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Chapter 1

Introduction

Classical statistical techniques involve the analysis of realisations x of random variables X
that take the form of single points (possibly multidimensional) within their domain Dx C R,
Classical datasets then comprise of N observations, with D measurements each, where D is the
number of variables in X. A consequence of the increasing occurence of huge, complex datasets,
often referred to as big data ( , ), is the large computational power required
for a classical analyses. If a grouping mechanism is available for the dataset, then one solution
is to summarise the data within known groups by a set of summary statistics, termed ’symbols’,
and then perform an analysis on the smaller dimensional symbolic’ dataset. ( ) first
proposed the notion of Symbolic Data Analysis (SDA), whereby these summary level observa-
tions are analysed instead of the much larger underlying classical dataset, allowing for huge
potential savings in computation, storage and transmission if enough information is retained in
the symbolic dataset. Examples of commonly recorded symbols are intervals, histograms, dis-
tributions and lists ( , ). For the above examples, the underlying classical
data (also termed 'microdata’) is divided into disjoint groups using some known criteria (age,
gender, nationality, weight), and then aggregated into a set of symbolic observations, one per
group for a total of B groups. The choice of groups is dependent on the problem at hand, with
different configurations appropriate for different forms of analysis. For example, in an analysis
of medical data, it might make sense to group individual patient records by gender, age and
weight, as you would expect similar observations within each group. SDA methods are also
useful for situations where the privacy of the individuals is required to be maintained, and so
the data is only available in the form of group level summaries, thus protecting the privacy of
individual level observations. For example, when performing an analysis on the salaries of all
the employees in a company, individual records may not be available, in order to protect the
sensitive financial information. Instead, the data for each division of the company might be
aggregated into a set of intervals or histograms (one per variable), from which the practitioner
needs to extract a meaningful analysis.

When analysing symbolic data in the form of intervals, a simple approach is to perform
the classical analysis on the midpoints of the intervals/subintervals. Comparable approaches

are available for histogram-valued data, whereby the midpoints of the histogram bins, weighted
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16 CHAPTER 1. INTRODUCTION

by their respective counts, are analysed in place of the underlying microdata. Approaches
such as these have been utilised to derive estima tes for the sample variances and covariances
of a symbolic dataset ( , , , ). While this approach is
computationally efficient and easy to implement, it ignores the internal variation of the microdata
within each symbol. An assumption commonly utilised in SDA to address this problem is that
of within-symbol uniformity. That is, we assume the distribution of an underlying classical
observation, given the symbol (interval, histogram subinterval), is uniform ( ,

). This assumption has been used to derive expressions for the sample symbolic mean and
variance for univariate symbolic datasets by ( ), ( ), and
was then extended to estimating the sample symbolic correlation for multidimensional symbolic
datasets by ( ), ( ). ( ) explored how these
expressions have an underlying microdata interpretation, and are in fact comparable to their
classical equivalents, if the uniform within-symbol distribution is correctly specified.

When the within-symbol uniformity assumption is violated, SDA results are often signifi-
cantly different to that of a comparable analysis performed on the complete underlying classical
dataset ( , ). When analysis at the group level is all that is required, this
difference is meaningless as the group differences are of interest, not the individual differences.
However, if an analysis with an underlying classical interpretation is desired, then a parametric
assumption is often utilised to remove the within-symbol uniformity assumption. ( )
examined the case whereby data arrives in a grouped continuous form (histograms), and a nor-
mal distribution is assumed for the underlying microdata. A grouped likelihood function is then
constructed using the difference of cumulative distribution functions (cdf’s) for each histogram
bin, taken to the power of the count for that bin. The results from an analysis of the underlying
classical data, the grouped likelihood function and a classical analysis of the midpoints with
sheppards correction are then compared, with the latter two performing comparably.

( ) then investigated the effects of the coarsening mechanism for histogram data,
and determined that if the coarsening occurs according to a Coarsening at Random (CaR) pro-
cess, then the likelihood of the coarsening can be ignored. ( )
derive likelihood functions for intervals and histograms with group-level interpretations, whereby
parametric functions are assumed for the parameters of interest. ( ) construct
interval symbolic likelihood functions for parametric models, whereby parametric models are fit
to the interval-valued observations, with the results comparable to that of the classical anal-
ysis performed on the microdata if enough information about the underlying classical data is
retained in the aggregation process. ( ) then proposed a generalised sym-
bolic likelihood function for symbolic datasets for which an underlying parametric model can
be assumed for the microdata, and propose examples of new types of symbolic observations for
which this method of analysis can be easily applied to. The parametric frameworks for intervals
and histograms presented in ( ) and ( ) respectively are then special
cases of this construction. The generalised symbolic likelihood is shown to reduce to the classical
likelihood function for a certain level of data aggregation, with the subsequent results allowing

inferences to be made at both the group and individual levels.
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If a parametric form of the underlying microdata is unable to be assumed, then non-
parametric techniques for symbolic data can be utilised to obtain inferences with an underlying
classical interpretation. For data arriving in the form of a histogram, ( )
and ( ) examine the errors associated with a kernel density estimation on the midpoints
of each histogram bin, weighted by the bin’s count. Analogous methods to the classical case can
be utilised to determine the appropriate kernel bandwidth, and subsequent underlying classical
densities. ( ) and ( ) fit splines to the observed histogram
proportions, with reasonable results if there aren’t any non-empty bins (excluding bins on the
edge). Histogram density estimates are also constructed using underlying interval/histogram
datasets by ( ), whereby the density at any given point within the do-
main of the microdata is estimated as the probability that an underlying observation would lie
in the subinterval that point falls in (given the symbolic dataset), weighted by the size of the
subinterval.

The thesis proceeds as follows. In Chapter 2 we undertake a thorough literature review of
the currently developed SDA methodologies. Basic descriptive statistics for common symbolic
observations are described, along with existing methodologies for parametric and non-parametric
analyses of symbolic data. Particular attention is paid to the methods available within SDA
whereby the results of the analysis have an underlying classical interpretation, and are compa-
rable to the results that would have been obtained from a complete analysis of the underlying
classical dataset.

Often a likelihood analysis requires the evaluation of large-dimensional, intractable func-
tions. Composite likelihoods ( , , ) , , ) are used as
a solution to this issue, whereby large dimensional intractable likelihoods are replaced by the
product of smaller-dimensional, unbiased likelihoods of marginal or conditional events. The
resultant analysis however typically has a large number of terms (especially if the number of
variables D is large), and so for datasets with a large number of observations, a composite like-
lihood analysis is computationally very intensive. A composite likelihood analysis of summary
level symbols, instead of the complete classical dataset, is a potential method of reducing this
computational burden. In Chapter 3 we extend the likelihood framework of
( ) to the composite likelihood setting, whereby large-dimensional datasets are aggregated
into sets of lower-dimensional histograms, on which a likelihood analysis is undertaken. The
estimators obtained via this symbolic composite likelihood function are shown to be asymptoti-
cally consistent with the classical estimator with an increasing amount of information retention
in the aggregation process. The derived symbolic composite likelihood function is then utilised
in the analysis of a large temperature dataset as an example of its applicability in the analysis
of max-stable processes. An interesting result that arises from this analysis is that for classical
data that has been aggregated into a set of bivariate histograms, while the parameter estimates
obtained from a symbolic composite approach are asymptotically consistent with an increasing
number of bivariate bins, their variances require the number of histogram replications to in-
crease in order to converge towards the classical results. Variances for the parameter estimates

are then obtained via the Godambe information matrix ( , , , ), allowing



18 CHAPTER 1. INTRODUCTION

standard parametric inferences to be obtained.

For large dimensional data, the symbolic likelihood framework of ( ) re-
quires the solution of a large dimensional integral for histogram valued data. For many known
distributions, such as the bivariate max-stable models investigated in Chapter 3, these integrals
have closed form solutions, and so are computationally simple to evaluate. However, for many
parametric models, such as logistic regression, these integrals have no closed form solution for
multidimensional data, and thus require numerical methods to evaluate, increasing the com-
plexity of the computation. Due to the curse of dimensionality, the complexity of the integral
also grows with the dimension, meaning for datasets with many (more than 2 or 3) predictor
variables, a symbolic analysis becomes computationally infeasible. Furthermore, a composite
likelihood approach isn’t available, as lower dimensional unbiased likelihoods do not exist for
the logistic regression model. In Chapter 4 we derive closed form expressions for the approximate
composite likelihood of a multi-class logistic regression model, whereby the predictor variables
arrive in the form of univariate histograms, one per class. A distributional assumption is utilised
for the predictor variables, leading to the reduction of an intractable large dimensional integral
(and subsequent likelihood) to a computational simple univariate function. If this distributional
assumption is reasonable, predictions obtained from the approximate univariate likelihood are
shown to be comparable to that of a classical analysis on the microdata. If the distributional as-
sumption is violated, normalisation procedures are readily available to improve the assumption.
A consequence of this is that when a logistic regression analysis is desired, a continuous classical
underlying dataset can be stored, transferred and analyse in the form of a set of univariate
histograms, leading to massive gains in computation.

In the above analyses, the uniformity-within-intervals assumption problem previously de-
scribed is fixed using a parametric assumption for the underlying microdata. However, if no
parametric assumption is available (due to lack of information, desire for flexibility, etc...) then
non-parametric methods can be utilised in the analysis of symbolic data. The methodology of

( ) requires a parametric assumption of the model to be fitted, however,
and so new methods need to be developed for symbolic data that fit within a non-parametric
framework for cases where the uniformity-within-intervals assumption is known to be violated.
In Chapter 5 we extend the generalised symbolic likelihood presented by ( )
to this non-parametric framework, whereby general forms of symbolic statistics with underlying
classical interpretations (for which the uniform assumption estimates are a special case) are
presented, and examined as solutions to classical Estimating Equations (EE’s). Methods of
estimating each within-symbol distribution for intervals and histograms without the need for
an underlying parametric or uniform assumption are presented that produce closer estimates
to the classical case than estimates obtained via the uniformity-within-intervals assumption for
certain settings. A symbolic empirical likelihood approach is then derived for the estimation of
the variances of the symbolic EE estimates, with statistics such as means, variances, correlations
and quantiles used in the demonstration of its applicability.

For privacy reasons, often count data is rounded to a known degree, such that the underlying

classical datapoint from which a rounded observation arose is known to belong to a given subset
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of count value, for which the analysis of is not trivial. In Chapter 6 we apply the previously
derived new methodologies on the applied analysis of rounded count data. Symbolic equivalents
are developed for several types of Generalised Linear Models (GLMs), such as Poisson, Binomial
and Ordinal Logistic regression, which take into account the variation associated with rounded
count data, along with the incorporation of extra marginal information. It is shown through
simulations that the parameter estimates obtained from a symbolic GLM analysis are closer
to those of the analysis of the complete (unknown) classical microdata than an analysis of the
rounded data, with the results improving as the degree of rounding decreases. Furthermore,
the utilisation of additional information that wasn’t originally included in the models in this
symbolic analysis further improves the results in terms of biases, variances and Mean Squared
Error (MSE). As an example, for a Poisson analysis the number of women for a given group is
treated as the response variable, with classically observed covariates. Due to privacy reasons,
the response is only reported rounded to the nearest 5, and so the symbolic approaches described
above can be used to improve on a classical analysis of the rounded data. The incorporation
of the additionally known rounded observations for the total number of staff and men then
allows a better specification of the distribution of a given underlying classical datapoint, given
its rounded observation.

In Chapter 7 we conclude with a summary of the work developed within this thesis, along
with a discussion of the potential impacts. We then comment on the potential future directions
of SDA thesis, and discuss some open ended questions. Appendices and extra information for the

work undertaken in this thesis are then given after the references and following the conclusion.
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Chapter 2

Literature review

2.1 Introduction

The evolving capabilities of modern computation has led to increasingly large and complex
datasets, the analysis of which is not trivial ( ) ). These datasets are of-
ten aggregated into smaller dimensional summary level datasets, with the aim of reducing the
burden associated with computation, storage and transmission, whilst still retaining enough in-
formation within the summary level datasets to produce meaningful and informative analyses.

( ) first introduced the notion of Symbolic Data Analysis (SDA), whereby the under-
lying classical data is aggregated into a set of summary level (symbolic) statistics, where each
symbol represents the data from a known subset of the microdata, termed a ‘class’. Classes can
be chosen using a broad range of criteria, such as temporal factors (e.g. each class represents
a different month), known categorical factors (e.g. species, gender), or even completely ran-
domly. Intervals, histograms, lists and distributions are examples of commonly used symbolic
constructions, used to summarise underlying microdata ( ). The statistical analyses
performed on the symbolic observations then consider each symbol as an individual in the clas-
sical setting. As an example, a dataset with one observation per day could be aggregated into

a dataset with one symbol per year.

n City Type | Age | Gender | Sys. pressure (mm Hg) | Dias. pressure (mm Hg)
1 | Boston | Medical | 24 M 120 79
2 | Boston | Medical | 56 M 130 90
3 | Chicago | Dental | 48 M 126 82
4 | El Paso | Medical | 47 F 121 86
5 Byron Dental | 79 F 150 88
6 | Concord | Medical | 12 M 126 85
7 | Atlanta | Medical | 67 F 134 89
8 | Boston | Optical | 73 F 121 81

Table 2.1: Classical data table for sample medical records

21
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n | Type x gender Age | Sys. pressure (mm Hg) | Dias. pressure (mm Hg)
1 | Dental Males | [17,76] [113,126] [72,88]
2 | Dental Females | [20,70] [116,150] [78,97]
3 | Medical Males | [6,84] [108,132] [74,98]
4 | Medical Females | [11,87] [114,135] [72,96]
5 | Optical Males | [57,86] [114,114] [72,78]
6 | Optical Females | [73,79] [106,121] [78,81]

Table 2.2: Symbolic data table for sample medical records

We now present a simple example of a classical and resultant symbolic big data table, taken
as subsets of tables presented in ( ), to demonstrate how underlying
classical microdata can be aggregated into a set of symbols for each class. In Table 2.1, we
have a classical data table, where each row represents a classical individual medical record
observation, and the city, type of medical service used (Medical, Dental or Optical) and Gender
(Male, Female) are recorded as categorical observations, with continous observations rounded to
integer values given for Age, Systolic pressure and Diastolic pressure. If we then aggregate the
continuous observations in this dataset into a set of univariate intervals, whereby each symbol
represents the data from one unique combination of Type and Gender (class), we obtain the
symbolic data table in Table 2.2. Note that there are only 6 rows, as that is the total number
of unique combinations of gender and type, and thus the size of the dataset has been greatly
reduced. In this example, a subsequent analysis of the smaller symbolic data table would be

computationally superior to a classical analysis of the full underlying classical data.

2.2 Symbolic Descriptive Statistics

We now define the notation we will use throughout the rest of this chapter. Let X =
(Xpjs -+ X(p)) € Dx be a D—dimensional random variable with domain Dy = DX[” X ... X DX[D],
and suppose X = (Xi,..., Xn) represent N i.i.d. replications of X, with realisations given as
z1,...,xy. Denote X®) = (be), ...,Xéf)) as a subset of X, such that X = XM y...uX®) with
realisation given by (). ¢, therefore represents the size of the bt subset, such that Zle c = N.
Suppose our dataset X1, ..., Xy is aggregated into a set of symbols S = (51, ..., Sp), where each
Sp represents a set of summary level statistics for all the underlying microdata from a given
pre-specified class X (), with realisation given by sp, b = 1, ..., B. Examples of how classes might

be constructed are given in Section 2.1.

2.2.1 Interval-Valued Symbols

Suppose that Dx = RP and that for each class, b = 1, ..., B, the data X7, ..., X is aggregated
into a set of intervals spg = (Ipg, Upq), Where lpg and upg represent respectively the minimum and
maximum values for the underlying classical data for the b*" class and d*" variable, such that
sp = (Sp1,--8p), b = 1,...,B, d = 1,...,D. An equivalent paramerisation with a bijective

mapping to (lpq, upg) was proposed by ( ) and is given as spq = (Mpd, 'vd),
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where mpq and 7y represent respectively the midpoint and range of the interval. Using an
assumption of uniformity for the distribution of the microdata within each interval,
( ) defined the empirical cumulative distribution and density functions for a set

of B interval observations s = (sy, ..., sg) as follows.

Definition 2.2.1. If a uniform distribution is assumed for the microdata within each interval-
valued symbol, then the cumulative distribution function (cdf) of a random variable for the d**

dimension, given its observed interval dataset is given as

1 B
Fs(zyq) = B > Fs,u(zg),
b=1

where
0 if T[d] < lpg
Trg1—1 .
Fsyy(2(a) = § 382 if 2iq) € [lpa, wpd)

1 otherwise.

Definition 2.2.2. Similarly, the density function for the observed interval dataset for the d*

dimension is given as

1 B
Is(za) = 5 > fsu(@a), (2.1)
B
b=1
where
i if 2 € [l und)
bed(x[d}) = {ubd tba g ) (2.2)
0 otherwise.
( ) then derive expressions for the sample mean and variance of

the symbolic dataset using the within-symbol uniformity assumption, whereby the mean and
variance of a classical observation within the bd"" interval are given respectively as jpq = lb‘”%

—_ 2 . . . . .
W, which are clearly the mean and variance of a random variable distributed

2 _
and oj; =

uniformly on (Ipq, Upq)-

Definition 2.2.3. The symbolic sample mean and variance for the d** dimension of an interval-

valued dataset are given respectively as

oy

1 &1 1 &
bod T Ubd _ S i (2.3)

B B
1
0'3 = 3B E (uid + lpqUpa + l(?d) TuR E (upg + lbd)2- (2.4)
b=1
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( ) rearranges Equation (2.4) to obtain an expression for the symbolic sample

variance that has an intuitive interpretation, given as

B

Uu - l
1

1 & 1

2 2
o5 = — — —
i=3 > (kva — pa)® + 5
b=1 b=
We see that the first part of Equation (2.5) is the sample variance of the symbolic means
Hid, -, bBq Of the interval observations, i.e. the between sum of squares (SSB) divided by the
sample size, and the second part of Equation (2.5) is the average variance of a datapoint within
each interval, i.e. the within sum of squares (SSW). ( ) therefore show that the
symbolic sample variance can be expressed as the summation of the within and between sum of

squares, i.e.

02 = % (SSW + SSB). (2.6)

Equation (2.6) can be shown to be equivalent to the sample variance for the underlying micro-
data, if the microdata if truly uniformly distributed within each interval. This expression now
seems intuitive, as the total symbolic sample variance is now given as the sum of the variance
of the interval means and the within-interval variance of the microdata for each symbol, and
in fact in Chapter 5 we explore the implications of this interpretation, with the consequence
that the symbolic sample variance is close to that of the complete underlying microdata if the
within-interval uniformity assumption is reasonable, but significantly different if this assumption
is violated. ( ) note that the above expressions for the distribution and
density functions and the sample means and variances weight the contributions of each symbol
equally, i.e. each term in each summation is equally weighted by %. In the construction of the
symbols however this may not be valid if different numbers of observations contributed to each
interval. The above expressions may therefore be extended to the case whereby each interval

observation is assigned a weight pp, resulting in the following expressions.

Definition 2.2.4. For weights p1, ..., p5, Zszl pp = 1, the cumulative distribution and density

functions for the d* dimension of an interval dataset are given as

B
Fs(ziq) = Y _ poFs,,(w(a). (2.7)
b=1

Similarly, the density function of the interval dataset for the d** dimension is given as

B
fs@a) =D vofsa(@a)- (2.8)
b1

Definition 2.2.5. For weights p1, ..., pB, 21173:1 pp = 1, the symbolic sample mean and variance
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of an interval dataset are given as

5 gt usg L
Ha = P = Zpb,ubd (2.9)
b=1
(upg — l
oq = Zpb (kbd — 1a)” + Z bd bd) . (2.10)

For aggregation processes where different amounts of microdata contribute to each interval,

the intuitive choice is p, = %,

contributed to the b interval (i.e. the number of individuals in the

where ¢, represents the number of underlying datapoints that
bt class), and N repre-
sents the total number of observations, such that Y2 ¢, = N. ( ) then extend
the univariate constructions of ( ) to the bivariate setting, deriving
expressions for the bivariate cumulative distribution and density functions of a set of bivariate
intervals (rectangles). We present the general case with pp here, from which the specific equally

weighted case with p, = easﬂy follows.

Definition 2.2.6. Assuming a uniform distribution within each bivariate interval-valued sym-
bol, the cumulative distribution function (cdf) of the interval dataset with respect to variables

d and e is given as

B
Fs (@, o)) = Y 2o Fs (21 ¥1e))s (2.11)
b=1
where
(CE =l )(Ie -l e) :
F, (2q) = ety @a @) € (loas tba) X (lbe, upe) (2.12)
‘ 0 otherwise.
Similarly, the density function of the interval dataset is given as
B
Fs (@, w1e) = > PoFsuac (la (), (2.13)
b=1
where
T e e if » Tle]) € l ) x (1 e Ube
bede (:L‘[d]vx[e}) e (ubd_lbd)(ube_lbe) ! (x[d] x[ }) ( bd ubd) ( b ub ) (214)
0 otherwise.

Note that fs,,. ([, [)) is simply the density function of a variable that is uniformly dis-
tributed over the rectangle (Ipq, upq) X (Ipe, upe). Bivariate expressions for the sample mean and
variance are equivalent to that of the univariate case in Equations (2.9) and (2.10), due to the
independence between margins for the estimation of those parameters. Two different definitions
of the symbolic sample covariance are proposed in ( ) and ( ), given as

follows.

Definition 2.2.7. For an interval dataset as described above, ( ) defines the symbolic
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sample covariance for margins d and e as

B
Cov(@ (g, T[e]) = Tde = Y Chltbdblbe — Hdlle- (2.15)
b=1
In contrast, ( ) defines the symbolic sample covariance function Cov(zg, z|¢]) as
B B
¢y (g — lpa) (upe — lne) c
Oge =Y N 5 2y  (Hod = tia) (ke = pee)- (2.16)
b=1 b=1

Covariance matrices X, where Y. q = 04 if ¢ # d and X4q = 03 can then easily be obtained,

along with the sample correlation function

Ode

p(xq), o) = ppt

An explanation for the differences in symbolic covariance definitions is provided in

( ), and involves the underlying classical data assumptions for each expression. Each
covariance definition can in fact be considered the sample covariance of the underlying classical
data, provided certain within-symbol distributional assumptions are met. For example, we see
that Equation (2.15) has a simple interpretation as the covariance between the intervals means,
meaning that if there is no within-symbol variance (i.e. every underlying classical datapoint
occurs at an interval midpoint), this expression is equivalent to the covariance of the underlying
microdata. Similarly to the sample symbolic variance, equation (2.16) reduces to the summation
of the within sum of products and between sum of products for uniformly distributed bivariate
variables, meaning that if the microdata follow independent uniform distributions within each
interval, this definition of the sample symbolic covariance will be comparable to that of the full
underlying classical dataset. The microdata conditions considered are fairly restrictive however,
and not often applicable to real observed data. We provide more general definitions of the
symbolic covariance in Chapter 5, along with better methods of estimating the within-symbol
distributions/correlations.

Symbolic estimates for quantities such as means, variances and covariances/correlations are
crucial in many types of statistical analyses. In particular, symbolic versions of Principal Com-
ponent Analysis (PCA) have been developed for intervals by ( )
and ( ), and for histograms by ( ) in which definitions of
symbolic means, variances and correlations are required. Other methods of symbolic PCA utilise
the locations of the centers and ranges ( , , ,

). A good overview of all of these symbolic PCA methods can be found in
(2008).
2.2.2 Histogram-Valued Symbols

Suppose now that the data for each class is aggregated into a set of univariate histograms

sbd = (Cbar; (Y, vy 1, s Cypd; (ygl(Bg_l), yngl]), with B{ subintervals for the univariate histogram
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for the b*" class and d** variable, y,ﬁlc > yg(c_l), b=1,...,B,c=1, ...,Bgl and

N
Cbdc = Z H(J:nd € (ylc)l(c—l)’yl[;ic] Ny € w(b))
n=1
Note that cpq. therefore represents the number of observations for the b** class whose d* margin
Bd
falls in the ¢t® bin of that respective histogram, such that 25:1 Yoelide=N,d=1,..,D.
( ) assume a uniform distribution for the microdata within each subinterval,
allowing them to derive the following expression for the density function for histogram-valued
data.

Definition 2.2.8. If a uniform distribution is assumed for the microdata within each sub-
interval for each univariate histogram as described above, then the density function (cdf) of the

histogram dataset is given as

B Bypg Chd
ZZ = fSpae (T[a) (2.17)
b=1c=1
where
i if @y € (Y15 Vi)
bedc( d]) yf,lc_y;,i(c_l) . plemtr (2.18)
0 otherwise.

Note that Equation (2.17) is equivalent to the density of a set of univariate intervals (Ipge, Updc]

with proportions ppq. = Cl]’\‘}c, where lpg. = y,‘f( e—1) and upge = ygc.

Similarly to the interval case, expressions for sample means and variances can be obtained via
the same uniformity within each subinterval assumption, meaning that the means and variances

a d d_,d 2
Yp(e—1) TYbe — Whe=Yy(e—1))
2

for each subinterval are given respectively as ppie = and o bdc = —5 b=

.,B, d= 1, ...,D, Cc = 1, ...,Bbd

Definition 2.2.9. For a histogram dataset as described above, the symbolic sample mean and

variance of the d*" dimension are given as

yik +
Md—zzcbdc e 1) b —chbdcubdc

b=1c=1 b=1c=1
B B B B 2
S dec 2 Chde (yh — yb(c 1))
=22 N e a4 D 3 T
b=1c=1 b=1c=1
( ) use an analogous derivation to the interval case to obtain an expression for

the symbolic covariance for histogram-valued observations, again assuming uniformity within
each histogram subinterval. As with the interval case, this expression is shown as the sum of

the within observations sum of products and the between observations sum of products.
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Definition 2.2.10. For a histogram dataset as described above, the symbolic sample covariance

for dimensions d and e is given as

B Bbd Bbe Chde: Ch 5bd 5() B Bbd Cod Bbe c
o c1 Cbeca c19becs c1 eco
Ode = Z Z Z N 12 + Z Z N (Mbdcl - ,ud) Z N (Mbecz - ,Ue) R
b=1c1=1co=1 b=1 \c1=1 co=1

where 5bdc = Ybde — ybd(c,l), b= 1, ...,B, Cc = 1, ...,Bbd, d= 1,...,D.

As with the interval case, these expressions are comparable to the classical equivalents, if the
within-symbol uniformity assumption is correct. However, when estimates with an underlying
classical interpretation are desired and this uniformity assumption is violated, different methods

are needed to obtain better estimates.

2.3 Parametric models for symbolic datasets

When the within-symbol uniformity assumption is likely to be violated, a parametric ap-
proach can be used to assume some internal non-uniform structure within each symbol.
( ) explores the use of Sheppard’s correction ( , ) in the estimation of moments
from an equally spaced histogram-valued dataset, assuming a reasonable normal structure to
the underlying microdata. In the construction of the histograms, they assume the aggregation
is done via a ‘coarsening’ of the data, where each bin count represents the number of underlying

classical datapoints that are closest to that bin midpoint.

Definition 2.3.1. Suppose 04 is the observed k' moment of the observed midpoints data

bt" histogram and d* variable, i.e. the observed

d + d
moment of the set of histogram midpoints ppq. = %(L;ybc, each observed cp4. times, b =
1,..B,¢c=1,....Bpq, d =1,....D. Let dpq = yglc — yg(c_l) represent the standard bin width

for each histogram. Then closer moment estimates (to that of the latent unrounded data) for

(weighted by their respective counts) for the

the bth histogram and d"" variable, which we denote as ékbd, can be obtained via the following

correction formulae for k = 1,2, 3, 4.

O1bd = O16d
A~ 02
Dop = Gop 1 — O
2bd = V2bd = 7
O3bd = O3bd
A 62 Oopg  TO
Ospq = Ogpa — =2 + 22,
4bd 4bd 9 240
( ) compares this approach with the raw midpoint estimates and estimates ob-

tained using a weighted product of bin probabilities for each subinterval (which we will later see
is a specific case of the general symbolic likelihood approach), where the bin probabilities are
estimated using a normal parametric assumption. It is shown that if the normality assumption

is reasonable, Sheppard’s correction and the parametric method perform comparably and better
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than the naive classic analysis of the observed midpoints, although Sheppard’s correction is com-
putationally simpler. ( ) explore the impact of the coarsening mechanism
on the subsequent parametric analysis. Suppose we have a random vector X ~ fx(x;6), dis-
tributed according to a parametric distribution f with parameter §. Suppose also that instead

of observing X, we observe some aggregated version Y, a coarsened version of X.

Definition 2.3.2. Suppose the coarsening mechanism has a stochastic nature, in that the
likelihood of Y being observed, given it arose from an underlying latent classical variable X is

denoted as g(y|x;0). The likelihood of the observed coarsened variables is then given as

L(0;y) 9(ylz; 0) fx (23 0)dz, (2.19)

Dx|x-vy
where Dy x_,y represents the domain of the underlying microdata, given the observed his-
tograms. If the data are considered Coarsened at Random (CAR), then the density function

g(y|z; 0) is uniformative and can be ignored in the parametric analysis of the data.

For interval and histogram-valued symbolic data, ( ) pro-
posed a likelihood based approach whereby the estimates obtained from the analysis are inter-
pretable at the symbolic level. A set of vectors 61, ..., 0p is created whereby each vector uniquely
defines a distinct symbol, i.e. a bijective mapping exists between S, and 6, b = 1,...,B. A
parametric model is then specified for each symbol, from which parameter estimates can be

obtained via Maximum Likelihood Estimation.

Example. As an example, suppose have a set of D—dimensional intervals (with equal counts)
Sp = (Sp1y s SoD), Sbd = (lbd, upa), b=1,..., B, d =1, ..., D, as described in Section 2.2.1. Define
Obq = (0pa1,Oba2) as the vector arising from a bijective mapping from spq, where 6pq1 and Opgo
represent the interval mean and variance respectively, b=1,..., B, d =1, ..., D. We now specify
a normal N (ud,ag) distribution with mean ug and variance 03 for 6p41, and an exponential
Exp(By) distribution with mean (4 for 642, d = 1, ..., D, such that an assumption of uniformity

within each symbol results in

Ipg + upg
2
(upd — lpa)?
12

~ N(Md7 Uczl)
~ Exp(fq)-

Note that we are assuming independence between the interval means and variances, and also

between margins. The likelihood for the d* margin is then given as

B
L(pa; 03: B Brds -+ Bpa) = [T 9(Bvar; 1a, 93)1(Braz; Ba), (2.20)
b=1
where - )
1 (454 — pa)
9(Ovar; f1d, 03) = exp (—
N 7
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and

_ 2
h(Obaz; Ba) = BldeXp ((Ubd1262bd)>

are the density functions for the normal and exponential distributions respectively. Differenti-
ating the subsequent log-likelihood with respect to each parameter, and then solving for zero

provides the following Maximum Likelihood Estimators (MLE’s).

lpa + upa
2

lpqg + upq 2
T — Kd

(upa — lpa)?
12 ’

Hd =

o
I
—_

5|~
M w

Q>
LN

Il
| =
(=
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I

|~
M w

o
I
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More complex examples involving multivariate and dependent data, as well as histogram
equivalents are presented in ( ). ( ) utilise a
similar approach by fitting normal and skew-normal distributions to the means and log ranges of
interval-valued datasets, assuming again uniformity within each symbol. ( ) utilise
a Bayesian approach in fitting distributions to the means and log ranges of interval in a meta
analysis of interval-valued count data for species. These approaches are useful for obtaining
symbolic-level parametric inferences for interval and histogram data, and the output of such an
analyses has an intuitive symbolic explanation, however is insufficient if the practitioner wishes
to obtain inferences that are interpretable at the level of the underlying latent classical data.

( ) proposed a generalised likelihood construction for symbolic data, from
which inferences with a classical interpretation can be obtained, provided enough information
about the underlying latent microdata is retained. This approach allows the generalised para-
metric modelling of symbolic datasets, from which analyses such as ( ),

( ), ( ) and ( ) can be considered special cases
for specific types of symbolic observations. This symbolic likelihood framework can be easily
adapted to new symbol designs, as highlighted by its implementation for different forms of in-
terval constructions in ( ). Suppose X ~ fx(x;6) is distributed according
to a parametric distribution f with parameter vector 8, and denote N i.i.d. realisations of X as
x1,...,xN. Suppose now that instead of observing @ = (z1,...xx), we observe a set of symbols
s = (s1, ..., sB), whereby ¢, underlying classical observations were aggregated into the b*" symbol

and each observation contributed to exactly one symbol.

Definition 2.3.3. The likelihood of each symbolic observation sy, given the parameter vector

and information about the aggregation process @, is given as
L(si0.Q) = [ L(@:0)fox(sslz. Q)de, (2.21)
X

where f, 1 x(so|T, Q) is the density of the observed symbol sy, given the underlying classical
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observations @ from which it arose. The likelihood and log-likelihood of the symbolic dataset

s = (s1,...,5p) are therefore given as

B
L(s;0,Q) = [T L5636, Q) (2.22)
b=1
B
— log L(s;0,Q) =Y _ cylog L(s3; 0, Q). (2.23)
b=1

Example. Suppose D = 1 and each s; represents a univariate interval-valued observation with
count ¢, b = 1,..., B. Using equations (2.22) and (2.23) and specifying a parametric model for

the underlying classical data allows the construction of
B
L(s;0,Q) = [ n(0)*
b=1

B
— IOgL(S, 0, Q) = Zcb log Pb(a))v
b=1

as the respective likelihood and log-likelihood for the symbolic dataset s = (si,...,sp), where
Py (0) = lzb fx(x;0)dz.

For intervals, it is shown in ( ) that MLE’s obtained via the maximisation of
the above log-likelihood are asympotically consistent with that of a likelihood analysis performed
on the underlying classical microdata, with decreasing interval widths. As each interval gets
smaller, more information is retained about the underlying microdata from which that symbol

arose from, leading to more accurate results.

Parametric analyses such as those outlined above are often sufficient in the analysis of low-
dimensional symbolic datasets. However, an increase in data dimension often leads to intractable
high-dimensional likelihood functions, in which high-dimensional integrals are often required to
be evaluated numerically. Furthermore, the curse of dimensionality means that the computation
required to evaluate said integrals grows exponentially with the number of variables. This leads
to large computational costs, for even for a moderate number of variables D, often making a
parametric symbolic analysis infeasible. If a model with an underlying classical interpretation is
desired, new methods need to be developed that reduce the dimension of the symbolic likelihoods,
and therefore reduce the computational burden. In Chapter 3 we extend the likelihood frame-
work of ( , ) to the composite likelihood setting, allowing high-dimensional
datasets to be reduced to low-dimensional marginal histograms, and subsequently analysed. In
Chapter 4 we develop a new composite marginal approach to logistic regression modelling to

similarly reduce the dimension and subsequent computational burden of the symbolic likelihood.
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2.4 Non-Parametric models for SDA

When a parametric model can be assumed for the underlying classical data, it follows that
each symbolic observation is assigned an internal structure, given the parameter vector. However,
when we are unable to specific a parametric model for the data, due to reasons such as a lack
of information, a desire for flexibility or no known parametric family seems to model underlying
data at least reasonably well, different methods are needed to specify the internal structure of
each symbol, beyond reverting back to the within-symbol uniformity assumption. An intuitive
starting point is to estimate the underlying non-parametric density using the observed symbols.

( ) investigated the theoretical properties of the frequency polygon, and showed
that the density estimate obtained from this construction is far superior in terms of MSE than
that obtained from the original histogram. The frequency polygon is a computationally simple
construction of a density estimate from histogram-valued data, and is constructed by connecting
the midpoints of adjacent histogram bins at heights equal to the proportion of data within each
bin. ( ) proposed a similar estimator, denoted as the edge frequency polygon, in which
the edges of each histogram bin are joined by straight lines, with their weights calculated as
the average of weights of the adjacent histogram bins. ( ) explored the
use of a histogram constructed from a set of intervals as a means of representing the data.
The constructed histograms can then be used to obtain estimates for quantities such as the
symbolic means and variances, or covariances in the multidimensional setting. We now present
their constructed histograms for observed interval datasets, adjusted for the setting whereby
the counts for each symbol are potentially unequal. A set of C'+ 1 break points (yo, ..., yc) are
specified, such that 6. = y. — y.—1, c = 1, ...,C and there are C subintervals in total.

Definition 2.4.1. For univariate, unequally weighted interval-valued data s, = (cp, (I, us)),
b=1,..,B, with Y2 ¢, = N, the ( ) histogram density estimate for a
point z € Dx is given as

1

C
Pe
f(SU) = chzl N]I(x € (ycflayC]%

where

ifb Ye-1,Ye) N (o, w)|
= N | (T, ua)|

and | A| represents the length of the region A.

Methods that have been used to estimate a non-parametric curve from non-standard data

include spline methods (G, ) , , ) ) and a bootstrap ker-
nel method ( , ). ( ) investigated the bias that occurs when
performing a Kernel Density Estimation (KDE) analysis ( , ) on the midpoints of

binned data, and showed that as the bin width of each histogram decreases, the binned KDE
estimator approaches the density estimate obtained from classical KDE analysis on the under-
lying microdata. ( ) examined the errors associated with performing

a classical kernel density analysis on a rounded sample, and provide formulas for the errors
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associated with performing a classic KDE analysis on histogram bin midpoints, as compared to
an analysis of the underlying latent data. This extends to formulas that allow the evaluation of
the ‘optimal’ smoothness parameter for the binned KDE analysis, which has equivalent forms
in the classial setting. ( ) then provided further results, whereby the mean squared
error of the binned KDE estimator can be compared to that of the classical case, and also the
true unknown underlying classical density. This allows the development of formulas that allow
the practitioner to determine the minimum bin width required for each histogram, in order to

achieve a specified level of accuracy.

Definition 2.4.2. Suppose X1i,..., Xy are N i.i.d. univariate random variables, distributed
according to an unknown distribution f. The kernel density estimator, as described by

( ), is denoted as

N
Pl h) = <o > K (%), (2.24)

where h is a specified bandwidth parameter and K is a given kernel function. Common examples

of kernel functions K include the standard normal and uniform distributions.

Definition 2.4.3. Suppose now that = (z1,...,zx) is binned using C' known bins yy < ... <
yo, where ¢, = SN Tz, € (Ye1,9e])s 6 = 06 = Yo — Ye1 and m. = y“%wc, c=1,..0C.

( ) and ( ) define the binned kernel density estimator as
1 & Tr—m
fn(z;h,s) = N7 ;ch ( - ) : (2.25)

Equations for the optimal value of the bandwidth parameter h can then be derived using similar

methodologies to their counterparts in the classical setting.

