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ABSTRACT

UNIFIED FRAMEWORK FOR POST-SELECTION INFERENCE
Arun Kumar Kuchibhotla
Lawrence D. Brown

Andreas Buja

The development of the classical inferential theory of mathematical statistics is
based on the philosophy that all the models to fit, all the hypotheses to test and all the
parameters to do inference for are fixed prior to the collection of data. Interestingly
and in fact, more concerningly, this is not how the practice of statistics is. The practice
of statistics often explores (if not tortures) the data to find the “right” model to fit

to the data, “right” hypothesis to test and so on. Quoting Tullock (2001, page 205)

As Ronald Coase says, ”if you torture the data long enough it will confess”.
The young researcher, convinced he knows the truth will make changes
in his specifications and very likely produce significant results. In some
cases this is correct; his original specification was wrong and his new
one is right. Nevertheless, this procedure reduces the significance of the

significance test.

Once the data is explored to find the hypothesis or model, the classical theory is
(bluntly speaking) useless for inference and can in fact be very misleading.

The current thesis focuses on the problem of providing Valid Inference after Data
Exploration (VIDE). Although a unified framework is provided for such a goal, the
framework is explained through the problem of inference with the ordinary least
squares linear regression estimator when the data is explored to find the “right”

subset of covariates to be used in the regression model.

vi



Valid post-selection inference has been a topic of research interest at least since
1960’s but has received increasing attention in the recent times. Invalidity of classical
inference in post-selection problems may not only be due to the selection but also
due to misspecification of model. Misspecification is a very natural outcome of model
selection since the selected model cannot always be guaranteed to match the truth.
If such a guarantee exists, then the post-selection problem does not require further
study. Most of the literature on valid post-selection inference has concentrated on
the assumption of a true parametric model.

In this thesis, valid post-selection inference is provided under no parametric as-
sumptions. The simplest setting in this thesis is when the observations are inde-
pendent satisfying certain moment restrictions (and no further model/distributional
assumptions). Extensions to various dependent settings are also given. Throughout,
the total number of covariates available is allowed to grow with the sample size and

can be almost exponential in the sample size.
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Chapter 1

Motivating Examples

In 2005, the Stanford epidemiologist John Ioannidis made a dramatic claim: “most
published research findings are false.” The claim is largely believed to be true. It
gave rise to the term “reproducibility /replicability crisis.” Several factors have been
identified as possible causes, first among them publication bias, that is, the fact that
null findings tend not to get published. This is an institutional problem whose solution
is the reform of publication policies. Another contributing factor, closer to home for
us statisticians, is the breakdown of the classical statistical inference framework under
the current practice of statistics. In the modern practice of statistics, data analysts
tend to use many forms of data exploration before applying statistical inference, and
this is a problem that requires our serious attention. This aspect of the replicability
crisis will be the backdrop of the thesis. The main goal of the thesis is to provide a
unified framework for resolving the problem of Valid Inference after Data Exploration
(VIDE).

Classical statistical inference framework is built to provide valid statistical con-
clusions when the hypotheses to test and the model to fit are decided without the

involvement of the data at hand. The practice of statistics does not follow this se-



quence, as will be shown in this chapter. This deviation from the classical inference
framework can drastically invalidate the conclusions. For an illustration of the dras-
tic invalidity when the hypothesis to test is chosen based on the data, consider the

following example:

1. Generate 500 observations from (Y1, X1), ..., (Ys, X,) < N(0, I,+1), for some

p = 1. In this distribution, Y;’s are independent of X;’s.

2. Select one covariate which is the most correlated with the response, that is,

7 = argmax |corr(Y, X;)]|.
Isg<p

Here corr is computed based on the 500 observations.

3. Compute the least squares estimator

n

~ 1
as, 33) = argmin — Y, -6, -6 Xi; 27
( J ]) (01,92) n;( 1 2 .])

where X ; represents the j-th coordinate of Xj.

4. Test the hypothesis Hj 5 of insignificant coefficient based on the estimator 33.

The classical test of level 0.05 in this case is

Reject Hy 5 if > 1.96. (1.1)

J

n1/253‘

1/2 is the classical estimator of the standard error of B; (disregard-

Here o5/n
ing the randomness of 3) This test is same as looking at the summary of

Im(Y ~ X3) and taking the decision of reject if the p-value is less than 0.05.

Because the response is uncorrelated with all the covariates, one might naively expect



Empirical Type | Error

1.00- —
0.75-
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Figure 1.1: Attained level of a classical test when the hypothesis is selected after data
exploration.

that the test (1.1) controls Type I error at 0.05. Figure 1.1 shows the attained true
level of the test (1.1). This example shows that the classical statistical procedures do
not solve the VIDE problem and requires a non-trivial adjustment.

There are many ways of mathematically formalizing the VIDE problem. In the
following sections, I will provide a few examples from textbooks and published re-
search. Then the VIDE problem will be formalized mathematically at the end of this

chapter and will be solved in the forthcoming chapters.

1.1 Practice of Statistics in Textbooks/Education

In this section, I present several examples from textbooks and educational journals
where the full procedure described involves testing hypotheses obtained after data

exploration.

1.1.1 Case Study TE1: Moore and McCabe (1998)

Example 11.1 of Moore and McCabe (1998) introduces the GPA dataset for predicting

the college GPA of students based on the high school scores in Math (HSM), Science



(HSS), and English (HSE). In the process of refining the basic linear model of GPA
on HSM, HSS, HSE, the authors (page 724) write

Because the variable HSS has the largest P-value of the three explanatory
variables and therefore appears to contribute the least to our explanation
of GPA, we rerun the regression using only HSM and HSE as explanatory
variables. The F'statistic indicates that we reject the null hypothesis that
the regression coefficients for the two explanatory variables are both zero.

The P value is still 0.0001.

This is similar to what was done in the illustrative example. The results of the first
linear model suggested the next hypothesis to test and hence is obtained as a result
of data exploration. This invalidates the classical F-test. A side point to note here
is that the second linear model (with HSM and HSE) might be misspecified, that is,

may not satisfy all the assumptions of the classical linear model.

1.1.2 Case Study TE2: Stine and Foster (2013)

|
|
log x, 1/x | W2, %2
|
|
|
|
|
___________ :___________
|
|
I
|
log y, 1/ : log y, 1/
log x, 1/x :
|

Figure 1.2: Tukey’s Ladder of Transformation. The Four Quadrant Approach.



In the context of fitting a curve to bivariate data, Stine and Foster (2013, page

515) write

Deciding on a transformation requires several skills. First, think about
the context of the problem: why should the association be linear? Then,
once you see curvature in the scatterplot, compare the curvature to the
bending patterns shown in Figure 1.2. Among the choices offered, find the
one that captures the curvature of the data and produces an interpretable
equation. Above all, don’t be afraid to try several.! Picking a
transformation requires practice, and you may need to try several to find

one that is interpretable and captures the pattern in the data.

Unlike the suggestion of Moore and McCabe in Section 1.1.1, the suggestion here is
more dangerous in the sense that it (actively) advises the data analyst to make sub-
jective decisions on what transformations to try and use in the final model. Because
this advice is based on visualization, it is not possible to mathematically analyze the
selection method. (The suggestion in 1.1.1 is backward elimination which is analyti-

cally precise and is possibly amenable to mathematical analysis.)

1.1.3 Case Study TE3: Pardoe (2008)

This paper from the Journal of Statistics Education is written to address the chal-
lenges of teaching complicated aspects of linear regression modeling using Oregon
realtor data. The paper, however, spells out the details of how linear regression mod-
eling is usually taught in basic courses and this way invalidates the classical inference
so badly that it may not be possible to adjust for it.

The paper models the price of a home in terms of 12 features of the home, including

number of bedrooms and number of bathrooms. Section 3 of the paper fits, model 1,

'Emphasis added here.



a linear regression for price on all 12 features. Then the author writes

However, the residuals of model 1 fail to satisfy the zero mean (linearity)
assumption in a plot of residuals versus Age, displaying a relatively pro-
nounced curved pattern. --- To attempt to correct this failing, we will
add an Age? transformation to the model, which as discussed above was
also suggested from the realtor’s experience. The finding that the resid-
ual plot with Age has a curved pattern does not necessarily mean that an
Age? transformation will correct this problem, but it is certainly worth

trying.

This might look similar to the example of transformations in Section 1.1.2 but note
that the decision to try transformations is done based on the data. Further, the
decision of trying the square transformation is ad hoc and is not chosen from a
starting family of transformations (as in Section 1.1.2). The modeling, in the paper,

does not stop there and the paper proceeds

In addition, both Bath and Bed have relatively large individual t-test
p-values in model 1, which appears to contradict the notion that home
prices should increase with the number of bedrooms and bathrooms. ...
The instructor can guide the students in seeing that to model such a

relationship we need to add a BathxBed interaction term to the model.

This along with the square transformation of Age is called model 2. The author looks

at the classical summary table as if no exploration has been done and writes

However, the model includes some terms with large individual ¢-test p-

values, suggesting that perhaps it is more complicated that it needs and



and constructs a more refined model along with an interpretation.
This case study shows how fluid the modeling process is and how much it differs
the classical mathematical framework of inference for linear regression. The classical

framework requires fitting one model (decided a priori) and then infer.

1.2 Practice of Statistics in Literature

The previous section has shown various examples of how the practice of statistics
differs from the mathematical inference framework in textbooks and education. To
further illustrate the practice of data exploration, I will now present a few case studies

from the literature.

1.2.1 Case Study L1: Harrison Jr and Rubinfeld (1978)

This is the paper that introduced the well-known Boston housing data?. Although
forgotten in the subsequent use of this data, the data was collected to measure the
willingness to pay for clean air. Boston is divided into census tracts and in each
tract, the median (MV) of the property value of homes among those in the tract. The
concentration of nitrogen oxide (NOX) is used as an inverse proxy for clean air where
the response/dependent variable is MV. The dataset includes 12 more confounders
that are adjusted for in the linear models. In fitting a model for MV, the authors

write (on page 86)

One of the major objectives in estimating the hedonic housing equation
was to determine the best fitting functional form. Comparing models with
either median value of owner-occupied homes (MV) or Log(MV) as the
dependent variable, we found that the semilog version provided a slightly

better fit. Using Log(MV) as the dependent variable, we concentrated

2The data in this paper seems to be wrongly coded in a few places. See Gilley et al. (1996) for
details.



on estimating a nonlinear term in NOX, i.e., we included NOX? in the

equation, where p is an unknown parameter. -- -

The statistic fit in the equation was best when p was set equal to 2.0, i.e.,
when NOX? was in the equation. --- The NOX variable has a negative

sign and is highly significant.

The authors essentially explored the dataset to obtain the “right” transformations for
the response and the covariate of interest. Further they ignore the exploration and

report the statistical significance of coefficient of NOX without any adjustment.

1.2.2 Case Study L2: Whittingham et al. (2006)

The authors of this paper do not use classical inference after data exploration but show
that this practice with stepwise form of data exploration is more prevalent in ecology
and animal behavior. The authors describe the dangers of using stepwise selection
methods for inference and surveys several papers from the literature to illustrate that

this is common practice. On page 1184, the authors write

A second problem with stepwise multiple regression is more widely rec-
ognized and yet appears not to have deterred many ecologists from using
the technique. --- In particular, it is easy to overlook the fact that a sin-
gle stepwise regression does not represent one hypothesis test but, rather,
involves a large number of tests. This inevitably inflates the probability of
Type I errors (false positive results). - -- Finally, owing to the selection of
variables to include on the basis of the observed data, the distribution of
the F-statistic is also affected, invalidating tests of the overall statistical

significance of the final model.

For a similar paper with practical recommendations, see Lydersen (2014). For a



paper recommending variable selection without any indication of its consequences,

see Chowdhury and Turin (2020).

1.2.3 Case Study L3: Wiens et al. (2015)

The authors of the paper develop models to predict post-discharge mortality which is
defined as a binary random variable taking value 1 if the child dies within six months
of discharge. The statistical analysis is based on 1307 enrolled participants. In the

statistical analysis section of the paper, the authors write?

All variables were assessed using univariate logistic regression to de-
termine their level of association with the primary outcome. Con-
tinuous variables were assessed for model fit using the Hosmer-Lemeshow
test. Missing data was imputed by the method of multivariate imputa-
tion using chained equations. Following univariate analysis, candidate
models were generated using a stepwise selection procedure mini-
mizing Akaike’s Information Criterion (AIC). This method is con-
sidered asymptotically equivalent to cross-validation and bootstrapping.
All models generated in this sequence having AIC values within 10%
of the lowest value were considered as reasonable candidates. The fi-
nal selection of a model was judged on model parsimony (the simpler
the better), availability of the predictors (with respect to minimal
resources and cost), and the attained sensitivity (with at least 50%

specificity).

It is easy to recognize that the the process described above is not reproducible (be-
cause of subjectivity and incomplete details) and hence all the inference for the models

reported in Table 3 of the paper lack validity.

3Emphasis added here.



1.2.4 Case Study L4: Nersisyan et al. (2019)

The authors of this paper study the inheritance patterns of telomere length. Telomore
is the end cap of a chromosome (as shown in Figure 1.3) and reduces in length as the
cell divides. Hence, the length of the telomere acts a biological age of a person. The

What We Lose With Age

As we grow older, telomeres at the end of our chromosomes
shrink. New research suggests major depression also is
linked to shorter telomeres, a sign of ‘accelerated aging.”

Chromosome

As cells divide over time...

Source: WSJ research ..telomeres shorten, and eventually cell division stops. The Wall Street Journal

Figure 1.3: Telomere Length

first problem the authors study is associating an offspring’s mean telomere length
(MTL) to the age and sex of the offspring along with the telomere length of the
parents (mother’s mMTL and father’s fMTL) and the age of the parents at conception
(mother’s MAC and father’s PAC). In developing the models, the regression analysis

section of the methods in the paper mentions*

Multivariate linear regression (MLR) analysis was performed to evaluate

4Emphasis added here.

10



the correlation between MTL and age and sex in the studied population.
-+ Two of the families with missing data for the mother were removed,
and two families with discordant age differences at the time of data col-
lection and at conception were also discarded. Overall, MLR were done
on 246 families. A set of pairwise regressions on the predictors were per-
formed to estimate dependence between variables, and interaction terms
were introduced for correlated predictors. The MLR models were tested by
sequential introduction of predictors and interaction terms. The
best model was chosen based on maximization of the adjusted R square
term: ultimately, from the three best models with similar adjusted

R squared values the simplest one was chosen.

1.2.5 Case Study L5: Bolt et al. (2016)

The authors of this paper examine the variables that are significantly associated
with communication in every day activities, or communicative participation, in adult
survivors of head and neck cancer (HNC). In the statistical analysis section (page

1148) of the paper, the authors write

The associations of the 17 variables with communicative participation
were examined with multiple linear regression analysis in SPSS, version
18.0 (IBM). Communicative participation, age, time since diagnosis, and
self-reported cognitive function were continuous variables; all others were
categorical variables. Throughout the process of backward stepwise re-
gression, model fit was analyzed with an overall regression F' statistic.
Individual variables with regression coefficients significant at P < .05

were retained in the model.

Because the final selected set of variables are obtained through data exploration, they

11



cannot be confirmed as significantly associated variables using the classical tests.

1.3 Some Observations and Formulation of the Prob-

lem

In all of the works reported above, the method of data analysis constitutes the fol-
lowing: Have a question of interest, get the dataset, explore the data to find a good
model to fit or find the subset of covariates to be used in the model or find the trans-
formations for variables to be used in the model, and then fit the model to draw
inference or statistical conclusions. For example, in the context of fitting a linear
regression with a treatment variable. The question of interest could be “is there a
non-zero treatment effect?” In presence of confounders, one might select a subset of
confounders to be used in the final model or one might select a transformation for
the response/confounders. Then fit the model with selected set of confounders and
transformations.

The illustrative example discussed in the beginning of the chapter (Figure 1.1)
shows that in this practice classical tests or confidence regions cannot be used for
reliable conclusions. A reasonable mathematical formulation of the problem (in case
of linear regression) could be as follows: Suppose we have observations (Xi,Y}), ...,

(X, Y,) e RP x R.

1. For each M < {1,2,...,p} corresponding to indices of covariates, define the

“target” of estimation by

feR M| n “

By = argmin = ZE [(Y; — X \0)*] -
=1

2. Based on the data, select a subset Mc {1,2,...,p} of covariates using whatever
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method of practitioner’s choice. (This freedom in the selection method should

be allowed to solve the problems in the above practical scenarios.)

. Calculate the estimator

n

1
Py = argmin _Z(Yi = X;MH)Q.
periM TV 7

This estimator “targets” By (the evaluation of the map M +— Sy at M = I\A/I),
that is, HBM — Bgll = 0p(1). This fact will be shown in later chapters. In all
of the case studies presented before, the practitioners use the estimator 5@ for

inference or statistical conclusions.

. Because 31\7[ targets 3y, inference based on BM is inference for By and hence the
VIDE problem in this case is to construct a valid confidence region 7%1\7[ that

satisfies

liminf[P’(,BM e sz) > 1—a, (1.2)

n—eo

wrrespective of how Mc {1,2,...,p} is obtained based on the data.

Selection of variables is only one of many outcomes of data exploration. As described

above, variable transformation can also be seen as an outcome of data exploration.

For each transformation g : R — R, define the “target”

OeRP

By = argmin %ZlE [(9(Y;) — X[ 6)*].

Similarly, the estimator Eg is obtained as

n
~

fy = argmin lZ](g(Y;) — X, 0)*.

gerr T i
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Based on the data, the practitioner chooses a transformation g € G from a class of
transformations. The class of Box-Cox transformations is one such example: {y —
(y* —1)/X : A > 0}. The VIDE problem in this case is to construct a valid confidence
region 7% for 5 in that it satisfies

liminf P (f; € R;) > 1-a, (1.3)

n—o0

irrespective of how g € G is obtained based on the data.

The VIDE problems (1.2) and (1.3) represent the prototypical problems solved in
this thesis. Extensions are possible to logistic, Poisson, and Cox regression models.
An even more general VIDE problem can be described as follows. Suppose 71, ..., Z,
are observations taking values in a set Z. Consider a universe Q of all possible

selections and for every g € Q define the estimator

~

1 n
6, = argmin—ZEq(Q,Zi),

be®, N7

for a loss function ¢,(-,-) and a “parameter” set ©, (that could possibly depend on
q). The data analyst can now choose an element ¢ € Q and the inference is to be
based on the estimator 5@ The VIDE problem is to construct a confidence region 7%5
such that

liminf P(0; € Rg) > 1-a, (1.4)

n—o0

irrespective of how ¢ € Q is chosen based on the data. Here the “target” 6 is defined

as the evaluation of the map ¢ — 6,, at ¢ = ¢, given by

g, := argmin EZE[&](H,Z%»)].
1=1

0, T =
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Both covariate selection and transformation selection are special cases as follows:

e For covariate selection, take Z; = (X;,Y;), Q@ = {M : M < {1,2,...,p}}, for
¢g=Me Q, 0, =RM and é\q = BM

e For transformation selection, take @ = {g : R - R : g€ G}, for ¢ = g € G,
©, = RP, and §q = Bg.

The most important assumption of the VIDE framework is that the universe of
estimators {gq : q € Q} is prefixed and is not allowed to depend on the data; it must
not be data dependent. For instance, one cannot choose ¢,(-,-), or ©,, or Q based on

the data.

Some Limitations of the Framework The formulation of the VIDE problem
in (1.4) is very general but still has some limitations and does not cover certain types
of exploration that would be considered reasonable/intuitive.

For instance, consider the following data exploration. Start with the observations
(X1, Y1), ..., (X,,,Y,) € R? x R. Explore the data to find that modeling the response
in terms of the covariates is not enough and pairwise interactions are needed to get
a better model. Then choose a model M < {1,2,...,p,(1,2),(1,3),....(p — L,p)}.
Perform linear regression and draw some statistical conclusions. This does not fit
into the problem formulation of (1.2) and (1.3), the reason being that the decision of
adding more covariates (such as pairwise interactions) is based on the data and the
analyst could have taken a decision of adding more transformed variables instead of
interactions. It will be shown in Chapter 4 that the VIDE problem is impossible to

solve for these more general data exploration procedures.

End of Chapter 1.
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Chapter 2

Outline of the Thesis

In this chapter, we provide a basic introduction to the post-selection inference prob-
lem along with discussions of relevant literature. Section 2.1 provides generalities
about the VIDE problem along with background from the literature. Section 2.2
describes how we approach the post-selection problem with ‘simultaneous inference.’
Section 2.3 presents an alternative approach based on ‘selective inference.” Section 2.4
discusses briefly a solution based on ‘sample splitting.” Section 2.5 gives previews of

the remaining chapters.

2.1 General Introduction to VIDE and Some Re-

view
In recent times, there has been a crisis in the sciences because too many published
research results are found to lack reproducibility. Some of this crisis has been at-
tributed to a failure of statistical methods to account for data-dependent exploration
and modeling that precedes statistical inference. Data-dependent actions such as se-
lection of subsets of cases, of covariates, of responses, of transformations and of model

types has been aptly named “researcher degrees of freedom” (Simmons et al., 2011),
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and these may well be significant contributing factors in the current crisis. Classical
statistics does not account for them because it is built on a framework where all mod-
eling decisions are made independently of the data on which inference is based. But if
the data are in fact used to this end prior to statistical inference, then such inference
loses its justifications and the ensuing validity conferred on it by classical theories.
It is therefore critical that the theory of statistical inference be brought up to date
to account for data-driven modeling. Updating the theory that justifies statistical
inferences usually requires modifying the procedures of inference such as hypothesis
tests and confidence intervals. As a consequence, the new procedures may lose some
power relative to the previously stipulated but illusionary power derived from classi-
cal theories. This is a necessary price to be paid for better justification of statistical
inference in the context of the pre-inferential liberties taken in today’s data-analytic
practice. While updating of statistical theories and inference procedures will not solve
all problems underlying the current crisis, it is a necessary step as it may help miti-
gate at least some aspects of the crisis. In what follows we refer to all data-analytic
decisions that are made using the data prior to inference as “data-driven modeling.”

A second issue with theories of classical statistical inference is that many of them
rely on the assumption that the data have been correctly modeled in a probabilistic
sense. This means the theories tend to assume that the probability model used for the
data correctly captures the observable features of the data generating process. Justi-
fications of statistical inferences derived from such theories may therefore be invalid
if the model is incorrect or (using the technical term) “misspecified.” With the prolif-
eration of data-analytic approaches in science and business, it is becoming ever more
unrealistic to assume that all statistical models are correctly specified and inferences
are made only after carefully vetting the model for correct specification, for example,

using model diagnostics. Such vetting may never have been realistic in the first place,

17



and it should also be said that pre-inferential diagnostics should be counted among
“researcher degrees of freedom” as they may result in data-driven modeling decisions.
It is therefore a mandate of realism to look for so-called “model-robust” methods of
statistical inference, and for statistical theory to provide their justifications. In mat-
ters of misspecification the situation is somewhat less dire than data-driven modeling
as there exists a rich literature on the study of inference when models are misspecified.
We will naturally draw on extant proposals for misspecification-robust or (using the
technical term) “model-robust” inference and adapt them to our purposes.

To summarize, there exist at least two ways in which inference methods derived

from classical mathematical statistics can be invalidated, namely,

(P1) data-driven modeling prior to statistical inference, and

(P2) model misspecification.

In light of the reproducibility crisis in the sciences, it is of considerable interest,
even urgency, to develop methods of statistical inference and associated theoretical
justifications that account for both (P1) and (P2). Even though these problems are
manifest in almost all statistical procedures used in practice, it is no simple task to
provide methods of valid statistical inference that address these problems in greater
generality. For this reason the present article puts forth specifically a method of
valid inference for the case that the fitting procedure is ordinary least squares (OLS)
linear regression. Here there exists a literature that documents the drastic effects
of ignoring (P1) and (P2); see, for example, Buehler and Feddersen (1963), Olshen
(1973), Rencher and Pun (1980), and Freedman (1983). We will address one particular
form of problem (P1), namely, data-driven selection of regressor variables/covariates,
and we will deal with several forms of problem (P2).

Some of the earliest work that studies estimators under data-dependent modeling
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(P1) include Hjort and Claeskens (2003) and Claeskens and Carroll (2007). Although
these articles deal with a general class of statistical procedures, a major limitation,
in view of the current article, is that the data-dependent modeling is restricted to
a very narrow class of principled variable selection methods such as optimization of
AIC or some other information criterion. The fact is, however, that few data analysts
will confine themselves to a strict protocol of data-driven modeling. To address
broader aspects of “researcher degrees of freedom” there have more recently emerged
proposals that provide validity of statistical inference in the case of arbitrary data-
driven selection of covariates. The first such proposal was by Berk et al. (2013) who
solve the problem allowing misspecified response means but retaining the classical
assumptions of homoskedastic and normally distributed errors. We refer to Berk
et al. (2013) for many other prior works related to problem (P1) where data-driven
modeling consists of selection of covariates. A more recent article that expands on
Berk et al. (2013) is by Bachoc et al. (2016). An alternative approach is by Lee
et al. (2016), Tibshirani et al. (2016), Tian et al. (2016) (for example). Similar to
Hjort and Claeskens (2003), these proposals do not insure validity of inference against
arbitrary covariate selection but against specific selection methods such as the lasso or
stepwise forward selection. This type of post-selection inference is conditional on the
selected model and dependent on distributional assumptions, thereby not addressing
problem (P2).

Most of the above mentioned solutions related to problem (P1) have taken certain
correct model or distributional assumptions for granted and can easily break down
once such assumptions fail, which brings us to problem (P2). In modern terminology
of mathematical statistics, one would need semi-parametric inference, not parametric
inference when dealing with many of the classical inference procedures under misspec-

ification. To expand on this, when considering a linear regression model, the classical
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framework assumes that the conditional distribution is completely known except for
the slope vector parameter and possibly the conditional homoscedastic variance pa-
rameter. This is a traditional parametric model interpretation of linear regression.
Alternatively, linear regression can be interpreted as an algorithm that fits a linear
function as (only) an approximation of the conditional expectation function with no
other assumptions in the sense that the joint (and so conditional) distributions are
left completely unspecified. From this viewpoint, the problem has a parametric com-
ponent of interest and an infinite dimensional nuisance parameter of no or secondary
interest, thus representing a semi-parametric problem. For more on this view, see
Kosorok (2008) and Section 3.A of Chapter 3. The inference differs with the change
in the view of linear regression. This was pointed out and expanded further to other
problems with an indication of correct inference in Berk et al. (2014) and Buja et al.
(2016). Buja et al. (2016) refers to this semi-parametric view as “assumption-lean
linear regression”. Our setting is much more general than this framework as shown in
Chapter 3. The only reference that provides a method of valid post-selection inference
taking into account both (P1) and (P2) is Bachoc et al. (2016), although it remains
with an interpretation of covariates as fixed.

As indicated above, there have been several approaches that attempt to provide
solutions to VIDE. They can be characterized by the following terms, to be explained

below:
1. Simultaneous Inference,
2. Selective Inference, and,
3. Sample Splitting.

We will discuss these approaches in the following sections in turn.
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2.2 Simultaneous Inference Approach to VIDE

Simultaneous inference approach or the uniform inference approach is the one pro-
posed by Berk et al. (2013) and extended by Bachoc et al. (2016). The basic idea
behind this approach is to turn the problem of valid post-selection inference in to
a simultaneous inference problem. Suppose {6, : ¢ € Q} are a set of real-valued
parameters (or functionals) indexed by the elements of Q. Based on the data, the
analyst selects an element ¢ € Q and uses é\@ as an estimator of ;. Without specific
assumptions on the selection procedure, all one can say is that @a is estimating ¢; and
planning to use @g for inference is same as trying to infer about 6;. To form a confi-
dence region for 63, simultaneous inference approach constructs the set of confidence

regions {7%(1 . q € Q} such that

lim inf P (ﬂ {aq e fzq}> >1-aq, (2.1)

qeQ

which would readily imply for any ¢ € Q that

lim inf P (% e 7%@> >1-a. (2.2)

n—aoo

To construct the set of confidence regions satisfying (2.1), Berk et al. (2013) and
Bachoc et al. (2016) construct the quantiles of the maximum of the test statistics
used for testing hypothesis about 6,. Precisely, let T,(0,) be a test statistic used
for testing hypothesis about 6,. Without loss of generality, assume that 7,(6,) has
an asymptotic mean zero and asymptotic variance 1. Now a procedure to solve the

multiple hypothesis testing problem about H, : 8, = 6y, for ¢ € Q can be based on
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the test statistic

To = T )
Q réleaQX | q (GO,q)|

A natural test statistic T,(6,) is given by

where 8q(§q) is an estimator of the asymptotic standard deviation of gq. Note that
there is no special reason for Q to be finite or even countable in this setting, although,
neither Berk et al. (2013) or Bachoc et al. (2016) discuss their approach in this setting.
The set of confidence regions satisfying (2.1) can be constructed by inverting this test.

Simply stating the simultaneous approach to post-selection inference tests for all
possible parameters or functionals before the analyst choses one of them randomly.
By doing this, this approach can account for all types of selection and does not require
any special properties of .

It is often desirable to have an infimum over a set of possible distributions of
the observations after liminf in (2.2) so that a form of uniformity holds and the
confidence guarantee holds even under slight deviations of the true distributions;
see Potscher (2002) and Leeb and Pétscher (2005) for reasons on why this is desired.
The set of possible distributions usually includes all distributions satisfying certain
moment restrictions. In the settings considered by Berk et al. (2013) and Bachoc
et al. (2016), this uniformity holds by construction. This thesis is based on the
simultaneous approach to post-selection inference. In the literature this approach is
sometimes referred to as uniform inference (possibly because a maximum is taken in

the test statistic). More details related to this approach can be found in Chapter 4.
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2.3 Selective Inference Approach to VIDE

The setting of the problem is same as in the previous section. Selective inference
approach to post-selection inference has originated from Stanford. In Selective infer-
ence too, the goal is to construct confidence region 7%@ for a randomly chosen ¢ based
on the data to satisfy (2.2). Instead of turning to the simultaneous statement like in
(2.1), selective inference constructs 'ﬁ,a such that

liminf P (07 ¢ Rglg) =1« (2.3)

n—o0

For this reason, sometimes this approach is referred to as a conditional inference.
This approach, as of now seen in the literature, is slightly restrictive in that an appli-
cation of this approach requires a special structure on the estimator and the selection
procedure. The construction of 7%5 proceeds by first approximating the conditional
distribution of the data given § = ¢ for any ¢ € Q and then using this conditional
distribution to get the conditional distribution of @; leading to the confidence region.
See Lee et al. (2016), Tibshirani et al. (2016), Tian et al. (2016), and Tian and Taylor
(2017) for more details related to this approach.

Here too it is desirable to have an infimum over a set of all distributions after
liminf in (2.3) and Tibshirani et al. (2018) proved such uniformity results. Also,

see Leeb and Potscher (2006) for some complementary impossibility results.

2.4 Sample Splitting Approach to VIDE

A classical and possibly the oldest solution for post-selection problems is sample
splitting. The basic idea is split the available sample into two parts: training and

test data. These could be of different sizes but usually taken to be of almost equal
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sizes. Use the training data to explore the data and select §. Once the selection is
done, ignore the training data and compute the estimator éq based on the test data
with ¢ from the training data. Because ¢ is independent of the test data (when the

sample consists of independent observations),
P (55 —b0; € A‘@ = q) =P (éq -0, € A) for all Borel sets A.

