N(0,X), where ¥ =

I v
1

, with covariance coefficient v = 0.5.

For both figures, a significance level o = 0.05 is used and the sample size n = 200.
The results in the figures are average of 1000 trials.
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Figure E.35.: Statistical Type I error and power of the proposed method, methods that ig-

nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices T' containing all compo-
nents with at least one missing value is selected according to Equation (5.4). For
each ¢ € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.5. For both figures, a significance level & = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.36.: Statistical Type I error and power of imputation methods as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. The imputation methods
impute missing data using either mean, median or randomly selected (hot deck)
values of observed data. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices 7" containing all components
with at least one missing value is selected according to Equation (5.4). For each
i € T, there is probability 1/3 such that X (i) is missing but Y (i) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.5. For both figures, a significance level & = 0.05 is used and the sample size
n = 100. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.37.: Statistical Type I error and power of imputation methods as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. The imputation methods
impute missing data using either mean, median or randomly selected (hot deck)
values of observed data. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices 7" containing all components
with at least one missing value is selected according to Equation (5.4). For each
i € T, there is probability 1/3 such that X (i) is missing but Y (i) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.3. For both figures, a significance level & = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.38.: Statistical Type I error and power of imputation methods as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. The imputation methods
impute missing data using either mean, median or randomly selected (hot deck)
values of observed data. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices 7" containing all components
with at least one missing value is selected according to Equation (5.4). For each
i € T, there is probability 1/3 such that X (i) is missing but Y (i) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.5. For both figures, a significance level & = 0.01 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.39.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the sample size n increases, where n € {40, 70,100, 200, 300, 500}.
These methods are described in Table 5.4. The data is missing not at random
(MNAR). The subset of indices T' containing all components with at least one
missing value is selected according to Equation (5.4). For each i € T, there is
probability 1/3 such that X (7) is missing but Y (i) is observed, probability 1/3 such
that Y'(7) is missing but X (i) is observed, and probability 1/3 such that both X (7)
and Y (i) are missing. (Left) Type I error: (X,Y) PN N(0, I2); (Right) Power:
(X,Y) "' N(0,%), where ¥ = G !
both figures, a significance level & = 0.05 is used and the proportion of missing
pairs s = 0.1. The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.6. For

E.3.3. As the sample size varies

We perform simulations following the same approach as described in Section 3.2.2 in the main
paper when the sample size n increases, with potentially different correlation coefficients -y, pro-

portion of missing data s, and significance level o. The results are shown in Figure E.39 — E.43.
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Figure E.40.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the sample size n increases, where n € {40, 70,100, 200, 300, 500}.
These methods are described in Table 5.4. The data is missing not at random
(MNAR). The subset of indices T' containing all components with at least one
missing value is selected according to Equation (5.4). For each ¢ € T, there is
probability 1/3 such that X (i) is missing but Y (i) is observed, probability 1/3 such
that Y'(7) is missing but X (i) is observed, and probability 1/3 such that both X (7)
and Y (i) are missing. (Left) Type I error: (X,Y) PN N(0, I2); (Right) Power:
(X,Y) " N(0,%), where £ = | 1
both figures, a significance level & = 0.05 is used and the proportion of missing
pairs s = 0.1. The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.4. For
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Figure E.41.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the sample size n increases, where n € {40, 70,100, 200, 300, 500}.
These methods are described in Table 5.4. The data is missing not at random
(MNAR). The subset of indices T' containing all components with at least one
missing value is selected according to Equation (5.4). For each ¢ € T, there is
probability 1/3 such that X (i) is missing but Y (i) is observed, probability 1/3 such
that Y'(7) is missing but X (i) is observed, and probability 1/3 such that both X (7)
and Y (i) are missing. (Left) Type I error: (X,Y) PN N(0, I2); (Right) Power:
(X,Y) " N(0,%), where £ = | 1
both figures, a significance level & = 0.05 is used and the proportion of missing
pairs s = 0.1. The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.3. For
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Figure E.42.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the sample size n increases, where n € {40, 70,100, 200, 300, 500}.
These methods are described in Table 5.4. The data is missing not at random
(MNAR). The subset of indices T' containing all components with at least one
missing value is selected according to Equation (5.4). For each ¢ € T, there is
probability 1/3 such that X (i) is missing but Y (i) is observed, probability 1/3 such
that Y'(7) is missing but X (i) is observed, and probability 1/3 such that both X (7)
and Y (i) are missing. (Left) Type I error: (X,Y) Lig N(0, I5); (Right) Power:
(X,Y) " N(0,5), where = = (! 1
both figures, a significance level & = 0.05 is used and the proportion of missing
pairs s = 0.06. The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.3. For
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Figure E.43.: Statistical Type I error and power of the proposed method, methods that ignore
missing data or use complete data, and Alvo and Cabilio’s p and Alvo and Cabilio’s
7 methods, as the sample size n increases, where n € {40, 70,100, 200, 300, 500}.
These methods are described in Table 5.4. The data is missing not at random
(MNAR). The subset of indices T' containing all components with at least one
missing value is selected according to Equation (5.4). For each ¢ € T, there is
probability 1/3 such that X (i) is missing but Y (i) is observed, probability 1/3 such
that Y'(7) is missing but X (i) is observed, and probability 1/3 such that both X (7)
and Y (i) are missing. (Left) Type I error: (X,Y) Lig N(0, I5); (Right) Power:
(X,Y) " N(0,%), where £ = | 1
both figures, a significant level o = 0.01 is used and the proportion of missing pairs
s = 0.1. The results in the figures are average of 1000 trials.