Some interesting similarities exist between the fields of missing data analysis, measurement
error analysis and SDA, in that in some settings the missing data/measured-with-error variables
can themselves be considered symbolic observations. ( ) proposed an ex-
pected estimating equations approach to accomodate the fact that some variables/observations
are measured with error. In this approach, the expectation of the classical estimating equations
for the measured-with-error observations are calculated using the data that is fully observed,
and arrives in classical pointwise form. While this method isn’t applicable to the field of SDA,
given in SDA often there are no classical observations available, it does use a similar rationale
to the estimators we derive in Chapter 5, whereby the internal non-parametric structure of
each symbol is estimated according to its expectation given the rest of the symbolic dataset.

( ) extend this expected estimating equations methodology to the missing data,
covariate measurement error and missclassification settings. For covariate measurement error,
the contributions of missing covariates to the estimating equation are again replaced by their
expectations, given some prior specification. In the examples they provided, this prior speci-
fication involved a joint parametric assumption for the underlying missing microdata and the

errors, which can lead to issues if the parametric assumption is violated or cannot be made. For
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missing and missclassified data, the framework is largely similar. The contributions of the miss-
ing /missclassified observations to the estimating equations are replaced by their expectations
with respect to a parametric model dependent on available fully observed data.

( ) propose the use of the Expectation-Maximisation (EM) algorithm to estimate the
expectation of missing data estimating equations, again using classically observed data.

( ) also address the missing data problem for non-parametric estimating equations by
using kernels to impute their contributions. This approach removes the need for a parametric
assumption, but is still not generally applicable in the field of SDA, as the imputed kernels are
still constructed using available fully observed classical data.

Approaches such as those described above involving the evaluation of the expectation of es-
timating equations, given some non-standard data, have been extended to the generalised linear
model (GLM) setting by ( ), who derive likelihood functions for GLMs for
data where some discrete covariates are rounded to a known degree. A distribution is defined
for the coarsened covariate, given the fully observed data. Given the discrete nature of the
covariate data, the likelihood function has a closed form analytical expression involving simple
summations over the possible classical estimating equations, and thus its optimisation is compu-
tationally reasonable. In chapter 6 we develop a similar method to analyse rounded discrete data,
whereby the distribution of the coarsened covariate is defined using other rounded observations,
as well as additional information not originally utilised in the model. ( ) extend the
methodology of ( ) to the case of continuous rounded variables, and discuss the
computational issues associated with the evaluation of the likelihood, given an intractable inte-
gral. Some of these computational issues can be addressed using the methodology presented in
Chapter 4, albeit only for logistic regression. A similar method employing a Bayesian approach
is then employed in ( ), whereby a parametric framework is assumed for

the parameters of the model, leading to computationally easier analyses.

2.5 Conclusion

Symbolic data can arise in a number of different forms from the aggregation of an underlying
classical dataset. Methods of analysis and inference for symbolic data are currently well devel-
oped if interpretations at the symbolic level are desired. However if the practitioner wishes to
obtain results with an underlying classical interpretation, then new methods of analysis need to
be developed. Furthermore, methods are needed that not only possess a classical interpretation,
but also produce comparable results to an equivalent classical analysis performed on the under-
lying microdata for a certain level of aggregation. If the within-symbol uniformity assumption is
reasonable, then current SDA methodologies, such as the formulas described above and derived
by ( ), ( ) and ( ), are sufficient in
providing comparable results to the classical case. However, this assumption is often violated,
as the underlying classical data is often continuous and generated from a non-uniform process.
When this within-symbol uniformity assumption is violated, different forms of parametric anal-

yses are available whereby an underlying classical parametric model is fit to a set of symbolic
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data.

When the parametric assumption described above is violated, or the practitioner does not
wish to be restricted to a parametric framework, then non-parametric statistics provides methods
of obtaining inferences in both the classical and symbolic setting. In the symbolic setting,
kernel estimation methods exist for various types of symbolic data, revolving largely around
performing a classical analysis on interval midpoints. New methods are needed that are able
to better estimate the internal structure of a set of symbols, that don’t rely on a parametric
assumption and takes into account the internal variation. A consequence of better estimation of
the underlying non-parametric density /dataset is that better estimates for internal parameters of
a symbol can be obtained, such as means and variances, which have many applications including
hypothesis testing and PCA.

The contributions of this thesis are as follows: In Chapter 3, we extend the generalised sym-
bolic likelihood construction of ( ) to the composite likelihood framework,
demonstrating its application in an analysis of high-dimensional max-stable data. In Chapter
4 we then utilise the symbolic likelihood framework to develop logistic regression models for
classification data with histogram-valued covariates. In Chapter 5 we develop a non-parametric
framework for symbolic estimating equations and derive methods that allow the better esti-
mation of within-symbol and sample quantities, such as means, variances, etc., with variances
obtained through a derived symbolic empirical likelihood method. In Chapter 6 we apply the
symbolic framework to GLMs with rounded, discrete data, with specific examples given for
poisson, binomial and ordinal logistic regression, and utilise this methodology in the real data
GLM analysis of count data. A discussion then follows in Chaper 7, along with references and

appendices.
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Chapter 3

A composite likelihood approach for

histogram-valued random variables

3.1 Introduction

Continuing advances in measurement technology and information storage are leading to
the creation of increasingly large and complex datasets. This inevitably brings new inferential
challenges. Symbolic data analysis (SDA), a relatively new field in statistics, has been developed
as one way of addressing these issues (e.g. , ) , ). In essence, SDA
argues that many important questions can be answered without needing to observe data at the
micro-level, and that higher-level, group-based information may be sufficient. As a result, SDA
methodology aggregates the micro-data into a much smaller number of distributional summaries,
such as random rectangles, random histograms and categorical multi-valued variables, each
summarising a portion of the larger dataset ( , , ,

, , ). These new data “points” (i.e. distributions) are then analysed
directly, without any further reference to the micro-data. See e.g. ( ),
( ) and ( ) for an exposition of these ideas.

SDA methods have found wide application, and have been developed for a range of in-

ferential procedures, including regression models ( , ), principle component
analysis ( , ), time series analysis ( , ), clustering (

, ), discriminant analysis ( , ) and Bayesian hierarchical mod-
elling ( ) ). Likelihood-based methods for distributional data were introduced
by ( ) for direct modelling at the level of the distributional
summary.

More recently, ( ) and ( ) developed likelihood functions

for observed random rectangles and histograms that directly accounts for the process of con-
structing the symbols from the underlying micro-data. By explicitly considering the full genera-
tive process — from micro-data generation to constructing the resulting distributional summary
— the resulting symbolic likelihood allows the fitting of the standard micro-data likelihood, but

while only observing the distributional-based data summaries. The symbolic likelihood reduces

37
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to the standard micro-data likelihood as the observed symbols reduce to the underlying micro-
data (e.g. as the number of histogram bins gets large, and the size of each histogram bin gets
small). ( ) demonstrate a 14x computational speed up for the symbolic
analysis over the standard micro-data analysis for computing the maximum likelihood estimates
of a hierarchical skew-normal model.

While attractive, a limitation of this approach is that grid-based multivariate histograms
become highly inefficient as data summaries as the dimension of the data increases. This means
that the histogram-based approach in ( ), where the computational overhead
is proportional to the number and dimension of histogram bins, is practically limited to lower-
dimensional data analyses.

In this paper we address this problem by extending the likelihood-based approach of

( ) to the composite-likelihood setting. Focusing on histogram-based distribu-
tional summaries, the components of the composite likelihood are constructed based on low-
dimensional marginal histograms derived from the full K-dimensional histogram. We demon-
strate consistency of the resulting symbolic composite maximum likelihood estimator, and show
that for a certain level of data aggregation, the symbolic composite likelihood function provides
a useful and more computationally efficient substitute for the standard micro-data analysis.
We obtain results that describe the reduction in information that occurs when aggregating the
micro-data into histograms, and how this reduction is dependent on the number of observed his-
tograms. These results also provide insights on the efficiency of standard composite likelihood
techniques when the micro-data are grouped into blocks, but where the location of data within
each block is not known.

While the above techniques are general, throughout we are motivated by the need to develop
computationally viable statistical techniques for fitting max-stable process models for spatial
extremes. This becomes particularly challenging when both the number of spatial dimensions
K (the number of physical recording stations) and the number of observations over time ()
become large, as is the case with millennial scale climate simulations ( , ). While
composite-likelihood techniques ( , , , , ,

, , , , , , ) provide one way to approach
the issue of spatial dimensions, they are not able to cope with large amounts of observed data
at each spatial location. By developing composite likelihood techniques for the analysis of
K-dimensional histogram-valued random variables, we are able to directly and efficiently fit
max-stable processe models to very large temporal datasets.

This article is structured as follows: In Section 3.2 we describe the ideas behind the sym-
bolic likelihood framework of ( ), with a focus on histogram-valued random
variables, extend this approach to the case of a marginal histogram, and briefly present relevant
background on composite likelihood methods.

In Section 3.3 we extend the histogram-based symbolic likelihood function to the composite
likelihood setting. We demonstrate that increasing the number of bins (and reducing their size)
in each histogram yields composite maximum likelihood estimators (MLEs) that are asymp-

totically consistent with those of the classical (micro-data) setting, but at a potentially much
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cheaper computational cost. While these composite MLEs retain this asymptotic consistency re-
gardless of the method of histogram construction (as long as the volume of each bin approaches
zero as the number of bins approaches infinity) and how many random histograms are used,
their variances depend heavily on the amount of temporal information retained during the data
aggregation process. Accordingly we show that increasing the number of random histograms
leads to an overall decrease in the variance of the composite MLE. In Section 3.4 we explore the
performance of the histogram-based composite likelihood function through simulation studies
using max-stable processes, and in Section 3.5 we analyse real and future-simulated datasets
comprising daily maxima temperature data from 105 locations across Australia. We conclude

with a Discussion.

3.2 Symbolic and composite likelihoods

We first provide a brief overview of likelihood-based methods for symbolic random variables,

in particular focusing on histogram-valued random variables and the approach of
( ). Motivated by a desire to reduce computational overheads as the dimension of
the histogram K increases, we extend this setup to the case of a marginal-histogram (i.e. a
lower-dimensional margin of an original histogram). We then briefly review the ideas behind

composite likelihoods in a general setting.

3.2.1 Generative symbolic likelihoods

In simple terms, symbolic random variables are distributional-valued random variables that
are constructed by the aggregation of standard, classical random variables into a distributional
summary form, such as a random interval or random histogram. Symbolic data analysis is the
study and analysis of symbolic random variables ( , , , ,

, ). Within this field, two main likelihood-based techniques have been developed
for the analysis of symbolic data; one based on analysing the symbols directly (

, , , , , ) and one based on also modelling
the construction of the symbols from the generating process of the classical random variables
( , ) , ). This latter technique allows for the use of symbolic
data analysis methods as a means to expedite standard data analyses for large and complex

datasets. We adopt both this approach and motivation here.

The general construction of ( ) is given as follows. Denote by X =
(X1,...,XnN) a vector of i.i.d. classical random variables, which takes values in some space Dx
and has density gx (- ;€) with unknown parameter vector 6. Each X; takes values in Dx and has
density gx(-;0) = [gx(-;0)dX _; where X ; = X /X;, so that Dx = (Dx)". The observed
values & of X can then be aggregated into a distribution-valued symbol s, itself a realisation
of some symbolic random variable S € Dg, according to a known function fg x—z(s|,¢). The

likelihood associated with the process of generating and constructing the observed symbol s is
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then given by
L(s:6, ) ox /D Fsix—o (5], 6)gx (2 0)daz. (3.1)

That is, L(s;0,¢) is the expectation of the classical data likelihood gx(x; ) over all possible
classical datasets x that could have produced the observed symbol s.

( ) considered several forms for fg x—z (s, ¢) that allowed for different
types of symbol (e.g. random intervals, hyper-rectangles and different forms of random his-
togram) and accordingly different resulting forms of symbolic likelihood function. Here we focus
on the fixed-bin, random-counts histogram, although extension of the results in this article to
other symbolic likelihood forms is possible.

Suppose that X7, ..., Xy are K-dimensional random vectors with Dx = R¥. The collection

RN*K may be aggregated into a K-dimensional histogram

of N classical data observations €
on Dy, where the k-th margin of Dy is partitioned into B¥ € N bins, so that B! x --. x BX
bins are created in Dx through the K-dimensional intersections of each marginal bin. Indexing
each bin b = (by,...,bk), by = 1,...,B*, as the vector of marginal bin indices, bin b may be
constructed over the space Yp = Yi x -+ x T where TF = (yfk_l,yl’fk] C R, and where, for
each margin k, —oo < yg <yf <. < y%k < oo are fixed points that define the change from
one bin to the next. That is, b describes the coordinates of a bin within the K-dimensional
histogram and Y, C R¥ defines the space that it covers.

Now let S} denote the random number of observed data points Xi,..., Xy that fall in bin
b. Then S = (S1,...,5B) is the vector of counts from the first bin 1 = (1,...,1) to the last
bin B = (B',..., BX), of length B! x --- x BX, and which satisfies 33, S, = N. That is, S is
a random histogram with N observations. Following ( ), and assuming that

gx (x;0) = TIY, gx (2:;0), the resulting symbolic likelihood function (3.1) then becomes

N B
L(s;0) o< ———— H Py(6)%, (3.2)
sil...spl

where s = (s1,...,sp) is the observed value of S, and where Py(0) = [y, gx(2:0)dz is the
probability of observing a datapoint in bin Y under the model gx(x;#0). (The ¢ parameter in
(3.1), which controls quantities relevant to constructing the symbol, is fixed in this setting, and
so we omit it from subsequent notation.) This multinomial form of likelihood makes intuitive
sense in that maximising this likelihood amounts to choosing parameters 6 that optimally match
the empirical bin proportions with the corresponding bin probabilities under the model gx (; 0).

Looking ahead to Section 3.3 where we will be constructing composite symbolic likelihood
functions, suppose that we are only interested in a subset of the K dimensions, represented by
some index set ¢ = (i1,...,i7) € {1,..., K}, where for convenience i; < ... < i;. We may
then construct the associated I-dimensional marginal histogram, defining b* as the subvector
of b containing those elements corresponding to the index set ¢. (We use this notation more
generally, so that a vector with superscript ¢ means the subvector containing those elements
corresponding to the index set 4.) Then if Szi is the random number of observed data points

Xi ... ’inv that fall in bin b%, we may construct an I-dimensional random marginal histogram
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St = (S%i,... ,Sgi) as the associated vector of random counts from the first bin 1* = (1,...,1)
to the last bin B® = (B™,...,B%). The vector S* has length B x ... x B" and satisfies

Note that we can write Séi = D ibiepi Op so that we are effectively marginalising out the
non-indexed set —¢ = {1,..., K'}/i dimensions of the histogram S. Hence, S* is truly a marginal
histogram of S in the usual sense of the term.

Similarly to (3.2), the resulting symbolic likelihood function for the marginal histogram St
is then given by

L(S%6) H P,i(0 (3.3)
511. S i
where s* = (s, ... denotes the observed value of §* and Py:(6) = fTbi ngi(zi; 0)dz* is the

probability of observing a datapoint in the I-dimensional marginal bin T ,; under the marginal

) Bz)

model gfxi(a}"; 0) = [ gx(z;0)dz~*, where 2~ is the vector of elements of z that are not in 2°.
In the case where I = {1,..., K} then (3.3) is equal to (3.2).

Following similar arguments to ( ), the symbolic likelihood L(S%;6) ap-
proaches the equivalent classical data likelihood L(X?6) = gXl (X% 6) as the number of bins
in the marginal histogram approaches infinity and the volume of each bin approaches zero. In
particular, suppose for simplicity that the length \T’g[ = yfk — y,’fkfl of each univariate marginal
bin T’g = (yfk l,y{fk] is equal for each margin k = 1,..., K, with fixed endpoints yg and ygk.
Then as B¥ — oo the number of equally spaced bins grows, but their length |T¥| — 0. Then

lim L(S%6) = L(X%0).
BF 00
k=1,...K
Intuitively in this setting, as the number of bins gets large and their volume reduces, in the limit
almost all bins will be empty, with each observed datapoint 2* being contained in exactly one bin.
For the symbolic likelihood (3.3), this means that empty bins (sé,- = 0) will not contribute to the

likelihood, and the N non-empty bins (s?; = 1) will contribute the term gi(i(a:i; 0) = gyi(x%0),

which is the equivalent term contrlbutedbto the classical likelihood function L(X?;6).

As a result, this means that taking more bins will allow L(Si; 0), taken as an approximation
to L(X 2 0), to approximate the classical data likelihood arbitrarily well. The difference is that
the symbolic likelihood contains B! x ... x B¥ terms, which may be considerably less than the
N terms of the classical data likelihood L(X%6) = [Ia_; gxi(2%;6) for large datasets. In this
setting, the tradeoff of improved computational efficiency for some, perhaps small, approximation
error may be attractive.

In particular, we may construct the log-likelihood function of a bivariate random marginal
histogram S% by specifying the indices 45 = (iy,42), marginal bin indices by = (b;,,b;,) and

number of bins B x B2, giving

Bi1 B2

0(S=0)oc S > st (b, 1y 108 Plo i) (0)- (3.4)

bi;=1b;5=1
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Similarly, specifying ¢ = (i1, 42,3) leads to the log-likelihood function of a trivariate random

marginal histogram §% with B* x B x B® bins indexed by bz = (b;,, bi,, bi,), given by

. B1 B2 B3
Z(SILS?G) & Z Z Z S’Zzilybigbig)IOgP(bil’bi2’bi3)(9)‘ (35)

biy=1biy=1b;,=1

Clearly the number of terms in the full symbolic likelihood (3.2), B! x ... x BX increases
exponentially as the dimension of the histogram, K, increases. This is further compounded
since larger B¥, k = 1,..., K, will produce a closer likelihood approximation L(S;6) ~ L(X;6),
which may be desirable. Similarly, the complexity of efficiently computing the K-dimensional
integral Py(0) = fTb gx(z;0)dz also increases with K. Together this means that it may rapidly
become practically infeasible to directly use the symbolic likelihood of ( )
in more than, say, K = 5 or 6 dimensions, which reduces the applicability of this approach.
However, the computational overheads of the bivariate and trivariate marginal histogram log-
likelihoods (3.4) and (3.5) will be much lower. This motivates the use of composite likelihood
techniques, constructed from marginal histograms S* of S, which we now describe within the

symbolic likelihood setting.

3.2.2 Composite likelihoods

Composite likelihoods, part of the family of pseudo-likelihood functions, are one practical
technique for constructing asymptotically consistent likelihood-based parameter estimates when
the standard likelihood function is computationally intractable ( , , ,

). Such intractability can occur in many common modelling scenarios ( ,

, , ). In particular, in Section 3.4 we examine max-stable process models
for spatial extremes ( , , , ), for which closed-form densities
are available for models with K = 2 or 3 spatial locations, but not for the larger K required in
practical applications, typically measured in the hundreds. See Section 3.4 for further details.
Composite likelihoods are defined as the weighted product of conditional or marginal events
of a process, each of which may be described by e.g. an ordinary likelihood function ( ,

). If we assume all weights are equal for simplicity, a composite likelihood function can be
expressed as Lop(x;0) o< [172 Li(x; ), where L;(x; 0) is the likelihood function of a conditional
or marginal event of x for a given parameter vector 6.

A special case of the composite likelihood function is the j-wise composite likelihood function,
comprising all j-dimensional marginal events. Using the same notation as in Section 3.2.1, and
defining Z; = {¢ : ¢ C {1,..., K}, |¢| = j} to be the set of all j-dimensional subsets of {1,..., K},

the j-wise composite likelihood function can be written as

LE) (x:0) o [ ghs(a;0), (3.6)
iGIj

where, as before, g% represents the j-dimensional (marginal) density associated with the j-wise
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event ¢ € Z;. In analogy with (3.4) and (3.5), when j = 2 the pairwise composite log-likelihood
(2)

function, £/, is given by

K-1 K o
ocz Z loggXilyXiQ(a:“,m”;H), (3.7)

11=1149=11+1

and similarly for j = 3, the triple-wise composite log-likelihood, E(g]);, is given by

K- - K
CL x;0) Z Z Z log gxi xiz x7s (™, 22, 2%, 0).

=14i9=i14+1i3=io+1

Taking first order partial derivatives of ﬁg)L(x;O) with respect to 6 yields the composite

score function Vﬁg}d(ﬁ; x), and taking second order partial derivatives gives the Hessian matrix
V2€(j ) 1(0;x). ( ) showed that the resulting maximum j-wise composite likelihood

A‘)

estimator, Gg 1, is asymptotically consistent and distributed as
VN (ég} - 0) N (o, G<J’>(0)*1) ,

where GU) is the (j-wise) Godambe information matrix ( , ) defined by GU)(9) =
HO)(0)J9)(0)"LHG)(6), where HO)(0) = —Ey(V2(Y) (0;2)) and JO)(0) = V, (VL) (6; ) are
respectively the sensitivity and variability matrices. For standard likelihoods we have 57 = K and
Z={(1,...,K)}, and so dropping the superscripts, H () = J(6) and the Godambe information
matrix reduces to G(8) = H(6) = I(6), where I(0) is the Fisher information matrix. The above
result shows that the composite MLE is asymptotically unbiased, however it is worth noting
that G(6)~! often does not attain the Cramer-Rao lower bound and subsequently there is a

decrease in efficiency when the the composite MLE is used in the place of the standard MLE

( , 2011).

3.3 Composite likelihood functions for histogram-valued data

In this Section we introduce a composite likelihood function for random histograms that
is constructed using sets of marginal histograms. We will first present the main result, before
examining the consistency and variability of the symbolic composite MLE in turn, as the form

of each of these has interesting implications for statistical inference using random histograms.

3.3.1 Composite likelihood function

Suppose that we observe T independent replicates, Xq,..., X7, of the random variable
X = (X1,...,Xn) € REXN over some index variable ¢t = 1,...,T (e.g. time), and denote the
realised values as xy. For each X4, t = 1,...,T, we may construct a K-dimensional random
histogram S; over the set of bins {1,...,B}. A j-dimensional marginal histogram of S; may

then be constructed as S?, where 4 € Z;. For a given model gx (;60) = Y, gx(xi;6) for the
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micro-data X, the likelihood of the marginal histogram S? is then given by L(S%;6) in (3.3).
We can now define the j-wise symbolic composite likelihood for all j-dimensional marginal
histograms Sé of §y,i€Z;,t=1,...,T as follows.

Proposition 3.3.1. Writing S1.7 = (S1,...,S7) as the collection of K-dimensional his-

tograms, the j-wise symbolic composite likelihood for Sy.r is given by

L8l (S1.1:0) H [T L(Si;0), (3.8)
t= 1162

where L(S%;0) is defined in (3.3). Defining the mazimum j-wise symbolic composite likelihood
estimator as 955‘](),% = arg maxg LgéL(SlzT; 0), following standard composite likelihood construc-

tion arguments ( , ) we have
VN (0§, - 0) = N (0,69(0)7),

as N — oo where G (9) = HY(0)JUD(9)"'HY)(9), and where estimates of the sensitivity and

variability matrices are given by

T T B '
A050y) = =2 Y VASEO) = =33 X 51,V loa Py (60, (3.9)
t=1 ’L’EI]' t=1 iEIj bzzlz

T T
050 =>" (Z v z';e)) (Z v z’;m)
1€l

t=1 iEIj j

T B? T
> (Z Z $it V108 Py HSCL) (Z > iV log tb’(ggg‘L)) , (3.10)

t=1 \i€Z; pi= 1€l pi=1t

where t subscripts indicate dependence on Sy.

For example, the pairwise (j = 2) symbolic composite log-likelihood function is given by

T K o
e(s%L(Sl T:0) = Z ' Z €(S§””2);9) (3.11)

where £(S}; (102, ;0) is given by (3.4), and the triple-wise (j = 3) symbolic composite log-likelihood

function is given by
; T K—2 K-1 K
E,(S'g'L(SlT7 9) = Z Z E 21,12,13 ) (312)

t=141=112=t1+1 iz=iz2+1

where E(Sgil’iz’i‘?’); 6) is given by (3.5).
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3.3.2 Symbolic composite maximum likelihood estimator consistency

It is straightforward to show that the j-wise symbolic composite likelihood estimator égé I

that maximises (3.8) is consistent with the equivalent composite likelihood estimator ég)L that
maximises L(CJ)L(XLT; 0) =T1-, Lg}d(Xt; 0) where Lg%(Xt; 0) is given by (3.6) as the number
of bins in each marginal histogram approaches infinity and the volume of each bin approaches

Z€ero.

We show this by extending the univariate proof described by ( ) to (w.l.o.g) the

bivariate (j = 2) setting, from which the extension to the K-dimensional case is immediate.

Consider the pairwise composite log likelihood given in (3.11). In this case, for i = (i1,i2) €
T, and for any t = 1,...,T (although dropping the subscript ¢ for clarity), the probability that

a bivariate micro-data observation X* € R? falls in marginal bin b® = (b;,,b;,) over the region

Wor, 1 s, ] % (W2 1w, ] 1
Py (60) = Gislyh! 2 10) — Ghayil 1082 560) = Gai! w02 _10) + Gyl 1 w2 _136),
where Gx (z;60) is the distribution function of gx(x;0).

Fixing the i margin, by the mean value theorem there exists a Zp, € (yél_ 5 yé?l] such that
i1 i

. ‘ d . . . . d . :
Fy(8) = Wby, = v, 1) g s (T, 5, 30) = Wy, — Wi, 1) g Gls (5 7, 136,

where %G x denotes differentiation with respect to the k-th component of Gx. Similarly fixing

the i1 margin, again by the mean value theorem there exists a @y, € (yé? —1> yz? | such that
12 2

7 7 d ~ 7 ~ 7
Pbi (9) = (ybl- - ybl- _l)diml [GX (wbil s yb?z ; 9) - Gx (%’bl ) ybl_l% 9)]
d d

Gy, 10
d.’IIl d.’I)Q X(mbzl7xb125 )

= Yoy, = Yy, —1)Woy, = Ve 1)
d d

X TMT@GX (i'bil ) jbiz; 9) =9x (jbil ’ jbi? ; 0)

This allows the pairwise symbolic composite log likelihood to be written as

-1 K Bi1 B2

(on(Stri0) o< SN 3 SN sh by loggki(@n, T, 0).

t=1i1=1iy=i1+1b;, =1 b, =1

Now, letting the number of bins B, B® — oo such that each bin’s volume — 0 means that in the
limit each bin will either contain zero (s%b_ b)) = 0) or, assuming continuous data, exactly one
i1 Yig

observation (s%b b)) = 1). In the case where a bin contains exactly one observation, the m-th
12

,L.17 . . . .
observed classical datapoint (Zm. i, Zm.i,), we have (y,! _;,y;" ] X (yfi 71,y2 | = (®miy s Tz )-
9 b 1’1 ’L]_ 2 2 9 b
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Hence (i“bil,:ibiQ) — (Tmyiy» Tm,iy) and so

2 T K-1 K N
KEQCL(SLT’ - Z Z Z oggX, xm,bilu$m,b¢2§0)7

t=111=1i2=i1+1m

)

which is has a maximum at 0( This argument straightforwardly extends to the j-wise symbolic

composite likelihood by 1terated use of the mean value theorem.

This result means that the symbolic composite likelihood can be considered an asymptotically
consistent approximation of the standard composite likelihood, which yields an approximation
of the standard MLE. As a consequence, this approach can be considered ‘an approximation
of an approximation’, with the limiting case with increasing B (and reduction in bin volume)
resulting in the standard composite MLE, and this, simultaneously with increasing N yields
consistent estimates to the true value 6. The approximation can be arbitrarily close to the
classical composite equivalent (though at the cost of increasing computational overheads) as the

number of bins increases.

There are a number of specifications under which the 7' random histograms may be con-
structed from the underlying micro-data (and the details of these are encoded in the parameter
¢ in (3.1)). These specifications control the location and sizes of the bins in each random his-
togram, and the number of random histograms, 7', itself. While we do not discuss the merits
of particular constructions here, we note that the above asymptotic consistency result for the
symbolic composite log likelihood holds regardless of the method of bin construction in each
histogram (as long as the volume of each bin approaches zero as the number of bins approaches
infinity), and regardless of the number of random histograms, 7' (as long as the underlying
micro-data X1, ..., Xy are stationary). Consistency also holds for different numbers of micro-
data encoded in each random histogram S; as long as there is sufficient data in enough unique
bins that £(S%;6) is well defined and satisfies the usual regularity conditions.

In particular, if each random histogram has exactly the same bins, so that yfibk = y{fk for all
t=1,...,T, then the choice of T has no effect on the symbolic composite maximum likelihood
estimator. That is, fgcy, takes the same value independently of the number of random histograms

T. This is easily seen as
T
Zs;b,- = b,, Vb, 1, (3.13)
t=1

where Sb’ is the count of all micro-data falling in (marginal) bin b when all data are allocated

to a single (7" = 1) histogram. As a result, we then have

T Bt Bt
Z Z Z S:,bi log P, 4:(0) = Z Z‘sii log P,i(0),

t=14€Z; pi—q1 1€L; pi=1%

and so the resulting symbolic composite maximum likelihood estimators are equivalent. As a
result, if primary interest of an analysis is of fast computation of Osc L, then the optimal choice

is by constructing T' = 1 random histograms, as this will allow for the fastest optimisation of
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Zg%L(SLT;H). (Note that if all bins are equal, then this single histogram can be created by
simply summing the counts in each bin, following (3.13).) However, T = 1 will not be the

optimal choice if interest is also in computing Var(égg 1) — see the following Section.

3.3.3 Variance consistency

We now show the conditions under which the symbolic Godambe information matrix G (égg )

converges to the standard Godambe matrix G(ég%) In particular, we will show that as the
number of equally spaced histogram bins becomes large (so that B¥ — oo for k = 1,...,K)
while the volume of each bin approaches zero (|| — 0, Vb), and as the number of histograms
T — N so that each histogram contains exactly one micro-data observation, then

lim  lim Var(éé%L) Var(H(]))

TSN BF oo
k=1,...K

Following the same arguments as in Section 3.3.2 it is straightforward to show that

lim A (05),) = HOY)),
B —o00

k=1,...K
so that the symbolic Hessian matrix converges to the standard composite likelihood Hessian
matrix, regardless of the number of histograms, 7', due to the additive form of (3.9). Numerical
estimates of H (67%% ;) can be obtained through numerical methods during maximum likelihood

estimation (e.g. using the optim function in R).

The natural estimator for the variability matrix is the empirical variance estimator (3.10).
With increasing 7', the sum of the counts in each histogram S; decreases in magnitude until
there is exactly 1 non-empty bin with count 1 in each of " = N marginal histograms. At this

point

Z.Sibf:l’ VicZ;, t=1,...,N.

As a result, the limit of the symbolic composite log-likelihood function, as T' — N, is

lim 0., (S130) o< lim Z 3 Z st yilog P, yi(0) = Z > log P, (0

t 14€Z; pi—q1s t=14€Z;

where b® denotes the bin which contains the single micro-data observation x; in histogram Sj.

Because

lim log P, y:(0) = log g% (x}; )
BfF 500

k=1,...K

reduces to the standard composite likelihood marginal event component as the histogram bins
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reduce in size, then lim gx_, HA(S()J ég% It then follows that from (3.10)
k=1, K

-
lim lim j(ég%L) = lim Z (ZV 1 (1) GSCL) (ZV ()i QSCL))

T—N Bk
kliﬁo?( k=1, K t=1 \i€Z, i€l

T
N
= lim Z (Z ngz .%'t79 ) (Z VQXZ xtaa(C}/)>

k
121705 =1 \iex i€T

= J6e).

Convergence of the symbolic Godambe information matrix G(ég%, ;) to the standard Godambe

matrix G(G(] ) ) then follows under these limit conditions.

While the above result confirms that the limiting behaviour of égc)v 7 is the same as G(CJ)L, in

particular as T' — N, in practice we may prefer to have less than N random histograms for a

given analysis, particularly if IV is very large. In this setting, for a fixed T' < N we then have

k
ot i t=1 \i€, €T

.
T
lim  J09) = Y (Z Vi (@i 09),) ) (Z Vel wt,oggL>) (3.14)

using similar arguments to the above.

Compared to the standard composite likelihood sensitivity matrix J (H(J )) (3.14) can be
interpreted as the sensitivity matrix for a classical (micro-data) dataset where some temporal
information is lost. That is, we know which time block (histogram) ¢ = 1, ..., T" each observation
came from, but not specifically when each observation occurred within that block. As a result
the variability of HA(S]C{ 1, will always be larger for a smaller number of time blocks. As T increases,
more temporal information is retained as each time block then decreases in size. This leads to
more precise knowledge about when each data point may have been observed, and accordingly
leading to a reduction in the variance of éé%L The standard composite likelihood case is

recovered for T'= N when the time of each datapoint is known exactly.

Equation (3.14) thereby characterises the loss in precision for the standard composite MLE
as temporal information is lost. It also characterises the limiting performance (in the sense
of B¥ = 0, Vk) of the symbolic composite MLE. (This relationship is explored explicitly in
Section 3.4.2.) However the advantage of working with ég% 1, is that the likelihood function is
typically more computationally efficient to evaluate for large N. As such, estimating Var(égg )
represents a trade-off between greater precision (larger T') and greater computational and data

storage efficiency (smaller T').

In practice, the analyst would choose 1" as small as possible such that the inferential goals
(perhaps depending on confidence intervals of model parameters) are still viable, in order to
maximise overall analysis efficiency. Recall that, as discussed in Section 3.3.2, if all histogram
bins are equal, computation of the symbolic composite MLE itself can be achieved at low cost

by combining all histograms into a single histogram (7" = 1). So the main impact of the number
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of histograms is on the variability of the symbolic composite MLE. If the underlying data is
available, then T" = N can be used to determine the lowest possible variance of the obtained
estimates, as the computational cost of evaluating the variance, given the estimates, is only a
small proportion of the total computation when compared to the cost of evaluating the estimates

via the optimisation of the likelihood.

Increasing values of B can be investigated sequentially in order to determine the point at
which comparable estimates and standard errors to the classical composite likelihood function are
obtained. For the value B at which the change in results compared to the previously investigated
value is negligible, the practitioner can be confident that further increasing the number of bins
will not significantly improve the analysis, although it will increase the computational burden.
Although this approach requires the optimisation of multiple symbolic composite likelihood
estimators ég& ; for varying values of B, the simulations in the following section will demonstrate
that this is still more computationally efficient than the existing classical analysis for large
datasets, due to the large computational gains associated with employing a symbolic approach.
This simple approach is utilised in both the simulation studies in Section 3.4, and the real data

analysis in Section 3.5.

3.4 Simulation studies

We now examine the performance of the symbolic composite maximum likelihood estimator
within the context of our motivating application — modelling spatial extremes using max-stable
processes. We first briefly introduce these, before comparing Hi(gjc)v ;, to standard composite likeli-

hoods in accuracy, precision and efficiency under a range of modelling scenarios.

3.4.1 Max-stable process models

( ) first proposed a limiting distribution for modelling datasets comprising
of block maxima. Suppose X1i,...,X, € D, in some continuous space D, are i.i.d. univariate
random variables with distribution function F', and M, = max{Xi,...,X,}. If there exist
constants a, > 0, b, € R such that

M, —b

Jim p< "< x) — lim F"(aqe +b,) = Glo),

n—o0 an

is non-degenerate, for all x € D, then G is a member of the generalised extreme value (GEV)
family whose distribution function is gi\ien by G(z;u,0,8) = exp{—v(z;u,0,£)}, where u € R,
0>0,¢eR v(y;p,0,8) = (14—5%);2 when € # 0and e~ = otherwise, and a4 = min{0,a}.

Max-stable processes ( , , , , , ) are a

popular tool to model spatial extremes. Let X7, Xs,... be a sequence of i.i.d. copies of a

stochastic process {X(t) : t € T} over some space T. If continuous functions a,(t) > 0,
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b, (t) € R exist such that

lim maxizlw.’n Xz(t) — bn(t)
n— 00 an, (t)

=Y (1)

is non-degenerate, then Y'(¢) is a max-stable process. Spectral representations ( , ,

, ) allow to define max-stable models for Y () such as the flexible extremal skew-¢
( ) ) and its particular cases. Here we select the Gaussian max-stable process
( , ), one of the simplest parametric models. ( ) derived the joint
distribution function of this model for K > 2 spatial locations with coordinates t;, € 7T = RY,
k=1,...,K, where K < d+1. Let T = (t1,...,tx) € R”¥ be the matrix of coordinates
for the locations, and T_j be the matrix T" without the k*" column, k = 1,..., K. Also let
v = (v1,...,vg) € RE and cV)(v) = (ng)(v), ce cg-jjl(v), cgi)l(v), . ,c(j)(v))T € RE-L
where, for k =1,..., K, vp = v(yg; p, 0,€) " and clgj)(v) = (tj — tk.)TE_l(tj —tr)/2 — log (Z—i)
Then, writing () = (tilje 4 — T_j)TEfl(tjllz_l — T_j), where 15 = (1,...,1)T € R, the

distribution function of the Gaussian max-stable process model can be written as

K
PYL(t) < y1,....Yi(t) < yx) = exp {— 3 %@K_l (C(j)(v); 20‘)) } , (3.15)
j=1"7

where ®;4(-;X) is the d—dimensional zero-mean Gaussian distribution function with covariance
matrix . Each univariate margin of this process is a GEV distribution. The parameters for
this model are the spatial covariance matrix ¥ = [0;;] and the marginal GEV parameters p, 0, §.

For typical spatial problems the number of spatial locations K is in the order of hundreds.
We use K ~ 100 in some of the below simulations and the future-simulation climate data analysis
in Section 3.5. However, for a d = 2 dimensional surface, (3.15) is only valid for K = 2 or 3
locations, and for other constructions of max-stable models the distribution function becomes
rapidly intractable for more than a handful of spatial locations. For this reason, composite
likelihood techniques are attractive in practice.

In the following we compare the performance of both symbolic composite and standard
composite likelihood MLEs (é(sj()} 7, and GA(CZI)—J respectively) in scenarios following those in

( ) and ( ), where 0 = (011, 012, 022, 14, 7, &).

For each experiment, K locations are generated uniformly over the space 7 = [0,40] x

[0,40] (d = 2). For each location, N realisations are generated from the Gaussian max-stable

model using the R package SpatialExtremes ( , ) with standard Gumbel margins
(i.e. (u,0,8) =(0,1,0)).

3.4.2 Comparisons with composite likelihoods

Varying the number of bins, B

We generate N = 1000 realisations for K = 15 locations and 5 different configurations of the

covariance matrix X, with true values given in Table 3.1, which represent a range of dependence
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Figure 3.1: B x B bivariate histograms for different values of B for the same classical dataset
(bottom right panel) of size N = 1000, generated at two spatial locations under the Gaussian
max-stable model with ¥ = 33 (Table 3.1).

