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Mixture Distributions with Application to Microarray Data Analysis

O’Neil Lee Lynch

ABSTRACT

The main goal in analyzing microarray data is to determine the genes that are dif-
ferentially expressed across two types of tissue samples or samples obtained under two
experimental conditions. In this dissertation we proposed two methods to determine
differentially expressed genes. For the penalized normal mixture model (PMMM) to de-
termine genes that are differentially expressed, we penalized both the variance and the
mixing proportion parameters simultaneously. The variance parameter was penalized
so that the log-likelihood will be bounded, while the mixing proportion parameter was
penalized so that its estimates are not on the boundary of its parametric space. The
null distribution of the likelihood ratio test statistic (LRTS) was simulated so that we
could perform a hypothesis test for the number of components of the penalized normal
mixture model. In addition to simulating the null distribution of the LRTS for the pe-
nalized normal mixture model, we showed that the maximum likelihood estimates were
asymptotically normal, which is a first step that is necessary to prove the asymptotic
null distribution of the LRTS. This result is a significant contribution to field of normal
mixture model.

The modified p-value approach for detecting differentially expressed genes was also
discussed in this dissertation. The modified p-value approach was implemented so that
a hypothesis test for the number of components can be conducted by using the modified
likelihood ratio test. In the modified p-value approach we penalized the mixing pro-

portion so that the estimates of the mixing proportion are not on the boundary of its

viil



parametric space. The null distribution of the (LRTS) was simulated so that the num-
ber of components of the uniform beta mixture model can be determined. Finally, for
both modified methods, the penalized normal mixture model and the modified p-value

approach were applied to simulated and real data.

ix



1 INTRODUCTION

In recent years microarray technology has made it possible to simultaneously analyze
thousands of genes. Although an enormous volume of data is being produced by microar-
ray technologies (Schena et al., 1995; DeRisi et al., 1997; Hughes et al., 2001; Lockhart et
al., 1996), one remaining challenge is how to analyze and interpret the large amounts of
data. A major challenge is to detect genes with differentially expressed profiles under two
different experimental conditions, which may refer to samples drawn from two types of
tissues, tumors or cell lines, or at two time points during important biological processes.

Many of the methods used for such analysis, including the method of identifying genes
with fold changes are known to be unreliable because in such methods the statistical
variability of the data is not properly addressed [8]. While various parametric meth-
ods and tests such as the two-sample t-test [12] and regression model have been applied
for microarray data analysis, strong parametric assumptions made in these methods as
well as strong dependency on large sample sets restrict the reliability of such techniques
in microarray problems where only a small number of replications are available. The
non parametric statistical methods, including the Empirical Bayes (EB) method [14],
the significance analysis for microarray data (SAM [39]) and mixture model method
(MMM) [27, 42, 25] have been applied to microarray data analysis. It is claimed and ar-
gued that the new extensions of the (MMM) are among the available methods producing
biologically-meaningful results [27, 43].

In this dissertation we extended the mixture model method (MMM) by penalizing the
mixing proportions and the component variances simultaneously. The mixing proportion
was penalized so that a modified likelihood ratio test similar to that of Chen et al. (2001,
2004) for testing the number of components of the fitted normal mixture model can be

implemented. The variance was penalized so that the log-likelihood is bounded resulting



in the existence of the MLE’s. In a similar fashion the p-value approach (Allison et al.
(2002)) for the detection of differentially expressed genes of microarray data was also
modified. For the p-value approach only the mixing proportion was modified so that the
MLE of the mixing proportion was not on the boundary of its parametric space. This
modification was done so that a modified likelihood ratio test similarly to what was done
by Chen et al. may be implemented so that we may test the hypothesis for the number
of components.

This dissertation is organized as follows. Chapter 2 describes in some detail the
genetic background of DNA and two of the leading microarray experiments, cDNA and
Oligonucleotide. In Chapter 2 we also discussed some of the statistical challenges we
have in analyzing microarray data and gives a description of some of the methods used
to analyze microarray data. The methods that were discussed are (1) Cluster analysis (2)
T-test (3) Regression analysis (4) Significant analysis of microarray (SAM) (5) Mixture
model method (MMM) and (6) A p-value approach for detecting differentially expressed
microarray data.

In Chapter 3 we present the theory of finite mixture methods and discussed how the
parameters can be estimated by (1) expectation maximization algorithm (EM) and (2)
the robust parameter estimation - which is of interest if the data contains outliers. One of
the challenges of finite mixture distributions is to determine the number of components
therefore we discussed some techniques used to determine the number of components
which are namely AIC, BIC, simulation and the modified likelihood ratio test. The box-
cox transformation for distinquishing skewed distributions from commingled distributions
was also presented in chapter 3.

The penalized modified approach will be discussed in chapter 4. The estimators
of the parameters of the penalized normal mixture model when both the variance and
mixing proportion were simultaneously penalized was illustrated. The evaluation of the
estimators for the two penalty functions for the variance, the inverse gamma and inverse
chi-square distributions were addressed. The asymptotic property namely asymptotic
normality of the normal mixture model was also proved in Chapter 4. Chapter 5 discussed
the applications of the penalized/modified approach of the normal mixture model to

detecting differentially expressed genes and illustrated its applications to simulated and



real data. The results of the penalized/modified normal mixture model approach were
compared to that of SAM and was shown to out perform SAM.

Chapter 6 discussed the modified p-value approach for detecting differentially ex-
pressed genes. Similar to the work done in Chapter 6 we applied our method to simu-
lated and real data. The motivation for modifying the p-value approach of Allison et al.
was that the MLE of the mixing proportion was on the boundary point of its parametric
space, therefore we applied the technique of Chen et al., that is, we applied a penalty
function for the mixing proportion so that the MLE of the mixing proportion will not
be on the boundary points of its parametric space. The conclusions of this study were

summarized in Chapter 7.



2 MICROARRAY DATA AND SOME STATISTICAL ANALYSIS

2.1 DNA Microarray Experiments
2.1.1 Genetic Background

The double-stranded molecules deoxyribonucleic acid (DNA) (Watson and Crick, 1953)
contains all the genetic information of living organisms. Each strand or helix of DNA is a
chain of nucleotides that consists of a sugar, a phosphate and a nitrogenous base molecule.
The information in DNA is stored as a code made up of four chemical bases: Adenine
(A), Guanine (G), Cytosine (C) and Thymine (T). These four bases are responsible for
the DNA molecule having four distinct types of nucleotides. The bases are coupled in
the following manner: A with T and C with G, by a hydrogen bond which is called
complementary base pairing. The nucleotides are arranged in two long strands that form
a spiral called a double helix. The double helix structure of DNA is similar to a ladder,
with the base pairs forming the ladder’s rungs and the sugar and phosphate molecules
forming the vertical sidepieces of the ladder.

In cells, genes consist of a long strand of DNA that contains a promoter, which controls
the activity of a gene. Additionally, all living cells contain chromosomes, that are, large
pieces of genes containing hundreds or thousands of genes, each of which specifies the
composition and structure of a protein (or several related proteins). The workhorse
molecules of the cell are protein polymers of amino acids which are responsible for cellular
structure, producing energy and important biomolecules like DNA and proteins, and for
reproducing the cell chromosomes. The cohort of chromosomes are almost the same in
every cell in an organism, and contains the same repertoire of proteins. However, cells
have remarkably distinct properties, such as the difference between human eye cells, hair

cells, and liver cells; these distinctions are the result of differences in the abundance,



distribution, and state of the cell proteins.

When a gene is active, the coding and non-coding sequence is copied in a process
called transcription, producing messenger RNA (mRNA) which is a copy of the gene’s
information. The mRNA, a small and relatively unstable nucleic acid polymers, can then
direct the synthesis of proteins through the genetic code. However, mRNAs can also be
used directly, for example as part of the ribosome. The resulting molecules from the
gene expression, mRNA or protein are known as gene products. There is therefore a
logical connection between the state of a cell and the details of its protein and mRNA
composition.

Whereas it remains difficult to measure the abundance of a cell’s proteins, DNA mi-
croarray makes it possible to quickly and efficiently measure the relative representation of
each mRNA species in the total cellular mRNA population, or in more familiar terms, to
measure gene expression levels. There are several types of microarray systems including
the cDNA microarray (Schena et al., 1995; DeRisi et al., 1997: Hughes et al., 2001) and
oligonucleotide array (Lockhart et al., 1996).

2.1.2 cDNA Microarray Experiment

In this experiment, the cDNA sequence corresponding to a set of genes pertinent to the
biological question under investigation are obtained and printed onto a glass slide or
substrate using a robotic arrayer. Second, the sample RNA is isolated, a critical step in
the experiment in order to ensure that a sufficient amount of each cDNA clone is printed
on the array where each clone is amplified by a technique called polymerase chain reaction
(PCR). In practice the printed amount of cDNA is not the same, therefore the cDNA on
the array, which is a double-stranded probe, needs to be denatured and this is achieved
by heating the array so that a target cDNA can bind to it.

In the third step the cDNA is synthesized, a procedure that also involves labeling
the isolated mRNA from the biological samples. Usually in the most current cDNA
microarray experiments, cDNAs from the experimental and reference samples are labeled
with red-fluorescent dye, Cy5 and green-fluorescent dye, Cy3 respectively, mixed and

hybridized on the slide. There are several different labeling methods including Primer



Tagging, Direct Incorporation Labeling and Amino-Modified Nucleotide. Nguyen et
al. (2002), Wong et al. (2001) and Stears et al. (2000) discuss the advantages and
disadvantages of these methods.

Fourth, the labeled probe cDNA is hybridized to target the cDNA on the microarray.
That is, if a particular gene is expressed in the target cell, where the cDNAs correspond-
ing to this gene are found in the target cDNA pool, these cDNAs will bind with the
complementary cDNA probes printed on a specific spot on the microarray. Hybridiza-
tion refers to the binding ability of two complementary DNA strands by the base-pairing
rule thus reforming the DNA double helix.

Finally, the hybridization results are imaged and analyzed using a fluorescent micro-
scope, the log(red/green) intensities of mRNA hybridization at each site is measured.
The result is tens of thousands of gene expressions, typically ranging from -4 to 4, which
is a measure of the expression level of each gene in the experimental sample relative to
the reference sample. Positive values indicate higher expression in the target versus the

reference, and vice versa for negative values.

2.1.3 Oligonucleotide Microarray Experiment

Another widely used microarray technology is high density oligonucleotide arrays known
as Affymetrix (Lockhart et al., 1996). This method is based on the fact that each gene
is represented by 14 to 20 features (Lipshutz et al., 1999). for example, Affymetrix array
used 20 features. Each feature is a short sequence of nucleotides, an oligonucleotide, and
it is a perfect match (PM) to a segment of the gene. Paired with the 20 PM oligonu-
cleotides to the gene sequence are 20 other oligonucleotides having the same sequence
corresponding to the 20 PMs except for a single mismatch (MM) at the central base of
the nucleotide. When the gene is expressed in the cell sample, high intensity is expected
for the PM feature and low intensity for the MM feature. Given the 20 PM and MM
feature pairs for the gene, many methods have been proposed to quantify the expression
level of the gene. For example, Affymetrix originally proposed the average difference
r = avg{d, = (PMy — MM;),k = 1,2,...,20 = K} to quantify expression level of a

gene in a particular array. The average is usually based only on the differences, dj, with



3 standard deviations from the mean of d(y),...,dx—1), where d) is the k" smallest
difference, but there are various other ways to filter the outliers, Efron et al. (2001)
suggested x = avg{dy = log(PMy) — clog(MMy),k = 1,2,...,20} for several different
scale factors c. Naef et al. (2001) proposed to use only the PM features. In an attempt
to obtain more sensitive measure of gene expression, Li and Wong (2001) proposed a
model-based estimate of the expression level using the least square method. The method
for sample labeling and image processing in the Affymetrix arrays are found in Lockart
et al. (1996). Refer to ”"The Chipping Forecast” (Lander et al., 1999) for more details

on cDNA microarrays and oligonucleotide chips.

2.2 Some Statistical Challenges With Analyzing Microarray Data

Microarray technologies allow scientists to monitor the mRNA transcript levels of thou-
sands of genes in a single experiment. However, the tremendous amount of data that is
obtained from microarray studies presents challenges for data analysis. One challenge
in the development of statistical methods for microarray data analysis is that sample
sizes under two different experimental conditions are typically small. We can depict this
situation by defining the data as follows: for each gene 7,7 =1,2,..., N, we have expres-
sion levels (Y1, ..., Y,) from m microarrays under condition 1, and (Y; 41, - ., Yimtn)
from n arrays under condition 2. Usually the total number of genes N is large (> 1000)
whereas the number of replications, m and n are small (typically < 20).

Since statisticians are primarily interested in genes that are differentially expressed
across two different experimental conditions, which may refer to samples drawn from two
types of tissues, tumors or cell lines, or at two time points during important biological
processes, we need to make an adjustment for the type I error rate when doing simul-
taneous hypothesis tests. This adjustment is done by means of the Bonferroni method,
to deal with multiple comparisons. If we use « as the significance level then the test or
gene specific significance level for a two sided test is therefore o = o/2n.

Investigators may need to have the answer for the following question ”Is the difference
in expression level for a particular gene statistically significant?” However, there are a

number of equally important questions that need to be answered (Allison et al. (2001)):



1. Is there statistically significant evidence that any of the genes under study exhibit

a difference in expression across the conditions?

2. What is the best estimate of the number of genes for which there is a true difference

in gene expression?
3. What is the confidence interval around that particular estimate?

4. If we set some threshold for which we expect particular genes to be interesting and
worthy of follow-up study, what proportion of those genes are likely to be genes for
which there is a real difference in expression and what proportion are likely to be

false leads?

5. What proportion of those genes not declared "interesting” are likely to be genes for

which there is a real difference in expression (i.e., misses or false negatives)?

In analyzing microarray data the assumptions made are (1) For each gene, the measure-
ments of gene expression have a finite population mean and variance; (2) For each gene
under study, there is a measure of expression level available for each sample and this
measure has sufficient reliability and validity (i.e. the measurements of the expression
levels are a true reflection of the true state of nature); (3) The most important assump-
tion that is made is that gene expression levels across the two groups are independent
- which implies that we may able to evaluate the likelihood function which will become

important later in this dissertation.

2.3 Methods of Analyzing Microarray Data
2.3.1 Cluster Analysis

One method used in the analysis of microarray data is Cluster analysis. Cluster analysis
groups genes or samples into ”clusters” based on similar expression profiles and provides
clues to the function or regulation of genes or similarity of samples via shared cluster
membership [34, 35, 18]. Several clustering methods have been usefully applied to an-
alyzing genome-wide expression data and can be classified largely into three categories.

The three-based approach uses distance measures between genes such as correlation co-



efficients to group genes into a hierarchical tree [15]. The second category clusters genes
so that within-cluster variation is minimized and between-cluster variation is maximized
[34, 35]. The third category group genes into blocks, in which the correlation is maxi-
mized and between which the correlation is minimized [3]. The power of cluster analysis
in the analysis of microarray data lies in discovering gene transcripts or samples that
show similar expression profiles. However, identification of "like” groups is not necessar-
ily the objective in a microarray study, because the interest is to discover genes that are
differentially expressed between predefined sample groups, such as normal versus cancer-

ous tissues.

Data

Let Y be the expression level of gene i in array k (i = 1,...,N;k = 1,...,m,m +
1,...,m 4+ n). Suppose that the first m and the last n arrays are both obtained under
two different conditions, that is Y;q) = (Yi1,...,Yin) and Yio) = (Yimt1s .-+, Yimen).
Since we are interested to determine which genes are differentially express between Y

and Yj(2), we let
Yir = a;i + bizy, (2.3.1)

where

1 for 1<k<m
T =
0 form+1<k<m-+n.

Therefore the mean expression levels of gene ¢ under the two conditions are a; +b; and a;
respectively. Hence to determine the genes that are differentially expressed is equivalent

to testing the hypothesis

Hy : b; =0, there is no gene with altered expression

Hy, : b; #0, otherwise (2.3.2)

Using the data construction of equation (2.3.1) for Y;; we will now present the t-test

and regression models used in microarray data analysis.



2.3.2 The T-Test

There are several versions of the two-sample t-test, depending on whether the sample size
(i.e m and n) is large and whether it is reasonable to assume that the gene expression
levels have an equal variance under the two conditions. Both m and n are usually small,
and there is evidence to support unequal variance (Thomas et. al. 2001), we will only
discus the t-test with two independent small Normal samples with unequal variances.

Let the sample means and variances of Yj;, for gene ¢ under the two conditions be

\/ Z;;:nfl Y;k‘ \/ ?:T:Ll+1 Y;k
$ - ) . (2.3.3)
and
) >opey (Y — Yi))?
Si(1) = m—1 ,
m—+n Y 2
(Vi Y,
S?(Q) = k_m+17’5 —kl (2)> . (234)
The t-statistic is
Yioy = Y;
Z, = i) (2.3.5)
52 52
z<ml) + 17(12)

Under the normality assumption for Y., Z; approximately has a t-distribution with

. ( 1)

degrees of freedom

)

This t-test was proposed by Welch (1947). Its method of calculating the degrees of

freedom is similar to the idea of the Satterthwaite approximation.

