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Abstract

This thesis studies different aspects of the design of surveys and randomized experiments. Those
two subjects have particular similarities and differences that allow us to establish links between
their theories. An important part of this thesis is the trade-offs that occur when balancing
covariates across groups to improve the efficiency of the estimators. We also adapt methods
from survey sampling to experimental settings. We provide specific solutions to problems such
as assigning participants to multiple treatment groups where the covariate means are balanced
between groups even, with groups of unequal size, or assignment to group probabilities. We also
propose a method to perform exact hypothesis tests for models like Poisson regression, which
reduce reliance on large-sample approximations.

Keywords : Balanced sampling, Design of experiments, Design variance matrix, Exact inference,
Mixture of designs.






Resumé

Cette these étudie différents aspects de la conception des enquétes et des expériences ran-
domisées. Ces deux sujets présentent des similitudes et des différences particulieres qui nous
permettent d’établir des liens entre leurs théories. Une partie importante de cette these porte sur
les compromis associés a ’équilibrage des covariables entre les groupes dans le but d’améliorer
lefficacité des estimateurs. Nous adaptons également des méthodes d’échantillonnage a des
contextes expérimentaux. Nous fournissons des solutions spécifiques a des problemes tels que
I’affectation des participants a plusieurs groupes de traitement ou les moyennes des covariables
sont équilibrées entre les groupes, méme avec des groupes de taille inégale ou des probabilités
d’affectation a un groupe. Nous proposons également une méthode permettant d’effectuer des
tests d’hypothese exacts pour des modeles tels que la régression de Poisson, ce qui réduit la
dépendance a 1’égard des approximations sur de grands échantillons.

Mots-clés: Echantillonnage équilibré, Inférence exacte, Matrice de variance du plan, Plan d’expérien-
ces.
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Chapter 1

Introduction

Survey sampling methods are techniques used to randomly select a subset of individuals or units
from a larger population for the purpose of conducting surveys or research. The goal is usually
to estimate the mean or total of a variable of interest from a population using a sample. The
experimental design is a way to carry out an experiment in order to assess the effects of one
or more variables. Both fields share similarities in their use of randomization for inference, in
the construction of the estimators and in the common aim to obtain unbiased and low-variance
estimates through an optimal selection schema. This thesis studied some aspects of designs
that could be applied to both survey sampling and experiments. More specifically, we propose
methods to generate balanced samples or assignments to groups under different settings and
constraints. It is not difficult to see that generating samples that are balanced on the Horvitz-
Thompson estimator (Horvitz and Thompson, 1952) of the total of the auxiliary variables is
conceptually similar to generating group assignments that are balanced on the means of their
covariates.

There are also other aspects of experiments that are very similar to surveys but will not be
covered by the thesis. One of those aspects is non-response. In experiments, non-compliance,
participant dropout, or deaths occur quite frequently. In parallel, non-response rates have been
rising for decades in surveys, even in government-mandated ones. Currently, non-response and
ways to deal with it are highly studied topics (see amongst other Chen and Haziza, 2019; Haziza
and Beaumont, 2017; Lee and Kim, 2022). Both fields have studied and adopted similar methods
to deal with it, such as the concept of double robustness for the i issi

i : 1La.£e_r;,_|2007; Han and Wang, 2013).

Another npfable similarity between piperinents and surveys are lata that arrive sequentially.
In both fields, not all surveys or experiments have data available at the outset of the study
or experiment. In experiments, this often occurs in clinical trials where participants arrive
sequentially over time (Chow and Chang, 2008; Kapelner and Krieger, 2014, 2023). In this
setting, the total number of experimental units is usually unknown, so groups of equal size

cannot even be guarant |SJ.m.Ll ] ncommon
that data collection is staggered over time. In both cases, data arriving sequentially over time
create some challenge for ch ppropriate design. Additionally, there is a possibility

that initial findings call for an adaptation of the trial or the survey.

As a more general similarity, both surveys and experiments try to use a randomly selected
subgroup of a larger population in order to make inference about them. In experiments, it would
involve assessing the effect of a treatment or an intervention on a larger group, which in the
example of a clinical trial would be patients suffering from a specific condition. In surveys, it
would typically involve making an estimate of the total of a variable in a population.
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1.1 Overview of sampling in surveys

Survey sampling methods are techniques used to select a subset of individuals or items from
a larger population for the purpose of conducting surveys or research. The goal is usually to
estimate the mean or total of a variable of interest y = (y1,...,yn) ' from a population, using
a sample. We can define a sample as a subset, chosen randomly, of a certain population U of
size N and defined as the set = {1,...,N}. Let a = (aj,...,ay)’ be an indicator variable,
where a; = 1 when the unit ¢ € U is included in the sample and 0 otherwise. Each unit in the
population has a probability to be included in the sample. Let 7 = (1, ..., Wn)T be the vector
of inclusion probabilities. In surveys, the inclusion probabilities are often set to be unequal, in
order to minimize the variance of certain estimators.

An example of an estimator is the Horvitz-Thompson estimator of the total
'Thompson| [1952)), whose formula is

N
=Y 2
(2

=1

The estimator of mean can be retrieved by dividing the Horvitz-Thompson estimator of
the total by N, when it is known. The Horvitz-Thompson estimator is the basic estimator in
surveys. It is designed to estimate population characteristics, usually the total or the mean,
based on a sample. The basic idea is to assign sampling weights to each unit in the sample
to obtain an unbiased estimate, which is simply the inverse of the probability of selection. It
is used when the sampling frame is known and each unit in the population has a known and
non-zero probability of being selected.

Another important concept in survey sampling is auxiliary variables. We assume that aux-
iliary variables are correlated with the variables of interest and are available for each unit in
the population before the sampling procedure. We define the auxiliary variables for unit i € U
as a vector of dimension p x 1 and denote them as x;. One utility of the auxiliary variables
is to help to determine potentially extreme units. This information can be used to reduce the
variance of the Horvitz-Thompson estimator by sampling with higher probability the units in
the population that we expect to have more extreme values for the response variable (see for
instance .

Auxiliary variables can also be used to create more efficient sampling designs. An aspect
of that would be to ensure that the sample is balanced with respect to the population U. We
define a sample a as balanced when the Horvitz-Thompson estimator of the auxiliary variables
is equal to the population total of the auxiliary variables. We obtain the following equation

N

N a;X;
Yo =D x (1.1)

-
i=1 ! i=1

Satistfying Equation , even approximately, is not a straightforward task. The sample
still has to be random and respect the inclusion probabilities. Having a balanced sample is
particularly useful in scenarios where the population is heterogeneous and the auxiliary infor-
mation is strongly correlated with the main variable of interest. It improves the precision of the
estimates by reducing the variance that arises from sampling.

1.2 Overview of design of experiments
We first clarify the terms used in this thesis. The term “design of experiments” will concern

only the allocation to groups of randomized experiments whose units have fixed covariates or
confounding variables, such as clinical trials that have the most similarities with survey sampling.
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There exist cases in the literature with several independent variables and whose design is non-
random and is simply optimized for a certain criterion (Atkinson and Donev|, [1992)). Agricultural
block designs and industrial processes optimization are examples of applications where those
type of experiments can occur. In this thesis, the term “balanced experimental design” refers
to designs whose possible assignment to groups have covariates means that are close to each
other, which is the counterpart of a balanced sampling design in surveys. In the literature of
the design of experiments, a balanced experiment will often simply refer to experiments whose
different treatment groups are of the same size.

We also clarify that we do not deal with observational studies (Cochranl [1965; Rubinl, [2008)
where the “assignment to the treatment group” is not controlled by the experimenter and is
simply given by the data. There is no randomization controlled by the experimenter before the
creation or collection of data. It creates problems in regard to inference due to higher potential
of bias but also presents advantages such as less ethical problems with treatments that could
be deleterious to the participant. Another advantage of observational studies is that they are
generally cheaper than randomized experiments, since it simply collects data which is already
available. We also do not deal with any type of self-controlled experiments where individuals
receive both the control and the treatment, whose advantage is that it allows to easily control
for time-invariant confounders.

Suppose we have a population U of size N and that we want to test a treatment 7" on the
units ¢ € U. If unit ¢ receives the treatment, its response variable becomes le If unit ¢ does not
receive the treatment, it belongs to the control group and its response is denoted by in . This is
a randomized experiment with two groups. The goal is to estimate the difference between the

two groups ) .

T:NZ%’T—NZQ?- (1.2)

i€U i€U

Equation is similar to the Neyman—Rubin causal model of potential outcomes
. The values of sz and le cannot be observed at the same time for unit k, because all
units either belong to the control group or the treatment group. We can assume that a; = 1
when unit ¢ € U is included in the treatment group and a; = 0 when included in the group. The
units have to be assigned randomly between two groups. The random aspect allows to make
inference and to avoid the potential investigator bias in experiments. Often, those experiments
would have confounding variables or covariates that are available and are suspected to have an
effect on the response variable. The covariates for unit ¢ € U can be denoted by the N x 1 vector
X;.

Then, 7 can be estimated using the difference of the two the Horvitz-Thompson estimators:

.1 yla; 1 y€ (1 - a;)
T NZ oy NZ 1—m
€U ceU

When the sample size is fixed and the inclusion probabilities are all equal, T simply becomes
equivalent to the widely known difference in means estimator. Later in the thesis, it will be
shown mathematically that if the response variable follows a linear model with the covariates, the
variance of the estimators is directly reduced when using a balanced design for both experiments
and surveys. But it can also be inferred intuitively that comparing two groups that are similar
is much easier than comparing groups that are quite different. An extreme scenario that can
illustrate it would be if the control group contains participants of only one sex and the treatment
group contains people of the other sex. In this case, it is impossible to determine whether it was
the treatment or the sex of the participants that caused any difference in the response variable
between the two groups, which is simply a consequence of multicollinearity in the matrix of the
predictors.

13



There are different types of common experimental designs, such as rerandomization, the
randomized block or stratified design or matching, that address the issue of covariate balance
(Simonl, [1979; Morgan and Rubin| [2012; [ Xu and Kalbfleisch|, |2010; [Li et al|2018). Surveys often
use sampling methods that are equivalent to the previous experimental designs that have been
mentioned but under a different nomenclature.

1.3 Outline

Chapter [2| establishes a theoretical basis for evaluating the robustness and balance trade-off in
sampling and experimental designs. By defining robustness through the spectral properties of the
variance matrix of the design, we derive bounds and approximations for the largest eigenvalue
of this matrix and use it as a measure of potential variance inflation in estimators like the
Horvitz-Thompson total. The robustness of the design strongly correlates with the entropy
or simply the number of possible samples of the design when inclusion probabilities are equal.
We propose a method for mixing two designs in order to handle the robustness and balance
trade-off. This method interpolates between two sampling strategies using a tunable parameter.
Through simulations, we validate the accuracy of our eigenvalue approximations and compared
our algorithm with the Gram-Schmidt walk design (Harshaw et all [2024]), we show that our
method matches the ability to navigate the efficiency-robustness trade-off while being simpler
and offering a more interpretable variance structure.

In Chapter 3, we introduce a modified Cube Method adapted for experimental covariate bal-
ance with multiple groups. Unlike existing approaches, our adaptation accommodates unequal
treatment group sizes, heterogeneous inclusion probabilities, and balancing of the covariates.
We also provide variance approximations for scenarios where randomization tests are computa-
tionally prohibitive.

Chapter [4] extends the utility of the Cube method into exact inference for generalized linear
models. By using a stratified variant of the algorithm, we develop an exact testing procedure for
Poisson regression with continuous covariates, reducing reliance on large-sample approximations.
We generalize the central proposition of Rivest and Gaye| (2023)) to the Poisson setting by using
a mild additional assumption, which justifies using the method for count data scenarios.

Finally, the thesis concludes with a note on the distribution of the Mahalanobis distance
between two groups in Chapter |5, which can be applied for methods such as rerandomization
and potential variance approximations under certain settings.

14



Chapter 2

Risk Minimization Using Robust
Experimental or Sampling Designs
and Mixture of Designs

Abstract

For both experimental and sampling designs, the efficiency or balance of designs has
been extensively studied. There are many ways to incorporate auxiliary information into
designs. However, when we use balanced designs to decrease the variance due to an aux-
iliary variable, the variance may increase due to an effect which we define as lack of ro-
bustness. This robustness can be written as the largest eigenvalue of the variance operator
of a sampling or experimental design. If this eigenvalue is large, then it might induce a
large variance in the Horvitz-Thompson estimator of the total. We calculate or estimate
the largest eigenvalue of the most common designs. We determine lower, upper bounds
and approximations of this eigenvalue for different designs. Then, we compare these results
with simulations that show the trade-off between efficiency and robustness. Those results
can be used to determine the proper choice of designs for experiments such as clinical trials
or surveys. We also propose a new and simple method for mixing two sampling designs,
which allows to use a tuning parameter between two sampling designs. This method is then
compared to the Gram-Schmidt walk design, which also governs the trade-off between ro-
bustness and efficiency. A set of simulation studies shows that our method of mixture
gives similar results to the Gram-Schmidt walk design while having an interpretable vari-
ance matrix. [1

2.1 Introduction

Both experimental designs and sampling designs have a common feature: random variables
are generated in order to select units either to constitute a sample or to create a test group
and a control group. For survey sampling, the recommendations relate primarily to issues of
design efficiency or balance under certain hypotheses relative to the variables of interest to be
estimated. We can thus resort to designs of fixed size, stratified, balanced with equal or unequal
probabilities (see amongst other [Brewer and Hanifl [1983; Tillé, 2006] 2020a)). For experimental
designs, randomization between the test group and the control group is recommended. There
are also stratification techniques, blocking, matching, rerandomization, balanced sampling that
can make the two groups balanced to some degree (see amongst other [Simon), (1979 [Morgan and|
Rubin| 2012} Xu and Kalbfleisch| 2010} [Li et al., [2018; |Tillé| 2022]). Unfortunately, everything
has a price. It can be shown that if a design is more efficient for one variable, it is necessarily
less efficient for another variable. Thus, one cannot rely solely on a single efficiency criterion to
determine the appropriate design.

'This chapter is a reprint of |Talovic and Tillél q2025D
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The notion of robustness for design of experiments has been introduced by [Harshaw et al.
(2024)) and to some degree Kapelner et al.|(2022). This notion is also valid for sampling designs.
Robustness consists in identifying the eigenvector that can be associated to the largest eigenvalue
of the variance matrix of the design. This eigenvector is associated with the largest variance
in the estimators. We can thus evaluate the potential maximum price to pay for the use of a
design that integrates auxiliary information. More details are given in Section

In survey sampling, a few closely related topics have already been examined.
p.45-57) studied the dispersion of the eigenvalues in sampling designs. The author also made
links with the dispersion of the eigenvalues and the entropy of the sampling design.
(1979) and [Stenger and Gabler| (1996) found some results related to minimax strategies in
survey sampling.

Harshaw et al| (2024) propose to consider a trade-off between the efficiency and the robust-
ness of a design. They also propose an algorithm called “Gram-Schmidt Walk design” (GS) in
which there is a tuning parameter that allows us to oscillate between a design that would be
totally robust and a balanced design that would integrate the auxiliary information as well as
possible. Depending on the risk aversion, one can choose the appropriate value of the tuning
parameter.

In this article, we review the different sampling and experimental designs. We evaluate the
robustness of each of these designs. To do so, we give upper and lower bounds for the largest
eigenvalues of the variance matrices of the sampling or experimental designs. We also give
approximations for these eigenvalues in the supplementary material. We show the determining
role of the Yates-Grundy condition which allows us to give a relatively low upper bound. Most
of the designs are relatively robust except for systematic sampling which has a large maximal
eigenvalue. We also study the potential effect of the choice of the sampling design on the variance
of the Horvitz-Thompson estimator.

We propose a simple procedure that allows us to mix two designs. This method offers an
alternative more flexible than the GS design of Harshaw et al.|(2024). In addition, this method
allows to mix almost any kind of designs, which opens the way to multiple combinations of
designs. We next present a set of simulations that show that our mixing method gives similar
results to the GS design while being more flexible and simpler. These simulations also show
that the Cube method is actually quite robust in the sense that the largest eigenvalue of the
variance matrix is relatively small.

We define survey designs in Section and experimental designs with a design-based ap-
proach in Section [2.3l The main designs are briefly described in Section Section is
dedicated to the identification of the upper bound of the largest eigenvalue of the variance ma-
trix. In Section a lower bound is sought for this matrix, which allows us to obtain a range of
possible values for this eigenvalue. Section[2.7]is dedicated to the concept of robustification using
mixture of designs. We present a new method for mixing two sampling designs. In Section
we perform simulations on the main sampling designs and compare them with the mixtures of
designs. Finally, conclusions are drawn in Section

In the supplementary material, we include all the proofs and we add approximations for the
largest eigenvalue for different sampling designs. We also discuss the interest of mixing designs
under model- and design-based approach for experimental designs. We show that the interest
of mixing design is relatively limited under certain hypotheses. Finally, we give additional
information regarding simulations.

2.2 Sampling designs

Consider a finite population U = {1,...,k,..., N} of size N. A sample without replacement is
a subset, s C U, of the population. A sampling design p(.) assigns to each sample s a probability

16



such that p(s) > 0 and

> pls) =

sCcU

A random sample S takes as value s with probability Pr(S = s) = p(s). For sampling with
replacement, the s may include a unit of U more than once.

Let a; denote the indicator random variable which takes as value 1 if unit k£ is in S and
0 otherwise. If the sampling is with replacement aj is the number of times unit k£ is selected
in the sample. The random sample can also be defined by the column vector of the indicator
variables a' = (ay,...,ay). We define the vector 7" = E,(a)’ = (71,...,7n), where E4(.)
is the expectation under the sampling design. For sampling designs without replacement, 7 is
the vector of first-order inclusion probabilities. In this article, when the order is not defined,
it means we refer to the first-order inclusion probability. It is assumed that the sum of the
inclusion probabilities is an integer number denoted by n.

We define the matrix IT = Ea(aaT). For sampling designs without replacement, Il is the
matrix of joint inclusion probabilities. The covariances between the indicator variables is defined
by Age = covg(agar) = Eq(arar) — Eq(ar)Eq(ar) = mge — mime, for all k, ¢ € U. The variance-
covariance matrix is thus A = varg(a) = IT — x|, where var,(.) is the variance under the
sampling design.

The aim is to estimate the total of a variable of interest y' = (y1,...,yn) given by
ty=D Uk
keU

If m;, > 0, for all k£ € U, then the Horvitz-Thompson estimator (Horvitz and Thompson| [1952)

given by
Yk
=2 o

kES

is an unbiased estimator of ¢,. If there is a unit k such that m;, = 0, the estimator is biased.
The variance of this estimator is

vara Z Z Z/kW yTD_lAD_ly,
keU EEU

where D = diag(w). If the sampling design has a fixed sample size, [Yates and Grundy| (1953)
showed that the variance can also be written as

2
var, (t,) = _’ZZ < - .W) Apy.

keU teU

If mpe > 0, for k,¢ € U, two unbiased estimators of variance can be constructed. The
Horvitz-Thompson estimator of the variance is given by

ta(fy) = Y0 30 W St

kes tes kT Tk
The Yates-Grundy estimator is only available for sampling designs with fixed sample size and is

given by
Varg(ty) = —= ZZ < - > AM (2.1)

v
2 15 tes K

Definition 1. A design satisfies the Yates-Grundy condition if Ag, <0 for all k £ £ € U.

[Yates and Grundy| (1953) suggest using designs that satisfy this condition, because then the
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estimator of the variance cannot be negative. This condition is related to negative correla-
tion, which is an important hypothesis to construct central limit theorems in finite population
(Brandén and Jonasson| [2012} Bertail et al., [2017} |Gerber et all 2019). In this paper, we will
show that the Yates-Grundy condition also contribute to robustify a sampling or experimental
design.

2.3 Design of experiments

In randomized experiments, and more specifically for clinical trials, the problem is somewhat
different. Suppose we have a population U of size N and that we want to test a treatment T
on the units k € U. If unit k receives the treatment, its response variable becomes y,{ If unit
k does not receive the treatment, it belongs to the control group and its response is denoted by
yg. This is a randomized experiment with two groups. The goal is to estimate

— T

keU keU

Here we adopt a purely design based approach as in |Harshaw et al.| d2024[). The values of yg
and yg cannot be observed at the same time for unit &k, because no unit can belong to both the
control and treatment groups. We select a sample with inclusion probabilities # = (71,...,7N)
and apply the treatment to the chosen units.

Then, 7 can be estimated using the difference between the Horvitz-Thompson estimators of
the two groups:

~ (1-
s Zy];:k_izykl_m?k

keU kGU

I P

keU 1—7rk7rk N p— 1—7I'k
If we define z = (21,...,2y) ", where

_yh (L= m) + yp ™
Zk =
(1 — 7)) mg
the variance becomes - -
~ A
vary(7) = z vary(a)z _z Az (2.2)

N2 N2
If the inclusion probabilities are equal then

yl(1—m)+ y,?ﬂ
(1-mm

2k =

Moreover, if m = 1/2 then

2k = 2(yk + ).
In both experimental and survey designs, the variance operator A plays a fundamental role in
the precision of the estimates.