Model 011 012 022
b 300 0 300
P 300 150 300
PIEY 300 150 200
34 3000 | 1500 | 3000
s 30 15 30

Table 3.1: Spatial dependence parameter specifications for the Gaussian max-stable model,
following Padoan et al. (2010).

scenarios. For each dataset a single histogram S (7" = 1) is ‘constructed’, although in practice
we only construct all histograms 8% ¢ € T, for each pair of spatial locations. The number of
bins is constant in each dimension B¥ = B, k =1,..., K, and we specify B = 2,3, 5,10, 15 and
25. Figure 3.1 shows the resulting bivariate histograms for two locations with ¥ = Y.

Table 3.2 reports the resulting mean symbolic composite and composite MLEs, éggL and
ég%, with standard errors in parentheses, based on 1000 replicate analyses, for different values
of B. While for low B there is high variability in the estimates, as B increases the mean MLEs
and standard errors approach the same quantities obtained under the classical data analysis,

even in cases of very strong (34) or very weak (X5) dependence.

In this case, comparable estimates to the composite MLEs are available for B = 25, however

practically viable estimates (with larger variances) can be obtained for much smaller values
(B ~ 10).
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Model B o011 o192 29 n o £

2 335.5 (585.5) 5.7 (232.2) 317.2 (125.1) 0.0383 (0.1639) 0.8687 (0.0061) -0.0194 (0.0301)

3 301.0 ( 34.5) -0.1 ( 16.9) 301.9 ( 33.5) 0.0812 (0.0550) 0.9195 (0.0342) 0.0182 (0.0210)

5 299.1 ( 23.1) -0.9 ( 13.2) 299.9 ( 24.1) 0.0067 (0.0295) 0.9666 (0.0285) 0.0136 (0.0194)

bR} 10 299.8 (1 20.2) -0.5 ( 11.1) 300.0 ( 20.9) -0.0015 (0.0276) 0.9898 (0.0186) 0.0039 (0.0120)
15 299.8 ( 18.9) -0.3 ( 10.4) 300.0 ( 19.5) -0.0017 (0.0272) 0.9929 (0.0179) 0.0027 (0.0110)

25 299.7 ( 18.0) -0.3 ( 10.0) 300.2 ( 18.9) -0.0016 (0.0272) 0.9954 (0.0179) 0.0013 (0.0102)

Classic | 300.76 (17.1) -0.4 (9.7) 301.02 (18.1) -0.0019 (0.0262) 0.9986 (0.0173)  0.0007 (0.0084)

2 316.59 (149.1)  165.1 (246.8) 332.9 (153.5) 0.3763 (0.1448) 0.8671 (0.0632) -0.0163 (0.0284)

3 299.6 ( 35.0) 149.7 ( 24.9) 300.8 ( 33.7) 0.0755 (0.0439) 0.9258 (0.0284) 0.0151 (0.0192)

5 298.9 (1 23.4) 149.2 ( 16.7) 299.9 ( 23.4) 0.0077 (0.0280) 0.9705 (0.0266) 0.0114 (0.0182)

o 10 299.3 ( 20.2) 149.6 ( 13.9) 300.3 ( 19.9) 0.0002 (0.0267) 0.9912 (0.0182) 0.0023 (0.0118)
15 299.4 ( 19.2) 149.7 ( 13.2) 300.5 ( 19.0) -0.0001 (0.0265) 0.9941 (0.0179) 0.0021 (0.0108)

25 299.7 ( 18.3) 149.9 ( 12.5) 300.5 ( 18.1) 0.0001 (0.0265) 0.9964 (0.0176) 0.0009 (0.0100)

Classic 300.7 (17.0) 150.4 (11.6) 301.53 (17.0) -0.0002 (0.0258) 0.9997 (0.0172) 0.0004 (0.0081)

2 321.6 (360.0) 162.3 (210.6) 210.8 (131.2) 0.3596 (0.1310) 0.8671 (0.0586) -0.0150 (0.0271)

3 296.1 ( 30.6) 147.4 ( 20.1) 197.9 ( 19.9) 0.0723 (0.0422) 0.9302 (0.0280) 0.0113 (0.0174)

5 298.8 (1 23.3) 149.4 ( 15.3) 199.6 ( 15.4) 0.0065 (0.0263) 0.9713 (0.0237) 0.0102 (0.0170)

o3 10 299.0 ( 19.3) 149.6 ( 12.3) 199.7 ( 12.9) -0.0001 (0.0252) 0.9908 (0.0174) 0.0031 (0.0114)
15 299.5 ( 18.7) 149.8 ( 11.6) 199.8 ( 12.1) -0.0009 (0.0249) 0.9942 (0.0170) 0.0021 (0.0105)

25 299.7 ( 17.8) 150.0 ( 11.2) 200.0 ( 11.8) -0.0009 (0.0251) 0.9963 (0.0168) 0.0009 (0.0096)

Classic 300.7 (16.4) 150.6 (10.2) 200.6 (10.9) -0.0013 (0.0243)  0.9993 (0.0164)  0.0004 (0.0079)

2 3554 (2071) 1848 (1319) 3473 (1839) 0.4337 (0.2211) 0.8691 (0.0847) -0.0393 (0.0342)

3 2954 ( 435) 1453 ( 294) 2952 ( 405) 0.0857 (0.0729) 0.9132 (0.0418) 0.0202 (0.0250)

5 3003 ( 345) 1500 ( 244) 2996 ( 337) 0.0071 (0.0355) 0.9626 (0.0366) 0.0156 (0.0258)

3y 10 3002 ( 249) 1506 ( 169) 2997 ( 239) -0.0004 (0.0323) 0.9891 (0.0233) 0.0030 (0.0172)
15 2992 (1 217) 1498 ( 148) 2988 ( 211) -0.0009 (0.0318) 0.9930 (0.0224) 0.0009 (0.0147)

25 2992 ( 199) 1499 ( 136) 2991 ( 200) -0.0010 (0.0318) 0.9953 (0.0222) -0.0001 (0.0128)

Classic 3002 (190) 1503 (124) 2999 (189) -0.0001 (0.0308)  0.9988 (0.0217) -0.0025 (0.0113)

2 30.97 (3.57) 15.53 (2.81) 30.98 (3.86) 0.3356 (0.1003) 0.8662 (0.0456) -0.0002 (0.0093)

3 29.83 (2.04) 14.89 (1.58) 29.82 (2.18) 0.0633 (0.0246) 0.9452 (0.0184) 0.0032 (0.0099)

5 29.86 (1.54) 14.85 (1.17) 29.82 (1.71) 0.0071 (0.0157) 0.9821 (0.0140) 0.0021 (0.0076)

o5 10 29.93 (1.27) 14.92 (0.95) 29.91 (1.45) 0.0012 (0.0149) 0.9928 (0.0111) 0.0009 (0.0046)
15 29.96 (1.20) 14.93 (0.91) 29.91 (1.33) 0.0004 (0.0146) 0.9952 (0.0108) 0.0007 (0.0038)

25 29.97 (1.13) 14.95 (0.86) 29.94 (1.28) 0.0001 (0.0145) 0.9970 (0.0106) 0.0003 (0.0031)

Classic | 30.10 (0.94) 15.06 (0.66) 30.06 (1.03)  -0.0004 (0.0144) 0.9997 (0.0104)  0.0000 (0.0004)

Table 3.2: Mean (and standard errors) of the symbolic composite MLE é?(i*L an

d composite

MLE GA(C?% (Classic) from 1000 replications of the Gaussian max-stable process model, for B x B

histograms for varying values of B. Results based on N = 1000 observations at K = 15 spatial
locations and 7' = 1 random histogram.

Varying the number of bins and marginal histogram dimension

We generate N = 109 realisations for K = 10 locations using the covariance parameter
specification ¥ = 33. Both pairwise (Bg x Bs marginal histograms) and triplewise (B3 X B3 X Bs
marginal histograms) symbolic composite MLEs, HA(SQC)V 1 and égc)v 1, were computed and compared
for varying values of By and Bs, constructed from a single (7' = 1) random histogram.

Table 3.3 reports the resulting means and standard errors of ég% 1, and égg ;, obtained over
200 replicate analyses. Each row represents marginal pairwise and triplewise histograms with
approximately equal numbers of bins (i.e. B ~ Bj) representing approximately equivalent
computational overheads. As before, both symbolic composite MLEs converge as the number

of bins increases.

When the number of bins are comparable (i.e. B3 ~ B3) the pairwise estimates invariably
have smaller standard errors than the triplewise estimates. This can be attributed to the direct
tradeoff between a lower resolution histogram in higher dimensions compared to a higher reso-
lution histogram in lower dimensions, when keeping the number of histogram bins comparable.
In this case, the extra lower-dimensional precision is more informative for the model parameters
than higher-dimensional information, and so the pairwise estimator is more efficient. However,
when the number of bins in each margin is the same (Bs = B3), so that the resolution in each
dimension is the same, but where the triplewise estimator uses higher-dimensional information

(using more bins), then the triplewise composite MLE is naturally the most efficient.
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B%‘B% ) 011 ) ) 012 ] ) 022 )

‘ Pair Triple Pair Triple Pair Triple
32]23 300.62 (2.80) 298.98 (8.45) 150.35 (1.94) 149.36 (5.76) 200.14 (1.74) 199.68 (5.46)
52|33 300.55 (0.95) 300.23 (2.44) 150.40 (0.66) 150.09 (1.66) 200.26 (0.55) 200.02 (1.50)
82|43 300.45 (0.80) 300.21 (1.28) 150.31 (0.54) 150.16 (0.86) 200.20 (0.50) 200.07 (0.82)

112/5° 300.57 (0.72) 300.42 (0.91) 150.39 (0.46) 150.30 (0.62) 200.22 (0.38) 200.19 (0.56)
B2|B? 4 s . . 7 . . ¢ .

: Pair Triple Pair Triple Pair Triple
32123 | 0.0426 (0.0217) 0.1515 (0.0494) | 0.9803 (0.0094) 0.9718 (0.0112) | 0.0039 (0.0023) 0.0004 (0.0055
52|33 | 0.0016 (0.0025) 0.0411 (0.0209) | 0.9978 (0.0033) 0.9807 (0.0092) | 0.0008 (0.0013) 0.0037 (0.0023
82143 | 0.0001 (0.0007) 0.0093 (0.0079) | 0.9999 (0.0007) 0.9926 (0.0056) | 0.0001 (0.0001) 0.0020 (0.0016

112|5% | 0.0000 (0.0008) 0.0015 (0.0023) | 0.9999 (0.0001) 0.9978 (0.0029) | 0.0000 (0.0001) 0.0008 (0.0011

Table 3.3: Mean (and standard errors) of the pairwise (fg5 ;) and triplewise (éSC 1) symbolic

5(2)

(3)

composite MLEs from 200 replications of the Gaussian max-stable process model for Bs x By
(pairwise) and B3 X Bs x Bsg (triplewise) histograms, with varying By, Bs. Rows correspond to
B2 ~ B§’ to compare approximately equal numbers of histogram bins. Results based on N = 108
observations at K = 10 spatial locations, 7" = 1 random histogram and > = X3.

Varying the number of spatial locations, K

We generate N = 105 realisations at K locations (for varying K) using the covariance
parameter specification > = 3. The random locations for smaller K are a subset of those

for larger K. Both pairwise and triplewise symbolic composite MLEs, ég();L

and ég?gb are
computed, using By x Bs and B3 X B3 x Bs random marginal histograms, where By = 8 and
Bs = 4 so that each marginal histogram has 64 bins.

(2)

Table 3.4 reports the resulting means and standard errors of éSC 7 and éggL for different

values of K, based on 200 replicate analyses. As expected, as K increases both composite
MLEs become increasingly accurate, particularly the dependence parameters (011,012, 022), as
the amount of spatial information increases, with the pairwise composite MLEs producing more
accurate estimates for an equivalent number of bins. These results are consistent with those for

standard pairwise and triplewise composite MLESs seen in e.g. ( ) and

(2011),

Varying the number of underlying observations, N

One of the motivations for aggregating micro-data into random histograms before an analysis
is that the analysis, while losing some information in the data, will be much faster. We generate
N =103,...,107 realisations for K = 10 locations using the covariance parameter specification
> = ¥3. We compute standard pairwise composite (ég%) and symbolic pairwise composite
(62,,) MLEs, with By = 25 and T = 1.

Table 3.5 reports the resulting means and standard errors of ég% and ég% 5, for different values
of N, based on 100 replicate analyses. As expected, as IV increases the composite MLEs become
increasingly accurate, with the standard composite MLEs outperforming the symbolic composite
MLESs, although the difference here is relatively minor as we are using 25 x 25 histogram bins
in each pairwise comparison. However, it was not computationally viable to compute ég% for

N > 105. To explore this in more detail, these simulations were repeated for K = 20, 50, 100
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Pair Triple Pair Triple Pair Triple
3 300.44 (5.80) 299.24 (13.37) 150.30 (2.41) 150.02 (6.75) 201.55 (11.12) 200.12 (7.84)
5 300.35 (1.53) 299.95 ( 2.37) 150.28 (1.10) 150.02 (1.99) 200.22 ( 1.00) 199.98 (1.89)
10 300.21 (0.88) 299.95 ( 1.22) 150.15 (0.59) 149.99 (0.83) 200.10 ( 0.53) 199.94 (0.77)
15 300.19 (0.71) 299.93 ( 1.12) 150.12 (0.48) 150.00 (0.73) 200.06 ( 0.46) 200.00 (0.72)
20 300.20 (0.78) 299.99 ( 0.99) 150.14 (0.47) 150.02 (0.70) 200.08 ( 0.44) 199.99 (0.69)

W o 13
Pair Triple Pair Triple Pair Triple

-0.00003 (0.0011) 0.00727 (0.0102) | 0.9999 (0.0009) 0.9947 (0.0069) | 0.00006 (0.00062) 0.00121 (0.00193)
-0.00002 (0.0010)  0.00671 (0.0088) | 0.9999 (0.0008) 0.9950 (0.0064) | 0.00008 (0.00059) 0.00111 (0.00187)
-0.00006 (0.0009)  0.00595 (0.0068) | 0.9999 (0.0007)  0.9956 (0.0047) | 0.00009 (0.00048) 0.00093 (0.00133)
-0.00004 (0.0001)  0.00553 (0.0054) | 0.9999 (0.0007) 0.9958 (0.0042) | 0.00007 (0.00042) 0.00092 (0.00131)
-0.00005 (0.0001)  0.00524 (0.0053) | 0.9999 (0.0007) 0.9961 (0.0039) | 0.00006 (0.00048) (0.00121)

[CRE.
S &GS o X

0.00080

Table 3.4: Mean (and standard errors) of the pairwise (QAE@QC)VL) and triplewise (é(s?g 1) symbolic

composite MLEs from 200 replications of the Gaussian max-stable process model for By x Bs
(pairwise) and Bz x Bz x Bs (triplewise) histograms, with varying K. Results based on N = 10°
observations in T = 1 random histogram with By = 8 and By = 4 (so that B = Bj) and
¥ =13s.

spatial locations, and a slightly smaller range of observed data (N = 1000 to 500 000) to provide

a better comparison with the standard composite MLEs.

Table 3.6 summarises the mean computation times (in seconds) for different stages involved
in computing the composite MLEs, based on 10 replicate analyses. Simply in terms of optimising
the respective likelihood functions, the symbolic composite likelihood () is much more efficient
than the equivalent composite likelihood (¢.). The computational overheads of the former are
essentially constant with respect to IV, and so these are largely driven by the number of pairwise
components (K/(K — 1)/2) in the likelihood. The computational overheads of the composite

likelihood are driven both by N and K, and so computing ég% becomes largely impractical

when either becomes moderately large. Clearly computation of GA(SZ(ZV ;, would take similar times

to those in Table 3.6 for considerably larger N.

An additional step in computing HA(S% 1, is construction of all bivariate marginal histograms

S% i € T,. We constructed these in two alternative ways: using the R function hist (tpistr)
and the R package DeltaRho (ty;stpr) which provides an interface to map-reduce functionality
whereby the histograms can be constructed in parallel on multiple processors and machines, and

then combined.

For small values of IV, using the simple hist function on a local machine is quicker than us-
ing DeltaRho and communicating between multiple machines. However, DeltaRho increasingly
outperforms hist as the number of datapoints N increases. Our DeltaRho setup was modest
with only 4 parallel machines; more expansive setups could drastically reduce histogram con-
struction time for large N. Regardless of the histogram construction method adopted, it is clear
that computing the symbolic composite MLE is considerably more efficient than the standard

composite MLE.
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N o011 012 092

Classic Pair Classic Pair Classic Pair
103 | 200.48 (17.09)  298.11 (17.24) | 149.90 (10.37)  148.84 (11.05) | 200.45 (11.05)  200.11 (11.69)
10* | 299.07 (5.76)  298.56 ( 6.07) | 149.65 (3.26)  149.09 ( 3.63) | 199.92 (3.32)  199.39 ( 3.70)
10° | 300.56 ( 1.56) 300.49 ( 2.07) 150.42 (1 0.98) 150.32 ( 1.27) 200.28 ( 1.14) 200.18 ( 1.49)
108 - 300.21 ( 0.61) - 150.18 ( 0.45) - 200.14 ( 0.43)
107 - 300.13 ( 0.23) - 150.06 ( 0.17) - 200.02 ( 0.18)
N Iz o 3

Classic Pair Classic Pair Classic Pair
10% | -0.0074 (0.0280) -0.0077 (0.0286) | 0.9972 (0.0169) 0.9964 (0.0170) | 0.0016 (0.0115)  0.0024 (0.0123)
10* | -0.0017 (0.0074) -0.0013 (0.0076) | 0.9989 (0.0051) 0.9988 (0.0052) | -0.0002 (0.0039) -0.0002 (0.0040)
10° | -0.0002 (0.0021) -0.0002 (0.0025) | 1.0000 (0.0014) 1.0000 (0.0015) | 0.0001 (0.0010)  0.0001 (0.0013)
108 - 0.0000 (0.0007) - 1.0000 (0.0004) - 0.0000 (0.0004)
107 - -0.0001 (0.0002) - 1.0000 (0.0001) - 0.0000 (0.0001)

5(2)

Table 3.5: Mean (and standard errors) of the standard pairwise composite (6 ) and symbolic

pairwise composite (ég% 1) MLEs from 100 replications of the Gaussian max-stable process model

with By X Bs histograms with By = 25. Results are based on K = 10 spatial locations, 7' =1
random histogram and 3 = Y.

Varying the number of histograms, T'

Until now the N observed datapoints have been aggregated into a single histogram, 7' =1 (or
more precisely one low-dimensional marginal histogram per composite likelihood component). If
each histogram S, ..., ST has exactly the same bins then collapsing these to a single histogram,
as discussed in Section 3.3.2, will produce the same symbolic composite MLE as if T > 1
histograms were used. However the number of random histograms T will affect the standard
errors of ég% 1, as discussed in Section 3.3.3. That is, by aggregating the spatially observed micro-
data over multiple time points, there is a loss of information in knowing which observations at
location ¢; occurred at the same time as observations at location ¢; within the same random
histogram. This results in a loss of spatial information, which will impact the efficiency of the
symbolic likelihood estimators.

To examine this we generate N = 1000 realisations for K = 10 spatial locations using the

covariance parameter specification ¥ = 3. We compute the standard composite (9(02%) and

symbolic (égg ;) pairwise composite MLEs when aggregating the observations equally into T =
4,5,10, 20,40, 50, 100,200 and 1000 histograms S; (so that for 7= 1000 we have 1 observation
per random histogram), with B x B = 252 bins in each pairwise marginal histogram. The means
of the Godambe standard errors for the composite MLEs for each value of T' are reported in
Table 3.7, based on 1000 replicate analyses. This procedure is then repeated 100 times while
varying the number of marginal histogram bins (B?), with the results illustrated in Figure 3.2.

From Table 3.7, for a small number of histograms the estimated standard errors are large
compared to the standard composite likelihood estimates due to the significant loss of tempo-
ral information. As T increases these standard errors reduce as more temporal information is
recovered. With 7= N (and one data point per histogram) the standard errors become com-
parable, although the location of the single datapoint within each histogram for T' = N is still
uncertain, and so unless the number of bins also increases, the standard errors of the symbolic

composite MLE will be larger than those of the standard composite MLE, even for T' = N.
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N K =10 K =20
te ts thistbR  thistR te ts thistbR  thistR
1000 71.9 225 0.8 0.1 383.4 79.6 1.8 0.4
5000 291.8 19.0 0.8 0.3 1578.2 99.3 2.1 1.0
10000 591.7 23.8 0.9 0.5 31254 103.2 2.4 1.8
50000 2626.8 24.2 1.7 2.1 20459.4 107.3 4.5 7.6
100000 5610.7 254 2.4 4.2 115.0 6.9 14.9
500000 | 31083.1 23.2 7.5 20.6 - 96.1 26.6 73.5
N K =50 K =100
te ts thistbr  thistR te ts thistbr  lhistr
1000 7333.9 528.5 9.3 3.0 - 2238.0 78.8 12.0
5000 27616.5 665.1 10.6 7.7 - 2650.2 81.7 30.9
10000 - 696.3 12.4 13.5 - 2356.6 85.8 54.1
50000 - 744.8 24.8 59.0 - 2300.6 131.6 237.0
100000 768.1 41.3 115.7 2766.9 188.2 461.8
500000 - 802.9 156.1 561.3 - 3111.5 627.1 2243.5

Table 3.6: Mean computation times (seconds) for different components involved in computing

ég% and @é%L for different classical dataset sizes N and number of spatial locations K, based

on 10 replicate analyses. Columns t. and ts respectively show the time taken to optimise the
standard composite and symbolic composite likelihood functions. Columns tp;:pr and tpistr
show the time taken to aggregate the data into histograms using DeltaRho and R function hist
respectively. Results are based on T' = 1 random histogram and ¥ = ¥s.

Figure 3.2 illustrates how the mean Godambe standard errors, for fixed 7', approach the (square
root of the) appropriate diagonal term of the limit (3.14) of the variability matrix J (@g% L), as
the number of histogram bins becomes large. As T" — N this limit (horizontal dashed lines)
approaches the equivalent standard errors under the standard composite likelihood (the lowest

horizontal dashed line).

Of course, while standard error accuracy increases for larger T, computational overheads
increase in proportion to 7. Hence in practice, and with equal bins over all histograms, to
compute the symbolic composite MLE égc)y 1, we would use T' = 1, whereas to compute standard
errors we would use as small a number of histograms as possible (to maximise computational
efficiency) such that the scale of the standard errors is acceptable within the context of the given

analysis.

T o11 O12 022 I o I3
5 217.81 147.60 158.48 0.31 0.19 0.13
10 167.90 113.21 122.55 0.23 0.15 0.10
20 122.00 82.66 88.64 0.17 0.11 0.07
50 79.09 54.10 57.91 0.11 0.07 0.05
100 56.23 38.37 40.93 0.08 0.05 0.03
200 40.01 27.19 29.02 0.06 0.04 0.02
1000 17.94 12.28 13.07 0.03 0.02 0.01
Classic | 16.65 11.53 12.69 0.021 0.014 0.008

(2)

(2)

for different
Results are based on

Table 3.7: Means of the estimated Godambe standard errors of éSCL and éCL
numbers of random histograms, 7', based on 1000 replicate analyses.
N = 1000 observations with B = 25 and X = >3.
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Figure 3.2: Godambe standard errors (solid lines) for the dependance parameters (011, 012, 022)

of GA(SQC)V ;, for varying number of random histograms 7', and number of marginal histogram bins

B?. Dashed horizontal lines denote the appropriate term of the limit (3.14) of the variability

matrix J (92% 1) Results are based on N = 1000 observations with ¥ = 3.

3.5 Analysis of millennial scale climate extremes

We consider daily maxima of historical temperature data (1850-2006) and future simulated
temperature data (2006-2100) simulated using the CSIRO Mk3.6 climate model, for 105 grid
locations (considered as the spatial co-ordinates) at the centre of 1.875° x 1.875° grid cells over
Australia (Figure 3.3). Two different scenarios (RCP4.5 and RCP8.5) are used to generate the
future data, which represent two of the four greenhouse gas scenarios projected by the Intergov-
ernmental Panel on Climate Change (IPCC) based on how much greenhouse gases are emitted
in future years (Stocker et al.; 2013). Due to seasonal periodicity, only data from 90 days across
the summer months (December—February) are considered, to induce approximate stationarity
of the process. Due to the temporal dependence evident in the RCP4.5 and RCP8&.5 data the
daily maximum temperatures at each spatial location were linearly detrended, so that the re-
sulting block-maxima constitute the largest deviation above the mean temperature. Maxima
are computed over 15-day blocks, resulting in 6 observations per year, and N = 936 and 570
total observations per location for the historical and climate model data respectively. Following
Padoan et al. (2010) and Blanchet and Davison (2011) we fit the Gaussian max-stable process

(Smith, 1990) model with spatially varying marginal parameters, in particular with

pk) = a0 + onz(k) + agy(k),  o(k) = fo+ brz(k) + Pay(k),  &(k) =,

where (z(k),y(k)) are the spatial co-ordinates of the k-th location. Other co-variates (such as

altitude) were not considered due to the reasonably flat nature of the topography across the
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study region.

Table 3.8 lists the total number of terms in the standard pairwise composite likelihood,
Eg%(@), and the symbolic composite likelihood, €(C2)L(0), for a single (T" = 1) bivariate B x B
histogram with B = 15, 20,25, 30. While the number of terms in the symbolic likelihood is guar-
anteed to be lower than the standard likelihood if B2 < N, in practice the number of non-empty
histogram bins contributing to the likelihood (centre column, Table 3.8) can be considerably
smaller, particularly for strongly dependent data. For the current analyses, the symbolic com-
posite likelihood has significantly fewer terms, leading to substantially faster optimisation and
lower computational costs than the standard composite likelihood. As discussed in Section 3.3,
the symbolic composite MLE (égzg ;) can be computed exactly with 7" = 1 random histogram,
and so this optimisation (which evaluates the target function many times) can be very efficient.
In contrast, T = N histograms are required for the best variance estimates (see Table 3.7),
and so the resulting computational overheads are comparable to that of the standard composite

likelihood (though these are only a small proportion of total computation).

Figure 3.3: K = 105 spatial locations for the historical and future-simulated temperature data
over Australia. Each cross represents the midpoint of a 1.875° x 1.875° box in a spatial grid.

Table 3.9 displays the symbolic composite MLEs (and standard errors) of the three depen-
dence parameters and the marginal shape parameter £ for the Smith model, calculated using
B = 15,20,25,30. Comparable estimates are obtained for each value of B, with some clear
convergence in both the point estimates and their standard errors as the resolution of each his-
togram increases. While the standard errors are naturally larger than those under the standard
composite likelihood by construction, they are sufficiently small compared to the magnitude of
the composite MLE in order to make meaningful inference.

Compared to the observed historical extremes, we can see a slight increase in spatial depen-

dence for the RCP4.5 scenario data and a significant decrease in dependence for the RCP8.5
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Historical ~ Actual RCP4.5/8.5 Maximum RCP4.5/8.5
B | (N =0936) (N = 570) (N = 570)
15 642 898 529 584 1228500
20 960403 774060 2184000
25 1286714 1016 565 3412500
30 1609923 1247465 4914000
Classic | 5110560 3112200 3112200

99

Table 3.8: Total number of terms in each pairwise composite likelihood function for N = 936, 570
block maxima over K = 105 spatial locations. For standard composite likelihoods this corre-
sponds to NK(K — 1)/2 terms. For the symbolic composite likelihood constructed using a
single (T' = 1) B x B histogram, this corresponds to a maximum of B2K (K — 1)/2 terms. The
actual number of symbolic composite likelihood terms corresponds to the number of non-empty
histogram bins.

scenario.

The marginal shape parameter £ is negative for all three datasets, with larger composite
MLEs estimated for the future-simulated data compared to the historical data. This implies
that the RCP4.5 and RCP8.5 data have higher upper bounds than that of the historical dataset,
meaning larger deviations from the mean are expected for the future scenarios.

Figure 3.4 illustrates expected and observed (columns) 95-year return levels for each dataset
(rows) for B = 15,30. Higher expected (and observed) returns for the RCP4.5 and RCP8.5
scenarios compared to the historical setting are apparent.

Because extrapolation into and beyond the tails of observed data is sensitive to a model’s
parameter estimates, there are some differences in the return levels for the different values of
B. This suggests that, for applications in spatial extremes at least, higher resolution histograms

may be required, depending on the nature of inference required.

3.6 Discussion

In this article we have introduced a novel method for constructing composite likelihood func-
tions for histogram-valued random variables. Working with random histograms as summaries of
large datasets allows for computational efficiencies, as the histograms can efficiently represent
large amounts of data in a concise form. The benefit of working with composite likelihoods in
this setting is that the inefficiencies of working with histograms for higher dimensional data can
largely be avoided.

Our theoretical results show that if the bins in each random histogram are the same, then
the symbolic composite MLE can be computed exactly by combining the data into a single
histogram (by summing the totals in each bin). As the majority of the computational time for
an analysis is spent in optimising the likelihood, this is a particularly useful result that can
lead to fast inference. The precision of the composite MLE, however, depends on the number
of histograms: the more there are (assuming equal numbers of datapoints in each histogram),
the lower the estimated variance of the composite MLE. This will either present hard limits

on the possible level of inferential precision (if pre-made histograms are presented directly to
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Historical Data

B o1 012 022 £

15 | 1764 (2.85) -28.7 (0.32) 76.8 (3.29) -0.266 (0.053)

20 | 164.2 (2.89) -29.3 (0.30) 74.3 (4.69) -0.264 (0.049)

25 | 162.4 (2.17) -29.9 (0.33) 75.3 (2.84) -0.264 (0.049)

30 | 161.6 (2.01) -32.3 (0.29) 74.4 (2.34) -0.264 (0.050)
RCP4.5 Data

B 011 012 022 ¢

15 [ 160.9 (9.42) -34.1 (0.83) 79.0 (2.22) -0.249 (0.074)

20 | 163.5 (5.95) -41.1 (0.73) 77.6 (2.45) -0.249 (0.076)

25 | 150.3 (3.49) -33.1 (0.65) 70.7 (1.70) -0.250 (0.073)

30 | 150.2 (1.50) -31.6 (0.24) 70.7 (1.54) -0.250 (0.069)
RCP8.5 Data

B o11 012 022 ¢

15 | 128.7 (8.60) -19.6 (0.92) 67.7 (3.92) -0.232 (0.061)

20 | 128.0 (6.30) -19.6 (1.20) 66.6 (3.32) -0.231 (0.059)

25 | 136.0 (3.95) -15.1 (0.93) 59.4 (3.17) -0.234 (0.060)

30 | 129.9 (4.01) -13.6 (0.83) 56.4 (2.94) -0.233 (0.055)

Table 3.9: The mean and standard errors of the composite MLEs for 3 obtained for the 105
locations across Australia from the bivariate symbolic composite log-likelihood function for B =
15, 20, 25, 30.

the analyst), or allow a trade-off of precision for computation to be made. As computation of
the Godambe information matrix is trivial compared to estimation of the composite MLE, if
the full dataset is available, then a large number of histograms could be used for relatively low
computational costs.

Our results have also shown the efficiency of standard composite likelihood techniques when
the data are grouped into time blocks such that it is know which block any data point belongs
to, but it is not known where the datapoint lies within each block.

We have not considered the question of how to best construct the random histograms. This
was considered in the present context by ( ) and ( ). Possible
approaches could follow standard nonparametric arguments of histogram binwidth selection
(e.g. ( ), ( )) or more complex space-partitioning processes
such as random trees, or alternatively be chosen to optimise pre-specified utility or loss functions.
This is a current topic of active research. In terms of determining a sufficient number of bins B to
ensure convergence to the classical composite MLE, a naive approach was utilised in the real data
analysis in Section 3.5, in which increasing values of B were investigated until comparable results
were obtained. While this approach does give an indication of where convergence to the classical
composite MLE has occurred, ideally a method would be developed in which only one value of B
needs to be investigated. Similarly to the optimal histogram construction previously described,
the sufficient value for B could possibly be determined via a binwidth selection algorithm, or
other loss-function based methods.

One of our motivations for analysing the extremes of very large climate datasets is that,

while exceptions exist, it is not uncommon for statistical analysis to only occur independently
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Figure 3.4: Predicted and observed 95-years return levels over Australia based on historical
(top row), RCP4.5 (middle row) and RCP8.5 (bottom row) scenario data. Columns denote
predictions based on B? = 15 x 15 (left) and B? = 30 x 30 (middle) histograms and interpolated
observed maxima (right).

at each spatial location, with very little work done to analyse the spatial dependence (Huang
et al., 2016). In Section 3.5, by fitting the Gaussian max-stable process to historical and future
scenario Australian temperature data, we were able to explore changes in the spatial dependence
structure that will accompany different levels of greenhouse gas emission levels in the coming
years, and provide insight into the effects of these changes. It would be extremely challenging

to perform these analyses, and others with even larger datasets, using standard techniques.

For the analysis of Australian temperature extremes, the data are presented as being located
at the centre of a box within a grid. As such, the presented analysis ignores the fact that the
data actually arose from the entire box, and not just this point location. One possible extension
of the work in this article is to similarly treat the actual spatial locations of each datapoint

within each grid box as unknown locations within a spatial histogram.

This would also allow datasets with extremely large numbers of locations (K) to be spatially
aggregated into smaller datasets with spatial bins as the locations instead of pointwise coor-
dinates, potentially drastically decreasing the computational cost and allowing the analysis of

much higher dimensional data.
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Chapter 4

Logistic regression models for

aggregated data

4.1 Introduction

There are many well developed statistical methods for classification, such as logistic regres-
sion, discriminant analysis and clustering, which predict a categorical variable that can take one
of K distinct values given an input vector of predictor variables (e.g. , , ,

). While these methods are effective for the analysis of standard data, when the data take
non-standard forms, such as random interval- or random histogram-based predictors, existing
methods are either underdeveloped or do not exist. Interval, histogram and other-distribution
based data summaries can arise through measurement error, data quantisation, expert elicitation
and, motivating this work, the desire to summarise large and complex datasets in an appropriate
way so that they can be analysed more efficiently than the full dataset (e.g. , ).
The field of Symbolic Data Analysis (SDA) was developed to analyse such distributional data
( ) , , , , , , ). However, with
a few exceptions (discussed below), the parameters of existing SDA-based methods undesir-
ably lose their interpretation as parameters of models of the underlying (standard) micro-data,
which means that the resulting inferences are not directly comparable to the equivalent standard
full-data analysis ( , , , ).

Logistic regression (e.g. , , , ) is one method of performing regres-

sion for categorical response data that has been utilised extensively in many fields, including

finance ( , , , ), epidemiology ( , ),
medicine (Min, , , ), diagnostics ( , ) and modelling income
( , ). Such models are typically fitted by numerical maximum likelihood

estimation as there is no closed form estimator, given certain conditions on the response and pre-
dictors such that the maximum likelihood estimate (MLE) exists ( , ).
As a result, the computational overheads for determining the MLE can be high for very large
datasets

With this motivation, ( ) developed a data-subsampling scheme for binary

63
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logistic regression (for K = 2 classes) whereby each observation is assigned a weight according to
a function that minimises the asymptotic mean squared error (MSE) of the MLE. A subsample
is then taken using those weights, with parameter estimates then obtained by maximising the
likelihood for the subsample. To calculate the observation weights, an initial parameter estimate
is obtained using rp uniformly sampled observations. ( ) demonstrated good
estimator performance from the ‘optimal’ subsample using ¢ = 1 000.

In contrast, ( ) presented SDA-motivated versions of logistic regression
for interval-valued data (where the intervals are constructed from the minimum and maximum
observed values of each predictor in the micro-data), whereby the regressions are constructed
using the interval centres or endpoints as covariates. ( ) developed a similar
approach for multi-class classification with logistic regression using interval endpoints. While
these SDA methods are computationally simple, because they are only based on random intervals
(that is, two quantiles of the data) much of the distributional information in the predictor values
is lost. In addition the implementations treat each interval equally, which can cause problems if
there are unbalanced numbers of micro-data in each category. Finally, as discussed above, the
fitted models cannot be compared to the equivalent models fitted to the full (non-summarised)
dataset.

In other work, ( ) investigated the effect of data aggregation on logistic
regression when both the predictor and response variables are observed as the total sum of each
variable for each group. ( ) proposed an iterative algorithm for estimating
Generalised Linear Models (GLMs) when the response variables are aggregated into histogram-
valued random variables. The resulting training error was numerically shown to approach that
of the full (non-aggregated) analysis as the number of histogram bins became large.

( ) considered the case where a single covariate is measured with error, and the distribution
of the coarsened (binned) value given the true latent observation is known. Estimates for
GLM coefficients are then obtained through the utilisation of this known density.
( ) assumed Gaussian distributions for coarsened covariates and included their likelihood
within the GLM framework. ( ) proposed a method for implementing a GLM
when one of the covariates is coarsened for only a subset of observations, whereby the resulting
likelihood is the integral over the likelihood of all possible values that this variable could have
taken, weighted by a density dependent on the uncoarsened, fully observed variables.

( ) proposed a Bayesian approach for coarsened covariates in GLMs whereby a
distribution is assumed for the coarsened covariates, given the uncoarsened data.

The above models work well if the distribution of the latent data given the observed data
is well-specified, but run into problems if the distributional assumptions are violated. Further,
if many covariates are provided in distributional form, these approaches require large computa-
tional overheads due to the curse of dimensionality. To the best of our knowledge, little progress
has been made in developing logistic regression models for fully histogram-valued predictor
variables, which provide far more insight into the shape of the underlying covariate data than
the interval case. Here, our primary motivation is in histograms constructed from very large

datasets by the analyst in order to facilitate increased computational speed of an analysis. In
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this setting, data could arrive in the form of univariate histograms for each predictor for each
of the K categories, instead of large (N x (K + 1))-dimensional tables (where N, the number
of observed predictor and class label pairs, is very large), allowing savings in data transmission,

storage and analysis.

In this article we develop methods for implementing logistic regression models with K re-
sponse categories, where the covariate data for each response category is in the form of marginal
or multivariate histograms (or random rectangles, as a special case of random histograms with
a single bin). The basic component of our approach adopts the likelihood-based SDA con-
, ), which
unlike other SDA-based methods, directly fits models for the underlying micro-data given the

struction of ( ) (see also , ,

distributional-based data summaries.

We propose a mixed model in which the underlying data is analysed using a mixture of
standard and SDA likelihoods: histogram bins with low counts are discarded and the resid-
ing micro-data are used directly to contribute standard likelihood terms, while bins with high
counts contribute via the SDA framework. However, due to the computational difficulties as-
sociated with the potentially high-dimensional integrations required within the SDA likelihood,
this mixed model is unsuitable for moderate numbers of predictor variables. For this reason,
along with the benefits accompanying the potential additional savings in data storage and com-

putational overheads, models based on lower-dimensional marginal histograms are developed.