2.3.3 Regression Model

The regression model estimates the values of (a;,b;) using the weighted least square

method, and then estimates the variance of b, using the robust or sandwich variance

10



estimator. , )
. s; -1 57 -1
Var(h) = (52) (57) + (52) (5)
m m n n

and the estimate of ZA)l = Yi(l) — }_/;'(2). Therefore the test statistics is

Z! = e . M) N (2.3.6)
VCLT’(Z%) \/Si(l) m—1 + i(2) n—1

This test statistic compares well with that of the ¢-test. In the case of the t-test the test

statistic is

Yy — Y
7, = — (2.3.7)
i(1) + i(2)

m n

where Y1), Yi2), 57y and s7,, are defined as in (2.3.3) and (2.3.4). Note that the two
tests are the same as m,n — oo, however in microarray data analysis both m, n are small,
which makes the t-test better because of the unbiasedness of its variance estimator.
Note that the strong parametric assumptions that needs to be made to use both
the t-test and the regression approach is often times violated for microarray data analy-
sis. Therefore, the Significance Analysis of Microarrays (SAM) is an important method
developed for microarray data analysis that seeks to over theses strong parametric as-

sumptions.

2.3.4 Significance Analysis of Microarrays (SAM)

The significance analysis of microarrays (SAM) is one statistical technique for finding
significant genes in a set of micoarray experiments. It was proposed by Tusher, Tibshirani
and Chu [39]. This approach was based on analysis of random fluctuations in the data.
However, even for a given level of expression, the fluctuations were gene specific. To
account, for gene-specific fluctuations, a statistic based on the ratio of change in gene
expression to standard deviation in the data for that gene was defined. The "relative
difference” d(7) in the gene expression is:

_ Y —Yip)

i) = = o (2.3.8)
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where Y; and Y are defined as the average expression levels of the i gene from
conditions 1 and 2, respectively. The ” gene-specific scatter” s(i) is the standard deviation

of repeated expression measurements:

m m—4n

s(i) = 1:1—’7; i/n ( Zl ik — z(l 24 k:;H(Y;k — }71'(1))2> (2.3.9)
where m and n are the numbers of measurements in conditions 1 and 2 respectively.

In order to compare values of d(i) across all genes, the distribution of d(i) should be
independent of the level of gene expression. At low expression levels, variance in d(7) can
be high because of small values of s(i). To ensure that the variance of d(7) is independent
of the gene expression, a small positive constant sy (exchangeability factor) was added
to the denominator of equation (2.3.8). The coefficient of variation of d(i) was computed
as a function of s(7) in moving windows across the data. The value for sy was chosen to
minimize the coefficient of variation.

To minimize the effects of potential confounders between the conditions, the data
was analyzed by taking B sets of permutations. For each permutation b the statistic d;°

and the corresponding order statistics d’(kf) < d’("g . < d Ny Was computed. The expected
Zb z

relative difference, d; = , was defined as the average over the set of B permutations.

To identify potentially significant changes in expression levels, they used a scatter
plot of the observed relative difference d(i) versus the expected relative difference d;. For
a fixed threshold A, starting at the origin, and moving up to the right find the first i = 7,
such that d; — d; > A. All genes pass i; are called ”significant positive”. Similarly, start
at the origin, move down to the left and find the first i = i, such that d; — d; > A. All
genes pass iy are called ”significant negative”. For each A the upper cutoff point cut,,(A)
was defined as the smallest d; among the significant positive genes, and similarly defining
the lower cutoff point cutyy, (A).

To determine the number of falsely significant genes generated by SAM, the total
number of falsely significant genes corresponding to each permutation was computed by
counting the number of genes that exceeded the cutoffs cut,,(A) and cuty,(A). The

estimated number of falsely significant genes was the median (or 90" percentile) of the

number of genes called significant from the B sets of permutations. Such genes are called

12



false positive (F'P). This information will then be used to estimate the false Discovery

Rate (FDR)
FDR = 1,FP/TP (2.3.10)

where 7y is the true proportion of equivalent expressed (E'E) genes in the data set and
TP is the number of total (true) positives discovered from the test statistic, that is, T'P
is the total number of genes claimed to be differentially expressed (DFE).

2.3.5 Mixture Model Method (MMM)

The mixture model method (MMM) was introduced to handle the problem when a small
number of replications under two experimental conditions exist, which is exactly the case
for the data in a microarray experiment. The main purpose of the MMM is to estimate
the distribution of a t-type test statistic and its null statistic using finite normal mixture
models, which results in the method being non-parametric. Additionally, the strong
parametric assumption made when analyzing microarray when the traditional statistical
test is applied is often violated, hence this make the MMM statistically safer because the
assumption of normality is not made.

Consider the situation where, for each gene i, ¢ = 1,2,..., N, we have expres-
sion levels Yjq) = (Yi1,...,Yin) from m microarrays under condition 1, and Yip) =
(Yims1,- -, Yimen) from n arrays under condition 2. Here we need to assume that both
m and n are even integers, this will become obvious later.

The goal is to identify genes such that (Yji,...,Y:,) and (Y1, ..., Yimin) have
different means. This appears to be a two sample comparison however, in microarray
data, that has small m and n with a large N, renders the traditional statistical tests such
as the t-test or rank-based nonparametric tests, ineffective. One alternative is to draw
statistical inference based on the distributions of quantities related to (Y1, ..., Ys,) or
(Yims1s -, Yiman), for 1 <i < N, to take advantage of the large population size N.

The model assumes a nonparametric approach for gene expression data:

Yi) = miq) + i) Yi) = ti2) + €i2)
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where 11;1) and pi;2) are the mean expression levels for gene ¢ under the two conditions
respectively, and ;1) and ;) are independent random errors with means and variances,

such that
E(€l(1)) = E(ez(g)) = O, Var(ai(l)) = 0'1-2(1), V&T(ei(g)) = 0'7;2(2),

forany j=1,...,m,m+1,....,m+nandt=1,..., N. Note, we do not assume equality
of variance of the gene expression levels, because the variance af(c) of gene expression level
depends on the mean expression ji;). Also, we do not assume f1;1) = pi(2)-

The basis of the model is to compare two distributions of two similar statistics (after
being suitably standardized) to infer whether some genes are differentially expressed. Let
m and n be even such that p; (¢;) is a column vector containing random permutation
of m/2 I’s and m/2 -1’s (n/2 1’s and n/2 -1’s). Let Y;q) = (Yi1,...,Ysn) and Yo =

(Yim+1,- -+, Yim+n) then assume that

o Yiypi/m + Yi)qi/n N
\/3?(1)/7” + 83y /0

Jo, (2.3.11)

which does not depend on ;1) and 2y since its mean is 0. Furthermore, suppose that

g 2w Ya/m = Y Ya/n
\/5?(1)/m + 5?(2)/”
Yioy — Y

- - ~ f1. (2.3.12)
\/Si(l)/m + Si(2)/n
The hypothesis is of the form
Hy : fo= fi, thereis no gene with altered expression
Hy : fo# f1, otherwise (2.3.13)

and is valid only if the random errors are independent and their distribution is symmetric

about 0. Since m,n > 1 then we can estimate 3?(1) and sf@) using the sample variances

2 — S (Yi—Yi1))? and s2.. — S (Yie=Y2))?
i(1) — m—1 i2) — el

respectively. Note the data z;’s and
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Z;'s are used to estimate fy and f; by normal mixture model respectively, which will be
discussed in more details in chapter 3.

To test the null hypothesis Hy that Z is from fy (which is equivalent to testing the
hypothesis (2.3.13)), we can construct a likelihood ratio test (LRT) based on the following

statistic:

fo(Z)
f(Z)

LR(Z) = (2.3.14)

A large value of LR(Z) gives no evidence against Hy, whereas a too small value of LR(Z)
leads to rejecting Hy. With the normal mixture model, it is possible to numerically
determine the rejection region. For any given false positive rate «, we can use the

bisection method [29] to solve

a= / fo(2)dz
LR(z)<s

to obtain the suitable cut off point s. Then the rejection region is RR(«a) = {Z :
LR(Z) < s}. We call the method of using the LRT in MMM as MMM-LRT. Similar to
SAM (Tusher et al. 2001), we can estimate the numbers of false positive (F'P) and total
(T'P) directly. In MMM-LRT, for any given s, we have:

FP(s)=—=Y n(i: LR(z") <s), TP(s)=n(i: LR(Z) < s)

where n (i) represents the number of genes. In estimating F'P, one can also use median,
rather than mean, F'P over the permuted data. Based on the estimated F'P and T'P, one
can also calculate the false discovery rate as FDR = F'P/TP (Benjamini and Hochberg
1995; Storey 2001; Tusher et al. 2001).

2.3.6 A Mixture Model Approach Using P-Value

In is well known that the distribution of the p-values is uniformly distributed on the
interval [0, 1], regardless of the statistical test used and the sample size. Therefore if

investigators uses a valid statistical test to produce p-values for testing the null hypothesis
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H, there is no difference between the two experiments for the i'* gene, i = 1,..., N, then
the distribution of the p-value can be used to determine the genes that were differentially
expressed. The assumption of independence of the gene expression levels across genes
was made under the null hypothesis. Additionally, under the alternative hypothesis,
the distribution of p-values will tend to cluster closer to zero than to one, as opposed
to be uniformly distributed under the null hypothesis. Then, the question ”Is there
statistically significant evidence that any of the genes under study exhibit a difference
in expression across the two experimental conditions?” can be answered by conducting
a test to determine if the observed p-values are significantly different from the uniform
distribution. This is done by mixture model approach [2].

The mixture model is a g-component of beta distributions (r;,s;) for j =1,...,¢g
with the parameters r; and s;, where the beta distribution is defined as follows

L(r+ sy (1 -y
T(r)T(s) |

ﬁ(y|7’, S) =

The reason for the choice of the beta distribution is because of its great flexibility in
modeling any shaped distribution on the interval [0, 1]. Note that the uniform distribution
is a special case of the beta distribution with »r = s = 1. The likelihood for the collection

of N, p-values from a model with ¢ components is given as

N
=11 [plﬂ vill, 1) Hpjﬂ yz\r],s])] :

=1 7j=2

Therefore the log likelihood for the N p-values can be expressed as

lg = Zlﬂ [plﬁ vil1,1) +Zp]ﬁ yz|r],sj)] )

j=2

where y; is the p-value for the i test, p; is the probability that a randomly chosen test
from the collection of tests is for a gene where there is no population difference in gene
expression (i.e., a test of a true null hypothesis), and p; is the probability that a randomly
chosen test from the collection of tests is for a gene where there is a population difference

in gene expression (i.e., a test of a false null hypothesis). The above model now requires
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the calculation of the MLE of the parameters p;,r; and s; through iterative procedure
subject to the constraints Z?Zl pi=land 0<p; <lforallj=1,...,9.

The estimate of the number of genes for which there is a difference in gene expression
is evaluated as N(1 — p;), where p; is the MLE of p;. Let T be some threshold below
which the results for particular genes are declared ”interesting” and worthy of follow-up
study, the proportion of those genes that are likely to be genes for which there is a real
difference is

P(Hoy,ly; <T)
Py, <T) ’

P(Ho;lyi <T)=1—P(Hy;ly; <T)=1—

where

9 T ri—1 s;—1
D(rj +s5)y (1 —y)%
Ply; <T)=pi T+ P‘/ L dy
; " Jo INGOINER)

and P(Hy;Ny; < T) = p;T. The estimated proportion of genes declared interesting that
are likely to be false leads is simply

P(Holy = T) = —p0 =7

Similarly the proportion of those genes not declared “interesting” that are likely to be

genes for which there is a real difference is

= P(Hoy;ly; =T
P(Hogly; 2 T) =1— P(Hogly; = T) =1— (p<(;|y> T) >7
where . .
D(rj +s)y" (1 —y)!
Ply=T)=pi(1=T)+ Y op; [ = dy
; 7 r I'(r;)T(s;)
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2.4 Conclusion

This chapter discussed a few of the methods used to analyze microarray data. An in-
troduction to cluster analysis was presented, but, cluster analysis was not an effective
method to determine differentially express genes. Hence the need to make use of the
more classical statistical methods such as the t-test and regression analysis. However,
with strong parametric assumptions that will be necessary for microarray analysis, these
methods has some limitations. Microarray data are many times consist of a few replica-
tions for case and control groups, although the number of genes are usually greater than
1000. The assumption that the genes are independent is one assumption that is typical
in the analysis of microarray data. Note that in chapters 3 and 5 the development of
the modified approaches use the independence assumption, therefore we are prepared to
deal with the consequences of assuming the genes are independent.

The Significance Analysis of Microarrays (SAM) and the Mixture Model Method
(MMM) presented in this chapter uses a t-type statistics to determine the number of
differentially expressed genes. However, the MMM has one advantage in that it is a
non-parametric approach. The MMM determines the distributions under the null and
alternative and then uses these distributions to determine the number of differentially
expressed genes by means of a likelihood ratio test.

The p-value approach of Allision relies on parametric assumptions that are made to
determine the p-values. If the p-values are not valid then its distributions under the
null hypothesis may not be uniform on the interval [0,1]. In discussing the modified
p-value approach presented in chapter 6, we are aware that the ¢-test used to determine
the p-values must be valid for the modified p-value approach to be valid. However, for
this dissertation we assume all the assumptions are satisfied with respect to the modified
p-value approach.

In addition, to the method used to analyze microarray data, we presented the bio-
logical background that the reader needs so that he may fully understand the challenges

statisticians have in the analysis of microarray data.
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3  FINITE MIXTURE DISTRIBUTION

In this chapter we will give a brief background on mixture distributions. Mixture models
are vital in statistical practice and research because many problems in statistics have
mixture structures. Furthermore they are useful in describing complex population with
observed or unobserved heterogeneity. Some examples are that human heights may be
modeled as a two-component mixture, one component for men and one for women. Sub-
structures in galaxy may be modeled as contaminations of big initial galaxy; the evidence
of substructures is important in modern galaxy formation theory (Sun, Morrison, Hard-
ing and Woodroofe 2002). There are also applications in actuarial science, biological
science, econometrics, medicine, agriculture, zoology, population studies and microarray
data analysis.

K. Pearson (1894) was the first to study mixture of two normal distributions, where he
modeled the mixing of different crab species. Mixture model has become popular because:
(1) they provide a simple mechanism to incorporate extra variation and correlation in the
model (2) they add model flexibility and (3) they are a natural approach for modeling
data that arise in multiple stages or when populations are composed of sub populations.
In addition the theory, applications, history and importance of mixture models have
been discussed in journal articles, monographs and textbooks. Everitt and Hand (1981),
Titterington, Smith and Makov (1985), Béhning (1999), and McLachlan and Peel (2000)

provided models, statistical methods and references for finite mixtures problems.

19



3.1 Definition and Preliminary

Definition 3.1.1 A stochastic variable {Y; : 1 < i < n} with density function f(y;|0;)

follows a finite mixture distribution if

Y ~ mifa(yil0r) + mafio(yil02) + ..o 4 o fig(vil0g)

g
= ijfij(yilej), (3.1.1)
j=1
where fi1(yil61), ..., fig(vil0,) are g density functions and my,..., 7, are called mixing

proportions, satisfying the following properties 0 < 7; < 1 and Z?zl m; = 1. The
densities f;;(y) for j =1,..., g may be continuous or discrete, or a combination of both.

From Definition 3.1.1 we observe that finite mixture distribution is the marginal
distribution of a random variable which follows different distributions in different sub-

populations of a general population. Therefore, if a population S is defined as
S = {51,52, .. .,Sg}, such that Sj N Sk = @, j 7é k.

Then the distribution in each sub-population is given to be
o In S1 . Y|Sl ~ fl(le)

e In Sy :Y|Sy ~ fo(Y]6s)

e InS,:Y|S, ~ f,(Y]0,)
Furthermore, let X represent the statistic in each sub-population i.e.,

;

X =, if inSy;
X = T, if inSz;

cey ey

X = T3, if iHSg.

\

Then X follows a discrete distribution with support {x1,xs,...,z,} and correspond-

ing probabilities (weights) {m,ms,...,m,}, that is P(X = z;) = m; for j = 1,...,9.
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Therefore for the finite mixture

g
Y, ~ Z 7;.fij (il 05),

J=1

we have

Yil(X = ;) ~ fi;(il0;), =1,2,....,9

where X is denoted as follow,

Ty T2 ... Tyg

X ~

m T2 ... Ty

Note the random variable X is called latent because, in most applications, it is not

observed. We now present some examples of finite mixture distributions.