This implies that the usual asymptotics work as expected on the test data as if no
selection was performed. A detailed presentation of sample splitting as a solution
of post-selection inference problem was given in Zhang (2012, Chapter 2). Sample
splitting in light of increasing dimension is discussed thoroughly in Rinaldo et al.
(2016). There are three main disadvantages of sample splitting in comparison to the

contents of this thesis:

e Sample splitting only gives one shot at selection. In practice, it so often happens
that a set of variables is selected using a particular method and the estimator
obtained from this selection (based on the test data) does not satisfy the an-
alyst’s “criterion.” In such cases a second shot at selection is required. With

sample splitting, it is hard to solve this kind of sequential selection problem.

e Sample splitting is possibly not the best use of data (Fithian et al., 2014). In
the context of current applications where big data is too often encountered, the
analyst cannot spare any data. By splitting the data, only a part of data is
being used for inference. Of course, the other half is being used for selection
but the final confidence intervals or tests are based on only a part of the data.
Even though sample splitting is a simple method to avoid invalid statistical
conclusions, the analyst might be tempted to use the full data multiple times

for selection and inference.
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e Sample splitting is invalid for dependent data. Sample splitting inherently as-
sumes independence of observations in the data. If the observations are depen-
dent then sample splitting is invalid and no such simple alternative exists yet.
As mentioned previously, dependent data are also in the realm of this thesis
and we are looking for a unified solution that applies, in principle, to various
settings. Recently, Lunde (2019) proved that sample splitting guarantees can
be extended to weakly dependent data. The subject, however, is not mature

enough to apply the results for the high-dimensional case.

There are few more minor issues with sample splitting. The effect of split sizes is
not clear in many problems and the clear guideline for a choice is not present. The
randomness in the split sample also causes trouble with interpretation since a change
in the split sample, there can be a change in the selection and so the target of estima-
tion. Note that this effect of randomness is different from that of the randomness in
bootstrap or subsampling. In bootstrap or subsampling, the randomness disappears
with the number of replications diverging but in sample splitting it does not. The

quantity being estimated using test data changes with every split sample.

2.5 Outline of the Thesis

The remaining thesis is organized as follows. As mentioned in the abstract, misspecifi-
cation is a natural outcome of selection based on data. For this reason, it is important
to revisit the classical topics of linear regression in light of misspecified models and
understand what are the main departures from the classical theory and how should
one do inference in misspecified models. This is the main topic of Chapter 3. Here
the discussion is restricted to linear regression since the estimator is explicitly known
and many calculations can be done simply. Very similar results, however, continue

to hold for general M-estimation problems as shown in the later chapters. The dis-
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cussion here is very closely related to the contents of Buja et al. (2014) and Buja
et al. (2016), but is more general than the discussion in those papers. We also discuss
variance and distribution estimation of the least squares linear regression estimator
using two different types of bootstrap in Chapter 3.

A general formulation of valid post-selection inference problem in linear regres-
sion is provided in Chapter 4. Chapter 4 provides a method of valid post-selection
inference using the idea of simultaneous confidence regions in a way different from the
discussion above and that of Berk et al. (2013), Bachoc et al. (2016). This is a spe-
cial construction for linear regression and is difficult to extend to other M-estimation
problems. The main advantage of these confidence regions is that the computation is
not NP-hard as is the case with the construction in Section 2.2. The implementation
of these regions is based on the high-dimensional central limit theorem and multiplier
bootstrap.

The method of post-selection inference discussed in Section 4.2 is the most general
construction of valid post-selection confidence regions. A unified framework of proving
validity of these confidence regions is the main focus of Chapter 5. This unified
framework encompasses the settings of Berk et al. (2013) and Bachoc et al. (2016).
One of the main assumptions of this unified framework is an asymptotic uniform
linear representation of the estimators around the target. This means that there

exists estimators {gq : ¢ € Q} and functions {wg“(-) : g€ Q,1 < i < n} such that,

max
qeQ

e (s (RO .
v (i1 50 )| o), 24)
i=1

%ZE [v(Z)] =0 forall geQ, and V,,:= %ZVar (9(2)).
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This assumption (with Q a singleton) is an integral part of the usual asymptotic
normality proofs for M-estimation problems. An application of this framework for
linear regression is also given in Chapter 5 where the assumptions of the unified
framework are verified under some tail assumption on the observations. Succinctly,
the “three line proof” of how this unified framework for the case of covariate selection

works as illustrated in Figure 2.1.

Three Line Proof
-0, (kLog(p/k)) .

/E(B M — Bim) .
max A% M J - Z Qf;jlh-{ (X.,', Y;)
AChr=

M| <k, CERY Vn
JEM
(8. 3. +1) | . . 1 <&

masx v, il Bim) | Close in Probabilit max %Z%.M(X.i,yg)

M|<k, oM by triangle ineq. o i1

jeM - €l
Close in Close in
Distribution Distribution
by triangle ineq. by HDCLT

\/

max ‘Gj-M
IM|<Ek, jeM

Figure 2.1: Illustration of the Unified Framework. Here Gj.\ is a standard Gaussian
random variable and (G;.m);m is a Gaussian random vector with covariance matching
that of the vector of averages.

In Chapter 5, we verify all the assumptions of this unified framework for the case
of linear regression and we provide references where the assumptions are verified for

a class of general M-estimation problems with a convex loss function. The general
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class includes all the generalized linear models with both canonical and non-canonical
link functions, in particular, logistic, Poisson, negative binomial regression models.
All the technical results here are written with the focus of valid post-selection
inference. There is a “spin-off” of this framework that can be written with the focus
of proving asymptotics for post-selection estimators. Suppose ¢ is a random choice
based on the data satisfying ©(q, o) = 0,(1) for some distance D(-,-) on Q, then

under assumption (2.4), it follows that
Vn (é\@ - 65) - N (0, \Iln,%) )

as long as ¥, , — W, ., = o(1) for ©(q, qo) = o(1). Note that the centering for 55 is 6z
not 0,,. In general, this cannot be improved in the sense that the result does not hold
with 6,, as centering. In case of variable selection, 6, — 6,, = 0 for D (g, q0) = o(1)
since ¢ = qo eventually. In case of continuous ¢, the centering can be replaced by
proving a rate of convergence of © (g, qo) to zero and then a Hélder-type continuity
of g 0,.

Till this part of the thesis, all the chapters are mostly technical in nature and in
Chapter 6, real data examples are provided demonstrating the application of all the
post-selection confidence regions described. Even though the approach presented in
Chapter 4 is computationally simple, it is NOT the case with the unified framework
where the computation is NP-hard.

Finally, the thesis ends with some concluding remarks in Chapter 7.

End of Chapter 2.
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Abstract: Ordinary least squares (OLS) linear regression is one of the most
In the main stream literature and

cal techniques for data analysis
the statistical education, the study of linear regression is typically restricted to
the case where the covariates are fixed, errors are mean zero Gaussians with
variance independent of the (fixed) covariates. Even though OLS has been
studied under misspecification from as early as the 1960’s, the implications
have not yet caught up with the main stream literature and applied sciences.
The present article is an attempt at a unified viewpoint that makes the various
implications of misspecification stand out.

1. Introduction and Motivation

The aim of this article is to provide what we call an “upside down analysis” for
linear regression. While traditional linear regression analysis starts with assump-
tions such as fixed covariates as well as linearity and Gaussian errors, upside down
analysis starts with a given estimator — OLS in this case — and finds the most
general conditions under which the estimator “works” in the sense that it has a
well-defined target and permits inference. In our upside down analysis, essentially
all we need is a form of law of large numbers (LLN) and a central limit theorem

arXiv:1809.10538v1 [math.ST] 27 Sep 2018

(CLT) for second moments of the response and the covariates. Such LLNs and
CLTs are satisfied in numerous situations, including strong mixing random vari-
ables, martingales, Markov chains, time series processes, ... (see, e.g., chapters 3
and 5 of White (2001)). LLNs and CLTs can accommodate non-identical distribu-
tions of random vectors, a fact that turns out to be a particularly useful feature
of the proposed analysis: It allows a treatment of fixed and random covariates in
a unified way by thinking of fixed values of covariates as degenerate point mass
distributions.

It should be mentioned here that most of the results presented in this article

are known in the literature but are scattered. A unified treatment as given in

1

Figure 2.2: The following chapter is based on Kuchibhotla et al. (2018).
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Chapter 3

Assumption-lean Framework for

Linear Regression

The aim of this chapter is to provide what we call an “upside down analysis” for
linear regression. While traditional linear regression analysis starts with assumptions
such as fixed covariates as well as linearity and Gaussian errors, the upside down
analysis starts with a given estimator — OLS in this case — and finds the most general
conditions under which the estimator “works” in the sense that it has a well-defined
target and permits inference. In our upside down analysis, essentially all we need is a
form of the law of large numbers (LLN) and a central limit theorem (CLT) for second
moments of the response and the covariates. Such LLNs and CLTs are satisfied in
numerous situations, including strong mixing random variables, martingales, Markov
chains, time series processes, ... (see, e.g., chapters 3 and 5 of White (2001)). LLNs
and CLTs can accommodate non-identical distributions of random vectors, a fact
that turns out to be a particularly useful feature of the proposed analysis: It allows
a unified treatment of fixed and random covariates by thinking of fixed values of

covariates as degenerate point mass distributions.
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It should be mentioned here that most of the results presented in this chapter are
known in the literature but are scattered. A unified treatment as given in this chapter
appears to be non-existent. Somewhat close in spirit but executing a traditional
“upside up” analysis is by White (1980) who studies linear regression under the
assumption of independence allowing for non-identical distributions. Our analysis
sidesteps his assumption of absent correlation between covariates and errors. Gallant
and White (1988) and White (2001) extend the analysis of White (1980) to certain
dependence structures but remain traditional in that they define targets of estimation
in terms of asymptotic limits for a fixed number of covariates, whereas we define
sample size-dependent targets and allow the number of covariates to grow.

An essential difference of our “upside down” approach to these traditional treat-
ments is that the latter assume the existence of a single target such that certain
conditions are satisfied. For example, the traditional linear model assumes there ex-
ists a By such that Y; = X/By + &; and &; ~ N(0,0?) iid, or, as in White (1980),
E[X;e;] =0 for all i = 1...n. In contrast, we make no such assumptions; rather, we
construct sequences of targets for the OLS procedure that are instrinsic to OLS with-
out postulating a single target that is extraneous to the procedure. This is crucially
possible by postulating LLNs and CLT's for the components of the normal equations
(estimating equations).

This chapter is organized as follows. Section 3.1 describes the concept of “target
of estimation” and provides the minimal assumptions under which the least squares
estimator “works”. Even though the definition of the target can be done under very
minimal assumptions, it is hard to proceed further to inference under such minimal
assumptions. For this reason, we add an assumption on independence of observations
to proceed. In Section 3.2, the problem is studied under the only assumption of fixed

covariates and none of the other classical assumptions as mentioned above. In Section
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3.3, the problem is studied under the assumption that the observations are indepen-
dent and identically distributed random vectors. After a preliminary understanding
of the problem in both fixed and random covariates, a unified framework is developed
for the problem in Section 3.4 along with a normal approximation. To do inference (or
more specifically confidence intervals), a “good” variance estimator is needed. Section
3.5 provides theory about “asymptotic” variance estimation and also bootstrap based
variance estimation. In Section 3.6, the problem of testing hypothesis about the tar-
get of estimation is considered. We end this chapter with some concluding remarks
in Section 3.7. A “non-technical” discussion of efficiency of estimators is included in
appendix 3.A.

In what follows the random variables and their realized values are both denoted
by capital letters such as X and Y. For any vector v € R?, let v(j) denote the j-th
coordinate of v for 1 < j < ¢. For any real-valued function f(-), argmin, f(z) denotes

the set of all (global) minimizers of f(-) and the statement

¥ := argmin f(x),

T

should be understood as stating x* is any element of the set of all minimizers of f(-).
Throughout this chapter, the symbol C' is used to denote a universal constant that

can be different at different contexts.

3.1 Target of Estimation

Suppose (X;',Y;)T € R? x R,1 < i < n are random vectors obtained from n cases

under study. A linear regression is performed on this data and assuming invertibility
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of the matrix involved, the estimator of the “slope” Bn is given by
1 A
o= =2 XX =Xy

It is readily seen that 3, is a function of two averages: one is a matrix average and

the other is a vector average. For notational convenience, let

1 n
Ypi=— > X; X[ e R’ xR”; and
nizl

=
3
|

%anXiYi e RP.

=1

In the classical linear regression theory one includes the linearity assumption Y; =

X.T By + &; with E [g;]X;] = 0. Under this assumption, it is easy to see that

E[BR|X1,...,XR] — By = E[Bn] — Bo.

Observe that independence of the observations is not required in this calculation.
Since Bn is unbiased for 3y, the estimator Bn can be thought of as estimating y. The
main question of this chapter (and also of the thesis) is “what is it estimating if the
linearity assumption is not true?”.

As mentioned Bn is a function of two averages f]n and fn If there exist a (non-

random) matrix ¥,, and a (non-random) vector I';, such that as n — o
Sy — S, =0,(1) and T, —T, = o,(1), (3.1)
then it is not unreasonable to expect that Bn is getting close to

B, =% T, (assuming invertibility of ¥,),
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in the sense that Bn — Bn = 0p(1). Indeed, this can be easily proven by Slutsky’s
theorem. There are many cases where assumption (3.1) holds true and some of these

are listed below.

o If forall1 <i# j<nandl<I[,m<p, the random vectors satisfy

Var(X;(1)X;(m)) < oo and Var(X;(1)Y;) < oo;

and p is fixed (not changing with n) then the random vectors satisfy assumption

(3.1) with

1 & 1<
S, = ﬁ;ﬂ«: [X:X] and T, := E;E [X,Vi].
[A special case in (3.2) is when the observations are independent of each other.
See Shao (2000) for a generalization of this condition.] The proof follows by
proving that f]n — >, and fn — I',, converge coordinate-wise in probability to
zero. Since p is fixed and does not change with n, it follows that they also
converge to zero in any norm. The coordinate-wise convergence in probability
can be shown by directly calculating the variance and proving that it converges
to zero. See Theorem 2.2.1 of Durrett (2010). Assumption (3.2) essentially

declares that the observations are “negatively associated”.

e If the random vectors (X;,Y;)" are independent of each other and satisfy

max [E [|Xi(l)Xi(m)|1+5] <o forall 1<I,m<p,

1<i<n
with p fixed, then the random vectors satisfy assumption (3.1) with ¥,, = E[in]
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and T',, = E[T',]. The proof follows by using Theorem 3.7 and Corollary 3.9
of White (2001). The point of this example is that, under the independence
assumption, boundedness of the fourth moment of X;(l) is not required; it can

be reduced to (1 + ¢)-th moment of X?(1).

Based on these calculations and consistency, we define the target of estimation as

follows.

Definition 1. If the random vectors are distributed in such a way that B\n satisfies

for some vector [3,,, then we say Bn s estimating (3, and the vector 3, is called the

~

6n_/8n

=0,(1) as n— oo,
2

target of estimation.

Remark 3.1.1 In classical mathematical statistics, one has a target of inference
(or a parameter of interest) in mind and the goal is to estimate that parameter. In
contrast, we start here with the estimator and analyze what it is estimating — which
is then assigned as the target of estimation. This process is what we call an “upside
down analysis”. This approach is also similar in spirit to the thinking in machine
learning where a method of computation is introduced first rather than a model. A
similar treatment similar can be found in Chapter 3 of Pétscher and Prucha (1997).

<&

Remark 3.1.2 The target of estimation 3, is allowed to depend on n,p and so
can change when n (or p) is increased. Because of this feature, 3, might sometimes
be referred to as a “moving target”. Just from the definition above, 3, is not unique
in that one can always add a small constant (converging to zero) and that vector

can still be called the target of estimation. In all the cases to be dealt with in the
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subsequent chapters, the choice of the target of estimation will be clear and taking
any of the equivalent ones does not change the story. Also, it is not required that

{Bn} as a sequence of non-random vectors converge to some (non-random) vector. <

Remark 3.1.3 The choice of the Euclidean norm in the above definition is only
for concreteness and can be replaced by any other norm depending on the context.
The choice of norm only matters in so far as consistency in the sense of Definition 1
can be proven for some norms and not for others. This may be an issue when one
allows p to grow at certain rates as a function of n. o

The example settings and the calculations above have shown that the target of es-
timation is well-defined for linear regression in many cases. There is, however, nothing
special about linear regression and the target of estimation can be easily derived for
a large class of estimators (possibly inspired by a very different distributional model

for the response). Note that the least squares estimator can also be defined as

~ 1 &
f = arg min —Z(Y; — X, 0)*.

perr T =

The target of estimation in our example setting can be written as

_ argmin S STE[(Y, - XT6)
Bn—argmngE[(Y; X;0)?].

OeRP im1

What is noteworthy in this representation is that the empirical objective function
(based on the observations) got replaced by its expected value (or more generally the
limit of the empirical objective). This is a pattern that holds in general problems.

To elaborate, suppose Z; € R?,1 < ¢ < n are random vectors obtained from n cases

36



under study and the estimator 9 obtained by solving the minimization problem

~ 1 &
0, :=argmin — » p(Z;,6),
gere T ;
is considered for some (loss) function p : RY x R¥ — R. Then under mild conditions

it can be proved that the target of estimation for én is #,, given by the minimization

problem
1 n
0, := argmin — Z]E [p(Z;,0)].
OeRk n i=1
These kind of optimization is called an M-estimation problem. Kuchibhotla (2018)
provides a proof of consistency for a specialized form of p(-, ), but the techniques there
extend to any loss function. For the rest of this chapter and the next, we continue
with linear regression since it has a simple estimator that is known in closed form
and hence many properties are easier to analyze. It should, however, be understood
that most of the techniques here do generalize to arbitrary M-estimation problems.
In the two sections to follow the problem of linear regression is considered under

two settings:

1. independent random vectors with fixed covariates; and

2. independent and identically distributed random vectors.
We provide only a preliminary analysis, and a more complete study is considered in
the unified framework of Section 3.4 which includes both these settings as special

cases. One of the main ingredients in this analysis is the multidimensional Berry-

Esseen bound from Bentkus (2004).

Theorem 1 (Berry-Esseen Bound; Theorem 1.1 of Bentkus (2004)). Suppose Wy, ..., W,

are independent mean zero random vectors in R%. Then there exists a universal con-
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stant C' > 0 such that

sup
AeCy

R R 1 |13
P \/—EZ;WZEA —P(N(0,Y,) € A)| < O E;E[HT” wil,| )

where Cq denotes the set of all convex subsets of RY and

1 n
T, = — Var (W,
n; ar (

3.2 Linear Regression with Fixed Covariates

In this section, we consider the problem of linear regression under the assumption
that the covariates are fixed (non-random) constants. As mentioned before, this is
one of the classical assumptions related to linear and generalized linear models. For
simplicity, let the observations be denoted by (z},Y;)"T € RP x R, 1 < i < n. The
covariates are written in lower case to emphasize that they are fixed. And we assume

the Y;’s are independent random variables. The least squares estimator is given by

n -1 n
ﬂ = argmm—z {Y Z-T@}Q = (%Zw&j) (%Z%K) .
g i=1 i=1

OeRP

The target of estimation is then given by

-1
1 n
= arg min — IE — :ETH T;x -y E|Y;] ), 3.3
o mggn S0 (1St ) (1Feea). o
where the expectation is taken with respect to the measure of Y;. For simplicity let

1
=RE[Y; d %, == ) 3.4
pi=E[Y] an SO (3.4)

)
=1
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Note that because of fixed covariates we have in = ¥, for all n. It follows that

\/Lﬁ Z St [V — ] (3.5)

_ viﬁ SIS [V - ol ] (3.6)
=1

Vi (5o =) =

The first equation (3.5) is specific to the fixed covariate setting, while the second
equation (3.6) is valid irrespective of whether z;’s are fixed or random. It is also
important to note that the summands in (3.5) are mean zero while the ones in (3.6)
are not. This follows from the population normal equations obtained by differentiating

the objective function (3.3) defining the target 3,:

n

LSVR [ (Vi — 27 6,)] = 0.

n 1=1

(Without any further assumptions, there is no reason for the individual summand
expectations to be zero.)

Since the covariates are fixed, it is clear that /n (Bn — 6n> is a scaled average of
independent random vectors and the expectation of the average is zero. Therefore,

by the multidimensional Berry-Esseen bound (Theorem 1), we obtain

1/4

sup P(\/ﬁ (Bn—,b’n) €A> —P(Ze A)| < C’%%,

AeCyp

where C, is the set of all convex subsets of RP, Z is a Gaussian random vector with

mean zero, and the variance W¥,, given by

~ IR
\I/n = nVar(ﬁn - Bn) = Eﬁlanflla Kn = szxj\/ar(Yz)
n =1
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Here, 7, is defined as

1 n
%=52E[IY2—MIB] o st = ZE (1Y — ] || Sk -
i=1

Under certain (rate) assumptions on p, this implies that
Vi (Bu= ) N (0,5 K5

We used the notation < to denote approximation in law (or distribution). To sum-
marize, all we need to assume for this asymptotic convergence result is the finiteness
of the third central moment of Y; and non-singularity of some matrices. By compar-
ison, classical linear regression analysis based on fixed covariates and homoscedastic
Gaussian errors requires the assumption of linearity of the mean response in order to
be valid. In particular, ¥ ! /n defined in (3.4) is not the variance of B

In order to do inference using the estimator Bn, one should be able to estimate
the asymptotic variance ¥,,. Note that the ¥, factors of ¥,, are known and need not

be estimated. All we need to estimate is K,,, the variance of

1 &

By the multidimensional Berry-Esseen bound, we get

1/4

<c?

sup ey

AeCp

aTL?

(IELYZ m]eA> P(N(0, K,) € A)

where
n

1
ap = EZE [1Vi — il HKJI%H;

i=1

In general, the summands z;Y; are non-identically distributed, even if Y;’s are iden-
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tically distributed. Since we do not know their true expectations, it is impossible
to estimate the variance K,. (See Section 3.5 for details, and Liu and Singh (1995)
for a related problem.) It is, however, possible to construct a conservative estimator
of K,,. This construction will be described in Section 3.4 (see Fahrmeir (1990, page

492), and also Bachoc et al. (2016) for an alternative proposal).

Remark 3.2.1 The comment about the impossibility of estimation of “asymp-
totic” variance should be understood carefully. The impossibility mentioned here is
in the general context of fixed covariates with no more model assumptions than inde-
pendence of observations. In fact, if it is additionally assumed that Var(Y;) = o%(z;)
for some continuous function o(-), then the matrix K, can be estimated consistently

by non-parametrically estimating the function o(-) (see, e.g., Abadie et al. (2014)). ©

3.3 Linear Regression with Random Covariates

Suppose we have n subjects producing observations (X;, ;)T e RP xR, 1 < i < n
and we apply linear regression on this data. In this section, we assume that these
observations are random vectors that are not only independent but also identically

distributed. Let (X,Y)" be a generic random vector that is identically distributed

with the observations. The least squares estimator is still given by

~1
~ 1 n ) 1 n 1 n
B = argmlnﬁizl {Y;- — X;Q} = (E;Xl){;) (E;Xz}/z> . (3.7)

feRP

In this case, the target of estimation becomes

B 1= argminE | {y — X70}"| = (B[XXT]) T (B[XV]). (3.8)

OeRp
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Note that the target (3, does not overtly depend on n because of identical distribution
of the random vectors. We still index the target by n to have a consistent notation.
Furthermore, in theory that follows the dimension p of 3, may be allowed to depend
on n, which introduces an indirect dependence of (3, on n. For this reason all further
population quantities will also be indexed by n. — From definitions (3.7) and (3.8),

we have

VS, (B ) - %ﬁixim — X7 B)
=1

In this case of iid random vectors it follows that the terms X;(Y; — X,'3,) are inde-
pendent and identically distributed random vectors with mean zero. Therefore, by

the multidimensional Berry-Esseen bound (Theorem 1), it follows that

pi/A
TLl/2 O,

<C

sup
AeCp

P (\/LHZ:X Y, — X8, € A> —P(N(0,K,) € A)

where
Ky =E[XXT(Y - XT8.)] and ay = E |[|K72X00 - X8,

Therefore, under certain rate constraints on p, y/n S, (Bn — Bn) is approximately nor-
mally distributed with mean zero and variance matrix K,. Since the random vectors
are assumed to be iid, under finite fourth moment assumptions on the covariates, it
follows that

=0,(1), where %,:=E[XX'].

op

See Vershynin (2012) for more details related to the exact rate of this convergence

when p/n = o(1). Some related results are presented in Chapter 5. Thus, by Slutsky’s
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theorem it follows that
\/ﬁ (Bn - 671) é N (07 E;IKHE;I) )

c
where we used the notation ~ for approximation in law (or distribution) as in the
previous section. Again, for inference about [, using the estimator Bn, one needs to
estimate ., and K,,. The matrix ¥, can be estimated readily by in, but, to estimate

K, recall that one needs the variance of

1 < -
%;Xi(n — X, B,).

Because this is just a scaled average of n independent identically distributed random

vectors with mean zero, K, can be consistently estimated by
R, Zn] XX, (Y — X[ B)2
n Pt (2 (2

To show that [A(n is consistent for K, one can use the fact that Bn is consistent for
Br (see Section 3.5 for more details). Thus, a consistent estimator of the asymptotic
variance of ﬁ(@n — f,) is given by

1

n . n n -
(1 ppod ) (1 XX (V- X] Bn)2> (1 2, XT ) . (39)
n i=1 n =1 n =1

This is often referred to as the sandwich estimator of the asymptotic variance (see
Section 3.4 for more details). It is noteworthy that consistent estimation of the
“asymptotic” variance of Bn is possible under iid random vectors and is not possible

under fixed covariates without further assumptions.
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3.4 Unified Framework for Linear Regression

Before proceeding to unify both the settings of fixed and random covariates, let us
recall the main similarities and differences in the analysis presented in the previous

sections. First the similarities:

1. In both cases, the least squares estimator Bn has an “asymptotic” normal distri-
bution with mean ,,, the “moving target” of estimation, and “moving” variance

approximal iOIl
- IK b ! where Kn = — nE var (X(Y - X 5 ))
n " nene ’ n =1 ' l ’ " .

Note that the target of estimation [, is different in the fixed and random co-

variate cases.

2. The “asymptotic” normality result does not require any more assumptions than
independence of observations and certain moment restrictions such as invert-
ibility of the second moment matrix of covariates and finite fourth moments of
covariates. In particular, the classical assumptions of linearity and homoscedas-

tic Gaussian errors are not required.
Now the differences:

1. The score vectors X;(Y; — X.T 3,) are independent in both settings but are mean

zero only in the random covariate setting.

2. The “asymptotic” variance can be consistently estimated only in the random
covariate setting and is impossible to estimate in the fixed covariate setting

without further assumptions.
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From this discussion, it is clear that the similarities hold because of the independence
assumption and the differences arise from the additional assumption of identical distri-
butions. The differences do not derive from the stochastic properties of the covariates.
To provide a unified analysis of linear regression that covers both settings, we propose
a framework where the random vectors (X,',Y;)" are independent but are allowed to
be non-identically distributed.

Formally, the observations (X,",¥;)T € RP™1 1 < i < n are independent with
possibly non-identical distributions. This framework is much more general than either
of the two settings — fixed or random covariates. It allows for some random and some

fixed covariates as well. The least squares linear regression estimator is still given by

n

~ 1 2
, = arg min — Y;—XiTQ ) 3.10
fn = argmin Z; ( ) (3.10)
The target of estimation in this framework can be defined as
1< 2
, 1= arg min — E[Y;—X;G ] 3.11
s gmin Z} ( ) (3.11)

Recall the following notations:

~ 1 & 5 ~ 1 &
S, :ZE;XiXiTeRp P and T, :ZE;X,YZ-ERP,

1 ¢ y IS
anzﬁ;E[XiX;]eRp P and T, :ZEZE[XZ-YZ»]ERP.

j= i=1

Using these matrices and vectors, the estimator and the target defined in (3.10) and
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(3.11) can be rewritten as

Bn = arg min GTinG - GTfn,
oerr (3.12)

B, =argmin 6'%,0 —0'T,,.
OeRP

Since these two objective functions are convex quadratic functions, the minimizers

can be obtained as zeros of the derivative, proving that the estimator Bn satisfies
i\]n/Bn —I'n= 0, (313)

and the target 3, satisfies
YnbBn—T, =0. (3.14)

Adding and subtracting [, from Bn in Equation (3.13) implies

where the right hand side has zero expectation because of (3.14). Expanding the

terms shows that
VS (Bu=8) = = D X (= X[ B) = =D S,
where S; denotes the score given by

Si = XY, — X[ Ba) —E[X;(Y; — X' 8] - (3.16)
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By the multivariate Berry-Esseen bound (Theorem 1), it follows that

Sup[p(f2< 5n> ) P (N(0, K,,) eA‘\C——ZE[HK 1/25||}

AeC, nl/?

where

3I'—‘

Kn = Var (%ﬁ i Sz>

i 5571

This Berry-Esseen bound proves that

And since Hin — Y

= 0,(1) as n — o0, it follows that
op

\/ﬁ (Bn - ﬂn) é N (O’ EglKanjl) :

Formally, we have proved the following theorem.

Theorem 2. If p is fized (not depending on n), E[HXng +Y] < B < o for all

1 =1, and K, s invertible, then

VIS (B = B) 5 N (0,1)

Here 1, denotes the identity matriz of dimension p.

The moment assumptions in this theorem are generous since the main goal of get-
ting finite sample results for post-selection inference requires much stronger moment
assumptions in the chapters to follow.

This completes the “asymptotic” study of linear regression estimator Bn in the

unified framework. We write “asymptotic” because the normal approximations are
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actually non-asymptotic.

Remark 3.4.1 (designation of covariates and response) It should be clear from
the discussion throughout that singling out a response variable Y; is arbitrary in
principle and context-dependent in practice. It is up to the analyst to decide which
variables should be treated as covariates/regressors and which is to be treated as the

response. o

3.5 Variance Estimation and Bootstrap in Unified

Framework

3.5.1 Sandwich Variance Estimation

The “moving asymptotic” variance of \/ﬁ(,’ﬁ\n — Bn), as shown in Theorem 2, is given
by ¥.'K,%,. . The X,-part can be readily estimated by f]n and the only part still

in need of estimation is K,,. Recall that

So, K, is the variance of a scaled average of non-identically distributed independent
random vectors. We prove in Lemma 1 that such a variance cannot be estimated

consistently without further assumptions. Accepting this for the moment, note that

. . 1 & 2
K, < K*, where K*:= ﬁ;E [XZ-XiT (Yi — X B,) ]
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and the matrix K can be consistently estimated by

1 A2
- > XX (vi- x5,
ni:l

Hence a conservative estimator of K, does exist and one such is given by K,,. (The
notation * is used instead of ~ to emphasize that this is a conservative estimator
and not a consistent one.) This provides a conservative estimator of the asymptotic

variance as

-1

(%anXiXiT>_ (%ixixj — X B,) )( ZXXT> : (3.17)

This is the same as the sandwich estimator (3.9) introduced for linear regression with
iid random vectors. However, it is important to realize that in the setting of iid
random observations this is a consistent estimator, whereas in the unified framework
it is only a conservative estimator.