We develop an approximate marginal composite likelihood approach to obtain estimates for
the parameter vector of the complete (micro-data) model, using lower-dimensional marginal
histograms of the observed covariate data. Univariate and bivariate histograms are considered
for these models, with the predictions performed on test datasets shown to be comparable with
the full standard likelihood models, but at a much lower computational cost. The resulting
parameter estimates are directly comparable to the parameter estimates of the standard full-

data analysis, enabling both micro-data and histogram-based predictions, as required.

This article is structured as follows. In Section 4.2 we outline two types of established
logistic regression models for regular data. In Section 4.3 we briefly outline the general SDA-
based likelihood construction of ( ), and introduce the mixed standard/SDA
likelihood model. We also develop the approximate composite likelihood approach based on
lower-dimensional marginal histograms. In Section 4.4 we perform various simulation studies
to demonstrate the effectiveness of each model. We show that each model is able to produce
comparable prediction accuracy compared to the full model at a superior computational cost
for a certain sample size, N. We also show that our method performs comparably with the
recently developed optimal subsampling method for binary logistic regression by
( ), at a cheaper computational cost. In Section 4.5 we analyse satellite crop-prediction data
from Queensland, Australia, and simulated particle collision dataset from the Machine Learning
Repository ( ) ), and show that our approach is highly competitive with much

more computationally expensive standard statistical methods. We conclude with a discussion.
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4.2 Logistic regression methods for classification

There are a variety of methods for classifying an instance into one of K > 2 classes. Let Y
denote a discrete random variable taking a value in Q = {1,..., K} and X € R” an associated
vector of explanatory variables. Using the information contained in the covariates X, the aim
is to estimate the probability of the outcome of Y = k for k € €.

Much work has been done on the comparison of the performance of various classification
algorithms. ( ) describe logistic regression along with various Bayes classi-
fication methods such as naive Bayes, multinomial naive Bayes, Bayes networks and updatable
naive Bayes. The performance of these models are compared using five real datasets, and it
is shown that logistic regression generally gives superior results to the different Bayes methods
in terms of various metrics such as Precision, Recall, Mean Squared Error and Average Mean
Absolute error. ( ) use synthetic examples to compare the performance of several
well known statistical classification techniques, such as logistic regression, neural networks, k"
nearest neighbour, discriminant analysis and decision trees, with a particular focus on the effect
of violating several model assumptions, such as unimodality, non-collinearity, normality and
low-correlations. The performance of each model is assessed using the misclassification rate on
synthetic datasets that violate each of these model assumptions, with the authors determin-
ing that logistic regression and neural networks generally provide superior results compared to
the other methods under most scenarios. It is worth noting that for multimodal data, neural
networks significantly outperformed logistic regression (and the other methods).

The efficacy of logistic regression compared to other classification methods has similarly
been investigated in the context of specific applications. For example, ( )
compare the performance of logistic regression, Bayes networks, naive Bayes, random forests
and multilayer perceptron models in the prediction of default by banking customers using a
real dataset from the Turkish Statistical institute containing demographic and socioeconomic
properties of individual customers, such as age, gender, revenue, health, bills, education, etc.
The performance of each model is assessed using prediction accuracy, root mean squared error,
ROC area, precision and recall. Logistic regression provided superior results for all these metrics
with the exception of precision, for which it was slightly outperformed by Bayes networks and
naive Bayes. This leads the authors to conclude that logistic regression is the best algorithm
for analysing default risk within this dataset. ( ) compare the performance of
logistic regression, regression trees and neural networks models in the prediction of violent re-
offending using a UK dataset comprising of data from 1225 UK male prisoners. Cross-validation
was performed using four subsets of the data, with prediction accuracy and AUC used as the
main indicators of performance success for each model. The authors concluded that for this
dataset, neural networks slightly outperformed logistic regression and regression trees, however
this increase in performance was deemed to be not significant. Given the benefits and drawbacks
associated with each model, the authors recommend that the appropriateness of each model is
specific to data characteristics and the aims of the study.

Here we focus on logistic regression, a widely used statistical modelling technique for bi-
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nary (K = 2) dependent variables. Multinomial logistic regression is a generalisation of logistic
regression to problems with possible outcomes taking values in Q (K > 2). An alternative prob-
lem representation recasts multinomial classification as multiple binary classification problems.
One-vs-Rest (OvR) logistic regression implements a separate binary logistic regression for each
class k € (), assuming that each classification model is independent. To establish notation, we

briefly describe both multinomial and OvR logistic regression methods below.

4.2.1 Multinomial logistic regression

For each outcome k € Q\{K}, the multinomial logistic regression model defines the log

pairwise odds ratios through a linear model

o ( Py (Y = k|X)

_ T
PM(Y—K]X)> = Bro + B X, (4.1)

where Pyi(Y = k|X) denotes the probability that Y = k, under the multinomial model (M),
when X is observed, fxo € R is an intercept and S = (B, - - ,BkD)T € RP represents the
vector of regression coeflicients associated with the D explanatory variables and the outcome k.
The outcome K is referred to as the pivot or reference category and its corresponding parameter

(Bro, Bi) " is the zero vector. Thus (4.1) can be rearranged as

eﬁkoJrﬁ,;rX
5jo+,3J-TX

Pu(Y = k|X) =
L+ ea\(ky €

for all k € €. This implies that the odds of preferring one class over another do not depend on
the presence or absence of other “irrelevant" alternatives.

Suppose that X = (Xi,..., Xx) is a vector of D-dimensional random vectors and Y =
(Y1,...,Yn) T is a vector of discrete random variables, with respective realisations & € RP*N

and y € QV. The likelihood function under the multinomial model is given by

Lyi(z,y; B) = H [T Pu(Y = kX = @,) tn=H, (4.2)
n=1keQ

where 1{-} represents the indicator function, and 8 = (Bl,...,ﬁK) € RIPTDXK with B, =
(Bro, By )" € RPH1. We denote the maximun likelihood estimator for the multinomial logistic
regression model as pM = argmaxg log Lni(x, y; B). Existence of the MLE can be examined

through the concept of data separation.

Definition 4.2.1. (Multinomial model separation) There is complete separation of the
data if for all k € Q, a b= (by,...,br), bp € R, exists such that

(b — bj)T;rn > 0 for all n such that y, = k,j # k
(b — bj)Ta:n < 0 for all n such that y, # k,j # k.
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There is quasi-complete separation of the data if for all k € Q, a b = (by,...,bg), by, € RP,

exists such that

(b, — bj)Ta;n > 0 for all n such that y, = k,j # k
(b, — bj) ", <0 for all n such that y, # k,j # k,

with equality for at least one observation z,, in each class k.

( ) proved that if there is neither complete nor quasi-complete
separation in the data, then the MLE BM exists for all classes k € €.

4.2.2 One-vs-Rest logistic regression

For each outcome k € €2, the One-vs-Rest logistic regression model defines the log odds ratio
through a linear model

1 (PO(Y = k|X)

Po(Y # k|X)

where Po(Y = k|X) denotes the probability that Y = k, under the OvR regression model (O),

when X is observed and where [y and Sy are as defined previously. This ratio can be rearranged

) = B0+ 51X,

as
eﬁko-&-ﬂ;X

Po(Y =klX) = ———
O( k’ ) 1+ eﬂko-‘rﬂle

for all £k € Q. Note that here i is different from the zero vector as each individual binary
model has an implied reference category and Y, cq Po(Y = k|X) # 1. The likelihood function

can be written as

N
Lo(z,y; 8) = ] (Po(Y =yl X =2n) ] Po(Y #kX = a:n)) : (4.3)
n=1

ke@\{yn}

which is expressed as the product of K binary logistic regressions for each observation (2, yn).
The parameters of the multivariate and OvR regression models are not directly comparable,
but the performance of each model can be assessed by evaluating their prediction accuracy on
a training dataset (e.g. , ).

As before, the MLE under the OvR model, 8° = argmaxg log Lo(z, y; B), exists for all
classes k € Q if there is neither complete nor quasi-complete separation of the data for each

k € ), but under slightly modified definitions of separation compared to the multinomial model

( , 1984).

Definition 4.2.2. (OvR model separation) There is complete separation of the data for the
kth class if a by, € RP exists such that

bz:cn > 0 for all n such that y, =k
bzajn < 0 for all n such that y, # k.
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There is quasi-complete separation of the data for the k" class if a b, € R? exists such that

ngn > 0 for all n such that y, = k
bgazn < 0 for all n such that y, # k,

with equality for at least one observation z, in the k" class, and at least one observation z,,,

n' # n, not in the k" class.

4.2.3 Existing methods for large-sample logistic regression

If the practitioner wishes to use a Bayesian approach to fit a logistic regression model,

much work has been done on the use of subsampling to deal with the large computational
burden associated with huge datasets. ( ) present an algorithm that
introduces a Bernoulli random variable for each observation that selects the observations to
be included in the sample during each iteration of the Markov Chain Monte Carlo (MCMC)
algorithm. This algorithm then only requires the evaluation of the likelihood of a subset of
the complete dataset, but is still able to simulate from the exact posterior distribution. Logistic
regression is used as an example that demonstrates the utility of the algorithm, with comparable
results to the complete MCMC obtained at a cheaper computational cost. ( )
assume that the log-likelihood follows a Gaussian distribution, allowing the use of the Central
Limit Theorem to obtain approximations of the log-likelihood. A bias-correction formula is
then included to account for the bias exhibited by the resultant likelihood estimator. Logistic
regression is used as one of the models for the synthetic examples, and the algorithm is shown
to perform well compared to other recent MCMC subsampling methodologies.
( ) greatly speed up the sequential Monte Carlo algorithm by using data subsampling to
approximate the target likelihood and show that this algorithm provides theoretical guarantees
of fast convergence of the posterior distribution with increasing sample size. Logistic regression
is used as an example in the simulation studies to demonstrate the utility of their method.

Rather than approximating the likelihood, ( ) propose to approximate the

accept /reject step of each iteration of the Metropolis Hastings (MH) algorithm using a randomly
sampled subset of the full dataset. By observing the acceptance ratio for a subsample of the
data, upper and lower bounds can be obtained for the complete ratio. Guidelines are also given
that allow the determination of a sufficient subsample size that ensures a given probability of
correctness for the resultant accept/reject decision. Simulation studies are used to demonstrate
that good results can be achieved at only a fraction of the computational cost, compared to
the complete algorithm, with logistic regression used as a motivating example.
( ) improve upon the algorithm derived in ( ) by using a control variate
approach to reduce the error associated with the bounds on the acceptance ratio. It is proven
that this improvement leads to significant computational gains, with logistic regression again
used as a demonstrative example in synthetic examples and a real data analysis.

( ) introduce a new Bayesian sampling algorithm (termed the Zig-Zag sampling algorithm)
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that is easily estimated using sub-sampling, allowing for huge improvements in computation for
large datasets. The strong regularity conditions for the model being investigate that the Zig-Zag
sampling algorithm requires have been established for logistic regression, for which simulation
studies are used to demonstrate its utility. Comparably low MSEs are obtained for the logistic
regression model in various simulation studies, demonstrating the utility of this algorithm.
Subsampling has also been investigated as a method of dealing with the computational issues
associated with fitting frequentist logistic regression models to large datasets. ( )
derive asymptotic results for logistic regression models where one class is extremely rare, and
show how under mild conditions this setting can lead to computational savings in the estimation
of the model parameters. ( ) investigate the problem of subsampling from
large datasets in which there is a significant class imbalance, and derive a subsampling scheme
in which the resultant subsample has a more balanced proportion of response classes. The
general idea is to iteratively retain the observations for which the response y, is considered
surprising, given the covariate z,, allowing for the most informative observations to comprise
the subsample. ( ) derive a two-step subsampling scheme for logistic regression
that minimises the asymptotic MSE of the resultant estimator. An initial parameter estimate is
obtained from an initial uniformly sampled subsample, and then used to assign each observation
a weight. A second subsample is then obtained using those weights, with the final parameter
estimate obtained from a combination of the two samples. It was demonstrated via synthetic
examples that for balanced datasets, this methodology obtained higher predictions and lower
MSEs than that of ( ), and as such is considered in the simulation studies

in Section 4.4 as the ideal comparison for the models presented in this paper.

4.3 Classification for aggregated data

For each class k € ©Q, define X®) = (XnlYn =k,n=1,...,N) € RP*Ns where N, =
SN 1{Y;,, = k}, as the matrix of N}, covariate vectors associated with outcome k. In this way
X ., X5 partition the full covariate set X. When N is very large and || < N then it
can be expected than one or more of the Ny will also be large. In this context, directly opti-
mising likelihood functions for logistic regression models could be computationally prohibitive.
As an alternative, it might be appealing to aggregate the information contained in X () into
distributional form (such as a histogram) and to implement a classification algorithm using these
summaries only, which could be much more computationally efficient. The concept of perform-
ing statistical or inferential analyses on such distributional “datapoints” originated from
( ), and has become known as symbolic data analysis, where the ‘symbol’ corresponds to the
distributional summary (see also , , , , ).

A symbolic random variable Sy € Dg, can be viewed as the result of applying an aggregation
function 7(+) to X®) ¢ Dy (where Dy ) = RP*NK) e, S), = W(X(k)) : Dy — Dsg, so that
() — ;.. In the present context sj corresponds to a vector of counts of the number of covariate
vectors in &®) that reside in each histogram bin (see Section 4.3.1 below for more explicit

detail). Various likelihood-based techniques for fitting statistical models given the information
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in the distributional summaries have been developed ( , ,

, , , , , , , ). Here we follow the
construction of ( ) and ( ) who fully model the construction
of the symbols from the generating process of the standard random variables X (k). Specifically,

the likelihood of observing sj is

L(sy;0,0) o /D Fs1x®) =) (Sk|$(k),19) Ix® (iﬂ(k); 9) dz®), (4.4)

x (k)

where fSkI x® (-37) is the conditional density of Sy given X (k) relating to the aggregation of
) — s, Ix (a:(k); 0) is the standard likelihood function of the model at the data level with
parameter of interest 0, and x(®) = (m&k), - 7x§\12)7 with a:%k) € RP denoting the covariate vector
of the n-th observation with outcome k. The likelihood (4.4) is a general expression, for which
the density f S| X (-;9) takes different forms depending on the type of distributional summary
considered (see , , for several examples using random intervals/rectangles
and random histograms). In the following we are interested in aggregating the covariates X (k)
that have the same outcome k into histograms (with fixed or random bins), Sk, and to fit logistic

regression type models (g .y (as(k); 9))

4.3.1 Logistic regressions using histogram-valued data

For each class k € Q, suppose that the d-th margin of RP is partitioned into B,f bins, so
that B,i X ... X B,? bins are created in R through the D-dimensional intersections of each
marginal bin. Index each bin by by = (bi,,...,bp,), ba, = 1,... ,Bg, as the D-dimensional
vector of co-ordinates of each bin in the histogram. The bin by is constructed over the space
Yy, = T},k X e X Tb% C RP, where Tgk = (yffd_l, y,‘fd] C R is a univariate bin in the d-th margin,
and where, for each margin d, —oo < yg <yl<...< y%k < oo are fixed points that define the
change from one bin to the next. The index k has been omitted in the above bin delimitations
in order not obscure notation any further, but it needs to be kept in mind that these are specific
to the outcome k € (.

Let Sy, represent a D-dimensional histogram constructed from X *) through the aggregation

function 7 where

S = w(X®)  RNeXD — f0, . Ny B xBY (4.5)
Ny, Ny,
) s g = (slk = Z ]l{:nglk) €Y1, },....8B, = Z ]l{ng) € TBk}) )
n=1 n=1
The quantity Sp, denotes the random number of observed data points X Yg), e ’XJ(\Z) that fall in
the bin indexed by by. Consequently, the histogram-valued random variable S, = (S1,,...,5B,)
represents the full (B} x ... x BP)-dimensional vector of counts from the first bin 1 = (1,...,1)
to the last bin By, = (B}, ..., B,? ). In this manner, we can construct the collection of histograms

S = (51,...,5k), with one S for each outcome index k € 2, that summarise the information
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contained in X = (XM, ..., X)),

Proposition 4.3.1. Suppose that X(k), the covariates associated with each outcome k € €, are
aggregated via (4.5), and let S = (Sy,...,Sk) denote the resulting collection of histograms. For
this summarised data S, using (4.4), the likelihood functions for the multinomial (4.2) and OvR

(4.3) logistic regression models become

Lsu(s; B) < [] H (/ Py(Y = k|X = 2)d ) ' (4.6)

ke bk 1

Lgos,Bocl_[H (/ Y =klX =2)dz ][] / Po(Y # KX = z)d ) ,

kEQ by=1, K eQ\{k}
(4.7)

where s is the observed value of S, and sy, denotes the number of observations in bin by in

histogram k. For a derivation see Appendixz A.1.1.

We refer to these models as the symbolic multinomial (SM) and symbolic One-vs-Rest
(SOVR) logistic models. In effect, the uncertainty of the location of each predictor X is av-
eraged uniformly over its location in the histogram bin in which it resides. Note that the
likelihood functions (4.6) and (4.7) only implicitly depend on the vector of outcomes y since for
each possible outcome k € ) the covariates X (k) are summarised in a histogram S, and so the
product of the N (Y,,, X,,) observations in the standard likelihoods ((4.2) and (4.3)) is replaced
by a product over the K outcomes. Further, the parameter ¥ in (4.4) denotes quantities relevant
to constructing the symbol (e.g. the number of bins and their locations), and so is fixed in this

setting and is therefore omitted in the notation.

Following similar arguments to ( ), ( ), the symbolic like-
lihoods Lgnm(s; 8) and Lgo(s;8) can each be shown to approach their classical equivalent,
Lyi(z,y; 8) and Lo(x,y; B), as the number of bins in each histogram approaches infinity and
the volume of each bin approaches zero. In this scenario, in the limit each bin will either be
empty (sp, = 0) or will contain exactly one point (s, = 1) observed at each value of xﬁf), which
then recovers the classical likelihood term. In this manner, the histogram-based likelihoods can

be viewed as approximations to the standard likelihood functions for each model.

To establish conditions for the existence of the respective MLEs, BSM = arg maxg log Lan(s; B)
and BSO = arg maxglog Lgo(s; 8), we need to consider modified definitions of complete and
quasi-complete separation of the data, in analogy with Definitions 4.2.1 and 4.2.2, to account
for the fact that the location of each covariate vector z,, is only known up to the histogram bin

in which it resides.

Definition 4.3.1. (Histogram-based multinomial model separation) There is complete

separation of the set of histograms s if for all k € Q, a b = (by,...,bx), by € RP, exists such
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that
(b — bj)T;v > 0 for all x € Yy, such that sp, > 0,7 # k
(b, — bj) "z < 0 for all z € Yy, such that sp, > 0,5 # k and k' # k.
There is quasi-complete separation of the set of histograms s if for all k € Q, a b = (by,...,bx),

br € RP, exists such that

(b, — bj)Tx > 0 for all x € Yy, such that sp, > 0,7 # k
(b — bj)Tx < 0 for all z € Y, such that s, > 0,7 # k and K +# k.

with equality for at least one point in the non-empty histogram bins for the k-th class.

Definition 4.3.2. (Histogram-based OvR model separation) There is complete separation

of the histogram for the k" class, sy, if a vector by, exists such that

b;x > 0 for all x € X, such that s, >0
bixz <0 forall z e Yy, such that sy, >0,k # k.

There is quasi-complete separation of the histogram for the k** class if there exists a vector by,
such that

b;x > 0 for all x € Xy, such that sp, >0
b;x <0 for all z € Yy, such that sp,, >0,k # K.

with equality for at least one point in the non-empty histogram bins for the k-th class, and

equality for at least one point in any non-empty histogram bin not in the k-th class.

Proposition 4.3.2. If the set of histograms s = (s1, ..., Sk ) does not exhibit complete or quasi-
complete separation as described under Definition /.3.1, then Lgy/(s;B) has a unique global
mazximum. If the set of histograms does not exhibit complete or quasi-complete separation for any
class k € Q as described under Definition 4.3.2, then Lso(s;B) has a unique global mazimum.
For a proof see Appendiz A.1.2.

From Definitions 4.2.1-4.3.2 it can be seen that if there is separation of the histograms
then there also has to be separation of the underlying data. In this sense, the definitions of
complete and quasi-complete separation for random histograms (Definitions 4.3.1 and 4.3.2) are
stronger conditions than those for standard random vectors (Definitions 4.2.1 and 4.2.2). As a
result, from Proposition 4.3.2 this means that if no histogram-based MLE (BSM or BSO) exists,
then the equivalent standard multinomial model MLE (BM or BO) also does not exist. That
is, the standard MLE can’t exist without the histogram-based MLE also existing. Conversely,
however, it is possible to have separation of the underlying data but no separation in the derived

histograms. As a result it is possible that this histogram-based MLE exists without the standard
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multinomial model MLE existing. (In this particular setting we therefore have the interesting
case of the existence of an MLE for a given histogram converging to the non-existence of an
MLE in the limit as the number of histogram bins become large while the volume of each
bin approaches zero.). We also note that it is also possible for the histogram-based MLEs
to exist for one histogram derived from an underlying dataset, but not exist for a different
histogram (e.g. with different numbers of and/or locations of bins) derived from the same dataset.
Consequently, if the underlying classical data is available to the practitioner, the separation
conditions (Definitions 4.2.1 and 4.2.2) should be examined prior to aggregation, to ensure the
appropriateness of the multinomial model. Furthermore, if there is complete separation in the
underlying microdata, then it would be an interesting future research project to investigate the
utility of the histogram approach described above. Potentially binning the data is analogous to
adding a small term to the diagonal of an otherwise singular matrix, which might provide some
interesting benefits.

Assuming that the MLEs exist, the benefits of using histograms as data summaries for logistic
regression modelling are obvious in the presence of large amounts of data. The effective number
of likelihood terms in Lgn(s; B) and Lgo(s; B) is the number of histogram bins multiplied by
the number of classes. For very large datasets this can be much smaller than the N terms in
Lyi(z,y; B) and Lgo(x,y; 8), and so computing MLEs given the histogram summaries can be
much more efficient. The trade off is the loss of some accuracy due to the loss of information in
the binned data.

Despite its computational advantages, the above construction has some limitations. We now

discuss these and propose some statistical and computational improvements.

4.3.2 Using both classical data and histograms

When constructing histograms, for example using the method described in Section 4.3.1,
the number of observations sp, within each bin b will typically vary widely over bins, from
very low to very high counts. Where bins have high counts, large computational efficiencies
are obtained in the evaluation of Lgys(s;8) and Lgo(s; B8) over the standard logistic regression
likelihood functions. However, when a bin has low numbers of underlying data points, it may be
that the computational cost in evaluating the bin-specific integrals in (4.6) and (4.7) (such as
e.g. fTbk Py (Y = k| X = z)dx) is just as high or higher than evaluating the standard likelihood
contributions (e.g. Pp(Y = k|X = z,)dz) for each of the underlying datapoints in that bin.
Taken together with the loss of information in moving from the underlying data to a count of
datapoints in a bin, in this case it is obviously worse statistically (and perhaps also computa-
tionally) to work with the histogram bin rather than the original data in that bin. Creating
bins with low data counts becomes more likely as the dimension D of the predictors increases.

To avoid this situation, we introduce a lower bound, 7, € {1,..., Ny}, on the number of
underlying datapoints in a bin region Yy, that is required before these data can be summarised
into a histogram bin for their contribution to the likelihood function. When the number of

underlying datapoints is lower than 7, the original data x,, are retained, and contribute to the
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likelihood in the standard way.

Under the assumption that the underlying data are available (which may not always be the

case), we therefore propose to use the modified aggregation function

Sp=7(X®) : RVXD 5 (7 NG x RVXP

AL B e if 5 >
e R i S A A TSR TR
Ty, = {xn’ taxn’ € Xy, }  otherwise

where 7 € {1,..., Ny}, u € [0,..., B} x...x BP] is the number of histogram bins containing at
least 73, observations, and v = Nj — > s, is the number of retained classical datapoints in bins
containing less than 75, observations. That is, the resulting Sj is a mixture of those histogram
bins that contain at least 7 observations, combined with any remaining predictor vectors X,
that would otherwise be put into bins with less than 73, observations.

In the context of logistic regression modelling, this mixture histogram construction produces
likelihood functions that are a mixture of the standard and histogram-based likelihood functions
given in Sections 4.2.1, 4.2.2 and 4.3.1. For example, we can construct the likelihood function

for a mixture of histogram and classical data under the multinomial logistic regression model as
L{sp), <7x}

I Pu(Yy =kIX =2)

(k)
€T

By, sty L{sb, >7}
Lun(s:8) < [] ] (/T Pu(Y = k| X = x)dx)
by

keQ b=1y

(4.8)

where MM denotes the multinomial mixture. A similar mixture-likelihood, Lyio(s;3), can be
constructed for the OvR logistic regression model.

Because Ly (s; B) can be considered as a special case of Lgy(s; 8) (and Lyio(s; B8) a special
case of Lgo(s;B)) in which the retained classical data vectors x,, can be thought of as residing
in zero-volume bins, one for each retained vector, it is immediate that Ly (s; 8) — La(x,y; B)
also approaches that classical data likelihood function as the number of bins becomes large and
the volume of each bin approaches zero (similarly Lyio(s; 8) — Lo(x,y; 8)).

Similarly, by considering the obvious definition of complete and quasi-complete separation
for the mixture of histogram and retained classical data vectors as a combination of those in
Definitions 4.2.1 and 4.3.1 (for the standard multinomial regression model) and Definitions 4.2.2
and 4.3.1 (for the OvR regression model), similar statements to Proposition 4.3.2 about the
existence of the MLEs MM = arg maxg log Ly (s; 8) and pMO — arg maxg log Lnio(s; B) can
be made. For example, if no full-histogram MLE exists (,BSM or BSO) then no mixture-likelihood
MLE exists (BMM or BMO) and no standard likelihood MLE (BM or BO) exists. That is, the
standard MLE can’t exist without the mixture-likelihood MLE existing, which can’t itself exist
without the full-histogram MLE existing. However, the full-histogram model MLE can exist
without the mixture-likelihood MLE existing, and the mixture-likelihood MLE can exist without
the standard MLE existing.

The choice of 71, for all k € €2, controls the tradeoff between computational efficiency and



76 CHAPTER 4. LOGISTIC REGRESSION MODELS FOR AGGREGATED DATA

information loss. On one hand, if 7 is too large then we face the original issue of having a huge
number of terms slowing down evaluation of the likelihood function. On the other hand if 7 is
too low then we risk a loss of efficiency (and perhaps higher computation) compared to higher
T. As a result, one option is to set 73 to be the value such that integrating e.g. Py over a bin
by is less computationally expensive than evaluating it 75 times. Some strategies along these

lines are explored in the simulations in Section 4.4.

4.3.3 Composite likelihoods for logistic regression models

Mixing histogram and micro data can lead to substantial statistical efficiency improvements,
but it does not address the issue of grid-based multivariate histograms becoming highly inefficient
as data summaries as the number of covariates (D) increases. In particular, the integrals required
to compute the likelihood function Lgy(s; 8) (4.6) have no analytical solution when the outcome
has more than two possible classes (K > 2) and there are more than two explanatory variables
(D > 2). Similarly the integrals in the likelihood function Lgo(s;B) (4.7) have no analytical
solution when more than two explanatory variables are considered (D > 2). In all non-trivial
settings, then, these integrals must be computed numerically. This can be computationally costly
when D is large, which can then defeat the purpose (i.e. improved computational efficiency) of
using data aggregates.

To circumvent the issue of computing the probabilities of data falling in high-dimensional
bins, ( ) proposed implementing a composite likelihood approach. This con-
sisted of approximating the likelihood function of a high-dimensional histogram by the weighted
product of likelihood functions for lower-dimensional marginal histograms, which yielded asymp-
totically consistent likelihood-based parameter estimates ( , , , ).
Assuming all weights are equal for simplicity, a j-wise composite likelihood function can be
expressed as LU)(#) o< [, Li(#), where L;(6) is the likelihood function of one of m j-wise
marginal events for a given parameter vector 6. In the current context, L;(f) corresponds to a

likelihood contribution based on the subset of covariates represented by a j-dimensional marginal
D{r1>‘

J

However, omitting an important variable in probit and logistic regression analyses will de-

histogram, § = 8 and m = (

press the estimated vector of the remaining coefficients towards zero ( , , ,

). It is therefore non-viable to directly apply a composite likelihood approach to logistic
regression problems. However, in the OvR setting and under the assumption that all predictors
are independent, ( ) showed that the non-omitted coefficients of a logistic regression
can be written as functions of the regression coefficients in the scenario that no regressor is
omitted. This result was primarily aimed at highlighting the effect of omitting variables in a
regression analysis context, and had no practical use for e.g. compensating for zero-depressed
parameter estimates, since the established correspondences required information about the vari-
ances of the omitted variables, which were unavailable. However, in the composite likelihood
setting such information about each covariate is available, and the result of ( ) can

therefore be implemented within each marginal likelihood contribution to compensate for the
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covariates that are omitted in that term. We implement this concept in Proposition 4.3.3 below.

In the remainder of this section we construct composite likelihoods for the OvR and histogram-
based OVR logistic regression model (the results of , , do not hold for multinomial
logistic regression). Let @ = (i1,...,i7) C {1,..., D}, where for convenience i; < ... < iy, and
define by Z; = {4 : |¢| = j} the set of all j-dimensional subsets of {1,...,D}. We adopt the
notation that that a vector with superscript ¢ denotes the subvector containing those elements
corresponding to the index set 2. For matrices with the superscript ¢, the operation is repli-
cated column-wise. E.g. for ¢ € 7, X k)i — (Xyc)i, e ,X](\Z)i) € RI*Ne where Xflk)i €RIisa

subvector of Xy (k ) =1,...,N;. Then if S?, is the random number of observed data points
k

in X )% that fall in bin b%, we may construct an I-dimensional random marginal histogram
(5’1,,... SBz)
to the last bin BY = (Bj',..., B{’). The vector S% has length B}’ x ... x B}/ and satisfies

The following proposition establishes how to perform approximate composite likelihood es-

as the associated vector of random counts from the first bin 1% = (1,...,1)

timation for the OvR and histogram-based OvR regressions models using the results in

( ). As independence between predictors, as assumed by ( ), is unrealistic, the
Proposition also extends the results of ( ) to account for the correlation between
the included set of predictor variables within each composite likelihood term and the omitted
variables. Without loss of generality, consider a random vector X € RP and for i € Zj, let
X? € RJ represent the observed variables of X. Further let Z;* = {1,..., D}\{i} such that for

all i € I ¢ X' represents an omitted variable of X. Following ( ) we define the
omitted variables X? to be a linear function of the observed variables via X7 = az;,X R
where o = (a5 - - - ,oziji/)T € RJ and € ~ N(0,)%,). Denote Cov(eiixl,eiié) Aiit it -

Proposition 4.3.3. The j-wise approximate composite likelihood functions for the standard and

the histogram-based D-dimensional OvR logistic regression models are respectively given by

~i
Ly = II Lo y:B) and LE)(s;8) = I] Lso(s,y: B),
1€T; 1€T;
where the lower dimensional regression observed coefficients are given by Bl = (B{, . ,B}() €

RUTDXE here

TT

B = € RO+, (4.9)

{ (Svezy B eir)
\/1 42 Zz ezt [(ﬁk Aiit ) + 221./261171"1./2#2.,1 ﬁ Bk )\“/’/2}

If there is neither complete nor quasi-complete separation in the full D-dimensional dataset
x (Definition 4.2.1) for any binary logistic model, then L(g)(w,y;ﬁ) will have a unique global
mazima. Similarly, if there is neither complete nor quasi-complete separation in any of the
sets of marginal histograms s, i € I;, then L ( ; B) will have a unique global maxima. See

Appendiz A.1.3 for a derivation and proof.
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Note that Lg)( ,y; B) and L( 4 (8;B) are approzimate composite likelihood functions rather
than true composite likelihood functions. The resulting maximum composite likelihood es-
timators (Bg) and Béjo)) are not unbiased or consistent. They are, however, reasonable pa-
rameter estimates if one is motivated to estimate logistic regression model parameters within
the composite likelihood framework (as is the case here), that are more accurate than those
estimated via a naive composite likelihood implementation (which we define here as simply
Iié%(s; B) = Hite Lso(st,y; ,8’)) We numerically demonstrate the performance of these es-
timators against the naive implementation in the simulation study in Section 4.4.2. However,
when our primary aim is model predictive accuracy, we will demonstrate that the performance
of the fitted model using the approximate composite likelihood MLE (B ) or B ' o) is highly

competitive with using the full-data standard MLE, ﬂo, while, in the case of BSO, eing much
more computationally efficient to obtain.

Following similar arguments to before, it is clear that Léo( y; B) — L( (s; B) as the number

of histogram bins becomes large while the volume of each bin approaches zero.
( ) proved the asymptotic normality and consistency of the histogram-based (true) composite
likelihood estimator, and highlighted that parameter variance consistency requires the number
of bins in each histogram to become large and the number of histograms representing the data
be close to N, the number of data points. While these results are not directly applicable under
the approximate composite likelihood of Proposition 4.3.3, we intuitively expect that that the
estimated variances of @g) and B:(Sj(% will be inflated compared to that of 30 unless the same
conditions hold.

In specific cases we can obtain a closed-form approximate composite likelihood function for a
D-dimensional random histogram, Lgo(s; 8). In the particular case of a binary outcome (K = 2)
and using j = 1 to construct the composite likelihood from all univariate marginal events (the
set Z; = {1,...,D}), we have

2

2 Bj 2 Bio+Bi1ui, ~Bio—Biavi 1\
1 1 ]0 T Pk1Ys; 1 k0 Pr1Yp; -1
L(SIO) (s;8) = H H H |:<) log( +ii Fi i )log( < 3i _3i i )] )
€71 k=1b;, =1

Bkl 1+ eﬁkOJrﬁklybi—l 14+ e*fgko*ﬁklybi

(4.10)

where E,’c = (520,5};1) € R? and the bin indexed by b}; = b;, is constructed over the space
T;’Z = (yl’;i_l, y};i]. In all other cases, the integrals in Lgo(s; B) (4.7) require numerical estimation.
Evaluating (4.9) within the approximate composite likelihood requires knowledge of Qi 5 )\”/
and )\“/ i for all ¢}, € I1 ,iy # ih. The @y terms are the coeflicients explaining the variations
of an unobserved variable X as a linear function of the observed variables X? (i.e. X
oy X% +¢€;r). In the case where i = i € Z; (i.e. a simple linear regression with j = 1 as in (4.10)),
an estimate of ayy; is Cov(X", X")/Var(X"). In this context, rewriting €ii) = X — aiilei, we

also have that

Cov(X?, X%)?

Cov(X?, X%) Cov(X*, X'2)
Var(X?) '

and j‘ii’li’z = Cov(X,X"%) — Var(X7)

Ny = Var(X') -
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Knowledge of variances and covariances between the covariates X is similarly required when
two or more predictors are considered in each approximate composite likelihood contribution
i.e. when ¢ € Z;, for j > 2. Ideally these variances and covariances should be computed and
stored prior to the data aggregation process i.e. on the full dataset, but if this information is
unavailable, variance and covariance estimates can be derived directly from the histograms ei-
ther with ( ) ) or without ( , ) , ) parametric
assumptions. Clearly, the assumption that a missing variable can be written as a linear combina-
tion of observed variables may not hold. Where viable, transformations (e.g. Box-Cox) or more
flexible regression models can be applied to provide a more realistic model, either regressing on

the transformed covariates or modifying the form of 3¢ (4.9) as required.

Finally, suppose that we again consider the case j = 1 so that the approximate composite
likelihood is constructed with each term comprising each covariate separately (4.10). This is
the most computationally efficient histogram-based likelihood as it is based solely on univariate
histograms (and known covariances with the other covariates). This construction implies that
only univariate marginal histograms are required. ( ) introduced two like-
lihood constructions for histogram-valued variables. The first, which we have used until now,
assumes that histogram bins are fixed and the corresponding counts are random, which works
straightforwardly in D-dimensions. The second construction is a quantile-based approach for
univariate variables only, where the bin locations are assumed random and the counts fixed.
Defining bin locations using quantiles can better describe the behaviour of the underlying data,
and also has the advantage of retaining some of the micro-data (at the observed quantiles) which

resembles the mixture of histogram and standard likelihood approach of Section 4.3.2.

In this setting, for each k£ € ) and each marginal component ¢ € Z;, define a vector of
order statistics ¢t = (ty,... ,tB)T where 1 < t; < ... < tgp < N, such that a quantile-based

histogram-valued random variable is obtained through the aggregation function

Si=#(X®):R—-8={(ar,...,ap) eRP :a; < ... <ap} xN (4.11)
k)i i _ (k)i (k)i
PALLIEN ), = (w(tl)”"’m(tB)’Nk) ,

where wgfb))z denotes the t,-th order statistic of (*)* ¢ R. (Note that to ease notation we

have omitted superscripts and subscripts related to ¢ and k in the order statistics t.) The
b-th histogram bin is then defined over the range (si, ;,s,] with fixed counts of underlying
datapoints t,—tp_1, forb=1,..., B+1, where s = —00,sp4+1 = +00, tg = 0 and tg41 = Np+1.
If each covariate is aggregated via (4.11), then the resulting approximate composite likelihood
function is
1 1 k)i 1
Loo(s:B) = Lo ({2 ™'} B)Lgo (s B).

where 8 = (s1,...,5k) and s = (st,...,s?) with si defined in (4.11), and where Lél(; is the

likelihood shown in (4.10).
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4.4 Simulation studies

We now examine the parameter estimation and classification capabilities of the methods
developed in Section 4.3 based on simulated data. We consider both the statistical and com-
putational performance of the histogram-based analyses compared to the standard full-data

approach.
In the following we set the number of possible outcomes K to define Q = {1,..., K}, the

domain of the response variable Y. We obtain the (D x 2/N) matrix of covariates X by generating
2N observations from a specified D-dimensional distribution. Given a fixed matrix of regression
coefficients 8 € RPHVXK for each n = 1,...,2N we compute the probability of every outcome
in  using (4.1). These probabilities are then used to generate Y € Q*V from a multinomial
distribution. The dataset (Y, X) is then split into equally sized training and test datasets,
and the estimates BM, ,BO, ,@MM, BO(]’ ) and BSO(;’ ) are obtained by maximising their respective
likelihood functions on the training dataset. Using the test dataset we compute the prediction

accuracy (PA) of a model (and estimation procedure) as
1 N
PA=_ 1{y, " =Y,

where VP = argmax; .o P(Y = k|X = X,,),n = 1,..., N, denotes the predicted outcome
under the model (multinomial or OvR model) with estimated coefficients BM, BO, BMM, Bo(j)
or Bso(j). After repeating the above analysis 1000 times we report the mean squared errors

(MSE) and mean prediction accuracies of the above estimators.