3.1.1 Examples of Mixture Distributions

Example 3.1.2 Normal with common variance, that is,
g
Y~ ZﬂjN(uj’ 02)
j=1
where the parameters for this mizture are 0; = (u;,02) and ; for j =1,...,g. Note that
V(X = py) ~ N(py,0°)
where

R R 1

™ T2 ... Ty

X ~
Example 3.1.3 Normal with common mean, that is,

g
Y ~ Z miN(p, 07)
j=1
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where the parameters for this mizture are 6; = (4, 0]2-) and 7j for j =1,...,g. Note that

Y|(X = 07) ~ N(u,07)

J

where
R R
X ~
™ T2 ... Ty

Example 3.1.4 Normal with general mean and variance, that is,
g
Y ~ ZWJ-N(,M]', o?)
j=1
where the parameters for this mizture are 0; = (p;, 0]2-) and 7 for j =1,...,9. Note that
V(X1 = pj, Xy = 03) ~ N(pj,07)
where

(n01) (wy03) o (1,07)

T o Tg

X = (Xl,XQ) ~

3.1.2 Mean and Variance of Mixtures

Let Y ~ 37%_, mi; fi;(yil0;) be a random variable that has a mixture distribution. Using
the latent variable definition above, the mean and variance have the following known

basic probability results for any random variables.
Proposition 3.1.5 E(Y) = E(E(Y|X))
Proposition 3.1.6 Var(Y) = Var(E(Y|X)) + E(Var(Y|X))

This implies that the mean and variance of Examples (3.1.2), (3.1.3) and (3.1.4) are given
as: For Example (3.1.2) we have

E(Y) = E(EY[X)) = E(X) = Z?Wj
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and

Var(Y)

Example (3.1.3) results in

= Var(E(Y|X))+ EVar(Y|X))
= Var(X)+ E(Var(X))

9 g :
= Y mu - (Z%M) +E(0?)
p j=1

g

9 2
= S () o
j=1 j=1

E(Y) = E(EY]X)) = E(n) =

and

Var(Y)

For Example (3.1.4) we have

EY)

and

Var(Y)

= Var(BE(Y|X)) + E(Var(Y]X))
= Var(p) + E(03)

g
_ Z 2
= 7T]0'j.
j=1

B(E(Y|X)) = B(X1) = > mps

Var(E(Y|X)) + E(Var(Y|X))
Var(X;) + E(X»)

DTl — (me)Q + E(a7)
Z_;?T],U,? — (Z;Wjuj) + Z;WJO'JQ
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3.1.3 Comparison of Two Groups: Iris Data

Here we will use data to illustrate the importance of mixture distribution. The iris data
is found in the statistical software package R consisting of 100 sample points of two
species of flowers, Versicolor and Virginica was used for this illustrative purpose. For
each species the measurements of the sepal length of 50 flowers were reported. It is clear
that we have a dataset that is composed of two different populations. Since mixture
distribution is applicable in the case where the data has sub-populations, we use this
example to illustrate the idea of fitting mixture distribution. Note that in dealing with
real life problems one will not have any information as to whether the data is composed
of different populations. The histograms for both samples are presented in Figure 3.1.
The summary statistics is given in Table 3.1. For this data we have no evidence
that the data is not normally distributed, because the Kolmogorov-Smirnov tests for
normality resulted in a p-value > 0.5 for both groups. The Q-Q plots are displayed in
Figures 3.2 and 3.3. Additionally, the assumption of equal variance is satisfied because

the p-value for the F-test is 0.148.

Table 3.1: Summary statistics of data.

Species  Sepal Means Sepal Std. Dev.
Versicolor 5.94 0.516
Virginica 6.59 0.636

The known normal mixture distribution using the summary statistics displayed in
Table 3.1 is
0.5N(5.94,0.516) + 0.5N(6.59,0.6367)

and represented graphically in Figure 3.4. However, when a two-component mixture of
normals with equal variance was fitted to the data, the following fitted distribution was

obtained (Figure 3.5)
0.83N(6.08,0.526%) 4+ 0.17N(7.13,0.526%)

Figure 3.6 shows the comparison of the fitted mixture model with equal variance and
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Figure 3.1: Histogram of Sepal length of the two species of flowers
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Figure 3.2: Q-Q plots of Sepal lengths for versicolor flowers
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Figure 3.3: Q-Q plots of Sepal lengths for verginica flowers
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Figure 3.4: Histogram and known mixture distribution
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Dotted lines to the left and right represents the known distributions of versicolor and virginica
respectively. The known mixture structure is 0.5N(5.94,0.5162) + 0.5N (6.59,0.6362).
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the known mixture model. This example illustrates that the fitted mixture distribution
does not necessarily reflect prior known group structures in the data.

In reality the estimated mixture distribution obtained for the illustrative example
may be symmetric. The distribution may be bimodal or multimodal in the case where

we have more than two components.

Figure 3.5: Histogram and estimated mixture distribution
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Dotted lines to the left and right represents the fitted distributions of versicolor and virginica
respectively. The fitted model is given by 0.83N(6.08,0.5262) + 0.17N(7.13,0.526%).
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Figure 3.6: Histogram with known and estimated mixture distribution
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Dotted line represents the fitted mixture model while the bold line is the known mixture
structure.

Figure 3.7 depicts that mixtures have very flexible class of models, that is:
1. They are symmetric as well as skewed

2. Unimodal as well as multimodal.
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Figure 3.7: Graphical representations of two component normal with equal variance
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From Figure 3.7 we see that the following proposition below determines the modality
of a 2-component mixture if the parameters are known, but in general we do not know

o, 2 and o.

Proposition 3.1.7 The modality of the 2-component mizture of normals with equal vari-

ance is determined as follows.

It |1 — pao < 2 then the mixture is unimodal V 7

g > 2 then the modality of the mixture depends on 7.
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3.2 Parameter Estimation
3.2.1 Expectation Maximization Algorithm

This section describes how the parameters of a g-component finite mixture distribution
can be estimated using maximum likelihood estimation (MLE) [10]. Let {Y;}1<i<n be
distributed as

Yi ~ mifa(yil0;) + mafio(vil0;) + ...+ 7wy fig(yil6y)

g
> mifii(wil6;),
j=1

where f;;(y;]6;) are density functions of Y; in a g-component mixture. The parameters of
interest are that of the density functions f;;(y;|6;) which we denote as a vector § and the
proportion probability ' = (my,...,7m,). In short, the mixture distribution parameters
can be denoted as a vector ¢ = (n',6'). Let y = (y1,...,y,) be a vector of observed

values, then the observed likelihood function is given to be:

=1

Lvly) =[] {Z ijij(inG)} : (3.2.2)

additionally, the observed log-likelihood is given by:

W(Wly) = Zln{zﬂ']fw (vil6) } (3:2.3)

We now need to maximize the log-likelihood I(|y) with respect to . This is done
by using the Expectation-Maximization (EM) (Dempster et al., 1977) algorithm as an
alternative to the Newton-Raphson which involves the calculation of first and second
derivatives of I(¢]y). The EM algorithm was developed for missing observation, in our
case we considered the component membership as missing. This can be seen if we define
indicators Z;;,7=1,...,n, 7 =1,..., g such that

1 if observation ¢ belongs to component j

Zz’j = )
0 otherwise

31



Therefore we have that P(Z;; = 1) = m;, and hence the joint density of ¥; and all Z;; is
given by

fi(yi7Zi1 = Zily-- - Zig = Zig)
= filyilZin = zin, - .., Zig = 2ig) P(Zin = 21, .. ., Zig = 2ig)

{H[ﬁxyzl@ } {H}

g
{H 75 15 (0] }
7=1

Therefore the likelihood of the complete data is

L@y, 2) = [ ] ]I fis (il )1 (3.2.4)

i=1 j=1

and the log-likelihood of the complete data is

[(Y]y, 2) Z Z zijllnm; +1n fi;(yi:]6)]. (3.2.5)
i=1 j=1

It is therefore obvious that maximizing [(v|y, z) ("the complete log likelihood”) is easier
than maximizing [(¢|y) ("the observe log likelihood”). Note that (3.2.2) and (3.2.3)
are referred to as the observe data likelihood and observe log-likelihood respectively,
while (3.2.4) and (3.2.5) are referred to as the complete data likelihood and complete
log-likelihood respectively. Instead of maximizing [(¢|y, z) we maximize FE(l(¢|y, z)|y),
which is interpreted intuitively as replacing the missing observations z;; by their expected

values.
The EM algorithm acts iteratively, in the sense that, starting from a ”first guess

estimate” (starting value) PO for 1), a series of estimates 1® is constructed, which

converges to the MLE z/} of ¢
PO D D) (00) = )

Given 9® | the updated estimate ©/**1) is obtained through one E-step and one M-step.
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Definition 3.2.1 The E-step is the calculation of Q(v|v®) = E(1(x|y, 2)|y, v™).

Definition 3.2.2 The M-step is defined as the mazimization of Q([)®) with respect
to 1 to obtain the updated value Y

The EM procedure keeps iterating between the E-step and the M-step until convergence

is attained, that is, until

1 D]y) — (D y)] < e.

for some small, pre-specified, ¢ > 0.

We now present the calculation of the E-step, therefore from definition 3.2.1, we have

Q™) = E((ly, Z)ly, v™)

n g9

_ E(Z Z Zij[nm; +1In fi;(y:]0)] )?J? w(t)>

i=1 j=1
n g

= 3 ST EZyly 0o + In £y (410)]

i=1 j=1

Note the E-step requires only the calculation of

E(Zijly,v"] = P(Zi = 1]y, ")
fiWilZi; = 1) P(Z;; = 1)‘
fi(yil0) ¥

7;.fij (yil0) ‘
Zj 75 fi (] 0) lw®
= (")

Therefore the E-step results in

i (0®) = gﬂjfz‘j(yﬂ@)

=1 75.fi(yi]0) (3.2.6)

P

where Wij(¢(t)) is called the posterior probabilities and 7; is called the prior probabilities.
Note the E-step reduces to calculating all the posterior probabilities m;; (w(t)) for 1 =
,....n,7=1,...,9.

The M-step maximizes Q(v[¢y®) with respect to 9 to obtain the updated estimates
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D | Since
n g

1/’|¢ ZZWU ln7rj + In fi;(y:]0)]

i=1 j=1

we first maximize with respect to ;. This requires maximization of

n g—1

D) DNTDINES 9 ST Sty
i=1 j=1 i=1 j=1
with respect to 7,...,my_1. Setting

n g—

{ 17r” ¢(t) In7; +Z7r w(t) ln[ W]]} =0

i=1 j=1 j=1

we have that

~ 7 (P1) = mig ()

Z (t+1) _Z (t+1)

i=1 7T i=1 Ty
t+1) n

Ty o Zi:l 7Tij<¢(t)>

(
= 24 = =
ﬂétﬂ) > i Tig(¥ D)

Note that

1 = Z 7r](-t+1)

Jj=1

g t+1
_ z 1 7TZ] (¢(t))
a Z Zz 1 ﬂ—lg( )

1)
7T91Hr > et ? 17sz(¢(t))
i1 Tig(P )

since ) 7_, 7 (¥®) = 1, therefore

(t+1)
Ty N

LS )

hence 7r§t+1) is given by

Tt — 2?21 7Tig<w(t))

g n
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It follows that all 7rj(-t+1) are given by

A _ i ™ (V1)

7 n

(3.2.7)

Note that the updated mixture component probabilities are the average posterior prob-

abilities. The M-step also requires the maximization of

Z Z i (1) In fi (4i]0) (3.2.8)

i=1 j=1

with respect to . This maximization step is often times non-trivial. In such cases, the

EM algorithm is double iterative. Below are some examples when the M-step is trivial

(c.f. [40]).
Example 3.2.3 Poisson, let Y; ~ Z?Zl mjPoisson()\;) with 0 = (A1, ..., \y)

From (3.2.8), and for simplicity we let 7;;(®) = 7;;, then we have

n g
0> misIn fii(y:l6)

i=1 j=1

- Zzﬂw In < _)\JA%)
=1 j=1 Yi

X Z Zﬂ'ij (—)\] + Yi In )\])
i=1 j=1

therefore

{ZZ% )\j‘f‘yiln)\j)} 0, Y

=1 j=1
n
Zi:l TijYi
S
i=1 Tij

& A=

Example 3.2.4 Normals with common variance, let Y; ~ 329 m;N(p;, 0%) with 6 =
<1U’17 <oy Mgy 0.2>
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Similar as in Example (3.2.3), we have that

Z Z mij In fi;(y:|0)

—;Zlmjln[ p{ 212(y i) H
oczz;z;% [~ In(0%)/2 — (i — 11;)*/(20%)]

Therefore, we minimize

n g
7T,] ln /2 4 (ys uj)2/(202)}
=1 j=1
therefore
n g
mij [(In(0®)/2+ (y; — pj)?/(20%)] $ =0, Vj
@ﬂ”;] /2 + (y: — 1)*/ (20%)] }
27?_1 TijYi
&y = TR (3.2.9)
’ > e Tij
Also
n g
{ mig [(0%)/2 + (5 — 3/ (26%)] } =0, ¥
=1 j=1

& D Y m (10 = (i — ) /0] =0

i=1 j=1

n g n g
& D> mi=2 D myly— )/’

i=1 j=1 i=1 j=1

DYEDY = 17%'( i — 1)
~ o =

Zz 122 5=1Tij
2
o LT i .

N 02 _ szl ijl J(y MJ)

n
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2
Zn s i1 Ty
i=1 24j=1Tij \ Yi ST 7y
n

2

s o (3.2.10)

Example 3.2.5 Normals with general mean and variance, let Y; ~ ?:1 WjN(Mj,JJZ)

with 0 = (ul,...,,ug,af,...,ag)

Similar to Example (3.2.4), we can show that the mean is given by

= D i1 TijYi
j=sL 0z
D i1 T
Note that the variance estimator is only achieved if we assume that all the variances are

equal, i.e 0]2- = ¢2. Since the log-likelihood of this model is

n g _ _
1 1
W(Wly) = E In E T 5 XP _ﬁ(yi_,ujy
i=1 j=1 270 L j |
n g _ _
1 1
= Y m e | g~ )’
i=2 =2 2702 L 20 |

Let p; equal y;, then we have

n g 1 1
(Wly) = > W{> = exp [_T‘_Q(yi_ﬂj)Q]
=2

j=2 2mo;
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1
+ m
1\/27mf}

It is straight forward to see that the [(¢|y) is unbounded if ¢ = 0. This is the reason why

it is vital that we have all the variances equal i.e. 07 = o* see Example 3.2.4. We will
show in the section 3.2.3 how we can apply mixture of normals with unequal variances

by implementing a penalty term .

3.2.2 Robust Parameter Estimation

In the previous section the EM algorithm was presented to find the parameters of the
mixture models. The parameters however are sensitive to the presence of statistical
outliers [33]. In microarray data analysis we are not immune to statistical outliers,
therefore the parameter estimation problem where the presence of outliers exist should
be addressed. The solution to this problem is accomplished by the Robust parameter
estimation for mixture model, which will be presented below.

There are several factors affecting the convergence of the EM algorithm to the maxi-

mum likelihood estimates. These factors are:
1. the initial estimates can affect the convergence greatly and

2. the presence of statistical outliers defined to be those observations that are sub-

stantially different from the distributions of the mixture components.

The EM algorithm assigns each observation to one of the components with the sample’s
posterior probability as its weight. Although an outlying sample is inconsistent with the
distributions of all the defined components, it may still have a large posterior probabil-
ity for one or more of the components. Therefore the iteration converges to erroneous
solutions.

A common approach to eliminating the presence of outliers in the EM algorithm is
to apply a chi-square threshold test. This test eliminates observations with distances
greater than some threshold value. These observations are considered to be outliers and
subsequently excluded from updating the parameter estimates. This chi-square threshold

X2 for a given probability « is defined as the square distance between the sample y € R

38



and the mean of the j* component based on the chi-square test shown below:

P{y‘Z?_l(g;—y)z < Xi} .

The threshold approach can be regarded as performing a hard decision to eliminate
outlying sample points before initiating the EM algorithm. Furthermore, a suitable
threshold value is often difficult to select and is usually arbitrary. In view of this difficulty,
an alternative would be to assign different weight to each data points and use all available
data points for updating the estimates. This method may be regarded as applying a soft
decision. The Robust Parameter Estimation For Mixture Model will be discussed next.

It should be noted that the EM algorithm first estimates the posterior probabilities
of each sample belonging to each of the component distributions, and then computes the
parameter estimates using these posterior probabilities as weights. With this method,
each sample is assumed to come from all components. The robust estimation attempts
to circumvent this problem by including the typicality of the sample with respect to the
component densities in updating the estimates in the EM algorithm.

A measure of typicality is incorporated in the parameter estimation of the mixture
density, if we assume that each component density f;(y;|u;, 02) is a member of the family

of symmetric densities with mean p; and o2, i.e.