The variance given in may seem similar to the variance in a sampling design. However,
an important difference is that z; is not known at the sample level. Estimating the variance
is therefore a more difficult problem than for a sampling design. has proposed an
estimator of this variance in the context of design-based inference. If the largest eigenvalue of A
is large, then there is a risk that the variance of the Horvitz-Thompson estimator becomes large
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depending on the values of the response variable. In this article, we study only the eigenvalues
of A and not D"TAD™!, because the inclusion probabilities are often all equal in experiments
and the inclusion probabilities are often to some degree proportional to the variable of interest
in survey sampling.

2.4 Main designs

In this section, we briefly describe the main designs that can be used to select a sample or to
randomize an experiment. The terms used for the designs are mainly coming from the field
of sampling and will be freely used for their equivalent in experimental designs. In Poisson
sampling, each unit of the population is subjected to an independent Bernoulli trial a; with
Eq(ag) = mg, k € U. We thus have Agp = (1 — 7), k € U and Agp = 0 when k # £. Matrix A
is diagonal. The sample size is random and has a Poisson-Binomial distribution
ILe Caml, [1960; [Stein) [1990; Deville, 2000; |Chenl [1993). Bernoulli sampling is the special case of
Poisson Sampling when the inclusion probabilities are equal and are denoted by 7. The sample
size is random and has a Binomial distribution with parameter 7= and exponent N.

Simple Random Sampling Without Replacement (SRSWOR) is the design with a fixed sample
size n for which all samples of size n have the same probability n!(IN —n)!/N! of being selected.
For this design,

n n(N —n) n(n—1)
= — A e = —
Tk = 37> Bkk N NN 1)
and N )
n(N —n
App=———"-"k#Le U
ke (N —DNZ #FLle
Stratification consists of partitioning the population in H strata Uy, ..., Uy of sizes N1, ..., Ng.

Next, in each stratum h, a sample of size nj, is selected independently from the other strata with
SRSWOR.

Mazimum entropy design also called Conditional Poisson Sampling (CPS) is the design with
fixed sample size n that maximizes the entropy

— > p(s)logp(s),

sCU|#s=n

given fixed inclusion probabilities 7. The implementation of this design is quite complex and
has been resolved relatively recently (Chenl 1993; |Chen and Liu, 1997 [Tillé, 2006)). It is possible
to compute the matrix of inclusion probabilities that satisfy the Yates-Grundy condition, for
instance by using the R sampling package (Tillé and Mateil 2021)). If the inclusion probabilities
are equal, the maximum entropy design reduces to SRSWOR.

\Sampford (1967) method is described in the book of Brewer and Hanif| (1983) as follows
“Select the first unit with probability proportional to measure of size 7, /n. At each subsequent
draw, select with probability of selection proportional to 7 (1 — 7x) with replacement. If any
unit is selected twice, reject the whole sample selected and start again.” This design satisfy the
Yates-Grundy condition. If the inclusion probabilities are equal, it also reduces to SRSWOR.
Sampford sampling is also relatively close to CPS , p.143-145).

Unequal probabilities systematic sampling (Madow and Madow], (1944; Madow|, |1949)) is de-
fined as follows. First, compute the cumulated inclusion probabilities Vi = 25:1 m with Vp =0
and Viy = n. Next generate a uniform continuous random variable v and select in the sample
the units £ such that V1 < wu+j < Vi for j = 0,...,n — 1. This sample has a fixed sample
size n. Systematic sampling has no more than N samples with non-zero probability
. This design has a very small entropy. The joint inclusion probabilities can be computed
for instance using the R sampling package (Tillé and Matei|, [2021)). Equal probability systematic
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sampling is the special case where the inclusion probabilities are equal. Moreover, if N/n is an
integer, then only N/n samples have a non-null probability of being selected.

The pivotal method is one of the special cases of the splitting method proposed by
land Tillé (1998). The method was republished by |Srinivasan| (2001). At each step of the pivotal
method, two units whose inclusion probabilities are not integers are randomly modified and one
of these units is set to 0 or 1.

By choosing at each step a couple units close in a space, |Grafstrom et al.| (2012)) have built
a method to obtain well spread samples. The method satisfies the Yates-Grundy condition
(Kramer et al.| 2011} |Chauvet|, 2012)). If the initial probabilities are all equal to 1/2, the design
reduces to a matched pairs design (Matched). The Matched design is also a stratified design
where N, =2 and np, = 1, for h =1,..., H. In a Matched design, there are H = N/2 pairs on
units and

I
;  ifk=tel,
D B
A=\ 1 ifk#LeU, (2:3)
0 ikaUh,EEUi,h#i.

Let matrix X = (x1,...,X,) " denote the N x p matrix of p covariates. Balanced sampling
refers to methods for selecting random samples a that approximately satisfy the balancing

equations:
Z AN Zxk. (2.4)
Tk
keUu keU

Fixed sample size is a special case of balanced sampling when matrix X contains a variable
that is equal or proportional to the inclusion probabilities. The cube method (Cube) (Deville
land Tillé, [2004a)) selects samples that are approximately balanced and also respect the inclusion
probabilities of each unit of the population. When all inclusion probabilities are equal to m =
n/N, then the sample mean is approximately equal to the population mean

%Zakxk%%z:xk.

keU keU

The main phase of the cube method consists of randomly modifying the inclusion probability
vector at each step to obtain the sequence 7w(0) =, (1), w(2),...,7(¢),... by setting one entry
to 0 or 1 at each step while respecting the constraints that E{=(¢) | w(t — 1)} = w(t — 1) and

that .
e

keU keU

for all ¢t. If the main phase of the algorithm does not terminate with a vector of integers,
the second phase of the algorithm handles the few remaining non-integer entries. The method
satisfies the inclusion probabilities exactly and is described in detail in .

has proposed Cube matched pairs design (Cube-Matched) that combines the
matched pairs design with balanced sampling by the Cube method. Pairs of similar units are
constructed and only one unit is selected in each pair. Moreover, the design is balanced on
covariates. This method is a simple application of the stratified-balanced sampling where each
stratum contains only two units from which one is selected in the sample (Chauvet} 2009; Hasler|
land Tillé| [2014} |Jauslin et al.| [2021])).

Multinomial sampling consists of selecting n times from the population a unit £ with proba-
bility pr = Eq(ax)/n = m/n and with replacement. For sampling designs with replacement, the
variable aj contains the number of times the unit k is selected in the sample and has a binomial
distribution with parameter py = m/n and exponent n. To distinguish multinomial sampling
from other sampling designs, we define the matrix Af = var,(a), where AL = np(1 —py) and
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AkRK = covg(ag, ag) = —npgpe = —mgme/n, for k # £. When py = 1/N, the multinomial sampling
reduces to the Simple Random Sampling With Replacement (SRSWR). The properties of the
main designs introduced are described in Table

Table 2.1: Summary of the properties of some sampling methods. The maximum entropy column
refers to maximum entropy sampling in the “obvious” support domain (e.g., fixed sample size)
given certain inclusion probabilities.

Fixed Without Equal Yates-Grundy Maximum
Size  Replacement Probabilities Condition Entropy

Poisson

Bernoulli
SRSWOR
Stratification
CPS

Sampford
Unequal Systematic
Equal Systematic
Pivotal

Cube
Multinomial
SRSWR

v
v
v

AN NN
SNENENENEN

NN N N SENENENENEN
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NN N N NN NENENEN
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2.5 Upper bounds for the variance

2.5.1 General results

Matrix A is the heart of the variance for both the sampling and experimental designs. The
analysis of this matrix is therefore the crucial question for the determination of the design that
is unbiased and also has a low variance. The natural way to analyse the A operator is to perform
a diagonalization. We can look for a vector u which maximizes

u' Au

u'u

The solution to this maximization problem is an eigenvector u of A associated to the largest
eigenvalue \1. This eigenvalue is associated with the greatest risk of the design, as this eigenvalue
is directly associated with largest possible variance of the Horvitz-Thompson estimator.

A first result shows that there is no design that is uniformly better than the others for given
inclusion probabilities. Consider two designs p1(.) and p2(.) with the same inclusion probabilities
7 and whose variance matrices are, respectively, A1 and Aj. Design p;(.) would be uniformly
better than design po(.) if u'Aju < u'Asu for all u € RY and if there is at least one vector
y such that y T Ay < y " Asy. We refer to the following result:

Result 1. There exist no pair of design p1(.) and pa(.) without replacement, such that pa(s) is
uniformly better than pi(.) with the same first-order inclusion probability.

We remind that the proofs of the results can be found in the supplement. The problem can
be seen as explained in what follows. Since the inclusion probabilities determine the diagonal
of A, two designs that have the same inclusion probabilities have the same trace for A and
therefore they have the same sum of eigenvalues. Each eigenvalue gives a dispersion factor in
the direction of an eigenvector. Therefore, if the dispersion is decreased in one direction, it is
necessarily increased in another direction.

Among designs without replacement, Result [I] shows that there is no design which is better
than all the others given certain inclusion probabilities. If additional auxiliary information is not
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available, it is reasonable to try to equalize the eigenvalues and thus to take the most random
design possible, that is to say, the design that maximizes the entropy. Additionally, we often
measure several variables of interest so it is preferable to use a robust design.

For given inclusion probabilities, the design that is the most random is considered to be the
one that maximizes the entropy. Poisson sampling maximizes the entropy

— > p(s)logp(s),

sCU

subject to given inclusion probabilities. Then, we have
A =diag(m (1 —m),...,7an(1 —7N)).

The largest eigenvalue is A\ = maxyey (1 — 7). If the inclusion probabilities are equal, i.e. if
7, = m, Poisson sampling reduces to Bernoulli sampling. Then, we have A = 7(1 —m)I, where I
is an NV x N identity matrix. This design can therefore be considered as the most robust design
for given m, because the variance is the same in all directions.

The Poisson and Bernoulli designs have the disadvantage of having a random sample size.
A fixed size allows to control the budget of the survey. Additionally, in our simulations, having
fixed sample size greatly improves the balance of the design. However, fixed sample size implies
that A has a null eigenvalue.

Result 2. Let p(.) be a sampling design of fized sample size n from a population U of size N,
then A has a null eigenvalue associated to the vector of ones 1 € RN,

In SRSWOR
n(N —n)

SN

P,

where P = diag(1) — 11" /N and 1 is a vector of ones of dimension N. Matrix P is idempotent
and has N — 1 eigenvalues equal to 1 and one eigenvalue equal to 0. Matrix A has thus N — 1
eigenvalues equal to n(N —n)/{N(N —1)} and one equal to 0. In simple random sampling with
replacement, A® is equal to Pn/N. Matrix A® has thus N — 1 eigenvalues equal to n /N and
one equal to 0. Simple random sampling without replacement is always more efficient than with
replacement. The comparison of SRSROW and SRSWR is an example where Result |1] is not
applicable, because it applies only to designs without replacement. SRSWOR is a robust design
because the variance is the same for all centred vectors. The variance is zero when the variable
of interest is a constant.

Result 3. Let p(s) be a sampling design of fixed sample size n from a population U of size N
and with equal T, = w, k € U, then 1 is an eigenvector of II and A. For any other centred
etgenvector u of A, u is also an eigenvector of IL with the same eigenvalue.

2.5.2 Upper bounds for probability designs
Upper bounds can be obtained for different types of designs.

Result 4. For any sampling design on a finite population U of size N, the largest eigenvalue
of A is smaller than or equal to maxyey (Y ey The). If the sampling design has a fived sample
size n, then the bound can be expressed as n maxpcy (7).

For designs without replacement, A is also the variance matrix of the complementary design
selected with inclusion probabilities 1 — m, k € U. For sampling with fixed sample size and
without replacement, an upper bound for Aq is

< mi - - .
A1 < min {n I]?eagc(ﬁk), (N —n) r]?eag(l ﬂ'k)}
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Result [4] induces directly a few corollary results for equal probability designs.

Corollary 1. Let A be the variance matrixz of a sampling design with fized sample size n and
equal T, = n/N,k € U, then the largest eigenvalue of A is smaller than or equal to nm = n?/N.

Using a similar reasoning with the complementary sample 1 — a, we obtain

Corollary 2. Let A be the variance matriz of a sampling design without replacement with fized
sample size n and equal m, = n/N,k € U, then the largest eigenvalue of A is smaller than or
equal to (N —n)(1 —7) = (N —n)?/N.

When n > N/2, the bound in Corollary |1 is worse than the bound deduced by the trace of
A, which is equal to N7(1 — 7). When n > N/2, the bound from Corollary [2| becomes better.
With equal probabilities, without replacement and fixed sample size, a general bound for the
largest eigenvalue A of A is thus

n? (N —n)?
Al <min | —,—— .
1_m1n<N, I >

This bound can be reached. Here is an example:

Example 1. Suppose that N is a multiple of n, i.e. 7 = N/n € N and that we select a systematic
sample with equal inclusion probabilities n/N. Then 7y = n/N if (kK — ¢ mod r) = 0 and 0
otherwise. We have my = n/N —n?/N? if (k — ¢ mod r) = 0 and —n?/N? otherwise. Define
a vector v = (vq,...,ux) where vy = 1if K modr =1, vy = —1if k mod r =2 and v, = 0
otherwise. We obtain Av = (n?/N)v. In this case r — 1 eigenvalues are equal to n?/N and
N — r are equal to zero. If r = 2, n = N/2. All eigenvalues are equal to 0, except one that is
equal to N/4.

Given 7r, systematic sampling is the worst design in terms of robustness, because it concen-
trates all the dispersion in a very small number of directions or only one if N/n is an integer.
Now, we introduce a new result for unequal probability designs.

Result 5. For any sampling design on a finite population U of size N, the largest eigenvalue of
A is smaller than or equal to maxgcy (ZZGU |Akg|).

The bound of Result 5| will often be smaller than the one from Result |4 but it is not always
the case. The sampling design that selects one unit out of a population of 3 units with equal
probability is a simple example where n maxgey (7)) = 1/3 < maxgey (ZéeU ]AMD =4/9.

If the Yates-Grundy condition is satisfied, a simpler bound than the previous ones can be
inferred.

Corollary 3. For any sampling design without replacement that satisfies the Yates-Grundy
condition and has fixed sample size n, the largest eigenvalue of A is smaller than or equal to

2maxgey {mp(1 — m)}
With a similar reasoning, we can obtain the following result.

Corollary 4. For any sampling design with a fived sample size n on a finite population U of

size N, the largest eigenvalue of A is smaller than or equal to 2 maxgcy <Z€€U‘Aw>0 Ape).

Corollary 4] shows that Yates-Grundy condition is desirable for fixed samples size designs as
they give a lower theoretical maximal eigenvalue of A. It also indicates that sampling designs
with fixed sample size that have a lot of units a; that are strongly positively correlated may be
very weakly robust. Systematic sampling, which gives very high or maximal possible eigenvalues,
corresponds to such sampling design. The Yates-Grundy condition is satisfied in a number of
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common sampling designs. This bound is reached in the Matched design. Indeed, the maximum
eigenvalue of the matrix A given in is equal to A\ =27(1 —m) = 1/2.

A small bound can also be identified by comparing unequal probability sampling without
replacement with a multinomial design with parameters {py = 7 /n,k € U} and exponent n.

Result 6. For the multinomial design, the largest eigenvalue of AT is less than or equal to
maXxgcy Tk -

Definition 2. A sampling design without replacement with inclusion probabilities 7w and vari-
ance operator A is said to be dominated by multinomial sampling with parameters {p; =
mi/n, k € U} and the same sample size n if

u' Au

— —— <1, forallue RV.
ul Aftu =

This definition also corresponds to a comparison with A in the Loewner order.
(1981) proved that multinomial sampling dominates Sampford’s sampling design
[1967)). |Gabler| (1984) gave a sufficient condition in order that a sampling design without re-
placement is dominated by multinomial sampling. proved that this condition is
fulfilled for CPS.

Result 7. For Sampford’s design and CPS, the largest eigenvalue of A is less than or equal to

A1 < min { maxm,, max(l — 7 .
< 1Ay, tax( k)

2.5.3 Case of balanced sampling
For sampling designs that select balanced samples, we deduce from Equation (2.4]) that

varg(X'D7la) = X' D!AD X %~ 0.

In other words, balanced sampling designs will have a covariance matrix A with p eigenvalues
that are equal or close to 0. If the inclusion probabilities are all equal and the design is perfectly
balanced, the p covariates of X generate the kernel of A, or at least a vector subspace from it.
If we consider that the inclusion probabilities are fixed, then the trace of A is fixed. The trace
is equal to the sum of the eigenvalues. Therefore, the use of a balanced sampling design means
that some eigenvalues are equal or close to 0, but it will have to be compensated on the other
non-zero eigenvalues of A. It is possible that a balanced sampling design can have a very large
maximal eigenvalue due to this fact.

In balanced designs, it seems difficult to bound the eigenvalues more tightly than in Result
Indeed, balanced designs can respect the fixed sample size, but do not respect the Yates-Grundy
condition. For algorithms that return balanced samples, the matrix A can usually only be esti-
mated using simulations, which adds another layer of difficulty to bound the largest eigenvalue.
Ideally, one would like balancing to cause approximately the same increase in all directions for
the variables orthogonal to the balancing variables. Results from our simulation studies indicate
that this idea is not far from reality. For balanced designs, we have an approximation for the
largest eigenvalue given in the supplementary material. However, one may wonder if this approx-
imation works in practice. For it to work, the increase in variance would have to be distributed
more or less uniformly in all directions orthogonal to the balancing variables. Therefore, it is
necessary to choose the balancing variables carefully and to avoid balancing on variables that
are not correlated to the variables of interest.

The pivotal method respects the Yates-Grundy condition, so one can identify a bound for
the largest eigenvalue of the variance matrix. Therefore, the pivotal method is a prudent way
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to integrate auxiliary information into a design. |Grafstrom and Lundstrom| (2013) argue for the
use of this method. We have here an additional argument of robustness. The Matched design
is a special case of the pivotal method when m = 1/2. In this case, we can compute exactly the
largest eigenvalue which is only twice the one of Bernoulli sampling. The risk is thus relatively
contained.

2.6 Lower bound for the largest eigenvalues

In this section we find lower bounds for the largest eigenvalue.
Result 8. For any design without replacement, A\ > maxyey (1 — mg).

Result 9. For any design without replacement with fixed sample size,

N
)\1 > m Iglea(}(ﬂ'k(l — 7Tk)

Result 10. Let X be a N X p full rank matriz, H =X (XTX)_1 X, vk a vector of RN such
that v, = 1 and vy = 0 if  # k and hy, = vVFTHVE. For any design without replacement such
that AX = 0, /\1 > maXxgecyy 7Tk(1 — Wk)/(l — hkk)

Unfortunately, the bound given by the Result [10| does not really seem applicable for balanced
sampling designs. The reason is that an exactly balanced design does not exist in general because
there is always a rounding problem which does not allow to obtain the exact balance. This bound
works on stratified sampling designs because this is a particular case of balanced sampling that
can be exactly balanced.

2.7 Robustification of the design by mixture

In this section, we try to introduce the notion of trade-off between balance/efficiency and ro-

bustness. This notion in experimental designs has been introduced by [Harshaw et al.| (2024)).
Expression shows that if the objective is to minimize the worst-case design-based vari-

ance, then the largest eigenvalue of A should simply be as small as possible. If we assume

that the covariates X = (xi,...,%,)' have an effect on the response, then the advantages of
balanced sampling appear. Suppose that ykC = xp08+ ¢k, y,{ = X33+ 7 +¢p and that all inclusion
probabilities are equal to « for all &k € {1,..., N}. We assume that the sample size is fixed in

order to make the term 7 in the following expression disappear. Using Expression (2.2)), the
design-based variance becomes

2
varg(7) = {N7r(11—7r)} {,BTvara(XTa)ﬂ +el Ae+ QﬂTXTAs}, (2.5)

where €' = (e1,...,en).

In order to minimise the variance under the design of 7, both the maximal eigenvalue of
A and var,(XTa) should be considered. We ignore the cross-term as both terms have an
influence on it and usually the cross-term is relatively small. We consider that the maximal
eigenvalue of A is the robustness of the sampling/experimental design and that var,(X'a)
is the term closely related to how balanced is the sampling or experimental design. Indeed,
varg (XD la) = XD !AD !X ~ 0 and var, (XD 'a) = XTAX ~ 0 when the inclusion
probabilities are all equal. The terms 3 and € are not known to the experimenter and for now,
do not necessarily imply a model-based approach. However, the design-based variance of 7
given in expression (2.5) used the assumption that 7 has the same effect on all the units. This
is a pretty strong assumption that we already use for consistency with later notation.
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obtain an expression similar to without this assumption. They reach the same
conclusion while having a purely design-based approach.

\Harshaw et al.| (2024) introduced the GS design that handles the trade-off between balance
and robustness. The basic step of the GS design is very similar to the Cube method of
. In the Cube method, at each step, the vector of inclusion probabilities is randomly
changed in a direction that respects the balancing equations. However, [Harshaw et al.| (2024)
uses the GS algorithm to balance an augmented covariate vector, which is a scaled concatenation
of the covariates of the units and a unit-unique indicator variable. A tuning parameter ¢ allows
to give more importance either to the robustness or to the balancing. It allows one to make
a mixture of designs: a robust design like the Bernoulli design and a balanced design. When
¢ € {0, 1}, the GS algorithm will correspond either to a Bernoulli design or balanced design like
the Cube method.