In Section 4.3.2 we proposed to improve the statistical and computational efficiency of the
MLE by retaining the data underlying a histogram bin, rather than using the bin itself, if the
number of underlying observations in the bin s, is less than 7. Quadrature is utilised in order
to perform the integrations in (4.6). In order to perform this approximation, the number of
function evaluations used to approximate the integral needs to be specified. A simple method
of determining the minimum number of function evaluations required to obtain good results
is to iteratively increase the value until the change in results is negligible, thus indicating the
approximation of the integral is sufficient. Similar approaches can be utilised to determine the
minimum number of marginal bins B needed to obtain comparable results to the classical model
for the various histogram-based models described in Section 4.3, whereby increasing values of
B are iteratively investigated until the change in results is negligible. This approach is used
to indicate convergence to the classical results in the real data analyses in Section 4.5. We
note that it would be an interesting future research project to explore potentially more rigorous
methods of determining the optimal values of these parameters. Through experimentation we
determined that using 27 function evaluations for each integral globally produced small enough
approximation errors when integrating over j-dimensional bins to obtain comparable results
to the classical model. As this implies the minimum number of evaluations necessary for a

reasonable approximation of the integrals across all bins, we set 75, = 27,
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4.4.1 Varying the number of bins, B

We specify (training and test) datasets each comprising N = 20000 observations for which
the response variable Y can take values in Q = {1,2,3} (K = 3) conditional on D = 5 explana-
tory variables. The true vector of regression coefficients 3,,,. has entries randomly drawn from
a U[—5, 5] distribution. The explanatory variables are drawn from D-dimensional normal and
skew-normal distributions, with correlation matrices containing zero correlations (the identity
matrix) or correlations drawn from U[—0.75,0.75]. The elements of the skew-normal slant vector
are drawn from U[—7,7]. While the correlation parameter of the skew-normal distribution is
not equivalent to the correlation matrix of the associated random variable, skew-normal data
simulated using the identity matrix as the correlation parameter typically have low correlations.
When aggregating the design matrix X into a histogram through (4.5), an equal number B of
bins is set for each margin and each outcome k, i.e. By = (B, B, B, B, B, B) for all k € Q.

We use both the full multinomial regression (M) model fit using (4.2) and the OvR (O) model
fit using the full likelihood (4.3) as reference fits. We also fit the multinomial mixture (MM)
model of histogram and underlying classical data (4.8), and the univariate approximate com-
posite likelihood Lg ) (see Proposition 4.3.3). For the histogram-based, univariate approximate
composite likelihood (4.10) we make the assumption that the covariates are either independent
(azr = 0 and Az = 0 in (4.9)) or that the variance-covariances of the covariates are to be
estimated.

Figure 4.1 illustrates the mean prediction accuracies (over 1000 replicates) as a function of
the number of bins B, obtained for each of the above models and estimation procedures. For the
full dataset, using an approximate composite likelihood approach to fit the OvR model (dashed
grey line) yields comparable prediction accuracies to the full likelihood approach (solid grey
line), in particular when the covariates are independent of each other (left panels).

When the empirical variance-covariance matrix is used, the histogram-based OvR model
fitted using the Lélo) approximate composite likelihood (grey dotted line) is able to obtain com-
)

parable prediction accuracies to the L(O1 full-data approximate composite likelihood OvR model
(solid grey line), for a reasonable (~ 10 marginal bins) level of data aggregation, and for any
covariate distribution (rows). This clearly demonstrates that Lg())(ac, y; B) — Lg)(s; B) as dis-
cussed in Section 4.3.3. It also performs well compared to the analysis on the full data (solid
black line) when the covariates are independent (left panels; note the small y-axis scale).

When the empirical variance-covariance matrix is unavailable and the correlations between
explanatory variables are assumed to be independent (a;; = 0 and )‘ii’l i = 0), the histogram-
based approximate composite likelihood model (dot-dashed grey line) still produces reasonable
prediction accuracies. However, as should be expected, there is a clear loss in performance
compared to when the covariances are known, for densities with high covariate correlations
(right panels) and asymmetric distributions (bottom panels).

The prediction accuracies obtained from the multinomial model (dashed black line) have
converged relatively quickly to its classical equivalent (solid black line) requiring only around

B = 5 bins per margins. The multinomial model gives higher overall prediction accuracies
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Figure 4.1: Average prediction accuracy (P.A.) computed over 1000 replications for the multino-
mial model using full likelihood (solid black), mixture multinomial model (dashed black), OvR
model using full likelihood (solid grey) and approximate composite likelihood (dashed grey),
histogram-based OvR model using approximate composite likelihood assuming independence of
the covariates (dot dashed grey) and using additional covariate assumption (dotted grey). Top
panels consider covariates simulated from the multivariate normal distribution and bottom pan-
els using the skew normal distribution. Left panels assume the covariates have zero correlation
parameter, and right panels use non-zero correlations.

than the OvR model in each case, however recall that the data were simulated according to the
multinomial model, giving it a natural advantage. While the multinomial model is generally
preferred over the OvR model here, in practice the One-vs-Rest approach can outperform the
multinomial model for some datasets, and can give almost as good results in many other cases
(e.g. , )

Figure 4.2 illustrates the mean computational efficiency of fitting each model. It highlights
the computational superiority of the histogram-based OvR model when univariate components
are included in the likelihood (L(Sl(%(s; B); grey lines) against the full data multinomial model
(black lines). The computation time increases as the number of bins increases when L(Sl(%(s; B)
is used, however comparable predictions to the full multinomial model are achieved for B ~ 10
(c.f. Figure 4.1) at a significantly cheaper computational cost. For the mixture multinomial
model (black dashed lines), the computation time increases strongly with increasing B. This
phenomena is due to the intractability of the integrands in (4.6) requiring numerical integration,
and our choice of 7. However, for this setup B = 5 is sufficient to provide comparable predic-

tions to the multinomial model (Figure 4.1), and with lower computational overheads than the
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Figure 4.2: Average computation time (in CPU seconds) over 1000 replications for the multi-
nomial model using full likelihood (solid black), mixture multinomial model (dashed black),
histogram-based OvR model using approximate composite likelihood assuming independence
of the covariates (dot dashed grey) and using additional covariate assumption (dotted grey).
Top panels consider covariates simulated from the multivariate normal distribution and bottom
panels using the skew normal distribution. Left panels use covariates from a zero correlation
parameter, and right panels use non-zero correlations.

complete data case.

Even though the Lélo)(s; B) and Lysas(s; B) likelihood approaches for histogram-valued data
increase in computational intensity with increasing B, relative to the classical M model, we
need to keep in mind that N = 20000 observations are considered. Increasing N will directly
increase the computational time of the classical approach (solid black line), while computational
overheads will remain relatively unchanged for the histogram-based methods (where computation
is proportional to the number of bins, not datapoints within bins). Consequently, there are clear
computational benefits to employing a histogram likelihood approach when analysing extremely

large datasets. We explore this in Section 4.4.2.

4.4.2 Varying the number of underlying observations, NV and comparison with
subsampling

Aggregating data into summaries and performing an analysis on these new “datapoints”
seems a good strategy when the sample size is large. It is natural to compare this approach to
other popular techniques for downsizing data volume, such as subsampling algorithms. We use

the two-step subsampling scheme given by ( ) for logistic regression modelling,
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Figure 4.3: Mean prediction accuracies (P.A.) using the multinomial model on the full data (solid
black line), subsampled data (dashed black line) and the histogram-based OvR model using L(Sl(%

with independence assumption (dashed grey line), Lél(% with correlations (solid grey line), L(S%

(dotted black line) and the naive composite likelihood model (dotted grey line) as a function
of the number of datapoints N. The covariates are generated from 8-dimensional skew-normal
distributions, considering zero (left) and non-zero (right) correlation parameters. The responses
have two possible outcomes (K = 2). Results are based on 1000 replicate analyses.

which first uniformly draws a subsample of size ryp = 1000 from the dataset to produce an MLE
estimate BO, and uses this to produce an optimal weight for each datapoint. The second step
then draws with replacement a subsample of size » = 1000 using the optimal weights, and then

determines the final estimate of 8 using the total subsample of size rg + 7.

In the following binary response (K = 2) experiment each element in the true vector of
regression coefficients is generated from U|[—1, 1], and the number of observations, N, varies
between 5000 and 100000. The explanatory variables are drawn from 8-dimensional skew-
normal distributions (D = 8), with either zero correlations (identity matrix) or correlations
drawn uniformly on [0,0.75]. The slant vector of the skew-normal distribution is drawn from
U[—10,10]. (Recall that the identity correlation matrix for the skew-normal distribution does
not lead to independent covariates, but rather low correlations between the covariates.) Note
that in the case of binary responses the multinomial and OvR models are identical. After
aggregating the covariates into histograms with B = 15 bins for each margin, the histogram-
based OvR model is fitted using Lél(% and L(SZO) (univariate and bivariate marginal histograms),
including covariate correlations. The Lélo) model is also fitted assuming independence between

covariates.

Figure 4.3 shows that the mean prediction accuracies obtained by each method are increasing
functions of the sample size N. Overall the symbolic based methods yield higher prediction

accuracies than the subsampling approach when the covariate correlations are incorporated, and

the more informative bivariate histogram setup L(SQ(% will outperform the univariate histogram-

based L(Sl(%. When the covariates exhibit low correlations, the L:(Sl(% model provides significant
improvements over the naive composite likelihood analysis, regardless of whether correlations
are incorporated. When there are correlations between the covariates, the Lég model only

provides significant improvements over the naive composite likelihood analysis if the covariate
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Figure 4.4: Mean total computation times (in CPU seconds) for the multinomial model on the

full data (solid black line), subsampled data (dashed black line) and the histogram-based OvR

model using Lél(% with independence assumption (dashed grey line), L(Slg with correlations (solid

grey line), L(SQ(% (dotted black line) and the naive composite likelihood model (dotted grey line)

as a function of the number of datapoints N. The covariates are generated from 8-dimensional
skew-normal distributions, considering zero (left) and non-zero (right) correlation parameters.
Results are based on 1000 replicate analyses.

correlations are included. The magnitude of the variations in the prediction accuracy confirms
that the extra efforts to use L(SQ(% are not justified in this case, and that univariate marginal
histograms provide enough information and produce comparable results to a classical full data

analysis.

Figure 4.4 supports these conclusions by providing the overall computation times (including
aggregation and optimisation) for each model in Figure 4.3. We observe that the mean com-
putational time required for the univariate symbolic model is significantly lower than for the
multivariate model with full data, with an increasing disparity as the sample size N increases,
as the number of terms in the histogram-based OvR model depends on the histogram construc-
tion and not N (and so is constant in these plots). In addition to its prediction superiority,
Lélg also computationally outperforms the subsampling approach of ( ). Note
that Figure 4.4 indicates that L(SQ(% (dotted black line) is computationally more demanding than
using the full data (solid black line), making it superfluous in this setting. However note that

as computation for Lézc)) is constant in NV, there is some value Ny such that if N > Ny then the

computational overheads for L(S% will be more efficient than for the full data analysis.

Figure 4.5 explores parameter estimator performance via the mean mean squared error
(MMSE) of a model’s MLE, Medel " defined as MMSE(gMedel) — g-15~9 || gModel _ gtrue 2
Qtrue

S

where || - || denotes the Euclidean norm, is the true parameter vector, and S = 1000 the

number of replicate analyses. Figure 4.5 demonstrates that subsampling methods perform better
than the histogram-based methods if a low MMSE is desired. Using L(Slc)) instead of the naive
composite likelihood analysis leads to a lower MMSE, with the results further improving if the

covariate correlations are included.

Figure 4.6 explores parameter estimate accuracy further, displaying the mean estimates for

a selection of the regression parameter over the 1000 replicate analyses. The estimates obtained
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Figure 4.5: MMSE for the multinomial model on the full data (solid black line), subsampled
data (dashed black line) and the histogram-based OvR model using L:(Slo) with independence

assumption (dashed grey line), L:(Sl(% with correlations (solid grey line), Lé% (dotted black line)

and the naive composite likelihood model (dotted grey line) as a function of the number of
datapoints N. The covariates are generated from 8-dimensional skew-normal distributions,
considering zero (left) and non-zero (right) correlation parameters. Results are based on 1000
replicate analyses.

from L(Slc)) are much closer to those of the full model analysis than that of the naive composite
likelihood analysis, with accuracy improving if covariate correlations are incorporated into the
model. While the subsampling method provides more accurate parameter estimates, the better
performance of the histogram-based models for predictions can potentially be explained by the
fact that the histogram-based models incorporate the entire dataset, whereas a subsampling
scheme can still potentially omit important observations. For predictions and the binary model,
an observation x, is assigned to class 1 if f7x, < 0, and class 2 otherwise. Consequently,
the same predictions are obtained from any parameter vector mf3, m > 0 for any dataset. In
this case, the histogram-based models are more accurately estimating the model parameters to
proportionality compared to the subsampling scheme, despite having a larger MSE.

In summary, this experiment suggests that if predictions are desired for logistic regression
models, histogram-based solutions can be more accurate and computationally more efficient than
subsampling-based methods, such as that in ( ). The use of bivariate histograms
to represent the covariate information improves the prediction of the response outcomes, but
at an often impractical computational cost compared to univariate histograms. This simulation
study suggests that marginally aggregating the covariates into univariate histograms, in com-
bination with knowledge of covariate correlations, provides the best trade off between accuracy

and speed.

4.5 Real data analyses

We illustrate the applicability of our proposed methodology to two real data problems. We
first consider a logistic regression problem where the goal is to distinguish between a process
where new supersymmetric particles are produced and a background process. Secondly we tackle

a multinomial regression problem which consists of predicting crop types based on satellite-based
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Figure 4.6: Mean MLEs using the multinomlial model on the full data (solid black line), sub-
sampled data (dashed black line) and the histogram-based OvR model using L(Sl(% with indepen-

dence assumption (dashed grey line), Lél(% with correlations (solid grey line), L(SQ(% (dotted black

line) and the naive composite likelihood model (dotted grey line) as a function of the number
of replicates N. The covariates are generated from 8-dimensional skew-normal distributions,
considering zero (left two columns) and non-zero (right two columns) correlation parameters.
Results are based on 1000 replicate analyses.

pixel observations.

4.5.1 Supersymmetric benchmark dataset

The Supersymmetry dataset (SUSY) is available from the Machine Learning Repository (
, ) and comprises 5 million Monte Carlo observations generated by

( ). The binary response variable (K = 2) discriminates a signal process which produces
supersymmetric particles from a background process which does not. There are 18 features
(D = 18); the first 8 are low-level features representing the kinematic properties measured
by the particle detectors, while the remaining 10 are high-level features derived as function of
the previous 8 by physicists to help discriminate between the two outcomes. This dataset was
analysed by ( ) to test their optimal subsampling scheme for logistic regression.
Following ( ), we consider a training dataset of 4500000 randomly chosen
observations, and a test dataset with the remaining 500 000 observations.

Following the conclusions from Section 4.4, we fit the histogram-based OvR model using uni-
variate marginal histogram aggregates (Lél(%) While until now the focus has been on histograms
with random counts (fixed bins), here we fit Lg()) to explore the performance of using random
bin (fixed counts) histograms. For an integer B, we construct histograms for each covariate
by partitioning the data into B bins with roughly equal counts. For example, for B = 4 we
would use the 0.0,0.25,0.5,0.75 and 1.0 empirical quantiles to construct the histogram for each
covariate.

The likelihood functions are optimised using ridge regularisation with 10-fold cross-validation
and, for L(Ol)o, for a range of values of B. Prediction accuracies obtained on the test dataset

and the optimisation times (in seconds) on the training dataset are reported in Table 4.1. For
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Bins
Likelihood 6 8 10 12 15 20 25

LS) 749 759 766 777 781 779 781

(11.7)  (14.5) (12.2) (15.0) (189) (21.3) (27.6)

L&) 744 735 758 778 774 780 T80

(13.3)  (12.6) (11.5) (13.9) (16.8) (18.0) (21.4)
Subsampling 78.2
(2018) (86.1)

Table 4.1: Percentage prediction accuracy with computing time (in seconds) for the Supersym-
metry dataset, using histograms with B bins per margins, and the subsampling approach of

(2018).

the histogram-based models, there is an increase in prediction accuracy as the number of bins
increases, which is as expected since these are more informative summaries. The improvement
in prediction accuracy slows down at around the B = 12 bin mark, whereas the computation
time naturally increases with the number of bins. The performance when B = 12 reaches only
slightly inferior levels than those in Figure 10(b) in ( ) when 79 = 200 and
r = 1000 with various subsampling probabilities. When replicating this method for comparison,
we obtain a prediction accuracy of 78.2% with a computation time of 86.1 seconds i.e. about
3—4 times more computation than for the histogram-based models with B = 25. That is, the
histogram-based methods offer as good prediction accuracy with much smaller computational

overheads compared to state-of-the-art subsampling approaches.

4.5.2 Crop type dataset

We examine a crop type dataset ( , ) which consists of 247210 observations, each
representing a 25 x 25m? pixel located over farmland across the state of Queensland, on the east
coast of Australia (Figure 4.7). For each pixel the ground-truth crop type is available (observed
at one of three possible times) as well as numerous vegetation indices, based on reflectance data
taken from a LANDSAT 7 satellite. The aim of this analysis is to predict the crop type based on
the vegetation indices. After selecting the most meaningful covariates by iteratively removing
variables with correlations greater than 0.85, we retained D = 7 variables corresponding to
various colour reflectances measured by the satellite and functions of these indicators.

As poor prediction accuracy of classes with low numbers of observations is a well known
issue, we only retain crop types that are observed more than 10000 times, reducing the dataset
to 234 485 observations. The set of possible outcomes of our multinomial response variable Y =
“Crop type” is then Q = {Bare soil, Cotton, Maize, Pasture natural, Peanut, Sorghum, Wheat }
and thus K = 7. The resulting dataset is identical to the one used in a previous analysis in

( ) which used the standard multinomial model Ly (x, y; 8).

As the approximate composite likelihood relies on the assumption of a linear relationship
between the predictor variables, we use the R package bestNormalize to select the best transfor-
mation to achieve approximate predictor Gaussianity, according to the Pearson P-test statistic.

The dataset is randomly partitioned into a training dataset of size 200 000 used for parameter
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Bins

Crop type Ny, 6 8 10 12 15 20 Lyi(z,y; B)
Cotton 72 450 90.5 90.6 92.8 93.6 94.0 94.1 92.2
Sorghum 66 751 74.6 74.8 75.7 76.4 76.2 76.3 80.3
Pasture Natural 27479 75.7 75.4 76.0 76.8 77.0 77.1 77.6
Bare Soil 26173 88.0 89.6 89.2 90.0 89.5 90.1 91.0
Peanut 17868 81.2 81.3 81.5 81.5 81.9 81.6 82.9
Maize 12986 9.7 9.9 10.2 10.4 10.3 10.4 14.2
Wheat 10778 3.4 4.0 4.8 5.0 5.2 5.7 10.3
Overall 234485 74.6 75.5 76.4 77.1 77.2 77.2 78.1

(164) (162) (221) (229) (276) (508) (6071)

Table 4.2: Crop specific and overall prediction accuracies (%) using univariate marginal his-
tograms with B bins. The likelihood optimisation times (in seconds) are reported in the last
row. The full model is the standard multinomial likelihood Lyi(x,y; 3) (4.2) with LASSO reg-
ularisation, as implemented by ( ).

estimation and a test dataset with the remaining 34 485 observations to evaluate the prediction
accuracy. We perform constrained likelihood optimisation with a LASSO regularisation, and

use 10-fold cross validation to determine the best regularisation parameter.

Table 4.2 presents the prediction accuracies for the L(S% model for each crop type and the

overall prediction accuracy when the covariate information is collapsed into univariate marginal
histograms with B = 6, 8,10, 12, 15 and 20 bins. The last column of Table 4.2 provides a compari-
son with the full data multinomial likelihood (Lyj(, y; B)) using the same LASSO regularisation,
as implemented in the original analysis by ( ). The overall and crop-specific prediction
accuracies have achieved good predictive performance compared to the full data multinomial
model analysis using only B =~ 10-12 bins. Two particular crops produce notable results. The
prediction accuracies for Wheat are around 5% for the histogram-based analysis compared to
the ~10% accuracy of the full-data analysis. While both of these are low due to this crop being
the least well represented of all crops in the study (less than 5% of all observations), and perhaps
lowly informative vegetation indices for this crop, the 50% predictive underperformance for the
histogram-based analysis suggests that categories with less data in a model are more sensitive to
the degree of binning than those categories with larger representation in the dataset (although

this is less apparent for Maize).

In the case of Cotton, which is the largest representative category (at ~31%), the histogram-
based prediction accuracies are even higher (at ~94%) than for the full data analysis (92.2%).
While this is not immediately understandable intuitively, in that by constructing histograms
information in the dataset is certainly being lost and so performance should perhaps always be
worse, the difference is only 2%, and moreover the likelihoods are not directly comparable in
the sense that the limit of the approximate composite likelihood Léj())(s; B) as B — oo is not
the full data multinomial model Lyi(x,y; B) as used in ( ). So here the discrepancy
is that the two likelihoods simply have different performances for these data. This argument

notwithstanding, proponents of symbolic data analysis sometimes ascribe to the idea that in-
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Figure 4.7: The crop type dataset with different colours for each crop. Left: Location of the study area
in the state of Queensland on the east coast of Australia. Right: farm location and crop type detail.

ference using the ‘shape’ of the data may sometimes be more useful than an analysis of the full
underlying dataset (Edwin Diday, personal communication).

Overall, while the histogram-based analysis gives comparable prediction accuracies to the
full data analysis, the real gains are in the computational overheads required for each model.
The full multinomial analysis takes considerably longer (more than 25x the B = 12 analysis) to
implement than the histogram based analysis. Finally, note that while the computational savings
here are substantial, this dataset only contains N = 234 485 observations. For larger datasets
the computational overheads will skyrocket for the standard multinomial model analysis (where
computation is proportional to N), and yet will remain roughly constant for the histogram-based

approach (where computation is proportional to B).

4.6 Discussion

In this article, we have developed a novel approach for classifying binary and multinomial ran-
dom variables that alleviates the computational bottleneck that arises with very large datasets.
The strategy relies on concepts from the field of symbolic data analysis ( , ),
aggregating the covariate data into histogram-valued random variables which have lower compu-
tational overheads to analyse and store, albeit with some loss of information. When computation
for any histogram bin is larger than that for the standard likelihood contribution of the data-
points within that bin, the standard likelihood contribution for these datapoints can be used
instead. However, because high-dimensional histograms are not efficient distributional sum-
maries, we additionally introduced an approximate composite likelihood methodology, which
quantitatively builds on the qualitative results of ( ). The individual components of
the approximate composite likelihood are constructed from marginal histograms derived from

the full D-dimensional histogram. This concept of approximate composite likelihoods for logistic
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regression does not solely apply to aggregated data and can be used in more general settings.

We have demonstrated through simulation studies and real data analyses that these histogram-
based strategies can produce fitted models that have comparable prediction accuracies to the
standard full data analysis, but at a much lower computational cost, even compared to state-
of-the-art computational techniques for logistic regression such as subsampling ( ,

). On the down side, the resulting parameter estimates are biased, though not as much as
for naive composite likelihood-based approaches.

One aspect of implementing histogram-based inference that we have not explored is principled
ways of constructing the histograms for subsequent analysis. If the number of bins is too low
then important information in the data will be lost and model predictions may be poor (see
e.g. Figure 4.1). In contrast, as the number of bins becomes large then inferential accuracy
can approach the level of the full data analysis (within the context of the inferential model
being used). However, the price of more accurate inference is an increase in the computational
costs. A simple approach was used in the real data analyses in Section 4.5, in which increasing
values of B were investigated until the change in results was negligible, thus demonstrating
convergence to the comparable classical model. A downside of this approach is that it requires
the optimisation of multiple likelihood functions until convergence is reached, whereas an ideal
method would be to determine the optimal value of B prior to any aggregation. We note however
that for huge datasets like those analysed in Section 4.5, there are still significant computational
gains associated with the use of the models presented in this paper, despite this drawback. An
‘optimal’ approach could therefore consider balancing computational complexity and inferential
accuracy, or alternatively by minimising a loss function constructed over some useful criterion.
This is clearly an important component of the current methodology, and is the focus of current

research.
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Chapter 5

Non-Parametric Estimating

Equations for symbolic data

5.1 Introduction

Symbolic Data Analysis (SDA) is a branch of statistics that has been introduced to deal
with some of the issues associated with the growing size and complexity of modern datasets
(see ( , ), ( )), with applications in vari-
ous fields such as environmental and climate sciences, economics and medicine. Large datasets
are summarised into non-standard observations such as distributions, intervals and histograms,
which can contain qualitative and quantitative data of a manageable size. When classical data
is aggregated into a non-standard form, knowledge of the underlying data is generally lost. Fur-
thermore, classical statistical techniques are often not appropriate due to the internal variation
associated with symbolic objects, meaning new methods of analysis and inference need to be
developed.

An important distinction between classical and non-standard data is that non-standard data
possess internal variation, whereas classical data does not. An analysis of symbolic data must
therefore account for the variation of the underlying microdata within a symbolic object, as
well as the variation between symbolic observations ( , ), which isn’t possible with
existing classical methods of analysis due to the lack of internal variation within classically ob-
served pointwise data. With the exception of a small number of works (e.g. see

( ) and ( )), most of the existing literature focuses on ex-
ploratory analyses of symbolic observations without a connection to the underlying microdata
from which the symbols arose. ( ), ( ),

( ) proposed estimates for the sample symbolic mean, variance and correlations for interval
and histogram valued datasets, which we will show in this paper is equivalent to the classical
results if the microdata is uniformly distributed within each symbol. ( ) de-
scribe the various definitions of symbolic variances and correlations that have been proposed in
recent years, and derive the conditions on the underlying microdata that are required for the

symbolic estimates to be equivalent to the classical case. These estimates are limited to assump-

93
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tions that in practise are often violated, such as the aforementioned uniformity assumption or
the assumption of normality within each symbol.

Non-parametric estimating equations were defined by ( ) as a method of ob-
taining estimates for non-parametric statistics (i.e. means, variances, skewness, quantiles etc.)
of a classical dataset without the need for a parametric assumption. Parametric methods of
estimation, such as Maximum Likelihood Estimation, can be considered a special case in which
a parametric density is assumed for the observed dataset. Various methods have been devel-
oped for obtaining variances and confidence intervals for these estimates, such as the bootstrap
( , ) and more recently, Empirical Likelihood (EL) ( , , ). Empirical
Likelihood has emerged as an effective means of obtaining confidence intervals for quantities of

interest, without making distributional assumptions on the data. Some common applications

include the EL analysis of econometric data ( , ), censored survival data (
, , , ) and time series data ( , , , ).
( ) provide some examples of simple applications of EL analysis. While these methods

are well developed for classical-valued datasets, they need to be extended to the non-standard
case so that variances and confidence intervals can be obtained for symbolic-valued datasets.
( ) propose an EM algorithm for estimating equations for missing data,
whereby the expected values of the estimating equations for the missing data are obtained using
the observed data, and substituted into the usual estimating equations. ( )
proposed an expected estimating equations approach to accomodate error in the measurement of
covariates, whereby the error is modelled via an assumed parametric density. This methodology
was extended to accomodate missing data and missclassification by ( ). In some
cases these methods are insufficient for data arriving in a non-standard form however, as they
either require some classical data to be observed or the assumption of some parametric structure
which may not be verifiable or reasonable. As a result, new methods need to be developed to
accomodate the case whereby data arrives in a non-standard form (e.g. intervals, histograms,
distributions, etc.) and for which we don’t want to (or can’t) assume a parametric form for the
complete underlying density or the distribution within each symbol.
There has been much work done on the estimation of non-parametric densities from non-
standard data. The simplest example is the often utilised histogram density estimator (
, ), which is easily derived from any observed histogram. ( ) proposed
the ‘bias-optimized frequency polygon’, which is an extension of the frequency polygon ( ,
) with preserved bin probabilities for each histogram bin. ( ) and
( ) provide theoretical results for the errors involved in performing a Kernel Density Es-
timation (KDE) analysis on the midpoints of binned data, weighted by their respective counts.
( ) improve on this by constructing a smooth kernel density estimator
through the integration of the classical KDE over the domain of the underlying microdata.
( ) and ( ) estimate the underlying density from binned
data using splines fitted to the observed proportions, although it is shown in ( )
with a real histogram dataset that this can lead to negative density estimates at some points

if low count bins are sandwiched between two high count bins. ( ) develop
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a method of non-parametric density estimation for intervals by using weighted local Gaussian
Kernels. Conditional means and variances of each interval are estimated using weighted sums of
the same quantities from neighbouring intervals, where the weight is determined by the distance
between each interval, and the distances are calculated according to either midpoints or edges
of each interval. Each of these methodologies are effective in estimating the underlying density
of the microdata, however require extra decisions from the practioner, such as kernel choice,
bandwidth selection, number of splines in the case of ( ) and
( ), and distance metric in the case of ( ). Furthermore, the main objective
of these works revolve around the estimation and visualisation of an underlying classical data
density, and not of the values estimating equations would take from that underlying density.
( ) utilise the empirical densities derived by

( ) and ( ) to derive a likelihood-based approach for interval-
valued symbolic data, from which a histogram symbolic likelihood function is a simple extension.
These likelihood functions are effective in deriving the internal statistics of a symbol given an
assumed parametric distribution, however there is no mechanism for understanding the structure
of the underlying data from which the symbolic data arose. ( ) explored the use of
Sheppard’s correction in the estimation of a sample variance from rounded data, which states
that if a random variable X is i.i.d. normally distributed, and instead of observing X, we
observe rounded values Y, then Var(X) = Var(Y) — %,

This can be generalised to any parametric framework, but provides no mechanism of estimating

where % is the degree of rounding.

variance if the underlying parametric family is unknown. Furthermore, Sheppard’s correction
is restricted in that it is unreliable for datasets that are non-symmetrical, multimodal, and of a
low sample size. ( ) proposed a general symbolic likelihood function whereby
Maximum Likelihood Estimators (MLEs) for the underlying classical data can be obtained from
the symbolic data. This construction automatically assumes a non-uniform truncated parametric
density within each symbol, therefore removing the unreliable uniformity assumption previously
utilised. While these models are effective in estimating an underlying microdata parametric
density, they provide no mechanism for modelling the underlying data and obtaining estimates
for parameters if we don’t assume a parametric form.

In this paper we propose a methodology for obtaining non-parametric estimates for statis-
tics from symbolic datasets that are comparable to that of a classical analysis of the original
microdata for a certain level of information retention/data aggregation. These estimates do not
require the assumption of a uniform within-symbol distribution, and in fact can be obtained
for any symbolic dataset for which we can estimate the internal structure of the microdata.
Furthermore, our model does not require a parametric assumption on the underlying data or
a uniformity assumption, which is of particular significance in the estimation of confidence in-
tervals for quantiles from symbolic data. We show that for statistics that follow the concept
of sufficiency derived by ( ), estimates can be written as a function of
estimates of the same statistics for each individual symbol. The symbolic mean, variance and
covariance proposed by ( ), ( ), ( ),

( ) can be considered a special case of these results whereby the microdata
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is assumed to follow independent uniform distributions within each symbol. Furthermore, we
extend the EL methodology proposed by ( ) to the symbolic setting, enabling us to
obtain variances and confidence intervals for the symbolic estimates. We then develop specific
methodologies to estimate the within-symbol structure of the microdata for each symbol in
interval and histogram-valued datasets by utilising information in neighbouring symbols, thus
allowing more accurate estimation of within-symbol statistics such as the within-symbol mean,
variance and skewness. The idea behind these constructions is that if the classical underlying
data is generated from the same underlying process, then we can utilise the information in all
the symbols to estimate the individual parameters for each symbol, instead of just treating each

within-symbol distribution as independent.

The structure of this paper is as follows. In Section 5.2 we provide the necessary back-
ground information on Estimating Equations, Empirical Likelihood and SDA. In Section 5.3
we derive the general form for symbolic estimating equations such that the estimates obtained
are comparable to those obtained from the underlying classical dataset for a certain level of
data aggregation, and show that EL can be used to obtain variances and confidence intervals
for these parameters. We then derive the general symbolic estimating equations for specific
statistics, such as quantiles, means, variances, skewnesses, etc. In Section 5.4 we then derive
specific methodologies to estimate the within-symbol structure of the microdata for each sym-
bolic observation using the entire symbolic dataset for interval and histogram valued datasets,
allowing better estimates for statistics of the underlying data such as mean, variance, skewness
and in particular quantiles. In Section 5.5 we then illustrate the increased efficiency of these
constructions compared to previous results through the use of various simulation studies, and

in Section 5.6 we then apply these methodologies to real datasets.

5.2 Background Information

In this section we first provide a brief overview of the theory of estimating equations and
then define a framework that allows for statistical analysis of data summaries. This sets the

foundations to develop estimating equations for aggregated data in the following section.

Consider a random vector X = (X[y),..., X[p)) € Dx C RP with unknown distribution func-
tion Fy and let X = (X1,...,Xx) be the collection of N i.i.d. replicates of X with realisation
given by & = (z1,...,zy). Without any parametric assumption about F'x we are interested in

making statistical inference on the parameter vector § € Dy € RM, using R > M functionally
independent estimating equations (EE) defined through ¢(X,8) = (g1(X,6),...,gr(X,0))",
with the condition

Ep,l9-(X,0)] =0, forallr=1,...,R (5.1)

uniquely at 8y the true parameter value, ensuring unbiasedness.
Because we do not wish to make assumptions about distribution function Fx and the dataset

is available, we consider an empirical alternative. The empirical likelihood (EL) associated with
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the observed sample x is given by

N N
L(Fx;z) = [[ dFx(zn) = [[ P(X = an), (5.2)
n=1 n=1

meaning that only the distributions that put an atom of probability on each x, are considered.
In other terms F' can be seen as a discrete distribution on {x1, ...,z N} with probability vector
p = (p1,...,pn) defined such that (Cl): p, = P(X = x,) > 0,n = 1,...,N and (C2):
SN | pn = 1. If no other conditions on @ are imposed other than (C1) and (C2), then the EL
likelihood (5.2) is maximised by the empirical distribution, i.e. p, = 1/N, for all n and from

(5.1) an estimate of 6 is given by

N
%Zgr (xn,é):o, forall?=1,...,R. (5.3)
n=1

In the empirical setting described above, the EE condition (5.1) can be used to define the addi-
tional condition (C3): "™, pugr(2,,6) =0 for all ¥ = 1,..., R. Then, letting A = (\1,...,AR)
be the vector of Lagrange multipliers associated with (C3), constraint maximisation of (5.2)

gives

. 1
P = N+ A Tg(@n, 0))
Plugging the above expression in (C3) allows to determine A as a function of 6. ( )

showed that for the true parameter 6y, —2 Zgzl log(Npy,) ~ x%, allowing to construct hypoth-
esis testing and confidence intervals for §. As an example, suppose 0 = (i, 0?) = (E(X), V(X)),
a natural choice of estimating function with R = 2 is then g(X,0) = (X — u, (X — p)? — o?),

which, from (5.3), gives the estimates i = + SN 2, and 6% = + SNz, — )2

The notions presented until now evidently rely on the data being available. We now introduce
a framework where only summaries of the information contained in the data are available. For
c=1,...,C, let X1 = {Xfc),...,quf:)} denote the c-th subset of X of size n; such that
UZ, X© = X and 3%, n. = N which can be interpreted as the set of members belonging to a
class c (e.g. , ). The so-called symbolic object S, € Dg, is a summary of the
information contained in X (¢ obtained through an aggregation function 7(-) which may contain
some deterministic elements . For observations given by (¢, the information is summarised
in s = {ne, Ye, e}, where Y, = D(X(C)) and . contains the summary statistics specific to the

aggregation function 7(-).

If a parametric assumption is made on the underlying data is made with likelihood function
L(x'9);0) = [T, fx (acgc)\G), then the likelihood of the symbol s, is given as

L(sei0,0) = |

Dy e L (a;(c); 9) fs.x (Sc,w(c)719> da(©. (5.4)

(see , ). For example, aggregating n. univariate (D = 1) observations z(¢) into
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an interval defined by some [-th and u-th order statistics, i.e. for ¢ = (I, u) taking o = (a1, c,u)
(o) (¢)

where a.; = oy and aey = Ty gives

L(s¢;0,9) o< Fx (ac,z\9)l_l (Fx (O‘C,uw) - Fx (O‘C,lw»u_l_l (1-Fx (QC,UW))M_U Ix (QC,l|9) Ix (OZC,uw) .

The advantage of this construction is the ability to go beyond the omnipresent assumption that
data are uniformly distributed within a symbol and to draw conclusions at the data level. Max-
imum likelihood estimation is a particular case of estimating equations where for the parameter
vector 0 = (01,...,0r) we have g,(zp,0) = 0/00,log fx(zn]0). The aim of this paper is to
define a framework for estimating equations constructed from data aggregates where the within

symbol distribution does not require a uniformity assumption.

5.3 Estimating Equations using data summaries

If the data were available then the estimating equations would be those defined in (5.1) but if
only summaries of the data are accessible, then a new set of equations is considered. These new
equations are a transformation of the original ones which depends on the aggregation procedure.

Let ¢c == fx|s,—s. denote the density of the underlying random variable X given an observed
summary s. which is linked to ¢ == fx|s—s, its equivalent when a set of summaries s is observed,

through

1(x € s¢)p(x)
P(sc) ’

where the indicator restricts to the c-th symbol and the denominator corresponds its probability

gbc(l') = (5'5)

of occurrence P(s.) = [ ¢(y)1{y € s.}dy. If the symbols are assumed independent then we can
take Ps. = " such that ¢, Ps. = 1 which yields

B(a) = Y 3 el) (5.6)

and for ease of notation let also () = [[2_, #(z,). The intuition behind these density will
be studied in the following section with some detailed examples. Using the above we define the

estimating equations for symbolic inputs as
Ery[g.(S,0,9)] =0, forall7 =1,..., R (5.7)

where g/ result from the aggregation on the original g, functions and Fs is the symbolic distri-
bution function. Before explicitly defining the functions g, we derive the Fg in the empirical

context as follows.

Let’s assume a discrete distribution on the symbols s1, ..., sc with probabilities p1, ..., pc,
such that (C4): p. = P(S. = s.) > 0,¢ = 1,...,C and (C5): %, p. = 1. Each observation
ng), n=1,...,n., c=1,...,C aggregated into a symbol s, has probability qgf) = P¢ meaning

ne?
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that Z ey qn) = 1. The equivalent of (5.2) for data aggregates s is thus

C C nec
L(Fs;s) = [[P(S =sc) =[] [T ¢\ (5.8)
c=1 c=1n=1

which is maximised, under (C4) and (C5), for (jﬁf) = + and implies p. = % for ¢ = 1,...,C.