In the following we prove consistency of K, for K*. For this, define an intermediate

(unattainable) estimator

1 < 2

This is an average of independent random matrices that is unbiased for K*. Hence,

under the assumptions of Theorem 2, by the results of Vershynin (2012),
15 = K]l,,, = 0p(1).

It now suffices to show that K, — K, converges to zero in terms of the operator norm
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in probability. Observe that
2 < ~
R = Ko = = Y, XX [XT B = X[ 5|
nia
1< ~ 2
+ D XX | XTBL - X7 |
i

Taking operator norm on both sides, we get

- 2 ¢
| K= EKall,, < = DI i = X5,
i=1

X7 (B = )

2

1 ~
+ = DIl [T (B - )
i=1

1/2
1 & 9 1 & ~
<|1+2 <EZ||X1-||3M—XM ) <EZ||X,~||§\XJ (Bu—5.)
i=1 i=1

Under the assumptions of Theorem 2, the first term above is O,(1) and the second
term is converging to zero. Therefore, K, — K* converges in probability to zero in

terms of the operator norm.

Remark 3.5.1 (Best Conservative Estimator) We have exhibited one conservative
estimator for the “moving asymptotic” variance of Bn, but many other conservative
estimators exist, an example being the (delete-one) jackknife; see Long and Ervin
(2000) for more details. It would be interesting to study the question of what comes
closest to the true “asymptotic” variance, but we do not know of an answer at present.
An interesting feature of the conservative estimator (3.17) is that it is consistent in the
case of iid observations, but the jackknife estimator is known to be (asymptotically)

conservative. o

The following lemma proves that there does not exist a consistent estimator for

the variance of an average of non-identically distributed independent random vectors.

20
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The lemma is stated for real-valued random variables which implies the result for
random vectors by taking projections. Thanks are due to Shaokun Li for the proof

of this result. See Proposition 3.5 of Bachoc et al. (2016) for a related result.

Lemma 1. Suppose Wi, ..., W, are independent random variables with E|[W;| = u;
and Var(W;) = o?.

2. Then there does not exist a consistent estimator for n>, where

Proof. We need to prove that there does not exist a sequence of measurable functions

{fon(W1, Wy, ..., W,)} such that as n — oo,

FoWy, W, ... W) —n2 5o,

n

for arbitrary {(u;,0?) : 1 <i < n}. Assuming that such a sequence exists, we obtain

from consistency in the special case o2 = 0 for > 1 that

Folpa, fay oy pin) £>(), as n — oo, (3.18)

for any fixed sequence (p;);>1. Now, fix ¢ > 0 and define the sequence of (measurable)

sets

An = {|fn(Wl7W27 .. 7Wn)| < 5}'

Using (3.18), we have that for any sequence (w;);>1 as n — o0

P (AWh = wy, ..., W, = wy,) = L{|fu(wi,wa, ..., w,)| <&} — 1.
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Thus, P(A,) — 1 as n — co. This implies that as n — oo,

fn(W17W27 .. 7Wn) - 07

irrespective of what the true n? is. This contradicts the existence of a sequence

consistent for n?. O

Remark 3.5.2 The proof also implies that there is no other option than to over-

estimate the variance, if at all possible. o

3.5.2 From Sandwich to Bootstrap Estimators

The sandwich estimator presented in (3.17) is a direct or closed-form estimator of
standard error (squared). It would be of interest to understand how various versions
of bootstrap work for the purpose of variance estimation or distributional approxima-
tion. In what follows we consider two different bootstrap approaches in the unified
framework. These are different from the residual bootstrap and the nonparametric
pairs bootstrap considered in the literature on linear regression. See Freedman (1981)
and Buja et al. (2014) for more details. There are two reasons for this different ap-
proach we take. Firstly, the residual bootstrap isn’'t applicable because it assumes
linearity and iid errors. Secondly, the pairs or z-y bootstrap can lead to singular lin-
ear systems in simulations. The bootstrap approaches provided here are applicable in
the unified framework and bypass the problem of singular linear systems. We call this
bootstrap methodology the “score bootstrap” since it is based on resampling scores.
This idea was introduced and studied under classical model assumptions in Hu and

Kalbfleisch (2000).
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3.5.3 Multiplier Score Bootstrap

Let Wi, W5, ..., W, be independent random variables that are in turn independent

of (X;,Y;) and satisfy
EW]=0, E[W?]=1, and E[W]’] <o

These variables need not be identically distributed but there is no special reason for

them to be non-identically distributed except for allowing generality. Recall that
Vg (Bum ) = 5 N X 0= XA
Define the estimated score vectors
Si = Xi(Y; - X[ Ba),

and observe that %Z?:l §Z = 0, which is just the normal equations satisfied by Bn

Set

T, = WZS and T* := \/iﬁiwé (3.19)
where S; are the true scores defined in (3.16). Conditional on Z, := {(X;,Y;),1 <
i < n}, T} is approximately normally distributed with mean zero and variance K,
and more precisely,

1/4
* % /2
iﬁf \P(T eA\z) P(N(O,Kn)eA\Zn)\ < Vo) ZHK !

E[|W;[],
(3.20)
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As shown before || K, — K;”Op = 0,(1), and so, as n — 0,

sup [P (N(0, K,) € A|2,) = P(N(0,K2) € A)| < p2||(K) " K, — 1|

AeCp op

= 0,(1).

(3.21)

See Chapter 2, Example 2.3 of DasGupta (2008) for the inequality above. Recall the

Berry-Esseen bound for linear regression as

sup
AeC,

P (viS, (B - 4) < 4) ~PVO.K) < 4] < Ol LS a s s]
(3.22)

To show that the multiplier score bootstrap works, we need Anderson’s Lemma.

Lemma 2 (Corollary 3, Anderson (1955)). If £ ~ N(0,%) and A is any centrally

symmelric conver set (that is, x € A implies —x € A and A convez), then for any v,
P+yeA)<P(eA).
By Anderson’s Lemma, for any centrally convex set A,
P(N(0,K})e A) <P (N(0,K,) € A),
and using bounds (3.20), (3.21) and (3.22), we get

P(T, e A)=P (\/ﬁin (En . 5n) e A) — P(N(0, K,) € A) + o(1)
>P(N(0,K*) € A) + o(1) (3.23)
_P

(T € A|Z,) + 0,(1),

for all centrally symmetric convex sets in RP. Recall the definitions of 7}, and T*
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from (3.19). For further use rewrite inequalities (3.23) as

nf ( L Py, — L dPT:‘Zn) > 0,(1). (3.24)

Here Pr, and PT;{“Zn represent the probability measure of 7;, and that of T condi-
tional on Z,, respectively. The 0,(1) on the right hand side is with respect to the
distribution of Z,.

These inequalities can be used for an asymptotic justification of the simulation-
based multiplier bootstrap: Suppose we generate B, draws (W ... W*) (b =

1,...,By,), calculate the associated bootstrap statistics 7**, and construct the boot-

strap empirical measure defined by

1 &
fn(A) = B Z 1{T** e A}, for any Borel set A< RP.

=1

The measure fi,(-) is random due to randomness in Z, and in (W}, ..., W**). Note

that 7)* are iid random vectors conditional on Z,. For any Borel set A we have
E /(4 2.] = B (T3 < A/,).

Hence for various classes of sets C* < C,, conditional on Z,,, as B,, — 20, we have

sup

na(A) = | ap — o,(1), 3.25
sup (7 (4) = [ dPy | = o) (3.25)

where 0,(1) on the right hand side is with respect to the distribution of bootstrap
samples. The class C* of sets that satisfy (3.25) are called Glivenko-Cantelli (GC)
classes. The classes of all rectangles and ellipsoids have been shown to be GC classes.

See Elker et al. (1979), Devroye (1982, Page 75) and Pollard (1984, Chapter II) for
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more precise results.

Combining results (3.24) and (3.25), we obtain

. L3
jgcf* (JA dPr, — o Z {T} € A}> = 0,(1), (3.26)

" p=1

where 0,(1) refers to both the randomness of the data Z,, and the randomness of the
bootstrap samples. Suppose now we construct a set ﬁn(a) e C* for some « € [0,1]

such that

1 & s
B—Z 1{T* e Ru(a)} =1 —a.

™ p=1

Then from inequality (3.26), it follows that as n — oo,

inf (f dPr, — (1 — a)) = 0,(1),
a€l0,1] ﬁn(a)

where the 0,(1) is exactly the one from (3.26). Since R () is random, the integral on
the left hand side is a random quantity. Recall that T, = \/n S (Bn — ) and so, the
above inequality implies that the confidence region ﬁn(oz) provides an asymptotically
conservative confidence region for 3,. Note here that o can be chosen based on the
data and validity still holds.

It is clear from this analysis that the multiplier score bootstrap ends up providing
inference based on the same conservative variance estimator as the direct sandwich
estimator constructed before. We observe that the main decision was to apply the
bootstrap at the level of scores as opposed to the original data (and OLS applied to
them). The resampling bootstrap at the level of scores would allow a similar analysis
as given above for the multiplier bootstrap, and this will be outlined in the following

subsection.
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3.5.4 Resampling Score Bootstrap

We consider briefly the m-of-n resampling bootstrap applied to the score vectors. The

associated resampling bootstrap statistic is

1 &
T = —— St
m Wﬂ; 15

where [;,1 < 7 < m represents an sample of m iid uniform random variables drawn

from {1,2,...,n} (i.e., sampling with replacement). Applying the multidimensional

Berry-Esseen bound conditional on the data Z,, we obtain
pi/A

. y TN
sup [P (T € A|2,) =P (N(0, K) e A)| < € ﬁ; HK 125,

(3.27)

3
2

Now, retracing the steps of the previous subsection, we conclude that the resampling
score bootstrap also produces asymptotically conservative inference based on the same
conservative variance estimator as the sandwich.

Note that for fixed p one requires a large resampling size m for the normal ap-
proximation to be good. If m does not grow as fast as n, then the bound in (3.27)

dominates the error in the coverage of the bootstrap confidence region.

3.6 Hypothesis Testing in the Unified Framework

In the previous sections, we considered inference based on confidence regions. In this
section we consider inference based on hypothesis testing. Testing will play an impor-
tant role in solving the post-selection inference problem as indicated in Section 2.2 of

Chapter 2. Consider now the test of the hypothesis
Hy : 3u(j) = Bno  versus  Hy : 3,(j) # Bno,
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for a fixed j € {1,2,...,p} and some fixed 8,0 € R. If 8,0 = 0, then this is the
problem of establishing statistical significance of the (linear) effect as measured by
the coefficient f3,,(j) of the j-th covariate on the response Y. The only estimator for

[, we considered was Bn, and so a reasonable test can be based on Bn (7). Recall that

n

B (Bu— ) = = DXV~ X[ B,

n i=1

where the right hand side has mean zero with ingredient vectors possibly of non-zero

S — S|l = 0,(1)

mean. Since Y, is a consistent estimator for ¥, in the sense that ‘

as n — oo,

Vi (B =) = %Z [S7X0] (¥ = X[ B,) + 0,(1). (3.28)

The right hand side, by the multivariate Berry-Esseen bound, has an approximate

normal distribution with mean zero and variance matrix

1 n
AV, =31 =) Var (X;(Y: — X[ 8,)) | 5,0
. (nZ ar (X;( m))) .
This asymptotic normal approximation implies that for any fixed 1 < 7 < p,

Vi (BG) - 6))
—— £ N(0,1).
AV, (4, )

Here the notation = is used to denote convergence in law (or distribution). As
proved in previous sections, there does not exist a consistent estimator for AV,, (in
this general framework) but there exists a (asymptotically) conservative estimator
given by
n
AV, = 3 (%ZXiXJ (Y — X/ Bn)2> e

i=1
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This is consistent for
1 n
AVE = S SN EIXX (Y - X607 | 2L
n n <TL; [ % ( 7 ﬂ ) ] n

Thus, by Slutsky’s theorem,

ViBald) = Bu@) £y (o AValD))

Here the variance of the normal distribution on the right is at most 1. Since this
ratio cannot be estimated consistently, one solution is to conservatively use N(0,1)
instead. To perform the test replace 3,(j) by 5,0 and use this normal distribution.

So, the test is based on the statistic

VI(B(3) = Buo)

tj = — .
AV,.(7,7)

In the classical linear regression model, the denominator for the same hypothesis
testing problem is given by the classical estimator of the variance obtained under the
assumption of correct specification. The test statistic ¢; has then a ¢-distribution.
That denominator is not valid in the unified framework which permits misspecifi-
cation. The present statistic ¢; hence cannot be assumed to have a t-distribution.
Note that the test based on ¢; leads to a conservative test, meaning the type-I error,
in this general framework, would be strictly smaller than « (asymptotically). One
subtle point here is that this conservativeness does not arise from AV} but from the
use of N(0,1) instead of the correct but unattainable normal distribution. Because
t-distributions have heavier tails than N(0, 1), their use would result in additional

conservativeness. Such could be considered desirable by those who wish to account
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for estimated degrees of freedom.
Suppose now we want to simultaneously test over all 1 < j < p instead of just one
of them, that is,

HO : ﬁn = Bn,(] versus Hl . Bn #* 671,0

for some vector 3, € RP. This testing problem is usually addressed by an F-test,

but an intuitive alternative can be based on the “max-|t|” statistic defined by

ViBa(G) = Bo)) |
INACR)

Thy = ti| =
np = 108X [t;| = max
The name “max-|t|” derives from classical linear regression theory, but in the current
context of a unified framework this is strictly speaking a misnomer.

We end this section with one last point: Even though all the above tests are
asymptotically conservative, they may not be conservative for inference in finite sam-

ples because of asymptotic approximation error.

3.7 Conclusions on Assumptions for Linear Re-

gression

What we find from the (essentially finite-sample) analysis in previous sections is that
we do not need any of the usual model assumptions including linearity, normality
and homoscedasticity. Only under independence assumptions on observations (along
with some moment assumptions), we have asymptotic normality of the LSE around

its corresponding target (properly scaled), and

1

n -1 n n -
(25 xa7) " (E5mar (vmara)) (A8
i=1 =1 =1
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is an asymptotically valid estimator of the asymptotic variance of \/E(B — o). This
should be understood in the sense that when observations are identically distributed
this estimator is consistent, and when observations are non-identically distributed
this estimator is asymptotically conservative (no consistent estimator exists in this
case). The conservativeness in the broader context of generalized linear models was
discussed in Fahrmeir (1990). See page 492 in Fahrmeir (1990).

In passing let us now make a comment on the assumption of independence of
observations. When discussing and defining the target of estimation, it was shown
that even the independence of observations is not needed. To make the rates and the
asymptotic distribution concrete, the assumption of independence was introduced.
Recollecting the technical tools that went into the derivation of Theorem 2, it can be
seen that the linear representation (3.15) (that holds without any assumptions on the
random vectors) and the multivariate Berry-Esseen bound (Theorem 1) for mean zero
independent random vectors are used. So, as long as a version of a Berry-Esseen bound
or a multivariate central limit theorem exists, the assumption of independence can be
replaced by a “weak” dependence assumption. See Hormann (2009) for Berry-Esseen
bounds for averages of mean zero random vectors under various dependence settings
based on an approximation with m-dependent sequences. Also, see Chapter 10 of
Pétscher and Prucha (1997). In the chapters to follow, for easy understanding, we
focus on independent observations first and then discuss extensions to dependent

structures.
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APPENDIX

3.A Semiparametric Efficiency

The discussion in this chapter was restricted to the discussion of the “asymptotic”
properties of the estimator that the data analyst started with and was not related
to how well one can estimate the target of estimation. As mentioned before, the
traditional mathematical statistics was designed under correctly specified parametric
models and the goal is to efficiently estimate the true parameter that determines the
distribution. From the point of view of previous sections and the current thesis, this
question as it is does not make sense; the analyst wants to use the (least squares
linear regression) estimator he/she chose irrespective of what the true model is. Al-
ternatively, one might ask “having chosen an estimator that leads a particular target
of estimation, is there an efficient way to estimate the target of estimation?”. For ex-
ample, in case the analyst has chosen to use least squares linear regression estimator,

the target of estimation becomes

.1 ¢ 9
Bn = ar(g;elr@lnﬁ;E [(Yvi — X,6)%].
What is an efficient estimator of 3,7 is Bn an efficient estimator for 5,7 what does
efficiency mean here? This question naturally leads to the area of semiparametric
inference and the answer exists at least in the case of iid random vectors since Levit
(1976). See example 5 on page 725 of Levit (1976). In this appendix, we provide a
heuristic argument for how should an efficient estimator look like for the case of in-
dependent observations (without identical distributions assumption). See Bolthausen
et al. (2002, Lectures 1-4, pages 336-382) and McNeney (1998) for ways to formal-

izing the result. The setting for semiparametric inference is as follows: suppose
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Zy, Loy ..., Ly are n independent random vectors with Z; ~ P; for some probability
distribution P; and the target of estimation is ¢ (P®") for some functional 1) defined

on a class of distributions P,, (chosen also by the analyst). Here

= C>n<>1317
i=1

represents the joint distribution of (73, Zs, ..., Z,) and P, contains distributions of
this type where each P; varies over some set of probability distributions. Some ex-

ample might clarify the problem:

1. Suppose 21, ..., Z, are n independent real-valued random variables and we want

to estimate

(P _%2:1 J( Zn] )dP1 ). dPy(2,).

Here P,, can be taken to be the set of all joint distributions of Z1,..., Z, such
that the marginal variances are all uniformly bounded. One can consider the

same functional with random vectors too.

2. Suppose Z; € R?,1 < i < n are independent random vectors and p : R? x R¥ is

some “loss” function. The functional to be estimated is

Y (P®") := argmin —Z]E (Z:,0)] .

fcRF =1

Here too the class of joint distributions P, can be taken to be completely non-
parametric as in the previous example except for some more moment restrictions
to let the functional well-defined. Note that unlike the previous example, it may

not be possible to explicitly write the functional in terms of P®".
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These are called semiparametric problems since the class of all distributions is mostly
nonparametric (unrestricted) and the functional of interest is Euclidean (or paramet-
ric) in nature.

The basic idea of semiparametric efficiency is as stated by Newey (1990, Section

2) and Bolthausen et al. (2002, Section 1.2):

The semiparametric problem is at least as hard as any of the parametric

problems that it encompasses.

To understand this idea, briefly consider the simpler case of identical distributions so
that P, is a subset of the class of all joint distributions with marginal distributions

restricted to be the same. Let the true distribution of observations be

S
=1

As a thought experiment, think of P, as constituted by joint distributions of the form

n

P = R) P, (3.29)

i=1

for t € R and ¢ varying over some class of functions, G with Pt(:g%] = P for any g € G.
So, the nature can be thought of as picking a function g € G and then producing
observations from P#®". If the function g is known to the statistician, he/she could

perform maximum likelihood estimation on the parametric (sub-)model:

737(19) = {@Pt(g) cte R} ,
i=1
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to obtain ¢, an estimator of ¢ and then estimate the functional ¢ by

B = (PO (3.30)

Under certain regularity conditions, this estimator would achieve the “smallest” vari-
ance asymptotically, if g were known to the statistician. However, g and G are both
unknown. Hence, the statistician cannot perform better than the largest variance of
127(19) over g € G. The parametric sub-model that leads to this largest variance is called
the least favorable sub-model. To use this idea, one would usually take parametric
sub-models of the form (3.29) that are contained in P, and take the largest efficient
variance over g € G as the best possible variance in the semiparametric setting.

To see this idea in action, note first that the variance of ¢ (in (3.30)) asymptot-
ically should be given by the Cramer-Rao lower bound, under regularity conditions.

We recall the Cramer-Rao lower bound here with proof for completeness.

Lemma 3 (Cramer-Rao Lower Bound). If h(X) is an unbiased estimator of (P) € R
for P € {P, : 0 € ©} absolutely continuous with respect to the Lebesgue measure for
some open subset © € R¥, then under conditions allowing interchange of derivative

and integral

Varp, (h(X)) = M.
E[,(x)]
Here
W' (Py,) = dl/)ag;)@) ‘9:90 and égo (x) = dilelog dPG(x)‘gz(;O-

The function Cg,(z) is called the likelihood score.

Proof. From the hypothesis of unbiasedness, we obtain

fh(m)dpg(x) _ (P, forall feoO.
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Now differentiating with respect to 6, it follows that

f ()l ()0 Py () = ' (Pay).

Equivalently, this can be written as
) /
Covr, (h(X), 60,(X)) = ¥/(Pay).

Using Cauchy-Schwarz inequality, we get

[v' (P, )]”

Varp, (X)) > - 0]

proving the result. O]

Now getting back to the semiparametric problem with independent but possibly

non-identically distributed observations, consider the parametric sub-model,

n

[ [ et 9K (tgi(z))dPi(z), teR,

i=1

U
3
2
&
<
—
N
N
S
~—
I

where g;(+), 1 < i < n represent any set of n functions satisfying § ¢g;(2)dP;(z) = 0 and

§ g?(z)dP;(z) < co. Here the function K(-) is given by
K(u) = 2(1 + exp(—2u))™!,
and c(t, g;) is a positive normalizing constant. Since

c(t, g;) JK(tgi(z))dPi(z) =1 forall teR,
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it follows that ¢(0, g;) = 1. See example 1.12 on page 346 of Bolthausen et al. (2002).

Differentiating with respect to ¢t and taking ¢t = 0 proves

d
CI(ngi) = %c(tagi)‘t:() = 0.

Therefore, the “likelihood score” term is given by

and
Z f gi(z)dPy(z) = 0.

By independence of observations,

E (Zn: gi(Zi)> = ZHJ]E |97 (Z)] -

(3.31)

To find the semiparametric lower bound, all we need to find is the “derivative” of the

functional. For our purposes, all the functionals we work with are of the form given

in example 2 above, that is

¢ (P®") := argmin 1 i E[p(Z;,0)] .

geRk TV T

We deal with the case k = 1 and the general case follows by taking linear combinations

of the functional. Assume that p(-, ) is twice differentiable with respect to the second

argument and let

U(z0) = 2

prid 0

67

2,0) and W(z,0):= 1\11(2,9).



Using this differentiability, it follows that for all P®",

Zn] J‘I’ (209 (P®")) dPi(z) = 0.

%1/) ( ..... gn ) (ZE [ (Zi, P®”))]> E [an U(Z;, 9 (P®"))gi(Z:)

=1

(3.32)

Here

o= (e[ o )] ) W (o) - 2poca (o)

and the properties ¢(0,¢;) = 1,¢(0,¢9;) = 0,K(0) = 1, K'(0) = 1 are used. The
function ﬁpi (+) is called the “efficient influence function” for the iid case. Substituting
(3.31) and (3.32) in the Cramer-Rao lower bound (Lemma 3) and maximizing with

respect to all g;, 1 < i < n with finite second moment implies

sup ‘ (Zn: E [93(&)]) <Zn: E [&PK&')%(@)]) =E [Zn: QzIQD (Z

(gi)1<ign:
E(g:(Z:))=0,E(g?(Z;)) <0

This maximum is attained for g;(z) = ¥p.(2z). By a semiparametric extension of

regular estimator, this implies that any regular efficient estimator 7,, must have an
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asymptotic linear representation given by

n

Vi (T, = (P2")) = vn 3 §r(Z) + 0,(1).

=1

Note that E[¢p,(Z;)] = 0 and Var(¢p,(Z;)) < co. By an application of Lindeberg-
Feller theorem, it follows that T, under suitable normalization has an asymptotic

normal distribution under the Lindeberg condition.

3.A.1 Application to Linear Regression

For the case of linear regression, Z; = (X;,Y;) and p(z,0) = (y — x'6)?. Therefore,
U(z,0) = —z(y—2'0) and U(z,0) = —za'.

Hence, any efficient regular estimator 7,, of the target of estimator (3, must have an

asymptotic linear representation given by

Vi l(T, — B,) = ﬁz (ZE [XZ-XZT]> {Xa(Y; = X B0) —E[Xi(Yi = X[ B)]} + 0,(1)

i=1 \i=1

1 Gl
= 77 2 T (X = XT8) — B[X(Y: - X))} + 0p(1)

i=1

1 n

= —= 281X (Y; = X[ Ba) + 0,(1).
Vn i=1

Realize from Equation (3.28) that the least squares linear regression estimator Bn
satisfies the linear representation and so the least squares estimator is a semiparamet-

rically efficient estimator of /3,,. Similar calculations holds for M-estimators obtained

from generalized linear models.

End of Chapter 3.
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Abstract: Construction of valid statistical inference for estimators based on data-driven
selection has received a lot of attention in the recent times. Berk et al. (2013) is possibly

the first work to provide valid inference for Gaussian hom

edastic linear regression with

fixed covariates under arbitrary covariate/variable selection. The setting is unrealistic and

is extended by Bachoc et al. (2016) by relaxing the distributional assumptions. A major

drawback of the aforementioned works is that the construction of valid confidence regions

is computationally intensive. In this paper, we first prove that post-selection inference
is equivalent to simultaneous inference and then construct valid post-selection confidence
regions which are computationally simple. Our construction is based on deterministic in-
equalities and apply to independent as well as dependent random variables without the
requirement of correct distributional assumptions. Finally, we compare the volume of our
confidence regions with the existing ones and show that under non-stochastic covariates,
our regions are much smaller.

1. Introduction and Motivation
1.1. Motivation of the Problem

In recent times, there has been a crisis in the sciences because too many research results are

found to lack replicability and reproducibility. Some of this crisis has been attributed to a failure

arXiv:1806.04119v1 [stat.ME] 11 Jun 2018

of statistical methods to account for data-dependent exploration and modeling that precedes
statistical inference. Data-dependent actions such as selection of subsets of cases, of covariates,
of responses, of transformations and of model types has been aptly named “researcher degrees of
freedom” (Simmons et al., 2011), and these may well be a significant contributing factor in the
current crisis. Classical statistics does not account for them because it is built on a framework
where all modeling decisions are to be made independently of the data on which inference is to
be based. But if the data are in fact used to this end prior to statistical inference, then such
inference loses its justifications and the ensuing validity conferred on it by classical theories. It

is therefore critical that the theory of statistical inference be brought up to date to account for
1

Figure 3.1: The following chapter is based on Kuchibhotla et al. (2020)
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Chapter 4

Post-selection Inference in Linear

Regression

In this chapter, we solve (in multiple ways) the problem of post-selection inference

L. All these solutions are provided under the assumption-lean

for linear regression
framework introduced in Chapter 3. As shown in Chapter 2, there has been a rich
literature about post-selection inference arising from various types of selection. This
chapter only focuses on a particular type of selection, namely, variable selection in lin-
ear regression. Relevant literature on this type of selection is reviewed at appropriate
parts of this chapter. The structure of the objective function in linear regression al-
lows for a special construction of confidence regions for valid post-selection inference.
At present, it is not clear if this construction lends itself for general M-estimation
settings. The main focus of these confidence regions is not optimality in terms of
getting the smallest (or near smallest) volume confidence regions but validity and

quick computation.

The setting or framework of Chapter 3 allows for p (the total number of covariates)

IThis Chapter is based on Kuchibhotla et al. (2020)
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changing with n as can be seen from the multivariate Berry-Esseen bounds. However,
p has to diverging (if at all) at a rate much slower than n for the asymptotics there
to work. As is the current focus of high-dimensional statistics literature, variable
selection is mostly related to the cases where p is larger than n and diverging much
faster than n. In this chapter, the results are presented with this ideology in the
background.

The remaining chapter is organized as follows. Section 4.1 provides the required
notation for formulating the valid post model-selection inference problem on a rig-
orous footing. In Section 4.2, the problem of post-selection inference is shown to be
equivalent to the problem of simultaneous inference. The first approach (or strat-
egy) for valid post-selection inference is presented in Section 4.3 along with its main
features. Section 4.4 describes an implementation method based on the multiplier
bootstrap. A simple generalization to linear regression-type problems is presented in
Section 4.5. Section 4.6 presents an interesting connection between the post-selection
confidence regions to the estimators proposed in the high-dimensional linear regression
literature. Finally, in Section 4.7, we discuss various advantages and disadvantages
of the approach presented in this chapter.

Many of the proofs are deferred to Appendices 4.A, 4.B and 4.C. Most of the
chapter is based on the unified framework developed in Chapter 3, although com-
ments about applicability with dependent random vectors are given at appropriate
places. Appendix 4.D provides the theoretical background and some new results
related to high-dimensional central limit theorem and consistency of multiplier boot-
strap. These results are required for computation of joint quantiles for the confidence
regions discussed. Appendix 4.E describes a specific dependence structure where
the computation of required quantiles is not very much different from that of the

independent setting.
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4.1 Notation and Problem Formulation

Let (X;",Y;)T € RP xR, 1 < i < n represent a sample of n observations. The covariate
vectors X; are column vectors. In case p varies with n, this should be interpreted as
a triangular array. Throughout, the term “model” is used to specify the subset of
covariates present in the regression. We do not assume a linear model (in any sense)
to be true anywhere for any choice of covariates in this or in the subsequent sections.
This is in accordance with the assumption-lean framework of Chapter 3.

For any vector v € Ri(qg > 1) and 1 < j < ¢, v(j) denotes the j-th coordinate of
v. For any non-empty model M given by a subset of {1,2,...,q}, v(M) denotes a
sub-vector of v with indices in M. The notation |M| is used to denote the cardinality
of M. For instance, if M = {2,4} and ¢ = 4, then v(M) = (v(2),v(4)). If M = {j}
is a singleton then v(j) is used instead of v({j}). For any non-empty model M <
{1,2,...,q} and any symmetric matrix A € R?*? let A(M) denote the sub-matrix of
A with indices in M x M and for 1 < j, k < q, let A(j, k) denotes the value at the j-th

row and the k-th column of A. Define the r-norm of a vector v € R? for 1 < r < o0 as

1<j<q

q 1/r
v, = (Z |v(j)|’"> , for 1<r<o, and [v], = max |v(j)|
j=1

Let ||v||, denote the number of non-zero entries in v (note this is not a norm). For any
matrix A, let Apin(A) denote the minimum eigenvalue of A. Also, let the elementwise

maximum and the operator norm be defined, respectively, as

All = A(g Al = Adll, .
Al 1gg§q| (U, k), and [|A]],, ||Si21“ 4[5

The following inequalities will be used throughout without any special mention. For
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any matrix A € R?*? and u, v € RY,

1/2
loll, < ollg [olly s Av]l, < ANl llolly, and  |uT Av] < [|A]l, Jull, ol -

(4.1)

For any 1 < k < p, define the set of models

M) = {M s M € {1,2,....p}, 1< M| <k},

so that M(p) is the power set of {1,2,...,p} with the deletion of the empty set. The
set M (k) denotes the set of all non-empty models of size bounded by k.

Traditionally, it is common to include an intercept term when fitting the linear
regression. To avoid extra notation, we assume that all covariates under consideration
are included in the vectors X;. So, take the first coordinate of all X;’s to be 1, that
is, X;(1) =1 for all 1 < i < n, if one wants the intercept. To proceed further, assume
that the observations are independent but possibly non-identically distributed. This
is exactly the assumption-lean framework introduced in Section 3.4 of Chapter 3.
The notations [E and P are used to denote expectation and probability computed
with respect to all the randomness involved.