We propose another method which allows to mix two designs that is presented in Algorithm I}
This method is much simpler than the GS design. It requires only three lines of code to be
implemented. Moreover, it allows us to mix any two designs, as long as at least one of the
design is able to handle cases with unequal inclusion probabilities.

Algorithm 1 Simple method for mixing designs

e Select a sample ay with a design pa(.), inclusion probabilities 7w and variance-covariance
matrix A 4.

e Compute wp = /b as+ (1 — /).

e Select a sample a with a design pp(.), inclusion probabilities 7w g and variance-covariance
matrix Ag(7p).

Result 11. With Algorithm [1:
(i) Eaa) =,
(ii)) A =var,(a) = E.{Ap(7wp)} + pAu4,
(iii) t5diag{Eq(Ap)} = diag(A) = diag(A4).

When mixing a design without replacement with a design with replacement, pp(.) needs
to be set as the design with replacement to avoid any error. Ideally, we would have that
Eo{Ap(mp)} = (1 — ¢)Ap(m) for better interpretability of A and theoretical results. It would
mean that A ~ ¢A 4 + (1 — ¢)Ap. However, it is very difficult to derive analytically the term
Eo{Ap(wp)} and probably impossible with a mixture that uses a balanced sampling design. We
carried out simulations of a mixture of designs where p4(.) and pp(.) correspond to, respectively,
SRSWOR and a balanced sampling design based on the Cube method. In this case, pa(.)
corresponds to the robust design and pp(.) corresponds to the balanced design. For Apg(wp),
the Cube method has been parametrized in a way to ensure that the inclusion probabilities are
mp while also having the propriety that X D 'a ~ X "D !7p. The auxiliary variables are
generated from a normal distribution, 7 = 1/2 and N = 250. The simulations, provided in the
supplementary material, show that E,{Ap(7p)} is extremely close to (1 — ¢)Ap(m).

Moreover if A1, A1, Ap1 are, respectively, the largest eigenvalues of A; A 4 and E,(Ap)/(1—
@), then

M < pAar+ (1 — @) Apa.

By taking a robust design for p4(.) we can make the largest eigenvalue decrease. The parameter
¢ allows to set the robustness of the design. The method opens up the possibility of other
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mixtures. For instance, we can mix a Matched design with a balanced design. In this way, we
get a design that is not too risky, while combining two different uses of auxiliary information.

There is also another simple method to mix designs that we do not recommend. First,
choose either the sampling design p4(.) with probability ¢ and pp(.) with probability (1 — ¢).
Then, select a sample with the chosen sampling design. This method creates a sampling design
with variance pA 4 + (1 — ¢)Ap, which is a good property. However, sampling designs are not
uniquely defined by their variances. Using simulations, we clearly see that the distribution of
the Horvitz-Thompson estimator of this method has a higher kurtosis than the distribution the
Horvitz-Thompson estimator using Algorithm [1] when mixing the cube with SWSWOR even
though their variances are similar. The consequence is that large deviations of the Horvitz-
Thompson estimator are more likely to happen with this method. Additionally, this method
cannot select new samples that are not contained in p4(.) or pg(.). Algorithm |1 creates new
samples, unless some specific sampling designs are used.

2.8 Simulations with mixtures of designs

In order to evaluate the robustness of the designs, we performed simulations on a clinical trial
data set. It contains information about 40 patients split into two groups before and after their
corneal astigmatism surgery . We are only interested in the variables measured
before the surgeries. We retain five covariates: sex, eye, age, axis and topographic astigmatism.
Two of those covariates are categorical. The size of the experiment is N = 40 and we chose
equal inclusion probabilities 7 = 1/2 for all units, therefore n = 20.

We selected samples with four basic designs: CPS (SRSWOR when the inclusion probabil-
ities equal), Matched design, Cube-Matched design, and systematic sampling. We also made
simulations with mixture of designs using Algorithm [I| and the GS design. The simulations here
do not include the Bernoulli design because it does not have fixed sample size. More details can
be found in the supplement. For the Matched and Cube-Matched designs, the pairs have been
constructed by discrete linear programming by minimizing the sum on the pairs of the squares
of the Mahalanobis distances between the paired units. We define the squared Mahalanobis
distance as follows: Let

tx =X Liy=XDlav=_"" (XTX - tXt})

N -1 N N2

the square of the Mahalanobis distance is
o Txro1 /2
M= (tx —tx) V'(tx —tx).

This index assesses whether the samples are well balanced on the auxiliary variables.

The estimation of the largest eigenvalue by simulation is unstable, especially when the
largest eigenvalues in a design are the same or similar. There are slight differences between
the maximal eigenvalue estimated through simulation and the exact theoretical results. The
maximal eigenvalue estimated by simulation will almost always be slightly inflated when all the
inclusion probabilities are equal. Therefore, we performed a very large number of simulations
(SIM=10,000,000).

Next, we ran the GS design of Harshaw et al.| (2024)) using the Julia implementation. We
used a version of the algorithm that returns experimental designs with fixed size for each group.
Unfortunately, we found that this algorithm does not provide comparable results depending on
whether the variables have the same means or variances. We understand that this is due to
the way the covariates are normalized in the GS algorithm. Therefore, we centred, reduced and
made orthogonal all the variables using a singular value decomposition. Without this change of
variables, the results obtained by the GS method are inconsistent.
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Figure 2.1: Scatterplot of the estimated expectation of the squares of the Mahalanobis distances
between the covariate Horvitz-Thompson estimators of the two groups by the largest eigenvalues.
The numbers in brackets correspond to the tuning parameter ¢ which gives importance either
to robustness or to balance depending on the value of ¢. When the inclusion probabilities are
equal, CPS is changed to SRSWOR.

Figure [2.1] contains the scatterplot of the estimated expectation of the squares of the Maha-
lanobis distances between the covariate Horvitz-Thompson estimators of the two groups by the
largest eigenvalues. On the left side, one sees that the most robust is SRSWOR but it is not
balanced. Not all the sampling or experimental designs we introduced in this article are included
in the graph, as they reduce to SWSWOR or matching when all inclusion probabilities are equal
to 0.5. Systematic sampling design lacks too much robustness to be shown in the graph.

The Cube method is a very good compromise between the two extremes as it is well balanced
and relatively robust. The Matched method is less balanced and less robust than the Cube
method. The Matched method can also have difficulties finding pairs that are sufficiently similar.
However, one advantage of matching is that the samples or group generated from this method
are relatively well-spread while samples generated from a balanced design like the Cube method
could output samples that are not well-spread. Generating a mixture of design between the Cube
method and the Matched method could give a good compromise in certain cases.
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land Lundstrom)| (2013]) describes advantages of well-spread samples. The designs resulting from
mixtures with Algorithm [T and the GS design approximately lie between the two designs from
which they originate in the graph in function of their weights ¢ as expected. However, our
method is simpler to carry out and has an interpretable output.

2.9 Conclusions

In this paper, we give lower and upper bounds of the largest eigenvalue for sample and experi-
mental designs. For Poisson, Bernoulli and matched designs, the exact value of largest eigenvalue
is given. We have also seen that the Yates-Grundy condition guarantees a relatively small upper
bound of the largest eigenvalue. Our research indicates that there is a strong correlation between
high /maximum entropy sampling and robust designs.

Balanced designs generated by algorithms such as the cube method or the GS design do not
seem to create undue risks as systematic design does. However, it is important to avoid using
balancing variables that are not correlated with the variable of interest.

Moreover, we proposed a simple method to mix designs that offers more possibilities than the
GS design proposed by Harshaw et al|(2024). Simulations also show that our method creates
mixtures of designs that are easily interpretable. If a design is too complex, it is always possible
to estimate matrix A by means of simulations. This enables efficient risk assessment and correct
inference.

Finally, we have doubts about the interest of mixing designs as a method to reduce the
variance of 7 in a “robust” way. A simple calculation indicates that the optimal design is likely
to not result from a mixture of designs if the hypotheses are correct. If we are convinced that
the auxiliary variables are correlated to the variable of interest, then one should balance. If
we are convinced that the auxiliary variables are uncorrelated with the variable of interest or
simply unavailable, then one should use a robust design like SRSWOR or Bernoulli. Mixtures
of designs can be used in the case where several variables of interest have to be estimated. In
this case, a compromise between several designs must be found, each optimised for a particular
variable.
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2.10 Supplementary material for Risk Minimization Using Ro-
bust Experimental or Sampling Designs and Mixture of
Designs

In the supplementary material, we include all the proofs and we add other approximations for the largest
eigenvalue of different sampling designs. We also discuss the interest of mixing designs under model- and
design-based approach for experimental designs. We show that the interest of mixing design is relatively
limited under our hypotheses. Finally, we give additional information regarding simulations.

2.10.1 Proofs

Result 1. There exist no pair of design pi(.) and pa(.) without replacement, such that pa(.) is
uniformly better than p1(.) with the same first-order inclusion probability.

Proof. (by contradiction) Suppose there is a design pj(.) uniformly better than a design ps(.)
with the same first-order inclusion probabilities. In this case, uT(AQ —Aj)u>0,forallue RN
This implies that the array (A — Aj) is positive semi-definite. Since the trace of (Ag — Aq)
is zero and all eigenvalues of (Ag — Aj) are greater than or equal to zero, we deduce that all
those eigenvalues are equal to zero. This is in contradiction with the fact that there is at least
one vector y such as y ' A1y <y’ Aoy. O

Result 2. Let p(.) be a sampling design of fized sample size n from a population U of size N,
then A has a null eigenvalue associated to the vector of ones 1 € RY.

Proof. We have Al =E,(aa’1) — E,(a)E,(a’1) = E,(an) — E,(a)n = 0. O

Result 3. Let p(.) be a sampling design of fized sample size n from a population U of size N
and with equal m, = w, k € U, then 1 is an eigenvector of I and A. For any other centred
etgenvector u of A, u is also an eigenvector of II with the same eigenvalue.

Proof. Since 1 is the eigenvector of A associated with the null eigenvalues, all the other eigen-
vectors are orthogonal to 1 and are thus centred. We have A1 =TI1 — w71 =II1 — 7n = 0.
Thus, II1 = 7wn and 1 is an eigenvector of IT associated with the eigenvalue nr. If u is a centred
eigenvector of A, Au = Au, thus ITu — 77 'u = Au. Since 7 'u = 0, vector u is also an
eigenvector of Il with the same eigenvalue as for A. O

Result 4. For any sampling design on a finite population U of size N, the largest eigenvalue
of A is smaller than or equal to maxyey (Y e The). If the sampling design has a fived sample
size n, then the bound can be expressed as n maxpey (7).

Proof. Using the Perron-Frobenius inequality (Horn and Johnson| 2013), we know that the
largest eigenvalue of IT is smaller than or equal to

The matrix w7 | is a symmetric matrix of rank 1, whose only non-zero eigenvalue is equal to

Y okeU 77,% with the eigenvector 7. The largest eigenvalue of —m7 ' is thus 0. Each eigenvalue
of A is non-negative, because it is a covariance matrix. Both IT and wnw ' are Hermitian
matrices. Therefore, from Weyl’s inequality (Horn and Johnson| 2013), we deduce that the
largest eigenvalue of A, denoted by A1, is smaller than or equal to maxgey (D crr Tre), i€,




If the sampling design has a fixed sample size n, then
Il?ea(}{ <Z Trkg> = max{ (ak Z ag) } = nIl?ea(}((Wk)'
e e

Corollary 1. Let A be the variance matrix of a sampling design with fized sample size n and
equal T = n/N, then the largest eigenvalue of A is smaller than or equal to nm = n?/N.

O]

Proof. The corollary is an application of Result O

Corollary 2. Let A be the variance matriz of a sampling design without replacement with fized
sample size n and equal m = n/N, then the largest eigenvalue of A is smaller than or equal to

(N —n)(1—7) = (N —n)?/N.

Proof. The random sample a and 1 — a have the same variance matrix A. The complementary
sample is selected with inclusion probabilities 1 — 7 = (N —n)/N and fixed sample size N — n.
Using corollary [1, we obtain that the maximal eigenvalue is (N —n)(1 —7) = (N —n)?/N. O

Result 5. For any sampling design on a finite population U of size N, the largest eigenvalue of
A is smaller than or equal to maxgey (ZZGU |AM\).

Proof. The proof is a simple corollary of the Gershgorin circle theorem (Horn and Johnson)
2013). However, the result can also be derived from Theorem 4.1 of Dol et al| (1996). O

Corollary 3. For any sampling design without replacement that satisfies the Yates-Grundy
condition and has fixed sample size n, the largest eigenvalue of A is smaller than or equal to
2man€U {ﬂ'k(l — Fk)}

Proof. We know that Agr = mi(1 — mg) for all i € 1,...,N. Every off-diagonal entry of the
matrix A is negative because the selections of the units are all negatively correlated between
each other due to the Yates-Grundy condition. Another property of A is that the sum of every
row is equal to 0 due to fixed sample size. This is deduced from Result We obtain that
(1l — ) = ZéeUlE;«ék Ay for all k € U. Thus,

A =2 (1-— A
e (Z\ u\) max ) mel—m)+ D A

LeU|t£k

=2 1-— .
Igleag{ﬂk( k) }

The result follows from Result Bl O

Corollary 4. For any sampling design with a fized sample size n on a finite population U of
size N, the largest eigenvalue of A is smaller than or equal to 2 maxgcy (ZEGU\Akpo AM).

Proof. The proof is the same as in Corollary O

Result 6. For the multinomial design, the largest eigenvalue of AT is less than or equal to
maxgecy 7k -

Proof. Define D = diag(np1,...,npy). Matrix D 12ARD1/2 is idempotent. All its eigenval-
ues are equal to 1 or 0. Thus
uTD—l/ZARD—l/Zu
u'u

<1, for all u e RV,
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If we set y = D™/2u

TAR TD
Y Y < y 7Y < max uy, for all y € RV, (2.6)
y'y y'y T keU

Result 7. For Sampford’s design and CPS, the largest eigenvalue of A is less than or equal to

A1 < min § max mg, max(1l — ) o .
keU keU

Proof. Since these designs are dominated by multinomial sampling, the largest eigenvalue of A
is less than or equal to maxpcy m,. Moreover, A is also the variance operator matrix of the
complementary design, where the sample is S¢ = U\ S, the inclusion probabilities are 7, = 1—m,
and aj = 1 — ay, for all & € U. Thus, the largest eigenvalue of A is also less or equal to
maXgcy/ 1—m k-

Result 8. For any design without replacement, A\ > maxyey (1 — 7).

Proof. Let v* be a vector of RV such that vy = 1 and vy = 0 if £ # k. Then vFT AvF/(vFTvF) =
7rk(1—7rk). Thus, )\1 ZmanGUWk(l—ﬂk). ]

Result 9. For any design without replacement with fixed sample size,

N
)\1 > m Iglea[}(ﬂ'k(l — 7Tk)

Proof. Let v* a vector of RY such that v, = 1 and v, = 0 if £ # k and 1 vector of N ones.

Define
1 N
E_ L A
o = <v N) ya
Vector e is normed. Then
kT T
e Ade [ LN A (1) N
ekTek N N)N-1
17 1 1 N
kT A ok kT
= A —A—- -2 A— | ——.
(V VENAN T N)N—l
Since A1 =0,
vET AvVF N
VkTVk = TI'k(]. - ﬂ-kJ)N _ 1
Thus, A\ > maxgey (1 — ) N/(N — 1). O

Result 10. Let X be a N x p non-singular matriz, H =X (XTX)_1 X", vk a vector of RV

such that vy = 1 and vy = 0 if £ # k and hy, = vFTHV*. For any design without replacement
such that AX =0, \y > maxgey (1 — mx) /(1 — hyg).

/ 1
k k k
© ( 1 hkk
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k

Vector e” is normed. Then

eFT Ae
ek T ek

= (v — HVF TA v — HvF 1
1 — hyg

1
= (VkTAvk +vFTHAHVF — 2vaAHvk)

1— hy

Since AH = 0,
1
1 - hkk )

= vaAvk# = mp(l — 7)
Thus A\; > maxgey (1 — Wk)% O
Result 11. With Algorithm [1:

(i) Eala) =,

(ii)) A =var,(a) = E.{Ap(7wp)} + pAu,
(iii) t25diag{Eq(Ap)} = diag(A) = diag(A ).

Proof.

(i) The final inclusion probabilities are
Eq(a) = B, Eq(alas) = Eo{\/d aa + (1 — V/o)w} =
(i) The final variance matrix is:

A = varg(a) = E, vary(alas) + var, E.(alay)

= Eo{Ap(np)} +vara{v/é as + (1 - \/9)7}
= E{Ap(7p)} +¢Aa. (2.7)

(iii) Vectors a and ay have the same expectation. Thus diag(A) = diag(A4). From Equal-

ity (2.7), we have
diag(A) = diag{E,(Ap)} + ¢ diag(A 4),

and thus 1

1-¢

diag{Eq(Ap)} = diag(A).

2.10.2 Approximations for the largest eigenvalue

We have identified bounds for the largest eigenvalues. We can construct approximations using
heuristic reasoning. Consider the matrix

M = dia,g(w:l(l—ﬂ-l),..., Trk(l_ﬂ-k) goeey 7TN(1_7TN)>
np1(1 — p1) npr (1 — pr) npn (1 — pn)
. (1—7r1 1 —mg 1—7TN>
= diag s s .
1—m 1 —pg 1—pn

Then, MY2ARM!/2 has the same diagonal as A. We expect that MY2ARM/2 is close to
CPS because Multinomial sampling has fixed sample size and M'/2ARM?/2 has relatively well
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spread off-diagonal values in its variance matrix, which we expect to be related to maximum
entropy sampling. In this case, we can use the largest eigenvalue of MY2ARM/2 to bound
the largest eigenvalues of the CPS and Sampford sampling designs. Matrix D~2ARD~1/2 ig
idempotent. All its eigenvalues are equal to 1 or 0. Thus

uTD—l/QARD—l/Qu

— <1, for all u e RV.
u'u

If we set y = D~/2u

y'Afy _y'Dy
T

< , for all y € RV, 2.8
y'y y'y (2:8)

If we set vMY/2 =y, we have

vIM2ABML/ 2y v I MY2DML/ 2y
<

viv viv

1—
< max diag(M'/>DMY/2) = ma T = Tk)
keU 1-— TI'k/n

For Sampford and CPS, we can consider that A; is very probably lower than

1
max 77%( k) . (2.9)
keU 1—m/n
Since the same reasoning can be done for the complementary design, we also have that A; is
very probably lower than
(1 — k)
ma; . 2.10
wel 1— (1— ) /(N —n) (2.10)
The approximation is exact when all the inclusion probabilities are equal as both CPS and
Sampford sampling reduces to SRSWOR in this case. Using simulations, we notice that in
practice those approximations should be used as very close approximations of A; instead of

approximate bounds for A; in CPS and Sampford sampling designs.

Another approximation can be derived from [Deville and Tillé| (2005) who proposed an ap-
proximation of the variance for sampling designs with a large entropy and fixed sample size.
CPS is a particular case of this approximation. Let b = (b1, -1, ...,bn) be a vector of weights

and B = diag(b). Several possibilities exist and will be discussed later. Define an approximation
of A

bb '
A=B- —.
bT1
Two main approximations are proposed. In the first approximation, we construct the by in such
a way that the diagonal of A is the same as that of A. The by must then be the solution of the

nonlinear equation system
2
e
ZKEU be

This system can be solved by a fixed-point method. A second possibility is to simply take

by, :7T]€(1—7Tk), for all k € U.

N

b:
FTN -1

7Tk(1 - Wk).

For any value of by, matrix B~1/2AB~1/2 is idempotent. Thus

4TB-2AB-1/2u
u'u

<1, forall ke U.
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If we pose y| =u'B~Y2 we obtain

TA B
y.l_ygy.l_ < max by,.
y'y y'y keU

Thus, we deduce that A\ is probably lower or equal to

N =1 el =),
which is close to the previous approximation for CPS and Sampford sampling. Not only that,
but this approximation actually also corresponds to the minimal largest eigenvalue possible for
fixed sample size sampling designs. It means that actually A; will not be lower than this bound.
But it also means that maximal entropy sampling is clearly close to the most robust sampling
design. It also suggest that there is a link between the entropy of the sampling design and the
robustness of the sampling design.

For balanced sampling, the development of Deville and Tillé| (2005) implies that the approx-
imation of the largest eigenvalues is

N
max 7 (1 — ). (2.11)

Al &
! N —p keU

Given that using balanced sampling means that p eigenvalue are close or equal to 0 and that
the trace is equal to N7(1— ) in sampling designs with equal inclusion probabilities, the bound
in implies that the remaining non-null eigenvalues are very close or equal to each other.
It becomes clear that this approximation is optimistic, but can be compensated by the fact that
having a perfectly balanced sampling design is rare in practice. For a Cube-Matched design,
each stratum can be considered as an additional balancing constraint. Therefore, a reasonable
approximation for the largest eigenvalue is

N
max 7 (1 — 7).