As a consequence an estimate of 6 using data aggregates is

C
Z%g,’n(sc,é,ﬁ) =0,forallr=1,...,R. (5.9)

c=1

In the empirical setting described above, the EE condition (5.7) can be used to define the addi-

tional condition (C6): Y, peg.(se,0) = 0 for all » = 1,..., R. Then letting A = (A1,..., Ag)

be the vector of Lagrange multipliers associated with (C6), constraint maximisation of (5.8)
ives

& 1

~(0) _ —1....
b TN T gsa0)) O,

L(g;s)
. Lla@s)
abilities, then variances and confidence intervals for 6 are establish using 2log(7'(0;s)) =

250 n.log(NGY) = x%.

refer to Appendix B.1.1 for a proof. Setting T'(6;s) =

with g the vector of prob-

The symbolic estimating equations (5.7) are obtained by integrating the estimating equation
(5.1) over all the data points  from which the symbols s are produced with their corresponding
weights, i.e.

Erylo1(5.0.0)] = [ Erclo.(X.0)fsx(sla. 0)o(@)da.

X

Noting that fgx(s|z,?) =1 {7r (m(0)> =s;c=1,..., C} and using (5.3) yields

an

C
Brlot(5.0.0)] = [ 1 {r(+) =se=1...., }{N 3 {wnex@)}gxxn;e)}qs(w)dw
z?) =

—ZZ]I{:B,LE:E }/

nlcl

e} 9r (w0 0) (@) da

= (; Nc /TC de()gr(z;0)d

from which we conclude that g (s¢,0,9) = [y ¢c(®)gr(z,0)dz for all r = 1,...,R and ¢ =
1,...,C. The symbolic estimating function ¢’ for s. corresponds to the average of the regular
estimating function g weighted by the density ¢..

If a parametric assumption is made then ¢ corresponds to the model density restricted to
Y. and it is easy to show that g¢'(s.,0) = 4 9 log{P(X € Y.|0)} and that for 6 = (8y,...,0r) the
solution of (5.9) is equivalent to maximum likelihood estimator of (5.4). Considering the exam-

ple of intervals constructed from I-th and u-th order statistics given at the end of Section 5.2, it
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is straightforward that these can be re-written as the product of five “sub-symbols” and fit in
the context of (5.9).

The notion of sufficiency for estimating equations is described in ( ) as
follows. Consider a vector-valued function 5¢(x) = (ﬁf (a:(c)> oo BR (a:(c))) and two distinct
datasets = and @' with c-th subsets indicated by =(© and x'(©). If g¢(x) = B°(«) for all

c=1,...,C, then using the empirical likelihood we obtain
LSS (a© LSS (2@ - c
— D 9@ 0) = — > g(a,7;0) = A0) + Y _ ki (0)57 ()
e n=1 e n=1 r=1
for some functions A(6), k-(6), r = 1,..., R and an estimate of # can be obtained by solving

C R
A n
Ery 9(X.0)] =3 % (A(@) +3 kr(9)ﬁﬁ(w)> =0
c=1 r=1
We now show give an analog definition of sufficiency for symbolic estimation equations. Since
we have shown that ¢'(s¢, 0,0) = Ey [g(X,0)] for all r =1,..., R, we can easily show that
R /
g (s¢,0,9) = A(0) + Z k- (0)8,5(s),
r=1
where 3,°(s) = By, [85(X)], using the relationship Eg [g(X,0)] = Ey,[Ery [9(X,0)]]. As a re-
sult, if two distinct sets of symbols yield to the same value for all B;F then the same estimates
of 6 are obtained from solving the symbolic estimating equations (5.9). Furthermore if, for all
c=1,...,C, there exist a function ¢°(s) = (¢(sc),.-.,q%(sc)) such that ¢°(s) = 8°(x) then it
implies 3°¢(s) = 3°(x). As a consequence the both estimates from full and aggregated data are
equal since Ep, [g (X,é)] = Ep, [g' (s,é,ﬁ)} = 0.

Returning to the example where § = (11, 0%), let’s assume that 3¢(x) = (e, 02) is the vector

of sample mean and sample variance from the subset z(©). We can write

R 1 & 1 &
Er |9 (X.0)] = <Nch<uc—a>,NZm((uc—m%aS —&2>> =0
c=1 c=1

Thus 6 can be estimated from a set of symbolic data through the evaluation of fi. = Ey, (X)
and 67 = V4 (X), the expected value and variance of the observations that were aggregated
into the c-th symbol, under some hypothetised distribution. If y. and o2 were recorded in the
aggregation process then using complete or aggregated data would obviously lead to the same

estimates.

In the following sections we will make use of y, o2 but also the skewness 7. = Ep,.[((X(©) —

1) /03)3] and correlation between the d-th and e-th components pege = Epy. [(X [(;]) — efa)) (X [(e?) -

Mc[e])]Jc_[j] Uc_[f], where Fxe defines the empirical distribution restricted to the c-th symbol. This
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quantities will be estimated by taking expected values with respect to ¢. for which we propose

a novel estimation procedure.

5.4 Estimating the within-symbol density

In the previous section the construction of estimating equations has been shown to depend on
¢. the density of the underlying (unobserved) random variable given some observed summary of
a group c. In this section we focus on estimating these densities for classes ¢ where c=1,...,C
with summaries taking the form of intervals or histograms. In particular information about the
splitting process into subsets is incorporated. The key idea is that if the attribution to a class
c is done completely at random then a point in class ¢ could have been attributed to a different
class ¢/, leading to different aggregates s and s’ and consequently the density ¢. should not only
rely on the symbol s..

The most popular approach to estimate ¢, the density of the underlying random variable
given a set of summaries, does not take into account any information about the class allocation
process and assumes the summaries to be independent as in (5.6). ( ),

( ), ( ) and ( ) utilise
this approach to estimate symbolic means, variances and covariances from interval or histogram-
valued observations, assuming ¢. to be a uniform distribution. We will refer to this methodology
as the symbolic independent uniforms model (SIU). For each class ¢ = 1,...,C and dimension
d=1,...,D we have a o, = (ac, c,y) defining the upper and lower bounds of an interval or the
range of a histogram bin which gives the estimates i, = u;é”, 62 = W, Yea = 0 and
Pede = 0. ( ) and ( ) extend this methodology
to other distributions such as independent triangular distributions or Dirac distributions centred
on the midpoints or endpoints of each summary.

We consider that the attribution of a realisation to a class is random, i.e. that there is a
discrete random variable A, taking values in {1,...,C} indicating the list of symbols in which an
observation x could have been aggregated in. We assume A, has distribution function H,. We
introduce a share of the information by re-defining ¢, the density of a point given the observed

set of symbols s, as the integral of the density fx|g weighted by the density of H, i.e.
0@) = [ frigmy @) dH ()N (5.10)
D(Axz)

where s’ denotes the set of symbols given that the observation z is assumed to be grouped in
the A-th class. It can be noticed that if an observation x can only be associated to a unique
symbol s, then H, is a Dirac delta function at the correct allocation of an observation to a class
c then (5.10) reduces to ¢(z) = fx|s—s (z). The density of an observation given a symbol s.. is

given by
1z € s}ola)

S (511)

where the normalising term Ppf = [y ¢(2)dH,(c)dz is an integral with respect to all points that
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could have been aggregated into s.. Because this construction of ¢ and ¢, relies on borrowing
information from adjacent symbols we refer to this model as the symbolic dependent distributions
(SDD).

Note that in the literature there is a prevalence of models assuming uniformity over a sum-
mary which, in the current context, translate to fxjs—;, = |T|~!. Tt is worth highlighting
that it may not always be a good strategy to borrow information from neighbouring summaries.
For example in the mushroom dataset analysed by ( ), each group
corresponds to different species with possibly very different characteristics.

The following subsections will focus on the specific cases where data are aggregated into
intervals and histograms with the uniformity assumption within the summary and where it
is justified to borrow information with adjacent symbols. We will show that for independent
intervals the distribution H, is a discrete distribution whereas histograms can be interpreted as

a set of deterministic intervals and in that case H, is continuous.

5.4.1 Interval-valued data

In this subsection subsets x(©) of x are aggregated into D-dimensional intervals resulting in
the summaries s. with o = (0, @) Where a; and a, are D-dimensional vectors denoting
the lower and upper bounds, and the region Y. = o, ). For an observation z, if it belong to
a region where some intervals from the set s overlap then the random variable A, has a discrete
outcome A in the form of a list of two or more values in {1,...,C} with non-zero probability.

For all 2 € RP the distribution A is discrete and we propose its weights to be defined as

Hy(\e)= — ¢ forall c€ A
Zae)\ Na
meaning that the probability that an observation would have been aggregated into a symbol s,
is proportional to the number of points in this symbols.

In order to incorporate the information about H, in the estimation of ¢(x) and ¢.(z) the

range of @ is split into a grid of subintervals denoted by vy with b = (b1,...,bp) and by =
1,...,(2C+1);d =1,...D. The subinterval vy defines the region (z,}l_l, zgl) X ... X (zl%_l, zZPD)
where zg, . .. 72(21(]+1 is the ordered sequence of the d-th component of (acj, acy),c=1,...,C.

The density ¢ given in (5.10) simply reduces to

C

Ox) = 3 e € Yo

c=1

while the normalising term in (5.11) is Pry = mc(1) where the function m.(f(z)) = [y_f(z)¢(z)dH(c)dx
is given by

C

VAN
‘TC”

1 C
mc(f(y)) = N Z <Zﬂ{vb C Tc'}Hb()‘vc)/ f(y)dy> s
=1 b Ub

using the notation Hp(A,¢) = Hy(\,¢) fory € vp and A={c=1,...,C s.t. vp C Y.}
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Proposition 5.4.1. The estimates of the mean, variance, skewness and correlation within an

interval ¢ are obtained using the density ¢. and are given as follows

2 3
oo me(Ta) o mc<x[dl> 2 a m”(m[“”) B ghea 5 Me(T@e)  feafee
Ped = o)+ Ted = Tme(1)  Hedr TVed T miad, T 63, T P6ea’ Pede T miDécabee  Geadee”
ford=1,...,D.

Appendix B.1.2 provides the technical details for the evaluation of the integral in m..

5.4.2 Histogram-valued data

Suppose now that x is aggregated into a D—dimensional histogram s = (s1,...,sc) where
5S¢ = (ne, Ye, ae) is a summary of the information in the bin ¢ = (c!,...,c?) with ¢ =1,...,C¢
and d =1,...,D. For a deterministic bin locations T, = ((yil_l,ygl) X +ee X (y%_l,chD)) we

define ne = ae = YN 1{z, € Tc}. Assume the marginal bin width to be equal and given by
0qg = y‘cid - ygd_l for all cq and d such that the area of each bin is | Y| = [T2., d4. This histogram
construction can be thought as C! x - - - x CP non-overlapping histograms and as a consequence
P = |y, ¢(y)dHy(c)dy = [y #(y)dy since y can only belong to s..

The choice of the bin locations T, is arbitrary and thus, keeping their width constant, other
histograms could have arisen by shifting the bin locations by up to half of their width to the

left or to the right. We define new bin locations Y = T + w where u = (uj,...,up) and ug
is a realisation from a uniform distribution on (—%d, %) The random variable A, representing

the bin T in which x could have been aggregated to is now a continuous as the set of outcomes
contains all the shifted bins Y’ that will include z. Because of T is fixed and the shift is uniformly

distributed we can write

1
H,(Y,) = mﬂ{x €T}
=1

Assuming that histogram bins can be shifted relates to the ideas of ( )
who described the conditions in which a parametric analysis of coarsened data remains the
same regardless of whether the likelihood of the coarsening process itself was incorporated. As
a result, no additional attention needs to be paid to the coarsening process for binned data,
which in practise is equivalent to assuming a uniform distribution for all possible coarsening
configurations, given the fixed parameters such as number of bins, their locations and width.
We now use this concept in a non-parametric setting to determine within-symbol quantities such

as means, variances, etc.

First, from there the density ¢ given in (5.10) simply reduces to

c/'+1

@Z)(ZE =D <3 Z Z nCN Jer c” ) (5'12)

1_[d 1 6d c/'=1c"=c'—
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while the normalising term in (5.11) is Pjf = mc(1) where the function m.(f(x)) is given by

1 c+1 c/'+1

m(f(@) = —p—5 > > = /T F(@) T e (2)de.

d=1"d ¢/’=c—1¢c"=c'—1

Refer to Appendix B.1.3 for technical details to obtain (5.12) and a definition of J o (z).

Proposition 5.4.2. The estimates of the mean, variance, skewness and correlation within a

histogram bin ¢ are given as follows

2 3
oo me(ea) a2 me () _2 AL () _ B gped 5 ME0T)  jedfee
Hed = = m) 0 ed = “me(l) Hedas YVed = me(1)63, g Gea’ Pede = miMbcibee  Geabee’

ford=1,...,D.

The necessary integrals to evaluate m, require tedious but straightforward calculations that

can be found in the Supplementary Material.

5.5 Simulations

The aim of the experiments presented in this section is to demonstrate that symbolic es-
timating equations have the ability to give good estimates of some statistics of interest. In
particular we focus on the scenario where simulated data are aggregated into symbolic objects
taking the form of intervals or histograms. Furthermore the interest is in measuring the impact
of the level of aggregation on the precision of the estimates since symbolic and classical methods
are expected to provide identical results in the limiting case where a symbolic object collapses

to a single datum.

5.5.1 Univariate examples

We generate N = 2 000 observations from a standard normal distribution, a standard skew-
normal with shape o = 20 (implying that v = 0.99) and a mixture of three skew-normal
with location pu = —3,0,3, variance 02 = 1,1,2, shape @ = —10, —20, —50 respectively, and
probabilities 1/14,4/14 and 9/14. In order to make comparisons between summary functions,
the simulated data is aggregated under two scenarii: first into a histogram with C' equally spaced
bins and second into C' minimum/maximum intervals. The performance of the naive but widely
used SIU approach is compared to the proposed SDD approach with respect to their ability to
estimates various statistics such as the mean, variance, skewness and some quantile levels. A
comparison to the classical counterparts is also made to measure the effect of information loss
and to assess the effectiveness of both aggregation functions. Experiments are repeated 1 000
times.

( ) proposed a histogram estimator of a set s of intervals by partition-

ing the domain of the underlying process into R subintervals I, » = 1,... R representing the



5.5. SIMULATIONS 105

histogram bins and defining the respective probabilities by

C
ne [Ir N Y|
=S Dellr L 2el 1. R, 1
P CZ:;N T T R (5.13)

where |A| denotes the area of the region A. Both SIU and SDD approaches will also be applied
to these histogram estimate with R = 30 equally spaced bins.
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Figure 5.1: Estimates and 95% confidence intervals of the mean (left), variance (centre) and
skewness (right) as function of C' the number of symbols when the aggregates take the form of
intervals (top) or histograms (bottom). Classical estimates are given by black horizontal lines,
SIU estimates by dotted black lines, SDD estimates by solid grey lines and rounded analysis with
Sheppard’s correction by dashed black lines. Estimates obtained from the estimated histogram
(5.13) are given in the top row respectively by dashed and dotted grey lines for the SIU and
SDD approaches. Original data were simulated from the skew-normal distribution.

Figure 5.1 illustrates the ability of both interval- (top) and histogram- (bottom) based
methodologies to recover the classical estimates (solid black line) as the number of aggregates
(i.e. the level of information retained) increases. Each line corresponds to the mean and 95% con-
fidence interval for a fixed number of aggregates, calculated from 1 000 replicates. The following
conclusions drawn from Figure 5.1 focus on the scenario of skew-normal underlying data, how-
ever similar conclusions can be made for the normal and mixture of skew-normal distributions
as per Figure B.1 and B.2 in Appendix B.1.4. Comparing the different estimation procedures
it is obvious that the SDD approach consistently provides the most accurate results for all each
statistic studied here and in particular for low numbers of symbols (up to 50 for intervals and
up to 10 for histograms). Unsurprisingly histograms provide better estimates than intervals
when comparing estimation procedure since, by construction, they retain a greater amount of
information. For example, comparing the solid grey lines between the top and bottom panels

highlights that the SDD approach yields estimates and confidence intervals much closer to the
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classical ones using histograms rather than intervals. For ~ 20 histogram-valued symbols the
estimates and confidence intervals can barely be dissociated from their classical counterparts
whereas ~ 20 interval-valued symbols give a much rougher approximation. The dashed black
lines represent estimates where a Sheppard’s correction has been applied, to the estimated his-
tograms obtained from (5.13) (top row) or to the midpoints of the bins (bottom row). These
estimates are often not as accurate as the SDD estimates and in most cases are only similar to
those obtained through the SIU approach. The exception is noted for the variance of the normal
distribution when a low number of symbols are used (see Figure B.1). Overall the approaches
investigated here have different levels of over-estimation of the true statistics which is expected
since some information has been lost in the aggregation procedure. However we note that for
histogram-valued data the variance is under-estimated (bottom middle panels), a phenomena
that can be observed for the estimation of all statistics when the data are drawn from a mixture
of skew-normal distributions (see Figure B.2). These results are influenced by the estimation
of the densities ¢ and ¢.,c = 1,...,C and their estimation. We have shown that considering
dependence between classes/symbols in the symbolic estimation setting significantly improves
the current methods available in the literature (SIU approach), in particular for small symbolic

sample sizes (C') and skewed, multi-modal distributions.

5.5.2 Bivariate intervals simulations

The aim of the following experiments is to assess the ability of the proposed SSD methodology

to estimate statistics from bivariate aggregated data. We generate N = 2 500 observations from

two bivariate normal distributions with marginal means p; = —1, po = 1, marginal variances
0? = 03 = 1 and respective correlations p = —0.2 and 0.9, and two bivariate skew-normal

distributions with the same mean and covariance matrices as above and respective skewness
a = (a1,a2) = (1,0.5) and (6, 3). The simulated data is aggregated into C' minimum /maximum
rectangles. Similarly to the previous section, the experiment is repeated 1 000 times to allow for
a comparison of the SIU, SDD and classical approaches which also includes a naive approach
that consists in a classical analysis performed on the midpoints of each observed rectangle.
The statistics of interest are the marginal means and variances as well as the covariance which
can be calculated from Proposition 5.4.1. Figure 5.2 illustrates the ability to estimate some
statistics of interest, o, 0%, 012 and g, 1, 012 respectively using data drawn from a normal (top
row) and skew-normal (bottom row) distribution and aggregated into rectangles. Figure B.3
provides similar results for the remaining two distributions. The estimates obtained using the
underlying data are used as reference and are represented by a solid black line. It appears
that the SDD estimates (solid grey line) provide the best estimates of the marginal means,
variances and skewnesses and of the covariance for larger number of symbols (> 150). For small
numbers of symbols, the naive estimator calculated from the midpoints seems to yield estimates
closer to the classical results than the SDD approach for the marginal variance o7 of the normal
distribution and marginal skewness y; of the skew-normal distribution. Convergence towards

the empirical covariance appears very slow for the naive estimator whereas the SDD estimates
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converge at a much faster rate. To conclude we observe an increase in the number of symbols
from the univariate experiments in order to obtain comparable results than an analysis on the
full data and overall the SDD methodology provides a clear improvement in the evaluation of

some statistics when only aggregates are available.
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Figure 5.2: Estimates and 95% confidence intervals for some of the statistics of interest as a
function of C' the number of rectangles. Classical estimates are given by black horizontal lines,
SIU estimates by dotted black lines, SDD estimates by solid grey lines and estimates using
solely the midpoints of each rectangles by a black dashed line. Original data were simulated
from a normal distribution with correlation p = 0.9 (top row) and skew-normal distribution with
a = (6,3).

5.6 Real Data Analyses

Through the analysis of several datasets with non-standard (i.e. not pointwise) observations
we now demonstrate the utility of the symbolic estimating equation framework developed in this
paper. These analyses are performed in the context where the underlying data are not available
and the only information given is the result of some aggregation function. The first two datasets
are respectively sets of observed intervals and histograms from which simple statistics such as
means and variances are estimated. The third example focuses on estimating quantile levels

from a histogram.

5.6.1 Soccer Dataset

In this analysis, we investigate the weight, height and age of 531 soccer players from 20 of the
French Football Professional Championship. The dataset is freely available from the R package
iRegression and consists in the minimum and maximum records for each team. This interval-

valued dataset has been studied by ( ) where the authors aimed to
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predict the weight of soccer players as a function of height and age. In this particular example,
the assumption that a point (player) can contribute to multiple intervals (team) seems reasonable
given that players are allowed to move between teams during or in between Championship
seasons. Additional information about the number of players per team was also retrieved from
the SODAS software. These range from 22 to 30 players, weakening the assumption of equal
number of players per team used by ( ). Table 5.1 gives the estimates
and 95% confidence intervals of the marginal means and variances as well as correlations using
the SIU and SDD approaches on the 20 observed 3-dimensional hyperrectangles. Note that
the confidence intervals are computed using the asymptotic distribution linked to the symbolic
empirical likelihood as seen in Section 5.3. We can observe that some of the 95% confidence
intervals from the SIU and SDD methods barely overlap or not at all, in particular for the
variances and correlations. For example the SIU approach gives a 95% confidence interval for
p13 that contains 0 whereas the SDD approach yields and interval only defined on the negative
part. Based on the conclusions of Section 5.5 we believe the SDD estimates to be the closest to
the truth. Such discrepancies in the estimation of the correlation coefficients can have a major

impact on the estimates of linear regression coefficients and thus lead to incorrect prediction

erTors.
Statistic SIU SDD
11 73.340 ( 73.965, 74.506) 74.313 ( 74.056, 74.504)
4o 180.685 ( 179.759, 180.275)  180.005 ( 179.756, 180.210)
us 25.269 ( 26.199, 26.432) 26.201 ( 26.094, 26.298)
o? 47.844 ( 45.812, 50.355) 44.487 ( 42.704, 46.238)
o3 48.590 ( 46.490, 50.692) 45.221 ( 43.452, 46.974)
a% 20.666 ( 20.067, 21.244) 20.214 ( 19.697, 20.815)
P12 0.049 ( 0.043, 0.065) 0.057 ( 0.044,  0.069)
P13 -0.003 ( -0.009,  0.006) -0.006 ( -0.011,  0.000)
023 0.017 ( 0.011, 0.022) 0.013 ( 0.007, 0.016)

Table 5.1: Estimates and 95% confidence intervals for the means, variances and correlations of
the weight, height and age of soccer players using the SIU and SDD methodologies.

5.6.2 Weight Dataset

( , Table 7) uses a weight (kg) dataset in histogram form to illustrate
their proposed methodology to compute the mean and variance from data aggregates. This
histogram is obtained by combining histograms from seven age groups using (5.13) with R = 10.
Through the SIU approach we estimate a symbolic mean of 143.9, symbolic variance of 485.4 and
symbolic skewness of —0.272 whereas for the SDD approach these quantities refer directly to the
underlying data and are respectively estimated as 143.9,453.9 and —0.295. As expected, both
approaches yield comparable estimates for the mean, however there is a significant difference in
the variance and skewness estimates. While the authors in ( ) do not claim

that their method estimates these quantities at the underlying data level, and instead define their
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estimates as symbolic equivalents of the classical versions, we have shown in Section 5.3 that
their formulas are equivalent to the sample mean and variance of the microdata if it uniformly
distributed within each bin. Given the continuous nature of the weight variable, we expect this
assumption to be violated and thus our estimates to be closer to the truth. Furthermore, using
the far more informative set of underlying histograms per age group( , ,
Table 6), the authors show that estimates of the mean and variance are 143.9 and 447.5 which
implies that the variance estimate obtained from the SDD approach performed on the aggregated
histogram is significantly more accurate than the SIU. In the previous section we have shown
that the symbolic estimating equations depend on the symbolic empirical distribution which is
given here through the bin proportions, however the sample sizes required for the computation

of confidence intervals aren’t available.

5.6.3 Protein solubility dataset

Assuming independent uniform distributions ( ) illus-
trate the ability to estimate quantiles from histogram-valued data on the protein solubilities (in
%) dataset analysed in ( ). It is worth noting that the original microdata is
freely available at http://www.taguchi.bio.titech.ac.jp/eng/paper-e/paper-e.html and
that three extra low count bins weren’t included in the original analysis of ( , ),
and subsequently in ( ), yielding us to expect slightly dif-
ferent results from theirs when considering the SIU approach. Figure 5.3 presents the estimates
(solid lines) and 95% confidence intervals (dashed lines) for the 10,50, 75 and 90% quantiles us-
ing the microdata (black) and histogram data (SIU in blue and SDD in red) for various number
of bins C'. Refer to the Supplementary Material for technical details about estimating equa-
tions for quantiles. Figure 5.3 shows convergence, as the number of bins (C) increases, of the
SDD quantile estimates to the classical ones, at a faster rate than the SIU estimates. From
C = 15, the estimates from the SDD method appear to be similar than when using the full
information. For example, an estimate of the median using all the data is 42.48 (40.41,44.72)
and for histograms with C' = 15 the SIU approach gives 42.64 (40.32,44.9), the SDD approach
42.43 (40.29,44.60), while ( ) report an estimate of the
median of 41.83(39.56,44.10). Similarly an estimate of the 75% quantile using all the data is
78.65 (77.14,80.39) and for histograms with C' = 15 the SIU approach gives 78.51 (76.78,80.28.9),
the SDD approach 78.58 (76.91, 80.28), while ( ) report a
lower estimate of 77.83(75.982,79.674) implying some difficulties in the tail. Overall the SDD
approach provides the best surrogate to the classical estimate in the case where only a histogram

summary of the data is available.

5.7 Discussion

In this research paper we have defined a framework for non-parametric estimating equations

where data summaries are observed rather than the data itself. This extends the work of
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Figure 5.3: Estimates (solid lines) and 95% confidence intervals (dashed lines) for the 10, 50,75
and 90% quantiles of the protein solubility dataset using the microdata (black) and histogram
data (SIU in blue and SDD in red) for various number of bins C.

( ) which allows for parametric inference on such type of non-standard data
and interpretation at the original microdata level. Estimating equations are commonly used
to estimate means, variances, and other statistics. In the context of aggregated data, which
we call “symbol”, we show that our general methodology recovers the results of

( ) and ( ) as special case when summaries are assumed inde-
pendent with data uniformly distributed over the summary (interval or histogram). The latter
uniformity assumption is over-prevalent in the symbolic data analysis literature despite being
consistently violated due to the continuous nature of the underlying density of the microdata.
We provided confidence interval for our estimates and have showed through synthetic and real
examples that both estimates and confidence intervals converge as the summary collapses into
a pointwise observation, to those in the classical setting. Furthermore we have highlighted that
our proposed methodology is more flexible and consistently yields accurate estimates since it

allows for information to be transmitted between summaries.

For interval-valued symbols, the major assumption made in the proposed (SDD) approach
approach is that every classical latent observation could have possibly been aggregated into any
of the intervals. For example, the soccer dataset considered in Section 5.6.1, it seems reasonable
that a player from a particular team could have played for any other team and therefore could
have contributed to this team’s summary. An example of where this assumption might fail
is in the mushroom dataset analysed in ( ). There each group
of observations correspond to a specific species and a mushroom from one species could not
possibly have contributed to another summary.

As much as maximum likelihood estimation can be recovered from estimating equations, the

symbolic likelihood function derived by ( ) can be recovered as a special case

of the symbolic estimating equations introduced in this article. If a parametric assumption is
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undesirable then the SDD approach allows to estimate within-symbol statistics which are then
used to obtain population level statistics. In order to do so we propose an estimation procedure
for the within-symbol density without any distributional assumption about the underlying data.
The main focus has been on non-parametric data summaries such as intervals and histograms.

Additionally to proposing better non-parametric estimates than the references in the litera-
ture, the setting described in this paper opens the door to the use of more flexible summaries.
Indeed distributional-valued symbols can easily be used as estimates of the underlying data

distribution for a particular class.
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Chapter 6

Parameter estimation in Generalized
Linear Models for rounded discrete

data, with an application to the
Athena SWAN award dataset.

6.1 Introduction

This paper is motivated by the evaluation of a diversity initiative in the UK, in which
the effect of various variables on the proportion of females in various academic positions in
different fields at university is investigated. There are two main questions which are being
explored. The first question concerns the significance of various variables in the prediction of
the number and proportions of females for various departments around universities in England,
Scotland, Ireland and Wales, and the second question aims to determine the effect of these same
variables, along with the proportions/counts of females, on the outcome of the Athena SWAN
rating of these departments, which is an ordinal categorical rating assigned based on various
factors revolving around the progressiveness and diversity of that department. Details of the
Athena SWAN rating can be found at the Athena SWAN charter webpage https://www.ecu.
ac.uk/equality-charters/athena-swan/. Due to data confidentiality reasons, rather than
actual proportions, the number of males, number of females and total department sizes for each
department at various employment levels are reported rounded to the nearest 5. We wish to
apply a generalized linear model (glm) framework to this non-standard rounded dataset, with
the aim of determining the useful predictors in the above questions.

Generalized Linear Models were first proposed by ( ), and are
now a well developed methodology for modelling the effect of covariate data on a broad range of
types of response variables, such as continuous, ordinal, categorical and count data. As the name
suggests, glm’s are a generalisation of ordinary linear regression whereby the distribution of the

differences between the predicted and observed response data is not restricted to the gaussian
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family. ( ) ( ) and ( ) all
provide a good overview of the theory and application of glm’s. Estimates for the regression
coefficients in these models are generally obtained using maximum likelihood estimation, however
unlike ordinary linear regression there usually isn’t a closed form solution to the optimisation
of the likelihood for glm’s. As a result, maximum likelihood estimates (MLESs) are obtained via
algorithms such as iteratively reweighted least squares ( , ) and the
Newton-Raphson method ( , ). These approaches are well developed
for the case where the response and predictor variables are fully observed, i.e. they arrive in
the form of standard pointwise data. However, it is becoming increasingly common for the
practitioner to observe data (either predictor or response) in non-standard forms, due to reasons

such as computational savings or privacy. Examples of these non-standard forms include the

coarsening or rounding of some variables ( , , , ) due
to reasons such as privacy ( , , ) or a natural grouping of the
observations ( , ), or when the underlying classical data (microdata) is aggregated

into distribution-valud objects such as intervals or histograms ( , , ,
: : ).

( ) consider the case where a single covariate is measured with error, and
the distribution of the coarsened value, given the true latent observation can be assumed. The
likelihood contribution of each coarsened observation is then calculated as the integral of the
classical glm density over the domain of the latent value. ( ) assume Gaussian
distributions for coarsened covariates and utilise this assumption to model their likelihood within
the glm framework. ( ) consider the case where only a subset of observations are
subject to coarsening, and assume a Bahadur type multivariate distribution for the modelling
of whether a given observation is coarsened. These models require the specification of the
distribution of the latent data given the coarsened observation, and as a result run into problems
if these distributional assumptions are violated, or if not enough information is available from
which parametric assumption can be made. ( ) develop a likelihood-based approach
for the modelling of masked data, given a parametric assumption and fully observed additional
variables. ( ) propose a method for implementing a generalized linear model
when one of the covariates is coarsened (binned) for only a subset of observations, whereby
the contribution of each observation towards the likelihood is the integral of the glm density
over all possible values that variable could have taken weighted by a density that is dependent
on the uncoarsened fully observed variables. Estimates for glm coefficients are then obtained
via the EM algorithm. ( ) propose a simulated Bayesian approach for
coarsened covariates in glm’s in which a prior distribution is placed on the model parameters,
and a distribution is assumed for the coarsened covariates, given the uncoarsened data.

These methods rely on the occurence of uncoarsened fully observed additional regression
covariates, or that not every observation is subject to coarsening for the variables of interest,
so that a distribution of the underlying latent microdata for the coarsened/rounded data can
be fit using available classically observed data. However, these methods are not designed to

accomodate situations for which it isn’t possible to assume a parametric form for the coars-
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ened/rounded data, or covariate or predictor data is coarsened for every observation and there
are no appropriate additional classically observed variables from which the practitioner can fit

a distribution for the underlying classical data to.

It is not possible to fit a model (parametric or otherwise) to the underlying values of the
rounded observations of the Athena SWAN dataset, given every observation is subject to the
rounding mechanism and the additional predictor variables are all categorical observations with
small numbers of distinct categories, meaning any distribution fit using these covariates will
likely not be very informative. In this paper we address these problems with the applied anal-
ysis described above by developing a methdology of estimating the parameters of glm’s for
rounded discrete data that incorporate additional variables not included in the original analysis.
Estimates are obtained for various glm models by solving a set of estimating functions in which
the contribution of each observation is calculated as the average of the estimating equation over
all sets of underlying observations that could have occured, given the rounded observations. By
using the rounded values for the numbers of males and total department size, as well as some
available proportions for large departments, the domain of the underlying microdata for the

rounded numbers of females and total department sizes can be greatly restricted.

As a simple example, if we observe values of 5, 5 and 15 respectively for the rounded numbers
of females, males and people in a given department, and only the number of females is included
in the original analysis, then without any additional thought the log-likelihood contribution for
that observation reduces to a uniform summation over the set {3,4,5,6,7} for that variable,
with each possible underlying value is assigned a weight of % However, if we utilise the fact
that the numbers of females and males must sum up to the total department size, then the
possible complete sets for that observation become {(6,7,13),(7,6,13), (7,7,14)}, and as a result
a uniform summation over these sets within the likelihood for that observation leads to a only
the values 6 and 7 being included for the numbers of females, with given weights % and %
respectively. Given the misspecified nature of these log-likelihoods, the Godambe information
matrix ( , ) is used instead of the usual Fisher information matrix to determine
the variances of the parameter estimates obtained from this analysis, allowing the evaluation of

confidence intervals for each parameter, and subsequent inference to be performed.

This paper proceeds as follows. In Section 6.2 we describe the motivating dataset and define
the relevant variables, taking note of which are subject to a rounding mechanism. In Section
6.3 we provide a brief overview of glm theory, including methods of estimation and inference.
In Section 6.4 we provide the general framework for obtaining glm parameter estimates from
rounded discrete data, with a focus on the utilisation of additional variables not originally
included in the classical glm model that we wish to approximate. In Section 6.5 we then provide
the specific models for the applied data analyses motivating this paper, along with simulations
demonstrating their utility and results for the real data analyses. In Section 6.6 we conclude
with a brief discussion of the impacts of this work, as well as potential extensions and directions

for future work.
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6.2 The Athena SWAN dataset

We will now describe the motivating dataset for this paper. We focus on data from the
academic fields of Psychology and Physics, for the years 2012 and 2016, however similar analyses
described in this paper can be performed for the greater dataset containing all academic fields.
Each observation in each dataset represents a university cost centre that has engaged with
the Athena SWAN process. We are interested in determining what variables are predictive
of both the ordinal-valued Athena Award Status (Gold, Silver, Bronze or None) and also the
number /proportion of females in a given academic cost centre. Given some of the observed
count variables are subject to rounding, a classical glm analysis is insufficient. We now describe

the dataset, along with the rounding procedures for some of the variables.

6.2.1 Data Description

For an observation x subject to rounding, denote x as the true underlying value, and z* as
the rounded observation, i.e. z — z*. For each observation n = 1,..., N, every count variable
is rounded to the nearest R = 5. The variables included in the dataset for each field and year

are as follows.
— Athena SWAN award status : a,, € {None, Bronze, Silver, Gold}
— Country: [, € {England (1), Scotland (2), Wales (3), Northen Ireland (4)}

— Research Intensity REF rating: r, € {1, 2, 3}, with higher values representing a more

intense research rating
— Length of engagement with Athena SWAN process (months): ¢, € N
— Total number of people: n, € N — n}

— Proportion of females, unknown if n,, < 22.5: p, € {[0,1],0}

*

— wp; € N = wy,, i = 1,...,4: Number of females for the it" employment level, i €

{fixed term, professor, research, teaching}

— Number of males for the i** employment level: v,; € N — v, t=1,...,4

— Proportion of females for the i** employment level, unknown if wy; + v < 22.5.: ppi €
{[0,1],0}

Figure 6.1 shows histograms of the rounded total number of females and males for each depart-
ment, constructed respectively as the rounded sums of the number of females and males in each
employment level. Clearly the psychology datasets exhibit much higher proportions of females,
while the physics datasets have a much higher prevalence of males. Furthermore, let [,,; = 1 if
and only if [, = i and l,; = 0 otherwise, ¢ = 1,...,3, meaning Northern Ireland is used as the
reference category. This allows regression coefficients to be obtained that describe the effect of
belonging to each country. For each dataset, there is a maximum of 1 ‘Gold’ Athena SWAN
award status, making the fit obtained from an ordinal regression model unreliable. To rectify
this, we group the ‘Gold’ and ‘Silver’ awards together, denoted simply as ’Silver+’ and leaving

us with K = 3 response categries. Only cost centres that have engaged with the Athena SWAN
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process were included in each analysis, leaving N = 104 and N = 58 observations respectively
for the academic fields of psychology and physics for each year. Each proportion value is only

reported if the relevant group has a total size greater than 7 = 22.5, i.e. pp; = 0 if wy +vp; < 7T

Wni
Wni+Uni

where w,, represents the total number of females for the n'* department.

otherwise, 7 = 1,...,4, and p, = 0 if w, + v, < 7 and p, = 7 otherwise,

and pp; =
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Figure 6.1: Histograms of the total (rounded) number of females and males for each dataset.

6.3 Generalized linear models for rounded discrete data

We now provide a brief overview of glm theory for classically observed variables originally
proposed by ( ), followed by a description of some specific examples.
An overview of the available methodologies for the dataset analysed in this paper is then given.
The theory described and examples listed are motivated by the real data analyses undertaken in
Section 6.5, in which we wish to approximate the classical glm models by equivalent expressions

for rounded discrete data.

6.3.1 Generalized Linear Models

Denote Y,, € Dy, as a random response variable and X,, = (X,1,..., X,p)",n=1,...,N as
N D—dimensional 7.i.d. vectors of covariates from which we want to predict Y, with X,,4 € Dx, ,,
n=1,...,N. We assume the response Y,, is distributed according to some distribution in the
exponential family, with the mean p of the distribution depending on X, via the link function
g such that E(Y;,) = u, = ¢~ (87 X,,), for some function b, where 3 = (81,...,0p)" € RP isa

vector of regression parameters. This can be expressed as

F(Wns p, B) = exp {yng(ﬂz)(;) litn) | (Yn, T)}
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for some known functions a(-), b(-) such that E(Y,) = a%b(ﬁTXn), where 7 is a dispersion
parameter. The variance of the response is then related to the mean through the variance
function V(-) such that Var(Y,) = V(u,)a(r). Note that an intercept term [y can easily be
added, by setting X,0 = 1, n = 1,...,N. Denote the N i.i.d. realisations of (X, Y) as
x = (x1,...,2,) and y = (y1,. .., yn) respectively. The likelihood of the responses y given the

observed covariates  and parameter vector [ is given as

N
m Y3 8 H ynafEnaﬁ (61)
n=1
The log-likelihood is therefore given as
N
log L . _ 1 . yng b(,un)
og L(w,y; B) = > _ 108 f(yn; n, B) = Z ) + (Y, 7). (6.2)
n=1

Classical maximum likelihood estimates (MLE’s) for 8 (denoted as f3.) based on the observed
sample (x,y), n = 1,..., N can be obtained via the maximisation of (6.2) or alternatively, by

finding the solution with respect to 8 to the following set of estimating functions.

| N
N ; g e z::l n)g (un)
( ) showed that under mild regularity conditions, 3, is is asymp-

totically normally distributed, i.e.