(270®) ™ {05y, 0%},

where 07 = (y;‘;j)z, and fs(d;) is assumed to be the exponential of some symmetric

function p(9;), i.e.
fs(05) = exp{—p(5;)}.

g
LD Zi:l Tij

)
J n

n
(1) D iey TijWijli
i=1 Tij
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n 2
(t+1) _ Zi:l Z?:l T Wiy (yz — Hj)
n

(0%)

where w;; = 1(9;;)/d;; is the weight function and (6;;) = p'(0;;) is the first derivative
of p(6;;). To limit the influence of large atypical data points, the variance estimator is

modified to be

" 2
(o)D) = 2 et 2oy MW (Ys — 1) '
n

The weight function has been chosen to be 1(s)/s where s = §;;. A popular choice of
Y(s) is the Huber’s ¢-function that is defined by 1(s) = —1(—s) where for s > 0

s 0<s<k
k s>k

U(s) =

and k is called a tuning constant, and needs to be appropriately chosen. Furthermore

we have

p(s) =

In the case of normal mixture distributions, the value of the tuning k is chosen to be 3
standard deviation from the mean as most data point should fall within this band and is
given a unit weight. The outliers are then given weights which are inversely proportional

to their distances from the class mean. Hence, the weights can be expressed as:

1 0<d;<3

’LUZ']':
3/dw 3 < dij < 00

where d;; = (y;—‘“)
J
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3.2.3 Penalized Maximum Likelihood Estimator for Normal Mixture Models

We illustrated through Example 3.2.5 in section 3.2 that we can only fit mixture of nor-
mals with equal variance which was proved by Kiefer and Wolfowitz (1954). However,
Ciuperca et al. (2003) overcame this difficulty by penalizing the variance, which allowed
the likelihood function of the normal mixture model to be bounded, hence the existence
of the MLE. If we fit a mixture model with equal variance if in fact the mixture het-
eroscedasticity we observe that homoscedastic model does not result in a good fit as

compared to the heteroscedasticity fit.

Figure 3.8: Histogram, heteroscedastic and homoscedastic fit for simulated data from the mix-
ture 0.5¢(y|4,1) + 0.5¢(y|8, 1)
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The dotted and bold lines represent the heteroscedastic and homoscedastic models respectively.

We simulated the following mixture distributions from a sample of size n = 500 from

Y ~ 0.56(y]4,1) + 0.56(y[8. 1
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Figure 3.9: Histogram, heteroscedastic and homoscedastic fit for simulated data from the mix-
ture 0.5¢(y|4,1) + 0.5¢(y|8,2)
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The dotted and bold lines represent the heteroscedastic and homoscedastic models respectively.

and

and then fit the simulated data with equal and unequal variances. The model with
unequal variances seems to be a better fit in the case where the simulated data with
unequal variance was fitted with unequal variance as oppose to when fitted using equal
variance Figure 3.8. However the results for the data that was simulated using equal
variance see Figure 3.9

This example shows that we attain better fit to our data if the data is heteroscedastic,

hence fitting heteroscedastic mixture model is vital. Ciuperca et al. considered mixture

42



densities of g univariate normal densities, with g known, defined as in (3.1.1), i.e.,
g
HY ) = Z%‘fz‘j(%w]‘) (3.2.11)
j=1

JZ” [ ] e::p [ j yr ot

are normal densities with mean p; and standard deviation o;. The parameter set of the

mixture 1s
\I/:(7'('1,...,Wj,ul,...,ﬂj,Ul,...,O'j) (3212)

such that 0 < 7; < 1,2?:1 mj = 1,—00 < p; < 00, 0; > 0 and the true parameters
defined as vy € V.
In their analysis the maximum likelihood (ML) framework was used to estimate the

parameters of the mixture, with likelihood function given by

n

Lly) = fa(Yr,. . Yale) = [[ AV ). (3.2.13)
i=1
Since the likelihood function (3.2.13) is unbounded on ¥ because if one of the variance
parameter in the denominator of (3.2.13) approaches 0 as y; approaches y; (c.f. Example
3.2.5) then the likelihood is unbounded.
They circumvented this problem by considering a penalized likelihood function defined

as

g

Lo ly) = fu(V1, ... Yal) [T (o) (3.2.14)

J=1

where the penalized function h was chosen so that L, is bounded over the parameter
space W. The penalized function was assumed to have satisfied the following conditions:

(1) limy, g =h(0o;) = 0, for all n, which ensures that for any fixed n,
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the maximum argument of L,,, that is the penalized MLE
argmax L, exists.
g Dax L

The consistency of the estimator was also a concern. In order to prove the consistency
they required that h also satisfied the following conditions:
(2) h(o) is many-to-one from (0, c0) onto (0,G],G > 0,
(3) h is strictly increasing in an open interval (0, ) of the origin which has a
non-null measure,

(4) h is continuously differentiable on (0, 00).

3.3 Estimating the Number of Components g

One interesting but difficult problem is to determine the number of components g. This
can be accomplished through using various model selection criteria, of which the most
well known are the Akaike Information Criterion (AIC) (Akaike 1973) and the Bayesian
Information Criterion (BIC) (Schwartz 1978)

AIC = —2log L(V,) + 2v,,

BIC = —2log L(¥,) + v,log(n),

where v, is the number of independent parameters in W . In using the AIC or BIC, one
first fits a series of models with various values of ¢, then picks up the g corresponding to
the first local minimum of AIC or BIC (Fraley and Raftery 1998). Some other criteria
have been studied but it does not appear that there exists a clear winner (Biernacki and
Govaert 1999). Some empirical studies seem to favor the use of BIC (Fraley and Raftery
1998). With this in mind the AIC and BIC may not agree with each other in some
cases, therefore it often means that several models are reasonable and that no one can
dominate the others. Therefore we seek other methods which are more reliable in the
selection of g, the number of components. A different approach to selecting g is through
hypothesis testing. This could be done through the use of the likelihood ratio test (LRT)
to test for the null hypothesis Hy : ¢ = k against H, : ¢ = k + 1 for any given positive
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integer k. The LRT statistic is 2(In L(Wg41) — In L(Wy)), which, however, does not have
the usual asymptotic chi-squared distribution because of the loss of identifiability of the
null distribution and also that the null hypothesis lies on the boundary of the parameter
space (m = 0). Without loss of generality, let us assume that a random sample Y3,...,Y,

is from the mixture

(L =) fir(yil6h) + 7 fia(yil02) (3.3.15)

where #; < 0y and 0 < 7 < 1. The hypothesis we wish to test is

Hy : 0, = 0,

therefore we see that the two statements 7 = 0 and #; = 5 are equivalent hence the
parameters 7, #; and 05 are not identifiable under the null model. In the next few sections
we shall discuss how we may achieve the asymptotic null distribution of the log likelihood
ratio statistic through the use of: (1) simulation and (2) the modified likelihood ratio
test.

3.3.1 Simulation Approach

Here we shall describe how to simulate the degrees of freedom of the null distribution of

the likelihood ratio test (LRT)

2(In L(Wgyr) — In L(W}))

from a univariate normal mixture distribution for the hypothesis Hy versus H;, see
Everitt et al. (1981). Without loss of generality we assume distribution under null
hypothesis H is normally distributed that is the number of component ¢ = £ = 1 and
the distribution under the alternate is a two component mixture of normal distribution,

that is, g = k = 2. Note that the distribution of

In L(\Iijrl) — ln(\IJk)
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and

2(In L(Vyy1) — In L(W})),

clearly depends on n. McLachlan et al. (1987) simulated the homoscedastic case, that
is, mixture of normal with equal variances for each component, using 500 replicates for
samples of sizes n = 25,50 and 100, under Hy. The mean(variance) of the simulated null
distribution of 2(In L(Vs4,) — In L(¥})) was found to be equal to 2.47(5.66),2.36(5.06),
and 2.16(4.30) for n = 25,50, and 100 respectively. The empirical distribution function
of 2(In L(Vy41) — In L(Wy)), generated from the 500 replicated simulated values of the
test statistic for n = 100, was shown to be similar in distribution of the y3 distribu-
tion function. McLachlan et al. (1987) explain that the choice of the x3 distribution
corresponds to the approximation of Wolfe (1971), where the degrees of freedom of the
chi-squared distribution is taken to be twice the difference in the number of parameters
under Hy and Hy, excluding the mixing proportions.

McLachlan further stated that the Wolfe’s approximation to the null distribution of
2(In L(Vg41) — In L(Wy)) was not applicable in the heteroscedastic case (i.e where the
component variances were unequal). McLachlan evaluated the empirical distribution
function of 2(In L(¥ 1) — In L(¥y)) by constructing 500 replicates with a sample size
of n = 100 generated under H, using the normal component densities having unequal
variances under H;. When Wolfe’s approximation was applied, the resulting chi-squared
distribution was x% however, the x2 distribution function was found to provide a much
better fit. Furthermore, the simulated null distribution of 2(In L(Wj4,) — In L(¥y)) had
mean and variance equal to 5.96 and 13.86 respectively which further solidified that the x2
distribution function characterizes the empirical null distribution. Wolf’s approximation
was not applicable in the case where heteroscedastic was considered.

In the case of heteroscedasticity the regression approach of Thode et al. (1988) is
more appropriate to be used to remedy the aforemention situation of unequal variances.
The approach is to fit a regression model as a function of the sample size n, using different

sample sizes which results in the regressed degrees of freedom to be

f=0+ 61%. (3.3.16)
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From equation (3.3.16) we observe that the asymptotic degrees of freedom is .

The regression technique of Thode et al. (1988) was presented to determine the
degrees of freedom of the asymptotic distribution of the likelihood ratio test. Thode et
al. found the empirical null distribution of the likelihood ratio test for the sample sizes
15, 20, 25, 40, 50, 75, 80, 100, 150, 250, 500 and 1,000. However, their approach did
not account for skewness which was addressed by MacLean et al. (1976). Furthermore,
for each sample size, percentile points and moments were evaluated using 2,500 normal
samples. Thode et al. also used an iterative procedure to determine the maximum
likelihood estimates of the normal mixture distribution. They also applied the random
starting point method of Thode, Finch and Mendell (1987) by using five random starting
points so that the global maximum is achieved, instead of the local maximum of the
MLE of the parameters in the normal mixture model.

Thode et al. mentioned that since the regularity conditions do not hold in the case of
mixture of normal distribution, therefore the asymptotic distribution is not chi-squared
with degrees of freedom 2. Therefore they found the means and variances for the sample
sizes 15, 20, 25, 40, 50, 75, 80, 100, 150, 250, 500 and 1,000. Note that the mean is
equal to the number of degrees of freedom for the chi-squared random variable, and the
variance is twice the degrees of freedom. They also estimated the asymptotic distribution
of the likelihood ratio test by regressing the mean, variance and simulated percentiles of
the LRT against various functions of the sample size n. Thode et al. further divided the
2,500 samples generated for each of the sample into 5 subsamples of size 500 each, and
applied the goodness-of-fit test described in Draper and Smith (1981) and considered a
regression model as a function of (1/n)! for t = 0.125,0.25,0.50, 1,2 and 3. The regression

model is
E(Ypns) = apy + bpi(1/n)", (3.3.17)

where Ypy, is the P percentile of the s subsample of size n. From model (3.3.17)
they fitted regression model for ¢t = 0.125,0.25,0.50, 1,2 and 3 and found that the inter-
cepts estimated for various powers of ¢t were essentially the same therefore indicating the

convergence of the asymptotic distribution. However, Thode et al. concluded that the
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regression model of the mean on (1/n)%? suggested a very good goodness-of-fit statistics
and a value of R? around 0.6. Therefore in this dissertation we will regress the means on
(1/n)%® and use az 5 as our asymptotic degrees of freedom.

In the next section we will describe the approach of Chen et al. that was used to
determine the exact distribution of the null distribution of the likelihood ratio statistic in
the case were there was equal variance in each component of mixture of normal distribu-
tions. This approach for our purposes was modified so that we accounted for differences
in the variances for each component. It should be stated that the method of Chen can
not be applied directly to the problem of heteroscedasticity, that is, in the case where
the variances are different in each component which is the case used in this dissertation.
Therefore, the asymptotic distribution of the penalized modified likelihood method used
in this dissertation, will be estimated using the regression model of Thode et al. (1988).
The theoretical distribution of the penalized modified likelihood ratio statistic in the case
of unequal variances for each component is an open problem which I hope to solve in
the near future. The next section describes the method of Chen which is the method
in this dissertation we modified to account for heteroscedasticity (unequal component

variances).

3.3.2 Modified Likelihood Ratio Test for Homogeneity in Finite Mixture
Models

Finite mixture models are often used to study data from a population that is suspected to
be composed of a number of homogeneous sub-populations. For example, when a disease
has a simple genetic cause, the population may be divided into two or three homogeneous
groups. In the initial stage of these investigations, it is important to have a sensitive test
for the number g of sub-populations included in the data. The construction of such a
test, however, is often more challenging than might be expected.

Chen and Kalbfleisch (1996), Chen (1998) and Chen et al. (2001, 2002) suggest a
modification of the likelihood by incorporating a penalty term that forces certain esti-
mates away from the boundary of the parameter space. The likelihood ratio statistic

based on the modified estimators is shown, in many instances, to yield relatively simpler
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limiting distributions and hence simpler tests.
We consider a finite mixture distribution with probability density function as defined

n (3.1.1), i.e
FY[) = me yl6;)

where f(y|0;), is a probability density function with parameter 6; € ©. Let 6;,...,0, € ©
be the support points of f(y|f;) and let my,...,m, be the corresponding weights with
m; > 0and > m; = 1. If we consider g = 2 then we have 7 f(y|61) + (1 — ) f(y|62) where
7w € ]0,1] and 6; < 0. We wish to test the hypothesis

HO . 91 = 92 versus HO . 91 7A 92

however the parameters under the null is not identifiable. Therefore, Chen penalized the

log-likelihood, hence the modified likelihood approach is given by
L (ly) = L(¥ly) + Clndn(1 — ). (3.3.18)

where C' is a positive constant and

(YY) = Zlﬂ{Z% (y16;) } (3.3.19)

is the ordinary log likelihood. The purpose of the ”penalty term”, C'ln4dnr(1l — 7) in
(3.3.18) is to restore regularity to the problem by avoiding estimates of 7 on or near the

boundary. The modified likelihood ratio statistic is thus
R = 2{I*(#,04,0,) — I:(1/2,0,0)}. (3.3.20)
and the null distribution is given by
1, 1

§X0 + EX%
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The finite mixture distribution (3.1.1) can also be written as

flG) = / F(y16)dG (), (3.3.21)

where G(6) is a discrete cumulative distribution function (called the mixing distribution)
with a finite number of support points. The class of all finite mixing distributions with

g support points is

g

My = {G(O) = Dm0, <0): 01 ... <0, Xg:wj —1Lm >0} (3322)

Jj=1 J=1

where [(-) is an indicator function and ¢ = 1,2,.... The class of all finite mixing
distributions is M = {J -, My.

We consider the test with null hypothesis ¢ = 1 versus the alternative g > 2; or more
precisely we consider a test of the hypothesis G € My versus G € My>,. Furthermore,
let G and Gy denote the estimates under the null and alternate hypothesis respectively,
hence the modified likelihood ratio statistic for testing G € M; against G' € My> is given
by

Ry, = 2{13(Gh) — I3(Go)}

where
n g g9
L(Wly) = Zln{ijf(y|9j)} +C Y In(gm)). (3.3.23)
i=1 j=1 j=1
The Theorems below summarize the above arguments.

Theorem 3.3.1 If the regularity conditions hold (c.f. Chen et al. 2001), the asymptotic
null distribution of the modified LRT statistics

R;, = 2{l;(Gh) — I;,(Go)}

for testing G € My against G € My>s, is the mizture of X7 and x3 with equal weights, i.e.

1 1
§X8 + §X%
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where X3 is a degenerate distribution with all its mass at 0.

Constructing a test of the hypothesis G € My or (¢ = 2) is similar in principle to
g = 1 but perhaps because of its mathematical complexity has a less extensive literature.
Some approaches can be found in the diagnostic method of Roeder (1994) and Lindsay
and Roeder (1997), and model selection approach (Chen and Kalbfleisch, 1996: Henna,
1985).

Theorem 3.3.2 (Chen et al. 2004) If the regularity conditions hold, and the true dis-
tribution is a 2-component model. Then the asymptotic null distribution of the modified
LRT statistics

Ry, = 2{1;(Gh) — I3(Go)}

for testing G € My against G € My>o, is the mixture of

(1 a) 2+1 2 a4
9 on Xo T 5X1 27rX2’

where o = cos™Y(p), p is the correlation coefficient between the two components of the

null hypothesis and x2 is a degenerate distribution with all its mass at 0.

One of the important issues of this dissertation is to obtain the asymptotic null
distribution of the likelihood ratio tests for the penalized modified mixture model and
the modified p-value approach. Note that in the case of the penalized modified mix-
ture model both the mixing proportion and the variance parameters are simultaneous
penalized, therefore changing the assumptions of Theorems 3.3.1 and 3.3.2. Since the
assumptions of Theorems 3.3.1 and 3.3.2 were not satisfied we determined the asymptotic
null distribution of the likelihood ratio test by simulation.

For the modified p-value approach the assumption that the mixing distribution is
from the exponential family has been violated since the beta distribution is not of the
exponential family. To this end, the asymptotic null distribution of the likelihood ratio
statistic will be determine by simulation.

Note that the asymptotic null distribution is absolutely necessary so that we can carry

out a hypothesis test to determine the number of components of the mixture model.
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3.3.3 Regularity Conditions

Suppose that Y7, ..., Y, is an independent and identically distributed sample from (3.3.21),
and suppose that (3.1.1) is identifiable in the sense that f(y|G1) = f(y|Ga), for all y,
implies G; = G5. We consider the hypothesis Hy : G € My, (¢ = 1 or 2). We assume

throughout that the true mixing distribution is
g
Go=> ml(fh; <0), (g=10r2), (3.3.24)
j=1

where 6p;, (j = 1, 2) are distinct interior points of © and 0 < 7y < 1. All expectation and
probabilities are with respect to this null distribution. We also assume that the distance

between two mixing distributions G and @ is measured by the supremum distance, i.e.,

G -Q| = sup |G(6) —Q(0)].