A~
"UNCN2—p+1 ke

2.11 Model- and design-based approach in experimental designs

Until now, the approach to the problem was design-based and only the variance due to the
design was considered. However, for designs of experiments, it often makes sense to assume a
model for the response that includes the covariates. Equation (2.5)) gives the variance under
the design when ykc = x50 + e, yg = x33 + 7 + €, and all inclusion probabilities are equal to
m. It also assumes that the sampling design used has fixed sample size. We obtain a model by
keeping the same assumptions and adding the assumption that ¢ are random and independent
variables of variance o2 and null expectation for all k € {1,..., N}. showed that
the total variance, which includes the variance due to the model, is equal to

2

~ _ _ g
VarT(T) - BTVara(XT - XC’)B + m, (212)

where ]

X7 = Na Z apXp

keU
and .
X0 = (1 — ak)xk
N(1—m) l%]



are the covariate means of the treatment group and the control group respectively. In Equa-
tion , the term related to the robustness of the design does not appear. On the other
hand, the term with var,(Xp — X¢) suggests that balanced sampling designs will reduce the
total variance of 7. Indeed, var,(Xy — X¢) ~ 0 when a balanced sampling design is used. In
conclusion, for the previous model, the notion of design robustness disappears and only balanc-
ing the covariates can help reduce the total variance. This is not necessarily the case with other
more complex models.

We also investigate the design-based variance, under the worst-case scenario, of 7 given
in and try to minimize it. We expect that having a lower design-based variance might
help reducing model dependance for causal inference. In Equation , if the covariates X are
highly correlated with the response variable, we expect to find 3 such that it explains a large
amount of the variance of the y;. In this case, the term ||X3|3 = BTXTXp is expected to
be much larger than ||e||3 = e"e. Therefore, it becomes reasonable to put more emphasis on
balancing the covariates than on creating a robust design. The reverse is true when the covariates
are weakly correlated with the response variable. The experimenter should not know how well
his covariates are correlated with the response variable before the experiment. However, it is
possible to imagine a case where similar previous experiments are carried out and the strength
of the relationship between the response variable and the covariates can be estimated.

Using the Algorithm [I] introduced in Section [2.8, we try to give a recommendation of a
mixture of a design depending on the expected value of ||e||3 and ||X3||3. We do not assume
that the experimenter knows the true value of B so we are going to develop the formulae with
estimates. The following reasoning should work with any estimate B of 3 even though the least-
squares estimate would usually be used. Let e =y — XB, where y are the response variables.
We assume, using the result of the simulations of Algorithm [1]in Section that we can create
a design which is a weighted sum of two designs:

A=pA4+(1—-¢)Ap

We also assume that A 4 is covariance matrix of a perfectly balanced design: A4X = 0. For
A p, we will use the covariance matrix of a SRSWOR design. We define A4 and Ap as the largest
eigenvalues of A 4 and Ap, respectively. We obtain

(Nr(1 = 1)} varg(7) = {BTvara(xTa)fa telAet 2BTXTAe} (2.13)

We assume that we can ignore the cross-term in (2.13), as both e and X,@ equally contribute
to it and we expect this term to be small as e and X3 are orthogonal if 3 is fitted using least
squares. Then, we obtain

~T ~ ~
B varg(XTa)B + e Ae < {(1—d)Ap} [IXBIB + {oha + (1 - 0)As} [[ell3. (2.14)
We differentiate the bound in by ¢. We obtain
—Ag|IXBI5 + (Aa = Ap)llell3.

The maximal eigenvalue of SRSWOR design is N/m(1 — w)(N — 1). Given that (2.13)) is linear
in ¢ and that ¢ € [0, 1], we obtain that
1 if FA=mV=1)Aa 1XBI[3

N S e (2.15)

¢opti = .
0 otherwise.

is the optimal value of ¢.
When it is not available, the largest eigenvalue A4 can be estimated through simulations. We
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recall that the recommended value of ¢ in was calculated by ignoring the cross term and
assuming that A 4 was perfectly balanced, which is an assumption that is rarely true in practice.
However, it indicates that doing mixtures of designs is not useful to reduce the design-based
variance in in worst-case scenarios. Choosing either a SRSWOR or a balanced sampling
design depending on the strength of the relation between the response and the covariates seem
to be more efficient than using a mixture in this case. If there is a model misspecification, using
a mixture that puts more weight on the robust design might be preferable.

2.11.1 Complete simulations results

In this section, exact values of the simulations are shown on the tables for basic designs, and
mixture of designs. The approximations for balanced designs are also compared with their
estimated value.

The bounds for the largest eigenvalue of variance matrix show us that Poisson and Bernoulli
sampling are the most robust. However, they do not incorporate any auxiliary information. It is
almost always preferable to impose the fixed sample size. If the inclusion probabilities are equal,
then SRSWOR is the most robust, because all non-zero eigenvalues of the variance matrix are
equal. With unequal probabilities and fixed sample size, the CPS and Sampford designs should
be used because the largest eigenvalue of the variance matrix can be more tightly bounded.

For balanced sampling, we cannot efficiently bound the eigenvalues. We know that each
balancing variable increases the dispersion a little for the variables that are orthogonal to it.
It is therefore necessary to choose the balancing variables carefully and to avoid balancing on
variables that are not correlated to the variables of interest. For balanced designs, we have an
approximation for the largest eigenvalue found in previous sections. However, one can wonder
if this approximation works in practice. For it to work, the increase in variance would have to
be distributed more or less uniformly in all directions orthogonal to the balancing variables.

Table 2.2: Simulations: N = 40, n = 20 and equal inclusion probabilities. Largest eigenvalue of
A obtained by simulations and approximation or true value for this eigenvalue. Squares of the
Mahalanobis distances between the estimators and the true totals of the auxiliary variables.

Simulations Approximations or true value Mahalanobis
Bernoulli 0.253 A =1/4=0.25 1718.846
SRSWOR 0.259 A1 =N/{4(N — 1)} =0.2564 199.875
Matched 0.504 A =N/{4(N - N/2)} =0.5 50.012
Cube 0.351 A1~ N/{4(N —p)} = 0.2857 17.284
Cube-Matched 1.058 A~ N/{4(N - N/2—-p+1)} =0.625 13.766
Systematic 10.000 A =N/4=10 264.408

The results of the Table confirm that Bernoulli design is the most robust. However,
SRSWOR is almost as robust while still showing the advantage in terms of balance of the fixed
sample size. The Mahalanobis distance of the Bernoulli design could be significantly reduced
by using the sample mean instead of the Horvitz-Thompson estimator in this case. But the
comparison would be less general for survey sampling with a response variable with unequal
inclusion probabilities. The Matched design has a relatively large loss of robustness as the
largest eigenvalue is doubled compared to Bernoulli sampling. The Cube method appears more
robust than the Matched design. The approximation of the eigenvalue underestimates the value
a little in the simulations but the square root ratio between the result of the simulations and
approximation is (0.351/0.294)'/2 = 1.093, which means that in the worst case the approxima-
tion of the standard deviation is only about 10% too low. The approximation is not accurate
for the Cube-Matched method, where (1.058/0.667)'/2 = 1.26. It must be considered that the
maximal eigenvalue estimated through simulation will almost always be slightly inflated when
all the inclusion probabilities are equal. This effect can be observed in the maximal eigenvalue
estimated through simulations of Bernoulli sampling, SRSWOR and Matching. For the Cube
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method, we can also try to check the lower bound found in previous section. We obtain

max 7 (1 — 7y)

=0.396
keU 1-— hkk ’

which is greater than the largest eigenvalue. This is not necessarily surprising, as the Cube
method does not perfectly balance those auxiliary variables.

Table 2.3: Mixtures of designs with algorithm . The values of ¢ are between the parentheses.

Largest eigenvalue Mahalanobis

SRSWOR /cube(0.25) 0.319 67.719
SRSWOR,/cube(0.5) 0.294 117.188
SRSWOR/cube(0.75) 0.272 163.742
Matched/CPS(0.25) 0.320 162.375
Matched/CPS(0.5) 0.381 124.903
Matched /CPS(0.75) 0.443 87.368
Matched-cube/Cube(0.25) 0.476 17.991
Matched-cube/Cube(0.5) 0.641 18.474
Matched-cube/Cube(0.75) 0.809 18.207

Table contains the results of simulations for mixture of designs with different values of
¢. For example, SRSWOR /Cube(0.75) means that p4(.) is simple random sampling and pp(.)
is the Cube method and ¢ = 0.75. In Matched/CPS(0.5), the first design is the matched pairs
design with equal inclusion probabilities and the second one is CPS that has unequal inclusion
probabilities, also we have ¢ = 0.5. We remind that CPS corresponds to SRSWOR when the
inclusion probabilities are equal. When one of the two designs is Matched or Bal-Matched, the
Matched design is applied in the first step of Algorithm [I} Indeed, it is not possible to apply
strictly a Matched method when the inclusion probabilities are unequal on the second step.

Next, we ran the GS design of Harshaw et al.| (2024) using the Julia implementation. We
used a version of the algorithm that returns experimental designs with fixed size for each group.
Unfortunately, we found that this algorithm does not provide comparable results depending
on whether the variables have the same means or variances. We surmize this is due to the
way the covariates are normalized in the GS algorithm. Therefore, we centred and reduced
all variables and made them orthogonal using a singular value decomposition. Without this
change of variables, the results obtained by the GS method are inconsistent. The results of the
simulations are presented in Table

Table 2.4: Mixtures of designs with Gram-Schmidt walk design. The values of ¢ are between
the parentheses.

Largest eigenvalue Mahalanobis

GS(0) 0.370 17.187
GS(0.25) 0.330 60.027
GS(0.5) 0.305 99.703
GS(0.75) 0.282 145.087
GS(1) 0.260 199.469
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Chapter 3

Balanced Random Assignments for
Multiple Treatment Groups Using
the Cube Method

Abstract

In this paper, we propose a new approach to achieving covariate balance in experi-
mental settings by using a modified version of the Cube Method, which is typically used
in survey sampling for the generation of balanced samples. The modified Cube Method
allows participants to be allocated to several balanced treatment groups on the basis of
several variables. The method we propose can also handle cases where treatment groups
are of unequal size and where inclusion probabilities are unequal. Additionally, we pro-
vide variance approximations for cases where a randomization test is not computationally

feasible with the modified Cube Method. [1]

3.1 Introduction

The balance of baseline covariates between treatment groups is a desirable outcome in the design
of a clinical trial, as well as other types of randomized experiments, surveys or even observational
studies. Balancing helps ensuring the validity of study results and reduces errors due to model
misspecifications (Hardle and Bowman, [1988; [Ho et al.| [2007)). It can also reduce or eliminate
the need to use weighted adjustments or a parametric model in the analysis after the experiment
has been carried out. In this article, high balance refer to group assignments whose covariate
means are similar. The balance also has to be achieved randomly, as randomness enables us to
carry out inference.

To address the issue of covariate balance in trials with two treatment groups, numerous forms
of restricted randomization are used such as stratification, blocking, rerandomization, matching,
and other more complex algorithms are available (see amongst other [Simonl [1979; Morgan|
land Rubin| [2012; Xu and Kalbfleisch| 2010} [Li et al. [2018; [Tillé, [2022; [Harshaw et al., [2024]).
However, the literature becomes more limited when dealing with multiple treatment groups. By
adapting the principles of the Cube Method, traditionally used in survey sampling, we propose
an algorithm that can generate balanced treatment groups. We define this algorithm as the
Cube-Based Group Assignment (CBA) algorithm. Unlike existing methods such as some forms
of rerandomization, the CBA can also consider groups of unequal size and unequal inclusion
probabilities, which can be applied in more diverse settings. To the best of our knowledge, no
other method offers this set of features.

The CBA uses the principles of the Cube method, therefore we give a reminder of this method

IThis chapter is a reprint of: E.Talovic and Y.Tillé. Balanced Random Assignments for Multiple Treatment
Groups Using the Cube Method, submitted, 2025
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and its application in the sampling literature. In practice, the CBA uses the enhanced Cube
Method proposed by |Jauslin et al.| (2021)), which effectively handles cases where the population
is highly stratified, in a duplicated and highly stratified version of the initial data set. We
carry out simulations that show the performance of the CBA in multiple settings compared to
a fixed size randomization, which indirectly also compares the CBA to rerandomization. We
recommend using randomization tests to obtain p-values and confidence intervals that take into
account the complex randomization scheme used with the Cube method. In the case it is not
computationally feasible, we provide a method to approximate the variance through simulations.
The supplement gives an example of an implementation of the CBA.

3.2 Cube method description

In this section, we briefly describe the Cube method proposed by [Deville and Till¢ (2004a). In
survey sampling, the goal is often to estimate a total or a mean of a variable y of a population
U=/{1,...,N} of size N by using a sample S C U selected randomly from the population with
inclusion probabilities m,...,7y. It is common to use auxiliary variables x; = (z1,... ,a:p)T
for unit ¢ of the population U to make weighting adjustments to estimated totals by using the
calibration proposed by [Deville and Sarndal| (1992) for example. It is also possible to adjust the
sampling design to obtain more accurate estimates of the total or the mean by balancing on the
auxiliary variables.

The Cube method proposed by Deville and Tillé| (2004a) is a sampling algorithm used in
survey sampling that enables the selection of samples that are balanced. We define a sample
a as balanced when the Horvitz-Thompson estimator of the auxiliary variables is equal to the
population total of the auxiliary variables. We obtain the following equation

> aﬂx =Y "x, (3.1)

icU ceU

where a; = 1 if unit ¢ is selected in sample S and 0 otherwise. Generating a sampling design
that satisfies and respects the inclusion probabilities is not an easy task. In most cases, an
exact solution does not exist and exceptions to this are usually cases where the covariates are
exclusively categorical.

The Cube method generates a sampling design that approximately respects the constraints
in equation with two phases: the flight phase and the landing phase. The flight phase
consists of a random walk in the affine subspace denoted by @ = 7w+ Ker{(x1/m1,...,xn/7N)},
implied by the balancing equation given in (3.1). The algorithm initiates with w(0) = m. At
each step, the algorithm chooses a direction for the walk, while remaining inside @), and at each
step, one dimension in 7r(t) is set to either 0 or 1. After each step, the dimension of the subspace
is reduced by at least 1. The flight phase ends when the random walk cannot continue. We
define 7 (7T') as the last iteration of the random walk in the flight phase. At most p entries of
7(T) are non-integers. The algorithm terminates if a; € {0,1} for all i« € U, otherwise the
landing phase is initiated. Algorithm [2 shows the basic steps of the flight phase.

The random choice for the next step 7 (t+1) with probability of ¢ and (1—g) in the algorithm
allows the random walk to be a martingale, which allows us to respect the inclusion probabilities.
After the flight phase, the landing phase handles the remaining non-integer element of a by
linear programming or elimination of variable. The landing phase is still random. Elimination
of variable simply consists in iteratively dropping a constraint and running the flight phase
again. The linear programming solution is more complex (see Deville and Tillé, [2004al for full
development).

Figure [3.1] shows an example with a fixed sample size constraint n = 2 in a population of
size 3. In this case, exact solutions can be found and the Cube algorithm terminates without
initiating the landing phase.

U
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Algorithm 2 Cube method: Flight phase

Require .

set w(0) < 7

Fort=0,1,2,...

Find a non-zero vector v € Ker{(x;/m1,...,xy/mn)} such that v; = 0 if a; is an integer.
Find the largest A\; and A9 such that

0<wt)+Mv<1land 0 <m(t) — v < 1.

AL

set q + PYEB

7(t) + A\1v, with probability ¢

7(t) — Aav, otherwise.

Until There is no non-zero vector v € Ker(Q) such that v; = 0 if a; is an integer for = (7T)
Output « (7))

set w(t+1)

(011) (1)

(010

(110)

(101)

(000) (100)

Figure 3.1: Representation of the flight phase in the algorithm. The vertices of the cube rep-
resent different samples. The arrow represents the initial inclusion probabilities, before the
initiating the random walk. The darker subspace describe the subspace generated by the fixed
size constraint and inclusion probabilities. In this example, the samples satisfy exactly the con-
straints as the vertices intersect with the subspace.

For the design of experiments in clinical trials, proposed the Cube method to
create a test group and a control group with very similar means for their baseline covariates.
While very different in principle, the final result in terms of balance is similar to a rerandomiza-
tion with a low acceptance rate if the inclusion probabilities are equal and the two group are of
the same size. In the following sections, we present a method that generalizes the Cube method
to cases where the number of groups to be created exceeds 2.

3.3 Notation for multiple treatment group assignment

Let U = {1,...,N} be the population of size N of the experiment. The goal is to assign
the experimental units to K different treatment groups in a random and balanced manner.
Treatments are randomly assigned to units in the population U. Let 7w = (7y,...,7n) be the
vector of inclusion probabilities when there are two treatment groups. Otherwise, we use the
vector T = (11, .+« TNTy 125 v ey TNy « vy T1Ks -« - ,7rNK)T of length K x N and where 7
denotes the inclusion probability of unit ¢ to the treatment group k. We also define m;; j; is the
joint probability that unit ¢ is included in group k£ and unit j is included in group ¢. We have
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Tikik = Tik- Let a = (a11,...,aN1,012, ..., AN, -+, Q1K - - - ,anr)! be the vector of indicator
variables, where a;; = 1 when the unit ¢ € U is included in the group k and 0 otherwise. Since
the number of assignments is fixed in each treatment group, we have

ka:Zaik:nk,k:L...,K,

icU el

K K
Zﬂ'ik = Zaik = 1,i (S U,
k=1 k=1

and

K
S n=
k=1

where ny is the number of units assigned in treatment group k.

The covariates or auxiliary variables are x; = (1, ... ,arp)T for unit ¢ of the population, for
i € U. The value of the response variable y depends on the treatment group. Let y;;. denotes
the value taken by variable y on unit k if it is assigned to treatment group k. In practice, most
responses ¥, are not observed since the experiment is conducted only once, but this notation
remains useful for theoretical purposes. Define also the covariates Hajek estimators of the means
, for group k as
_ ZieU az‘kxz‘/mk
Xk = . (32)
ZieU aik/ﬂ'ik

Define the square of the Mahalanobis distance between the group of indices k£ and ¢ as

Mk, €)* = (% — %¢) 71 (% — %),

where X is the covariance matrix of the covariates x1,...,xy. We favor the use of the Maha-
lanobis distance because it takes into account the dispersion of the covariates and the correlation
between the covariates. We use the average of the Mahalanobis distances of the covariates mean
between all the groups to assess the balance of the group assignment. In mathematical terms,

it can be written as (k 0
M———de . for k., ¢ 1,...,K}. .
2K 0 or k, ¢ € {1, ,K} (3.3)

In experiments with multiple groups, the Horvitz-Thompson estimator is often used to ac-
count for unequal inclusion probabilities when estimating the effects of different treatments. One
group is typically designated as the “control group,” which serves as the standard for compari-
son. The treatment effects are then assessed by measuring the differences between the outcomes
of the control group and each treatment group k. This approach quantifies the treatment effect
of group k relative to the control and ensures that these comparisons remain unbiased, even
with unequal inclusion probabilities (Horvitz and Thompson| [1952} Deville and Tillé, [2004a).

An alternative to the Horvitz-Thompson estimator is the H&jek estimator, which is often
preferred when inclusion probabilities are unequal and when some probabilities are very small
in survey sampling. The Hajek estimator normalizes the sampling weights by their realized total,
which both reduces the influence of extreme (very small) inclusion probabilities on variance and
the biases that can arise when those extreme weights coincide with atypical response values.
When the sample size is fixed and inclusion probabilities are equal, both the Horvitz-Thompson
and Héjek estimators reduce to a simple difference-in-means estimator. The Héjek estimator is
typically used in the field of survey sampling, but it can be applied in experiments.

Using the first group as the control group, we define the Horvitz-Thompson estimator of the
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treatment effects in each group as

AikYik a;1Y51
T = E —— ke{2,...,K}.
N Tk 1 { }
iceU ZEU

We have that 71 = 0, as it is the control group. Using the first group as the control group again,
we define the Hajek estimator of the treatment effects in each group as

o QiYL | T icy Qi1Yil /T
7A_Iéﬁr:ZzeU ikYik/ zk_ZzeU i1Yi1 /T ke{2,... K}

> ieu ik / Tik > ey Git/Ti

For simulations, we will use a simple regression model where the treatment effects are con-
stant with

yir = X5 B+ 71 + €y (3.4)

where 3 is the regression coefficient vector of dimension p x 1, and &;;, represents the variance
term for unit 7 in group k. Applying a balanced sampling design can significantly reduce both
the bias and variance associated with the term XZ,@ and allows for a better estimation of 7.

3.4 Multiple treatment group Cube method

In order to carry out the group assignment, we need to generate a random vector a that respects
the following properties. The inclusion probabilities must be respected:

E(a,-k):mk, iZl,...,N,kIl,...,K.

The sample must be balanced in each group:

Z YR N k=1, (3.5)

€U €U

In order to obtain a fixed sample size, we also need

Zaik:nk,kzzl,...,K. (3.6)

ieU

Finally, as only one unit can be assigned per group:

agp=1li=1,...N. (3.7)

keU

The vector a has dimensions N x K. If p denotes the dimension of x;, the number of balancing
constraints is p Xx K + K + N = N + (p+ 1) x K, resulting in a large number of constraints.
However, the constraints in Equation can be viewed as a stratification, where only one unit
is selected from each stratum. In order to solve this balanced sampling problem, we use
’s enhanced algorithm, which allows us to deal with highly stratified populations.