Bc ~ N(/B, I(ﬁc)il)v (64)

with covariance matrix given by the inverse of the Fisher information matrix I(3), with the (i, 5)

element denoted as
I(8)i; = E{(Vlog f(y;, 8)) (Vslog f(y;7,8)) } . (6.5)

The fisher information matrix can be estimated via its empirical estimator I (9), i.e.

N
Z VQ logf Un; Tn, ﬁ)) (V,B log f(ymxmﬁ))T
n:l

Typically no analytical solution for the maximisation of (6.2) exists, meaning numerical
methods are required. Various iterative procedures are readily available that allow the evaluation
of the MLE for glm’s, such as the Newton-Raphson method ( , ), or

iteratively re-weighted least squares based methods ( , ).
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6.3.2 Existing methodologies for glm’s for rounded discrete data

( ) proposed the following methodology for fitting glm models to data
where some covariates are rounded to a known degree. Assume the covariate z,p € {1,..., K}
is discrete and possibly coarsened, n = 1,..., N, meaning that instead of observing the exact
value of z,p, we observe a (possibly) coarse value z, such that we only know from z, that
xn,p can take some subset s, of values in {1,..., K}. As an example, suppose x,p represents
a count, and that each count has been rounded to the nearest 5. Then observing z, = 5M for
some M tells us that z,p € s, = {bM —2,56M — 1,5M,5M + 1,5M + 2}. The likelihood of the

regression coefficients is then given as

N
L(679) = H Z f(ymx;D,zmﬂ)h(zmx;[)ﬁ),
FASER

n=1

where
f(ym x;Dv Znyﬁ) = f(ym (xnlv - s TpD-1, Zn)vﬁ)

is the classic glm exponential density with z, substituted in for ,,p, h(2,; 2P, ) is an assumed
distribution of the coarsened covariate given the observed covariates and a parameter ¢, and x,; D
represents the covariate vector z,, minus the D** element. Continuing the above example where
Tpp represents a count and has been coarsened, we could propose a poisson distribution for
TnD = Zn given the observed covariates x,; D such that

h(z; x P 0) = 7)\2 eXp —An

2! ’

where log(\,) = 0o + 01201 + ... +0p_12nD—_1.

The above methodology relies on the condition that there are additional fully observed
covariates included in the model from which the practitioner can use to fit a distribution for the
underlying classical data. This approach is unsuitable for the dataset described in Section 6.5, as
the fully observed variables (e.g. country, REF rating, etc. ) only take a small number of distinct
categorical values, meaning it isn’t clear how they could be used to determine a distribution
for the underlying microdata, given the fully observed covariates and rounded observations.
Furthermore, the above methodology requires the specification of a parametric distribution for
the coarsened values, given the observed covariates, leading to the requirement that the likelihood
is optimised over additional nuisance parameters 6 and the potential for a poor model fit if the

distributional assumption is violated.

A similar methodology is employed by ( ), who instead employ a
simulation-based Bayesian approach and assume that not every observation is subject to the
coarsening mechanism, meaning a distribution can be fit to the observations exhibiting coars-
ening using the fully observed observations. They define the probability model for a coarsened

covariate z, in terms of a posterior distribution 7(3, z;y) for the glm parameter § and the



120 CHAPTER 6. GLMS FOR ROUNDED DISCRETE DATA

missing values of the covariate z, = x,p, n =1,..., N as follows.

f(ymx;sznyﬁ)h(zmx:LD)]l{zn € Sn}y

=

(B, z;y) o< m(p)

1

n

where m(f) is the assumed prior distribution for the regression parameter 3, and 1{z, € s,} is
the indicator function taking the value 1 if the simulated value z,, belongs to the set of possible
underlying values for x,,p, and 0 otherwise. In this setting, h(z,; x,?)1{z, € s,} can be thought
of as a prior distribution for the coarsened value. Inferences for 5 are then obtained from the set
of realisations from simulations in a typical Bayesian framework. This approach is unsuitable
for the applied analyses described in Section 6.5, as every observation is subject to rounding
for the covariates of interest. Furthermore, the practitioner may wish to avoid a Bayesian or
simulation based approach, meaning this methodology might not be appropriate. In the next
Section we propose a methodology in which additional rounded variables not used in the glm

analysis can be utilised in the glm framework for data of this nature.

6.4 Estimating glm parameters from discrete rounded data

We now propose a general framework from which estimates for the parameters of a glm model
can be obtained from data where either the response or some covariate data is discrete and
subject to rounding for every observation, and the additional covariates included in the model
are not informative enough to use in the fittting of a distribution to the underlying microdata for
the rounded variables. Our aim is to approximate the log-likelihood of the classical glm model by
averaging the contribution of each observation over the log-likelihoods of all underlying values
the rounded value could have arisen from, such that parameter estimates obtained from the
"approximate’ log-likelihood are comparable to that of the complete analysis. We conclude this
section with a description of the Godambe Information matrix ( , ) that is used to
obtain variances and subsequent inferences for the MLEs obtained from this model, given the

misspecified aspect of the log-likelihood.

6.4.1 Overview

Suppose some of the covariates and/or the response variable are integer valued variables,
and also only observed in rounded form. Denote R(A) as the function with domain Z*, where
A is an integer random variable and R(A) = k if A is rounded to the nearest k" integer. Note
that for an unrounded integer variable Xy, R(X4) = 1. Furthermore, for ease of notation, for a
fully observed non-integer variable Xy, let R(Xy) = 1. Denote y and z as the observed data,
with v} =y, iff R(Y) =1and «; = z,q iff R(Xy)=1,n=1,...,N,d=1,...,D. Denote

¢(a) = 1(P(A = al-) > 0)
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as the identity function taking the value 1 if the value a is possible for the random variable A,

given additional variables and/or information, and 0 otherwise, and let

represent the set of all possible underlying values the rounded observation a* could have arisen
from, given the degree of rounding and no additional constraints, where [z] and |z | represent the
integer ceiling and floor functions respectively. Note that for unrounded observations, v(a*) =
{a*}. Let * = (a7,...,2%) and y* = (yi,...,yxN) represent the complete rounded dataset.
Uniformly integrating the classical glm log-likelihood (6.2) over all possible underlying datasets
yields the following log-likelihood:

N
log L(x*, y*; 5) = Z Z Z e Z W log f(xn, yn; B), (6.6)

=lyn€y(yy) Tn1€v(2},) zppEY(T) )

where ®(z,, Yn) = (yn) ¥ [T, ¢(2nq) and

A, = Z Z Z D(p, Yn)

Yn€y(yp) Tn1€y(27y)  znpEY(2]p)

is the total number of distinct multivariate values the n'* underlying observation could have
taken. Note that ®(z,,y,) is the indicator function that takes the value 1 if the potential
underlying observation (z,,y,) being plugged into (6.6) is possible (i.e. a non-zero probability
of occuring given the observed rounded data), and 0 otherwise, and that each summation only
has one term (the observation) if the corresponding covariate is unrounded. This leads to
the assumption that the possible underlying multidimensional values are uniformly distributed,
given the rounded observation, however the marginal distributions of the univariate values are
not necessarily uniform. Note therefore that ®(z,,y,) can possibly be better defined through
the use of additional arguments, as seen in Section 6.4.2. Estimates for S can then be obtained

via the solution to the following set of estimating functions.

U'(xz*,y*, B) = Z > > Wvglogf(yn;xn,ﬁ)—ﬁ (6.7)

n Lynev(y;) zn1€v(z nl) mnDe'Y(m:;D)

where Vg log f(ymwmﬁ) = m”#“(nn)

Each term within the summation over n in (6.7) can be described as the average of the
contributions to the classical glm estimating functions of all possible multidimensional observa-
tions which could have led to the observed value. Note that when there are constraints on the
underlying data, such as when covariates are functions of each other (i.e. sums), some covariates
end up having differently weighted underlying marginal values, due to the exclusion of some

‘impossible’ underlying observations.

Example. Suppose X, is a count variable rounded to the nearest 5, i.e. R(Xy4) =5. If 27, =5,
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then z,4 € 7(5) = {3,4,5,6,7} and ¢(k|-) = 1, k = 3,4,5,6,7. However, if 2, = 0, then
ZTna € 7(0) ={0,1,2} and ¢(k|-) = 0 for k = —2, —1. Clearly the potential underlying datapoints
below the rounded observation (i.e. ), — 2 and z;, — 1) are possible for x7; > 5, but not for
z} ;= 0. As a result, ¢(xpq|-) = L(2nq > 0).

6.4.2 Utilising additional information

Suppose z, € RT, is an integer realisation of a random variable Z comprising of additional
information for the n'" observation, such that z, can be included in the function ¢ for some
rounded variables to better specify the probability of the underlying classical observation, given
the rounded realisations. Suppose also that z, can be potentially rounded to the nearest k"
integer, i.e. R(Z) = k. This additional information can be incorporated into the estimating
equations (6.7) as follows.

For ease of notation, first denote } p(,« .. ) as the summation over all included and addi-

tional information variables for the given model, such that

DD D S

D(zh,yh25)  2n€(25) yn€y(y)) Tn1€v(2),)  zap€Y()p)

The ’averaged’ glm estimating function for a rounded sample with additional information incor-

porated in z* is then given as

N
U'(a*,y", ) = Z S 2@ G o s, 8) = 0. (6.9)

LT (23,95 25) An
where (I)(xny Yn, Zn) = (25(2’”‘37”, yn)¢(yn’xn7 Zn) X Hc?:l (Zs(xnd‘xna Yn, Zn) and

Ap = Z (T, Yns 2n)-
NCERTIESS)

Once again this leads to the assumption that the possible underlying multidimensional values
for each rounded observation are uniformly distributed, albeit without necessarily leading to

uniform distributions for each marginal underlying value.

Example. Suppose the sum of some subset d = (di,...,dp), d, € 1,...,D, p =1,..., P,
P < D of the included covariates might be known to be z,, such that ) ;.4 Tnq = 2,. In the
context of the analysis conducted in this paper, this is comparable to the restrictions that the
sums of the males and females for each university cost centre must be equal to the total number

of people, i.e. Z?Zl Wi + Ung = Np. As a result,

D (20, Yn, 2n) = O(2n|Tn, Yn)P(Ynl|Tn, 2n) X || ¢(@ndlTn, Yn, 2n)

::]u ) ::]b

and—zn X(z)yn

ded d

-fUnd
1
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Only values for z,, for which the sum of the covariates indexed by d is equal to the additional

observation z, are then included in the estimating equation (6.8).

6.4.3 Variances

The asymptotic distribution of the classical MLE 6, shown in (6.4), and subsequent covari-
ance matrix, denoted as the Fisher information matrix and shown in (6.5), are specific cases
of a general theory outlined by ( ), which states that the MLE is asymptotically

distributed with covariance matrix given as the inverse of the Godambe Information matrix

G(B) = H(B)J(B)" H(B), (6.9)

such that
Be ~ N(B,G(B)™Y),

where Vg and Vg2 represent respectively the gradient and matrix of second derivatives for a
given parameter 6, and H(B) = —E(V?log L(x,y;3)) and J(B) = Var(Vlog L(z,y;3)) are
respectively the sensitivity and variability matrices. For regular likelihoods, H(5) = J(/) and
as a result, G(8) = H(B) = J(B), however, when the model is misspecifed, or if there are
correlations between the observations, then H(3) # J(5) ( , ) and the variance must
be obtained by the complete Godambe information matrix.

Given we have a misspecified log-likelihood, and the Godambe information matrix shown
n (6.9) must be used to obtain variances for the estimates, denoted as 0,. We now present
formulae for the estimators of H(S) and J(3), respectively denoted as H(j3)) and J(3)). The

hessian and jacobian estimators are then respectively given as

N
B =S Plog Ly =S Y Pt ony c g (6.10)

n=1 n=1T(z% An

nvynl n)

N
JB) =3 (Valog L(w 3 8) (Valog Liwh,uii )

INERT ) L(xy,,u5,25)

(6.11)

Note that Vzlog f(zn, Yn; B) and V% log f(@n, Yn; B ) are simply the classical gradient and hessian

formulae. For fully observed data, H(3) = J(3), and G(#) = I1(6)

6.5 Data Analyses

We now undertake the real data analysis of the Athena SWAN dataset to determine which
variables are predictive of the ordinal-valued Athena Award Status and the number/proportion

of females in a given academic cost centre. As previously stated, the rounded nature of some of

al (I)($n>ymzn) A (I)(xmynazn) A :
= Z Z Tvﬁ log f(n, Yn; B) Z Tvﬁ log f(%n, yn; B) .
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the observed count variables result in the unsuitability of classical glm models, leading to the
necessity of the glm framework proposed in this paper. We first outline the desired analyses for
each model, and then illustrate their utility with some simulation studies. The actual analyses

are then performed to conclude this section.

6.5.1 Data Analyses Description

In each of the real data analyses, the non-standard EE methodology (6.8) is compared to
a naive classical analysis of the rounded data, with MLE variances for both methods obtained

using the Godambe information matrix. For the classical rounded analysis, we are forced to

4 *
g W w* .
1=1 n J— n
=l m and p,; =
* na * * 9
M wni+vni

than 7 = 22.5. Furthermore, denote w, and v, as the total number of females and males

set p, = 1 =1,...,4, for observations with respective counts less

respectively for each observation. For the rounded classical analysis, we are therefore also forced

to set w, = Y4 w*; and v, = S0, v*,. Let e = 1072, For (6.8), when p, is included in the
Wn,

estimating equations, we set p, = .
n

For the non-standard EE methodology (6.8), there are various constraints on the underlying
data for the count variables, which we can exploit for better parameter estimates. For example,
every underlying count observation can’t be negative, and the counts of the males and females
for each employment level must add to the relevant total count for that level. For observations
where some proportions of females for each level are available, further conditions can be imposed.

Utilising all the available information yields the following identity functions

¢(np) = 1(nn > 0)
d(wp, vy) = L(wy, > 0N, > 0)
=1

¢(wni7vni) (wni Z 0; Uni 2 O)

4
=1

4
P(vnl{vni}) = ]l(z Uni = Un),
i=1

d(nn|wn, va) = L((wn + vp) = ng),

w
O(pn|nn, wn, vy) = 1((n, < 22.5) U (|n—n —pn)| <€),
n
Wnyi

S 0niy0ni}) = L{(wni + v < 225) U (|0

- pnz)‘ < 6)7

such that

D (wn, Un, N[ {Wnis Vnis Pri b Pn) =0(1n) (W, U0 S(Wnis Vi) P(Wn | {wni }) o (vn | {vni })
X ¢(nn|wmUn)¢(pn’nnawnavn)¢(pni|{wniaUm'}) (6-12)
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and

An = Z Z Z Z Z (I)(wnyvnann|{wniyvmlapni}apn)-

nn€y(ny,) w1 €Y(wy) Wna €Y(wy ) vn1 €Y(V),) Vna€y(v}y)

These expressions are then included in the estimating functions (6.8), with variances obtained
using the components of the Godambe information matrix shown in (6.10) and (6.11).

For each analysis, we define the response observation and covariate vector for the n” obser-
vation as y, and x, respectively. Expressions for the log-likelihood, estimating functions and
components of the estimated Godambe information matrix (6.10) and (6.11) are given for each

model, so that estimates and variances can be obtained for each parameter vector.

Poisson Regression Analysis

For predicting the number of females w,, for each observation (university cost centre) using
the other covariates, a poisson regression is appropriate. Denote the response variable v, = wy,
the predictor variables x, = (1, an, tn, ', lnt,s ln2, lng)T and the vector of regression coefficients
as B = (Bo, B1, B2, B3, Bat, Pz, B13) | . The classical glm likelihood is given as

where )
P(Yn = y’mmﬁ) = ? €Xp (y(ﬁ—l—fn) - exp(ﬁTxn)) :
The classical poisson log-likelihood can therefore be expressed as
N
log L(z,y; 8) = Z{yn(BTxn) - eXp(6T$n) —log(yn!)},

n=1

with the gradient for the variance calculation and estimating function (6.8) given as
N
Vslog L(x,y; 5 Z Zn(yn — exp(B T zp)).
n=1

Binomial Regression Analysis

For predicting the proportion of females p,, for each university cost centre using the other co-
variates, a binomial regression model can be used, with the counts of females w,, and total size n,,
included in the response matrix. Denote the predictor observations as x,, = (1, ny, an, tn, "n, lnt, ln2, lng)T
and the vector of regression coefficients as 8 = (o, £1, B2, 33, B4, B51, B52, B53) T . The classical

glm likelihood can be expressed as

N T
o exp(wnf ' Tr)
L(x,y; ) = nl;[l (1 + exp(BTay))™
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The classical poisson log-likelihood can therefore be expressed as

N
log L(z,y; 8) = Y _{wnB 2y — nplog(1 + exp(BTzn)},

n=1

with the gradient given as

N T
npexp(f ' xy)
Vglog L(x, y; 3 2:: < Wn HW)(BT%))

Ordinal Logistic Regression Analysis

An ordinal logistic regression model can be used to predict the Athena SWAN award status
a,, for each university cost centre using the other covariates. Denote the response as y,, = a,, the
predictor observations as x, = (Tn, P, tn, s Int, n2, lng)T, the vector of regression coefficients
as B = (B1, P2, B3, Ba, P51, Bs2, Bs3) T and an ordered vector of threshold parameters as a =
(a1,2) ", ag > 1. The classical ordinal logistic log-likelihood we want to approximate can be

expressed as follows.

N
.’1}' y7/67 H n_yn’xanv )7
n=1
where
P(Y, = k|zn, B,a) = P(Y, < K2, 8,0) = P(Y, <k — 1|z, 8, a), (6.13)

exp(a, + B x)
1+exp(ag + BTx,)

P(Yy < klan, §,a) = (6.14)

Note that this model has no intercept term. The classical ordinal logistic regression log-likelihood

can therefore be expressed as

N
log L(z,y; B, ) = ZlogP(Yn = Yn|Tn, B, ).

n=1

The gradient of the log likelihood, which is dependent on the constraints of the threshold pa-

rameter «, is given by ( ).
N K

Vlog L(m, y; B,0) =Y > anl(y — P(Y, < k|zn, B, 1) — P(Yy, <k — 1)z, 8, )
n;l k:;l 1

Vaolog L(x,y; B, nz::lkz::l]l n—k{eyn <1P(Yn§k|xn,,6’,oz)1_exp(ak_1_ak)>+

eyn_l

7N\

1
L= P(¥o < k= lan, ) = 1 — exp(ag — ak—l)) }7

where ey, is the k** canonical vector, k =1,..., K.

As noted by ( ), when estimating the parameters of the ordinal logistic regres-
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sion models, the actual quantities being estimated for the regression and threshold parameters
are respectively ¢ and g, where € is a scale parameter. As a result, there is an identifiability issue
with the model, in that there are infinitely many sets of parameters (3, «) which will achieve
the same log-likelihood score, given adjustments to the scale parameter e. One solution is to fix
a1, ensuring there is a unique solution. This approach is used in the simulations and real data

analyses seen later in this paper.

6.5.2 Simulations

We consider some synthetic examples for the poisson, binomial and logistic ordinal regression
analyses to illustrate the advantages of using the glm estimating function methodology outlined
in Section 6.4 over a naive classical analysis of the observed rounded data. For each of the fol-
lowing analyses, N observations are simulated, with the covariates in each observation designed
to mimic the covariates in the motivating dataset described in Section 6.2. The numbers of
females w, and males v, for each cost centre are simulated directly, rather than from the sum-
mation of simulated values for w,; and v,; respectively. For each simulated dataset, the count
observations are rounded to the nearest R = 25,20, 15,10, 5,1 integers, with R = 1 representing
the complete classical analysis of the underlying dataset. For each setup, realisations of t,, r,

and l,, n =1,..., N, are simulated as

1
t, € {1,...,20}, where P(tn:k)oc%,kzl,...,%

rn € {1,2,3}, where P(X,,3 =k) =

W =

k=1,2,3
1

l, €4{1,2,3,4}, where P(X,4 = k) = 1 k=1,2,3,4.

MLE’s for § (and u for the ordinal model) for each analysis are obtained for each degree of
rounding (R) using a naive classical analysis of the rounded dataset, with variances obtained
using the estimated Godambe information matrix. MLE’s are then obtained using (6.8) for each
degree of rounding, with varying degrees of additional information incorporated. The following
functions ® are used to incorporate varying amounts of additional information for the estimating

functions in (6.8).

(I)(xm yn) = Qs(nn)d)(wny Un) (615)
(I)(xmyn) = ¢(nn)¢(wn7vn)¢(nn’wnavn) (6.16)
‘I’(ib’n, yn‘pnu T) = ¢(nn)¢(wn7 vn)¢(nnlwn, Un)¢(pn|nn7 wn? UTZ)' (617)

Note that these functions ® represent the incoporation of an increasing amount of additional
information, ranging from only the conditions that each count is non-negative, and the total size
is also not zero (6.15), to the inclusion of the condition that w, + v, = n, (6.16), as well as the
proportions of females conditions (6.17). Each analysis is then replicated 1000 times, so that the
average estimates and average estimated Godambe variances can be presented. The Godambe

variances are also compared to the observed variance of the MLEs across the 1000 replications,
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to establish whether good estimates for the variances are obtained.

For the binomial and ordinal logistic regression simulation studies, the degree of rounding
for all observations is then fixed at R = 5. The mean of the process used to simulate n,, is then
varied inversely proportionally to the regression coefficient associated with that covariate, such
that the effect on the other regressors should be minimal. Varying the total size n,, with a fixed
degree of rounding allows us demonstrate the point at which the cost centre sizes are so big that

the differences between the approaches are negligible.

Poisson Regression simulations

For the poisson regression synthetic example, N = 100 observations are simulated, with
realisations for a,, € {0,1,2}, n =1,..., N, simulated by sampling from {0, 1,2}, with P(a, =
k) = %, k =0,1,2.. A corresponding poisson response w,, is then simulated from each x, and
Brrue = (0.8,0.2,0.2,0.2,0.3,0.5,0.4). For each observation, the number of males v, is then

simulated from an poisson distribution with mean 35 ;x", and the total cost centre size n, then

follows as v, + yn = 2. Univariate histograms of n,, w, and v,, n = 1,..., N are shown in
Figure 6.2. Figure 6.3 presents the mean estimates (top row) and standard deviations (middle
row) for a subset of the parameters for varying degrees of rounding and additional information
incorporation. Results for all parameters are shown in Figures C.1 and C.2 in the Supplementary
material in C.1. The bottom row of figure 6.3 presents the observed standard deviation across
the 1000 simulation replicates along with the mean estimated Godambe standard deviation for
the complete model and the model represented by (6.15).

We see from Figure 6.3 that as we decrease the degree of rounding (i.e. R — 1), the results
of each model converge towards the classical results due to the increasing retention in informa-
tion about the underlying data. The newly developed EE approach (6.8) gives closer estimates
and variances to the complete analysis compared to the naive classical analysis of the rounded
data (which performs the worst by far) when no additional information is included (6.15), and
increasingly outperforms the rounded analysis when additional information is included (6.16)
and (6.17). Additionally, the standard deviation plots on the bottom row in Figure 6.3 demon-
strate that the Godambe information matrix is able to effectively estimate the standard error of
each parameter from the estimating function (6.8), as the mean estimated standard errors are
comparable to the observed sample standard deviations, albeit with a slight underestimation of

the variance of each parameter.

Binomial Regression simulations

For the binomial regression synthetic example, N = 100 observations are simulated, with

realisations of n,, and a,, generated as

Ny, ~ exp(50) + 5 (rounded to the nearest integer)

1
an € {0,1,2}, where P(a, = k) = §’k =0,1,2
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Figure 6.2: Histograms from one replication for the poisson synthetic analysis of the total size
(left), number of females (middle) and number of males (right).
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Figure 6.3: Mean estimates (top row), mean estimated standard deviations (middle row) and
mean estimated and observed standard deviations (bottom row) for a subset of the parameters
(columns) in the poisson regression synthetic analysis. For the top two rows, Classic results are
shown in solid black, classical analysis of the rounded data in dashed black, EE results with
no additional information in dotted black (6.15), EE results with additional totals information
utilised in solid grey (6.16) and EE results with additional proportions information in dashed
grey (6.17).. For the bottom row, observed standard deviations are shown with dashed lines,
with mean estimated Godambe standard deviations shown in solid lines.

(—0.5,0.001, 0.05,0.05, —0.1,0.1,0.2, —0.3) T, the

number of females w,, is then simulated for each group, such that w, ~ Bin(n,,p,), where

Using a pre-specified parameter vector Bipye =
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pn = B'x,, and from these we have the numbers of males for each group v, = n, — wy,, as
well as the true proportions of females (%:) for groups with total sizes n,, > 7, where 7 = 22.5.
Univariate histograms of n,, w, and v,, n = 1,..., N are shown in Figure 6.4. Figure 6.5
presents the mean estimates (top row) and standard deviation (middle row) for a subset of the
parameters for varying degrees of rounding and additional information incorporation, with the
complete results shown in Figures C.3 and C.4 in C.1. The bottom row of figure 6.5 presents the
observed standard deviation of the estimates across the 1000 simulation replicates along with
the mean estimated Godambe standard deviation for the complete model and (6.15). Figure 6.6
shows the effect of the change in mean of the total size n, on the differences in the estimated
variances between the complete classical model, and the various models investigated for a subset
of the parameters, with the complete results shown in Figure C.5 in C.1.

Figure 6.5 demonstrates that as the degree of rounding decreases (i.e. R — 1), the results of
each model converge towards the results of the complete classical analysis due to the increasing
retention in information about the underlying data. The newly developed EE approach gives
closer results to the complete case (in terms of mean estimates and variances) compared to the
classical binomial regression performed on the rounded data for the predictor variables (which
provides by far the worst results), and when additional information is incorporated into the
model, the estimating function results improve in that they are closer to the complete classical
results for all parameters. Furthermore, the standard error plots on the bottom row in Figure
6.5 show that good estimates can be obtained for the standard error of each parameter via the
estimated Godambe information matrix, as the mean estimated standard errors are comparable
to the observed sample standard deviations, albeit slightly underestimated. Figure 6.6 illustrates
that that when additional information is utilised, the estimating function methodology (6.8)
perform better than the classical model performed on the rounded data for all predictor means,
although this improvement gets comparably smaller as the magnitude of the department sizes,

numbers of females and numbers of males increases.
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Figure 6.4: Histograms from one replication of the binomial synthetic example of the total
size (top left), number of females (top right), number of males (bottom left) and proportion of
females (bottom right.
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Figure 6.5: Mean estimates (top row), mean estimated standard deviations (middle row) and
mean estimated and observed standard deviations (bottom row) for a subset of the parameters
(columns) in the binomial regression synthetic analysis. For the top two rows, Classic results
are shown in solid black, classical analysis of the rounded data in dashed black, EE results with
no additional information in dotted black (6.15), EE results with additional totals information
utilised in solid grey (6.16) and EE results with additional proportions information in dashed
grey (6.17).. For the bottom row, observed standard deviations are shown with dashed lines,
with mean estimated Godambe standard deviations shown in solid lines.

Ordinal Logistic Regression simulations

For the ordinal logistic regression synthetic example, N = 100 observations are simulated,

with realisations of n, and p, simulated as

Ny, ~ exp(50) + 5 (rounded to the nearest integer)
pn ~ U(0.2,0.75).

The number of females and males can then be obtained, such that w, = p,n, (rounded) and
Up = Ny, — wy. K = 3 classes are used for the ordinal categorical response variable Y, which we
simulate as follows. Two equally spaced thresholds ayrue = (a1, @2) " = (0,3) T and a parameter

vector Biue = (0.01,-0.5,-0.01, —0.2, —0.5,—1,0.5) " are chosen, and class probabilities are
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Figure 6.6: Difference between the estimated variances of the complete classical analysis and
various models for a subset of the parameters for the binomial regression synthetic example.
Classic results are shown in solid black, classical analysis of the rounded data in dashed black, EE
results with no additional information in dotted black (6.15), EE results with additional totals
information utilised in solid grey (6.16) and EE results with additional proportions information
in dashed grey (6.17).

then calculated using (6.13) and (6.14). Each Y,, is then simulated according to the class
probabilities. Univariate histograms of n,, w, and v,, n = 1,..., N for one replication are
shown in Figure 6.7. Due to the identifiability issues associated with the threshold parameter
a, we fix oy = 0 for each optimisation. Figure 6.8 presents the mean estimates (top row)
and standard deviation (middle row) for a subset of the parameters for varying degrees of
rounding and additional information incorporation, with the complete results shown in Figures
C.6 and C.7 in C.1. The bottom row of figure 6.8 presents the observed standard deviation of
the estimates across the 1000 simulation replicates along with the mean estimated Godambe
standard deviation for the complete model and (6.15). Figure 6.9 shows the effect of the change
in mean of the total size n, on the differences in estimated variances between the complete
classical model, and each model for a subset of the parameters, with the complete results shown
in Figure 6.9 in C.1.

Figure 6.8 shows that as the degree of rounding decreases (i.e. R — 1), the results for each
model for the regression and threshold parameters (f and «) converge towards the classical
results. The naive classical analysis of the rounded data outperforms (6.15) for a large degree of
rounding for some parameters, however both analyses obtain comparable results for lower values
of R. When additional information is incorporated, i.e. (6.16) and (6.17), closer results to the
complete classical case are produced than a naive classical analysis of the rounded data, with
more additional information leading to an improvement in results. Unlike the other glm models
previously investigated, the variances of each parameter were lower than that of the classical
case, with convergence to the classical results from below with decreasing degrees of rounding R.
The standard error plots on the bottom row of Figure 6.8 show that the Godambe information
matrix provides good estimates for the standard error of each parameter from the estimating
functions 6.8, as the mean estimated standard errors are comparable to the observed sample
standard deviations. Figure 6.9 illustrates that that the estimating functions (6.8) produce
closer estimates to the complete case when additional information is utilised, and perform better

than the naive classical analysis of the rounded data for all predictor means, although this
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improvement gets comparably smaller as the magnitude of the department sizes, numbers of

females and numbers of males increases.
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Figure 6.7: Histograms from one replication of the ordinal logistic synthetic example of the total
size (top left), number of females (top right), number of males (bottom left) and the ordinal
response variable (bottom right)

6.5.3 Analyses of the Athena SWAN dataset

We now estimate the glm parameters for the poisson, binomial and ordinal logistic regression
models applied to the datasets described in Section 6.2 using both a naive classical analysis of
the rounded datasets and the estimating function methodology outlined in Section 6.4. For the
estimating function methodology, ®(wy,, v, N |{Wni, Vni, Pni}s Pn) (shown in (6.12)) was used to
restrict the domain of the underlying dataset. For the ordinal logistic regression analyses, we set
a1 = 0 and estimate ag to avoid the identifiability issues associated with completely unrestricted
threshold parameters ( , ). Denote the estimates obtained via a naive classical
analysis of the rounded data as Bﬁe‘", and the estimates obtained via the estimating function
methodology shown in (6.8) by Bsye‘" for each year. Standard deviations for each parameter are
estimated using the estimated Godambe information matrix obtained from (6.10) and (6.11).
Tables 6.1, 6.2 and 6.3 respectively show the MLEs and estimated standard deviations for the
parameters of the poisson, binomial and ordinal logistic regression analyses of the Psychology
(top) and Physics (bottom) data. Important predictors (large estimates compared to small
standard deviations) are indexed by *. When referencing traditional hypothesis testing in the
following description of the results, we assume 5% as the significance level

The poisson regression models fit to Psychology datasets for the years 2012 and 2016 yield
estimates and standard deviations that suggest that the most important predictor of the number
of females w,, for each cost centre is the location [,,. Being located in England (I,,; = 1) has
a significant positive effect on the number of females for the Psychology 2012 dataset, yielding
a low p-value in a traditional hypothesis test. The estimating function methodology yields a
higher estimate for 841 than the naive classical analysis of the rounded data, with a comparable

standard deviation. For the Psychology 2016 dataset, the estimates for 43 have significantly
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Figure 6.8: Mean estimates (top row), mean estimated standard deviations (middle row) and
mean estimated and observed standard deviations (bottom row) for a subset of the parameters
(columns) in the ordinal logistic regression synthetic analysis. For the top two rows, Classic
results are shown in solid black, classical analysis of the rounded data in dashed black, EE
results with no additional information in dotted black (6.15), EE results with additional totals
information utilised in solid grey (6.16) and EE results with additional proportions information
in dashed grey (6.17).. For the bottom row, observed standard deviations are shown with dashed
lines, with mean estimated Godambe standard deviations shown in solid lines.

increased when compared to the 2012 dataset, such that the resultant hypothesis yields suggests
that being located in Wales (l,3 = 1) is an important predictor of the number of females in the

traditional hypothesis testing setting.

There are noticeable differences between the MLE’s obtained from the poisson estimating
function methodology (6.8) and the poisson naive classical analysis. Estimates for Sy and (5
obtained from the estimating function analysis (6.8) of the 2012 dataset are noticeably different
than that of the naive classical analysis, however in 2016 both methods obtained similar results
for these coefficients. Consequently, for the 2012 analysis, a naive classical analysis of the
rounded data estimates a significantly different effect of the Athena SWAN Award status on the

number of females for each cost centre, which is one of the questions of interest.

The poisson regression analyses of the Physics datasets for 2012 and 2016 suggest that the
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Figure 6.9: Difference between the estimated variances of the complete classical analysis and
various models for a subset of the parameters in the ordinal logistic regression synthetic analysis.
Classic results are shown in solid black, classical analysis of the rounded data in dashed black, EE
results with no additional information in dotted black (6.15), EE results with additional totals

information utilised in solid grey (6.16) and EE results with additional proportions information
in dashed grey (6.17).

Athena SWAN status a,, and being located in England (I,,; = 1) or Scotland (I,2 = 2) are
useful predictors of the number of females w,,, yielding comparably large (in magnitude) MLE’s
compared to their estimated standard deviations for §1, 541 and (B42. Furthermore, a higher
Athena SWAN status a,, is found to have an important positive effect on the number of females
for a given cost centre. The significance and magnitude (in a traditional hypothesis testing
setting) of all three country coefficient estimates (841, f42, f43) increases in the 2016 analysis,
compared to 2012. Furthermore, the estimating function methodology (6.8) estimates larger
coefficients with smaller standard deviations for the location coefficients for 2012 and 2016.
Consequently, a naive classical analysis of the rounded data underestimates the importance of
each location in the prediction of the number of females for each cost centre.

The binomial regression analyses of the Psychology 2012 dataset yield significant predictors
(in the traditional hypothesis testing sense) for 51, 83 and 51 for both models, suggesting that
the cost centre size (n,,), the length of engagement (¢,,) and being located in England (l,,; = 1)
are useful in predicting the proportion of females p,, for a given cost centre. The cost centre size
is determined to have a important positive effect on the proportion of females. For the analysis
of the 2016 version, the binomial regression analyses yield significant estimates for 81, 83 and
B4, suggesting the predictive ability of [, has diminished, while the research intensity r, now
has a significant positive effect on the proportion of females. There are noticeable differences
between the estimating function (6.8) and naive classical analyses in the results obtained for
for both Psychology datasets, with the estimating function methodology (6.8) yielding different
MLE’s with significantly lower standard deviations.

The binomial regression models fit to the Physics datasets yields few significant predictors.
For the 2012 dataset, apart from the intercept term [y, only the estimate for 51 yields a sig-
nificant p-value for the estimating function analysis (6.8), however this significance is lost in the
naive classical analysis of the rounded data, with a much smaller estimate with a larger standard
deviation being estimated. As a result, the estimating function (6.8) and naive classical method-

ologies yield different hypothesis test conclusions in determining the importance of being located
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Psychology
33012 352012 33016 33016
Bo  2.645 (0.440)*  2.797 (0.445)*  2.935 (0.337)*  2.925 (0.350)*
B1 0.237 (0.145) 0.129 (0.165) 0.108 (0.151) 0.095 (0.151)
B2 0.000 (0.003) 0.001 (0.003) 0.000 (0.003) 0.000 (0.003)
B3 -0.029 (0.207)  -0.057 (0.202)  -0.126 (0.137)  -0.131 (0.137)
Ba1 0.632 (0.273)*  0.639 (0.274)*  0.830 (0.189)*  0.875 (0.215)*
Baz  -0.077 (0.356)  -0.008 (0.347) 0.269 (0.269) 0.288 (0.293)
Baz  0.491 (0.493) 0.528 (0.502) 0.838 (0.278)*  0.909 (0.293)*
Physics
33012 352012 33016 552016
Bo 0.063 (0.726) -0.106 (0.834)  -0.801 (0.601) -0.717 (0.752)
B1 0.566 (0.199)*  0.637 (0.207)*  0.727 (0.183)*  0.704 (0.187)*
B2 0.007 (0.004) 0.007 (0.004) 0.009 (0.004)*  0.009 (0.003)*
B3 -0.165 (0.310)  -0.300 (0.324)  -0.025 (0.226)  -0.180 (0.293)
Ba1 1.168 (0.165)*  1.313 (0.158)*  1.528 (0.121)*  1.703 (0.129)*
B2 0.982 (0.267)*  1.161 (0.228)*  1.568 (0.235)*  1.717 (0.222)*
Bas  0.624 (0.927) 0.747 (0.683) 1.489 (0.942) 1.753 (0.746)*

Table 6.1: MLEs with standard deviations in parentheses for the Poisson regression analyses.

in England as a predictor of the proportion of females for a given cost centre. The analysis of
the 2016 Physics dataset gives larger estimates with smaller standard deviations (compared to
2012) for the location coefficients, again with larger estimates and smaller standard deviations
obtained for the estimating function methodology (6.8), compared to the naive classical analy-
sis, meaning a naive classical analysis underestimates the importance of these variables in the
prediction of the proportion of women. The significance of the estimates for 82 and B4 also
increases in 2016 for both methodologies, meaning the Athena SWAN status a, and research

intensity r, are increasingly predictive of the proportion of females for the Physics dataset.

The ordinal logistic regression models fit to the Psychology datasets for each year illustrate
that the length of engagement ¢,, and research intensity r,, are the most useful predictors of the
Athena SWAN status, yielding MLE’s with large magnitudes when compared to their standard
deviations. Similar estimates are obtained for the threshold parameter ay for both the estimating
function (6.8) and naive classical analyses, with the estimating function methodology (6.8)
yielding lower standard deviations for pe in each year. None of the locations were found to be

a significant predictor of the award status in these analyses.