For any M € {1,2,...,p}, define the ordinary least squares empirical risk (or

objective) function as

R,(6; M) := %Z{Y;—XZ—T(M)@}Q, for 6eRM. (4.2)
i=1

Using this, define the expected risk (or objective) function as

R (0; M) := %i E [{Yi - XJ(M)Q}Q] , for 0eRM, (4.3)
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Define the related matrices and vectors as

- 1& ~ 1 &
S, ==Y X; X[ e RP*P, d I',:==) X;Y,eRP
nz ; € an nz €

i=1 i=1

1 ¢ y IS
anzﬁ;E[XiX;]eRp P and T, ::EZE[Xm]eRp.

=1

All the solutions for post-selection inference to be discussed in the forthcoming sec-
tions depend on two error norms related to these matrices and vectors. Define the

estimation errors of ¥, and I',, as:

Dl = ‘ BT = sup [[Tn(ar) - Fn(M)H ,

0 MeM(1) 0 (4'4)
DL = Hzn —nl = swp [[San) - En(M)H .

0 MeM(2) o

Recall the notation X, (M) and T',,(M) as sub-matrix and sub-vector of ¥, and I',,,
respectively. Finally, define the least squares estimator and the corresponding target

for model M as

@L,M .= argmin R, (0; M), and B = argmin R,,(0; M), (4.5)
feRIM| 9eR /M|

for all M < {1,2,...,p}. Observe that En,M and B, are vectors in RM|. They are
not sub-vectors of any fixed vector in RP. This is the reason we specifically write
M as a subscript and not in parenthesis. See Section 3.1 of Berk et al. (2013) for a

related discussion.

Remark 4.1.1 Note that the objective functions R,(6; M) and R, (6; M) defined
in (4.2) and (4.3) are convex quadratic functions of § € R™! and so the minimizers
always exist. Under the assumption of strict positive definiteness of ¥, (or just

Yo (M)), R,(0; M) is strictly convex and implies a unique minimizer, (3, . This
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uniqueness does not require any specific relation between model size |M| and the
sample size n. In other words, £, s is well-defined even if |M| > n as long as X,,(M)
is non-singular. However, Bn wm can only be well-defined for the case |M| < n since
53,(M) has rank at most min{|M|, n}. o

As shown in Chapter 3, under very mild assumptions, Bn M — Bn.m converges to
zero as n tends to infinity for any fixed, non-random model M. In view of this fact,
Bm M is estimating (3, ar. So, B, is the target of estimation when using Bn m- Also,

for a fixed M, En u has an asymptotic normal distribution, i.e.,

n1/2 <Bn,M - ﬁn,M) £> N|M\ (07 AVM) 5

for some positive definite matrix AV}, that depends on M and some moments of
(X,Y). See the linear representation (3.28) of Chapter 3. The notation % denotes
the convergence in law (or distribution) and N (0, AVys) denotes the multivari-
ate normal distribution on RI™! with mean zero and covariance matrix AV,;. This
asymptotic normality allows for a construction of a (1 — a)-confidence region 7%"7 M
such that

liminf P (@;M € ﬁnM) =>1—aq,

n—o0

for any fixed « € [0, 1]. This implies that for any two fixed, non-random models M,
and Mo,
liminf inf P (B e Roy) =10 (4.6)

n—awo ME{Ml,MQ}

Suppose now the data is used to select between the models M; and Ms by
some criterion formal or otherwise. Let the final model (which is now random)

be denoted by M. About this random model, the only available information is
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P (M\e {Ml,Mz}) = 1. Observe that

P (ﬁn,ﬁ € ﬁﬁ) =P (ﬁli € 7€M1

M\=M1>IP’(]/\/[\=M1)

+P (5n,M2 € 7A3M2

M = MQ) P (1\7 - MQ) . (4.7)

There are a few comments to be made from this equation.

e Even after choosing a random model M , the target of linear regression estimator
En 77 18 B, i, since this is what happens if M is degenerate on a particular model.
This fact requires a proof as shown in Lemma 4 and Lemma 5. It is crucial to

recognize that 3 7 is a random quantity for a random model M.

e Having a guarantee as stated in the confidence bound (4.6) does not imply any-
thing (in general) about the conditional probabilities in Equation (4.7) unless
M does not depend on the data. Note that if M is chosen independently of the
data used to construct ﬁn, u then the conditional probabilities in (4.7) become
the marginal probabilities and so valid post-selection inference is obtained. The
recent paper Rinaldo et al. (2016) uses sample splitting as a method of infer-
ence after model-selection. One important disadvantage of sample splitting is
its inability to extend to dependent observations even though for independent
observations it gives very general and powerful results. For more comments, see

section 7 of Rinaldo et al. (2016).

e The conditional inference put forward by Lee et al. (2016), Tibshirani et al.
(2016) and Tian et al. (2016) among others tries to bound the conditional
probabilities on the right hand side of (4.7) for some fixed method of choosing M.
Berk et al. (2013) lower bounds the left hand side of (4.7) under the assumption

of fixed covariates and homoscedastic Gaussian errors for arbitrary method of
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choosing M. See Chapter 2 for more details on both these approaches.

The problem of valid post model-selection inference is to construct the set of
confidence regions {ﬁn v 2 M e M} for some fixed (non-random) set of models M
such that for any random model M (possibly) depending on the same data satisfying
P (]\7 € /\/l) -1,

liminf P (5, 5 e R, 5) >1-0 (4.8)

n—aco

Throughout the chapter, a € [0, 1] is fixed and the confidence regions 7%,1 m do depend
on «. The guarantee (4.8) requires the confidence asymptotically since we believe that
no finite sample confidence statements can be made without significantly loading the

assumptions. The following remarks make the understanding of setting clearer.

A~

Remark 4.1.2 If a sequence of confidence regions R, s that satisfy (4.8) can
be constructed, then we are equipped to perform valid post-selection inference since
by duality of confidence regions and hypothesis testing, one can also formally test

hypothesis related to the randomly chosen model M. o

Remark 4.1.3 Comparing confidence statement (4.8) and (4.6), we note a major
difference that in (4.8), we are trying to cover a random parameter with a random
confidence region while in (4.6), we are trying to cover a fixed (non-random) parameter
with a random confidence region. Often it is useful to have infimum over a class of
data-generating distributions before the probability in (4.8) which is referred to as
honest confidence in Rinaldo et al. (2016), that is,

liminf inf P(8,5eR, 5)>1-a

n— POnep,

for some class of probability distributions P, as in Section 3.A. This “honesty” holds

for our results too, however, we do not stress on this further. o
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Remark 4.1.4 In order for the results stated in the following sections to be valid,
one should not look at the dataset to decide whether or not to include some covariate
in model-selection or if some models can be included in M. For example one should
not do the following. Let the sample of observations be {(Y;, X;(1), X;(2)) : 1 <i <
n}. Choose by any method some model M from the set of models {{1},{2}, {1, 2}}.
Now make a residual plot and, say, the residuals seem correlated with the covariates
in M. So, add the quadratic terms for covariates in M. This gives 2|M\ | covariates in
total. Then perform another model selection with all possible combinations of 2|]T4\ |
new covariates. Continue until the residual plot “looks good enough”. This procedure
does not have a fixed value of p and a fixed set M in our notation. This scenario is
possible when trying to fit a polynomial regression where the data analyst goes on
adding higher powers until satisfied with the residual plot. This comment also helps
clarify why one cannot consider M to be the set of models generated by the LASSO
path because the models that constitute the LASSO path are data-dependent. See

Bellec (2016) for a possible way to solve this problem. o

4.2 Equivalence of Post-selection and Simultane-

ous Inference

The first step towards achieving the goal of constructing a set of confidence regions
{7%” M2 M e M} satisfying (4.8) is to convert the post-selection inference problem
into a simultaneous inference problem. This conversion is provided in Theorem 3 and
this (one of the implications) is also the basis of the method in Berk et al. (2013).
The following theorem is proved finite sample and the version with liminf follows

readily from this result.

Theorem 3. For any set of confidence regions {ﬁnM : M e M} and o € [0,1], the
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following two statements are equivalent:

1. the post-selection inference problem is solved, that is,

P(8,7eR,m) =10,

for all random models MeM depending on the data.

2. the simultaneous inference problem is solved, that is,

p< N {ﬁn,Meﬁn,MD olea

MeM

Proof. (2)=(1): Define for every M € M, the event Ay = {fnn € ﬁnM} Since

IP’(]\/Z € M) = 1, extending the equality (4.7) implies

P (Bnﬂ € Rnﬂ) =P(Ay) = >, P (»AM’ N M = M'})

= IP’({ A AM}m{M\zM’}>
M’eM MeM
=P< ﬂ AM) =P< ﬂ {ﬁn,Me,ﬁzn,M}>-
MeM MeM

Summarizing these inequalities proves (2) = (1).

(1)= (2): To prove this implication, note that
P < ﬂ {6n,M € Rn,M}) =K [1\1}151/\% ]]-{Bn,M € 7zn,M}:l )

MeM

where 1{A} denotes the indicator of event A. Now, take a random model M such
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that

Me argmin 1{f, s € ﬁn,M} = 1U{f, € 7%” 7= min I{f,y € ﬁnM}
MeM ) ) MeM

Taking expectation on both sides of this equality proves (1) = (2). O]

Remark 4.2.1 Theorem 3 is very useful not just in providing pathways to solving
the post-selection inference problem but also in showing some interesting infeasibility
results. For instance, in the examples mentioned in Chapter 1, we have shown that
the practice of statistics is free flowing where the previously obtained information
is used to guide further exploration. Instead of solving the PoSI problem with a
fixed universe M as in Theorem 3, one might be interested in solving the problem

with increasing universes. More precisely, one might define the sequence of universes

{My, k =1} where

k
My = U{M Mc{1,2,...,p}%}.
s=1

This means that M contains all subsets of covariates obtained through interactions
of order at most k of the initial set of variables. The intended methodology is that the
analyst explores the data with the initial set of variables. If the initial covariates seem
insufficient to explain the data, the analyst will the consider pairwise interactions of
these covariates and continues to explore the data. This process continues until the
analyst is satisfied with the goodness of fit. Essentially, the analyst picks a model M
in the universe M; where k > 1 is itself based on the data. The inference problem

becomes

P(ﬂnﬁeﬁnﬂ) =1—a,
for all random models M in all random universes M;. Now applying Theorem 3
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yields that we need confidence regions such that

P (ﬂ ﬂ {5n,M€7/—\;,n,M}> =1—a.

k=1 MeM;

Because k is obtained in a complicated fashion, there is no apparent gain from the
structure of universes. One can, however, see the structure of universes as hierarchy
and use them in the way of constructing simultaneous confidence regions. (Intuitively,
think of Bonferroni as giving o/| M|, ..., a/| M| for each model M € M but now with
hierarchy use aq, ..., ay that are decreasing and add up to «.)

If the sequence of universes is complicated and big enough, then it is inevitable
that some of the confidence regions have to be the whole parameter space to satisfy

the simultaneity guarantee. o

Remark 4.2.2 Note that in view of Theorem 3 valid post-selection inference is
inherently a high-dimensional problem in the sense that the number of parameters
we want to estimate and infer about is in general much larger than the sample size
available. For illustration, consider the “not-so-bad” usual regression setting where
there are p = 10 covariates and n = 500 observations. There are 50 observations
per parameter in the full model which is considered a fixed-dimensional problem.
Now, for the post-selection inference problem with all non-empty sub-models, there
are 2P — 1 = 1023 vector parameters of varying dimensions. So, there are p2P=! =
5120 many parameters from 500 observations which falls into the high-dimensional
category. o

Theorem 3 shows that in order to achieve the goal (4.8) of valid post-selection
inference, it is enough and necessary to construct a set of confidence regions 7%”, M

such that

lim inf P < N {@n,M e ﬁn,M}> >1-a. (4.9)

MeM
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All of our solutions for post-selection inference problem in this chapter and the fol-
lowing are solved based on (4.9). Note that the equivalence proved in Theorem 3 has

nothing to do with linear regression and is true for any set of targets {3, » : M € M}.

4.3 First Approach for Post-Selection Inference

Now that we are equipped with the required notation, we proceed to construct con-
fidence regions 7%” u for linear regression. Recall from Equation (3.12) of Chapter 3

that the least squares estimator and target given in (4.5) can be written as

Bn,M = arg min {QTZAJR(M)Q — 29Tfn(M)} , and,
e (4.10)

B = argmin {0, (M) — 20", (M)}.
feRIM|

Define the confidence regions

~

Roas = {0 e R | S,00) {Burs — 0} < @)+ CE @0l }, (411)

B”’Mul} (412)

~

LA {9 e RIMI . H‘Zn(M) {/@n,M . G}Hw < CF () + CZ () \

for every M € M(p), where C], (o) and C3; (a) are bivariate joint quantiles of D},

and D3, that is,
P (Dfn < C’lpn(a) and DQEn < C’zxn(oz)) >1-—oa. (4.13)

The constants C, («) and C3 («), of course, depend on the true distribution of the
observations and the number of full set of covariates p. These dependencies are
suppressed throughout. It is important to realize that these constants are not unique
and any choice that satisfies the probability guarantee is allowed. These constants

are not known and should be estimated from the data. A bootstrap procedure to

83



estimate these bivariate quantiles is described in Section 4.4. The estimation errors
Di, and Dy, converge by the law of large numbers to zero as n — oo under mild
conditions. Therefore, C} () and C% («) converge to zero as n — oo.

The following two theorems prove validity (4.9) with the confidence regions 7%”7 M
and 7%; u given above for the set of models M(p) and M(k) (for some k < p),

respectively.

Theorem 4. The set of confidence regions {ﬁnM . M e M(p)} defined in (4.11)

satisfies

P ﬂ {Bn,MEfén,M} = 1—0(, (414)
MeM(p)

Furthermore, for any random model M with IP’(M\ e M(p)) =1,

P (ﬁn,ﬁ/l\ € anw\) =21—-a.

Proof. The proof is surprisingly elementary and involves simple manipulation of the
estimating equations. From the definitions of the estimator and target Bn My Bo

given in (4.10), these vectors satisfy the equations

S0 (M)Bons —T(M) =0, forall M e M(p), (4.15)

Yo (M)Bpr —Tp(M) =0, forall Me M(p). (4.16)
Adding and subtracting (3, »s from Bn M in equation (4.15) implies

S, (M) {Bn,M . ﬁn,M} — T (M) = S, (M)Byar forall Me M(p).
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Subtracting Equation (4.16) from this equation leads to
[fn(M) - Fn(M)] - [i\]n(M) - Zn(M)] Bn,M = i\]n(]w) {Bn,M - Bn,M} ’

for all M e M(p). Taking ||-||, on both sides and using the triangle inequality,

[0 4 =], <]

Do) = TaaD)|| +|[£000) = 2a00) | B

holds for all M € M(p). By an application of the second inequality in (4.1), for all
M e M(p),

[0 R =], <]

Pu(M) =T+ [Sa(d) = ZaaD)|| 1Bl
(4.17)
Since f‘n(M) T (M), f]n(M) — ¥, (M) are sub-vector and sub-matrix of I,—T, and

in — Y, this inequality implies,

Note that all the equations and inequalities above are deterministic and hold for any

~

£(0) {Buss = Boa f||_ <]

-
o0

o ||5n,M||1 ) fOl"M € M(p)
(4.18)

sample. Changing this into a probability one statement and using the definitions of

DY and D3, in (4.4),

Pl N {500 {8 -Bun}| <DL+ D5 s} =1 @19)
MeM(p)

The definition of (C} (a),C% («)) in (4.13) proves the required result (4.14). The

second result follows by an application of Theorem 3. O

85



Remark 4.3.1 (Validity Guarantee) It is interesting to note that the guarantee
(4.14) in Theorem 4 is valid for every sample size n and any number of covariates
p. In particular, p » n and p = o can be treated without any difficulty. It is also
important to observe that $,(M) becomes singular for |M| > n and this makes the
confidence region 7A2n v infinitely wide.

The finite sample guarantee (4.14) only holds if (C} (), C3: () satisfy (4.13) for
all p,n > 1. In general, these bivariate quantiles can only be estimated consistently

in the asymptotic sense as explained in Section 4.4. o

Remark 4.3.2 (Independence of Observations) For simplicity in the discussion
above, the assumption of independence of random vectors (X;,Y;), 1 < i < n is used.
Theorem 4 holds without this assumption since no use of this assumption was made
in its proof. Validity of post-selection guarantee holds as long as C] () and C3: ()
are valid quantiles in the sense of (4.13). In light of this remark, the applicability of

Theorem 4 holds way beyond the unified framework of Chapter 3. o

Remark 4.3.3 (Restriction of Models for Selection) The validity guarantee (4.14)
in Theorem 4 implies that one can use all models in the variable selection procedure.
In this case, the confidence region ﬁn u does not depend on the set of models used in
selection procedure. It might be of practical importance to consider the post-selection
inference problem when the set of models M used in selection is different from (or
smaller than) M(p). Following the proof of Theorem 4, the transition from inequality
(4.17) to (4.18) should be changed as follows:

|£00) {Buss = Buaaf|| | < DLM) + DE(M) [Braill . forall M e M,
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where

D}, (M) 1= sup
MeM

L.(M) — Fn(M)H and D3, (M) := sup
a MeM

£.(M) — (M)

ve}

Note from definition (4.4) that as long as M contains all models of size 2, then
Di (M) = D} and D3, (M) = D3,. For the final confidence region, let CY, (a; M)
and O3 (a; M) be the bivariate quantiles of D (M) and D3, (M), that is,

P (D1,(M) < Ol (s M) and Dy (M) < Cyp(as M) = 1~ a,
and set for M € M,
Rori= {0 € R Hin(M) {Bun - G}Hw < Ch(as M) + CE(as M) 191, -

The guarantee of Theorem 4 holds true with these definitions for any non-random
set of models M. A similar remark holds for all the confidence regions defined below
and will not be repeated. o

The shape of the confidence region 7%” u is hard to visualize from the definition
(4.11) and it is also difficult to study the Lebesgue measure of this confidence region.
With a different parametrization of 7A2n M, Belloni et al. (2017) proves this confidence
region is a convex polyhedral set. See Equation (42) of the supplementary material of
Belloni et al. (2017). For these reasons, we also prove the asymptotic validity of the
confidence region 7@2 oy defined in (4.12). To state the theorem, consider the following

assumption:

(A1)(k) The estimation error Dj, in connection with 1 < k < p satisfy

k:DQEn =0, (A, (k) as n— oo,
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where

A = i (22, (M)).
n(k) Mrenj\lﬁk))‘mm( n(M))

Some comments can be helpful. This assumption is used for uniform consistency of
least squares estimator in ||-||,-norm as shown in Lemma 4. The rate of convergence
of DI to zero imply a rate constraint on k. Here too k = k, is allowed to be a
sequence depending on n. As can be expected, the dependence structure between
the random vectors (X;,Y;),1 < ¢ < n and their moments decide the rate at which
D3, converges to zero. See Lemma 5 for more details. The theorem is stated with
this high level assumption so that it is more widely applicable in particular to various
structural dependencies on observations. Note that assumption (Al)(k) allows for
the minimum eigenvalue of ¥, to converge to zero as n — oo if p = p,, changes with
n.

Before proceeding to the proof of validity of 7%2 v s valid post-selection confidence
regions, we prove uniform-in-model consistency of Bn v to Buar. See Appendix 4.A

for a detailed proof.

Lemma 4. For all k = 1 satisfying kD5, < A,(k) and for all M € M(k),

The following theorem proves the validity for RIL M-

(4.20)

ﬁn,M - 5n,MH1 <

Theorem 5. For every 1 < k < p that satisfies (A1)(k), the confidence regions

{7A€ZLM : M e M(p)} defined in (4.12) satisfies

liminf P ﬂ {ﬁnyMeﬁ;M} =>1-—a.

n—aoo
MeM(k)
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Proof. The starting point of this proof is Equation (4.19). Under assumption (A1)(k),

Lemma 4 (inequality (4.20)) implies that for all M e M(k),

1 -1 < 1
kDQn

<L ——=.

Therefore, for 1 < k < p satisfying assumption (A1)(k),

r > |3
. Dy, + Dy, 5n,MH1 _ kDa, /A(k) (1)
up — s = 0,(1).
ey | Pin + Do [1Bnna 1= (kDaw/A(k)) 7

Hence,

liminf P () {HEH(M) {Bu —Bn,M}H <DF + DI BMH b=1
n—>00 o) 1
MeM(k)
The definition of (C] (), C5 («)) in (4.13) proves the required result. O

Remark 4.3.4 (Shape of 7%; 1) 1t is easy to see that the confidence region 7%11 M
is described by 2| M| linear inequalities (with random coefficients) and is a polyhedral
set. The general shape is described as parallelepiped. The Lebesgue measure of this
confidence region is much easier to study than that of the region 7A2n v as presented

in Lemma 6 below. o

Remark 4.3.5 (Centering and Scaling) It is not difficult to see that the confidence
regions 7%” m and 7%2 s are not equivariant with respect to linear transformation of co-

variates or response. Equivariance is an important feature for practical interpretation.
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A simple way to obtain equivariance with respect to diagonal linear transformations
of the random vectors would be to use linear regression with covariates centered and
scaled to have sample mean zero and sample variance 1. Since the validity of con-
fidence regions does not require independence, as mentioned in Remark 4.E.1, this
centering and scaling based on the data will not effect the post-selection guarantee
as long as marginal means and variances are estimated consistently. This might also
have an effect on the volume of the confidence regions not in terms of rate but in
terms of constants since the intercept is not longer needed in ||3, a||;. See Section

4.7 for more details. o

Remark 4.3.6 (Case of Fixed Covariates) Since most of the post-selection infer-
ence literature as reviewed in Section 4.1 deals with the case of fixed covariates, it is
of particular interest to understand how our confidence regions behave in this case.
For fixed covariates, the distribution of X; is degenerate at the observed value X; and

hence,
1 n
o= L] - -

= 0 and so, Cy(a) = 0. Also, note that in this case

0

Therefore, D5, = Hi" —

mM=<%ixmmxﬂMQ (%ixmemo'

i=1

Hence, in case of fixed covariates,

R = Rl = {[[200) {Bur = Bune | < hie)}.

Note that under fixed covariates assumption (A1)(k) is trivially satisfied since Dy,

Thus by Theorem 4 (or 5), finite sample valid post-selection inference holds for all
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model sizes in case of fixed covariates under no model or distributional assumptions
as were required in Berk et al. (2013).

A nice feature of the methodology proposed in Berk et al. (2013) is that the
inference is tight in the sense there exists a model selection procedure such that
the post-selection confidence interval has coverage exactly 1 — a. Even though the
confidence region ﬁn,M is derived under a more general framework, this tightness

holds in this generality. This can be easily seen by noting that

n

. 1
sup ([ () B = Bu | = sup —ZXi(M)(E—E[Yz])‘
MeM(p) ©  MeM(p) |5
1 n
= sup |[— Y Xi(H)(Y; —E[Yi])| =Dt .
Kjgpn; ()( [])‘ 1

Take M = {7}, where

e argmax |1 S X,0)(v - E[Y;-])‘ .

1<jsp (1

i=1

For this random model M, the coverage of ﬁn 77 is exactly equal to (1 — «). o

Before proceeding further with the study of the confidence regions, it might be
useful to understand the rates at with D and Dj., converge to zero under some as-
sumptions on the initial random vectors (X;,Y;),1 <14 < n. As mentioned in Remark
4.E.1, the validity of post-selection coverage guarantee does not require independence
of random vectors and so, a rate result under “physical dependence” is presented in

Appendix 4.E. Set Z; = (X;',Y;)" for 1 <i < n and define

K3
n

~ 1 & 1 5
Q, = E;Zizj, and Q= — ) E[Z,Z] ]| e RETD0H,

i=1
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Observe that

max{D;,, D5} < H@n - Q,

1n>

0

The following lemma from Kuchibhotla and Chakrabortty (2018) proves a finite sam-
ple bound for the expected value of the maximum absolute value of Qn —Q,,. For this

result, set for a > 0 and any random variable W,

it e {e = 0: o, (81)] <1},

where ¢,(z) = exp(z®) — 1 for x = 0. For 0 < a < 1, |||, is not a norm but is
a quasi-norm. A random variable W satisfying ||[W]|,, < oo is called a sub-Weibull
random variable of order oo. The special cases & = 1 and a = 2 correspond to the

well-known classes of sub-exponential and sub-Gaussian random variables.

Lemma 5. Fiz n,p = 2. Suppose the random vectors Z;,1 < i < n are independent

and satisfy for some o = 0

max max || Z;(j)l,, < Knp, (4.21)

1<i<n 1<j<p+1

for some positive constant K, ,. Then

S

] < 0, {An,p\/@ + Kﬁﬁp(logplog n)2/an—1/2} ’
a0

where Cy, is a positive universal constant that grows at the rate of (1/a)"* as a | 0
and
1 n
2 _ A 4 )
AL, = L 2 Var (X;(7)X;(k)) .
Proof. See Section 4.1 of Kuchibhotla and Chakrabortty (2018). O
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The confidence regions proposed through approach 1 are simple parallelepipeds
and can be seen as linear transformations of ||-|| -norm balls. Hence, their Lebesgue
measures can be computed exactly. Since that confidence regions are valid over a
large number of models, we present a relative Lebesgue measure result uniform over
a set of models. For A € R? with ¢ > 1, let Leb(A) denote the Lebesgue measure
of A with the measure supported on R?. For convenience, we do not use different

notations for the Lebesgue measure for different ¢ > 1.

Lemma 6. For any k > 1 such that assumption (A1)(k) are satisfied, the uniform
relative Lebesqgue measure result holds:

Leb (ﬁL,M) A (k)

sup = 0,(1).
b T (@) + OB ) o i — O

Hence, it can be said that Leb(ﬁLM) = O0,(D%, + D3, ||Buml| )M uniformly for

M e M(k) if A, (k) = O(1). Moreover, additionally under the setting of Lemma 5,

|M]|
Leb (ﬁLM) =0, (\ / @) uniformly for M € M(k),

if p and n satisfy

(log p)¥*(log n)¥*~1/2 = o(n'/?). (4.22)

Proof. See Appendix 4.B for a detailed proof. n

4.4 Computation by Multiplier Bootstrap

All the confidence regions defined in the previous section (and the ones to be defined
in the forthcoming sections) depend only on the available data except for the (joint)

quantiles C], () and C5’ (). Computation or estimation of joint bivariate quantiles
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C},(a) and C3 () is the most important component of an application of approach
1 for valid post-selection inference. In this section, we apply the high-dimensional
central limit theorem and multiplier bootstrap for estimating these quantiles. We
note that either a classical bootstrap or the recently popularized method of multiplier
bootstrap works for estimating these joint quantiles in the setting described in Lemma
5. See Chernozhukov et al. (2017a) and Zhang and Cheng (2014) for a detailed
discussion. For simplicity, we will only describe the method of multiplier bootstrap
for the case of independent random vectors. The discussion here applies the central
limit theorem and multiplier bootstrap result proved in Appendix 4.D. And we refer
to Zhang and Cheng (2014) for the case of dependent settings described in Appendix
4.E.

Define vectors W; € R? for 1 < i < n containing
{X:()Yik 1 <j<p{Xi(DXi(m)}, 1 <l <m <p),

with

q=2p+ @ = O(p?).

As shown in Equation (4.38), for any t;,t2 € RT U {0}, the set
{D{n < t17D§n < t2}7
can be written as a rectangle in terms of

sW :=%ﬁiﬁ;{wi—E[m]}.

In the unified framework of linear regression, (X;,Y;) are possibly non-identically
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distributed and so, E [W;] are not all equal. Let ey, e, . .., e, be independent standard

normal random variables and define

1 n B 1 n
Sn” ﬁigle (W, —W,), where " E

Write SV (I) for the first p coordinates of S and S¢ (IT) for the remaining coor-
dinates of SW'. The following algorithm gives the pseudo-program for implementing

the multiplier bootstrap.

1. Generate N random vectors from N, (0, I,,), with I,, denoting the identity matrix

of dimension n. Let these be denoted by {e;;: 1 <i<n,1<j <N}

2. Compute the j-th replicate of SV as

.1 i |
Sn’j = ﬁizlei’j(wi_wn)v for 1 <) < N.

3. Find any two numbers (CT, CZ ) such that

1n>

S|, <Ch}=1-a

N
L Sia{ls 0l <

Here 1{A} is the indicator function of a set A.

The following theorem proves the validity of multiplier bootstrap under assumption
(4.21) of Lemma 5. Note that we only prove asymptotic conservativeness instead of
consistency which does not hold. See Remark 4.D.1 in Appendix 4.D. This inconsis-
tency can be easily understood by noting that E[W;] is replaced by the average W,

which is not a consistent estimator. Define



Theorem 6. Suppose (X;',Y;)T,1 < i < n are independent random variables satis-
fying
min min Var(W;) = B > 0,

I<i<n I<j<q

and

e s { s 1600, IV, } < K (423

1<isn

Ifn,p = 1 are such that
max {anKS’p (log p)+o* | L2 log" p, K2 logp} o(n),

then the multiplier bootstrap described above provides a conservative inference in the

sense that

fim inf (P (D}, < 0, D% < t2) — P (S ]|, <t [S2Y D], < t)2.)) 0.

n—aoo t1,t220
where Z,, .= {(X;", V)T : 1 <i<n}.

Proof. Theorems 10 and 11 (stated in Appendix 4.D) apply in the setting above since

under assumption (4.23),

1<i<n 1<j<q 1<i<n

2
e o W), , < oo o { s X, ¥l | < A2,

And the rate restriction on n and p ensure that the bounds in Theorem 10 and 11

both converge to zero. O]

By Theorem 6, the estimates (C’ln, C’an) are consistent for some quantities that

can replace the quantiles (C! («), Cs: (a)) of (DL D3 ) in (4.13).
P q 1 \&), Lo In> “'2n
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4.5 A Generalization for Linear Regression-type

Problems

A simple generalization of Theorems 4 and 5 as stated in Theorem 7 allows valid
post-selection inference in linear regression-type problems. The importance of this
generalization can be seen from Remark 4.5.1 and the discussion in Section 4.7. To
describe this generalization, consider the following setting. Let ZA];,ET*Z be two p-
dimensional matrices and f’;, I'* be two p-dimensional vectors. Consider the error
norms

i = || - 1

and DL = Hin oy

o0 0

Define for every M € M(p), the estimator and the corresponding target as

€, = arg min {QTE;(M)Q - zeTf;(M)} ,

PeRIM|

o i=argmin {0TX4 (M) — 2075 (M)}
GeRIM]

Consider for any M € M(p), the confidence regions 7%;; v and ﬁ:jM, analogues to

those before, as

Roari= {0 RV [|Sh00) (G —0) || < Clrte) + CErte) 161}

gn’MHJ'

where C]*(a) and C3*(«) are constants (or joint quantiles) that satisfy,

ee]

~

Rily = {0 e R {|S500) (&ar = 0) | < Cli@) + ()

P (Di; <Chi(e) and D3y < Cyl(a) =1-a.