This algorithm is implemented in the stratifiedcube function in the R package StratifiedSam-
pling (Jauslin et all |[2022)). It provides a balanced sample on auxiliary variables, while applying
a very high level of stratification. In this case, the stratification constraint allows each individual
to be allocated to exactly one treatment group, which means respecting the constraint given in
Equation .

The implementation is structured as follows:

e Create a population U’ that corresponds to K duplicates of the population U = {uy,...,un}.
We can write this new population as as U’ = {u],...,ulyy, w]g, ... Uyg, ..., Uk}
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e Set as “stratum per individual” the sub-populations {u};,...,ul.} for alli € {1,..., N}.
We end up with a population U’ of size N x K with N strata of size K. In each of those
strata, the inclusion probabilities are {71, ..., mx } for all i € U. The sum of the inclusion
of probability in each individual strata Zle 7, must be equal to 1, for all i € {1,..., N}.

e For the matrix of auxiliary variables, we use the matrix resulting from a Kronecker product
between an identity matrix of dimension K x K and the N X p covariates matrix X.

e For each group, the vector of inclusion probability 7y = (71k,...,7nk) is added in X in
order to have a fixed sample size for the groups. We end up with K X p + 1 constraints
or auxiliary variables in total, excluding the ones due to the stratification induced by
Equation . In the case of sampling with unequal probability, it is strongly advised to
include a column of 1 in the X matrix. It would add one more variable to be balanced on
if there was not already an intercept column but this variable improves the stability of the
denominator the Hajek estimator given in Equation (3.2)).

e The algorithm outputs a sample a’ € {0, 1}V5 where a/,, = 1 implies that unit i is assigned
to treatment group k, where ¢ € {1,...,N} and k € {1,..., K} and a}, = 0 implies the
opposite.

The matrix given in Expression contains an example of the form of the matrix of
balancing variables in the algorithm with 4 different groups. The N x p matrix X is the covariates
matrix, whose rows are the covariates x1,...,Xy. A matrix of this form given to the enhanced
algorithm enables us to obtain groups that are balanced on covariates means.

@ 0 0 0 X
0 = 0 0 O
0 0 @w 0 0
0 0 0 m O

(3.8)

o o Ko
o Koo
Mo oo

This matrix incorporates the constraints specified in and , but does not fully capture
all the constraints. The additional constraints in are addressed through stratification in
the enhanced Cube method. Figure illustrates how the stratification is applied within the
algorithm. The output is an allocation of the units to the groups that is generated randomly

why| ™10 | T21 10 | TNL 0
Uy| T12 i 0 Uhy| T22 E 1 UWo| TN2 E 0
| 13 : 0 Uhs| T23 : 0 Ui TN3 : 0
wpy| T4 11 Upy| ™24 1 0 Ul TN4 10
whs| ™5 10 uhs| ™5 10 | TN 11
uyg| T16 : 0 Ubg| 726 : 0 Uyl TG : 0

Figure 3.2: Illustration of the stratification in the CBA with K = 6 treatment groups. Each
column represents a “stratum per individual”, with its indices, its inclusion of probabilities to
each group and the value assigned through the algorithm. Only one entry per column is set to
1, due to the stratification. This ensures that only each element is assigned to only 1 treatment

group.

and approximately respects the given constraints and the stratification with the correct inclusion
probabilities.
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3.5 Simulations

3.5.1 Improvement in balance between groups

In this section, we compare the performance of the CBA with simple random sampling or fixed
size randomization, which consists of randomly separating the experimental units into K groups
of fixed size in this case. We specify that a randomization with a fixed sample size is used, as any
comparison with the CBA would otherwise be unfair. The comparison with randomization also
allows us to compare the CBA with rerandomization (Morgan and Rubin| 2012)) for multiple
treatment groups, as this method consists in selecting the most balanced assignment from a set
of generated assignments. Alternatively, rerandomization consists in repeating simple random
sampling until a satisfactory assignment to groups is generated, but the former definition of
rerandomization is used in this article.

The main metric of interest is how balanced the group assignments are. In order to do this,
the Mean Between groups Mahalanobis Distance M, defined in , is used. Other criterion
for the acceptance in rerandomization can be used, such as those typically from multivariate
analysis of variance , . We also verify that the first-order inclusion probabilities
are respected.

The first set of simulations is carried out on the data set of the experiment from
. Its goal was to test the effect of a visit in a specific museum on the difference
of political opinions of different university students from Chili, by comparing it to a control
group that did not visit the museum. In this data set, there are 251 participants and 12 pre-
treatment covariates, which are a mix of categorical and continuous variables. The columns of
the data set denote the following variables recorded before the experiment: age, gender, political
ideology, economic situation, interest in politics, religiosity, visits to other museums, trust in
government, satisfaction in government, opinion on inequality and positive or negative emotions.
The units with missing values are removed. This manipulation conveniently left 245 remaining
participants, which is divisible by 7. In order to test the CBA, we separate the groups into 7
groups of 35 using the CBA and compare its performance relative to a fixed size randomization.
Each participant has an equal probability of being assigned to any group.

Two sets of simulations Sim1 and Sim2 of are with this data set. Sim2 uses all 12 covariates
and 10000 simulations are made. Sim2 only uses 6 covariates to assess the effect of the number
of covariates on the performance of the algorithm. The columns retained are simply the first six
ones of the data set.

The second data set is drawn from Milosevic| (2022). This a data set of patients’ mild
cognitive impairment and dementia due to Alzheimer’s disease where the diagnostic accuracy
is compared between two questionnaires. The data set has 75 participants and we retain 8
covariates, which are also a mix of categorical and continuous variables. Two acronyms are
used in this data set. MMSE stands for mini-mental state examination, which corresponds to a
cognitive screening made by a neurologist and the IRT-score corresponds to the score obtained
from a scoring method a questionnaire related to cognitive impairment and dementia. The
retained covariates are the following: Sex, Age, MMSE patient, years of education, IRT-score,
diagnosis of patients’ dementia and level of education. For our simulations, we create 3 treatment
groups of equal size 25 and compare the performance of the CBA with fixed size randomization.
We run two sets of simulations on this data set, one in which the inclusion probabilities are
equal denoted by Sim3 and the other in which they are randomly generated denoted by Simd4.

For the 10000 simulations on each set of simulations, we computed three indicators:

e Mean/Mean ratio: The mean of M for balanced assignment divided by the mean of M for
an assignment by simple random sampling or fixed size randomization.

e Max/min ratio: The maximum of M for balanced assignment divided by the minimum of
M for an assignment by simple random sampling.
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Figure 3.3: Density plots of M of the CBA and randomization under varying simulation settings.

e Mean/Min ratio: The mean of M for balanced assignment divided by the minimum of M
for an assignment by simple random sampling.

Those indicators are useful for making a comparison between the CBA and rerandomization
algorithms that take the best assignment out of a certain number of randomizations.

Figure shows the density plots from our simulations of M, allowing one to compare the
CBA and randomization methods. The CBA algorithm performs significantly better, and in
some cases, the distributions are distinct.

In Table the top-left case shows that the CBA produces assignments with an average
value of M significantly lower than those generated through randomization in the first set of
simulations Sim1. The first entry in the second column indicates that even the worst-case group
assignment by the CBA outperforms the best group assignment generated through randomiza-
tion. This also holds true for the average assignments produced by the CBA in the first dataset.
Such metrics are interesting, as they show that even a rerandomization algorithm that accepts
only the best assignment out 10000 is not preferable to the CBA in terms of the expected M.
The results from Sim2 suggest that reducing the number of covariates to 6 does not change any
of the outcomes significantly.

The set of simulation Sim3 is carried on the second dataset, which is smaller and has fewer
covariates to balance with equal probabilities. In Sim3, the relative average performance of the
CBA is similar to the one observed in Sim1. On the other hand, the best assignment to groups
of randomizations had lower M than the worst assignment to groups of the CBA in a set of
10000 simulations. On average, the CBA still outperforms the most balanced randomization
out of 10000 of trials.

In a context outside of simulations, the unequal inclusion probabilities would usually be pro-
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Table 3.1: Relative performance of different metrics between the CBA algorithm and a fixed size
randomization using the Mahalanobis distance between groups. For Sim4, the CBA is compared
with an unequal inclusion probability sampling designs whose only constraint is group size. The
ratios are drawn from a set of 10000 simulations. Sim1 represents the first data set with N = 245
units, p = 12 covariates, K = 7 treatment groups and fully equal inclusion probabilities. Sim?2 is
the same set of simulations, with only 6 covariates to balance. Sim3 represents the second data
set with N = 75 units, p = 8, K = 3 treatment groups and fully equal inclusion probabilities.
Sim4 is the same data set as Sim3 with unequal inclusion probabilities that are randomly
generated.

Mean/Mean ratio Max/Min ratio Mean/Min ratio

Sim1 0.36 0.72 0.52
Sim?2 0.32 0.84 0.54
Sim3 0.36 1.75 0.86
Sim4 0.51 6.74 1.19

portional to one of the covariates that is expected to have a large effect on the response variable,
which is absent in our data set. For the simulation set Sim4, unequal inclusion probabilities are
partially based on the first variable (years of education) and partially generated randomly using
a uniform distribution, then adjusted for the margins through raking (Deville et al., [1993). Fur-
ther details are provided in the supplementary material. The simulations with unequal inclusion
probabilities (Sim4) seem to perform well on average, but the lowest M from the randomization
was lower than the average M from the CBA. The equivalent of a fixed size randomization but
with unequal probability has been made using the Cube method for simplicity with the correct
stratification and inclusion probabilities but without balancing variables. It could also have been
solved using a form of unbiased Controlled Rounding (Cox], [1987} [Friedrich et al., |2007)).

The simulations demonstrate that the CBA remains effective even in scenarios with arbitrary
inclusion probabilities. For all the set of simulations, the largest difference between the simulated
inclusion probabilities and the theoretical ones was strictly lower 0.013 and the average difference
was strictly lower than 0.0037 for the CBA. Exact test based on the binomial distribution
indicates that the individual inclusion probabilities are respected on all the sets of simulations.
In comparison, when taking the 1000 most balanced randomizations out of 10® with the set
of simulation with unequal probabilities (Sim4), the largest difference absolute difference was
0.04957. When using exact binomial tests, 3 entries out of 225 (3 groups of size 25 for a total
of 75 units implies there are 225 inclusion probabilities to be measured.) had values so extreme
that they had p-values lower than 0.0017. It indicates that there is strong evidence of bias
in the inclusion probabilities of certain units when using rerandomization. Biased inclusion
probabilities with rerandomization typically occur with units that can be considered outliers. It
can also be expected that the bias would tend to be larger when the groups are of unequal size,
smaller or when the sizes of the groups are not fixed.

Another important point is the computation time. On the set of simulations Siml1, Sim2
and Sim3, the CBA algorithm terminated respectively in 7.2, 2.2 and 0.12 seconds for a single
computation on average. The sample size, number of groups and number of variables to balance
greatly influence the computation time. In cases with equal group size and inclusion probabili-
ties, one can run the CBA multiple times and select the best group assignment. In other words,
it involves combining rerandomization with the CBA, which, given the computation times, is
feasible unless the dataset is very large.

Using the dataset from [U.S. Census Bureau| (2024)) that includes various variables for cities
in the United States and contains 31120 rows, we retain the half most populated cities. The se-
lected covariates are population, density, latitude, and longitude. Amongst the remaining cities,
we simulate an experiment that uses half of those and ignores the rest. There are four treatment
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groups and each unit has an inclusion probability of being included in each group of 1/8. The
computation time is approximately 5 minutes, significantly longer than what is required for a
randomization. Therefore, only a single computation using the CBA is performed. This com-
putation yields a result that outperforms 10000 simulations generated through randomization.
The ratio of M between the CBA algorithm and the average of the randomization simulations
is 0.16, while the best result from randomization yields a ratio of 0.78.

3.5.2 Variance reduction in the estimators

In this section, we showcase the reduction in variance in the Horvitz-Thompson or the Héjek
estimator of the treatment effect.

We generate a response variable y using the datasets and simulations from Table [3.1. For
Sim1 and Sim2, the response is generated through a linear model as in with an intercept
of 2, regression coefficients of 0.5 for the age and the 2 for the level of political interest, and
a variance term drawn from a centered normal distribution with variance 5. We define it as
Model 1. There are seven groups: we assume a null treatment effect for all groups. For Sim3
and Simd, the response is generated through a linear model with an intercept of 2, regression
coefficients of 0.5 for both age and the IRT score, and a variance term drawn from a centered
normal distribution with variance 5. We define it as Model 2. There are three groups: we
assume a null treatment effect for group 2 and a constant treatment effect of 4 for group 3.

Our simulations demonstrate that using the CBA instead of a pure randomization signifi-
cantly reduces the variance of 7. For the first data set (Siml and Sim2), the variance ratio
between the CBA, which balances even on covariates that have no effect on y, and randomiza-
tion is 0.075. For the second data set under equal inclusion probabilities (Sim3), the variance
ratio between the CBA algorithm and randomization is 0.04 when using the Horvitz-Thompson
estimator. We obtain a similar improvement when using the Hajek estimator with the unequal
inclusion probabilities (Sim4).

In the simulated example, the variance reduction achieved by the CBA in comparison to a
pure randomization is very large, even though only two variables were relevant for balancing. It
is important to note that the reduction in the variance may be less pronounced if the response
variable does not follow a linear model or if the covariates are weakly related to the response
variable.

3.6 Inference

3.6.1 Recommendation

We give some indications for performing inference after using the CBA or other designs that
balance on covariates. We recommend using a randomization test whenever it is feasible. We
also give an approximation of the variance for Horvitz-Thompson estimators in order to obtain
confidence intervals for cases where a randomization test is not feasible. Covariates adjustments
or calibration weighting are also a valid approach, but using the CBA reduces the need for such
adjustments by ensuring better initial balance in the design.

3.6.2 Randomization test

After applying the assignment algorithm to allocate the experimental units into multiple treat-
ment groups, it is performing statistical inference can be slightly more complicated, as the
assignment of each unit is not independent from the other units. An effective approach is to
utilize a method akin to a randomization test (Good) [1994; [Rubin [1980; Basul, [1980; |Coxl, 2009).
This method allows for the calculation of p-values and confidence intervals. The null hypothesis
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is often that the treatments have no effect but it can also be assumed that those have a non-null
fixed effect.

With the null hypothesis in place, rerun the assignment algorithm a large number of times.
In each iteration, randomly assign, according to the assignment scheme of the algorithm, the
subjects to treatment groups. This process simulates the distribution of the response variable
under the null hypothesis. If the null hypothesis is 7, = 0 for all £k € {1,..., K}, only the
assignments vary and the response variable remains unchanged. For each randomization, cal-
culate a test statistic of interest, such as the average absolute difference in response means or
Horvitz-Thompson estimators of the mean between each group, a Mahalanobis distance, or an
F-statistics in some cases. This process also simulates the distribution of the test statistic under
the null hypothesis. Compare the observed test statistic from the original data to the distribution
of test statistics obtained from the randomizations. The p-value is calculated as the proportion
of randomizations where the test statistic is as extreme or more extreme than the observed test
statistic. The confidence intervals can also be deduced using the simulated distribution. This
method takes into account the randomization scheme that generates the assignments and does
not depend on a parametric model for inference.

3.6.3 Approximation of the variance of estimators

In this subsection, we give an approximation of the variance that is applicable when repeating
a large number of simulations is not feasible due to computation time. The variance of the
Horvitz-Thompson estimator of the mean of group k is

_ 1 Tik,jk — TikTjk
Var() = 7z 3 3 (TEE T

T
ieU jeU tk'ljk

where 3, is the Horvitz-Thompson estimator of mean of the response variable in group k. The
variance of 7 is
Var(7) = Var(yx) + Var(go) — 2Cov(yk, Jo)-

Thus, Var(7;) becomes

<7Tik,jk — kT jk

> YikYjk
Tk T jk

51,51 — Ti1T51
— — | Yy
31751

Tik,j1 — TikTj1
— | YikUj1
TikT 51

In practice, when conducting experiments with multiple groups, the true response y;; for
each unit ¢ in group k is often not observable, as the experiment can typically be carried out
only once. To address this limitation, we assume that treatment effects are constant, allowing
us to obtain unbiased estimates of the unobserved responses based on the real observations.
Specifically, we introduce the notation 9§, = vir, — 7r, + Tk, Where R; is the group to which
unit ¢ was assigned, which implies that y;r, is the observed response variable of unit 7. This
formulation allows us to construct the estimated responses for all group k and to calculate the
estimated variance var(7g) for the treatment effect. Alternatively, it is possible to calculate
regression-based estimator for the difference between groups.
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The estimate of the variance of 73 is

Tk, ik — TikTjk ~ A
Var(fy) — Zzz(w ”)yikyjk
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In specific sampling designs, the variances Var(a;ra;) or the joint inclusion probabilities
Tik,jk are known analytically. However, it is not the case for the Cube method, whose variances
can only be accurately approximated through simulations. [Deville and Tillé (2005) gives a good
approximation of the variance matrix of balanced sampling designs. The paper approximates
the variance by assuming that balanced sampling is close to Poisson sampling, whose design
variance matrix is known, conditioned on certain constraints related to balancing. It resembles a
projection onto to a modified subspace generated by the covariates X. Using the same reasoning
by replacing the Poisson sampling by a stratified Poisson sampling, whose design variance matrix
is known, we give an approximation applied to our case with multiple groups and large sample
size. The joint inclusion probabilities can easily be deduced the first-order inclusion probabilities
and the variance matrix of a sampling design.

First, define S as the matrix described in Expression whose rows corresponding to unit
i in group k are then divided by m;; respectively, for ¢ € {1,...,N} k € {1,...,K}. Define
A pyiss as the variance matrix of a stratified Poisson sampling design with the same inclusion
probabilities and stratification as defined in the CBA. All the entries of this matrix are known.
The diagonal entries equal 7;(1 — 7;%). The entry corresponding to unit ¢ in different groups k
and ¢ equals —m;,m; and 0 for the remaining cross terms. In other words, if 7/, 5’ corresponds
to respectively unit ¢ in group k and unit j in group ¢ (i mod N =i and j' mod N = j) then

Wik(l — TFik), if ’i, = j/
Apoissy,, =  —TikTit, otherwise if (i mod N) = (5’ mod N) (3.9)

0, otherwise.
The approximation of the variance matrix of the balanced sampling design is
Abal = rAPoiss |:I - S(STAPoissS)_ISTAPOiss} 5 (310)

where r is a constant. Ay, must be adjusted by a constant factor r to account for the loss
of dimensionality caused by the projection onto the subspace X. We propose defining r as the
ratio between the sum of the diagonal entries of Ay, and the sum of the first-order inclusion
probabilities. A close alternative to this is r = N/(N — p). An approximation of 7 j, can be
deduced from Apg. We have i jo = BDpaiyy, ;, + ﬂ'ikﬂ'j—;. This allows us to compute \//z;(f'k) for
large data sets without simulations. The variance of the Hajek estimator can be approximated
with the variance of the Horvitz-estimator but corrected by linearization .

Using the sets of simulation Sim1, Sim2, Sim3 and Sim4, each comprising 10,000 simula-
tions, we compute 7 to obtain reliable confidence intervals. We also compute confidence intervals
based on our variance approximations and compare them to the confidence intervals found by
simulations. The coverage probability for of the true parameter 7 of the approximated 95%
confidence intervals are given in Table The approximation tends to underestimate the size
of the confidence intervals, but the approximation improves when the sample size gets larger
and uses equal probabilities, as the Cube method is less affected by rounding issues under these
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conditions. This improvement in performance with larger sample sizes is advantageous, as the
variance approximation becomes a practical alternative when conducting a randomization test
would be computationally too demanding. It also shows that the behavior of the variance is
relatively predictable when the sample size tends to infinity.

Table 3.2: Coverage probability of the true parameter 7 within the approximated confidence
interval. Model 1 has been used for Siml and Sim2 and Model 2 for Sim3 and Sim4.

95% 90% 50%
Siml 0.9537 0.899  0.4983
Sim2  0.9454 0.8914 0.4949
Sim3  0.9245 0.862 0.4577
Sim4  0.9002 0.8342 0.4289

3.7 Conclusion

The CBA outperforms randomization or rerandomization in many of the simulations. In some
instances, even the most unbalanced group assignment produced by the CBA is more balanced
than those achieved through rerandomization. There are cases where rerandomization, given a
high number of iterations, performs better on average than a single computation of the CBA.
However, it is also possible to combine the CBA algorithm and rerandomization if one needs
very balanced group assignments when the inclusion probabilities and group size are equal.

Another important point of the CBA is that it enables the creation of groups that are
balanced even with unequal inclusion probabilities. Rerandomization does not allow for that,
because the most balanced assignments to groups often tend to include certain units in specific
groups more frequently than expected when dealing with groups of unequal size or unequal
inclusion probabilities. The consequence is that the inclusion probabilities would be biased in
this case. In fact, carrying out the equivalent of a fixed size randomization for multiple groups
with fixed sample sizes and with unequal inclusion probabilities is not necessarily a common
and easy task.