, with covariance coefficient v = 0.5. For
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E.3.4. A different missingness mechanism

Now we perform simulations following the same was as in Section 3.2 in the main paper when data
are missing not at random (MNAR), with a different MNAR missingness mechanism described
below.

The way that the index set T C {1,...,n} of the missing components is chosen depends on
the values of X and Y. Let

¢=Y T(R(X(i),X) = R(Y(i),Y)| < n/2)
i=1

be the number of pairs of components in X and Y such that
[R(X (i), X) = R(Y(2), Y)| <n/2.

Each index ¢ € [n] is selected to be in the set T of indices of missing components according to

the following probability conditional on C' = |T|, the size of the set T":

p(ieT|[C=[s-n])

_ { min {1, sn/q}, if|[R(X (1), X) — R(Y(i),Y)| < n/2, (E.5)
max{0, (sn — q)/(n —q)}, otherwise,

for any given s. The results are shown in Figure E.44-E.45.
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Figure E.44.: Statistical Type I error and power of the proposed method, methods that ig-
nore missing data or use complete data, and Alvo and Cabilio’s p and Alvo
and Cabilio’s 7 methods, as the proportion of missing data s increases, where
s € {0.00,0.02,...,0.30}. These methods are described in Table 5.4. The data is
missing not at random (MNAR). The subset of indices T' containing all compo-
nents with at least one missing value is selected according to Equation (E.5). For
each ¢ € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);

i 1

(Right) Power: (X,Y) "% N(0,¥), where ¥ = <7 ]
~v = 0.5. For both figures, a significance level & = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.45.: Statistical Type I error and power of imputation methods as the proportion of
missing data s increases, where s € {0.00,0.02,...,0.30}. The imputation methods
impute missing data using either mean, median or randomly selected (hot deck)
values of observed data. These methods are described in Table 5.4. The data is
missing completely at random (MNAR). The subset of indices 7" containing all com-
ponents with at least one missing value is selected according to Equation (E.5). For
each i € T, there is probability 1/3 such that X (7) is missing but Y (¢) is observed,
probability 1/3 such that Y (7) is missing but X (i) is observed, and probability 1/3
such that both X (i) and Y () are missing. (Left) Type I error: (X,Y) N N(0, I2);
(Right) Power: (X,Y) "% N(0,%), where ¥ = <i ]
~v = 0.5. For both figures, a significance level ae = 0.05 is used and the sample size
n = 200. The results in the figures are average of 1000 trials.

, with covariance coeflicient
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Figure E.46.: Statistical Type I error and power of the proposed method, methods that ignore
missing data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods, as the
proportion of missing data s increases, where s € {0.00,0.02,...,0.30}. These
methods are described in Table 5.4. The data is missing completely at random
(MCAR). The subset of indices T' containing all components with at least one
missing value is selected randomly. For each i € T, there is probability 1/3 such
that X (7) is missing but Y (7) is observed, probability 1/3 such that Y (i) is missing
but X () is observed, and probability 1/3 such that both X (¢) and Y (i) are missing.

i.id.

(Left) Type I error: (X,Y) ~" Gamma(l,1); (Right) Power: Y (i) = X (¢)/2 + €,
where X, ¢; L Gamma(1,1) for any i € {1,...,n}. For both figures, a significance

level o = 0.05 is used and the sample size n = 200. The results in the figures are
average of 1000 trials.
E.3.5. Gamma-distributed data

In this section, we consider the cases when data are following Gamma distributions, rather than
normal distributions. The proposed method, methods that ignore or impute the missing data

show similar results as before. The results can be seen in Figure E.46 and E.47.
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Figure E.47.: Statistical Type I error and power of the proposed method, methods that ignore
missing data, and Alvo and Cabilio’s p and Alvo and Cabilio’s 7 methods, as the
proportion of missing data s increases, where s € {0.00,0.02,...,0.30}. These
methods are described in Table 5.4. The data is missing not at random (MNAR).
The subset of indices T' containing all components with at least one missing value is
selected according to Equation (E.5). For each ¢ € T', there is probability 1/3 such
that X (¢) is missing but Y (4) is observed, probability 1/3 such that Y (i) is missing
but X (i) is observed, and probability 1/3 such that both X (¢) and Y (¢) are missing.
(Left) Type I error: (X,Y) s Gamma(1,1); (Right) Power: Y (i) = X(i)/2 + €;,
where X;, €; i Gamma(1,1) for any i € {1,...,n}. For both figures, a significance
level o = 0.05 is used and the sample size n = 200. The results in the figures are
average of 1000 trials.
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