Condition 1 Wald’s integrability conditions.

The function f(y|0) satisfies Wald’s integrability conditions for consistency of the maz-
imum likelihood estimation, i.e. for each 6 € ©, (1) E|log f(y|Go)| < oo, and (ii) there
exists p > 0 such that Eflog f(y|G, p)] < oo, where

f(x,|G,p) =1+ sup {f(y|Q)}.

|G-Q|<p

Condition 2 Smoothness.
The function f(y|0) has common support and is three times continuously differentiable
with respect to 0. The first three derivatives are denoted by f'(y|0) f"(y|0) and f"(y|0),

respectively.

Condition 3 Strong identifiability.
For any 01 # 0, € O,

> {aif(l6;) + b f' (yl6;) + i f"(y]6;)} = 0, Va,

Jj=1

implies that a; = b; =c; = 0,7 =1,2.
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Condition 4 Uniform strong law condition of large numbers.

There exists integrable g with some § > 0 such that | X;(0)*T° < g(V3), | X[(0)]® < g(Y7),
X (0))? < g(Y;) and | X" (0)]? < g(Y;) VO € ©, where fori=1,...,n and j = 1,2 we
define

I (3:3.25)
Condition 5 Tightness.
For j = 1,2 the processes

LX) LX) LXO) XY

nt/2 ni/2 nl/2 nl/2
are tight

The tightness condition ensures the weak converges of the process.

In the next section we will describe the Box-Cox transformation that is used to distin-
guish skewed from commingled distribution in mixture models. Note in this dissertation
we did not account for skewness as was the case of the regression method of Thode et al.
(1988). However, it is important to the reader to be aware that in mixture distribution
we can normalize mixture of any distributions, that is to mixture of normal distributions

if that need arises.

3.4 Box-Cox transformation

One challenge in applying mixture models is the difficulty of distinguishing commingled
distributions from distribution that are skewed. MacLean et al. (1976) proposed a
likelihood ratio test to distinguish skewness from commingled distributions, using the
Box-Cox transformation (Box and Cox (1964)) to eliminate skewness for each of the
hypothesis to be tested. The hypothesis to be test is that the transformed data is
from one normal or a mixture of normal homoscedastic distributions. The Box-Cox

transformation will now be presented.
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Let Y7,...,Y, be a random sample which has been standardized to mean 0 and
variance 1, the Box-Cox type transformation is then applied with the power parameter

A, where

) } when A 70 (3.4.26)
1

when A =0

The scale parameter r is necessary only to ensure that every 41 is positive in the sample,
however it slightly affect the distribution of Y. MacLean et al. (1976) suggested, using
a fixed value of r because, while simultaneous estimation of » and A\ might improve the
approximation to normality, it might exacerbate convergence problems.

In the case of a 2-component normal mixture model given by

fy) =7N(p1,0) + (1 —7)N(p2,0) (3.4.27)

The MLE’s of the parameters 7, u1, 2, 0, and X\ are estimated iteratively by maximizing

the log likelihood function

n y A—1
:Zhl(——i-l) +nlno
: r

Zln |:7T exp{ (= 5 l;l) } +(1—m) exp{ — %}] (3.4.28)

where z = £ [( —|—1> —1}.
Note that after the Box-Cox transformation has been applied the data is now either
normally distributed or is a mixture of normal distributions see MacLean et al. (1976)

for detail.

3.5 Conclusion

The fundamental theory of mixture models was discussed in chapter 3. We illustrated how
to determine the parameters of the mixture model by: (1) the expectation maximization

(EM) algorithm and (2) the robust parameter estimation approaches. Furthermore the
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parameters of the normal mixture model with unequal variances was discussed. The
method of Ciuperca et al. the penalized likelihood for normal mixture was perused.

One of the many challenges for researchers in the field in the field of mixture distri-
bution is to determine the number of components. The model selection criteria BIC and
AIC were discussed, however, for mixture distribution there has not been any theoretical
justification for their use. Therefore simulation and the modified likelihood ratio test are
methods that had no such theoretical drawback. All three approaches were discussed in
this chapter, with the modified likelihood ratio test used in this dissertation to determine
the number of components for the mixture models. Note the asymptotic null distribution
for the modified likelihood test is done by means of simulation.

In some cases in mixture distribution researchers may not be able to distinguish com-
mingled distributions from distribution that are skewed. In this situation, the likelihood
ratio test to distinguish skewness from commingled distributions, using the Box-Cox
transformation to eliminate skewness for each of the hypothesis to be tested is one
available method. Throughout this dissertation we assume that mixture distribution
is distinguishable from skewed distribution, therefore we need not apply the Box-Cox

transformation.
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4 THE PENALIZED MODIFIED LIKELIHOOD FOR NORMAL MIXTURE MODEL

In chapter 3 we introduce both the penalized likelihood approach and modified likelihood
approach. The main reason for the penalization of the variance as discussed in chapter
3 was that the log likelihood will be bounded guaranteeing the existence of the MLE
where normal mixture models with unequal variances needed to be implemented. The
modification for the mixing proportion was done so that the estimates will not be on
the boundary point of its parameter space and more importantly the resulting modified
likelihood ratio test statistic will enjoy the simple y2-type null limiting distribution.

In this chapter one of our major contribution is the building of a model with both the
above mentioned capabilities, that is, we penalize both the mixing proportion and the
variance parameters simultaneously. Therefore, we are able to fit normal mixture models
with unequal variances and be able to conduct a test of hypothesis for the number of
components that characterizes the model.

Firstly, estimators for the parameters of the penalized modified likelihood approach
will be illustrated. These estimators are necessary so that we can implement the expecta-
tion maximization algorithm when simulating the null distribution for the likelihood ratio
statistic (LRTS) for the penalized normal mixture model. Another major contribution
in this dissertation is that we proved asymptotic normality of the MLE’s (estimators) for
the penalized normal mixture model. Asymptotic normality of the MLE’s (estimators) is
a major contribution of this dissertation and is a first step to determine the asymptotic

null distribution of the likelihood ratio test statistic (which is an open problem).
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4.1 Penalized Modified Likelihood

Let Y1,...,Y, be a random sample of size n from the mixture model

HY ) = Zw]fm vi) (4.1.1)

where

1 1 .
fij(yi) = eXp{_F(yi—ﬂj)z} J=1....9
27ra]2~ 7
are normal densities with mean p; and standard deviation o;. The parameter set of the

mixture is given as

\I/:(7'('1,...,Wj,ul,...,/Lj,O'l,...,O'j) (412)

such that 0 < 7; < 1,2?:1 mj = 1,—00 < pj < 00, 0; > 0 and the true parameters
defined as vy € ¥. The penalized modified likelihood for a g-component normal mixture

model is given by

g g

Ln(¥ly) = HZ%J% (4:10) Hh( ) [ L(gm)© (4.1.3)

i=1 j=1 J=1

for the observed data, where C' is a positive constant that control the level of modification

of the mixing proportion 7; (the last term of equation (4.1.3)). The function h as

mentioned in the previous chapter, was chosen so that £,, is bounded over the parameter

space W. The penalized function h was assumed to have satisfied the following conditions:
(1) limy—g = h(0) = 0, for all n, which ensures that for any fixed n, the

maximum argument of £,,, that is the penalized MLE

arg max L,, exists.
Ppew

The consistency of the estimator was also a concern. In order to prove the consistency
it was required that h also satisfied the following conditions:
(2) h(o) is many-to-one from (0, c0) onto (0,G], G > 0,

(3) h is strictly increasing in an open interval (0, ) of the origin which has a
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non-null measure,

(4) h is continuously differentiable on (0, c0).

In this dissertation we consider two distributions that satisfy the aforementioned
conditions on the penalized function h(o) for the variance. These distributions are (1)
the inverse gamma and (2) the inverse chi-square distributions.

In the next section we will evaluate the estimators for the penalized modified likelihood
for normal mixture models. These estimates are vital because in chapter 5 we used these
estimators in the expectation maximization algorithm to evaluate the log likelihood which
is then used in the simulation of the asymptotic null distribution of the modified likelihood

ratio test, see section 5.2 of chapter 5.

4.2 Parameter Estimation of Penalized Modified Likelihood

The penalized modified likelihood for a g-component normal mixture model is given by
(4.1.3) for the observed data. Furthermore, the likelihood for the complete data is given
by (c.f. section 3.2 chapter 3)

n g g g
Loy, Z) = T ] T s wilo)) T (o) [ [ (97i)€,
=1 j=1 J=1 7j=1

and the complete log-likelihood is

La(Vly, Z ZZZU n7; + I fij (y;]6)] + Zlnh o)+ CZln gm;). (4.2.4)

i=1 j5=1

Similar to the approach in section 3.2, we need only to maximize the expectation of the

log-likelihood

Q) = B [tu(wly, Z)|y v |
Note that the E-step resulted in

Y i fiy(wil6)
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hence, the log likelihood is

n

Z[ ln7r]+7r(t In f;; ylw] Zlnh of +C’Zln gm;)

=1 j=1

+Z

Z M ) In T + C’ln(gwj)] (4.2.6)

= Z [ZW” In fi;(yi|60) + Inh(o;)

Now we maximize with respect to 7;, therefore we consider the last term of equation

(4.2.6), since

g g

Z [Z WZ(;) Inm; +C ln(gﬂj)] x Z [Z 771-(;-) Inm; + Cln(ﬂj)]
j=1 Li=1 j=1 Li=1

therefore we have

zn: ) n(m;) + C 1n(ﬁj)]

Li=1

(i ) + 0) In(r;)
_ (i L 0) In(m;) | + (Z mo + c) In (1 - Z wj> (4.2.7)

=1

<
Il
—_

- 1-

Q<.
Il
—_

.
I
-

then taking the derivative w.r.t 7; of equation (4.2.7) and then equating to 0 we get

n t
211 17 +O Zzl z(g)

T Tg

Uy o Zz 17TZ] +C

= - =
ﬂ-g Zz 1 7ng + C
n t
1T > i1 (Zi—l 7T‘(') + C)
= e
Tg >t 7Tz(gt]) +C
1 n+ gC
= _— = —g
ﬂ-g Zz 1 7T'Lg + C
= o= Siimg +C
g n+gC
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It follows that all the 7rj(-t+1) are given by

n ()
) D ie1 Tig + ¢

- = 4.2.
J n+ gC (4.2.8)

For normal mixture i.e f;; is normally distributed we have that

In fi;(z|p;,07) oc — —

Furthermore maximizing equation (4.2.7) w.r.t. p results in

In(o (yi — pj)?
ZZW(” [ - 20;1;]

7j=1 i=1

to be

ST m i — ) =0
=1

therefore the estimate for p; is given by

no_(t)
(t+1) Zz 1 i yl
Zz 1 ﬂ-

We now turn our attention to maximizing the variance of the normal mixture model

when the inverse gamma function is used as the penalty function.

4.2.1 Inverse Gamma Penalty Function for o

In this section we will find the estimate for the variance when the inverse gamma function
is used as the penalty function. The inverse gamma distribution for the penalty term for

the variance 0]2 is

therefore
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We therefore find the derivative w.r.t. 0]2- of equation (4.2.10) then equating to zero,

g o In(o? )2 a
3 {Zﬂg) [_ (23) (v 20;@) } — (B +1)In(0?) - ?}' (4.2.10)

j=1 Li=1 J

Thus we have

= == "Qi Zﬂt)+2ﬂ+1)

S 7y — y)? + 20
S 4 2(8+ 1)

= (o)) = (4.2.11)

To estimate the null parameters we maximize the log likelihood under the null which is

given by
n g
> I fij(ilp, 0%) + > Inh(o)
i=1 j=1

For p, we have that

0 (w— In(o? . — 11)?
_{ () (yi—n) }:0
o — 2 202
to be .
Z(yz —p) =0
i=1
therefore
o =Y (4.2.12)

n

Under the null hypothesis the estimate of o2 is evaluated as follow. Using the inverse
gamma penalty term, that is h(o) = W exp(—=%%), therefore
Inh(o) o« —=(3+1)In(0?) — %. We want the derivative w.r.t. o of the following
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then equating the derivative to zero, resulted in

n

Z[ : (yi_u)Q] JApHD L 2

— o2 ot o2 ot
1=

n o 2
M—z”)+i_02‘:n+2(ﬁ+1)

Py — )2 +2
:>(32 — Zz:l(y N) + 2 (4213)

n+2(8+1)

The other penalty term of interest is the inverse chi-square distribution, which in the
next section has be used in the evaluation of the MLE for variance parameter of the
normal mixture model.

4.2.2 Inverse Chi-Square Penalty Function for o

The inverse chi-square distribution for the penalty term for 0]2- is

h( ) 21//2 1
0j) = - exp ( — —),
J F(V/2)0']2~( /2+1) 20]2

therefore

Inh(o;) x —(v/2+1)In(o?) — %

We want the derivative w.r.t. 0']2 of the following

J

i i In(o? C_)?
3 {Zﬂg) [_ (27) _ (yzzagg) } — (v/2+ 1) In(c3) —%}

i=1 J

After taking the derivative and equating to zero, we have that

4 2 4
o o; 20j

“ 1 :— ;)2 2+1 1
ng){_?Jr(y MJ)]_(V/+)+ _0
i=1 J

STy —1)? 1 N
> = Foa =T+ /24 )
J J i=1

62



no (1) 2
L (o) = 2 Ty B )" 412

(4.2.14)
! St (/24 1)

To estimate the null parameters we maximize the log likelihood under the null, given by
n g
> I fis(yilu 0®) + > Inh(o).
i=1 j=1

Maximizing

; [_ln(j) B (%-2; 2#)2}

w.r.t. u, we have that
n

Z(yi —p) = 0.

i=1
The result for p is similar to that of equation (4.2.12), i.e.,

Z?:l Yi

n

=

In the case of o2 using the inverse chi-square penalty term i.e., h(o) = ng/w exp(—523),
therefore In (o) x —(v/2 +1)In(0?) — 55. Therefore taking the derivative w.r.t. o2 of

equation (4.2.15) and equation to zero,

Z {_111(0' ) o (yz _M> } o (y/2—|— 1) 1n(02) . L <4'2‘15)

— 2 202 202
we have
(1 -] w241 1
= _ —0
— [ o? * ot o? - 20t
- W= 1) +—=n+(v/2+1)
o? 202
(s — )24 1/2
Lo 2imWi )"+ (4.2.16)

n+(v/2+1)
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4.3 Consistency and Asymptotic Normality

Let Y7, ...,Y, be a random sample of size n from the mixture model with density given
by (4.1.1), where the parameters 1) € ¥ defined in (4.1.2) and ¥ denote the closure of set
V. From chapter 3 Example 9 we illustrated that the likelihood function is unbounded
on V. This was circumvented by adding a penalty term for the variance parameter
with the properties mentioned in section 1 of this chapter. From Redner (1980), we
know that if a likelihood function has a strongly consistent maximizer over a compact
set, then penalizing it with a penalty term that is continuously differentiable and that
has a bounded logarithm, does not alter its asymptotic property. G. Ciuperca et al.
(2003) stated that Redner’s results can be applied on every compact set that excludes
a neighbourhood of ¢ = 0. However, this resulted in considering the problem in a
neighbourhood of the origin of the parameters o;, where the MLE does not exist and,
therefore, Redner’s property does not apply.

Consequently G. Ciuperca et al. (2003) focused their study of the asymptotic prop-
erties in a neighbourhood of the origin of the parameters o;. In this section we applied
their idea to prove that there exists a constant n > 0, not dependent on n, so that the
probability that the penalized modified likelihood £,, is maximized by a o; € [0,7) is
zero. Similar to the approach in G. Ciuperca et al. (2003), from (4.1.3) we consider £,

and extended its definition to ¥, i.e,

0 if o, =0,00 or pup =+o00

L, =
fa(Ye, o Yol0) T, (o) H?zl(gﬂj)c otherwise,

where f1(Y|¢) is a mixture of normal distributions (definition 4.1.1), f,(Y1,...,Y,|¢) =
[T, fi(Y]) the ordinary likelihood and 1 < k < g. Let

’lﬂoz (7T017-~-77T0j7uﬂla---7/1’0j70-017~--70-0j) E\I]

be the true value of the parameter and let us define the Banach space

H= Ll(fl(y,%))
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where L' is a linear space such that for a function f; € L! we define

1109, )] =/|f1|.

Note that the operator Ep denotes the expectation in the space H. The reason for

introducing a Banach space will be clear from the definition below.

Definition 4.3.1 A normed linear space is called complete if every Cauchy sequence
in the space converges, that is, if for each Cauchy sequence {a,} in the space there is
an element a in the space such that a,, — a. A complete normal linear space is called a

Banach space.

Therefore from definition 4.3.1 we have that the expectation Ey will be finite.