One particular application of the CBA is in the design of experiments of clinical trials.
However, it is not common for all participants to be available at the start of the trial. In many
such cases, there is a challenge in balancing the covariates between treatment groups when not
all data is available from the outset, and even ensuring equal group sizes cannot be guaranteed.
An adaptive method similar to the one introduced by [Kapelner and Krieger| (2023) can be used.
A potential solution to this problem based on the Cube method is to adopt a method similar to
that proposed by |Jauslin et al. (2022). The core idea of the method is to have participants wait
in a “reservoir” group. Once the reservoir group reaches a sufficient size, the Cube method can
be applied to assign the participants to the trial in a balanced manner.
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3.8 Supplement for Balanced Random Assignments for Multiple
Treatment Groups Using the Cube Method

3.8.1 Code

In this section, we provide an example of an implementation of the Cube-based Assignment to
Groups Algorithm using the R programming language (R Core Teaml 2024)).

library(StratifiedSampling)
library(BalancedSampling)
library(sampling)

set.seed(12345)

N=200

K=5

p=7

X=array (rnorm(N*p) ,c(N,p))
X=t (£t (X)+2*(1:p))

# Cube

XX=kronecker (diag(rep(1,K)), X)

XX=cbind (kronecker (diag(rep(1,K)) ,rep(1,N)) ,XX)

stra=rep(1:N,K)

pik=rep (1/K,N*K)

s=stratifiedcube (XX ,stra, pik, EPS = 1e-07, rand=TRUE, landing=TRUE)
S=array(s,c(N,K))

E=t (X*K) %*%S/N

# Simple random sampling

rsums <- rep(1l, 200)

csums <- c(40,40,40,40,40)

S_simple <- r2dtable(l, rsums, csums)[[1]]
E_simple=t (X*K)%*%S_simple/N

# Comparison

mal_dist<-function(coll,col2){
mal=c(t(coll-col2)%*%Sigl¥*%(coll-col2))
return(sqrt(mal))

}
pairwise.mal<-function(E,Sigl){

sapply(1:ncol(E), function(i) sapply(l:ncol(E), function(j){
mal_dist(E[,c(i)],E[,c(j)]1) #E[,c(j)]
)

}
Sigl=solve(var (X))

sum(pairwise.mal(E_simple,Sigl))/(X*(K-1))
sum(pairwise.mal(E,Sigl))/(K*(K-1))
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This is an example of an implementation of the CBA with R code on equal inclusion prob-
abilities on a simulated data set. The argument landing=FALSE in the stratifiedcube can be
changed to true to use the linear programming for the landing phase of the Cube method instead
of the elimination of variables. With large data sets, it is preferable to keep this argument as
false in order to reduce the computation time.

3.8.2 Additional information on the simulations

The general description of the data set can be found in the main document. For the first set
of simulations Sim1 on the Balcells et al.| (2022) data set, the columns were all retained with
the exception of the last two that correspond to the treatment groups. Rows containing missing
values were dropped.

On the second set of simulations Sim2 that uses the same data set, similar manipulations
are made except that more columns were dropped. The first 6 columns were retained. Those
variables correspond to age, gender, ideology, economic situation, level of political interest and
level of importance of religion.

The second data set, from Milosevic| (2022)), originally has 13 variables but only 6 were
retained in order to avoid having too many variables for this sample size. One variable was a
categorical variable with 3 possible different entries. Columns that were expected to be highly
correlated with others were removed. The third set of simulation Sim3 uses equal inclusion
probabilities.

For the simulation set Sim4, the same data set is used. The unequal inclusion probabilities
of Sim4 are partially based on the first variable (years of education) and partially generated
randomly using a uniform distribution, then adjusted for the margins through raking. The
formula to generate the initial inclusion probabilities matrix is the following

(01- U+, X, 1- %)my

where x is the first variable of the data set, X the mean of this variable and U is a randomly
generated vector through a uniform distribution between 0 and 1. This matrix is adjusted by
raking to obtain the correct row and column sums.
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Chapter 4

Exact Inference for Poisson
Regression With Continuous
Covariates using Survey Sampling
Algorithms

Abstract

Exact inference algorithms allow us to perform inference when approximation methods
for large samples, such as Wald tests and likelihood ratio tests, fail or are unreliable.
Exact inference methods for discrete models are generally applied to data sets that can be
presented as contingency tables or whose covariates are grouped together to allow such a
representation. A recent development in this area concerns a method of exact inference
with continuous covariates using the Cube algorithm for logistic regression models. Using
a version of the Cube method designed for the case of highly stratified populations, we
propose a new algorithm that allows us to perform exact inference for Poisson regression
with continuous covariates. [l

4.1 Introduction

Exact inference approaches can be used for logistic regression and Poisson regression to perform
inference in the presence of nuisance parameters. To allow inference of a parameter of interest,
the effect of nuisance parameters is eliminated by conditioning on their sufficient statistics. Ex-
act inference conditional on the sufficient statistics of nuisance parameters is mainly used for
contingency tables or datasets that can be presented as such. To motivate these approaches,
p. 158) points out that “when the sample size is small, conditional likelihood-based
exact inference in logistic regression is more reliable than the ordinary large-sample inferences”.
In addition, an exact inference approach is very useful when the data are separable or quasi-
separable, as tests based on large sample approximations perform poorly under these conditions.
Even when the sample size is large, large sample approximations can give poor results on con-
tingency tables that contain both small and large expected frequencies (Haberman||1988| |Agresti|
. Methods based on exact inference can be used in parallel with classical methods based
on large sample approximations methods at least for the potential insight it might give about
the data set and, if needed, replace them.

In this paper, unless otherwise stated, exact inference refers to exact inference conditional
on sufficient nuisance parameter statistics for parametric models such as logistic regression and
Poisson regression.

Using a version of the Cube method designed to deal with highly stratified populations (see

'This chapter is a working paper with Prof. Yves Tillé. and Prof. Louis-Paul Rivest
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|Chauvet| 2009; Hasler and Tillé, 2014} [Jauslin et al., [2021]), we propose an algorithm to perform
exact inference for Poisson regression. This method makes it possible to obtain empirical values p
close to the nominal values p under the null hypothesis, even with a relatively small sample size,
and under the alternative hypothesis. The statistical power of our method is close to that of
asymptotic tests such as the Likelihood Ratio Test (LRT). Our algorithm is also capable of
handling continuous covariates.

Let us outline the structure of this article. In Section we introduce the basic notation and
theory for exact inference. Then we explain the method for exact inference on logistic regression
models developed by [Rivest and Gaye| (2023) in Section which should help to understand
the algorithm that we propose in Section In Section we present some simulations with
continuous variables. A discussion follows in Section

4.2 Notation and Problem Presentation

The notation is based on the one used in [Rivest and Gaye| (2023). Exact inference procedures
apply to models that have sufficient statistics for the nuisance parameters such as the logistic
or Poisson regression. We first introduce exact inference with the Poisson distribution. When it
comes to exact inference with the Poisson distribution, we can slightly distinguish the problem
into two categories. The first is more focused on contingency tables, where we typically perform
goodness-of-fit tests using column and row sums. Each cell in the table is assumed to have a
Poisson distribution. The row and column sums may or may not be fixed depending on the
assumptions or the way the data set was collected, which changes the conditional distribution
of the data.

To illustrate, assume we have a contingency table of dimension 2 x 2 whose first row and
column sum are fixed. Assume that each cell of the table is distributed according to a Poisson
distribution with mean A;;. We can assume a model where

log(Aij) = p+ pi + ) +pij,  fori,je{1,2}. (4.1)
An independence test would test Hy : j1;; = 0 or more precisely test whether the odds-ratio

0 A11A22
A1221

is equal to 1. An exact test would reduce to the hyper-geometric distribution .

If we set the parameter of interest to 11, then its sufficient statistic is the upper left cell. The
other parameters (u, ,u{( , u%/) are nuisance parameters whose sufficient statistics are respectively
the total of all cells, the total of cells of the first row and the total of the cells of the first column.
The conditional distribution of upper left cell follows a central hyper-geometric distribution
under the null hypothesis. This problem can be generalized for contingency table of dimension
IxJ , . In those cases, we would often test the independence model against the
saturated model and those tests often reduce to the multivariate hyper-geometric distribution.
IDiaconis and Sturmfels| (1998)) describe other more complex problems that the ones shown above,
such as three-way contingency tables.

The other case focuses more on a regression model and aims to determine the significance of
a parameter/variable in the Poisson regression model. Our algorithm is adapted to this form of
problem, even though the first case we have introduced is a special case of “regression-centred”
exact inference. Let n be sample size, y be the vector of the response variable of dimension n,
z = (21,...,2,)" the vector of the variable of interest and X = (x1,...,%,)' the confounding
variables, where x; € R%. For convenience, we assume that z € R”. Assume that

yi ~ Poiss(\;), A =exp (,BTxi + 'yzi> , forie{l,...,n}.
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The aim is to determine whether the parameter of interest 7 is significant. We can use the
sufficient statistic for the nuisance parameters 3, to carry out an exact test by conditioning on
Xy (ICaffo and Booth|, |2003|). This type of approach needs discrete or categorical data, as it
has the problem of being dependent on the size of the conditioning set. It is therefore convenient
to present exact methods for Poisson regression in terms of an aggregated data set. Let K be

the number of different configurations for the explanatory variables x;. Let mj and y( k) be

respectively the sample size and the sum of the Poisson variables for configuration x,(f ), k=
1,..., K. We define the response variable and variable of interest of the unit ¢ in configuration
k as respectively ygz) and zlgz), where ¢ € {1,...,my}. We have y(‘,? = ZZ” 1 yl(z) The sufﬁcient
statistics for the null model (y = 0) is a vector of length q, Zk 1 X,(c y. Zk Lok X yzk)
Exact methods use the conditional distribution of {yik ck=1,...,K;i=1,...,my} given that

the sufficient statistics for 3 are fixed and equal to their observed values, Zszl ok (a)yl(,j).

(() (a) (a) (a)

Y11 ,...,ymll,...,le,...,yka) or Zzzk Yik
is extreme with respect to the conditional distribution of y® or Z z y k ) under the null hy-
pothesis (7 = 0), where y® is random vector of R™ distributed accordlng to the conditional
distribution of the outcomes given the sufficient statistics for the nuisance parameters. On small
data sets, making exact inference based on the conditional distribution y® or > zl.(g)ygz) can be
done by enumerating all the possible cases. When this method is not available because the sam-
ple size n is too large, it is possible to perform an “approximate” exact inference using algorithms
based on Monte Carlo methods (MCMC) such as the algorithms given in Mehta et al.| (2000)
or [Forster et al.| (2003). These methods can handle larger problems than simple enumeration,
but the chain may consume too much memory, be reducible or have a very high rejection rate,
depending on the method used. An overview of MCMC-based conditional inference methods for
logistic regression and Poisson regression is presented in [Caffo and Booth| (2003). Our proposed
algorithm also performs ‘approximate’ exact inference.

In other words, we assess whether y(®) =

We give the conditional distribution of the response variable under the null hypothesis. The
support F of the random vector y(® is

F= {y§,§), k=1, Ki=1,.. mp: 39 €{0,1,..}
K mp K my
and 03wy = 3% ny?} |
k=1 i=1 k=1  i=1
The conditional probability of y(® being equal to vector y(© € F under Hy is then
(e)y
1/
Pr {y(b) = y(c)} — Hk H /yzk o (42)
E DeF [1.I1; 1/1/ !

The distribution described in Equation (4.2)) quickly becomes intractable, even with a relatively
small sample size n with a non-trivial model. It is also often useful to consider the conditional
distribution of the vector of R¥ of the aggregated data for the K configurations of the explana-

tory variable. The k entry of this vector is yy,? ="k yi(,z). The probability that the vector

ysb) € RE is equal to y( ) can be obtained by summing the probabilities (4.2]) of the vector y(@
(a)

whose aggregated version yields ye . Indeed one has

>

5, 5 =y I yzk ?JS?

iYik =Y

(a)
yok
1 mk
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which is easily deduced from the multinomial expansion of (1/my + ...+ 1/ mk)yill?. Thus the

conditional probability of the aggregated vector ysb) € R¥ being equal to ygc) € F, is

v ()
Pr {yﬁb) = yﬁc)} =1L/ yggl : (4.3)
o er e /o)
where F, is the support of ysb) that is deduced from the set F.

Apart from the assumption of a model and hence the risk of model misspecification, one of
the main drawbacks of conditional exact inference approaches is when K = n. In this case, the
sufficient statistic of 8 completely determines the distribution of y(®. This situation generally
occurs when the covariates are continuous. Using too many nuisance parameters in the model
with an insufficient sample size can also lead to the same problem. It can also lead to a sample
space that satisfies the constraints of sufficient statistics, but is too small to allow reliable
inference. The distribution of covariates, even when they are discrete or categorical, can also
pose difficulties. This is a common problem for all conditional exact inference methods. To
counteract the problem of continuous covariates, there is the possibility of grouping the values
of continuous variables corresponding to nuisance parameters 2005). However, changing
the covariates by rounding them to the closest integer or decimal or any perturbation of the
covariates can greatly change the conditional sample space which satisfy the sufficient statistic.
Brazzale and Davison| (2008) gives a good example of the sensitivity of the sample space which
satisfy the sufficient statistic constraint. As far as confidence intervals are concerned,
land Coull| (1998) and Brazzale and Davison| (2008 p. 8) state that the use of the Wald confidence
interval is preferable as they are closer to nominal levels than confidence intervals derived from
exact procedures which tend to be far too conservative.

A recent development in the field concerns an exact method for logistic regression that has
made it possible to perform exact inference in the presence of continuous covariates without
clustering the continuous variables. This method is based on a survey sampling algorithm which
is described in Section

4.3 The Cube method applied for exact inference in logistic
regressions

In this section, we introduce the Cube method applied for exact inference in logistic regressions,
which should make the extension we describe in the next section easier to understand. Here, the
response variable corresponds to a binary variable distributed according to a logistic regression
model. Define the following model:

T .
y; ~ Bern(m;), m = xp(x; B + z7)

= , =1,...,n,
14+ exp(xiT,B + 2;7y)

where x; and 3 are vectors of RY. Usually, the goal is to perform inference on the parameter
of interest 7. Let X = (x1,...,%X,) be the confounding variables. The null hypothesis is Hy :
v = 0 and the alternative is Hy : v # 0. Methods based on conditional exact inference are
usually used for contingency tables and that logistic regression models have a binary response
variable. Therefore, let us represent our data set as a K x 2 contingency table, where K is
the number of possible configurations. For k& € {1,...,K}, let X](Ca) represent the different

possible configurations of the confounding variables. Let zl.(,?) be the variable of interest of unit

7 in configuration k. Define my and Z/SZ) respectively as the number of Bernoulli trials and

((;C) € {1,...,my} and

the number of successes for configuration xl(f). Consequently, we have y
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(a)

y;. € 10,1} for the corresponding unit ¢ in the configuration. Essentially, the conditional exact

), (@)

.
conditioned on the sufficient statistic for 3, the nuisance parameter, being equal to Zxk y( %)

ok °
More prec1sely, let y(b) (yﬁl), . ,yfl})() be a random vector with the dlstrlbu‘mon written

in under the null hypothesis but with the restriction that Eszl (a) .k = x (a .%)
As explained in |Caffo and Booth| (2003); [Zamar et al. (2007)), this amounts to analysmg the

distribution of ysb) given the sufficient statistic for 3, where the density is

K

f (ySb) ’ga)ylgb) - lega)y.k ) . H < > exp(yz Tyl ))' (4.4)
k=1
(a) ), (a)

Again, we assess whether y¢" or > zz(g Yy, 1s extreme with respect to the conditional distribution
of ysb) or Y. zl.(,j)yg,g) under the null hypothesis (v = 0). The problems of the conditioning set is
the same as with the Poisson regression. When K = n, which usually happens with continuous
variables, inference is not possible as the sufficient statistic of nuisance parameters determines
the conditional distribution. Also, calculating the probability in (4.4) by enumeration is often

not possible when the sample size is large.

inference methods consist in analysing the distribution of the sufficient statistic of v : > zk Yel:

Rivest and Gaye| (]2023[) proved that, under a few assumptions, yﬁl,?/ my, converges in prob-
ability to the logistic regression fitted probabilities for the configuration k when n tends to

infinity for £ € {1,..., K}. In other words, the proportion of positive responses y. /mk in
the configuration x,(ga) converges to the fitted logistic regression probabilities. The authors used
this result to justify the use of the Cube method developed by Deville and Tillé (2004b) in the
context of conditional exact inference in logistic regression. The main advantage of this method
is that it can be used even when the covariates are continuous. This method is limited to trying
to approximately satisfy the sufficient statistic constraints. The Cube method is already used
for the Horvitz—Thompson estimator (Horvitz and Thompson, [1952)) of the totals in the context
of survey sampling. [Rivest and Gaye| (2023)) has used it for exact inference in logistic regression.
The authors also adapted this approach for tests of partial association.

Rivest and Gaye| (2023)) reframed the exact inference approach as a sampling problem with a
population of n units, unequal selection probabilities and balancing constraints. For a population
of size n, a random sample can be denoted by a vector of Bernoulli random variables a =
(a1,...,a,)" € {0,1}". Let m; = Pr(a; = 1) denote inclusion probability for a unit i. Let

also x; = (x;1, . .. ,xz-p)T be the vector of auxiliary variables associated for unit ¢. If m; > 0, for
all i € {1,...,n}, the Horvitz—Thompson estimator
n
>
i1 i

is an unbiased estimate of the vector of the total of the auxiliary variables

n
E Xi.
=1

A random sample a is said to be balanced if it satisfies the balancing equations

Z aﬁx ~ Zx, (4.5)

=1 =1

The Cube method allows one to select a sample a which satisfy Equation (4.5)). Generally, it
is not possible to satisfy exactly those constraints and so those are only approximately satisfied
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by the Cube method.

Using the notation from Section the authors proposed to use the sample a obtained
through the Cube algorithm to generate a new response variable y, = (yp,,...,¥,) € {0,1}",
use the fitted logistic regression probabilities 71, . . ., 7, as inclusion probabilities in the algorithm
and x| = 7;x; as auxiliary variables in the Cube algorithm. This means that the Cube algorithm
satisfy the following constraints:

n Xﬂ- n
Z ybiil ~ Z x7. (4.6)
-1 i=1

Simplifying Equation (4.6), we obtain > ;" | x;(yp, — ;) =~ 0. When we simplify the problem by
adopting the “K different configurations” point of view, this is also equivalent to

Zxk y.k mﬂ,(:))w 0, (4.7)

(a)

where 7, corresponds to the fitted logistic regression success probability for the samples in the

(a)

configuration x;. .

Then, given that n is sufficiently large, Proposition 1 from [Rivest and Gaye| (2023|) ensures
that the generated y® have a sufficient statistic for the nuisance parameters X'y that is
approximately equal to the sufficient statistic of the nuisance parameters Xy of the original
observed y. However, this proposition also implies that the method proposed is unreliable if the
sample size n is too small. To summarize, the method allows us to sample from the conditional
distribution of yy if n is sufficiently large. The generated sample y; does not sufficiently satisfy
Equation in the context of exact inference. To handle this problem, [Rivest and Gaye|
uses a tolerance parameter tol and rerun the algorithm when the L1 norm of X' (y —y3)
is greater than tol.

To perform the inference, we calculate the sufficient statistic of v ; T = z'y and we gen-
erate B times a new response variable y; under the null hypothesis to record the sufficient
statistic Tp; for the parameter of interest with ¢ € {1,..., B}. Then, let ny be the cardinal of
the set {i : Tp; < T'} and ng be the cardinal of the set {i : Tp; > T'} to determine how extreme T
is under the null hypothesis. We obtain a test statistic whose p-value is P = 2min(ni, n2)/B.

4.4 Exact Inference for Poisson Regression Models using a Sur-
vey Sampling Algorithm

4.4.1 Fundamental Results

We extend exact inference based on the Cube method for Poisson regressions. The extension
we propose is developed under the same principles as the exact logistic regression from
land Gayel (2023]). The authors give a theoretical justification for his approach through a proof
of convergence in probability of the fitted logistic regression under a few assumptions. For the
Poisson distribution, we will use Proposition [1, which mainly states that the fitted Poisson
means, given the sufficient statistic, asymptotically converge to the mean of each configuration.

Let 7 € RX be the vector with entries equal to 7, = yﬁ?/mk, k=1,...,K. The number
(n)

of configurations K for the explanatory variables is constant and m,, ~ /n is assumed to converge
to a positive number as n goes to oo for k =1,..., K. The vector of the independent variables
x,(:) does not depend on n and the vector of relative sufficient statistics Zle xka)yfi /n € R%is
assumed to converge to a fixed vector of constant as n goes to co. The intercept is included in

the covariates xéa). We assume that, without conditioning on the sufficient statistic, ys;) follows
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a Poisson distribution of mean

Alg”) = exp (,BTxk) , forany:=1,... my.

Let {5\2") : k= 1,...,K} be the fitted Poisson parameters, defined such that 5\,(6") is the

estimated Poisson mean for ys;), for any i = 1,...,mg. The Poisson estimates of 3 only depend

on the vector of sufficient statistics Zszl xlga)y.z), for a given value of n.