Finally, let A (k) = min{ A (X5 (M)) : M € M(k)}.
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Theorem 7. The set of confidence regions {ﬁ;M . M e M(p)} satisfies

Pl {oweRinf]|z1-0
MeM(p)

and if for any 1 < k < p that satisfies kD3, = 0,(A*(k)) = 0,(1),

. . A*T .
hﬂﬂgf P ﬂ {&)M € Rn’M} =>1—oa.
MeM(k)
Proof. The proof is exactly the same as for Theorems 4 and 5. The reader just
has to realize that we did not use any structure of f]n, fn or that they are unbiased

estimators of X, [, respectively, in the proof there. ]

Remark 4.5.1 The result in Theorem 7 allows one to deal with the case of missing
data or outliers in linear regression setting. In case of missing data or when the data
is suspected of containing outliers, it might be more useful to use estimators of X,
and T, that take this concern into account. For the case of missing data/errors-in-
covariates/multiplicative noise, see Loh and Wainwright (2012, Examples 1, 2 and 3)
and references therein for estimators other than i]n and f‘n For the case of outliers
either in the classical sense or in the adversarial corruption setting, see Chen et al.
(2013). For correct usage of this theorem, it is crucial that the sub-matrix and sub-
vector of X¥ and I'}, respectively are used for sub-models. For example, if we use full
covariate imputation in case of missing data, then the sub-model estimator should be

based on a sub-matrix of this full covariate imputation. o
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4.6 Connection to High-dimensional Regression

The confidence regions 7%” m and 7%;  have a very close connection to the well-known
estimator in the high-dimensional linear regression literature called the Dantzig Se-
lector proposed by Candes and Tao (2007) and the closely related ones by Rosenbaum
and Tsybakov (2010) and Chen et al. (2013). These papers or methods are not related
to post-selection inference and were proposed under a linear model assumption. The
Dantzig selector estimates 3y € RP, using observations (X", Y;), 1 <4 < n that satisfy
Y, = XiT Bo + €; for independent and identically distributed errors ; with a mean zero
normal distribution. Candes and Tao (2007) as many others assumed fixed covariates
X;,1 <1 < n. In our notation, the Dantzig selector is defined by the optimization
problem

minimize ||f]|, subject to ||I'y, — 2,06, < An,

for some tuning parameter \, that converges to zero as n increases. To relate this to
our confidence regions 7%,: y (in (4.11)), note that for § = [y in the constraint set,
the quantity inside the norm is Zn(é — Bo) where 3 is any least squares estimator.

See also Equation (3.15) in Chapter 3. The estimator defined in Chen et al. (2013)

resembles
minimize ||5]|; subject to ||I' — X.56], < A+ 0 |15l

for some tuning parameters \, and §,, both converging to zero as n increases. This
constraint set corresponds to our confidence regions ﬁn » in Theorem 4.
The following theorem proves that there exist valid post-selection confidence re-

gions that resemble the objective functions of lasso (Tibshirani (1996)) and sqrt-lasso

(Belloni et al. (2011)). The proof is deferred to Appendix 4.C. These relations to
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high-dimensional linear regression literature poses the interesting question: “is there
a more deeper connection between post-selection inference and high-dimensional es-
timation?”. Other than the results in linear regression, we do not yet have an answer
to this interesting question.

Define for every M € M(p), the confidence regions

7\?/,]\/[ = {9 S R‘M‘ :

A~

B, + 1] + CE @)

B[+ 012}

2
)
1

RIf2(6; M) < R (B M) + €32 (a) (1 -+ 61) + C2(0) (1 + | Bur]| )

T {9 e RML: By (0; M) < BuBus M) + 405, (0) | B |, + 2050 [[Bus

7i’,M = {9 e RIMI .

Rl {9 e RV RY2(0; M) < RY?(Bonr; M) + 2012 () (1 + HBMHJ} !

where }A%n(, M) is the empirical least squares objective function defined in Equation

(4.2) and C,(«) is the (1 — a)-upper quantile of max{Dj,, D3, }.

In>

Theorem 8. For anyn = 1,p = 1, the following simultaneous inference guarantee

holds:
Pl N {Bn,M e ﬁM} >1-q, (4.24)
MeM(p)
Pl N {ﬁn,M e ﬁM} >1-aq, (4.25)
MeM(p)
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and for any 1 < k < p satisfying (A1)(k), we have

hgriloglf P ﬂ {ﬁn,M € RM} >1—aq, (4.26)
MeM(p)
liminf P ) {ﬁn,M € 7”3M} >1-a, (4.27)
n—aeo
MeM(p)

Remark 4.6.1 (Intersection of Confidence Regions) All our confidence regions
are based on deterministic inequalities as mentioned before. This implies that the
intersection of the confidence regions ﬁn M 7%11 A and 7\éM provides a valid simulta-
neous and post-selection inference. That means, for any 1 < k < p such that (Al)(k)

holds,

liminf P [ () {ﬁnﬁM AR A 7€M} >1—a. (4.28)

n—o0
MeM(k)

To prove this, let gM,@M and 51\/1 represent the confidence sets 7%,1 M, 7%;  and 7€M

with (C}, (), C3: () replaced by (Dy,

1n>

D3:.). From the proofs of Theorems 4, 5 and

8, it is clear that

lim inf P MEQ(k) {CM ~Cl A CM} ~1.
And by the definition of (C}, (), 5. (a)) (in (4.13)), the result (4.28) follows. Prov-
ably the intersection of confidence regions is smaller. By the same argument it is
possible to include the confidence regions 75,;4, 7v2M, and 7@4 in the intersection . ¢
Remark 4.6.2 (Usefulness of Lasso-based Regions) The confidence regions dis-
cussed in this section are given solely for the purpose of illustrating and making solid
the connection between post-selection inference and high-dimensional linear regres-

sion. The shape of all these confidence regions is ellipsoid and have larger volume
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than the confidence region 7%;/1 in terms of the rate. This result is not presented here
but is not difficult to prove. This rate comparison is only asymptotic and the inter-
section argument presented in Remark 4.6.1 might still be useful in finite samples.

<&

4.7 Pros and Cons of Approach 1

The confidence regions ﬁn v and 7@2 ) constitute what we call approach 1. Various
advantages and disadvantages of this approach are discussed in this section. Some of
these comments also apply to the confidence regions mentioned in Theorem 7.

The following are some of the advantages of this approach. The confidence regions
are asymptotically valid for post-selection inference. This is the first work that pro-
vides valid post-selection inference in this generality. The confidence region for any
model M depend only on the joint quantiles C}, («), C3: (o) and the least squares lin-
ear regression estimator corresponding to the model M, En M- S0, the computational
complexity of these confidence regions is no more than a multiple of the computa-
tional complexity of Bn a- Computation of C} («), C3: («) takes no more than a linear
function of p operations, as shown in Section 4.4. This computational complexity is
in sharp contrast to the valid post-selection inference method proposed by Berk et al.
(2013) or Bachoc et al. (2016) which requires essentially solving for the least squares
estimators of all the models for a confidence region with some model M. Therefore,
implementation of their procedure is NP-hard, in general. The Lebesgue measure
of the confidence regions 7%2 a converges to zero at a rate that is the minimax rate
in high-dimensional linear regression literature. So, we suspect this might be the
optimal rate here too but at present we do not have a proof or even an optimality
framework. Note that the volume of the confidence region for model M is computed

with respect to the Lebesgue on RIM!.
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There is one more advantage which might not seem like one at first glance. The
confidence region for 3, »s for a particular model does not require information on how
many models are being used for model selection. The volume of the confidence region
for 3, ar depends only on the features of the model M except for the quantiles. This
implies that the confidence regions 7@2 vy M € M(E) can often have much smaller
volumes than the ones produced using the approach of Berk et al. (2013).

There are some disadvantages and some irking factors associated with this ap-
proach. Firstly, notice that the confidence regions are not invariant under linear
transformations of the observations as briefed in Remark 4.3.5. Most methods in
high-dimensional linear regression procedures that induce sparsity also share this
feature. Even from a naive point of view, invariance under change of units for all
variables involved is crucial for interpretation. This translates to invariance under
diagonal linear transformations of the observations. Normalizing all the variables in-
volved to have a unit standard deviation is a commonly suggested method to attain

invariance under diagonal transformations. Formally, this means one should use

. (X)) = X(1) X;(p) — Xi(p) *:Y;—Y
xi- (Mg TR E) vt

in place of (X;,Y;),1 < i < n, where for 1 < j < p,

and
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This leads to the matrix and vector,
o= 1 En X*X*T and I = 1 En X'Yr
n n ~ 7 K3 Y n n ~ (] 1"

Note that the observations (X*,Y;*),1 < i < n are not independent even if we start
with independent observations (Xj;,Y;). This is one of the reasons why we did not
assume independence for Theorems 4, 5 and 7. Of course one needs to prove the rates
for the error norms D}* and D3 in this case for an application of these results. We
leave it to the reader to verify that the rates are exactly the same obtained in Lemma
5 (one needs to use a Slutsky-type argument). See Cui et al. (2016) for a similar
derivation. We conjecture that much weaker conditions than listed in Lemma 5 are
enough for those same rates, in particular, exponential moments are not required. See
van de Geer and Muro (2014, Theorem 5.3) for a result in this direction. Getting back
to invariance under arbitrary linear transformations, we do not know if it is possible
come up with a procedure that retains the computational complexity of approach 1
while satisfying this invariance. We conjecture that this is not possible and that there
is a strict trade-off between computational efficiency and affine invariance. On this
point, the general approach developed in the next chapter obeys this affine invariance
but are generally NP-hard in computation.

Another disadvantage of approach 1 is that it is mostly based on deterministic
inequalities. As the reader may have suspected, this might lead to some conservative-
ness of the method. Note that non-identical distributions of the observations already
introduces some conservativeness. The confidence regions ﬁn m and 7%; a cover B, ar
with probability (at least) 1 — « asymptotically. In particular, these confidence re-
gions provide valid post-selection inference for the full vector 3, ys instead of each of

the coordinates of 3, »s. The region 7%2 s 1s defined by a system of linear inequalities
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and hence the local inference (or inference on coordinates) for g, 1 (j),1 < j < |M]|
can be obtained by solving a linear program. However, these can be very conservative
for local inference guarantees.

We emphasize before ending this section that the main focus of approach 1 is
validity and better computational complexity not optimality. However, optimality
holds for our confidence regions as mentioned in Remark 4.3.6 for fixed covariates. It
should be understood that without validity there is no point in proving any kind of
optimality properties about the size of confidence region. Validity and optimality are

the focus of the unified approach presented in Chapter 5.

4.8 Numerical examples

In this section, we demonstrate some properties of PoSI and compare with other
confidence intervals with post-selection guarantee by Berk et al. (2013), Bachoc
et al. (2016), Tibshirani et al. (2016). We consider the following data generating

model for numerical examples.

Y, =X Bo+e, 1<i<n with B, =0, and & < N(0,1). (4.29)

The following three settings of covariates will be considered:

1. Setting A (orthogonal design): X; are chosen so that S =nt S XX, =
I,,, the identity matrix in p dimensions. The data is generated by starting with a

random matrix with iid Gaussian entries and applying Gram-Schmidt to satisfy

A~

S=1,

2. Setting B (exchangeable design): X; are such that 5= I, + al,1) with
a = —1/(p + 2), which is close to the degenerate case attained for o = —1/p.

The data is first generated as in Setting A and then multiplied by Sz,
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3. Setting C (worst-case design): X; are such that

I,_1 cl,_ 1
= ot r , where ¢ = o1
Al 1 (P=1)

Noh;

Settings A and B lead to the best rate for the “max-|t|” approach, while Setting C
leads to the worst rate. See Berk et al. (2013, Sections 6.1 and 6.2) for results in
these three settings.

Figure 4.1 shows the comparison of Approach 1 with Berk style PoSI and also
selective inference confidence intervals. We also present the projection of Approach
1 regions to a rectangle; rectangular confidence regions are most interpretable and
of course, they are bigger than the original approach 1 region. This simulation is
taken from Kuchibhotla et al. (2020, Section 9) and we refer the reader to this paper
for more details. This simulation is reproducible through https://github.com/

post-selection-inference/R.
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Figure 4.1: Comparison of “UPoSI” with “PoSI” (Berk et al., 2013) and “selective
Inference” (Tibshirani et al., 2016). Methods included are the “UPoSI” confidence
regions 7AQILM (4.12) and the projected Box regions: “UPoSIBox” regions. The first
two plots provide comparisons with the “PoSI” regions (5.16) of Berk et al. (2013).
The next four plots show comparisons with “selective Inference.” Rather than provid-
ing overall simultaneous coverage, we show simultaneous coverage for different model
sizes separately: 1 < |M| < 15 for comparison with “PoSI” and 1 < |M| < 5 for
comparison with “selective Inference.” Because the volume of a region in |M| dimen-
sions scales like C™! for some constant C, we plot log(Leb(fQih a))/|M |, which allows
comparison across different model sizes. Recall that in Setting C models fall into two
groups: those that contain the last covariate, and those that don’t. This is the reason
for showing two dots for each model size in Setting C. The size of dots indicates the
proportion of models in each group. The dashed lines in the coverage plots show the

inal confid level 0.95.
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Figure 4.2 shows the comparison of Approach 1 with sample splitting, the simplest

approach for post-selection inference.
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Figure 4.2: Comparison of coverage and volume of UPoSI with sample splitting. In
all cases the volume of our confidence regions are at least as good as sample splitting.
The latter is slightly more conservative in coverage in some cases, but not dramatically
SO.
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APPENDIX

4.A Proof of Lemma 4

Fix M € M(k) with kD, < A, (k). Observe that the least squares estimator satisfies
Bt = Buar = Ea(M)) ™ ([Ta(M) = Ta(M) | = [S0(a0) = 0 (M) | Buar )
and for all M e M(k),

in(M) - Zn(M)

< sup ‘HT (i]n - En) 9‘
o [0lo<k,
loll <1
S, — S =kD3. (4.30)

<k:‘
Q0

Thus, for all M € M(k),

An(k) = KD, < [Za(M)ll,, — kD3, < |[Sa(M)

< ||ZW(M)||op + kDQEn

op

Hence, for k satisfying kD3, < A, (k),

fn(M) - Fn(M)

| M| (DY, + D3, || Bn,uall,)

~

Now applying

ﬁn,M - Bn,MHl < |]\4|1/2

6n,M - ﬁn,M‘

)
2
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the result follows.

4.B Proof of Lemma 6

For any fixed model M, the Lebesgue measure of the confidence region is given by
ot —1 r ) A M|
Leb(R},) =[S (M)|* (Ch(e) + CE (@) ||Bu ), (4.31)

which converges to zero as n tends to infinity. Here for any matrix A € RP*P| |A]
denotes the determinant of A. This equality follows since the confidence region 7%;4

can be written as

Riy = {12010+ Bur) + 11611, < (Ch(e) + CRia) |

Bn’MHJ}'

By inequality (4.30), for all M € M(k)

20017 < (Ak) - kD5,) "

We know that CJ, («) and C3 («) converge to zero at a rate depending on the tails
of the joint distribution of (X;,Y;). The result now follows from equation (4.31) and
uniform consistency of Bn » in the ||-||;-norm as shown in Lemma 4 under (A1)(k).

To prove the second result, first note that from Lemma 5,

nmxuixaxci«w}=c>< k%p>,

n

since the second term in the expectation bound in Lemma 5 is of lower order than

the first term under the assumption (4.22) of Lemma 6. The result is now proved if

110



we prove that for all M € M(k),

3

1Bnell? < A“‘(ﬂ) (% DE [y;]) . (4.32)

By definition of 3, »s it follows that

n n

SE[V] - 3BT [XODXT ()] e =~ Y TE [ (¥ = XT (M) )’

i=1 =1

SRS

0<

Therefore, by definition of A, (k),

1 n
0 ol < (1 2071).
i—1
Now using the inequality |5, |, < A/|M]|||Bn,nl, inequality (4.32) follows.

4.C Proof of Theorem 8

Only the proof of (4.24) and (4.26) is provided and the steps to prove (4.25) and
(4.27) are sketched since the proof is similar.

It is easy to verify that for any M < M(p) and 0 € RIM

075, (M)0 — 207, (M) — 075, (M)0 + 20T, (M)| < ||0]> D3, +2|0]|, DL,. (4.33)
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Therefore, for every M € M(p),

Bn,Min(M)ﬂn,M - QBlen(M)
2

< ﬁn,Mzn(M)ﬁn,M - QBJ,MFn(M) + 2,1){71 ||6n,M||1 + DQEn ||5n,M||1

< ﬁn,Mzn(M)ﬁmM - QBJ,MFn(M) + QD{n ||ﬁn,M||1 + Dgn ||6n,M||?

< BoasSa(M)Bus = 2870y Ta(M) + 208, [ Bt | + 180l

~ 2
25, [ o[+ sl

Here the first inequality follows from inequality (4.33) with 6 = /3, a7, the second
inequality follows from the definition of 3,1 (see Equation (4.10)) and the third
inequality follows from inequality (4.33) with 6 = Bn m- Adding the sample average

of {Y:?: 1 < i< n} on both sides, we get for all M € M(p),

5n,M

| |

2 2
Bl

(4.34)

B, + el ]+ 25|

This implies the first result (4.24). To prove the second result (4.26), note that
2

D2, + 2Dy, Dy,
1

iul, 24|

D2, + 2D1, Dy, || Boual, + D2, | Bot I

~ 2
Dln + DZn ﬁMHl
= —1
Dln + DZn HﬁO,MHl
~ 2 ~
D1y, + Doy || B Diy + Doy, 5MH
< L 1 + 2 L 1 )
D1y, + Doy Hﬁo,M”l Diy, + Doy, Hﬁo,MHl

which converges to zero under assumption (Al)(k), following the proof of Theorem
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5. This implies that the error

ﬁnMH +D2n

is of smaller order than each of the terms uniformly in M € M(k). The second result
(4.26) then follows trivially by substituting the estimated parameters for the targets
in inequality (4.34) and using the definition of (C},,(a), C3: ().

To prove the results with square-root lasso based regions, note that from inequality

(4.34)

RY2(Buar; M) < RY?(Boar M) + max{D},, D5 }V2 (1 + |

BH’M Hl)

+ maX{DhNDQEn}lp (1 + Hﬂn,MHJ .

4.D High-dimensional CLT and Bootstrap Consis-

tency

Suppose W;,1 < ¢ < n are independent random vectors in R? with mean zero and
finite second moment. Let G;,1 < i < n be independent Gaussian random vectors in

R? with mean zero satisfying
E|[GG]|=E[WW,]| forall 1<i<n.

Set

Sy = \FZW and S = \FZG

113



Let A" denote the set of all rectangles in R?, that is, A" consists of all sets A of the
form

={zeR?: a(j) < 2(j) <b(y) forall 1<j<q},

for some vectors a,b € R?. Define

‘= max —Z]E W, (j (4.35)

1<j<q n “

and for ¢ > 1, set

1<]<q 1<]<q

:%i lmaX|W )|31{max|W()|>ﬁ/(4¢1ogq)}]. (4.36)

Similarly, define M, ¢(¢) with W;(j)’s replaced by G;(j)’s in (4.36) and let

Mn(¢) = Mn,W(¢) + Mn,G(¢)'

Finally, set for any class A of (Borel) sets in R,

pu(A) = sup [P (8% e A) — P (5C e A)].

AeA
To proceed further, we now present Theorem 2.1 of Chernozhukov et al. (2017a).

Theorem 9 (Theorem 2.1 of Chernozhukov et al. (2017a)). Suppose that there exists

some constant B > 0 such that

min min E[|W;(j )|2] > B.

1<igsn 1<_]<q

Then there exist constants Ky, Ko > 0 depending only on B such that for every
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constant L = Ly, g,

L21 7 1/6 Mn "
ol A7) < K, [(ﬂ) g Mnldn) | (437)
n L
with )
L?logtq\ °
n = Ko | ———— .
b = I, ( ° )

Before deriving the exact rate under the assumption (4.21) of Lemma 5, we prove
that a bound of the form (4.37) proves a central limit theorem for (DI D). Observe

that for any t1,t, € R* U {0},

{Dl, <t1, Dy, <t}
{—t2 <

The right hand side here is a rectangle in terms of the vector S!" with mean zero

~

SRS

Eﬁxﬁﬁnsmﬁmw1gj<p}ﬂ

SRS

> Gy -
an {X;(DX;(m) —E[X;()Xi(m)]} <tz forall 1 <l <m < p} .

(4.38)

vectors W; containing
(XY —E[Xi()Yi]}, 1 <J <pAXi(DXi(m) —E[Xi(DXi(m)]}, 1 <T<m <p).

Note that W;’s are vectors in R? with

plp—1)
5

q=2p+

Getting back to the central limit theorem under assumption (4.21), we need to

bound M,,(¢). The following is a generalization (in terms of the tail assumption) of
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Lemma C.1 of Chernozhukov et al. (2017a).

Lemma 7. Let £ be a nonnegative random variable such that for some constants

AB>0and0<a <3,

«

P(¢>z) < Aexp (—%) forall x>=0.

Then for every t = (6/a)Y*B,

E[£1L{¢ = t}] < (2 :; O‘) At® exp (—é—i) :

Proof. Observe that

E[£1{¢ > t}] =3 t]P(g>t)x2dx+3rp(§>x)x2dx

0
0

=P(§>t)t3+i’>f P (¢ > x) 2dw.

t

It is easy to derive that

Jw xz . pe i BS 3 to
X - —_ _ —
; P\ 7 Ba a a’ Be )’

for the upper incomplete gamma function

['(a,z) = JOO exp(—z)z® 'dx.

z

Now using equation (1.5) of Borwein and Chan (2009), it follows that
” o 2B3 [ o\ 215
f x* exp (—é—) der < — ( ) exp (—t*/B*) < — exp (—t“/B?),
t “ o

a \ B~
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if
t=2Y(3/a —1)"/*B.

Therefore,

E[&1{¢=t}] < A [1 + g] t* exp (-5) :

Using Theorem 9 and Lemma 7, we prove the following theorem under assumption

(4.21). Recall the definition of L, , from (4.35).

Theorem 10. Suppose that the mean zero random wvectors Wi, 1 < i <

satisfying for some 3, B > 0,

min min E [WZQ(])] > B,

1<j<p l<isn

max max ||Wz(])||¢6 < Ky,

1<i<n 1<j<q

and if

1 n 1/3
> 2P 10g!P g + (12/8)"°
o (Lwlogq) 0" g + (12/8)

then there exist constants Ky, depending only on B and Cg depending only on B, 3

such that

n

1/6
L2 log” K% 1o
2 log Q> + o, Fnalosg,
n

pn (A7) < K, (

Proof. Set

nly,

1/6
P v _ el
"N L2 loglyg dpologq  4KylogPq 4K,

n7q
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Under assumption(4.40), it follows that
P <max (W, ()| = 2YP K, ;77 4 2YP K, ,log"? q) < 2exp (—t). (4.42)

1<j<q

Define
A = 2_1/BKT:; <1r£1a<x (Wi(5)| — 2P K, 4 log'/? q) with  (z); = max{x, 0}.
’ KJ<q +
By an application of the tail bound (4.42), for all 1 <i < n,

P(A; = t) < 2exp (—t°) forall ¢=0.

To bound M, w(¢,), note that under assumption (4.41)

1< 3 .
<o 2B (o )" 1 { o W01 = Viftao oz ||
1 ¢ 3
<-2E [(logl/ﬁ g+ A) A = 0 BLY (VS Ky log q)}]
i=1

3
< |8 log3/ﬂ q+ 24+ 40 M lng exp | — nﬁ/3Lg{q
< ﬁ 29+3/'8K73L,qK§ log q 21+3BK7§,(1K§ 10g6/3 q
_ (24 + 56) nln g Ll
< exp | — :
3 200383 K3 logq P U381 (K) log’ ¢

Following the same argument for M, ¢(¢,) and noting that G; satisfy assumption

(4.40) with 8 = 2, we obtain

17nL Ly
2—3/2K—3Mn ; < n,q ex _ n,q .
ng ,G(¢ ) 29+&Ql(2gl(§log(] p 27](3ﬂ]{§10g2ﬂ3q
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Therefore, for all n,q > 1 satisfying (4.40),

24 +5 L, BB L
Mn(¢n) < ( - ﬁ) n 4 exp < " 4

28 K3logq _21+3ﬁK5,qK§ log?? ¢
17n L., n2/3LY3
+ 2931 S eXp | — 7102 102 1ng2/3 ’
2 1084 2TK; K5log™ q

and

n7q

M, (n) < (24 + 5B) n < nﬁ/?’LQ{j’ >

L 298 K3logq “PAT 21438 K KD 10" ¢

17n n2/3Li/2
+———exp | — : ,
29K3 log q P 2"K?2 K3 log?? ¢

Substituting these bounds in the bound (4.37), we get

1/6
L2 log” 2445 K B3 Lal3
pn (A") < K, (—”’q 8 q) +( - 6) L exp - .

e R
n 208 ) K3logq 21438 P KB 10g? ¢
17nK, n2/3LY3
- 29K 3] XP\ o2 2123 :
5 logq 2TK; K5log” g

By a direct calculation, it is easy to derive that for vy, 5 > 0,
"t exp(—z/va) < vyt exp(—uy). (4.43)

Using inequality (4.43) with

nLy o 143
n,g-*2
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implies

nk, exp | — n5/3L£,/§ < KS,qKSKl log ¢ (2) o9 918
K3logq 21+35K£,qK25 log?? ¢ nL? , ep

Substituting this bound along with its analogue for g = 2, we obtain

1/6
L; 4 log’ 24 12\%% K¢ K3K,1
pn (A") < Ky Tna 08 4 +< +5ﬁ>29(_> n.g 2210gq
n B el nl?,
217K, K3 K log g

+
nL%yq

Under the lower bound assumption on the variance of W;(j), it follows that
Ly, = B2

Thus, the result follows by replacing the constant for the last two terms by Cjs (a

constant depending only on £ and B). O

4.D.1 Bootstrap Consistency

In this sub-section, we consider the consistency of multiplier bootstrap based on Sec-
tion 4.1 of Chernozhukov et al. (2017a). It is also possible to consider the empirical
bootstrap in high-dimensions and prove its consistency based on the proof of Propo-
sition 4.3 of Chernozhukov et al. (2017a). We do not prove it here as the proof
techniques are the same.

Let eq,eq,...,¢e, be a sequence of independent standard normal random variables

independent of W, := {Wy,..., W, }. Set

W, = %gVVieRq,
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and consider the normalized sum

v _ L\
5¢ .—\/ﬁ;ez(W

Note that
eW ~ l 3 _ T _w)! q
Sy ‘Wn N (0, ”Z-El (WZ Wn) (Wz Wn) ) e RY.

To prove consistency of multiplier bootstrap, we bound a quantity similar to p,, (A"),
defined as
Barey:= sup [P (S5 € AW,) —P(5¢ € 4)|.

AeAre

Define

) (W; — Wn)T — —ZVar (W3)

n «

W2

n

{(ww," —E[wW,W;]} - W, W,

21 :

3IH

0

Based on Theorem 4.1 and Remark 4.1 of Chernozhukov et al. (2017a), we prove the

following theorem under assumption (4.40).

Theorem 11. If W;,1 < i < n are independent mean zero random vectors, then
under assumptions (4.39) and (4.40),

2
413 log q 1/6 LR (log glogn)3s

E [pyB («4’"8)] < Clog™*q

for some constant C' depending only on B, B. Here

A, 4= max Z Var (W, (m)) .

1<IiSm<q N “
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Proof. As proved in Remark 4.1 of Chernozhukov et al. (2017a), we have
( Are) A1/3 log q.
So, to prove the result, all we need is to prove

1/3
f 1
E[A] < My [An,qF+ K (logqlog n)wnll :

for some constant Mg. Observe that

1/3

0 LA

1
A<

%Z (w,w, —E[w,w,"]}
=1

0

The bound on the expectation of the first term on the right hand side follows readily
from Lemma 5. The bound on the expectation of the second term follows from
Remark 4.2 of Kuchibhotla and Chakrabortty (2018) and can be seen to be smaller

order than the bound on the expectation of the first term. O

Remark 4.D.1 (Inconsistency under unknown unequal means) Section 3.5 of
Chapter 3 proved the inconsistency of bootstrap when the expectations are un-
known /different (or more generally non-identically distributed). The same com-
ment applies to the high-dimensional multiplier bootstrap. When E [W;] = 0 for
all 1 <7 < n, then the second equality in the definition of A, , is true and converges
to zero as n — co. In general, if E[W;] # 0 but E [W,] = 0, then the second equality
of A, 4 should actually read

A, =

n,q

%ZH:{WZW;F —E[VVz‘WiT]} — W, W, + %iE[Wz]E[WJ]

i=1 i=1

0
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The difference

§|H
Ingb

I
—

E[W]E([W/]]|| ,

e

? 0

does not converge to zero unless all the expectations are the same. So, A, , does not

converge to zero. However,

%Z T—%i E[(W,—E[W,]) (W ~E[W.])"]

does converge to zero as n — o and

zl'—

%ﬁ;w i B[~ E[W.]) (W ~E[W,])'].

Hence again by Anderson’s Lemma multiplier bootstrap provides an asymptotically
conservative inference, in general. Observe that the sets in (4.38) are centrally convex

symmetric sets and so, Anderson’s Lemma applies. o

4.E Bounds on |, — Q,]. under Dependence

In this section, we derive rate of convergence of |, — Qn[ s under dependence. We
first describe some classical notions of dependence that include well-known dependent
processes as special cases. The description is essentially taken from 7. Let {&; : t € Z}
be a stochastic process on some measure space. Let F,,, (for m < n) be the o-field
generated by {& : m < i < n} with possibility of m = —oo and n = oo included.

Define

a(j) :=supsup {|P(An B) —P(A)P(B)|: A€ F_wj, BE Frijm}

keZ

é(j) = iug sup {|P(B|A) —P(B)|: Ae F_wj, B € Fitjoo, P(A) > 0}.
€
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If a(j) (or correspondingly ¢(j)) converges to zero as j approaches infinity then the
process {& : t € Z} is called a-mixing (or correspondingly ¢-mixing). It is clearly

seen that every ¢-mixing process is a-mixing since for any event A with P(A) > 0,

P(An B)-PA)PB)| <P(A)P(B|A) —P(B)|.

A process {& : t € Z} is said to be m-dependent if a(j) = 0 for all j = m. Evidently,
m-dependent processes for any m are ¢-mixing and so a-mixing too. One very useful
feature of a-mixing processes is that measurable functions of finitely many elements
of the process themselves a-mixing.

The dependence notion used in this section and the thesis is the one called func-
tional dependence introduced by Wu (2005). It is possible to derive the results under
the classical dependence notions like a-,p- mixing too, however, verifying the mixing
assumptions can often be hard and many well-known processes do not satisfy them.
See Wu (2005) for more details. It has also been shown that many econometric
time series can be studied under the notion of functional dependence; see Wu and
Mielniczuk (2010), Liu et al. (2013) and Wu and Wu (2016).

The dependence notion of Wu (2005) is written in terms of an input-output process
that is easy to analyze in many settings. The process is defined as follows. Let
{ei e} 1 i € Z} denote a sequence of independent and identically distributed random
variables on some measurable space (€, B). Let the g-dimensional (stochastic) process

W; has a causal representation as

VI/’L’ = Gl( e 781'71787;) € Rq7

for some vector-valued function G;(-) = (gi1(-),. .., gis(-)). By Wold representation
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theorem for stationary processes, this causal representation holds in many cases.