4.3.1 Preliminary Results

In this section we will present preliminary results along with their proofs, that will be
useful to prove asymptotic normality of the modified penalized method. The results
presented in this section are similar to work presented in G. Ciuperca (2003) which have
been slightly modified for our approach. First we consider a random variable Y with

density f1(y|t¢o), then the following Lemmas hold:
Lemma 4.3.2 (c.f. [9]) If {tb} € V and ¥* € V is such that lim,, . Y, = V%, then

El(quvz)m) - 51(y\¢*), as m — oo

Lemma (4.3.3) is similar to that stated in [9] with exception that we penalized both
the mixing proportion and the variance parameters. We present our proof which accounts

for the addition mixing proportion which is the major difference to that prosented in [9].

Lemma 4.3.3 (c.f. [9]) There exists n > 0 with the property

n<oy Vi=1,...,9 (4.3.17)
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such that

.....

Proof. Let v = In£,(Y|¢)) — In £1(Y |1)y), where ¢» € ¥. We therefore need to prove
that Ey[v] < 0. Given ¢ € W, we have that

v ‘Cl (YW)
Eule] = Bn [cl(ywo)]
g g
h(a;) (75 \¢ ho;) (75 \¢
— , _— d — _—
gefl(y ¢>]];[ h(O’OJ) <7T0j> Y Jl}lh(aoj) (7’(0]')
_ ﬁ (&)Cﬁ h(oy) _ Kﬁ h(o;)
1w/ (o) i o)
c
where k= [[]_, (%) > 0 is a constant, and we defined a function w : (0, +00) — (0, 3]
to be
h
w(o) = 2(—2).
Since k is positive we therefore have that
EH[el/] — ﬁ /I,U(O'j)
o wloog)’
noting that v is taken such that w(r) = [[{_, w(oq;). Because of the many-to-one

character of the function w (see assumption 2 of the penalized function h) then the
existence of v € (0, +00) is guaranteed. For us to define n and to prove inequality (4.3.3),

we considered two cases

1. v < 4. Then, we set n = v;

2. v > 6. Then, if w(v) < w(d), from the on-to-one character of the function w over
(0,9) (see assumption 3 of the penalty function h) there exists n € (0, 0] such that
w(n) = w(v). Else, if w(v) > w(d) we take n = 4.
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In both cases

w(n) <w(oy) Vji=1,..,9 (4.3.19)

For ogr > d and k € {1,..., g}, we can see that 7 < gg,. On the hand, i.e. when o, <6,
ke {l,...,g}, from (4.3.19) we have n < og,. Hence it follows that, inequality (4.3.3)
holds.

,,,,, ;05 € (0,m), then by taking the definition of w and the assumption (3) on

h into account, we have

Eyle”] < max (1, w(miny1,...q aj)) =1
w(n)

.....

.....

From Lemma (4.3.2) and by noting that y < e¢¥ Vy € R implies
Eyly] < Egle’] VyeR,

we obtain

Observe that Ey[v] < Eg[lne’] < 1, and since the function f(y) = Iny is concave, then

applying Jensen’s inequality we get
Eylv] <InEgle’] < 0.

Therefore

7777

therefore the Lemma proved.
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Lemma 4.3.3 is important for the proof of consistency of the estimator ¥ and illus-
trates that the true state of nature 1 is indeed the global maximum.

For 1) € WU let us define the following functions

wi(y, ¥, p) = Supy y_yiep L1(y,0),  p >0
wn(yla <oy Yns ¢7 10) = Sup¢/7‘¢/f¢‘<p £n<y1; s 7yn|¢l>

We have the following Lemma

Lemma 4.3.4 (c.f. [9]) For all ¢ € ¥ we have

lim Ey[lnw (Y|, p)] = Eglln £L,(Y])] (4.3.20)

p—0F

Let us introduce two results which will be useful to characterize the speed of con-
vergence of the penalized estimator. First, note that since 7, = Z?;i 7, the vector ¢

contains 3g — 1 parameters

@ZJ: (ﬂ-l?'"77Tg—17lj’17"'7:u970-1a"'709)T
These 3g — 1 elements is denoted with ¥;,l =1,...,3g — 1.

Let us define .

u(Y1w) = A(Y]0) [ ale) " T](gm;)c"

j=1 j=1
and let us denote by h(®) the s-order derivative of the penalizing function h. In the fol-
lowing, /0 will denote the vector of partial derivatives /0y, [ =1,...,3g — 1, with
respect to the elements ¢, [ = 1,...,3g9 — 1 of @. Therefore, by simple computations,
we have the following two Lemmas which are very similar to that presented in [9] with
the exception that we have penalized both the mixing proportion and the variance pa-
rameters. The proofs are stated accounting for the addition of the penalty term for the

mixing proportion.
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Lemma 4.3.5 (c.f. [9]) The means, the variances and the covariances of (0 lnu(Y |1g)/00)

are
Olnu(Ylho) 0 if 1=1,...,2g—1
EH[ ]: D (o0;)
Oy ) j=3g—1 if 1=2g,...,30—1

Olmu(Y|o)] Ol fi(Y[vo)1 _ . [9Infi(Y]t)7?
S R e Tl e by

foralll=1,...,3g— 1.

varyg [

ou [0lnu(Y\¢o) 8lnu(Y|¢0)]
" b Om,
8111 f1<Y‘w0) (9111 fl(Y‘Qﬂo)
=F 4.3.21
H[ o O ] (4.3.21)
foralll,me {1,...,3g — 1}, L # m.
Proof. Since . .
u(Y[p) = fi(Y]) [ [ (o)™ ] (gm)™
j=1 j=1
therefore
g g
mu(Y|y) = Wnfi(Y[)+1/n) h(o)+C/nY (gm;)
=1 j=1
g
= Infi(Y[Y)+1/n> h(o)) + gC/n (4.3.22)
j=1
and
omu(Yle) | i if 1=1,...,29 1
o AR | bWy . : _
Oy fl(Yw)+nh(aj))’]_3g_l if [=2¢g,...,3g—1.
thus we have that
A lnu(Y |¢o) 0 it 1=1,...,29 1
e Tl R T .
& nh(oojj),jzi%g—l if [=2¢g,...,3g—1.
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Additionally we have that

O AWVIY) _ AV oy 31

Iy (YY)

therefore we have the result that

dlnu(Y|ih)] Oln fL(Y|o)1 . 10In fi(Yiho)7?
—81/11 } = vm"H[—awl } = EH[ B,

varg [

foralll=1,...,3g — 1.

From the definition of the covariance the result

Olnu(Yl|y) Oln u(Y|w0)]
o O

dln f1(Y|¢) 01n fl(YWo)]
Oy O,

covy [

|

for all [,m € {1,...,3g — 1}, [ # m, immediately follows.

Lemma 4.3.6 (c.f. [9]) Let A = {([,))|l € {2g,...,3g9 — 1}} be and index set. Then,
Viome{l,...,3g— 1} and j = 3g — | we have

> [ B 1 Olnu(Y|th) Olnu(Y|yy) 0*In u(Y\wo)]
Ll o Dm D0,

— _E [81nf1(Y|¢0)81nf1(Y|¢0)}
oy Dm
1 h(2)<00.) h(l)(go.) 2

+E|: h(O'Oj)J * ( h(O'Oj)] > i|]I(l,m) €4
Proof. We have that
P Inu(Y|Y) 1 Pu(Y|y) 1 ou(Y|v)ou(Y )

OV,  uw(Y ) Ovd,  wA(Y|Y) O O
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and

2
Lo (A0 e g
R A% (fi(M)) it i=1,...,29-1
O nulVly) _ | v (f{(Y w>>2 ICICH ;<h<1>(o-j>)2 NP
OV OU A0~ \ A nh(o;)  n\ hloy) ) 0 T 29

if 1=2g,...,3g—1.

Also we know that p.d.f integrates to 1,

/fl(Y|¢) =1, (4.3.23)

and if derivatives of equation (4.3.23) is taken with respect to ¢ (and interchange deriva-
tive and integral, which can usually be done) we have,

/ S hvI)aY = / ALY )dY =0

and

awzmw iy = [ f1viay =o

Here we show that

B3 - i ey = [ xonvoar - s[5

o g [OmAN)) _ L [0 fi(Y[dy) Ol fi(Y i)
0 gy | 2O g |
Oy o OV
and
Af1(Y o) 0f1 (Y9 e
821 (Y|’¢) EH|: é¢1| 2 6(wv‘r10):| 1fl—1>;29—1 ,
g mutr [%o) | _ Of (Vo) 0 (YIee) ] | kD (oo) 1 (ED(o0) > .
EH|: a¢la¢m :| EH|: G 0 T 0 ] —+ nh(Uo(;) — ﬁ( h(UO;) > , ] = 3g —1

if l=2g,...,3g—1.

therefore we proved the Lemma.
Strong consistency of the penalized MLE is stated by means of the following two
Theorems. They follow the structure of the Theorems proved by Wald (1949) for the

classical MLE over a compact set.
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Theorem 4.3.7 (c.f. [9]) Let S be a closed subset of U such that
S={ypeV|31,...,g} so thato; € [0,n)}

and such that 1y & S. Then

. Ln(Y1, ..., YY)
P( lim su =0)=1
<n~oo¢£ Lo(Y1, -, Yaltho) )

Theorem 4.3.8 (c.f. [9]) Let ¥, = ¥(Y1,...,Y,) € ¥ be a function of Yi,...,Y, such
that

Lo(Yr, ... Yo|th,)
>p>0, VYy,....Y,, Vn
Lo(Yi, . Yl =7 !

Then
P( lim &, — %) —1

n—oo

Corollary 4.3.9 (c.f. [9]) The penalized maximum likelihood estimator is strongly con-

sistent, i.e. the point 1, which mazimizes L, is such that 1, — 1 a.s.

G. Ciuperca et al. (2003) considered the speed of convergence of the penalized estimator,

in this section we will do the same. In their work, it was assumed that
T 0 and  (uk,0k) # (pm,om) fork#mVk=1,....¢g (4.3.24)

in order to have a non-singular information matrix

3111]”1(%)) (8lnf1(¢0)>T]

[WO)ZEH[( a0 90

Note, since we penalized the mixing proportion 7; by the addition of the penalty term

?:1(9771')

parametric space, i.e. m; can never by equal to zero which make the assumption of 7, # 0

¢, we ensured that the estimates of 7; is not on the boundary points of its

for 1 < k < g unnecessary. Therefore we only need to assume that

(g, 0%) # (pm,0m) fork#mVk=1,...,¢g (4.3.25)
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4.3.2 Main results

Theorem 4.3.10 If the parameters satisfy the condition (4.3.25) and the penalizing

function is such that

) is bounded for s =1,2,3 and Vo € {o01,-..,00n}

then /n(vn — o) is asymptotically normal distributed with mean zero and covariance

matriz (o)L

Proof. Since 1), is consistent, we write Taylor’s expansion of d1In £,,(¢))/0%, in a neigh-

bourhood of v, up to the second order. Hence, we obtain the vector equation

0 — oln L, (¥y)
i
0L, (o) - 0?1 L,, (1)
“ou + (Yhn — %)T@—W Ro(¥,)) (4.3.26)

The vector R,(1") has the components

where By is a square matrix with elements

P In L, (Y1)

Bk(z,]):<awza¢ja¢k )7 Zaje{]-a"'73.g_1}a

and v is an intermediate point between v, and v,. Let us define the vector T} =
By (¢ — 1)) and the matrix T, () = (11, Ts, ..., T5,—1). By multiplying (4.3.2) by

1/n, and by considering that the penalized log-likelihood function can be written as
n g g
InLo() = In [fl(yw) [T 2 T (o C/n] Zlﬂ [ (Yi[) ]
i=1

J=1 J=1

we obtain
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_ [ Zw} - %%ﬁ(%) A ITEr

Let us now focus on the first term in the bracket of (4.3.27). By means of Lemma 4.3.5,

application of the central limit Theorem on the set of random variables

(010 u(¥i[4o) /azm)1 ,

<i<n

[=1,...,39g — 1 leads to

HZZQQ

1 2”: Ol u(Yilge) 1AW (ap)
\/ﬁ —1 8wl n h(O’())

2
Hn(O,EH{ahl{;—W] ), asn — 00
!

for I =1,...,3g — 1, with j = 3g — [. Since h") () /h(00) is bounded, from (4.3.23) of

Lemma (4.3.5) we have

1 9lnu(Yifvo)
\/H; oy

n((),EH Kalnggwo)) <81nf51(;l/|¢0))TD7asn Lo (4328)

Concerning the terms in the second factor of (4.3.27), 9%In L, (1) /0v? is equal to

3 [ () (MR e (P50

i=1

Then, from Lemma (4.3.6) and the strong law of large numbers, we obtain

1ML Kalnflmwo))(alnfmwo)ﬂ
n o? H oYy Oy ’
aa n — o0 (4.3.29)

For the second of the two, since h® (c;)/h(oq;) is bounded, we have
1 +
=T,(F) = o(1). (4.3.30)
n
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By taking relations (4.3.28), (4.3.29) and (4.3.30) into account, the asymptotic variance
of v/n(th, — )T is I(1h9) .

4.4 Conclusion

We discussed how to estimate the parameters of the penalized modified likelihood for
normal mixture model (with unequal variance) in this chapter. The expectation maxi-
mization (EM) algorithm was used for the parameter estimation. Note that the variance
parameter was penalized by the addition of the penalty functions; the inverse gamma
and the inverse chi-square distributions.

The main result of this chapter was the proof presented for asymptotic normality
(see section 4.3). This proof is a vital first step needed to prove the asymptotic null
distribution for the likelihood ratio test use to determine the number of components for
a normal mixture model with unequal variance parameter. However, the proof of the
asymptotic null distribution for the likelihood ratio test is left for future work. Since
the asymptotic null distribution for the likelihood ratio test is an open problem, we
therefore used simulation in chapter 5 to determine the asymptotic null distribution of

the likelihood ratio test.
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5 PENALIZED MODIFIED LIKELIHOOD APPROACH TO MICROARRAY DATA

ANALYSIS

In chapter 3 we introduced the mixture model method and chapter 2 explained how
mixture models may be applied to microarray data to determine differentially expressed
genes. Wei Pan et al. used normal mixture models, a nonparametric method, to detect
differentially expressed genes [26, 27, 43]. Their approach implemented a normal mixture
with unequal variances for each component. However, Keifer and Wolfowitz [21] showed
that when applying mixture of normals with unequal variances for each component the
likelihood approaches infinity as one of the variances approaches 0. The issue of fitting
normal mixture with unequal variance was addressed by Hathaway [19], Ciuperca, Ridolfi
and Idier [9]. In this chapter the penalized modified likelihood approach will be presented.
This model, unlike that of Wei Pan et al. circumvents the possibility of the mixing
proportion being on the boundary of the parametric space (that is, m; = 0) and addressed
the issue of normal mixture unequal variances by applying the technique of Ciuperca,
Ridolfi and Idier [9].

Wei pan et al. (2002, 2003) used BIC as a criterion for model selection, to deter-
mine the number of components for the normal mixture model. However, there are no
theoretical justification for the use of either the BIC or AIC model selection criteria for
mixture models. Therefore we used the modified likelihood ratio test proposed by Chen
et al. [6, 7] to test the hypotheses: a l-component (null hypothesis) versus at least a
2-component model (alternative hypothesis) and a 2-component (null hypothesis) versus
at least a 3-component model (alternative hypothesis). However, the modified likelihood
ratio test of Chen et al. [6, 7] is not applicable in the heteroscedastic sense (that is,
mixture of normal with unequal variances), hence we simulate the null distribution of

the penalized modified likelihood ratio test (c.f chapter 3 page 45, where the simulation

76



approach of Thode et al. (1988) was presented).

5.1 Penalized Modified Mixture Model (PMMM)

The null distribution of the penalized modified normal mixture model will be approxi-

mated by simulation. The observed likelihood was defined in chapter 4 as

n 9 g g
wly HZ zfzg yz"g Hh H g7TJ (5.1.1)
=1 j=1 j=1 J=1

where
1 1 ‘
fij(yi) = ——=exp (yi—p)’p j=1,....9
g

2
27T]2 2

is a normal density with mean p; and standard deviation ;. The parameter set of the

mixture is given as

\IJ:(7T1,...,Wj,ul,...,uj,al,...,aj) (512)

satisfying that 0 < m; <1, 25:1 mj =1,—00 < pt; < 00, 0; > 0 and the true parameters

defined as 1y € W. Furthermore, as in chapter 3 we let

g g
= {G(@) = Z?ijj(l’iw]') . 01 S, ey S Qg,Zﬂ'j = 1,7Tj Z 0} (513)
j=1

j=1

denote the class of all mixture probability density functions of which components are less

than or equal to g.