Proposition 1. In addition to the assumptions above, as the sample size n goes to co in such a
way that lim,, mlgn)/n > 0 and lim,, )\I(Cn) converge to a positive value, for k =1,... K, one has
the following convergence in probability, for any € > 0,

- L(n)) 2
JLIEOPT{Z(%;C—/\,C ) <5}:1.

k=1

where Pr refers to the discrete probability defined by .

Proposition [1] is proved in the Appendix. The proof and assumptions are very similar to the
proof and assumptions used by [Rivest and Gaye| (2023]) for the equivalent result for the logistic
regression. The additional assumption is the presence of an intercept to bound the size of the
support and some other term. Proposition (1| is useful because we use this Poisson mean for the
conditional distribution of the marginals in each configuration. We remind that Proposition
only states that the mean of each configuration will converge to the estimated Poisson means
under a few assumptions. It does not state that the marginal conditional distribution of a unit
in configuration k£ will have a Poisson distribution.

With correct input parameters, the Cube algorithm allows us to generate response vari-
ables that satisfy the sufficient statistic constraints while respecting the distribution of certain
marginal distribution. The procedure we propose in the next section carries out exact inference
for Poisson regression by generating the sum of the response variables in each configuration ysb).

The main problem is the choice of the conditional distribution of the marginals of ygb), which
should be unknown. A candidate to approximate this distribution would be the Poisson distri-
bution, as the sum of independent Poisson variables also has a Poisson distribution. Hoz»;f)ever,

a Poisson distribution has an unbounded support while the conditional distribution of y,,’ has
finite support. The vector yEl,? has a distribution that exactly corresponds to a binomial dis-
tribution when the only explanatory variable is the intercept. For this reason, the binomial
distribution with proper parameters is a better approximation than a Poisson distribution. It

also converges to a Poisson distribution as the sample size tends infinity.

The classic example of a 2 x 2 contingency table under the independence model cor-
responds to a case with K = 4 configurations. Each cell of the table is a configuration of the
explanatory variables of size 1. This is an example where our algorithm would not output the
exact distribution if we use a Poisson or binomial distribution for the marginals. It is known
that the conditional distribution of the marginal in each configuration has a hyper-geometric
distribution. However, in this example, it is possible to increase the number of units in each
configuration. If we increase each configuration size equally, we can find with quite easily that
again the conditional distribution of the marginals is hyper-geometric. However, as the config-
uration sizes increase to infinity, the distribution of the marginals will converge to a binomial
distribution.
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4.4.2 Algorithm with K configurations

We represent our data into K < n configurations. Define the following model:

yzgg) ~ Poiss(Air),  Aix = exp {log(tik) + 8%y, + ’YZik} ;

for ke {l,...,K},ie{l,...,my}. (4.8)

We assume that z = (211, .., 2m1,- - -, 2m, k) € R™. We set v as the parameter of interest and 3
as the nuisance parameters. Let K be the number of configuration for the explanatory variables,
where x;, corresponds to the configuration k& and yfg) is the response variable of the :—th the unit
in configuration k. When we model rates rather than count data, using an offset is useful. We
denote the offset by t;. If there is no offset, we set ¢t to 1, forall k € {1,..., K},i € {1,...,my}.
In this section, we used the notation \;; instead of A\; to accommodate for the presence of offset

effects. We generate ysb) in order to satisfy

a) (b a) (b a) (a a) (a
Ve Xy = X (4.9)

If the set F, is easily computable, then we can just use the equation to calculate the
distribution of ysb) . Otherwise, we propose to use the Cube method to generate ygb) that satisfy
the constraints in (4.9).

The objective is to test whether the parameter v is significant. We carry out an exact
inference procedure using a modified version Cube method designed to select samples from
stratified populations. The Cube function used is stratifiedcube from the StratifiedSampling
package (Jauslin et al [2022)). This function allows to select samples with a large amount of
strata and constraints. It is useful, for clarity, to define the input parameters that are to be
chosen by the user:

e S: The maximum strata size. It is preferable to set it by default to Zle yEZ)

e 7: The number of simulated by dis-aggregating ysb) using a multinomial distribution.

e B: The total number of simulated y®.

e F\: A positive discrete distribution whose mean is A and whose support is {0,1,...,5}.
By default, we propose a binomial distribution.

e tol: The tolerance criterion for acceptance of a sample.

The procedure works as follows:

~

Step 1: Estimate the Poisson means M1, . . ., Aoy under the null hypothesis v = 0 using a maxi-
mum likelihood estimator, where

my
Aok = €XP (Zlog(tik) + kaTxk> , for k € {1,...,K}.
i=1

Step 2: For k € {1,...,K} and i€ {1,...,S + 1}, calculate p;r = Pr(ug = i) with uy ~ Fy .-
(a)

If we use a binomial distribution for Fj g the parameters are Zszl y.?c for the size and

)\ok
25:1 ;\ok’

for the mean.
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Step 3: Define K strata in the following manner: for k € {1,..., K} set the inclusion probabil-
ities pr = (plk, . ,p(sﬂ)k)—r. Figure illustrates the assignment of the strata.

Step 4: Define vy, = (0,...,5)" and set D;, = vkxg, for k € {1,...,K}. Define D} whose
column j is equal to the element-wise product of Dy j-th column and p;. Set D] as
auxiliary variables or constraints for each stratum k£ € {1,..., K} in the stratifiedcube
algorithm. Also, add a column of inclusion probabilities as a constraint to ensure we
sample exactly one element per strata. Additionally, this ensures that the generated
response variable has length K. This step mirrors the use of the Cube algorithm for
logistic regression in equation .

Step 5: Repeat the following until B simulations have been generated and accepted. When a
sample is accepted, record the generated sufficient statistic of the parameter of inter-
est Ty, for j € {1,..., B}.
e Generate ysb) = yEb), e ,yEl})( by following the process described in Step 1 to Step
4, which samples one element per stratum with the Cube method respecting the
inclusion probabilities and balancing constraints.

o

is smaller than tol.

e Accept a generated sample ysb) if the L1 norm of XIT{(y Ea))

-y
Repeat until a sample ysb) is accepted. When a sample is accepted, dis-aggregate

ys? using a multinomial distribution of size mj and with parameters

Aik
mg y
21':1 )\ik

for k € {1,..., K}. The parameters in (4.10) reduce to 1/my if there is no offset.
Repeat it 7 times, to generate r simulated y(®.

(4.10)

e Record as Tj; the corresponding sufficient statistic for every simulated y® the
parameter of interest: zl(;j )ygg).
Step 6: Let n1 be the cardinal of the set {j : ¢ < Tj;} and no be the cardinal of the set {j : ¢t >
Ty;}. Calculate the p-value P = 2min(n,n2)/B.

A trade-off between the accuracy of the p-value and the computation time can be made
by changing the values of tol, B. The stratifiedcube function does not always output sam-
ples that are sufficiently balanced to get accurate results, which induces the necessity to reject
the samples which are not balanced enough. In our simulations, we have used a tolerance

of tol = 0.154/>°" ; |x; yi|, and around 25% are accepted with this level of tolerance. Using

rejective sampling after the use of the Cube method improves the fit of the constraints of the
sufficient statistic but might not be ideal because the inclusion probabilities might not be exactly
respected. The choice of F) and S can also change the accuracy and computation time. The
reasoning of the procedure also functions when K = n. In this case, the step of dis-aggregating
y® with a multinomial distribution becomes trivial.

4.4.3 Application on Data Sets

To check that the procedure agrees with existing exact Poisson regression algorithms, we first
compare the p-values obtained with expoisson from the statistical programming software Stata
on the Cerebacc data set that contains “the number of cerebrovascular accidents experienced
by 41 men during a fixed period, each of whom had recovered from a previous cerebrovascular
accident and was hypertensive” (StataCorp) 2023)). The number of cerebrovascular accidents
is the response variable and is assumed to follow a Poisson distribution. We also have two
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Py P2y P y.;

oK
P11 0O P12 0O P10
P21} 1 p22! 1 p2r! 1
P31 2 P32 2 P3Kk, 2
Pa1y 3 Pa2) 3 Pak1 3
P51l 4 P52 4 PsK! 4
P61, 5 P62| 5 P6K, b5

Figure 4.1: Illustration of the stratification in the algorithm. Each column represents a stratum
with different auxiliary variables and their inclusion probabilities. One unit from each stratum
is selected with the sufficient statistic constraints considered.

indicator variables for the treatment group and the age group (> 60). When the age is set as
the counfounding variable and the treatment as the variable of interest, our algorithm outputs
a p-value of 0.002388297 and the expoisson outputs 0.0026. When the treatment is set as the
confounding variable and age as the variable of interest, our algorithm outputs a p-value of
0.2822434 and the ezpoisson outputs a p-value of 0.2794.

We also compare the p-values which are obtained by the procedure and the ones obtained with
the GENMOD procedure from SAS. The GENMOD allows us to carry out exact inference on
Poisson regression models. The GENMOD exact procedure uses the multivariate shift algorithm
from Hirji et al.| (1987) We use the ingots dataset, which is displayed on Table , is taken from
|Cox and Snell| (1989)) and is used in the SAS documentation related to exact inference with the
GENMOD procedure. This is a relatively small data set with n = 19 which concerns groups of
ingots that are prepared with different heat and soaking times. The objective is to determine
the number of ingots which are not ready using a Poisson regression model with the total per
group of ingots as offset. In other words, we model the ratio of the number of ingots which are
not ready divided by the total.

The confounding variable is set as a categorical variable and the variable of interest as
a quantitative variable to make sure the GENMOD procedure works correctly and also for
simplicity. When the soaking time variable is used as a confounding variable and the heating
time p-value is calculated using exact methods, the p-value using GENMOD is 0.0004 and for
our algorithm the p-value is 0.00095 with B = 10000. In the reversed situation, with the heating
time as the confounding variable and soaking time as variable of interest, the p-value using
GENMOD is 0.8645 and for our algorithm the p-value obtained is 0.8784 with B = 10000.
Those results show that our algorithm and the GENMOD procedure seem to generally agree
even though our algorithm relies on the sample size n not being too small.

4.5 Simulations: Poisson regression with K =n

In this section, we compare our algorithms to the LRT and the Wald test in setting with
continuous variables, with K = n. We observe at the empirical p-values against the nominal p-
values in the null hypothesis case. We also compare the power of the different tests. For this set
of simulations, we generate the nuisance variables with X of dimension n x p where n = 75 or 25
and p = 2. For the matrix X, the first column has only ones as entries for the intercept and
the second column generated from a normal distribution. The variable of interest z is generated
with a normal distribution independent of X. On average, the size of the strata is around 11
and the maximum strata size would almost always go over 100 but the computation time would
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Table 4.1: Ingots data set

Heat Soak NotReady Total InTotal

7 1 0 10 2.30
14 1 0 31 3.43
27 1 1 56 4.03
51 1 3 13 2.56
7 1.7 0 17 2.83
14 1.7 0 43 3.76
27 1.7 4 44 3.78
51 1.7 0 1 0

7 2.2 0 1.95
14 2.2 2 33 3.50
27 2.2 0 21 3.04
51 2.2 0 1 0

7 2.8 0 12 2.48
14 2.8 0 31 3.43
27 2.8 1 22 3.09
51 4 0 1 0

7 4 0 2.20
14 4 0 19 2.94
27 4 1 16 2.77

still be low for a single simulation. The computation time still low, even with more than 50000

entries. We simulate N By, = 2500 data sets with B = 500 and tol = 0.15¢/> 1", |xZTyZ|
Table show that under the null hypothesis Hy : v = 0, the empirical p-values are close to
the nominal p-value when n = 75, and are less close when n = 25. But our algorithm seem
to perform better than the LRT and Wald test. In the alternative hypothesis Hy : v # 0, the
power of the Cube method is slightly weaker than the LRT.

4.6 Discussion

The algorithm that we propose is an extension of the algorithm proposed in [Rivest and Gaye]
(2023), which enables us to handle Poisson regression models with exact methods based on the
Cube method. With this extension, it should be possible to perform exact conditional inference
on any discrete model whose sufficient statistic is X "y using the Cube method, and with higher
accuracy for the case when the number of configurations K is lower than n if the distribution of
the marginal is known or well approximated. Exact inference based on the Cube method has a
longer computation time than LRT or Wald tests, which is to be expected as exact methods are
simulation based (or require to enumerate all the samples which satisfy the sufficient statistic).

The advantages of classical exact methods on contingency tables should be retained with
the exact approaches based on the Cube method while also being applicable on data sets with
continuous covariates. In our simulations, the algorithm that we proposed yielded empirical p-
values that were closer to their nominal levels than the Wald test or the LRT.

The method assumes that the Cube algorithm generates the sufficient statistics according
to their conditional distribution sufficiently closely and further investigations might be needed
to tell whether such method provides reliable parameter estimates. Further investigation might
also help us choose a more suitable or perhaps the correct marginal distribution in the algorithm
we propose.
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Table 4.2: Empirical p-values against nominal p-values for each method in a Poisson regression
model for n = 75 and n = 25. Wald corresponds to the Wald test, LRT represents the likelihood
ratio test and Scube represents our algorithm based on the stratifiedcube function.

n="175

Hy:v=0 05 01 005 001
LRT 0.508 0.0988 0.0468 0.0088
Wald 05052 0.092 0.042 0.0068
Scube  0.4952 0.0944 0.0504 0.01

Hi:v#0 05 01 005 001
LRT 0.764 0.3724 0272 0.1216
Wald  0.762 0.3652 0.2596 0.1088
Scube  0.7624 0.3644 0.2696 0.1216

n =25

Hy:v=0 05 01 005 001
LRT 05116 0.1164 0.0572 0.008
Wald  0.5036 0.0988 0.0412 0.0032
Scube  0.4908 0.1032 0.0552 0.012

Hi:v#0 05 01 005 001
LRT  0.7472 0.3776 0.2616 0.1156
Wald 0.742  0.3492 0.2248 0.078
Scube  0.7416 0.3476 0.2436 0.1112
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4.7 Appendix

4.7.1 A preliminary result on Poisson regression estimates

The goal of this section is to show that the estimated predicted values for the aggregated totals,

X.k:m,(cn)exp (X;,@) , k=1,...,K, (4.11)
where B is the maximum likelihood estimator of B, maximizes an entropy like function under
the ¢ constraints Zszl yfi)xk = Zszl yﬁ?xk. The function depends on yEC) = (yscl), . ,yfcl)() ;
it is defined by

Oy I~ {0, (B0 )L
To(ys!) =—-> {y.Z log ( '{,;) ~ Y } :
k=1 my,

This function is concave and its maximum is determined by considering the following Lagrange
function,

K ()
c 1 c ®
ﬁ(yg )7ﬁ) - _E Z {ySk) log (%) } ZIBT y.k —my, ))\k)
m

k=1 k

where 3 € R? is a vector of Lagrange multipliers. The partial derivative of ,C(ygc), B) with
(c)

respect to y,,. is

=1
og (n n

8y(0) n mk )

By setting this expression to 0, we can see that the maximum is attained as y(? = m,gn) exp(,BTxk),
where the parameter vector 3 is determined by the constraints Zszl yE(,?xk = Zszl yfz)xk.

These are the score functions for the parameter 3 in the Poisson regression of {y} on {z} and
the maximum likelihood estimators y, = (5\.1, ce X.K) given in (4.11)) maximizes Io(ysc)).

For the proof in the next section, it is convenient to consider a modified function,

K [ () 2
L) =To(d) + 0y ( y'(’; = )\k> . (4.12)
k=1 \T

where 0 < ¢ is a small positive constant. For n large enough, the matrix of second order partial
derivatives of 7, (yE )) that is the diagonal matrix of —1/{ny. }+2¢/(my, ) s k=1,...K,
is negative definite as its diagonal entries are negative. Thus, Z; (y£ )) is a concave function

that can be maximized using Lagrange multlhers as outlined in this section. Its maximum is
obtained at yo = ()\.1, .. /\ K ), defined in

4.7.2 Proof of Proposition

To approximate (4.2)), we use Stirling’s approximation that provides the following bounds for
x!, valid for any x > 0,

evrxze ™ >zl > 2mrxxTe ", (4.13)

67



This implies the conditional probability function (4.3) satisfies

( >y£?3

Pr{yl” = yl”} ~ H

y(c) y
exp Z y.k log '(’:L) + y .k

(o) N log(
= exp nIl(yE) —ncoz<y'k — n) Z gy,k

k=1

Q

where ~ means that the ratio of the left hand side over the hand side belongs to a fixed positive

interval (C1, C2) that does not depend on yfg

K
Pr {Z(%k — A2 g} : (4.14)

k=1

Consider now

where 7, = y ok /mk . The numerator for the probability in (4.14), given by (4.3)), involves at

most (Zk:l y.k) terms because the sufficient statistic is also conditioned on the intercept.
Given that we also have the assumption that the vector of sufficient statistics divided by n

converges to a constant, we deduce that (Zle yEZ)) is O(n). An upper bound for the numerator

2
_ )\’(cn)>

K
< CKexp {Klog (Z y,ga)> + nZo(Ye) — ncoe}} (4.15)

k=1

is

K K (c)
CE exp { Klog (Z y,ga)> + nmaxZ; (yﬁc)) — min |ncy Z ( y'(’;)
k=1 \Yy

k=1

where the max and the min are taken on the set of ye; satisfying

K (c) 2
Z Yok _ 5\,(:) > €.
(™

k=1

Some terms {ysc)} that satisfy

appear in the denominator for (4.14). There is at least one vector ysc), close to ;\( )mlgn), such

()
that S5, (

As 7 has bounded partial derivatives, Io(ysc)) > Zy(ye) — Cs/n for a constant Cy and a

2
)> < C3/n?, for some constant C3 independent of n.
lower bound for the contribution of that particular {ysc)} with

K y(c) - 2
ok N
g ( ) AL ) < g,

k=1 \"
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to the denominator of (4.14) is

K

(©)
CKexp {nzo(y.) —Ci— > bg(y”f)} (4.16)

2
k=1

An upper bound for (4.14)) is the ratio defined by (4.15|) over (4.16) plus (4.15). We have that

Zszl log(ysg)ﬂ is O{log(n)} because

K K K
S log(yl) < D log <Z yfﬁ)
k=1 k=1 k=1

which is also O{log(n)} using the same justifications used above (4.15). Therefore, the upper

bound for (4.14)) defined (4.15)) over (4.16) plus (4.15)) is of O{exp(—ncpe)}. It goes to 0 as n

goes to oo.
The proof can be accommodated to include offsets ¢;; by multiplying (4.11) by

exp(ter) = €xp (Z tik)

and adding te to Zy(). The remaining equations can be modified accordingly.
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Chapter 5

The distribution of the Mahalanobis
distance between two groups under
covariates multinormality
assumption

Abstract

In this paper, we calculate the distribution of the square of the Mahalanobis distance
between two groups under the assumption of normally distributed covariates. We show how
this result can be used for algorithms like rerandomization in the context of experimental
design, as it allows one to choose a threshold corresponding to a quantile without the
use of simulations. The distribution found can still be used as an approximation of the
distribution of the square of the Mahalanobis distance between two groups without the
assumption of covariates normality unless the number of experimental units is low and there
are categorical covariates. Using simulations, we show that the distribution we calculate
induce an approximation which seems to perform better in approximating the squared
Mahalanobis distance between two groups than an existing approximation based on the
chi-square distribution. []

5.1 Introduction

In the theory of design of experiments, randomization defines the act of allocating the subjects of
the experiment randomly to the different treatment groups. For example, if an experimenter is
comparing a new drug to a standard drug, patients can be randomly assigned to either the group
using the new drug or the group using the control drug. However, it is not uncommon for this
method to result in an unbalanced allocation to groups, i.e., groups with significant differences
in the means of one or more covariates. Amongst other critical problems, this imbalance can
induce higher variance of regression coefficient estimates , p. 7) or that the confidence
intervals and significance tests are sensitive to those imbalances Morgan and Rubin| (2012]),
which is not desirable for inference. Several methods to get balanced groups in experiments
such as clinical trials or balanced samples for survey sampling have been proposed, popular ones
being stratification, rerandomization and multivariate matching. [Morgan and Rubin| (2012)
recommends the use of rerandomization for experiments. adapted survey sampling
methods to get balanced groups in clinical trials.

In this paper, we show that if the covariates are generated from a multinormal distribution,
the distribution of the square of the Mahalanobis distance between two groups under random-
ization follows a beta distribution using the proof from a conference article Djauhari (2004]). We

'E.Talovic and Y.Tillé. Note on the distribution of the Mahalanobis distance between two groups under
covariates multinormality assumption, submitted, 2025
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make some links of this result to the field of MANOVA in the supplementary material, where we
show that there is also an indirect proof of the result. Also, we show an application of this result
by extracting from this result an approximation of the squared Mahalanobis distance between
two groups which is useful rerandomization algorithms in an experimental setting. Finally, us-
ing simulations, we show that the approximation we introduce seems to perform better than an
existing approximation based on the chi-square distribution.