Define the non-decreasing filtration
E = O'(. c ,8171,82‘) .

Using this filtration, we also use the notation W; = G;(F;). To measure the strength of
dependence, define for r > 1 and 1 < j < ¢, the functional dependence measure

0
53,7",]’ = Imax HVVz(]) - VVZ’,S(j)Hrv and Am,r,j = Z 5s,r,j7

1<i<n

where

Wis(j) = gij(Fiizs) with Fi_g:=o0 ( ey Eis 1y Er oy Eitsaly -+ il 51») )
(4.44)
The o-field F;;_, represents a coupled version of F;. The quantity d,, ; measures the
dependence using the distance in terms of ||-||,-norm between g;;(F;) and g;;(F;i—s)-
In other words, it is quantifying the impact of changing input ;_, on the output
gi;(Fi); see Definition 1 of Wu (2005). The dependence adjusted norm for j-th

coordinate is given by

KW 3 = sup (m + 1) Ay pj, v =0,

mz=0

To summarize these measures for the vector-valued process, define

N2

KW, = max AW (G, and  J{WHL, , == sup eV

1<j<q
Remark 4.E.1 (Independent Sequences) Any notion of dependence should at
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least include independent random variables. It might be helpful to understand how
independent random variables fits into this framework of dependence. For indepen-

dent random vectors W;, the causal representation reduces to
Wi = Gz( .. ,51',1,51') = Gz(gz) e RY.

It is not a function of any of the previous ¢;, j < i. This implies by the definition (4.44)

that

GZ(EI) = Wl if s = 1,
Wis =

)

GZ' (E;) =W/

1)

if s =0.

Here W/ represents an independent and identically distributed copy of W;. Hence,

0, if s >1,
55,7",]' =

IWi(5) = Wi, < 2[IW:G)ll, if s = 0.

7

It is now clear that for any v > 0,

||{W}||7’V = Suj?) (m+1)"Apr = Ao, < 2 max [|[W(5)|

1<j<q T

Hence, if the independent sequence W satisfies |W;(j)/l, < Cr'/® for some C' > 0 and
for all r > 1, then [{W}],, , < oo for all v > 0, in particular for v = co. Therefore,
independence corresponds to v = o0. As v decreases to zero, the random vectors
become more and more dependent. o

Recall that

‘= max
s 1<j,k<p+1

%Z (Z:(j) Z:(k) — E[Z:(5) Z:(R)])|

i=1
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which is a maximum of (p + 1)? many averages. To prove rate of convergence for this
with p possible increasing, we need a tail bound for each average. The following result,
which is an extension of Theorem 2 of Wu and Wu (2016), provides a tail bound for
an average of mean zero functionally dependent real-valued random variables with
exponential tails. For proving these moment bounds, we need a few preliminary

results. Set ¢ = 1 and so the causal representation becomes
VVi = gz( o, Ei—1, 57;), (445)

for some real valued function g;. We write d;, = ||W; — W;||,. The following propo-
sition bounds the r-th moment of W; in terms of [[{W}][, . This is based on the

calculation shown after Equation (2.8) in Wu and Wu (2016).

Proposition 1. Consider the setting above. If E[W;] =0 for 1 <i < n, then
IWill, < [{W o < KW, forany r=1 and v >0.
Proof. Assuming E [W;] = 0 for 1 < i < n, it follows that

Wi = Z [WilFe] = B [Wil Fea])
{=—c0
and so,
i 0
Wil < Y B [WilFe] —E[Wi|Fea]], Z B [Wi = Wi o Foo] || < Y60
=0

{=—00 {=—00

The last inequality follows from Jensen’s inequality and noting that the last bound

equals Ao, it follows that ||[Wi]|. < Ao, = [{W ., - O
The following lemma provides a bound on the moments of martingales in terms
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of the moments of the martingale difference sequence. This result is an improvement

over the classical Burkholder’s inequality.

Lemma 8 (Theorem 2.1 of Rio (2009)). Let {S,, : n = 0} be a martingale sequence
with So = 0 adapted with respect to some non-decreasing filtration F,,n = 0. Let
E, = Sy — Sk—1 denote the corresponding martingale difference sequence. Then for

any p = 2,
" 1/2
2
[Snll, < 4/p—1 (Z HEka> :
k=1

We are now ready to state and prove the theorem about tail bound of sum of

functionally dependent random variables. Define the functions
s(A) == (1/2+1/A)!, and Ti()\) :=min{\, 1} for all X > 0. (4.46)

Theorem 12. Suppose Wy, ..., W, are elements of the causal process (4.45) with

mean zero. If for some a > 0, and v > 0,

W3, = sup sup P (m+1)" Ay, < 0. (4.47)
Define )
5/(v —1/2)3, ifv>1/2,
Q(v) 1= 2" X 4 2(log, n)2, ifv=1/2,
52n) 21 )(1/2 — V)3, ifv < 1/2.

Then for any p = 2,

< Vo [{IW3lly, ., CL)+Call{W 3, , (log )/ @pHTEDQ, (1), (4.48)

>,
i=1

p
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where Cy, is a constant depending only on «, C1(v) is a constants depending only on
v given by
20+/2732Y
C = V6 + —|.
1 (l/) |:\[ + 3y3 :|
Furthermore, it follows by Markov’s inequality that for all t = 0,

W,

i=1

> evin [[{Wh,, Ci(v) + Ca [{W ], , t7/1 ) (log n)1/8<“)9n(1/)> <8c .

Here C,, is different from the one in the moment bound (4.48).

Proof. Define

20 if0<l< L,

i=1 n, iff=1L

Define for m > 0,

%

W‘(m) =K [Vvi‘&“i—m, A ,61'] , and Mi’g = (W]g&) — W]ggefl)) .

1

Let
Shm = 2 Wi(m),

i=1

and consider the decomposition
L
Sp = Sno + ( Z wée — Snge o) =1+ 11+ IIL. (4.49)

We prove the moment bound (4.48) by bounding the moments of each term in the
decomposition (4.49).

Bounding I: Regarding the first term I, observe that S, ¢ is a sum of independent
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random variables W satisfying the tail assumption of Theorem 3.2 of Kuchibhotla

and Chakrabortty (2018) with 8 = a. This verification follows by noting that

HW‘(O)

| 21wl 2 W, € e NV

Inequality (a) follows from Jensen’s inequality, (b) follows from Proposition 1 and (c)

follows assumption (4.47). Hence, we get that for any p > 1,

1, =

iE[Wi\ei]

p

" 1/2
< 4/6p (ZE [Wf]> + Ca l[{W ., P (logn)"®,
i=1

for some constant C,, depending only on «. Here Jensen’s inequality is used to bound

the variance of E [Wjle;]. By Proposition 1, [|[Will, < [{W}|l,, and hence

1Snoll, < v/6pr [[{W g, + Cal{W S, , " (logn) . (4.50)

Bounding II: For the second term, note that

Sn = im = iE [Wi‘é‘i,&fi_l, .. ] = Sn,om

and hence,
0

Z nm+1 nm)

m=n

Substituting the definition of S, ,,,, we have

Sn,m-i—l - Sn,m = Z (E [Wk‘glm s 75k—m—1] —E [Wk‘glm s 75k—m]) .
k=1
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We now prove that the summands above form a martingale difference sequence with
respect to a filtration. The following construction is taken from the proof of Lemma

1 of Liu and Wu (2010). Define

Dk,m+1 =K [Wk‘gka s 7€k7m71:| —-E [Wk‘ska s 7€k7’m:| )

and the non-decreasing filtration

gk,m+1 =0 (5k7m717 Ek—m—1, - - ) .

It is easy to see that

E [Dn—k—&-l,m—&-l‘gk;—l,m-‘rl] = 0. (451)

Therefore, {(Dy—k+1.m+1, Gkmi1) © 1 < k < n} forms a martingale difference sequence.
This implies that S, ,,+1 — Spm is a martingale and hence by Lemma 8 we get for

p =2,

||Sn,m+1 nm” pZ || km+1||

To further bound the right hand side, note that for p > 2,

HDk,erIHP = HE [Wk - g( . 7€§cfm717 Ek—my - -+ 7€k‘)‘€k7 S 75k7m71:| Hp < 5m+1,p-
(4.52)

Hence, for p > 2,

HSn,erl an \/pn(strl,p?

and

HS - nn” Z ||Snm+1 nm” \/pn Z 5m+1,p \/pnAn+1,p
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Under assumption (4.47), we obtain

nd/2pl/2+1 e

LX), = [1Sh = Snnll, < [{WHly, . N

= [{W},,,, 't (4.53)

Bounding II1: To bound III, note by definition of M, , that

L n L
=33 (W - =) = 3
{=1k=1 =1

Now observe that the summands of M,, ,
Dkz,( - <Wl§fi) _ ng&_l)> ,

are &-dependent in the sense that Dy, and D, are independent if |s — k| > &. This
can be proved as follows. By definition Dy is only a function of (g, ..., ex—¢,) and by
independence of ¢, k € Z, the claim follows. Now a blocking technique can be used
to convert M, , into a sum of independent variables. See Corollary A.1 of Romano

and Wolf (2000) for a similar use. Define

Agi={28i+j:i€Z, 1<j<&},

Byi={2i+&§+j:i€Z 1<j<&}.
Consider the decomposition of M,, , as

n
Myg =Y Dy = Ang + By,

k=1
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where

Amg = Z Dlﬁg and Bmg = Z ij.

1<k<n,ke A 1<k<n, keB

We now provide moment bounds for M, , by giving moment bounds for A,, and
B, which is in turn done by separating the summands of A, , and B, to form an

independent sum. Note that

l%J &e l%J 280148
Apye = (Z D2§li+j,g> = Z ( Z (Wk(;gé) — Wkg&l))>
=1 Jj=1 =1 k=2&pi+1

(4.54)

E

%]

= (Maggive 0 — Mogyi) -

M
s
~

S
Il
—

By the ¢-independence of the summands of M, ,, we get that the summands in the
final representation of A, , are independent and so Theorem 3.2 of Kuchibhotla and
Chakrabortty (2018) applies. In the following, we verify the assumption of Theo-
rem 3.2 of Kuchibhotla and Chakrabortty (2018). For 1 < i < j < n, it is clear

that

J
Mje—Mie = Y, (W& — i)
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By triangle inequality

& J
| M, — Mi,sz < Z Z (W,Et) — Wét_l)) (4.55)
t=1+&_ ||k=i+1

p

As proved in (4.51), the summation for each t represents a martingale and hence by

Lemma 8, we get for p > 2 that

i (ngt) _ W]gt 1) )

k=i+1

e 8 e

k=i+1

<p Z 5y — )07,

Here we used inequality (4.52). Substituting this in inequality (4.55) and using &_; >

&e/2, we get

e
1Mo = Migll, <G =) D7 0 <P —0)"A1ig, 1y

t=14+&p—1

< W, p'20G = )22+ &0) ™"

< 27 {{WHl,, 020 — )12

(4.56)

Under assumption (4.47), we get

1M = Migll, < 2 [{W ., 27272 — )26

=2/ |[{W I, P/ (G — i) e

See (4.46) for the definition of s(a). Thus, for all 1 <i < [5¢],

sl v 1/2—v
sup p~ 5 || Mag,ive,e — Maggiell, < 2 I{W Y, &7

p=2

So, the summands of A, , in the final representation in (4.54) are independent and

satisfy the hypothesis of Theorem 3.2 of Kuchibhotla and Chakrabortty (2018) with
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f = s(a). Therefore, for p = 2,

In/(2¢0)] 172
2
[ Anell, < A/6p ( D0 I Magire, e — Mwulb)
=1

+ Ca2” [{W .., (logn)!/*(®) g2~ pl/Tls(@)

v ¢1/2 1/2
<V W), Z (%)

+ Ca2” [{W |, (log n) /(@) g2 pt/Tals@)

2V Sla
< g (1093l v/ + G [ W, 0 (10 ) |
l

Here the second inequality follows from (4.56).
Similarly a representation for B, , exists with independent summands satisfying
the assumption of Theorem 3.2 of Kuchibhotla and Chakrabortty (2018) with 8 =

s(a) and so,

2V s(a sla
IBaell, < g [1V3 Loy v/6pn -+ G [ W, 0 (logm) ) ]
l

Combining the bounds for A, , and B, Jimplies the bound on M,, , as

21+V

&

[ M el,, <

[V}l v/6pm + Ca Iy, 27D (10g ) €] (457)

To complete bounding ITI, we need to bound the moments of the sum of M, , over

1 < ¢ < L which are all dependent. For this, define the sequence

3n2072, if 1<(<L/2,
Ao =

3r2(L+1—0)2, ifL/2<(<L.

This positive sequence satisfies Zle A < 1. It is easy to derive from H'older’s
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inequality that

Substituting in this inequality a, = M, , and the moment bound (4.57), we get

]E[
(=1

It follows from Lemma 9 and the definition of ,(v) that for p > 2,

Vg

p L
My ] < 282 {5, (6pn)” 2

L p/2

(2+v) /T1(s(ax)) P/S(a
ORI I (o Y

L
ZMn,Z
{=1 p
522 | 2V [{Whl,, vOpn
< v oW log n)/5(@Q(1/)pl/TH(s@)
- ﬁ[ 2L G (W, Qo) 00, (1)

(4.58)

Combining the moment bounds (4.50), (4.53) and (4.58), it follows that for p > 2,

20732 o
18,0l < VBV [ 14 5 |+ IO

+ Ca (W}, (log n) /@t T, (1),

Here the inequalities s(a) < a and Ti(s(«a)) < Ti(a) are used. Now noting that

Q,(v) = n'27 for all v > 0 and p'/*(®) < p/T1(5(2) " the result follows. O

The following simple calculation is also used in Theorem 12. Define

3m 22, if1</(<L/2,

B {logn

logZJ and N\, =

3r2(L+1—0)2 ifL/2<(<L.
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Lemma 9. The following inequalities hold true:
(a) For any >0 and p = 2

L/2

5\? /n2 p+1
<2 L < () (5)

(b) For any >0 andp > 2,

IIMh

(5/(8 —1/2)°)", if B>1/2,
L opt(1/2—p) 12 p+1
R o . -
| (2n) A2=0r(5/(1/2 = B)*), if B <1/2.

Proof. (a) Note that for any > 0,

3\ 5
sup 327 = 3 exp(—(log 2)¢3) < ( ) < —
Z>(IJ) p(~(log 2)¢5) eflog?2

and so,

Hence the result (a) follows.

(b) If B > 1/2, then
QpE<1/2 B & 1

L
Z Z (popt(B—1/2)’

=1 /=1
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and so, the bound for this case follows from (a).

If 5 =1/2, then

221}((1/2 B8) :ZLIL p§€2p<2 7T_2 p logn 2p+1
= IZ\ R 3 log 2 '

(=1

If 8> 1/2, then

L opt(1/2-5)

)\p
(=1

L/2 L/2

_ ) U ety Z -
~ )‘Z )\PQE 1/2—B)p
L2 ou1/2-Byp L/2

< 2T +(2n)a2or Y m
=1 ¢ =17

L/2 1 L/2 1
(L+1)(1/2—B)p (1/2—8) - -
<2 Z NP0 (1/2=Fp +(2n) pZ NP1/ P
/=1

(1/2-8)p apppN 1
< (2n) ; NP2 + (2n) ;1 AD2L(1/2=B)p

< (2n)0/2-Pr (ﬁ)p(ﬂ;)pﬂ.

Hence the result follows.

End of Chapter 4.
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Abstract: Least squares linear regression is one of the oldest and widely
used data analysis tools. Although the theoretical analysis of ordinary least
squares (OLS) estimator is as old, several fundamental questions are yet to
be answered. Suppose regression observations (X1,Y7),..., (X, Y,) € RTx R
(not necessarily independent) are available. Some of the questions we deal
with are as follows: under what conditions, does the OLS estimator converge
and what is the limit? What happens if the dimension is allowed to grow
with n? What happens if the observations are dependent with dependence
possibly strengthening with n? How to do statistical inference under these
kinds of misspecification? What happens to OLS estimator under variable
selection? How to do inference under misspecification and variable selection?

We answer all the questions raised above with one simple deterministic
inequality which holds for any set of observations and any sample size. This
implies that all our results are finite sample (non-asymptotic) in nature. At
the end, one only needs to bound certain random quantities under specific set-
tings of interest to get concrete rates and we derive these bounds for the case
of independent observations. In particular the problem of inference after vari-
able selection is studied, for the first time, when d, the number of covariates
increases (almost exponentially) with sample size n. We provide comments
on the “right” statistic to consider for inference under variable selection and

efficient computation of quantiles.

1. Introduction

arXiv:1910.06386v1 [math.ST] 14 Oct 2019

Linear regression is one of the oldest and most widely practiced data analysis
method. In many real data settings least squares linear regression leads to per-
formance in par with state-of-the-art (and often far more complicated) methods
while remaining amenable to interpretation. These advantages coupled with the
argument “all models are wrong” warrants a detailed study of least squares lin-
ear regression estimator in settings that are close to the practical/realistic ones.
Instead of proposing assumptions that we think are practical/realistic, we start
with a clean slate. We start by not assuming anything about the observations
1

Figure 4.3: The following chapter is partly based on Kuchibhotla et al. (2019).
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Chapter 5

Unified Framework for

Post-selection Inference

In the previous chapter, we have discussed an approach for valid post-selection infer-
ence in (assumption-lean) linear regression. One of its great strengths is its validity
and computational complexity. However, it has two main disadvantages (as men-

tioned in Section 4.7 in Chapter 4):

1. Tt is not clear if the confidence regions there are (asymptotically) tight, that
is, there exists a random model-selection procedure that requires such confi-
dence regions produced by Approach 1. Also, the confidence regions are not

equivariant.
2. There is no clear generalization to other M-estimation problems.

In this chapter, we develop a unified recipe for valid post-selection inference (to tackle
these disadvantages) based on the ideas of Berk et al. (2013) and Bachoc et al. (2016).
The recipe is more widely applicable than either of these papers and uses the tech-

niques of high-dimensional central limit theorem and multiplier bootstrap from Cher-

140



nozhukov et al. (2017a). The main component of this idea is uniform asymptotic
linear representation. Although the framework generalizes to dependent settings eas-
ily, we discuss the general recipe under independence and comments related to other
dependent settings will be provided later.

The remaining chapter is organized as follows. Section 5.1 provides the unified
framework for valid post-selection inference along with the main results proving valid-
ity. As a first example, valid post-selection inference in the linear regression problem
is revisited in Section 5.2. Some discussion computation and approximate algorithms

is given in Section 5.3.

5.1 General Recipe for Valid PoSlI

To understand the ideology behind the general recipe for valid post-selection inference
for multiple targets of estimation, let us first understand how one would do valid
inference for one target of estimation. Suppose Zi,..., 7, are random vectors and
the estimator is

6, = arg min lZn:p(Zi,Q) :

geRa TV i—
for some loss function p(-, -) that is twice differentiable in the second argument. Under
regularity conditions, én satisfies
I ~ , 0
_ng(Zi,Qn) =0, with ¢(z,0):= ap(z,t)‘tze.

n i=1

Define 6,, through

_1¢
0, = argmin H;E[p(Z,-,G)].

6eR4
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This implies that n =1 Y | E[p(Z;,6,)] = 0. By a Taylor series expansion of ¢(-, ) in

terms of the second argument around 6,,, we get

IS IR
nz{ P(Z:,02) (0, — 0,) = —E;gp(Zi,Hn), with  §(2,0) = (2, 1)],_,

for some 6 the lies on the line segment between én and #,. Under some regularity

conditions, if 6, — 6, = 0p(1), then

1< 1 <
EZ l, n E; ZZ,Q = Op(l),

and so,

n i=1

\/ﬁ(é\n_‘gn) = <12E[¢(Z179n)]> \/Lﬁi‘zp(ziven) + Op(l)- (5~1)

This implies that y/n(6, — 6,,) has an asymptotic normal distribution with mean zero.
All the steps here can be made rigorous with not so unreasonable conditions on p(-, -).
See Yuan and Jennrich (1998) and Kuchibhotla (2018) for more details. Estimating
the variance of this normal implies classical inference (such as confidence regions,
hypothesis tests and so on).

From this analysis, we see that the main component of valid inference for 6, is
to prove an asymptotic linear representation (5.1). Also, this allows one to use the
ordinary or score bootstrap since the estimator én behaves approximately like an
average. This is the underlying ideology for the general recipe of valid post-selection
inference. As shown in Section 4.2, valid post-selection inference is equivalent to
valid simultaneous inference. In this general recipe, we require the asymptotic linear

representation to hold uniformly over the set of all targets that one wants inference

142



for. See Figure 2.1 in Chapter 2.

Getting back to the general recipe for valid post-selection inference, let us consider
a concrete problem with covariate selection. Let Z; = (X1,Y1),...,Z, = (X,,Y,) be
n random vectors taking values in R? and for each M < {1,2,...,p}, let BM denote
the estimator
Py = argmin ! an p(Yi, Xinm, 0). (5.2)

gerRMI TV

Here X, \; denotes the subvector of X; with indices in M. When the analyst considers

this estimator, he/she implicitly decides the target vector as

n
Py = argmin ! Z Elp(Y:, Xinm, 0)]. (5.3)
gerIMI TV

We stress here that both BM and [y depend on the sample size n but for convenience,
we drop this dependence in the notation. The previous discussion shows that for each
fixed M, BM is asymptotically normal centered at Sy;. The post-selection inference
problem in this case is as follows. Fix a universe M of subsets of {1,2,...,p}. Using
the data the analyst is allowed to pick an element M e M and perform inference based
on the estimator B}M» where for } € I\A/[, 33_1\7[ represents the estimator corresponding
to the E—th covariate. Hence the PoSI problem is to construct a confidence region
7%3,1@ such that

liminf P (55 € Ryg) > 1-a, (5.4)

n—ae0

irrespective of how M e M and 3 € M are obtained. Theorem 3 of Chapter 4 proves

that solving (5.4) is equivalent to solving

liminf P | ) {fae Rt} | = 1-a (5.5)
MeM,
JjeEM
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One of the simplest confidence regions satisfying the simultaneous guarantees is given
by
nl/Q(ﬁj.M — 9)

0j.M

ﬁ?ﬁ_adj = {9 eR:

< Ka} , (5.6)

where K, is the (1 — «) quantile of the “maximum statistic” or the “max-t statistic”

”1/2(@21\4 - 5j~M)
8j.M

max
MeM,
JEM

Here ;. is an estimate of the asymptotic standard deviation of nl/Q(Bj.M — Bjm)-
The confidence region in (5.6) will be referred to as uniform adjustment because
the adjustment for simultaneity is uniform over all (j, M). This confidence region is
similar in spirit to the Tukey’s pairwise comparison test. The only hurdle in imple-
menting the region (5.6) is the quantity K,. The main crux of this chapter is spent

on showing that the constant K, can be estimated under

1. an assumption-lean setting: not requiring any parametric model or distribu-

tional assumptions;
2. only moment or tail assumptions on covariates and response;

3. the total number of covariate p possibly growing with the sample size almost

exponentially;
4. both random and fixed covariates as in Chapter 3.

We now introduce the general assumptions under which the unified framework will be
shown to work. These assumptions do not require that the estimator BM and target
Py are defined as in (5.2) and (5.3), but this will be our primary example. Further, we
will verify the following assumptions for general loss functions p(-,-) in the following

sections.
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Recall the observations are Z; = (X1,Y1),...,Z, = (X,,Y,)The unified frame-

work is based on the following assumptions:

(B1) For the estimators BM, M € M, there exists targets Sy, M € M such that
~ 1 &
n'2(Bin — Biat) = \/—ﬁzzpj.M(z,») + R, (5.7)
i-1
for functions v;.m(+, -) satisfying

E[iwj.M(Zi) = 0.

In (5.7), the constant o, represents the “asymptotic” standard deviation of

nl/Q(Bj.M — B;.m) defined by

Set
Rj.M

0j.M

A}\J/I;R =  max
MeM,jeM

(B2) There exists estimators 0;. that are consistent for o7, and

. 0 oj.
0 < g < min ]*M < max iM < L (5.8)
MeM,jeM O'j.M MeM,jeM Uj-M
Set
TjM
AV = max |
MeM,jeM U;-M

(B3) There exists estimators zzj.M, M e M, j € M estimating 1;.(-) on the sample.
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Set

A 2
AR = max %Z( j'M(Zi)_%.M(Zi)) ;

MeM,jeM ;.M

1 ym(Z) e (Zi M Z) o (Z;
AR — _Z{wjm Yy )__E[wm Jyar >m
MeM,jeM, [N — 0.MO /.M 0.MO j/. M
M’eM,j'eM’ =

Some comments on the assumptions might be helpful. Firstly, none of these are
assumptions; they are statements to give an indication of the quantities that are
required to be bounded. Assumption (B1) is what we call Uniform Asymptotic
Linear Representation. As shown in the analysis before, many reasonable estima-
tors satisfy assumption (B1) in case M is a singleton (Yuan and Jennrich, 1998). As
described in Section 3.A, the functions ;.\ (-) play the role of influence functions for
gj.M with M a singleton. So, all of assumption (B1) essentially implies is that the
estimators gj.M, M e M, j € M are approximately averages of n random vectors with
the approximation errors disappearing uniformly over M € M, j € M. Assumption
(B2) although seems independent of (B1) will be applied with o7, as a proxy for
ojm. The reason for setting up the framework with a proxy instead of just oj is
that in the unified framework of Chapter 3 there does not exist a consistent estimator
for 0. However, an asymptotically conservative estimator of o exists and o+
is the “upper bound” for ¢;,. We prove in Section 5.2 that both AYF® and AYF
for linear regression and generalized linear models, respectively, under very general
conditions allowing for the dependence of observations. Assumption (B3) requires
uniformly consistent estimators of influence functions and this is used to prove the

consistency of bootstrap that allows for valid estimation of quantiles. Based on As-

sumption (B3), a simple estimator ;. for the case of independent observations is
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given by
~ 1
U?~M = _Zw?ﬂM(Zi)'
=1

For this estimator, it is clear that

1 n
B = 4| 2 (2)
i=1

Further, setting o, := \/n—l Yot E[Y7 i (Z0)],

< 13 itz - vin@) < (o)
i=1

12 ¢32M(Zz) B (U;-M)Q < A']/Bvolot.
n i1 0]2M O-?M
Note that o7y, = 0. This inequality holds because of the independence of 71, . . ., Z,,.

Combining these inequalities yields

~ *
;.M O M 1/2
TiN_CIMIo (ARY 4 AR

0j.M 0j.M

Therefore, taking the maximum over all (j, M), proves

ANF < max TR (AR Al < (AR Al (5.9)
Js j-M

This proves that in case Z,..., Z, are independent, Assumption (B2) is implied by
Assumption (B3).

There is a rich literature on uniform asymptotic linear representation and they
have been used in optimal M-estimation problems. See condition (2.3) of Theorem 2.1
in Arcones (2005) and Section 10.2, 10.3, Equation (10.25) of Dodge and Jurevckova
(2000) for examples where uniform asymptotic linear representation is proved for

a large class of M-estimators indexed by a subset of R (an uncountably infinite
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index set). The main focus there is not inference but to choose a tuning parameter
that asymptotically leads to an estimator with the “smallest” variance and to take
into account this randomness in proving that final estimator with estimated tuning
parameter has an asymptotic normal distribution with the “smallest” variance. This
kind of tuning is very useful when using robust estimators since the statistician does
not want to lose on asymptotic efficiency of the maximum likelihood estimator in case
there is no contamination.

We now show that assumptions (B1) and (B2) imply a central limit theorem for
(tja)Mem jemt Whenever (Y237 1hiai(Z:))mem jem satisfies a central limit theorem.

Here the t-statistics ¢, are given by

n2(Bjm — Biaa) |

tj~M = =
0j.M

Define a Gaussian random vector (G.a)mem jem satisfying Gm ~ N(0,1) and

Cov(Gjm, Gyw) = Cov< Z%UMM wa;M”M, )
J J

Define
Q = {(jyM): Me M, je M},

CLT
A./\/l

and as the error in the central limit theorem given by

sup |P ﬂ {CLJM ZTO'M jM} —-P ﬂ {ajm < Gjm < bjm}
(J

()| \ (5 M)eQ iM)eQ
(bjm)
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Theorem 13. Under assumptions (B1) and (B2), for any 1,95 € (0,1),

o;imG
sup |IP ﬂ {ajm < <bjm} |- P ﬂ {%M<M bjm
(a;m), (j,M)eQ (3. M)eQ

(bjm)

I
<AASET 4P (AVR - 6)) + P (AYS > 65) + fg 5|Q [ log C ) + 51]
) AT

Proof. See Appendix 5.A for a proof. n

Controlling the Bound in Theorem 13. Theorem 13 is deterministic in nature,
in the sense that we do not need any specific randomness assumptions on the data.
Whatever is the nature of dependence between the observations, if we can verify
that AGT = o(1) and AYE log(|Q|) = 0,(1) and AYFR\/log(|Q|) = o0,(1), then
Theorem 13 implies that the set of all ¢-statistics will behave like Gaussian random
variables (asymptotically).

ASYT can be bounded using many of the recent results in high-

The quantity
dimensional central limit theorem literature. We refer to Chernozhukov et al. (2017a);
Koike (2019); Deng and Zhang (2017); Zhang and Wu (2017); Belloni et al. (2018);
Zhang et al. (2018); Kuchibhotla et al. (2018); Chernozhukov et al. (2019); Fang and
Koike (2020) just to mention a few. Most of these papers provide the results for the
case of the average of mean zero random vectors with dimension almost exponential
in the sample size. The notable exceptions are Zhang and Wu (2017); Zhang et al.
(2018) which deal with the case of dependent random vectors using the notion of
dependence developed by Wu (2005).

All the papers cited above work with the case of finite |Q|. The way Theorem 13
is derived also uses this fact. Because of this the bound for |Q| = oo is obsolete. We

mention, however, that some extensions of the central limit theorems are available for

the case of infinite dimensional spaces such as Banach spaces; see Chernozhukov et al.
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(2014); Paulauskas and Rackauskas (1989); Statulevivcius (2000) for some results.
Theorem 13 can be extended to this case but we will not provide this extension but
will refer to Kuchibhotla et al. (2018) for some related discussion.

The control of ATF® and AXZ" often is closely related “smoothness” of the estima-
tor as a function of the empirical distribution of the data. We stress here that Theo-
rem 13 holds true for arbitrary estimators BM and need not be defined through (5.2).
In the following section we will provide control of AUF® and AYE for the case of linear

and generalized linear regression model estimators. O

From Theorem 13 readily yields that if (a;) and (bja) are chosen to satisfy

G,
Pl () {aj.M{’J;{ﬂ—”Agbj.M} > 1-aq, (5.10)

(7, M)eQ

then asymptotically

Pl () {oa<tim<bia}| = 1—a+o(l).
(G:M)eQ
Although written +o(1), it should be noted that this error could be positive or nega-
tive. Hence the finite sample coverage could be above or below 1 — a.. There are two

questions that follow:

1. Because the distribution of the data is unknown, we do not know the covariance

operator of (G.n). How does one find the vectors (a;.m), (bj.m) satisfying (5.10).