5.2 PMMM Simulated Null Distribution

In this section we simulate the null distribution for the hypotheses

Hy: G(0) € M, against Hy : G(0) € Ma. (5.2.4)
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and
Hy : G(0) € My against Hy : G(0) € Ms. (5.2.5)

The simulation of the null distribution is done as follows. In the case of hypothesis
(5.2.4) we simulated 1000 replicates of the standard normals N(0,1) of sample sizes
100, 250, 500, 750 and 1000. Then we fitted 2-components normal mixture with unequal
variances for each of the sample sizes and calculated the penalized modified log likelihood

ratio test (PMLRT) define as
Rn = 2{1H ,Cn(ﬁ', ﬂl, ﬂg, 5’1, 5'2) —1In ‘Cn<1/27 ILAL, [AL, (3', 5')} (526)

where £, is defined in (5.1.1). A linear regression equation was fitted using the 5 values
of the PMLRT to determine the degrees of freedom as a function of the sample size n
(see section 3.3 of chapter 3). The degrees of freedom of the simulated chi-squared null

distribution as a function of n for hypothesis (5.2.4) are given by
f=31+10.2n"" (5.2.7)

Table 5.1 shows the mean, variance and percentiles of the PMLRT for the sample
sizes 100, 250,500, 750 and 1000 for hypothesis 5.2.4. The percentiles in brackets are
that of the chi-squared distribution with degrees of freedom given by equation (5.2.7),
while those percentiles not in brackets are the ordered simulated percentiles of PMLRT.
We can see from Table 5.1 that the percentiles for the ordered simulated values compares
well with that of the chi-squared distribution. The values for the 50", 75" 90" and 95"
percentiles for sample sizes 100, 250, 500, 750 and 1000 are relatively close, suggesting
that we have a good agreement between our simulated and theoretical distributions.

Note that the degrees of freedom of a chi-square distribution are integers, therefore

a gamma distribution with mean 1.55 + 5.10n~1/2

and second parameter 0.5 was used.
This was done because the chi-squared distribution, Xfc with degrees of freedom f, is a
special case of the gamma distribution G(f/2,1/2) with parameters f/2 and 1/2.

In the case of the hypothesis (5.2.5) we simulated 1000 replicates from the normal
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Table 5.1: Mean, variance and percentiles for the penalized modified likelihood, based on 1000
replicates for each sample for testing the hypothesis a 1-component against 2-components.

Sample size 100 250 500 750 1000
Mean 4.00 3.90 3.71 3.33 3.29
Variance 8.05 8.04 7.71 7.03 7.02
Percentiles

50% 3.20(3.45) 3.22(3.08) 3.05(2.90) 2.70(2.81) 2.66(2.76

(3.45) ( (2.90) (2.81) (2.76)
75% 5.59(5.51) 5.33(5.04) 5.13(4.80) 4.28(4.69) 4.40(4.63)
90% 8.01(7.93) 7.90(7.37) 7.23(7.08) 6.82(6.95) 6.87(6.87)
95% 9.74(9.65) 9.40(9.04) 9.25(8.72) 8.79(8.56) 8.58(8.50)

The percentiles of x3 = G(f/2,1/2), f =3.1410.2n~%5 are displayed in brackets

mixture models
0.5¢(y|0,1) + 0.5¢(y|2,1) and 0.2¢(y|0,1) + 0.8¢4(y|2,1) (5.2.8)

of sample sizes 100, 250, 500, 750 and 1000. We fitted 2-components and 3-components
normal mixture distributions of data simulated from the normal mixture models of (5.2.8)

and evaluate the PMLRT. The PMLRT for hypothesis (5.2.5), is given by

A ~

R, = 2{In £,(G3(8)) — In £,,(G2(6))} (5.2.9)

~ A~

where G5(0) and G3(0) are the estimates under the null and alternate hypothesis of (5.2.5)
respectively. The linear regression equation for the degrees of freedom as a function of n

was determined to be
f =489+ 11.84n"1% +0.091, (5.2.10)
where

1 if means are from 0.5¢(y|0,1) 4+ 0.5¢(y|2,1)
0 if means are from 0.2¢(y|0,1) + 0.8¢(y|2,1).

I =

Table 5.2 depicts the mean, variance and percentiles of the PMLRT for the sample sizes
100, 250, 500, 750 and 1000 for hypothesis (5.2.5). The percentiles in brackets are that
of the chi-squared distribution with degrees of freedom given by (5.2.10), while those
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percentile not in brackets are the ordered simulated percentiles of PMLRT.

Table 5.2 illustrates that the percentiles for the ordered simulated values compares
well with that of the chi-squared distribution. The values for the 50", 75" 90" and 95"
percentiles for sample sizes 100, 250, 500, 750 and 1000 are relatively close, suggesting
that we have a good agreement between our simulated and theoretical distributions.

Note that a gamma distribution with mean 2.44 + 5.92n~'/2 + 0.045/ and second
parameter 0.5 is equivalent to x3, where f = 4.89 4 11.84n""/2 +0.091.

Table 5.2: Mean, variance and percentiles for the penalized modified likelihood, based on 1000
replicates for each sample for testing the hypothesis 2-components against 3-components.

Sample size 100 250 500 750 1000

Simulated results for 0.5¢(y|0, 1) + 0.5¢(y|2, 1)

Mean 6.11 5.84 5.60 5.33 5.26
Variance 11.92 11.72 11.04 10.69 10.53
Percentiles
50% 5.42(5.50) 5.03(5.07) 4.84(4.85) 4.71(4.75) 4.55(4.69)
5% 8.46(8.03) 7.65(7.50) 7.34(7.23) 7.02(7.12) 7.07(7.05)
90% 10.60(10.86) 11.10(10.25)  9.95(9.94) 9.74(9.81) 9.56(9.72)
95% 11.78(12.82) 12.19(12.17) 12.47(11.84) 11.82(11.69) 11.29(11.60)
Simulated results for 0.2¢(y|0,1) 4+ 0.8¢(y|2, 1)
Mean 6.00 5.75 5.47 5.25 5.24
Variance 12.03 12.13 11.85 10.84 10.63
Percentiles
50% 5.67(5.41) 5.09(4.98) 4.90(4.76) 4.67(4.66) 4.59(4.60)
5% 7.67(7.92) 7.31(7.39) 7.15(7.12) 7.13(7.01) 7.00(6.94)
90% 9.83(10.73)  10.60(10.13)  10.09(9.82) 9.45(9.68) 9.65(9.60)
95% 12.44(12.69) 12.03(12.03) 11.90(11.70) 11.10(11.55) 11.20(11.46)

The percentiles of Xfc =G(f/2,1/2), f = 4.89 4 11.84n~1/2 4-0.091 are displayed in brackets

In the next section we applied the asymptotic null distributions of the likelihood ratio
test for hypotheses (5.2.4) and (5.2.5) to determine the number of components of normal
mixture models with unequal variances. This approach is our contribution to the theory
of mixture models instead of using the model selection criterion BIC. The model selection

criterion BIC has been used to determine the number of components for normal mixture
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model with unequal variances, but to date there has not been any theoretical justification

for the use of the BIC as a model selection criterion.

5.3 Simulating Microarray Data

To mimic the real gene data, we generated data for N = 1176 genes under the following
setup. We used m = 2,n = 6 and simulated 200 differentially expressed (DE) genes. The
choices for N, m and n were made to parallel data from a study, that applied radioactively
labeled DNA microarrays (Friemert et al. 1998) to the mRNA analysis of N = 1176
genes in middle ear mucosa of rats with and without subacute pneumococcal middle ear
infection. The data consists of eight experiments: two (m = 2) DNA microarray were
run with controls while six (n = 6) were run with pneumococcal middle ear infection.
The data for the equally expressed (EE) genes are simulated from N(p;1,03) for
k=1,...,m and N(up,0%) for k =m+1,...,m+ n, where pu;; = pi ~ N(0,2) and
o;1 and o5 are generated from Gamma(2,4), respectively. Note that such generated oy
and 0,9 take different values for each gene and are also different between genes. The data
for DE genes were generated similarly. However, in this case, u;; and p;2 were generated
from N(0,2) separately. The variances j;; and p;s are generated the same way as in the

EE gene case.

5.4 Application of PMMM to Simulated Microarray Data

The method that will be used to analyze the simulated microarray data is that of Wei
Pan at al. introduced in section 2.3 of chapter 2. The method involved first calculating

the test statistics (5.4.11) and its null distribution (5.4.12)

ZZ; Yig/m — ZZZH Yie /1
\/5?(1)/711 + sf(Q)/n

Yiay — Yie
\/s?(l)/m + s?(z)/n

Zi:

~ fi, (5.4.11)
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~ Yiypi/m + Yiyq/n

2= ~ fo, (5.4.12)
2 2
\/‘92‘(1)/m + 51(2)/”
where Yj) = (Yi,...,Yin) are gene expression from m microarrays under condition
1, and Y2y = (Yim+1s- - Yim+n) are from n arrays under condition 2 of a microarray

experiment. Note that m and n are assumed to be even and p; (¢;) is a column vector
containing random permutation of m/2, 1’s and m/2, -1’s (n/2, 1’s and n/2, -1’s).

The hypothesis to be tested is

Hy : fo= fi, thereis no gene with altered expression

H, : fo# fi, otherwise (5.4.13)

We therefore fitted 1,2 and 3-components normal mixture model and calculated R,
defined in 5.2.6 and 5.2.9 respectively to determine the distributions of fy and f. Table 5.3
displays the results of the hypothesis test for the number of components for f, and f.
Hence, the choice for both fy and f are the 2-components normal mixture model which

are stated below:
fo(2) = 0.01¢(z] — 0.287,0.05673%) + 0.99¢(z| — 0.004558,0.40812?),
f(z) = 0.206(z] — 2.442,0.43703%) + 0.80¢(2|0.0062961, 0.48583?).

Table 5.3: Hypothesis test for the number of components for the fitted normal mixture models
of z and Z, for the simulated microarray data.

1 vs. 2 component 2 vs. 3 component
fo 4.56 (P < 0.01) 1.22 (P > 0.05)
f 6.78 (P < 0.01) 1.06 (P > 0.05)

Figure 5.1a shows the histograms of z with the fitted normal mixture models, which
shows strong agreement. Similar observation for Z is shown in 5.1b) with the dotted line
being that of the fitted mixture model of fy. Figure 5.2 illustrates the likelihood ratio
statistic as a function of the Z values.

Our main interest for applying the PMMM approach is to determine which genes

are differentially expressed, therefore the median number of false positive (F'P) were
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calculated from the null scores of B = 29 permutations of a data set simulated from the
fitted null distribution fy. Additionally, we compared the results of PMMM to that of
SAM by using the t-test with 500 permutation. Results for SAM were obtained by using
the R-package sam3.0. For the purpose of comparison, the cut-off points s (see section
2.3) of the PMMM approach are specifically chosen to match the number of true positive
(T'P) produced by sam3.0. It can be seen from Tables 5.4 and 5.5 that our method
out perform SAM. Figure 5.3 displayed a graphical comparison of the numerical results

presented in Tables 5.4 and 5.5.

Figure 5.1: Histograms of z, Z and fitted models for the simulated data
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Table 5.4: Values of TP, FP and FDR from PMMM for the simulated data

S MedianFP MeanFP TP FDR%
0.07 0 0.069 196 0.00

0.10 0 0.138 196 0.00
0.15 0 0.310 196 0.00
0.30 2 1.655 201 1.00
0.35 3 3.828 203 1.48
0.40 5 5.621 205 2.44
0.45 14 13.931 210 6.67
0.60 26 25.724 221  11.76
0.70 43 43.207 231  18.61
0.90 68 66.966 248 27.42
1.00 104 103.517 270  38.52

Table 5.5: Values of TP, FP and FDR from SAM for the simulated data

A  Median FP Mean FP TP FDR%

0.49 3.71 6.496 195 1.90
0.47 4.64 6.496 197 2.36
0.45 6.50 8.352 198 3.28
0.43 7.42 10.208 200 3.71
0.42 8.35 12.064 203 4.11
0.37 11.14 14.848 206 5.41
0.32 23.20 27.840 211 11.00
0.28 33.41 40.832 221  15.12
0.25 45.47 55.680 230 19.77
0.20 69.60 82.592 246 28.29
0.16 107.65 118.042 268  40.17
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Figure 5.2: The likelihood ratio statistic as a function of Z value for the simulated data
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Figure 5.3: The values of FDR from our method and SAM for the simulated data

0.4

FDR
0.3

0.2

0.1

0.0
|

200 220 240 260

Estimated TP

85



5.5 Application of PMMM to the Rat data

In this section, we apply the penalized modified likelihood method to the rat data of [26].
The data is from a study, that applied radioactively labeled DNA microarrays (Friemert
et al. 1998) to the mRNA analysis of 1,176 genes in middle ear mucosa of rats with
and without subacute pneumococcal middle ear infection. The data consists of eight
experiments: two DNA microarray were run with controls while six were run with pneu-
mococcal middle ear infection. The data was processed by first taking a natural logarithm
transformation for all the observed gene expression levels so that the resulting data is
less skewed. Then, for each microarray, we standardize the transformed gene expression
levels by subtracting their mean and dividing by their standard deviation.

Table 5.6 presents the results of the test of hypothesis to determine the number of
components of the normal mixture models for f, and f. We choose the 2-components

normal mixture model for both fy and f which are stated below:

Table 5.6: Hypothesis test for the number of components for the fitted normal mixture models
of z and Z, for the rat data.

1 vs. 2 component 2 vs. 3 component
fo 3.19 (P < 0.01) 0.92 (P > 0.05)
f 3.54 (P < 0.01) 1.16 (P > 0.05)

fo(z) = 0.983¢(z|0.011,0.430%) 4 0.017¢(2]0.297,0.263%),
f(z) = 0.958¢(z| — 0.032,0.734%) + 0.042¢(2|0.246, 0.063?).

Figure 5.4a presented the histogram of z and the fitted fy, which do not indicate
strong discrepancy. The histogram of Z and the fitted mixture model are shown in
Figure 5.4b with fy shown in the dotted line. The chi-square goodness of fit test was
done resulting in p-values of 0.352 and 0.298 for f, and f respectively, supporting the
claim that the fitted mixture models are f; and f for the null and alternative density
functions respectively. The constructed LR statistics are plotted in Figure 5.5. It is not

surprising to see as Z moves away from 0, LR(Z) decreases.
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Tables 5.7 and 5.8 report the results from our method and SAM. Figure 5.6 displays
the FDR with respect to different values of TP. For TP < 300, the advantage of our
method over SAM is obvious. For T'P > 300, the FFDR value of our method is higher
than that of SAM. It is noteworthy that for this data set the number of genes that one
wants to detect should be no greater than 300, hence the PMMM approach provides
statistical significant results compared to that of SAM.

Figure 5.4: Histograms of z, Z and fitted models for the rat data
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Table 5.7: Values of TP, FP and FDR from PMMM for the rat data

S MedianFP MeanFP TP FDR%
0.07 0 0.03 94 0.00

0.10 0 0.07 103 0.00
0.15 0 0.28 113 0.00
0.30 3 3.17 144 2.08
0.35 8 8.75 168 4.76
0.40 12 12.44 178 6.74
0.45 29 27.86 215 13.49
0.60 44 46.17 248 17.74
0.70 65 65.96 288  22.57
0.90 95 95.59 323 2941
1.00 134 133.83 368  36.41

Table 5.8: Values of TP, FP and FDR from SAM for the rat data

A  Median FP Mean FP TP FDR%

0.94 4.2 16.73 80 5.23
0.88 9.1 23.71 101 8.97
0.78 11.2 29.98 149 9.96
0.68 19.5 45.32 149  13.10
0.63 25.1 62.76 168 14.94
0.58 34.2 76.70 198 17.26
0.54 49.5 97.62 238 20.80
0.50 57.2 109.47 259 22.08
0.46 75.7 135.27 301 25.13
0.42 93.1 167.35 336 27.70
0.38 132.5 221.04 420  31.54
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Figure 5.5: The likelihood ratio curve for the rat data
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5.6 Conclusion

In this chapter we presented the penalized modified likelihood approach. The advantage
of this approach is that we can implement normal mixture models with unequal vari-
ances. Wei Pan et al. used normal mixture models with unequal variance parameters
without any model justifications. They also used the BIC model selection criterion to
determine the number of components of a normal mixture model. However, there are
no theoretical justifications for the use of the model selection criterion, BIC for mixture
models. For the penalized modified likelihood approach the likelihood ratio test can be
applied to determine the number of components, because the mixing proportion have
been penalized.

In this dissertation we have not determine the theoretical null distribution of the
likelihood ratio test for the hypotheses: A one component normal mixture (Hy) against
two components normal mixture (H,). Two components normal mixture model (Hy)
against three components normal mixture (H,). Hence we simulated the null distribution
of the likelihood ratio test. In chapter 3 section 3.3, the simulation of the null distribution
was explain and the degrees of freedom for the chi-square statistic was determine by the
regression approach of Thode et al. Since the degrees of freedom for the Xfc distribution
with degrees of freedom f is equivalent to a gamma distribution with parameters f/2
and 0.5, the gamma distribution was used to determine the P-value of the hypotheses
stated above.