5.2 Chi-square approximation of the Mahalanobis distance

In this section, we calculate the squared Mahalnobis distance under the assumption that the
covariates are non-random and that the randomness comes from the act of randomization (exper-
imental units randomly assigned to one group or the other). We also introduce some notations.
Assume that the number of groups is two, and that the number of experimental units per group
is non-random: ng and n; units respectively belong to group 0 and 1. Let xi,...,X, be co-
variates vectors of dimension p and a = (aj,...,a,) a random vector of indicator variable,
where aj = 1 if the experimental unit & is in group 1 and 0 otherwise. The proportion of ap = 1
is n1/n. Define V, as the sample covariance matrix of X, ..., Xy, and let Vg ., and V4,5, be
the sample covariance matrices of experimental units belonging respectively to group 0 and 1.
Finally, define the square of the Mahalanobis distance between the group 0 and 1 by

d3; (%0, %1) = (X0 — X1) Vi (X0 — X1),

where Xg and X; correspond to the sample mean of the covariates of group 0 and 1 respectively.
This distance allows one to assess how balanced an allocation to groups is. This distance
takes into account both the dispersion of covariates and correlation between covariates. For
convenience, the notation d3, for d3,(Xo,%1) will be used in the text. Note that under the
assumption of this section, d?\/[, Viozo and Vg, 4, depend on a as xy, ..., X, are given.

Rerandomization is an algorithm which usually consists either in performing randomizations
until the covariates are balanced according to a threshold chosen beforehand for the squared
Mahalanobis distance between the two groups d?\/[ or performing a fixed number N, of random-
izations and using the most balanced one for the allocation of the experimental units to each
group. The choice of this threshold is important. If the chosen threshold is too low, the number
of randomizations needed could be very high or infinite, and if is too high, the rerandomiza-
tion algorithm is likely to end with only one or very few randomizations and would offer little
improvement over using a simple randomization. Therefore calculating the distribution of d?w
under randomization can be useful, as it allows one to choose the threshold as a quantile for
rerandomization. Also, it enables one to calculate the distribution of the minimal d?w out of Ny
allocations.

For now, we assume that covariates x1, ..., X, are not generated from a multinormal distri-
bution. Morgan and Rubin| (2012 p. 9-10) found that,

. noni
lim

n—oo

d?\i(imil) ~ X%a (51)

under randomization with non-random ng and nq. This result is derived from the finite popu-
lation central limit theorem which implies that X — X; has a multivariate normal distribution
under the assignment scheme for the groups , . In practice, this theorem uses slight
distributional assumptions for x1, ..., X, and ng and n. In our analysis the source of randomness
comes from the randomization, in other words from a. Considering that E,(Xp —X1) = 0 and
non1

Vara(ig - )_(1) - VZ‘I?

where E, and Var, respectively correspond to the expectation and variance under the assignment
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scheme for the groups, it is possible to deduce the result in Equation (5.1)).

However, (2022, p. 5) showed that

n(n—l)’

5.2
- (5:2)

d3; (%o, %1) <
which seems inconsistent with the fact that a chi-square random variable has a density with
unbounded support. Approximating d%w with a distribution whose support is bounded is more
appropriate. In the next section, by assuming that the covariates are multinormal, we calculate
a distribution for the squared Mahalanobis distance between two groups which seems to perform
much better than the distribution in from our simulation study. Also, this approximation
has a bounded support which is coherent with inequality .

5.3 Distribution of the square of the Mahalanobis distance be-
tween two groups

In this section, we assume that the covariates xj,...,X, are independently and identically
distributed random vectors from a p-variate normal distribution N,(u, X). While it would be
more realistic not to view the covariates as normally distributed, we can obtain a distribution
function of the squared Mahalanobis distance for every experiment sample size n. Also, as
the covariates are independent and identically distributed and a is independent of them, we
can do the calculations as if a is fixed and then generalize the results for the case where the
components of a are generated from a simple randomization with fixed group sizes. Several
results and definitions are presented before calculating the distribution of the square of the
Mahalanobis distance.

Definition 3. If x4, ..., x,, are independently and identically distributed random vectors from
a p-variate normal distribution N,(0,X), then W = > x;x/ is said to have a Wishart
distribution Wp,(m, X) with m degrees of freedom.

Theorem 1. Let H ~ Wy(mg,X) and E ~ W, (mp, X) be two independent Wishart matrices.
Ifmy < p and mg > p, then V.= (H+E)"Y2HH+E)~"'/2 has rank my with probability one,
and the myg non-zero eigenvalues 01 > 03 > --- > 0,,,, the following joint density

s (p—mp—1)/2 - (mp—p—1)/2 -
FOr- . Omy) =a [ T] 0 [[a-0) 11 - ox)
j=1 j=1 j<k

where

1 1 1
a= wm%/QBmH {2p, §(mE +my — p)} oy <'mH> ,

with Ty, the multivariate gamma function and

L (a)Cm(y)
Bpn(,y) = = 2m ),
(#.9) L (z +y)
Also if my = 1 then the eigenvalues of V. and H(H + E)~! are the same.
Proof of Theorem[1]. See (1984}, p. 35-38) or |Anderson| (1958, p. 537). O

Corollary 9. Define two independent Wishart matrices H ~ Wy(mpg, ) and E ~ Wy(mpg, X).
Ifmyg =1 and mg > p, then V.= HH+E) ™! has only one non-zero eigenvalue with probability
one and follows a beta distribution:
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(2=t
f(u) = (:7) wP27H (1 — )P D2 gy < 1

NONES

Let us also introduce the following lemmas which are also useful for the proof of the next
result.

Lemma 1. Let v = (v1,...,v,)" and M be n x n matriz. Then
v Mv = Tr(vv' M).
Lemma 2. Define the sample mean of the covariates as X, then
n(xo — X)/n1 = (Xg — X1).

Proof of Lemma 2.

n n n n n
(X0 — X1) = <x0 — x4+ 0x0> = {(1 + 0) %o — x} = (% — ).
ni ni ni ni ni

Using the previous results, we can calculate the distribution of the square of the Mahalanobis
distance between the two groups. The proof is a rigorous and complete version of the sketch of
a proof found in the conference paper in |Djauhari (2004).

Result 23. Let x1,...,x, be a random sample of size n from a p-variate normal distribu-
tion Np(p,X). Let ap, € {0,1} for k € {1,...,n} be fivzed. If p > 1 and n — 2 > p, then the
square of the Mahalanobis distance d?w between Xg and X1 follows a beta distribution:

nony

md?w(sq,xo) ~ Beta (p W) . (5.3)

Proof of Result|25. Let S, Sy and St be defined respectively as the scatter matrices between,
within and the total of the two complementary groups:

Sp=no(Xo—X)(Xo— %) +n1 (X —%)(X — %),

Sw = (1 —ar)(xk — %o0)(xx — %0) " + D ar(x —%1)(xx — %1) ',
k=1 k=1

Sr =) (xk—%)(xk — %) =Sp+Sw = (n— 1)V
k=1

Using the relation n(xg — X)/n1 = (X0 — X1) from Lemma |2, the square of the Mahalanobis
distance can be expressed as

2 (o o (n_l)n2, NTa—1/— _ (n—l)n
dy(X1,%0) = T%(xo -X) S, (X —X) = THOU’
where nng
U= nT(iO ~x)'S: (%0 — X).

From Lemma [1], it is possible to write U

U=Tr {nno(io —%)(%X0 — x)TSTl} ,

ny
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and using Lemma |2, S can be rewritten as

nng ,_ o _
Sp = —O(XO —%)(% — %) . (5.4)
n
So, U = Tr(SS;') = Tr{Sp(Ss + Sw) '}, which is Pillai’s trace statistic where Sp follows
a Wishart distribution with one degree of freedom and Sy, a Wishart distribution with n — 2
degrees of freedom.

To finish the proof, we use Corollary 2. To do this, the independence of Sp and Sy must
be established to use Corollary 9l Using Lemma [2] again, we rewrite

noni ,_ — (= _
SB: n (Xo—Xl)(Xo—Xl)T.

and Sy = (no—1)Vagae + (11— 1)V, o, . Mardia et al.| (1979} p. 69) show that %; is independent
of Vg2, for i € {0,1} and samples from different groups are independent, so Sp and Sy,
are independent. Therefore, from Corollary |§|, S BS}1 has only one non-zero eigenvalue with
probability one and this eigenvalue has density

r(5)

L)

Finally, U is equal to the only non-zero eigenvalue of S BS}1 because the trace is equal to the
sum of the eigenvalues of a matrix, which means the density function of U is the same density
function as in (5.5). This concludes the proof.

f(u) = wP/27H (1 — )P g <y < 1L (5.5)

O

Again, if a is independent of the covariates x1,...,X,, then we can generalize Result to
the case where a is generated from a simple randomization with fixed group sizes. Additionally,
the support of the density function of the beta distribution is [0, 1], which means that Result
is consistent with inequality .

5.4 Simulations to compare the Beta and Chi-Square approxi-
mations

In this section, we briefly present simulations to compare the Beta and Chi-Square distribution in
different settings using different distributions such the Extended skew-normal distribution (ESN)
|Azzalini and Valle| (1996)); |Canale| (2011]), the Weibull distribution and discrete distributions.
The detailed simulation results can be found in the supplementary material.

From Figure the overall conclusion is that the beta approximation is better than the
chi-square in any situation, even when the data are generated from a non-normal distribution.
The chi-square approximation comes from an asymptotic result, so it is not surprising that
it performs worse than the beta approximation that also uses the number of covariates as an
additional parameter. The beta approximation seems to be relatively robust against some degree
of skewness in the data even though high skewness can greatly reduce the quality of the fit.
However, the multivariate kurtosis and skewness statistics seem to vary quite a lot even with
the same parameter choices, which is probably due to low sample size, and do not seem to have
a clear correlation in the outcome of the graph. Therefore making recommendations using those
statistics is difficult.
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Figure 5.1: Histograms of four set of simulations. In panel (a), the data follows an ESN dis-
tribution with n = 16, p = 4, a = (12, —12,20,20)) and 7 = 0. In panel (b), the data follows
an ESN distribution with n = 16, p = 4, a = (120,120, 120,120)) and 7 = —1. In panel (c),
the data follows a Weibull distribution with n = 16, p = 4, with a shape and scale parameters
respectively equal to 0.5 and 1. In panel (d), n = 16 with two covariates. The first component
is generated from a normal distribution and the second from a Bernoulli distribution with mean

0.5.

5.5 Discussion

In experimental settings, the covariates xi,...,x, are fixed values that we cannot generate
with simulations based on a normal distribution, therefore we can only use Result 23] to get an

approximation based on the beta distribution to estimate the distribution of the square of the
Mahalanobis distance between two groups d%w. We can also use Equation to get a chi-
square approximation for the square of the Mahalanobis distance between the two groups. The
beta approximation assumes that the covariates are close to a multivariate normal distribution
and the chi-square approximation is derived from an asymptotic result. When n tends to infinity,
both approximations converge to the same distribution. But those approximations are different

Simulations show that the beta approximation seems to be always better

when n is small.
., Xy are generated from a

than the chi-square approximation, even when the covariates xi,..
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skewed and heavy- or light-tailed distribution. In other words, even with strong departure from
multinormality of the covariates, the beta approximation performs better. These simulations
combined with the apparent inconsistency with the support of the chi-square density function
seem to indicate that the beta approximation is better overall. If n is small and there are
categorical covariates, which is often the case in many experiments, both the beta and chi-square
approximations fit the square of the Mahalanobis distribution between the two groups d?w very
poorly. This problem is highlighted when there is only one covariate which is categorical. In
this case, we strongly recommend to use simulations to obtain a distribution of the square of
the Mahalanobis distance. Additionally, if the covariates follow a distribution with undefined
second moments, for example the Cauchy distribution, both approximations fail to correctly
estimate the distribution of d?\/[, even when n tends to infinity. The finite population central
limit theorem is not applicable if the variances of x1,...,x, are not defined.

5.6 Supplementary material

5.6.1 Simulations to compare the chi-square and beta distribution approxi-
mations

Definition 4. A random variable follows X an extended skew-normal distribution with location
parameter &, scale parameter w, shape parameter a and truncation parameter 7 if its density
function is

f(a:):i¢<x;€>q>{7 a2+1+a(x;€>}/®(7), £a,7ER, w>0

where ¢ denotes the standard normal probability density function and & its cumulative distri-
bution function.

The skew-normal distribution allows one to simulate skewed data while also giving normal
data, depending on the choice of the parameters. The extended skew-normal distribution can
also model data which is skewed and heavy- or light-tailed. Increasing the shape parameter
induces a more right-skewed distribution. Increasing the truncation parameter 7 create an
heavier tailed distribution but also reduces the skewness. The effect of the 7 parameter depends
on a. If & = 0, then changing 7 has no effect on the distribution. The location parameter £
and w can be considered as the mean and variance parameters from the normal distribution,
even if £ does not correspond to the mean or median of the skew-normal distribution if a # 0.
Figure displays the density of the extended skew-normal with different parameter choices.
Multivariate simulations for this distribution are made using (2020)).

To illustrate our main findings, four density histograms of the squared Mahalanobis distance
multiplied by (ngni)/n for different series of simulations are displayed in Figure The data are
generated from a certain distribution once at the start, and then the simulations consist in doing
a fixed number of allocations to groups using a simple random sampling without replacement and
calculating the square of the Mahalanobis distance after every allocation to groups to generate
the histogram. In every series of simulations, 10000 simulations are done and ny = n; = n/2.
The multivariate skewness and kurtosis are assessed using the statistics developed by
(1970).

The panel (a) of Figure shows the histogram of simulations with n = 16 and p =
4. The distribution of the simulation is generated from a extended skew-normal distribution
with parameters chosen such that the vector of marginal shapes is a = (12, —12,20,20) with
truncation parameter 7 = 0, w, which is a positive definite matrix, is randomly generated from a
Wishart distribution. The beta approximation fits the data, is relatively robust to some degree
of skewness and is much better than the chi-square approximation.
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Figure 5.2: Extented skew-normal densities with different parameter choices.

In panel (b) of Figure the data is generated with a similar distribution as in panel (a)
but the shape parameter vector is equal to a = (120,120,120, 120) and 7 = —1 to try to get
very skewed data. The fit of the beta approximation is slightly worse than in the previous set
of simulations and the chi-square approximation is still too left-skewed.

In panel (c) of Figure the simulations uses same n and p as before but the data is
generated from a Weibull distribution, which allows us to generate a distribution with slightly
more extreme multivariate skewness and kurtosis values than the skew-normal distribution. The
shape and scale parameters are respectively equal to 0.5 and 1. The resulting extreme departure
from normality makes the beta approximation hardly usable. With data generated from a
Weibull distribution, the shape of the histogram varies more than it does with the skew-normal
distribution. One of the poorer fits is displayed.

The previous simulations were generated from continuous distributions. The panel (d) dis-
plays the histogram from simulations with p = 2, the first component being generated from a
normal distribution and the second from a Bernoulli distribution with mean 0.5. Due to the
discrete nature of the Bernoulli distribution, the Mahalanobis distance between the two groups
tends to cluster around certain values. Of course, this problem is highlighted when there is only
one covariate from a Bernoulli distribution.

The overall conclusion is that the beta approximation is better than the chi-square in any
situation, even when the data are generated from a non-normal distribution. The chi-square
approximation comes from an asymptotic result, so it is not surprising that it performs worse
than the beta approximation. Also, the beta approximation seems to be relatively robust against
some degree of skewness in the data even though high skewness can greatly reduce the quality
of the fit. However, the multivariate kurtosis and skewness statistics seem to vary quite a lot
even with the same parameter choices, which is probably due to low sample size, and appear to
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not have a clear correlation in the outcome of the graph. Therefore making recommendations
using those statistics is difficult.

If neither the beta nor chi-square approximation fits the distribution of d2,, the rerandom-
ization approach is still valid. This simply implies that approximating the distribution of d?\/j
using simulations or taking the assignment to groups that induce the lowest d?w out of large
number of simulations is more advisable in this case

5.6.2 Links to MANOVA

The results shown in this paper are often derived from results found in the field of multivariate
analysis. MANOVA stands for multivariate analysis of variance and, as the name implies, it is a
multivariate generalization of the analysis of variance (ANOVA). Unlike with ANOVA, there are
multiple response variables and MANOVA uses the covariance between the response variables to
test the statistical significance of the mean differences instead of the sums of squares. Therefore
under normality assumptions about error distributions, the counterpart of the sum of squares
due to error has a Wishart distribution. Also despite ANOVA having a simple theory with only
one test statistic generally used, the F-test, MANOVA typically uses four test statistics.

The most common statistics are summaries based on the roots (or eigenvalues) Aq,..., A,
of the A = HE™! matrix, where H and E are respectively “error” and “hypothesis” matrices
which are assumed to have Wishart distributions with mygy and mpg degrees of freedom under
the null hypothesis. The four test statistics are the following:

e Wilks’s Lambda:
ﬁ 1 det(E)

Awils = = )
We T AT 4N T det(E+ H)
e Pillai’s Trace: ,
1
Apillai = Z =tr{A(I+A)'};
P 1+ N

e Lawley—Hotelling Trace:

p
Arg = Z N = tI‘(A);
=1

e Roy’s Largest Root:
ARoy = m;‘iX()\Z)

For most tests, the distribution under Hy is very difficult to calculate and only approxi-
mations from the F-distribution are used, except in cases with low dimensionality where the
distributions can be calculated exactly, for example with my = 1. The following approximation
of the Pillai’s trace statistic distribution is generally used p. 564),

(21)2 + s+ 1)APillai
(201 + s+ 1)(s — Apilai

)NFS(2’U1+S+1)7S(2U2+S+1)7 (56)

where s = min(mg,p), vi = (|]p — myg| —1)/2 and v = (mgp — p — 1)/2. By setting mpy =1
and mp = n—2, we get that Apjya; corresponds to U from the proof of Result 1. From Equation
, the final result of Result 1 can be deduced using the relation between the F-distribution
and the beta distribution.
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Chapter 6

Conclusion

This conclusion explains the potential caveats, problems, improvements and additional directions
for further research of some the concepts introduced in this thesis.

The first part of the thesis was focuses on the efficiency-robustness trade-offs in experimen-
tal and sampling designs. We also observed that robustness concept is strongly correlated with
entropy, which gives some additional justification for older sampling literature focusing on car-
rying out maximum entropy sampling. When the probabilities of drawing each possible sample
or assignment are equal, maximum entropy sampling corresponds to the sampling design with
highest number of possible samples. In experiments, designs with a high number of possible
samples are useful to carry out randomization tests. It this number is too low, the resolution of
the test becomes too low to draw conclusive inference.

The robustness/balance trade-off and the mixing of a balanced design with the SRSWR
design proposed in this thesis is similar to a mix of two minimax principles under different
models. We quickly introduce the concept of “a priori balance” from , which
employs a minimax paradigm to minimize the maximum potential variance of the sample average
treatment effect estimator 7. If Y = f(X) + € and E(Y|X) = f(X). Define

B(W,f)= > f(X)— > f(X).

W;=1 i W;=2
For the “pure strategy optimal design”, we choose W uniformly among the set that minimizes

W € max B%,(W, f). 6.1
masx B0, ) (6.1)

Depending on f and the norm ||f|| used, certain common designs such as exact matching,
rerandomization or blocking are the optimal minimax designs. If there is no structure in the
dependence of outcomes, then complete randomization is optimal. In this framework, when
f corresponds to a regression with covariates x1,...,Xy as explanatory variables, the optimal
design corresponds to designs exactly balanced on the mean of the covariates. In this setting,
the Cube method or rerandomization gives assignments to groups that approximately satisfy
the . We can see that the optimal design is dependent on the underlying model of the
relationship between the response or variable of interest and the covariates. Other concepts
such as optimality of sampling plans under certain models or other forms of minimax principles
were also studied in the field of sampling (Tillé and Wilhelm, [2017} |Scott and Smith|, (1975;
INedyalkova and Tillé, 2008)). Potential axis of research could involve unifying those minimax
concepts or expanding them to include risks due to missing data, non-response or attrition in
clinical trials.

Our analysis implies that primarily focusing on balance on the covariate means usually does
not involve much risk when we look at the model-based variance and total variance, so there is
room to add other metrics to balance on without unduly reducing the robustness. We give a
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specific example of potential new methods to be used. Assume that some variables are assumed
to be particularly important in the model and at the same time to not have a simple linear
relationship with the response. Given that finding pairs that are sufficiently similar, it might
be better to try to use a mixed strategy of matching only for the specific covariates assumed to
be important and have the remaining covariates be used for balancing on the means between
the groups. It could be done with the help of the design mixing algorithm from Chapter 2| or a
special implementation of the matched-Cube algorithm .

Our extension of the Cube Method to exact inference for Poisson regression does not work
optimally. One can easily address the concern that the conditional probabilities/distribution
are not exactly the correct one and also that the Cube method only approximately satisfies the
constraints from the sufficient statistic. On top of that there is the critic which concern all
“approximately exact” methods, which is that the exact Cube algorithm may not necessarily
output the all the possible samples that satisfy exactly the constraints even after a high number
of simulations. There is also the general criticism against exact inference in general that could
be made: This method works with parametric models that are very likely to be incorrect and
often applied on small data sets. Therefore the practical utility of exactness in this setting is
less clear when ignoring cases where the data is separable. On a more positive note, the beta
distribution used for the univariate conditional probabilities was a fairly good approximation
and the algorithm outputs p-values that are close to exact when the model is correct. Also,
finding the exact conditional probabilities could significantly reduce the concerns of potential
lack of accuracy.
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