The ordinal logistic analysis of the Physics 2012 dataset yields high MLE’s with comparably
low standard deviations for 83, 851 and fBs3, suggesting that the length of engagement ¢,, and
location [, are the most useful predictors of the Athena SWAN status. The significance of 33
decreases in 2016, while the results for the other covariates remain largely similar. In both
years, the estimating function methodology (6.8) estimates lowest standard deviations for the

threshold parameter as.
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Psychology
33012 33012 33016 33016
Bo -0.009 (0.205)  -0.134 (0.202) 0.287 (0.210) 0.277 (0.160)
B1 0.001 (0.000)*  0.001 (0.000)* 0.001 (0.000)*  0.001 (0.000)*
B2 0.053 (0.065) 0.025 (0.065) 0.020 (0.070)  -0.009 (0.064)
B3 -0.004 (0.001)* -0.004 (0.001)* -0.004 (0.001)* -0.005 (0.001)*
Ba  0.126 (0.065) 0.119 (0.061) 0.165 (0.053)*  0.127 (0.046)*
P51 0.212 (0.080)*  0.343 (0.089)* -0.076 (0.140) 0.020 (0.076)
P52 -0.020 (0.145) 0.144 (0.141)  -0.006 (0.176)  -0.001 (0.110)
Bs3  0.016 (0.270) 0.134 (0.259)  -0.268 (0.213)  -0.081 (0.170)
Physics
33012 33012 BT2016 382016
Bo -2.025 (0.478)* -2.325 (0.397)* -3.278 (0.398)* -3.099 (0.364)*
B1 0.001 (0.001) 0.000 (0.001) 0.000 (0.001) 0.000 (0.001)
B2 0.049 (0.129) 0.106 (0.108) 0.262 (0.098)*  0.202 (0.079)*
B3 -0.003 (0.003)  -0.002 (0.003) 0.002 (0.002) 0.001 (0.002)
Bs  0.164 (0.186) 0.198 (0.135) 0.293 (0.142) 0.252 (0.149)
P51 0.176 (0.215) 0.406 (0.185)*  0.681 (0.137)*  0.868 (0.119)*
Bs2  -0.054 (0.231) 0.171 (0.220) 0.583 (0.216)*  0.665 (0.210)*
Pss -0.481 (0.643)  -0.244 (0.442) 0.561 (0.572) 0.843 (0.373)*

Table 6.2: MLEs with standard deviations in parentheses for the Binomial regression analyses.

6.6 Discussion

In this article, we have developed a methodology for obtaining estimates of glm parameters
from datasets with rounded count variables, with the aim of improving upon the results of
a naive classical analysis of the rounded dataset. The estimating function methodology (6.8)
‘averages’ out the contribution of each observation towards the log-likelihood across all possible
underlying multivariate values that the observation could have taken before it was subjected to
rounding, rather than just treating the rounded observation as the true underlying value, as per
the naive classical analysis. Additional information concerning the summation of some variables
and the availability of the proportion of females for some observations can then be included to
further restrict the domain of the underlying latent dataset, and more accurately approximate
the classical log-likelihood. Although they aren’t directly included in the underlying classical
glm log-likelihood that we want to approximate, the counts of the males for each employment
contract v,; can be considered additional information that allows better MLE’s to be obtained
from the estimating function methodology (6.8).

The estimating function methodology was utilised in the estimation of glm parameters for
a poisson, binomial and ordinal logistic analyses of the Athena SWAN data, with the aim of
determining the importance of each covariate in the prediction of the Athena SWAN award
status, and also the number/proportion of women for a given university cost centre. FEach
analysis yielded important predictors, with noticeable differences emerging for some parameters
between the estimating function methodology and naive classical analysis of the rounded data.

Consequently, ignoring the rounding mechanism and performing a naive classical analysis of the
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Psychology
33012 352012 33016 33016
B1 -0.003 (0.004) -0.002 (0.007)  -0.001 (0.006) -0.001 (0.008)
B2 -0.031 (1.527) 2.168 (1.832) 0.373 (1.818) 0.076 (2.132)
B3 -0.062 (0.011)*  -0.062 (0.014)* -0.060 (0.010)*  -0.060 (0.013)*
Bs  0.967 (0.371)* 0.665 (0.377) 0.809 (0.410) 0.841 (0.434)
P51 0.793 (0.840) -0.241 (0.956) 0.569 (0.986) 0.680 (1.218)
P52 -0.262 (0.833) -0.931 (1.052)  -0.275 (1.047) -0.151 (1.291)
Bs3  0.443 (0.904) -0.194 (1.051) 0.375 (1.085) 0.467 (1.348)
ag  3.331 (0.641)* 3.247 (0.600)*  3.156 (0.583)* 3.157 (0.533)*
Physics
33012 382012 33016 33016
B1 -0.030 (0.010)*  -0.027 (0.009)* -0.030 (0.012)*  -0.028 (0.008)*
B2 3.411 (4.141) 1.169 (1.760)  -9.936 (5.387) -1.879 (1.088)
B3 -0.027 (0.012)*  -0.028 (0.012)* -0.016 (0.013) -0.024 (0.013)
Ba  -0.155 (0.487) 0.034 (0.433)  -0.387 (0.669) -0.006 (0.454)
P51 2.268 (1.117)* 2.320 (1.025)*  4.799 (2.188)* 3.101 (1.063)*
Bs2  1.953 (1.450) 1.682 (1.361) 4.036 (2.230) 2.585 (1.468)
Bs3  12.055 (1.055)*  5.668 (0.857)*  13.758 (2.374)*  6.314 (0.986)*
az  1.539 (0.449)* 1.568 (0.386)*  1.707 (0.549)* 1.638 (0.445)*

Table 6.3: MLEs with standard deviations in parentheses for the Ordinal logistic regression
analyses.

rounded data will lead to innacurate conclusions regarding the importance of various covariates

for the research questions posed.

Simulation studies were considered to demonstrate the utility of our estimating function (6.8)
construction for datasets of the nature studied in this paper. The simulations showed a conver-
gence of both the estimating function (6.8) and naive classical results towards that of the true
underlying dataset with a decreasing degree of rounding. Furthermore, for the poisson, binomial
and ordinal logistic regression models investigated, the estimating function methodology (6.8)
with the most additional information incorporated provides the best parameter estimates. The
ordinal logistic regression synthetic example highlighted a tendency of the estimated parameter
standard deviations to converge to the classical results from below, rather than from above as
per the other models investigated. As a result, it seems the estimating function (6.8) and naive
classical methodologies underestimate the variance of each parameter, with the difference to the

true results decreasing with decreasing degrees of rounding.

For classical glm’s, the Fisher information matrix is sufficient for obtaining estimates for
the variance of each MLE. However, due to the misspecified nature of the estimating function
approximation developed in this paper, we obtain variances for both the estimating function (6.8)
and naive classical methods through the inverse of the Godambe information matrix, which is
equivalent to the Fisher information matrix for correctly specified log-likelihoods. Evaluation of
the Godambe information matrix requires the evaluation of two matrix components, the jacobian

and the hessian, which are also equal when the log-likelihood is properly specified. The variances
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obtained from the Godambe information matrix allow inferences to be made on each parameter,
allowing us to determine which covariates are significant predictors of the Athena SWAN award
status and the number/proportion of females for a given cost centre.

The function @(x;‘li’i’"") acts as a weighting function that ensures the sum of the weights of
the contributions towards the estimating equation for each possible underlying value for a given
observation is equal to 1. In this paper, we focus only on the case where ®(z,,, y,,|-) is the product
of identity functions, taking the value 1 if the potential underlying value (zy,,y, ) is possible for the
n*" observation, and 0 otherwise. This results in a summation of the estimating equations over
all the possible underlying multivariate values wy,, v,, n, that were possible, given the rounded
observations w}, v, ny, where each possible underlying value receives an equal weight. If more
information is available, this density could be better specified. For example, if it known that
some underying values are more likely than others, then the weights can be adjusted accordingly

by a different choice of ®(xy,, yn|).
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Chapter 7

Discussion and Future Work

Symbolic data analysis provides tools to deal with data that takes a non-standard (symbolic)
form, such as intervals or histograms. Such constructions are often useful in reducing the
computational burden associated with the storage, transmission and analysis of the dataset,
given the size and dimension of a symbolic dataset is usually less than that of the underlying
classical dataset from which it was aggregated. Furthermore, it is often necessary for data
to arrive in a non-standard form, due to reasons such as privacy, or a natural aggregation
that occurs during observation. Classical methods of analysis are often unsuitable for symbolic
datasets, as they fail to take into account the inherent variability that occurs within each symbol,
a property not present in classical pointwise observations. Most existing SDA methods focus
on an exploratory or descriptive analysis of symbolic datasets, and are often dependant on an
assumed uniform within-symbol distribution. These methods are effective if results are desired
that are interpretable at the symbolic level, however if a classical framework is required for the
output of the analysis then these methods are often unsuitable.

When data arrives in a non-standard form, an analysis is often required that delivers results
comparable to that of a classical analysis of the underlying classical dataset from which the
symbolic dataset was constructed. There are some examples of methodologies for non-standard
data that accomplish this. ( ) calculates variances from a binned dataset, and
examines the differences between raw midpoint estimates, Sheppard’s corrected estimates and
estimates obtained from weighted parametric binned model, assuming a normal distribution
for the underlying dataset. ( ) provided a parametric framework in which
a classical parametric model can be fit to a symbolic dataset. The results of the symbolic
parametric model converge towards that of the corresponding classical analysis with increasing
information retention in the data aggregation process. ( ) constructed a kernel density
estimator for histogram data as the classical density estimator for the set of midpoints, each
weighted by the counts for their respective bins. There are also parallels that exist between SDA
and existing methodologies for missing data, however these methods often require the occurrence
of classical-valued observations, from which a density for the missing data can be fit.

In Chapter 3, the parametric framework of ( ) was extended to the field of

composite likelihood ( ) , , ) , ) to address the computa-
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tional issues associated with the analysis of large-dimensional histograms. A symbolic composite
likelihood function was developed, with multivariate histograms used as the motivating example.
It was demonstrated that the symbolic composite likelihood function obtains comparable mle’s
to a classical analysis of the complete microdata, if a certain amount of information is retained
during the data aggregation process. Results were also obtained that show the loss in efficiency
of these estimates that occurs as less temporal information is retained. Extensive simulation
studies were performed to demonstrate the convergence of the symbolic results towards the clas-
sical results through the varying of the number of bins and temporal blocks, and the utility of
this methodology was demonstrated via the analysis of several datasets consisting of historical
and future simulated temperature observations from various climate scenarios.

In Chapter 4 a logistic regression model was developed that can accommodate covariates
that take the form of marginal histograms. This analysis was not previously possible. By
making certain assumptions about the relationship between the underlying classical covariates,
estimates for the complete classical logistic regression model can be obtained from the optimi-
sation of a set of lower-dimensional likelihoods. This method also allows the logistic regression
analysis of large-dimensional multivariate covariate histograms, which cannot be analysed using
the ( ) approach due to the computational burden associated with estimating
the large-dimensional integrals within the likelihood. Two real datasets were analysed using this
construction, for which classical results were previously provided. In each case, the newly devel-
oped marginal histogram logistic regression model was able to obtain almost as good predictions
as the classical analyses of the complete microdata at vastly cheaper computational cost.

Often a parametric analysis of symbolic datasets is unsuitable for the same reasons as it might
be for a classical dataset. That is, the practitioner is unable to assume a parametric density for
the classical data. In Chapter 5 we developed a non-parametric framework for the analysis of
non-standard data that can be used to obtain non-parametric estimates for various statistics,
such as means, variances, correlations and quantiles. Specific methodologies were developed for
intervals and histograms, in which additional information available in surrounding symbols is
utilised to estimate these quantities for each symbol. Empirical likelihood ( , ) ) has
emerged in recent years as a highly effective method of estimating the variance of these quantities,
without the need for an underlying parametric assumption. We extended the classical empirical
likelihood methodology to the scenario where non-standard data is observed, whereby estimates
for variances of parameters can be obtained from symbolic datasets that are comparable to
those of the classical empirical likelihood methodology performed on the underlying microdata.
The utility of these constructions was demonstrated via simulation studies and analyses of real
datasets.

The work in Chapter 6 was motivated by the rounding that occurs in data collection during
the creation of the Athena SWAN dataset. Counts for the numbers of men, women and people
in each department are rounded to the nearest 5 for privacy reasons, leading to the occurence
of a non-standard dataset. An analysis was desired that determined the importance of various
variables in the prediction of the number/proportion of women and the Athena award status

for each department. Ideally, a classical GLM model would be fit to the data. However, the



143

rounding mechanism means that this approach will deliver innaccurate results. In Chapter 6
we performed a GLM analysis of this dataset using symbolic methods, and have shown that
we are able to improve the results by utilising some key relationships between the rounded
covariates, such as the fact that the true underlying number of men and women must add up
to the number of people. The subsequent likelihood is misspecified, and so estimates for the
variances of the regression parameters are obtained through the estimated Godambe information
matrix ( ).

In this thesis, methods of analysis for non-standard data were developed that obtain results
which possess a classical interpretation. Furthermore, if a certain amount of information is
retained during the aggregation process, these methods provide results that are comparable to
that of the corresponding classical analysis of the latent microdata. The amount of information
retention required to obtain comparable results is shown to be reasonable for the examples looked
at in this thesis. For example, for the analyses of various histogram datasets, convergence to the
classical results tended to occur with less than B = 30 marginal bins. Much of the work in this
thesis focused on developing methods that utilise available additional information accompanying
the symbols to account for the information loss associated with the data aggregation. This leads
to each symbolic analysis providing closer parameter estimates to the analysis of the underlying
microdata.

Throughout this thesis, the focus has mainly been on data exhibiting the i.i.d. (identically
and independently distributed) property, which was appropriate for the various applications in-
vestigated here. However, there are instances in which data arises for which the i.i.d. assumption
is not valid. In many cases, where the data can be considered exchangeable but not i.i.d., a hier-
archical representation along the lines of that in ( ) would be possible, directly
extending the work in this thesis. In other cases, for example, in time series data, the ordering
of the underlying data affects the subsequent analyses, and the simple time-aggregation of the
data into symbolic objects such as histograms will lead to the loss of this information. There are
also instances where the parameter values are expected to change over time. An example of this
could be a different analysis of the millennial scale climate extremes to that seen in 3.5, where
instead of assuming the marginal GEV parameters vary through space, they could be modelled
as linear functions of time. In this model, it would be necessary to retain as much temporal
information as possible within the marginal histograms in order to obtain comparable composite
MLE’s via the symbolic likelihood to the classical case, meaning a different construction may
need to be considered. One potential construction that could address these concerns could be the
aggregation of the data into separate multi-dimensional symbols for each time point. Of course,
this construction would present its own challenges in the derivation of a likelihood function, and
would be an interesting area of future work.

An area for expansion for the field of SDA that can further improve the effectiveness of the
methods developed in this thesis that is mentioned but not developed is the question of symbol
design. If the practitioner is aware of the models they want to fit prior to the aggregation of
the classical data into a set of symbols, then an optimal symbol design could potentially be

constructed that leads to more accurate results from fewer numbers of symbols, with obvious
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benefits in computation. For example, for interval-valued data a better construction could be an
optimal choice of end points, instead of the usual min-max construction. For histogram-valued
observations, the usual choice is to construct each symbol using B equally-spaced bins. One
potential expansion is to allow for uneven bins, and develop methodologies that determine the
optimal location of the B + 1 histogram break points. The development of such methodologies
that determine the optimal symbol construction for specific classical analyses is therefore a

potentially highly significant future direction for SDA.
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Chapter 4 Supporting information

A.1 Appendices

A.1.1 Proof of Proposition 4.3.1

We utilise the arguments presented in ( ) to derive of Proposition 4.3.1.
Note that if the underlying microdata X = (X1, ..., Xy) are i.i.d. then the K subsets X1, ... X ()

are similarly i.i.d. For histogram-valued data,

K
|£L',y7 H Sk"m
k=1
where
By Ny,
Flplz®,9) = JT 143 1{aP € Yy} = sp, ¢ -

bp=1y n=1

For the symbolic, histogram-based model, we therefore obtain

Low(si8) = | Lu(w,u:B)f(ske.y. 0)d
“ [ 2@y ) f (s, 9)da
keQ ' Px (k)

Ny By

]l{x eTbk}
=1I11II II / Ly (2P, yp; B)dz P

keQn=1by=1;

< [T H </Tk y—k:|X—x)d:c>Sbk.
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Similarly, for the histogram-based OvR model, we obtain

Lso(s / Lo(z,y; B)f(s|z,y,9)dz

=11 / 9,5 B)f (sela ), 9)da®

keQ

N By ]l{x%k)erbk}

1111 [ Loty p)asld

keQn=1b,=1;, \"Px

sbk

< [ H (/ Po(Y =k|X =z)dz ] / Po(Y #K|X =z)d ) .

keQ by=1; K eQ\{k}

A.1.2 Proof of Proposition 4.3.2

We now show that if there is neither complete nor quasi-complete separation of the set
of histograms s, then Lgo(s; ) and Lgas(s;5) have unique global maxima. The following
arguments are analogous to those proposed by ( ). Suppose that
there is complete separation exhibited by the histogram dataset for the k** class, according to
Definition 4.3.2.

As a result, the complete separation property holds for all vectors By = agby for ap > 0. We
now examine the behaviours of the integrals of the Po(Y = k|X) and Po(Y # k|X) terms in
the likelihood functions (4.6) and (4.7). Using the mean value theorem, and given akb;:c,";j >0

if j =k and akbgzn;‘;j < 0if j # k for all non-empty bins and a; > 0, we obtain

eakaw eakb;xzk
lim Po(Y = k|z)dz = lim — drx lim ———— =1
ap—00 Tbk ap—00 Tb 1 + eakb x ap—00 1 + eakbk $bk
. 1 ) 1
lim Po(Y # k|z)dx = lim ———dr x lim ———— =1,
ajp—00 Tbk ap—00 Tb 1+ eakb T ap—00 1+ eakbk Tp,

where 2, is some point inside Yy, . Each integral therefore approaches a constant for all bins as
aj, increases, meaning the maximum value of each likelihood function is attained at the boundary

of the parameter space, i.e. Bk = 0.

Now suppose there is quasi-complete separation exhibited by the histogram dataset, accord-
ing to Definition 4.3.2. Continuing with the previous notation, denote AkD *1 as the set of all
vectors by that satisfy the complete separation condition, meaning that AkD *1is a convex set.

Denote the parameter vector ay(ax) = ¢ + agby, where ap > 0 and a € AP+, Consequently,

eak(a)Tx

The log-likelihood for the component of the OvR model (4.7) estimating the parameters for the
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kth class, By, can therefore be expressed as

By, B,
log L (s; Bi) = Z Sby, log/ Po(Y = k|z)dx + Z Z Sb,, log/ Po(Y # k|z)dx
br=1y Yoy, K e\ {k} byr=1, Yo,

By ckaJrakb;a: B/ 1

= Z Sp, log ¢ dz + Z Z Sp,, log

o T T o T T
Tbk 1+ ek zt+aib, T Tbk, 1+ ek zt+ab, ©

brp=1 k' eQ\{k} byr=1;,
. .  Tate]s .
Given that b, z > 0 for all z € Y, such that s;, > 0, the function Tty 18 monotonically
1+e'k k

increasing with ay, for all x € Yy, such that sp, > 0. Consequently,

B, T T
k ¢, THagb, x

Z sp,, log c

¢ z4apb

is monotonically increasing with increasing ay. Similarly, given that b;a: < 0O forall z € Yy,
such that s, > 0 and &' # k

B,

D S

K EQ\{k} by =1,/

1

_
Tbk, 1+ ek zt+arb, T

is monotonically increasing with increasing ax. Therefore the log-likelihood function log Lgo (s; 8)
is monotonically increasing with ay, and the maximum value is attained at the boundary of the
parameter domain, i.e. Bk = 00.

The above arguments show that if there is complete or quasi-complete separation for any
class k € €2, then there is no unique MLE for the symbolic OvR model. Using similar arguments,
it can be shown that the maximum value for the symbolic multinomial likelihood log Lgs(s; B)
is attained at B = (00, ...,00) " if there is either complete or quasi-complete separation in the

data.

By the mean value theorem,

By, Sby,
Lsu(s; B) o< [T 11 </T Py(y =klX = :U)d:c)

keQ bp=1

By,
o [T TI Puly =klX = aj,)%x,
keEQ b=1y,

where 2 € Y, is some point located inside the b'fgh bin. The symbolic multinomial likelihood
Lg(s; B) is therefore proportional to the classical likelihood for some dataset &*, consisting of
Y okeq ka’;lk 1{sp, > 0} distinct values zp, , each appearing sp, times, by = 1,..., By, k € (2.

( ) proved that Lyi(a,y; 8) is a closed convex function. Therefore,
Lyi(x*,y; B) and subsequently Lgps(s; B) are closed convex functions. Similar arguments can
be used to show the closed convex nature of Lgo(s;3). As a result, if the histogram-valued

data does not exhibit complete separation or quasi-complete separation (Definition 4.3.2), then
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there is a unique global maximum of Lgps(s;3). Similarly, if the histogram-valued data does
not exhibit complete separation or quasi-complete separation for any class k& € © (Definition

4.3.1), then there is a unique global maximum of Lgo(s; 3).

A.1.3 Proof of Proposition 4.3.3

We first use the arguments in ( )s ( ) to derive L(Oj) and L(é%
using the latent variable formulation of the logistic regression model (equivalent to the log odds
formulation in Section 4.2). Consider a binary (K = 2) logistic regression model, such that
the OvR and multinomial model are equivalent. The latent variable formulation for the logistic

regression model based on the ™ subset of variables can be written as
Yi=p3TXE 4 €l n=1,...,N, (A1)

where Y,* is an unseen latent variable and e? is an error term following a logistic distribution.
Classification is then achieved by setting Y;, = 1 if Y7 < 0 and Y,, = 2 otherwise. In the full
model

Yy =BTX, + up,

where u,, follows a logistic distribution with zero mean and unit variance. In the smaller model

(A.1) indexed by %, the omitted terms are absorbed into the error term. That is

eiz = Up + Z /Bi/Xm"-

izt

Suppose that there are correlations between included and omitted variables for the model based
on subset 4, and we can express each omitted variable as a linear function of the included
variables, i.e. XV = a;E,Xi + €;;7, as described in Section 4.3.3. W.l.o.g. we can assume the "
variable has zero mean and variance given by o7, and that the covariance between variables i

and ¢’ is given by o;7. The error term e, can therefore be expressed as

6;:1 = Un + Z ﬁi/ (a;l;/X;l + Eniz”) .

VeT

We now rewrite (A.1) by absorbing the terms in efl that are dependent on the included variables
into the model. That is

Yo=Y (874> Bigai’lig Xni, + &
i i i i

where

. y

~i i

€p = Up + E ﬁ €ngi’ -
i
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( ) shows that if X is distributed according to a logistic distribution with mean 0
and variance ”—32, then a standard normal distribution also fits the distribution of X reasonably
well. The similarities between the standard logistic density and a rescaled normal density have
also been investigated by ( ), ( ) and ( ),
whereby different values for the rescaling factor C' are proposed based on the criteria used
to match the logistic and normal distributions. In practise any of these values can be used
here, but we proceed with %2 in the simulations and real data analyses in Sections 4.4 and 4.5
respectively. As a result, Zilgi Bi/enii/ is approximately normally distributed, and the error term

7
n

by

€% is approximately logistically distributed with mean zero (i.e. E(é!) = 0) and variance given

' 72\ 2 ' RSV o
Y ery (521 Niir T2 g ert i 511612)‘“’1@%)
72/3 '

Var(él) =1+

In the full model,

TXn

and we obtain MLE’s B for 8 by maximising over the sum of this quantity over all observations.
Note that P(u, < B'X,) = Po(Yn, = 2|X,), resulting in the equivalency between the latent

and log odds formulations of the logistic regression model. For the omitted variable model,

P(Y, =2|X}) = P(Y;"* > 0|X}) =P (ég <> (,Bi'l +) ﬁ’éazgi;) Xmg> :

T 0
1€ in¢i

Rescaling éfl by its standard deviation gives us a random variable with approximately the same

et

\/\m will approximately follow a logistic distribution with zero

mean and unit variance. As a consequence,

distribution as u,,, i.e. &, =

n

. &t doil i 5%‘*—2@'/ iﬁiéai’i’ Xt
P(Ynzerm:P( 6 T (it Egeltiags) )

Var(é?,) Var(é)
pla - Dt (ﬁzl + g 5120%’11"2) Xoil
Var(é)
exp{#'T X3}

C 1+exp{BiTXi}

T T
. Bi+ [0» (Zi/ezﬂ' 6i/aii’> ] '
where 5 = \/Valri(“) € RUFY . Therefore we see that the regression parameters
en

3 for the OvR model fit to the data indexed by % can be expressed as functions of the regression
parameters § for the complete D—dimensional OvR model. The value for B’ that maximises
the binary logistic likelihood for the 3 subset is therefore a rescaled version of the value for 5

that maximises the complete binary logistic likelihood.
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( ) proved that if the dataset & does not exhibit complete or
quasi-complete separation, then there is a unique value for the MLE ,5’ for the complete model
regression parameter 5. As a result, unique values for the MLE ¢ for BZ exist if the data does
not exhibit complete separation in the variables indexed by ¢. It is trivial to show that if the
complete dataset & does not exhibit complete or quasi-complete separation, then there is no
¢ € I; for which x® exhibits complete or quasi-complete separation. If there was, then there

would exist a b* such that

biT2? > 0 for all n such that y, = 2
biTa? < 0 for all n such that y, = 1.

Setting by = bﬁl if d € 4 and 0 otherwise yields the vector b = (by,...,bp) such that

bTxn = biTazfl > 0 for all n such that y,, = 2

- biTa:fl < 0 for all n such that y, = 1,

which is a contradiction. As a result, a sufficient condition for the existence and uniqueness of all
MLE’s B" for Bi, 1 € 1, is that the complete data & does not exhibit complete or quasi-complete

separation. Now, given Bl is the value for B’ that minimises the log-likelihood for the i model
. ~ . N . ~ . . ~ .
log L(a',y; 8*) = > W{yn = 1}log P(Y = 1|}, yn, ) + 1{yn = 2} log P(Y = 2|}, yn, 3*),
n=1

i.e. log L(x%,y; B’) < logL(aci,y;Bi) for all B¢ € D+,

Gis the parameter BU) = {B’} therefore

'LEIj
minimises the log-likelihood

log LY (z =3 log L(',y; B,
'LEI

i.e. log Lg)(w,y;,@(j)) < log Lg)(az,y;é(j)) for all BU) € DEB. Therefore an estimate 3 for 3

such that
T

. A
BZ |: ) (Zi’elfi BZ aii’)
X2 ’l/ ’l ’
\/ Zz eI_Z B 12>\2 +2Z eI_'L ’ ’ BLB2A, ’11’2)

7r2/3

(i.e. an estimate for 5 that yields the MLE’s for each of the smaller-dimensional logistic models
based on the variables indexed by ¢) will minimise log Lg)(:c, y; B(j)). By the definition of the
model this B will exist. Furthermore, given the above equations can be reduced to a polynomial
system of equations with quasi-random coefficients and significantly more equations than un-
knowns, there is only one configuration of 8 that will lead to B , meaning the estimates obtained
from the maximisation of the symbolic j-wise likelihood are estimates of the regression param-

eter for the complete underlying model. Given that a logistic OvR model is just the product of
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K binary logistic regression models, the above results hold for the OvR model for K > 2 classes.

Consequently, the j—dimensional OvR model can therefore be written as

L HLO 7y13

1€

where
+

7 i’ T
/Bk + |:07 (Zi’ell_i Bk aii’)
Var(é?, )

c R(]"Fl) .

B =
Through similar arguments, we can find an expression for the symbolic j-dimensional OvR

H LSO aya

1€L;

model as
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Chapter 5 Supporting information

B.1 Appendices

B.1.1 Proof of Symbolic Empirical Likelihood

The following arguments are taken from the classical derivation of EL, and applied to the
non-standard data setting. Given the constraints (C3), (C4) and (C5) defined in Section 5.3,
the solution for (jg\(;) can be obtained using Lagrangian multipliers, with the solution obtained

by minimising the Lagrangian function

Q= ch IOan (ZTL q(c - 1) — AT (Z ncqn Sc; )

c=1

with respect to ¢ = (q1,...,9c), ¢ and A. Equating the partial derivatives to zero yields the

following:
0 _ Ne T . — ¢
b = o~ Cne = neATg(s:0) =0 7 ‘m
c neg’ (sc;0
Q= —(ZE | ncqﬁ)g (s:0) =0 = 10 =-S5y
% (chnc% —1) =0 ¢ =N

(B.1)

from which the solution follows. Now

ncg SCa (SCSQ)T
vie= Z T

Clearly the denominator is greater than 0, and each numerator term is a positive definite matrix.

Consequently there exists a unique solution for A.

153
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B.1.2 Evaluating m,. for intervals

If we utilise the information contained in 9 as described in Section 5.4.1 to evaluate the

following integrals required to evaluate the m, function:

(2,)" " = (=, )" d
/T :c[d]]l{aj € v, pdwpg = P 1{vy, C T¢ },
so that
/T xfd}]l{a: € vppde 7/ a;[d] H ]l{g;[d, c vf ,}dﬂf
¢ Te " a2
= {/Yd mfd}ﬂ{x[d] € vffd}dx[d}} { 11 / 1{z(4) € v ,}dx[d]}
Cd d'#d bd’

/r x[d}x[e]]l{$ S Tcx}dx = {/rd ]l{:E[d] S U }dl‘ /I‘e x[e]]l{l’[e] € Uge}dl‘[e]}

cq Ce

{ H / ]l{x[d/} S Ugl;l}dw[d/]}
“a

d'#d,e

forany ke N, d,e=1,...,D,d#e,c,d =1,...,C.

B.1.3 Derivation of ¢.(z) for histograms

When constructing a histogram such as that described in Section 5.4.2, the location of the

multivariate break points T = ((v¢,... ,ylcl), N 77 ,ych)) is often an arbitrary choice
and a unique histogram s’ = (s],...,s5) can be contructed for any choice of T = T + u,
u = (uy,...,up), where u € ( % %) and C' is constant. The bin locations Y/, could therefore

be considered a realisation Y. = Y. 4+ u of a random variable YC = Y.+ U, such that U ~
U (~3.3), and

H(T}) = Jolw) = cp 1 {r € T},
1

Note that v AT
;N 1"
P (X S TQ,\X S TCN,S) = g,
’TC”|

and that each bin is disjoint, meaning a classical observation x can only fall in one bin region
if the break points are fixed. Then let Agr(Y,) = (Ac,l,(T;,; Joooes Agy (Y2 )), Bu(T.) =
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/

(Bcll/('ri,;), ey Bc’[’) (TCD,D)) and CCH(T/C/)

Il
—
S
=
=
QO
o3
—~
=
Q\
N
o)
o
e
=
+
=
&
=

Coy (74,) = Agy (Tc;) .y (Tci) ,

we then use the fact that Y/ = T + u,

for d = 1,...,D, and | N Ter| = 12, Coy (T d) If w
g g) we obtain

yéld = yii =+ (Cd - 1)5d7 yf:ld - ygld,1 = 5d and Ug € ( 3

Ac/d/ (Tfi) =1 {yg:; — ygg +ug— 04 € (—5d,0)} (ygg - yg:i —ug +9q)
=1 {(b}; — ¢1)da + ua € (0, 5d)} (] — ¢y + 1) — ua)
=1{c; =) }]l{ude < >}(6d—ud +1{d; =) +1}]l{ud€ (—%,O)}(—ud)
=(04 — uq)1 {c; = }ﬂ{ud € ( )} —ugl {c; = —i—l}]l{ud (—(;d,O)},
By (T%) =0+ ua)1{c; = cj}1 {ud e ( Qd o)} +ugl{d, = ) — 1}11{ e (o, ‘;d)}

ch(T> =1{d; = ¢} ((5d—ud {ude( Qd)}+ 5d+ud)]l{ude(—52d,0>
_ud(]l{cdc —|—1}]1{ud ( Ed )} —1}]1{ude<

Now rewrite 1{z € Y/, } such that

HreY,}= H]l{:r[d] €YY} = H]l{x[d] < (y 1Y, )}

d=1

= H 1 {.%'[d} S (yf:i - 5d—|—ud,yg& +Ud)}

QU
S0

1 {ud € (x[d] — yg;l,l‘[d} — yél; + 5d>} .
1

a
Il
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Let
A = (0,% N (g — vl 2 — v+ 0a)
e, — "9 [d] ycii’ [d] yC:i d
g
A2C:i ( DX ) N (x[d] o yc’ » Xld] — yc’ + 6d)
) ) )
[Ave | = (w[d] ~ Yol 71) 1 {xm € <y 10 Ye, ;)} + 5d]l {fﬂ[d} < (?JZZ - ;ydd)}
(5d d 5d
+ (2 — T[g] +ycg> 1 {.I'[d] € (yc ,ycd + 5 )}
) ) )
it g (8,3} (01 e - )
5d 5d
+ ( 9 yc 1t x[d]) {x[d} € (yf;l;jq - 2a?/g;i—1>} )
ycd—l 5d dq d 0d g
Mlcd o 1 x[d} yC —17yC 2 + Z]l x[d] € yc:i - anc:i
d
Y. 5d 5d
+( 2 ) el ()
5d d d (5d d (5d d :C[d] - y((':l:i
Mo = — le {ﬂf[d] € (yc&—layc& - 2)} +1 {fﬂ[d] € (ycfd - 2#@)} 5
P T Yo 6y
+1 {w[d] € <ycfi—1 - 27%51_1)} 9 7
Then

/ 1z € YL} N Ter|dTL
Dy

ST 1 = 1 € (1) g

d=1"""72

]l{x €Y.} 19[ Cer (ngj) du
d=1

N\Ow

ol

)

= 1{c, = cg}/ (8a — ug)dug + 1{c; = cg}/ (0g + ug)dug
d=1 Ayer, Ager
—1{cd; =)+ 1}/ ugdug + 1{c}; = ¢ 1}/ uddud)

D
=TT (e = i} (4a (\Alc [+ [Agey|) = Myg | As | + Mo | Ay |)
d=

—

_]l{cd - C + 1}M20 |A20 | + ]l{cd - C - 1}Mlc |Alc |> )
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and as a result,

o(x) = /D o xi5=s @) H )X

_/ Z]l{mesc} PX € sels)  (yr) av
S0Pt Te|
/!
:Z/ ]l{welT}Z}P’XeT |X € Yer, 8) P (X € Yer|s)Hy(Yh) dYL
oy Yol 42

C// 11 T
Yy ¥ ﬂf} (X € YLIX € Yor,s) H (TL) T,
/_IC//_

c+1

HdlégZ Z

d d=1c"=c—

1 {ﬂf S T,C/} |T,C’ N TC//‘dT/C/

c+1 D
Hd .5 Z Z (1{% = cq <5d (’Alc |+ [Age |> — My | Ay | + Mzc;|A2cgi\)
1

d c=1c'=c -1 d=

~1{cy = cf + 1} Mag [ Age | + 1{cly = f = 1} My [ Ay ) -
As a consequence we also have an expression for ¢. and setting

‘]C/,C” =1 {Cd - C <6d (’Alcd‘ + ‘A2cd‘> - Mlc:i‘Alc' | + MQC’ ’AQC, ‘)
—1{cy=cy +1}M20 |A20’+]1{Cd_c 1}M1c |Alc|

then yields the estimates shown in Section 5.4.2. The following integrations can then be used

to compute Pjf:

5
[ (gt s ama = % (310 =) 4§ (= a1+ Ja (e =ea 1)),
d 53
[rd M, |Alcd’dx[d] 1{cd;=cq}+ ]l{cd—cd—l}
/ My |Agy |d :—5—d ]l{c':c}—klll{c’:c +1}
v 2¢/, | A2¢/, 14T ] 19 4= Cd 51 16 = cd .

B.1.4 Additional graphical information
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Figure B.1: Estimates and 95% confidence intervals of the mean (left), variance (centre) and
skewness (right) as function of C' the number of symbols when the aggregates take the form of
intervals (top) or histograms (bottom). Classical estimates are given by black horizontal lines,
SIU estimates by dotted black lines, SDD estimates by solid grey lines and rounded analysis with
Sheppard’s correction by dashed black lines. Estimates obtained from the estimated histogram
(5.13) are given in the top row respectively by dashed and dotted grey lines for the SIU and
SDD approaches. Original data was simulated from the standard normal distribution.
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Figure B.2: Estimates and 95% confidence intervals of the mean (left), variance (centre) and
skewness (right) as function of C' the number of symbols when the aggregates take the form of
intervals (top) or histograms (bottom). Classical estimates are given by black horizontal lines,
SIU estimates by dotted black lines, SDD estimates by solid grey lines and rounded analysis with
Sheppard’s correction by dashed black lines. Estimates obtained from the estimated histogram
(5.13) are given in the top row respectively by dashed and dotted grey lines for the SIU and
SDD approaches. Original data was simulated from the mixture of skew-normal distributions.
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Figure B.3: Estimates and 95% confidence intervals for some of the statistics of interest as a
function of C' the number of rectangles. Classical estimates are given by black horizontal lines,
SIU estimates by dotted black lines and SDD estimates by solid grey lines. Original data were
simulated from a normal distribution with correlation p = —0.2 (top row) and skew-normal
distribution with o = (1,0.5).
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Appendix C

Chapter 6 Supporting information

C.1 Complete results for the synthetic examples
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Figure C.1: Mean estimates for each parameter in the poisson synthetic analysis. Classic results
are shown in solid black, classical analysis of the rounded data in dashed black, EE results with
no additional information in dotted black (6.15), EE results with additional totals information
utilised in solid grey (6.16) and EE results with additional proportions information in dashed
grey (6.17).
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Figure C.2: Mean estimated standard deviations for each parameter in the poisson synthetic
analysis. Classic results are shown in solid black, classical analysis of the rounded data in
dashed black, EE results with no additional information in dotted black (6.15), EE results
with additional totals information utilised in solid grey (6.16) and EE results with additional
proportions information in dashed grey (6.17).
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Figure C.3: Mean estimates each parameter in the binomial regression synthetic analysis. Classic
results are shown in solid black, classical analysis of the rounded data in dashed black, EE
results with no additional information in dotted black (6.15), EE results with additional totals
information utilised in solid grey (6.16) and EE results with additional proportions information
in dashed grey (6.17).
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Mean estimated standard deviations for each parameter in the binomial regression

synthetic analysis. Classic results are shown in solid black, classical analysis of the rounded data
in dashed black, EE results with no additional information in dotted black (6.15), EE results
with additional totals information utilised in solid grey (6.16) and EE results with additional
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Figure C.5:

information in dashed grey (6.17).
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