The results of the penalized modified likelihood approach were compared to that
of SAM. For simulated data the penalized modified likelihood approach outperformed
that of SAM by comparing the false discovery rates (FDR) (see tables 5.4 and 5.5). The
false discovery rates for the penalized modified likelihood approach were less than that of
SAM. In the case of real data the penalized modified likelihood approached outperformed
that of SAM for true positive (T'P) less than or equal to 300. With TP < 300, the false
discovery rates of the penalized modified likelihood were less than that of SAM (see
tables 5.7 and 5.8).
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6 MODIFIED P-VALUE APPROACH TO MICROARRAY DATA ANALYSIS

In section 2.3 of chapter 2 we presented the p-value approach of Allison et al. (2002),
used to determine differentially expressed genes in microarray data analysis. Our major
contribution in this chapter is that we modified the p-value approach of Allison et al. by
penalizing the mixing proportion. Note that, Theorems 3.3.1 and 3.3.2 of Chen et al.

are not applicable, that is, the asymptotic null distribution is not

1 1

for test the hypothesis of 1-component against 2-component, and

(1 a) 2—|—1 2 o 4
9~ 9p )Xo T XI5 X2

in the case we test the hypothesis of 2-component against 3-component. Therefore,
the null distribution of the modified p-value approach will be determined by simulation
using the regression approach of Thode et al. (1988). The modified p-value approach was
applied to both simulated and real micoarray data to determine the number of mixing

components of a uniform-beta mixture model by means of likelihood ratio test.

6.1 The modified P-Value Approach

It is known that the distribution of p-values is uniform under the null hypothesis, there-
fore there exist a one component model, implying that the distribution characterizing
the p-values is indeed uniformly distributed. Then we can safely say that the genes in
the study are not differentially expressed. The hypothesis can be express as (c.f. Allison
et al. (2002)):
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Hy : uniformly distributed,

H; : mixture of uniform and beta distributions. (6.1.1)

To test hypothesis (6.1.1), Allison et al. (2002) used bootstrapping to determine
the number of components in the mixture model of uniform and beta distributions.
The asymptotic null distribution of the likelihood ratio test for the p-value approach of
Allision et al. can be determined by simulation if we penalize the mixing proportion.
The penalization of the mixing proportion is important because hypothesis (6.1.1) can
be easily misinterpreted as being unform if the estimates of the mixing component lie
on the boundary of its parametric space, that is p; = 0. Therefore we modified the
p-value approach of Allison et al. (2002) by the addition of a penalty term for the
mixing proportions as was done in Chen et al. The addition of this penalty term results
in the parameter estimate of the mixing proportion p; not being on the boundary of
the parametric space (i.e. p; = 0), hence circumventing the non-identifiability of the

parametric space.

Let
CTrts)y(1—y)!
5(3/’“ S) - F(T’)F(s) )
denote the beta distribution with parameters r and s, for r = s = 1 we have the

special case of the beta which is uniform UJ0, 1]. The modified likelihood function can

be expressed as

n g—1 g
Ly=1] [plﬂ(yilL D [ [ piBuilrs, Sj)] (9p))°. (6.1.2)
i=1 j=2 j=1
hence the resulting modified log likelihood function is
n g—1 g
= In [Ihﬁ(%ﬂ, D)+ > piBWilrjs;)| +C Y In(gp)), (6.1.3)
i=1 j=2 j=1

where Z?:l p; = 1, p; > 0 and y represent the p-value from a valid statistical test. From
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(6.1.3) and let g = 2 for simplicity, we are interested in testing the hypothesis

HQZTQZSQZ]_

Hy:ry #£1orsy # 1. (6.1.4)

Note that in the approach of Allison et al. (2002) the parameters 75, so and p, are not
identifiable under the null as was mentioned early and the null hypothesis lies on the
boundary of the parametric space (py = 0).

With the addition of the penalty term C') 9_, In(gp;) we may be able to apply The-

orem 3.3.1 of chapter 3, therefore the resulting null distribution is

1 1
5)(3 + 5)(%-

However, it should be noted that we are estimating the parameters py, 75 and s, hence the
Theorem 3.3.1 is not applicable. One way to address the problem is to fix ry preferable
equal to 1.

With this done we will now need to estimate the parameters ps and s,, noting that
the parameter s, characterizes the behaviour of the p-values close to zero.

Examining Figure 6.1 we observe that the beta distributions that aptly describe the
behaviour under the alternative hypothesis, that is, where the distribution of p-values
tend to cluster closer to zero are given by ((y|1,10) and ((y|0.5,5). For this reason if
we wish to apply the mixture of uniform-beta distributions for p-value approach we can

implement a uniform-beta mixture of the form

g—1
pBWIL Y+ D piBuill.s;),
7j=2

with modified log likelihood function

n g—1 g
o= _In|pBuill, 1) + > piBuill, s;)| +CD In(gp;). (6.1.5)
i=1 j=2

Jj=1
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Figure 6.1: Various Beta Distributions
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Therefore the hypothesis to be tested, assuming g = 2, is given by

HD LS9 = 1
H1 ) 7é 1. (616)

However, the asymptotic null distribution is not

1 1

EXS + §X%

as was shown in Chen et al. in the case of normal mixture models with equality of
variance. We use simulation to determine the null distribution of hypothesis (6.1.6) by
applying the regression method of Thode et al. (1988). Simulation was used because

the theoretical asymptotic null distribution is an open problem as is the case for the

penalized modified normal mixture model (see chapter 5).
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6.2 Simulated Null Distribution of the Modified P-Value Approach

The simulation of the null distribution is done as follows, we generated 1000 replications
of a uniform distribution on the interval [0, 1], for each of the 5 sample sizes: 100, 250,
500, 750, 1000. We then fitted a two component uniform-beta model and evaluated
the modified likelihood ratio statistic. The modified likelihood ratio statistic for the

hypothesis test of a uniform versus a uniform and a beta is define to be
2(ly — 1y) (6.2.7)

where [, is defined in equation (6.1.5). Table 6.1 displays the results for the mean,
variance and percentiles for the sample sizes stated above. From the results stated in
Table 6.1 we see that the simulated results for the asymptotic null distribution is a
x? distribution, because the variance is twice the mean. Additionally, the simulated
percentiles are approximately that of the Xfc distribution in brackets, where f is the
regressed degrees of freedom which are stated below. The regression equation for the
degrees of freedom as a function of the sample size n was evaluated using the means for

each sample size. The regression equation was found to be
f=1.32+4.01n"12 (6.2.8)

Table 6.1: Mean, variance and percentiles for the likelihood ratio test for the modified p-value,
based on 1000 replicates for each sample for testing the hypothesis a uniform against a uniform
and one beta distribution.

Sample size 100 250 500 750 1000

Mean 1.69 1.63 1.54 1.49 1.37

Variance 3.52 3.29 3.17 2.84 2.80
Percentiles

50% 0.97(1.12) 0.96(0.98) 0.89(0.91) 0.94(0.88) 0.78(0.86)
75% 2.57(2.38) 2.31(2.17) 2.19(2.07) 2.11(2.02) 1.96(1.99)
90% 4.21(4.11) 4.22(3.84) 3.85(3.70) 3.66(3.64) 3.32(3.60)
95% 5.45(5.44) 5.32(5.13) 5.00(4.98) 5.01(4.91) 4.58(4.87)

The percentiles of x} = G(f/2,0.5), f =132+ 4.01n~1/2 are in brackets

In a similar fashion if we wanted to test the hypothesis a uniform with a beta distri-
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bution versus a uniform with 2 beta distributions the modified likelihood ratio statistic

are defined as
2(l3 — ls). (6.2.9)

Table 6.2 depicts similar results as shown in Table 6.1. However the degrees of freedom

for the hypothesis 2-component versus 3-component for the modified p-value approach is
f=3.69+7.27n"1/2 (6.2.10)

Table 6.2: Mean, variance and percentiles for the likelihood ratio test for the modified p-value,
based on 1000 replicates for each sample for testing the hypothesis a uniform against a uniform
and two beta distributions.

Sample size 100 250 500 750 1000
Mean 4.42 4.14 3.99 3.96 3.93
Variance 8.47 8.16 8.13 7.84 7.73
Percentiles
50% 3.94(3.77)  3.43(3.50) 3.36(3.37) 3.49(3.31) 3.17(3.28)
5% 5.96(5.91)  5.24(5.57) 5.37(5.40) 5.19(5.33) 5.46(5.28)
90% 8.01(8.39)  8.67(8.00) 7.96(7.80) 7.70(7.71) 7.83(7.66)
95% 9.51(10.16) 10.46(9.73) 9.12(9.51) 9.48(9.41) 9.37(9.36)

The percentiles of Xfc = G(f/2,0.5), f = 3.69 + 7.27n~Y/2 are in brackets

6.3 Application of Modified P-Value to Simulated Microarray Data

To illustrate that fixing » = 1 performs well we simulated data of sample size n = 2,000
such that 10% of the genes are differentially expressed (DE). In the control and case group
we have a sample size of 10 each, and executed a t-test for each gene, then evaluated
the distribution of p-values by fitting a mixture of uniform and beta distributions seen

in Figure 6.2. The fitted mixture model is given by
0.899994163(y|1, 1) 4+ 0.100005843(y|1, 25.997) (6.3.11)

implying that the number of differentially expressed genes are 200 which compares

well with the number of simulated differentially expressed genes which are 200. If r # 1,
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Figure 6.2: Histogram of p-value and beta mixture distributions for 2000 simulated genes
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the resulting fitted uniform-beta model was

0.890544365(y|1, 1) + 0.109455643(y|0.703, 18.999) (6.3.12)

yielding 219 differentially expressed genes which was out performed by the model that
fixed r = 1. The graphs for both models are shown in Figure 6.2 where model (6.3.11)
is the solid line and model (6.3.12) is the dotted line.

Under the model where » = 1, suppose we believed that the p-value from the distri-
bution of p-values that are less than 0.10 are interesting and worthy of follow-up. The
estimated proportion of these genes that are likely to be false leads is (see section 2.3

page 18 for details about formula)

0.89999416 x 0.10
0.89054436 x 0.10 + 0.100005841 1(1, 25.997)

= 49%

where I,(r, s) is the cumulative beta distribution with parameters r and s, evaluated at

a. This proportion is 0.490, implying that there exist a 49% chance that any randomly
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selected genes with an ordinary p-value less than 0.10 will be a gene for which there is
no real difference. The proportion not declared interesting that are likely to be genes for

which there is a true significant difference in expression is

0.89999416 x (1 — 0.10)
0.89054436 x (1 — 0.10) + 0.10000584[1 — Io.10(1, 25.997)]

= 0.008.,

6.4 Application of Modified P-Value to simulated Prostate Data

To mimic the real prostate data we simulated 22,215 genes with the control group having
6 replicates and the case 5 replicates. The simulation of the data was done exactly as
in the section entitled ”Simulating microarray data”. However, for this analysis we

simulated 2,221 DE genes. The fitted uniform-beta model was

0.98(y|1,1) +0.18(y|1, 105)

and as can be seen in Figure 6.3, this model showed no discrepancy with the data.

Figure 6.3: Histogram of p-value and beta mixture distributions for simulated prostate data
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Furthermore, the number of genes detected by this model is 2,221 which is exactly equal
to the number we simulated.
With the MLE for p and s we have that the estimated proportion of genes that are

likely to be false leads if we assume a threshold value of 0.10 is

0.9 x 0.10

=47
0.9 x 010+01]010(1,105) %7

and the proportion not declared interesting that are likely to be genes for which there is

a true significant difference in expression is

0.9 x (1 — 0.10)
0.9 x (1 —0.10) + 0.1[1 — Iy10(1, 105)]

= (0.000002.

6.5 Application of Modified P-Value to the Prostate Data

In this section we analyzed the prostate data set consisting 22,215 genes. The data has
a sample size of 6 and 5 for the control and case group respectively, which is exactly the
same as the simulated data. A t-test was done, generating p-values, which were then
fitted by the unform-beta model to characterizing the distribution of the p-values. The
distribution of the p-values is shown in Figure 6.4. From Figure 6.4 it can be seen that
a uniform with one beta does not describe the distribution of the p-values as well as a
uniform with two beta distributions model. To justify the choice of the 3-component
model (a uniform with two beta model) a test of hypothesis was done, resulting in the
rejection of the 2-component model (uniform with one beta), Table 6.3 illustrates the

result. We found 6,753 differentially expressed genes for this prostate data.

Table 6.3: Hypothesis test for the number of components for the fitted uniform-beta mixture
models for the prostate data.

1 vs. 2 component 2 vs. 3 component
8.54 (P < 0.01) 1.67 (P > 0.05)

The uniform-beta model is therefore

0.6965(y|1, 1) + 0.1628(y|1, 90) + 0.1423(y|1, 15).
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Figure 6.4: Histogram of p-value and beta mixture distributions for the prostate data
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As was done before if we assumed a threshold value of 0.10 for which particular genes
are declared "interesting” and worthy of follow-up study, the estimated proportion of

genes declared interesting that are likely to be false leads is

0.696 x 0.10

= 20.2%,

and the proportion not declared interesting that are likely to be genes for which there is

a true significant difference in expression is

0.696 x (1 — 0.10)
0.696 x (1 — 0.10) + 0.162[1 — Iy.10(1,90)] + 0.142[1 — Iy.10(1, 15)]

= 0.045.
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6.6 Conclusion

The Chapter examined the method of Allison et al. (2002) and applied the method of
Chen et al. by adding a penalty term for the mixing proportion we used simulation
to determine the degrees of freedom of the asymptotic null distributions for testing 1-
component against 2-component (2-component against 3-component). By implementing
a test of hypothesis we are statically certain of the distribution characterizing the be-
haviour of the p-values. One important observation that needs to be stated is that by
modifying the mixing proportion the MLE of the mixing proportion cannot be on the
boundary point of the parametric space. We carried out the same calculation as was
done by Allision et al. that are (1) estimating the proportion of genes that are declared
interesting that are likely to be false leads and (2) estimating the proportion of genes
not declared interesting that are likely to be genes for which there is a real difference.
We calculated these estimates when we applied our method to simulated data and the

prostate data and we observed meaningful results.
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7 SUMMARY AND CONCLUDING REMARKS

In this dissertation we modified the non-parametric normal mixture method of Wei Pan
et al. for detecting differentially expressed genes in microarray data. In applying our
modified non-parametric method, the penalized modified likelihood approach, we sim-
ulated the asymptotic null distribution of the likelihood ratio test for heteroscedastic
normal mixture models where the mixing proportion and the variances were simultane-
ously penalized. Note that Wei Pan et al. used the model selection criterion BIC to
determine the number of components in their normal mixture model. However, the BIC
has no theoretical justification for mixture models.

The penalization techniques used in this dissertation was introduced by Chen et al.
and they penalized the mixing proportion so that the asymptotic null distribution can
be determined theoretically. In the non-parametric approach of Wei Pan they used
heteroscedastic normal mixture models without addressing the unboundedness of the
likelihood. Ciuperca et al. addressed the unboundedness of the MLE of the variance
parameters with the addition of a penalty function for the variances. We combined
both techniques so that we addressed the issues of non identifiability of the parameters
under the null hypothesis and the unboundedness of the log likelihood simultaneously.
Therefore our approach, the penalized modified likelihood approach is an important
contribution to area of mixture models.

The proof that the penalized modified likelihood ratio statistic is asymptotically nor-
mal was presented in this dissertation. Asymptotical normality is an important property
needed to prove the asymptotic null distribution of the penalized modified likelihood
ratio statistic which was not proven in this dissertation. Since we did not prove the
asymptotic null distribution of the penalized modified likelihood ratio test, we simulated

the asymptotic null distribution and used the regression method of Thode et al. to
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determine its degrees of freedom.

The penalized modified likelihood approach for mixture of normal distribution with
unequal variance was then used to determine the number of components for the null and
alternative distributions for simulated and real world data. The results of the penalized
modified likelihood approach were then compared to that of SAM. The results for the
penalized modified method was found to out perform that of SAM.

In addition to the modified likelihood approach, we studied the p-value approach for
detecting differentially express genes in microarray data introduced by Allison et al. We
modified the p-value approach of Allison et al. by penalizing the mixing proportion.
Similar argument as that presented above for the penalization of the mixing distribution
in the case of normal mixture model applies. However, we made one simple modification
by fixing the parameter, r = 1 of the beta distribution ((r,s), because we observed
that the distribution (1, s) describes the behaviour of the alternative hypothesis, where
the distribution of p-values tends to be closer to zero. The challenge of proving the
asymptotic distribution for the modified likelihood ratio statistic was not done in this
dissertation. Therefore, the alternate approach of simulating asymptotic null distribution
was done. The regression method of Thode at al. was used to determine the degrees of
freedom of the asymptotic null distribution of the modified likelihood ratio statistics.

Allison et al. used the bootstrap approach to determine the number of components of
a mixture of beta distribution. However, we simulated the asymptotic null distribution.
Furthermore, Allison et al. did not state the empirical null distribution for the likelihood
ratio test used to determine the number of components of the mixture of uniform and
beta distributions. However, by using simulation we determined that the asymptotic null
distribution has a y? distribution, where the degrees of freedom was determine from the
regression approach of Thode et al.

In the future I hope to prove the theoretical asymptotic null distribution of the pe-
nalized modified normal mixture model. Although the proof for the asymptotic null
distribution of mixture of beta distributions will be more challenging, it is worth my
focused attention. Furthermore, an interesting problem that needs serious consideration
is that of using mixture of ¢-distributions instead of mixture of normals with unequal

variance to describe the distributions of the null and alternative hypotheses used in the
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non-parametric approach of Wei Pan et al. Additionally, we would need to determine

the power of the modified likelihood ratio test used throughout this dissertation.
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