2. Even if we assume that the distribution of (0;mGjam/07y) is known, what
is the right form of (ajm) and (bjm)? Being a multivariate distribution the
quantiles are not unique and there are finite set of pair vectors (a;m), (bjnm)

such that (5.10) holds true.
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The first question is relatively easier to answer through bootstrap. In the case |Q| =
1 (the classical inference setting), we can estimate the distribution of the limiting
Gaussian using bootstrap and this is what we follow to answer the first question. We
first note that we cannot estimate the exact distribution of (0;.:Gj.m/07 ) under the
assumptions above because o could not be estimated. The inflation factor o7 /0j.:
cannot be estimated in general. This is similar to the conservativeness mentioned in
Chapter 3 for the case of fixed covariate assumption-lean linear regression case.

We now describe the bootstrap algorithm that approximates the distribution of
(Gjm). The following description is applicable only for the case of independent ob-

servations Z,. .., Z,. For the dependent case, we refer to Zhang et al. (2018).

Pseudocode:

1. Fix B > 1 the number of bootstrap replications. Generate mean zero
variance one (real-valued) random variables €%, ... e’ for 1 < b < B. For
example, ¥ could be standard Gaussian or Rademacher random variables

or Mammen’s golden ratio random variable. We refer the reader to Deng

and Zhang (2017) for details.

2. Compute the bootstrap version of ¢, as

b 1 ¢ Vin(Zs)
t;l)v[ o= \/_ﬁ;e? x LY for 1<b<B.

0j;.M

Note that for all (j, M) € Q the bootstrap version of ¢, share the same
multiplier 2. This is done to preserve the dependence between different

coordinates of (t;.m).

3. Report the empirical distribution of (tg.l_)l)v[)(ij),l <b< B.
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Define

D, = {Z1,.... 7.},

and the Gaussian process (G53¢") satisfying

E[G?’.(ﬁ/c[)t] _ 07 Cov (G?i/([)tv GBoot) _ %ZE [¢]M(Zz)wj/M/(Zz)] .

j’~M’ * *
i=1 TjMI

Note that such a Gaussian process exists because

D T R C )

g

i1 EYCIEY M g
1< i ZZ i’ M/ ZZ
+ = Z E 77ij 1\1( ) E @Z)J l\f ( )
s IjM Ty
Theorem 14 (Bootstrap Approximation). Suppose 1, ..., el are independent stan-

dard Gaussian random variables and assumption (B3) holds true. Further suppose

that Zy, ..., Z, are independent. Then on the event {AV™ < 1/2} n {ARf < 1}

{AB <1}, we have

sup P ﬂ {aj.M < t;lﬁd < bj.M} ‘Dn —-P ﬂ {aj.M < GE‘KT < bj.M}
(ajm),(bjnm) (j,M)eQ (j,M)eQ

1/3
< O (AR + 12237 + 16 (A7) T (log(lQ) .

for an absolute constant C' > 0. Further, for all (bjn) =0,

) oinmGa.
5-M (],M)EQ ]M (],M)EQ

1/3
> - (AR 122YF +16 (A7) T (log( Q)
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Proof. See Appendix 5.B for a proof. O]

Comments on Theorem 14. Unlike Theorem 13, Theorem 14 requires an assump-
tion on the independence of 71, ..., Z,. Similar the obstacles encountered in the case
of linear regression under fixed covariates, we get that the bootstrap distribution does
not approximate the limiting Gaussian distribution of the ¢-statistics, but it converges
to a distribution with a “larger” covariance operator. Fortunately, this allows us to
perform valid inference albeit with some conservativeness. This conservativeness is

shown in the second part of the result and formally, this part proves asymptotically,

Pl () (~bm<tpu<bad| =P| ) {— < 1 < bj.M} ‘Dn +0,(1).

(j,M)eQ (,M)eQ
Hence finding (b;.) = 0 such that the bootstrap coverage probability is 1 — « yields
a valid post-selection confidence region.

In order to apply Theorem 14, we need to show convergence to zero of AXy, Al
and AR, The first one is also required for Theorem 13. Having consistent estima-
tors of influence functions is also a requirement in the case of |Q| = 1 (the classical
inference setting). We will describe such influence function estimators for the case of
the commonly used regression estimators in the following section. Bounding the quan-
tity ARt follows just from concentration inequalities for the averages of independent
random vectors. These are similar to the bounds used for Lemma 5 in Chapter 4.

Finally, we remark that Theorem 14 is not the end of story corresponding to the
application of bootstrap. We do not usually have access to the conditional distribution
of bootstrap statistics because of computational constraints and hence one often uses

the proxy
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where B < oo is a finite number representing the number of bootstrap replications.
For general vectors (bj.\), the distance between the empirical bootstrap distribution
(above) and the true bootstrap distribution is of order \/W because the VC
dimension of the class of all hyperrectangles in R'9l is of order |Q|. This bound
is not so useful for our purposes because |Q| is much larger than the sample size
(often almost exponential) and choosing B that large is not feasible. We will discuss
specific type of post-selection confidence regions in later sections and for these sets,
it is relatively easy to prove a sharper bound between the empirical and the true

bootstrap distribution. O

5.2 Application to Linear Regression

In this section, we verify assumptions required for Theorems 13 and 14 for the
case of linear regression. Following the discussion in Chapter 3, we verify these as-
sumptions in the unified framework there by just assuming independent observations
(X1,Y1),..., (X, Y,) € RPxR. The discussion below is mostly based on Kuchibhotla
et al. (2018); Kuchibhotla et al. (2019). In this section, we will restrict to the case of
linear regression and note that similar results hold for the case of generalized linear
models (Kuchibhotla, 2018). Define the least squares estimator and the target as

1
Ov = argmin —Z(Y; - XIMQ)Z’

gerM| T i=1
1 n

fum = argmin — ZE[(YL - XiTMg)Q]'
1=1

geRM| TV =

We work with the following assumptions. We write S?! to denote the unit sphere
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in R?. Define matrices

. 1 - T X 1 < T T 2
Y = E;E[XLMXLM], and Vi := E;E[Xi,MX@M(Yi—X@MBM) 1.

(DGP) The observations Z; := (X;,Y;) € R? x R, 1 < i < n are independent.

(E)(¢) There exists some g > 2 and a constant K, € (0,c0) such that

1/
(E[|Yi|q]) "< K,<ow, forall 1<i<n.

(X-SW) There exists a constant K, € (0,00) such that

T271/2X- 8
E [eXP <|u MK@» sl )] <2, forall 1<i<nanduesSM-

(2-V) There exist constants 0 < A < A < oo such that

We now provide some comments on these assumptions. Condition (DGP) requires
observations to be independent but for some of the results we do not even need
this assumption. Condition (E)(q) requires the existence of g-th order moment of
the response Y;. Condition (X-SW) is a rewording of K, -sub-Weibull property of
Xi,..., X, and the condition necessarily requires K, > 1. Condition (3-V') requires
>u and Vi to be of the “same order”. Note that
1 ¢ 1 <
Vir = = D E[Xn X (Y = XBu)’] —Z XX ME[(Y: = X Bu)? | Xi]]

n i=1

3
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Hence condition (3-V') is satisfied if

(2

X< inf B[V - XAa)PIX = 2] < supE[(Y; - X[yB?Xi =] < A7

Here inf, and sup, should be taken as essential infimum and supremum with respect
to the distribution of X;.

The following theorem provides a control of R, in Assumption (B3). Interest-
ingly, we only need Assumption (X-1") and do not require the independence assump-
tion. For j € M, let O'JQ-,M denotes the diagonal entry of ¥,'V31X,, corresponding to
the j-th covariate. For instance, if M = {2, 3}, then o3, denotes the first diagonal

entry of X1 VAiXyi and o3, denotes the second diagonal entry. Further define
T DV O IVESD ) Vv 9
Theorem 15. Under Assumption (X-V ), simultaneously for all M < {1,2,...,p},

25 gy = LN |
n (B]M B]M) - \/ﬁ;#)JM(ZZ) + R]~M7

A Dy
< -
A(1=Dgy)

such that

Riar

0j.M

max
JjEM

)

2

1
T 2V X (Y = XB)
1=1

where

and ;\(-) denotes the coordinate of Y (-) corresponding to the covariate j in M.

Proof. See Appendix 5.C for a proof. This result appeared in Kuchibhotla et al.
(2019) albeit with a minor mistake. I thank Prof. Alessandro Rinaldo of CMU for

156



pointing this mistake. O]

Remark 5.2.1 (Comments on Theorem 15). As mentioned before, Theorem 15 is
deterministic. It does not require any independence/dependence assumptions on the
observations and holds for any realization of the data. To bound the error R;\ we
need to control D3; and the average of V;, ¢ M(Y; — X\yAu) which we will under
the assumptions listed above. We refer the reader to Kuchibhotla et al. (2018) for
control of these terms under dependence. o

In the following theorem, we control the terms from Theorem 15. Define the

kurtosis and “regression variance” for model M as

" Var((X.'\0
Ky 1= max — M and Yy := max —ZVar CADN 1/2X1MY)
peRIM n = ||Z1\é 9|4 gneeﬂﬁ\w n

1

=1

Theorem 16. Fiz any t > 0. Under (X-SW), we have with probability at least

1 —3e™t, simultaneously for any 1 < s < p, for any M < {1,...,p} with M| = s,

. kg (t + slog(9e2p/s))  Cyk2(log(2n))¥8(t + slog(9e?p/s))maxi1.2/6}
D < 14 ! + . .

(5.11)
If (X-SW) and (E)(q) hold true, then with probability at least 1 — 3¢~ — ;9% for
2

any 1 < s < p, for any model M < {1,...,p} with |M| = s,

1/2
2 n
< 14\/Q]M(t1 + slog(5e2p/s)) (Z )
n

-1

CﬁK K. (log(2n))Y8(ty + slog(5e?p/s))maxit1/5}
ni- 1/q

tQCg K K (slog(5e?p/s) + logn)/?

=172 :

1l
- Z S X (Vi — X b
=1

(5.12)

for some constants Cgz,Cs, > 0 depending only on 5 and (B, q), respectively.
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Proof. See Appendix 5.D for a proof. The result here is essentially Proposition 5.1
of Kuchibhotla et al. (2019) but with a change for the second part where we are now

using ¢; and ¢, instead of the same t. The proof is almost verbatim. ]

It is worth mentioning that the rate bound in Theorem 16 can possibly be im-

proved in the second order terms; see Theorem 3.1 of Guédon et al. (2015).

Remark 5.2.2 (Comments on Theorem 16 and Verification of (B1)). The dis-
cussion below will be assuming both (X-SW) and (E)(¢). The probability of error
for D} is exponential and hence taking ¢ = log(n/3) yields with probability at least
1—1/n,

DS < C [ slog(epn/s) N (logn)?A(s ]Og(epn/s))max{1,2/ﬁ}] |

n n

taking the quantities like x3; and K, into C. On the other hand, the probability of

error for the second quantity only decreases polynomially. Hence, assuming ¢ > 2 and

taking ¢, = log(n/3) and t, = n'/?, we get with probability at least 1 —n =t —n~1*1/4,

n 1/2
slog(epn/s
< oy ¢ (Z ED?]/n)
i=1
C(log n)l/ﬁ(s log(epn/s))max{l,yg}
nt—1/q
(slog(epn/s))'/?
nl—2/q ‘

1o
- Z S X (Vi — X b
=1

+C

Essentially the last term is the most dominating and for it converge to zero, we need
q to be strictly larger than 2. To control AY2", we will require ¢ > 4 and in this case,
the last term can be bounded by (slog(epn/s))*#/n'/?. Combining these two results

along with Theorem 15, we get that with probability at least 1 — 6n ' — n~1+/4,
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simultaneously over all M < {1,2,...p},

o M log(epn/[M[)) 21/
ni/2

max |Rj.y| <
JEM
This implies that we can take &, = C maxyen(|M]log(epn/|M|)) /2715 /n1/? and get
ULR 6
P(AYY >6) < =+ ——=
n

o
Having settled Assumption (B1), we now proceed to Assumptions (B2) and (B3).
Following the discussion surrounding (5.9), we proceed to verifying Assumption (B3).

From Theorem 15, recall that
vn(Zi) = S Xin(Yi — X\iBuwr)-
A natural estimator of 9;.(-) is given by
@DM(Zi) = E 1X1M(Y X; MﬁM)
Based on this, we consider
~2 l C 72 7
Ojm - n Zw]M(
i=1
where 1);.(+) is the coordinate of ¥ (-) corresponding to the covariate j. Note that
0%y = Var LZn:@/JM(ZZ) = lznl\/ar(@[);M( li = (0%y)?,
g Vo ’ N ’ nia "

the right hand side of which is the target of G?M. The following lemma provides a
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bound on the accuracy of influence function estimator all models M.

Lemma 10. Under Assumption (X-V), for any M < {1,2,...,p},

2

1 (2 = a(Z0) s A w12
— < D — by Z)|?
T & . g5 25 [ ()]
) X % —1/2
+ (L4 DBt = Bulzay [ 20150 Xina]
i=1
Proof. See Appendix 5.E for a proof. m

Similar to Theorem 15, Lemma 10 is also deterministic and does not require any
independence/dependence assumptions on Zi, ..., Z,. Theorem 16 already bounds

Dy under the independence assumption. Using Theorem 15 allows us to bound

||6M - 6M||EM:

1

5 < 1

1l
- Z S X (Y — X i)
i=1

2

See (5.35) in the proof of Theorem 15 for details. Both the terms on the right hand

side are bounded from Theorem 16. We only need to bound
1 = 1/2 2 1 < —1/2 4
PN TN PATLETIES vl W (513
i=1 i=1

To control these terms we use the independence as well as the tail assumptions.
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Firstly, we note the following inequality:

1 “ 1/2 1 = —1/2
p 22 = 5 DB X (Vi = X
i=1 i

N

—ZHE—W Xom]?Y2 + 2 ZIIE‘1/2 DERTD. SN Yl AT W L

—1/2 —1/2 1/2
;Z [0 XY + 52 VR Y iR
i=1 i=1

N

Because |31 Au? < n 2 3, E[Y2] (see (4.32) in Chapter 4), the second term is

controlled by a constant multiple of (5.13).

Theorem 17. Under Assumptions (DGP), (E)(q), (X-SW), we have with proba-

bility at least 1 —2/n

2
|50 X2V 2o |, (log(ep))? logn (log(pn)
< CK*K* |1 1 .
2L nZ|M|AmX(cor( ) A S R w2

[M|=s
With probability at least 1 — 1/(pn),

1= X

1|§/[s|<p nz IM|2X2, (Cor(Z3))

< CK;l [1 + (log(?)pn))1+4/ﬁ(10g(6n))4/ﬁ] |

n

With probability at least 1 —1/n — 1/y/n,

ABoot C\/‘BM log(n|Q)) , MK (log(|Q1)*"" (log(n|QI))*” [1 , (log(|Q))'

n nl-3/q nl/a

where
RV V] ZZ
By = max ZV (%M )t )>
JEMeM, n 1 0;.MO .M/
jleMem 1=
Proof. See Appendix 5.F for a proof. m
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With this result, we have verified all the assumptions required to show the va-
lidity of bootstrap for valid post-selection inference. The main conclusion is that no
linear model or distributional assumptions are necessary for validity, we only need
light tail assumptions on covariates as well as g-th moment assumptions on the re-
sponse. The number of moments of the response can be as small as 4. Of course, the
tail assumptions change the dimension requirements for convergence guarantees; the

smallest exponent v > 0 such that log” (|Q|) = o(n) for validity.

5.3 On the Shape of Intervals for Valid Post-selection

Inference

Having completed the question of approximating the true distribution of the vector
of t-statistics, we now discuss the question of the choosing (aj.n) and (bj). As we
mentioned, there are multiple choices that guarantee the coverage of (1 — «). In this
section, we will discuss the classical choice based on max-|t| and then discuss a few
desiderata for the confidence intervals leading to powerful inference.

In previous sections, we have not assumed any special structure on M and this
was intentional because of applicability for interaction models as well as experimental

designs. In this section, we will consider some specific examples of M:

M,y(k) = {Mc{l,2,...,p}: 1 <|M| <k}
(5.14)

My(k;1) = {M<{1,2,....p}: 1< |M| <k, 1e M}.

The first collection represents the set of all k-sparse models (that is, the set of all
subsets with at most k variables). The second collection represents the set of all
k-sparse models that contain the first covariate; this is interesting in the context of

causal /treatment effect.
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Berk et al. (2013); Bachoc et al. (2016) construct valid PoSI regions R satisfy-

ing (5.5) based on quantiles of the “max-t” statistic

12(3. . _ 4.
max max n (B];M fin) : (5.15)
MeM jeM 0;.M
Equivalently this yields
~ 0.5 ~
. . M .
hﬂl{gf P (ﬂﬂ\;{ € |:6j-1\7[ + Kam] for all j € M) > 1—a, (5.16)

where [a £ b] = [a — b, a + b] for any two reals a, b.

The definition (5.15) of the “max-t” statistic shows that it gives equal importance
to models of all sizes and all covariates of all models irrespective of their sizes. For
instance, models of size 1 are given the same importance of models of size k which is
not preferable. We will discuss several disadvantages of the “max-t” statistic and pro-
pose an alternative based on the ideas of prepivoting as well as balanced simultaneous

confidence intervals of Beran (1987, 1988).

5.3.1 Disadvantages of the “max-t” Statistic

The “max-t” statistic (5.15) is a natural generalization of inference for a single model
to simultaneous inference over a collection of models. The maximum statistic would
be the right thing to do if we are concerned with simultaneous inference for p pa-
rameters (all of which are of same order) but this is not the case with OLS under
variable selection. It is intuitively expected that models with more number of co-
variates would have larger width intervals. For this reason by taking the maximum
over the collection M of models, one is ignoring the smaller models and the fact that

small models have smaller width confidence intervals. To be concrete, if M is M, (k)
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it follows from the results of Berk et al. (2013) that

max Imax
MeM, (k) jeM

n2(Bja — Biw)

0j.M

= 0,(y/klog(ep/k)), (5.17)

and in the worst case this rate can be attained. But if k& = 40 (for example) but
the selected model M happened to have only two covariates, then the confidence
interval is (unnecessarily) wider by a factor of 4/20. Allowing for a model dependent
quantile Ky (o) (instead of K, independent of M) can tighten the confidence intervals
appropriately. To illustrate this disadvantage in practice, we consider the telomere
length example that we described in Section 1.2.4 of Chapter 1. In this data, there
are 21 total covariates (including the pairwise interactions). For illustration, we select
one covariate that is most correlated with the response and require inference for the
slope in this simple linear regression. For this selection, it is enough to take £ = 1 but
if we were to set k larger than 1, then the quantile of the max-|t| changes as shown

in Figure 5.1.

Confidence interval for mMTL:fMTL

i

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Maximal model size (k)
— t PoSI

Figure 5.1: Illustrating the dependence on k of the max-|t| statistic: Telemore length
analysis. The most correlated covariate in this data is the interaction between the
telomere lengths of the parents.

For this particular disadvantage, it is enough to have Ky («) depend on M only
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through |M], its size.

There is a second disadvantage of the maximum statistic that requires dependence
of Ky () on the covariates in M. To describe this second disadvantage we look at
the conditions under which worst case rate in (5.17) is attained when k = p. Berk

et al. (2013, Section 6.2) shows that if the covariates are non-stochastic, and

1& L, cl,
_ZXiXiT =" o , for some ¢ < 1/(p—1), (5.18)
i3 ), 1

then there exists a constant € > 0, such that with high probability

n'2(Bjm — Bia)

0j.M

max max
MeMy(p) jEM

> ¢ p. (5.19)

Now define M = {M < {1,...,p} : p ¢ M}, that is, M is the collection of models
that only contain the first p — 1 covariates. It now follows from (Berk et al., 2013,

Section 6.1) that

n"2(Bia1 — Bian)
Gim

= O0,(1)4/log(ep). (5.20)

max max
MeM jeM

Comparing (5.19) and (5.20), it is clear that the inclusion of the last covariate in-
creases the order of the maximum statistic from 4/log(ep) to ,/p; this shift is be-
cause of increased collinearity. To illustrate this, we compare the maximum of the
t-statistics within two models of same size: one including the last covariate and one
excluding the last covariate. Figure 5.2 shows the distribution of the max-|t| in each

model, that is, we are plotting the distributions of

n'2(Bju — Bia)

0j.M

max
JEM

9
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for M including and excluding the last covariate.

Distribution of max-t (p = 20)

0.8
0.6-
=
204
[}
©
0.2-
0.0+ : : : :
1 2 3 4 5
maxt
[] Exclude last covariate (X1, ..., X19) ] Include last covariate (X2, ..., X20)
(a) p=20
Distribution of max-t (p = 100)
1.00-
0.75-
2
2 0.50
[0
©
0.25-
0.00- :
2 3 4 5
maxt

|:| Exclude last covariate (X1, ..., X99) ! Include last covariate (X2, ..., X100)

(b) p =100

Figure 5.2: Distribution of max-t for one model that includes the last covariate and

one that excludes that last covariate for p = 20,100 under Setting (5.18).

This means that if in the selection procedure we allow all models but end up

choosing the model that only contains the first p — 1 covariates, we pay of lot more

price than necessary. Note that if p increases with n, this increase (in rate) could

hurt more. Once again allowing for K (o) a model dependent quantile for maximum

(over j € M) in that model resolves this disadvantage.
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In conclusion, we want to construct confidence regions R m, M e M of the form:

n'2(Bj — Biaa)

0j.M

ﬁ,M = {HERM : max

JEM

< KM(Oz)} : (5.21)

for some constant Ky (a) that depends on the model M and satisfying the simul-
taneous inference guarantee (5.5). At this point, we emphasize that we are dis-
cussing the generic case where there is no specific variable of interest. If the ana-
lyst, however, is interested in the effect of one variable, say the first one, then the
collection of models M is M,(k;1) defined in (5.14) and Ryt will be changed to
(0 eR: [nY2(Bry — 0)] < Ky(a)5y0} that lead to inference only for the coefficient
of X in model M.

We now proceed to construct a few desirable properties for valid simultaneous

confidence intervals and propose a particular way of choosing Ky («) in (5.21).

5.3.2 A New Statistic for PoSI

Suppose CA]-, 1 < j < g (for some ¢ = 1) denote a collection of valid simultaneous

confidence regions for a collection of functionals 0;,1 < j < ¢, that is,

q
lim inf P (ﬂ{ej € cj}> >1—a.
j=1

is satisfied. These confidence regions are said to be balanced in the sense of Beran
(1988) if

~

P (9j € Cj) stays constant across 1 < j <gq.
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From (5.16), it is clear that the “max-t” statistic provides balanced confidence inter-

vals for the collection of functionals {8;.; : M € M, j € M}. In particular,

n"2(Biag = Bim)

0j.M

P <rjn€8ﬁ< < Ka> does not stay constant across M € M,
where the quantile K, is the quantile of the “max-t” statistic as defined in (5.16).
Balancedness at the level of models is important for post-selection inference because
model selection has a hierarchical structure of first choosing a model or a subset of
variables and then think about variables in the model. There is one more level of
hierarchy where analysts usually prefer a model of smaller size to a bigger model
given that they have similar performance.

Based on this discussion, we desire to construct simultaneous confidence intervals

ﬁj.M, M e M,(k), j € M such that

liminf P [ ) {5j.MeRj.M} >1—a,
MeM, (k),
JEM

and the confidence intervals ﬁj.M satisfy:
e Property 1. For each M e M, P(B;.y € ﬁj.M) stays constant across j € M.

e Property 2. For each model size 1 < s < k,

P(ﬂM € ®7A2]M> stays constant across all models M € M, (s)\M, (s —1).

JEM
Note that M, (s)\M,(s — 1) is the set of all models of size exactly s.

e Property 3. Finally, the simultaneous coverage on all models of size s increases
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as s increases, that is,

P ﬂ { bBum € ® ﬁj.M} increases as s increases from 1 to k.
MeMy(s)\Mp(s—1) jeM

In the properties above (X) M 7A2j.M represents the Cartesian product of the confidence
intervals ﬁj.M,j e M.
Now we give an development of confidence intervals ﬁj.M, Me M,(k),jeM (in

installments) satisfying the properties above. We will start with confidence intervals

~

n1/2 (ﬁ]M — 9)

~

0j.M

ﬁj.M = {GERI

< KM(a)} , (5.22)

for some o — Ky(«) to be determined below. Note that Ky(«) does not depend on

J (that is, critical value is the same for all j € M).
Satisfying Property 1. Noting that nl/Q(Bj.M — Bj:m)/0 . 1s asymptotically close
in distribution to a standard normal distribution, confidence intervals ﬁj.M in (5.22)

satisfy property 1. Formally, we have

n"2(Bi — Bin)
G

P (e Rim) = P (

< KM(a)> ~ P(|Z] < Ku(w)),

where Z ~ N(0, 1) and hence, the quantity on the right end is constant across j € M.

~

Satisfying Property 2. For the confidence intervals R ;. in (5.22), we have

nY2(Bar = Bin)
5o

P(ﬁM € @7@-.@ — P <Ijréaﬁ( < KM(a)>

JEM

= P(Ky' (Tu) < o),
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where we assume a — Ky(a) is invertible and write

n"2(Bja — Bi)
G

Tv = max
jeM

Property 2 requires P(Ky'(Ty) < a) to be a constant across M € M,,(s)\M,(s — 1).

Without loss of generality, we can take
Ky (t) := by x Cumulative distribution function of Ty,

for some constant b, depending on the model size s.

Define the cumulative distribution function of Ty as

n2(Bja — Biw)
Gim

jeM

@).

It is clear that P(Hy(Ty) < 0) < 0 for all 6 € [0, 1]; this becomes an equality if Ty is

A~

a continuous random variable. Now define the refined confidence intervals R as

n"2(Bjn — Bim)

0j.M

ﬁj.M = {HERM:

< H&l(bm(a))} : (5.23)
It now follows that for models M € M, (s)\M,(s — 1),

P (61\4 S ®7€3M> =P (HM <max
jeM jeM

= P(Hu(Tw) < bs(a) < by(a),

n"2(Bjm — Bin)
5o

) < bs(a)>

which is constant across all models M € M, (s)\ M, (s — 1) because bs(«) depends
only on s. Note that the confidence region (5.23) is not actionable in practice because

Hy(+) is unknown but it can be estimated through bootstrap the details of which will
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be given later.

Satisfying Property 3. With the refined confidence interval (5.23), we proved

that

P <5M € @fzj.M> < by(a).

jeM

The simultaneous coverage for all models M € M,,(s)\M,(s — 1) is given by

P N {BM S @ﬁjM} =P ( max Hy(Ty) < bs(&)) .

MeM,(s)\M,(s—1) jeM MeMy,(s)\Mp(s—1)

For property 3, we need to choose bs(a) so that the right hand side probability

increases as s increases from 1 to k. For notational ease, define

T, = Hy(Ty).
MEMP(IS%\)EIP(S—U M( M)

We want to choose bs(«) so that
P(T, < bs(«)) increases with s.

There are many such choices that can be constructed by first transforming 7 to a
uniform random variable by using its cumulative distribution function (CDF). We
follow another approach that does not use the CDF of individual T§,1 < s < k.
For this approach, we recall a basic fact about a sequence of (possibly dependent)
standard Gaussian random variables Z, Z5, ... that
|Z;]

= 0,(1). 24
max e - Ol (5.24)

See, for example, the discussion following Proposition 4.3.1 of de la Pena and Giné
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(1999). If Zy, Z5, ... are independent, this fact can be written as

|Z;]
max ———— = 0,(1),
izl G2 T
where G; represents the CDF of max;¢;<; |Z;|. We can now formulate an alternative
fact that

max G;(1Z;]) = O,(1), where G;(t) = P (max |Zi] < t) . (5.25)
Jj=

1<i<y

This fact provide a more accurate information than (5.24). For instance, if 71, Zs, . ..
are perfectly dependent in that Z; = Z, = ..., then |Z;| = |Z1| = Op(1) simultane-
ously for all 7 > 1. In this case

G,(t) =P <maX |Z;| < t) =P(|Z] <t)

1<i<y

which is independent of 7 > 1 and hence (5.25) implies | Z;| = O,(1) simultaneously for
all j > 1 which closely describes the truth while (5.24) only implies |Z;| = O,(v/10g j)
for all j > 1 simultaneously which, even though correct, does not describe the true
behavior. In general, G;'(t),j > 1 is an increasing sequence and because |Z;| share
a common distribution, (5.25) implies that |Z;| = O,(C;) simultaneously for all j > 1
for constants C; increasing with j.

We will use this approach with |Z;|, j = 1 replaced by H,(Ts),1 < s < k, where
H(+) is the cumulative distribution of Ty; the transformation H,(T) is chosen so that
they share a common distribution. Define

Hyt) = P <max H,(T,) < t> : (5.26)

1<qg<s

172



as the cumulative distribution function of max;<,<s H,(7,). Because max;<,<s H,(T})

is increasing with s, we get that I, (¢) > H, ,(t) for all t and 1 < s < k. Based

on (5.26), we take bs(«) = H’l(ﬁs_l((ja)) for some constant C,, and refine the confi-

s

dence intervals (5.23) by defining

n'2(B;p1 — 0)

0j.M

7/—\;,]'.1\/[ = {QERI

< thl(H;j(HM(Ca)))} : (5.27)

To verify Property 3 for this refinement, note that

P A {51\4 € @ﬁJM} =P (MeM max Hy(Th) < Hslﬁs_l(ca)>

MeM,(s)\Mp(s—1) jeM (s)\Mp(s—1)

with the last term increasing as s increases.

Putting it all together. Combining all the refinements, the final confidence re-

gions are given by (5.27). Now the requirement of simultaneous coverage requires

liminf P ﬂ {Bjnm € ﬁ]M} =>1-a.

n—o0
MeMy(k),jeM

The probability on the left hand side is exactly same as

lim inf P <max H, o H, ( max HM(TM)) < C’a> >1-—a.

n—0 1<s<k M:[M|=s

Hence the final confidence region is based on the quantile of the statistic

max H,o H, (Mrﬁll\z/}ris HM(TM)) ) (5.28)
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Comparing this statistic to the “max-t” statistic in (5.15), we notice that at different

levels the maximum statistic is transformed to a uniform random variable by its CDF.
Bootstrap Implementation of the New Statistic

This statistic is not actionable in practice because the CDFs involved: Hy, Hy, H,

are not known and needs to be estimated. The statistic used in practice is
max H, oﬁ[s ( max [;TM(TM)) ,
1<s<k M:|M|=s

with Hg, }AIS, H v estimated through bootstrap as explained below.

The following represents the main steps in the bootstrap implementation:

1. Generate independent and identically distributed standard normal random vari-
ables egb), 1 <i<n,1<b< B. (B represents the number of bootstrap samples

and n represents the sample size).

2. Compute bootstrap version of Ty for all M € M, (k) as TIE/?)7 1<b< BMe

M, (k), where

L N\ oo7
~ €; ?/J Xi, 7Y; )
\/ﬁO’j.M ; J M( M )

T .=
M Ijne%/[X

with @j.M(-, -) representing the estimated influence function. In the context of

: ‘g 52— p—lNm 2 _ :
linear regression, o7, :=n"" >, ¥7\(Xin, Vi) and

= ﬁiﬁlXi,M(Yz‘ - Xz‘TMBM)'

JEM

(Dim(Xinr, Y0)

Here f)M is the sample Gram matrix for the model M.
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3. Estimate Hy(-) the CDF of Ty by

A~

1 B
Hy(t) = EZIL{TB(/f)gt}.
b=1

Now the bootstrapped version of Hy(Ty) can be taken as }AIM(TI&Z))), 1<b<B

and the bootstrapped version of maxys—s Hy(Ty) can be taken as

T = max Hy (Tﬁ’)) , 1<b<B.
M:|M|=s

The estimators of Hy, H, are obtained as
~ 1 & =S B ~
Hy(t) = B Z H{T® <t} and H,(t) = Z 1 { max Hq(Tq(b)) < t} .
b=1
4. Finally, the bootstrapped values of the statistic (5.28) are

max ﬁs o M, ( max PA[M(TIS/?))> , 1<b<B, (5.29)

1<s<k M:|M|=s

and required quantile of (5.28) is estimated as the (1 — «)-th quantile of these

B numbers.

If 7, represents the (1 — a)-th quantile of (5.29) then for a data-driven model M, the

confidence regions are given by

n'/? (BJM —0)
0.5

M

Riq = {HER: < Aml(ﬁ@(?[@(ﬁa)))}. (5.30)

Hence the new statistic also leads to intervals centered around the ordinary least
squares estimator except with a multiplier that depends on the model M in a more

intricate manner.
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We call the confidence intervals (5.30) as “Hierarchical PoSI Intervals” (HPoSI
Intervals). The theoretical validity of HPoSI follows straightforwardly from the results
in previous sections. We will see in the next chapter the increased power of HPoSI

compared to the max-|t| confidence intervals.

5.4 Simulations illustrating the Power of HPoSI

Following the data generating model (4.29) and under setting (5.18), we select one
covariate that is most correlated with the response in models of different dimensions
(p) and construct PoSI and HPoSI considering different maximal model sizes (k) for
the slope. Figure 5.3 shows the ratio of widths of PoSI and the unadjusted interval
as well as that of HPoSI and the unadjusted interval for many k’s. It is clear that
the width of the interval obtained from HPoSI is much smaller than the width of the

corresponding interval obtained from PoSI.

Ratio of Widths
| PosI | HPosSI

1.9-

1.7-

1.5-

10 11 12 13 14 15 16 17 18 19 20 10 11 12 13 14 15 16 17 18 19 20
Dimension (p)
Maximal model size (k) 1 ——3 —5—7 —9 10

Figure 5.3: Average ratio of widths PoSI vs HPoSI of 1,000 simulations with different
maximal model size k, i.e., |[M| < k,k =1,3,5,7,9,10 for p = 11,12,...,20 under
Setting (5.18).

For the telomere length data, we have shown the width of PoSI intervals when

k increases but the selection only selects a single covariate in Figure 5.1. Figure 5.4
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shows the same setup but now includes the HPoSI intervals for each k.

Confidence interval for mMTL:fMTL

il

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Maximal model size (k)
—t —— PoSI — HPoSI

Figure 5.4: Hlustrating the dependence on k: Telomere length analysis. Comparison
of PoSI and HPoSI.
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APPENDIX

5.A Proof of Theorem 13

The definition of ASET proves

ﬁ;_MZwM(Z l0x(Q] + 5 1og(l/ACLT))

P ( max
(4,M)eQ

< AYT+P ml = 34/1 log(1/ASET
A+ (Gl = 3v108(18D + Ty los(1/2547))

< AYT 4+ 285" = 3A5".

The last inequality here follows from Equations (3.2) and (3.13) of Ledoux and Tala-

grand (1991). Consider the event

(,M)eQ

E = {AUMLR 01, Avar { max

,QZ)]M
Z \FO-JM

oee (@)} o

for some constants 01,02 € (0, 1).

Combining assumptions (B1) and (B2) yields

1/2( 7R 1203
tim = PG = Bia) _ s giae 0P (Bin = i)
J 0j.M 0j.M O-;M OjM

&
0;M O'j.M

= = X - \/70_3 Zl/)JM
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Now using the notation AVI® and AYF implies

UJM w]M( i)

tiv —
’ '~M ic1 \/70-J'M

;.M i oim |7
< I + - [A] —1‘+1] R.. 5.32
Uf.M U]M ‘ Z fajM oinm LIojM Byl (5:32)
Yim(Z [O-;-M ‘ ]
< ~— — 1|+ 1| |RjmMm|
UJM ‘ Z f%M 0jM By

The last inequality here follows from (5.8). On the event (5.31), we have

OiM
]* -1 < (52 < ]_,
oiM
and hence
* £ ~ £ ~

TiM |Uj.M —0M |Uj.M — Uj~M| 02
= = = < — = ST 2s)
0j.M 0j.M Uj~M_ |UJ'M_Uj~M| — 09

Substituting this inequality in (5.32) concludes, on event &,

M_O'JMzij
]

609 10g< 19| )+ 01
9iM i1 \/7031\/[ 1_52 A%T (1_52)'

Observe now that for any (a;j.m), (bjm),

P ﬂ {Clj.M < tj.M < bj.M} < PlE&n ﬂ {Clj.M < tj.M < b]M}
(5 M)eQ (j,M)eQ (5.33)

+ P(£9).
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From the definition (5.31) of &,

oim o Vi (Zs)
Enfam<tim<bm} = {amu—A<- J <binm+ A},
tag < tian < bjna) {JM o Z;\/ﬁUj.M I

where A := (6024/10g(|Q|/ASET) + 61)/(1 — &5). This implies that

Pl&n ﬂ {CLj.M < tj.M < b]M}

(5;M)eQ
<P ﬂ {(lj.M— O—JMZwJM JM—FA}
(7,M)eQ Vnojn
<P ﬂ {aj.M—A< UJ*—MGJMﬁbJM—i—A} +A/(\J/IFT
(J:M)eQ TjM

N
=
D)
—
£
=
A
D
=
D

s 5 Gim < bj~M} + AT + % (\/ 2log(|QJ) + 2) :

The last inequality above follows from Theorem 1 of Chernozhukov et al. (2017b) and

assumption (5.8). Substituting this in (5.33) concludes

A

ag;.
P ﬂ {CLJM ]M} <P ﬂ {aj.M < O_]*_MG]M < bj.M}

(5, M)eQ (4, M)eQ

2A
+ AT 4 7(\/210g(|Q|) +2)+P(&

This proves one part of the result. To prove the remaining part, we note that on the

event &,

0j.M ¢'-M(Zi)
£ M < tim E A< J <by—A}.
" o <bimlb < m{a]M—i_ ]MZZ; Vnoja I }
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Following the same calculations as above yields

A

g;.
P ﬂ {a] M= ] M} = P ﬂ {aj.M < O_]*_MG]M X bj.M}

(jM)eQ (3 M)eQ

2A
— AN - —(v2log(|Ql) +2) —

The result now follows from the fact that

P(E) <P (AV"N > 61) + P (AYY > b)) + 345"

5.B Proof of Theorem 14

Let the left hand side quantity be denoted by pMB. Because el, ..., el (conditional

on D,,) are independent standard Gaussian random variables,

( 1) ) ( % M ))

£ = E

M N )
(-M)eQ g M (M)EQ

is a Gaussian random vector with mean zero. Remark 4.1 of Chernozhukov et al.

(2017a) yields

MB

Pt < C(AYP) P (log(lQI))*,
where
AMB .- glﬁ))( Cov(tglM,tg,l)M, n) — Cov(Gjm, Gywr)| -
(' AM)eQ

Conditional on D,,, the covariance between tgllz,[ and tgpM is given by

Z%M )%' M’( )

UJ MOJ/ M/
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The definition of AY3 implies

SERY 1‘ < BM il (M) e
— — < or a , e Q.
0j-M (1= AN+ /

This implies, using |ab— 1| < |a — 1||b — 1| 4+ |a — 1] 4+ |b — 1], that

O-;-Mo-j’~M’ 1‘ - 2A\/\//alr N ( AX/alr >2
Gy S =AW, \0-aw, )

Hence, on the event AY&" < 1/2, we get

*
O'j.MO'j’-M’

L —1‘ < BANY.
04.MO .M/

Therefore, on the event AYF < 1/2,

e

A Var

COV( j- Mv by

D)—%i¢ m(Z) by (Z) %anl/f Z) by (Z )

jMO-/MI

Cauchy-Schwarz inequality concludes

1 “ Aj.M Zz‘ Aj'.M/ Zi 7-M Zi 77-M Zi
52{w< Vyar(Z)  bpa(Zi)y <>H

i=1 O5MO g TG MO\
~ 2
1 - ;. Zi - 5. Zi 1 - 2" Zi
< 2 max —Z ¢]M( )*%M( ) max _27/}]1\;[—2)
(],M)EQ n o1 O-jM (]7M)GQ n i=1 (O-]M)
~ 2
+ max —Z %M( )*%M( )
(5, M)eQ N P 0iM

<2(Al)"”

n 2 .
max 1 Z —j'M(Zz) + A
GMea \| n & o3y

2 (A" (1+ AR + Al
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The last inequality above follows because under independence o5y, := >3 E[42(X;)]/n.

This concludes that

1 1
Cov(ty, £, 1D,

Z¢3M ¢]'M’( )

]MO-/M/

< 6A\/Mar Z %M ¢]' M/( )

JMO-/M/

1/2

+2 (AN (14 AR Al

<6AX2I Z¢JM( w]’M’( )

MO-IM/

£ (AN 1) [2(ARD"7 (1+ Al + Al

< 6N [14+ ARP + (BAYY + 1) [2 (AR (1+ AR + Al

Therefore, on the event 8% := {AVH < 1/2} n {AlF < 1} n {ABt < 1}, we get for
all (7,M) e Q

1) 41
COV( 7-M> ]’ M’ o
] MY j-M/

_lznl [w]M %/M'( )]‘
n: =1
Boot Var Boot Var Inf)1/2 Boot 1/2 Inf
< AR BAYE 1+ AR+ (6AYY +1) [2/(A%) (1+ Al + Al
< AR 12435 + 4202 () + (Al

< AR 12A%F 416 (AR 2.

This proves the first part of the result because under the independence assumption

T5MT o

Cov (G?ﬁ/(ft, GP:OIS/[t’ _ Z E [w] M( )%’ M'( )]

To prove the second part, note that the covariance matrix of (Gfﬁj’t) is lower bounded

(in the matrix sense) by the covariance matrix of (o;.:Gj.m/07 ) and hence by An-
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derson’s lemma,

G
Pl () {~bw<<bud|<P| N {—bj.M < DM o bj.M}
(3 M)eQ (J:M)eQ

This implies the second part of the result.

5.C Proof of Theorem 15

Because the result is deterministic, it is enough to prove the result for any fixed
M c {1,2,...,p}. Fix any M < {1,2,...,p}. The result is trivially true if Dy; > 1.

Hence assume that DY < 1. For notational convenience, let

. 1 - -~ IR

From the definition of BM, we have the normal equations f]MB = . Subtracting
fJMﬁM e R? from both sides, we get fJM(BM —Bm) = f‘M — iMﬁM, which is equivalent
to

(S Sy S (B — Au) = Sy (T — SaBu),

since Yy is invertible. Adding and subtracting 21\_/[1/ 2(3M — Bu) on both sides further

yields the identity

S | B = B = 2 O =SB | = (= Sy PSmy S (B — ).
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Applying the Euclidean norm, we get that

A

1Bv — Bt — Znt (T — EniBa) s < 1Ta — Zn*SniSa )T (Brt — Bu) |
17a = S0 2SS lopl B — Bualsne (5:34)

— D38y — Bullsu-

N

This inequality along with the triangle inequality implies that

18v — Batllsne < [Z0E (T — SneBun) oy + 18w — Bur — Sait (Car — EnilBun) s

< =0 Tar — ZniBa) s + Diill Bt — Butls

and hence (using Dj; < 1) yields

18 = Bllsy < m”zﬁl(FM — ZnmBu) sy - (5.35)
Combining (5.35) and (5.34) concludes
o) 17 O DI\Z/I 17 <
1B—=8—3y (v —Xupb) sy < m”zp} (Tt — ZniBn) 2 - (5.36)
M

To replace the norms with respect to >y to those with EMVn_lEM, we note that for

any 0 € R,

lsyvm15 = 1V Sl = /0TS Vo 'St < (0] VA
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and

1/2 —1/2+,1/2x —1/2
165y = 1Z0260] = |20 Vad > Var S|

—1/2 —1/2 1
< \/)\maX(EM/ VMEM/ )HQHEMVl\;lEM < ﬁHQHEMVI\;le.

Substituting these inequalities in (5.36) yields

~ PN A D= A A
||BM_BM_EM1(FM_ZMﬁM)”EMVMlEM < \gﬁEMI(FM—EMﬁM)szMle,
A M

(5.37)

Observe now that for any x € R? and any invertible matrix A,

o o -
lela = [A¥2] = max — UL f”' 7]

geRd \/QTA 0 +ej A/ OT A1 a gyaél A /(A*l)jj' (5.38)

1<j<d

Applying this inequality for the left hand side of (5.37) concludes

A Dy ~
Xﬁ“z v (T — Bl sy vty

max
JEM

Biat = Bim B Z Yl
UJM

0j.M

Because

_ ~ ~ 1.
(VM 1/221?41) Sy (Pn = Bwfu) = - dVa P2 Xia(Y = X uBu).
the result follows.

5.D Proof of Theorem 16
Observe that

Dy = 1552y = Iinglop < 2 sup 2 WSy Xt 1], (5.39)

1/4 | TV %
VEN iy
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where ./\/'&\24‘ represents the 1/4-net of {6 € RIM! : ||| = 1}; see Lemma 2.2 of Vershynin
(2012). Note that |/\/'ﬁ\ﬁ| < 9MI. Therefore the right hand side of (5.39) is a maximum

over a finite number of mean zero averages with summands satisfying
E [eXp (ﬁ;ﬁ|ﬂzh—41/2xw|ﬁ)] <2, forall ve Ny and M < {1,2,....d}.

Applying Theorem 3.4 of Kuchibhotla and Chakrabortty (2018), we get for any ¢ = 0

that with probability 1 — 3e™?,

DE < 14\/@@ +M[log(9)) CpR5(log(2n))*P(t + | M|log(9))max12/5}

n n

)

for some constant C > 0 depending only 8. Since there are (f) < (ed/s)® models
of size s, taking t = slog(ed/s) + u (for any v > 0) and applying union bound over
all models of size s, we get that with probability 1 — 3e™, simultaneously for all

Mc{1,2,....d} with [M] = s,

5 k3 (u + slog(9ed/s))  CpR3(log(2n))P (u + slog(9ed/s))maxt1.2/5)
D < 14 - + . .

To prove the result simultaneously over all 1 < s < d, take u = v + log(7%s?/6) and
apply union bound over 1 < s < d to get with probability 1 — 3e™ simulataneously

over all M < {1,2,...,d} with |M| = s for some 1 < s <d,

s loo (1252 ]
P < 14\//4;M(v + log(n2s%/6) + slog(9ed/s))
n

n CsR%(log(2n))¥? (v + log(m?s%/6) + slog(9ed/s))max{1:2/5)

n

Since s!log(r2s%/6) < (27/V/6) SUD,=,/v5 €Xp(—7)z < 1, we get with probability

1 — 3e7? simultaneously for any 1 < s < d and for any model M < {1,2,...,d} with
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|M| = s,

- Ky (v + slog(9e2d/s))  CsR3(log(2n))*P (v + slog(9e?d/s)) 12/}
DS < 14 . + - .

This proves (5.11).
We now bound HZK/II/ ’(T'3 — SmpBu)| simultaneously over all M. Observe from

the definition of Sy that

0< Y E[(Y;— XyBu)°] Z 2 XiaB)?l,
i=1 i=1 i=1

and hence |S3/°8u]| < (X", E[Y;2]/n)2. Now note that since E[T'y; — Syu] = 0

(from the definition of fyr), we have

1= (T ar — EniBu) | = |20 (Car — ETar) — a2 (En — Sa) B
—1/2 /A ) —1/2 /& —1/2 1/2
< 1= Car = ELa)| + |20 Ent — 2a0) Ear 2 op |57 Bu]

<[ S0 (T — ETap) | + DY (S, ELY?)/m) M2, (5.40)

We have already controlled DY, uniformly over all models M < {1,2,...,d} and hence

it is enough to control ||E]T/[1/2 (T'ys — ET'ar)|. As before, observe that

15, (Ty — ELy)| < 2 max

1/2
VEN\M\

n

=1

Ly ane E[VTXZ-,MYZ-]}‘ —: 26y,

where )~(Z-7M = EE/QXLM. To control £,; we split Y; in to two parts depending on

whether {|Y;| < B} or {|Y;| > B} (for a B to be chosen later). Define Y;; = Y;1{]V;| <
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B}, Yo=Y, =Y, ; and for { = 1,2,

gM’g = Inax

1/2
VEMM\

1< ~ >
— Z {I/TXZ'7M}/;,Z - E[VTX@MS/@',Z]}‘ :
n

i—1
Using this notation, from (5.40), we get
|25 (Tn = Suba) | < 281 + 28 + Dy (X1, B[V /n) 2. (5.41)
Since |Y;1] < B, we have for any v € ./\/ﬁ\ﬁ and M < {1,2,...,d} that
E |exp —|VTXi7ME71|ﬁ
(BRs)”

Hence we get by Theorem 3.4 of Kuchibhotla and Chakrabortty (2018) that for any

< 2.

t > 0, with probability 1 — 3e™*

n n

Y (t + [M]log(5)) = CsBRs(log(2n))"/P(t + |M|log(5))m>1/0}
5M,1 <7 + .

Now following same approach as used for D,;, we get with probability 1 — 3e™*, for

any 1 < s < d, for any model M < {1,2,...,d} such that |M| = s,

V(v + slog(be2d/s)) CﬁBﬁﬁ(log(zn))l/ﬁ(U + Slog(5€2d/5))max{1,1/ﬁ}
Evn <7 - + p '

(5.42)

To bound &2 simultaneously over all M, we take

B :=8E lmax |YZ|] < 8n'" max (B[|Y;]']DY" = 8" K, ,,

1<isn 1<isn

which is motivated by Proposition 6.8 of Ledoux and Talagrand (1991). Now consider
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the normalized process

c nl/Q((-:"]\/[72
orm := INAX max .
2N 1<s<d|M|=s n~ 12T K, Rg(slog(be?d/s) + logn)l/?

Observe first that & yorn < Y + E[EW], where

s LS n1/2|VTXi,MYi,2|
= — ) max max .
n = 1@5|<d, ven 2 NP K, R (s log(be?d/s) + logn) /8

Note that £0) is an average of non-negative random variables and hence by the choice

of B above and Proposition 6.8 of Ledoux and Talagrand (1991), we get

1 n1/2|l/TX. uY; 2|
E[EW] <SE | - imY,
[ ] n i<i<n 1%1%2’ Vl(en/\zflsl}/<2 n~V2HT K, Re(slog(5ed/s) + logn)/#
n 2T X; Y|
< E ) .
8 2, ﬁ%ag)é, ,/Ienj\%% n-V2H K, Rs(slog(5e2d/s) + log n) /8 (5.43)
|Yi| |VTX1'M|
< 8| max max max max :
1<i<n Kn,rnl/r ) lésédl‘i[ié? eN1/2 ﬁﬁ(slog(f)ezd/s) + log n)l/ﬁ

2

Here we use ||V |, for a random variable W to denote (E[W?])'/2. In the second factor,
the number of items in the maximum for any fixed s is given by n(i) 5* < n(bed/s)*

and hence from (X-SW), we get

P | max max |[v'X; | = Rs(t + slog(5ed/s) + log(n))/? | < 27,
i e

and an application of union bound over 1 < s < d yields

P U max max |[v! X; | = Rs(t + log(m?s?/6) + slog(5ed/s) + log(n))/*
1<s<d ﬁﬁﬁ; veN;’?
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which implies

P U Jmax mj\%)/g T X 0| = Rt + slog(5e’d/s) + log(n))/? § | < 2.
1<s<d |M]|=s VENs

(5.44)
Hence for a constant Cz > 0 (depending only on ),
|VTXZ‘ M|
7 < Cp. 5.45
g?él 1%’2}5, V?A%)fz ﬁg(slog(5e2d/s) + log n)l/,@ B ( )
T ,

For the first factor in (5.43), note that (since r > 2)

i=1

il
max

max i
= isign K, mtr

1<i<n K, .n!/"

2

Substituting the bounds (5.46) and (5.45) in (5.43) yields
IE[(C/'Q,Norm] < Q]E[g(l)] < Cﬁ, (547)

for a constant Cg > 0 (which is different from the one in (5.45)). Applying Theorem

8 of Boucheron et al. (2005) now yields for every ¢ > 1

1 n2|vT X, 1Yo
1 < (1) - iM142
1€l < 2E[EYV]+Cq 7 i 1%15825, Vglj\%)/g n- V2K, L Rp(slog(5e?d/s) + logn)V/B | 7
=3 q

for some (other) absolute constant C' > 0. This implies (using (5.47)) that

1 2T X, 1Yo
& < 3C3+Cq | — e
1€2 Norm |4 pra T 2R 1%}%)2, V?Aif/(z n=12+H1r K, Rs(slog(5e2d/s) + logn)l/8
=s

q
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As before, we have

1 n1/2|VTXi,MYi,2|
— max max max
n i<i<n 1@3'@, ven 2 nT 2K, R (s log(be?d/s) + logn) /8
=s
q
< || max L max Imax Inax |VTXZ"M|
= isign K, ,ntr i<isn 1‘<5|<d, ven2 Rg(slog(5e2d/s) + logn)'/8
M|=s
q
< || max i max max max |VTXi’M|
1<i<n K, ,nl/r | |i<i<n 1@9@, ven2 Rp(slog(be2d/s) + logn)t/s

== ra/(r—q)

where the last inequality holds for any ¢ < r by Holder’s inequality. We already have

that the first factor is bounded be 1. From (5.44), we have

max max max |VTX¢,M| <C, rq 1/,3.
Isisni<ssd yen? R (s log(be*d/s) + logn) 7 p—

rq/(r—q)

Therefore taking ¢ = r — 1, we get
|2 wormllr—1 < 3Cs + CCs(r — 1) (r(r — YA = Cp,

Hence by Markov’s inequality, we get with probability at least 1 — 1/t"~!, for any

1 < s <d, for any model M < {1,2,...,d} such that |[M| = s,

tCy, K, Rs(slog(5e2d/s) + logn)'/?

Eva <
M2 = ni-1/r

(5.48)

Combining the bounds (5.42) and (5.48) yields: with probability at least 1 — 3e " —
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t;"*! for any 1 < s < d, for any model M < {1,2,...,d} such that |M]| = s,

Uty + slog(be?d/s)) CﬁKn ~Rs(log(2n))V8 (t, + slog(5ed/s))maxt11/6}
n ni- 1/r
tQCﬁ K Rs(slog(be?d/s) + log n)l/ﬁ
nl- 1/r

Combining this inequality with (5.41) completes the proof of (5.12).

5.E Proof of Lemma 10

Recall that

M

on(Z) = S Xim(Yi - XMBM)

= i&lziéQZ&l/in,M(Yi - XZTMBM)

= SUEVEL P Xn (Y — XuB) + SRS XX By — Bur)-
This implies that

SV (D2 — vl Z0) = [SUPSSN — Tna | B X (Vi = X )
+ 211\4221(/[1211\422;41/2 zMX (5M—5M)
_ [21/22 121/2 ]|M|] Ell\flﬁM(Zz‘)
+ [SVESEEE - | S XX (B - Bu)

+ S XX (Bt — Bu).
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Applying the Euclidean norm yields

1/2 ¢ 7 1/2 —1/2 =
1= {n(Z) — on(Z)Y] < DEIZom(Z)] + DS X2 Bu — Butlsn

—1/2 3
+ 1S5 X2 Bnt — Brtsag-

Summing over 1 < ¢ < n concludes

1 & ~
=N IS u(Z) - vz} < D anm 2|2
i=1

A 1ty
+(1+ Dy)|Am — /BM“EM\/E > v v
i=1
Note that (using (5.38))

() - (2} > g [l Z) ol 2]

(3
and hence,
1 & ~
EZ ISy {wm(Z:) — (2} max g Z [a0(Z:) — vy (Z0)2.
i=1 JJ i=1
Therefore,

1 (wjm ) %_M(z,.)) < o Z (LS s (2) — o Z0b

JEM 7’L — Uj~M JEM O'j.M

Finally, we observe

-1y
S

_ 0S50
< su =<
B gjar gemia \ BT S VArDi

S

This completes the proof.
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5.F Proof of Theorem 17

—1/2

It is clear that |2y 7*Xim| < Amax(Cor(EZyt))| Xim| where X, is X scaled by

their standard deviations. This implies that

1< —-1/2 27,2 /\max(Cor(EK/Il)) o 2y,2
— Yo T Xawm|IFY < Xim|7Y,
- DX, D KoY,

=1

_ )\max COl“ Z Z XﬁjY;Q-

i=1jeM

Hence the maximum over all M € {1,2,...,p} with |M| = s is upper bounded by

_ (1 5
o Amax (Cor(25)) x > <EZXZ',(J')Y;2> ,

where

S|

D XY = %ZXW)Y; 2 %in’(p)yiz’
i=1 2

is a reordering of =1 37" | ijY;z, 1 < 7 < p. Define, for convenience,

—1/2
e Z =X zMn?Y?_
|M| s 1~ s Amax (Cor ()

Note that

5 2/(q—n)
55 s | < 3000 s (1152 )

1<i< 1<i<n
2
< 8n*@ max | max | X; ;| Y| (5.49)
tsisn lisi=<p alg—n)/n

< O/ K2 (log(ep)*P (q(q — n)/m)P KZ.
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This bound holds for every n > 0 and taking n = 2/(5logn) yields

8E[max 1X: )12, |Y|2] CosK2Kn 2/1log n(log(ep))’? =: B, (5.50)

1<i<

for a constant Cj g > 0 depending only on ¢, 5. Using B, we write
Es < &p+ &, (5.51)

where

_ [0 XY
Ba = pax nZsAmX Cor(Sy))

<§Z< Z)@ YL XY < B}),

j=1 i=1

L{| X5 [il* < B},

Z Iy "X ZM”2Y2 YKV > B
s = max i
LT M=s 1A s A (Cor(Sh))

; 21 ( ZXZ Y| X 2 Y > B})
J= =

The bound for &4 is similar to the technique used to bound &; yorm in the proof of

Theorem 16. From the definition of B, it follows that

Ool»—l

p
P (U{f:s,g # 0}) <P (ma}% I Xi|2Y2 > B)
s=1

Hence Proposition 6.8 of Ledoux and Talagrand (1991) yields

8 8B
E [max 5372] < —E [max max |X”|2Y2] < —.
n n

1<s<p 1<isn 1<y <p
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We now apply Theorem 8 of Boucheron et al. (2005) to conclude

Cq—n)

n

max max | X, ;|*|V;|?
1<i<n 1<j<p

< 2E [max 5572] +

1<s<p

max &9
1<s<p

(g—m)/2 (g—n)/2

From the calculation (5.49) (by taking n = 2/(5logn)), we get

_ CopkCK] log n(log(ep))*”
= n1*2/q ’

Cq—n)

max max |X;;|*|Y;[
1<i<n 1<j<p

(q—m)/2

Hence

_ Cupk2K2log n(log(ep)

2-1)Blogm) ni=2/

max &9
1<s<p

By Markov’s inequality,

1

max &; o < 14/2-1/(Blogn) "

1<s<p

q/2—1/(Blog n))

P (maX Esa =t
1<s<p

Wlth t = nil/(Q/271/(ﬁ log TL))) we get

C, s K2K2(log(ep))?Plogn 1
P (max 552 > g8z q( 1g§ p)) g < -,
1<s<p 7 nl-4/4 n
This proves
CK2K2(log(ep))?f(logn 1
p<maxgw> K5 logep))Plog >> <L (5.52)
1<s<p > nl—4/a n

To bound & in (5.51), define

Uj = = D XY UKLV < BY.
1=1

S|

An application of Theorem 8 of Boucheron et al. (2005) (with 6 = 1) yields for every
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n

2 " 2 - 2 - 2
0l < 5 RELREY)+ S max 2] < DYIEIXEY? + 8
=1 r i=1
By Markov’s inequality, this proves
2 oo 2tB
P <Uj = — ZE[XZ‘QJ'YZ'Q] + —> <3e7t forall t=0. (5.53)
n ’ n
i=1

Note that
~ ~ 1 & ~
E[X% Y7 < |XiliIVili < CKZRG = = > EIXEY?] < CKIKG,
=1

for a constant C' > 0 if ¢ > 4. Taking ¢ = log(3p*n/j) in (5.53), we get

2 . .
P (Uj > 20K2K? 4 2108 )) < 3¢ osortn) = 5T

n 3p2n’

Now employing the union bound yields

n

p 2 .
P(U {Uj S ORI + 2B log(3p n/])}) < sz _plp+1) 1

Jj=1

Hence with probability at least 1 — 1/n, for all 1 < j < p,

4Blog(3pn/j)

U < 20KK] +
n

On this event, we have for all 1 < s < p,

1 ) o AB S | , , OB
B Z Uyy < 20K;K; + Ej;log(iipn/]) <20K;K; + . log(epn/s),
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where the last inequality follows from the fact that >°_, log(1/j) = —log(s!) <

~

—slog(s/e) (because e® > s°/s!). From the definition (5.51) of &1 and (5.50), we

conclude with probability at least 1 — 1/n, for all 1 < s < p,

&1 < CKiKg [1 + log(epn/s) l(igz(log(ep))Q/ﬁ] |
) e ”

Combining this inequality with (5.52) and (5.51) proves the first result.

To prove the second result, note that

122X f < M2 Aax (Cor(S ( Z )
< PR (Cor(s <|M| S )

Therefore,
[y Xl
1255, nZ|M|2)\2 (Cor (1)) < 1572 nZ

|M| max

For each j, Theorem 8 of Boucheron et al. (2005) yields

CIA1+9/8 (log(en)) /P
( ZXZLLJ = CK4 = log(en)) < 37!, forall t=0.
n

=1

Union bound proves

P (max —ZXf] > CK!|1 [ (log(3pn))1+4/ﬁ(log(en))4/ﬁ]) < i

1<jspn 4 n

This completes the proof of the second result.

To prove the third result, observe that

im(Zi) by (Zi) _ e] By Xam (Vi — XiluBu) (Vi — Xy Bar)e) By Xinw
05.MO j/ .M/ 04.MO 5.\ ‘
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Assumption (X-SW) and (2-V) yields
Tyt X uml?
E | exp —|6]_M ul
(\/XO']‘.MKQ;)B
Proposition B.1 of Kuchibhotla and Patra (2019) yields

1
E[af] < oyl

1—2/(g— —n)/2 2/(g—m)
L 10g(|Q|) /(qa—mn) N (g—mn)/
n 1<i<n M, M’ 7,5 '

This holds for any 7 > 0 and we take n = 1/logn. We now bound the second term

Vinm(Zi) Yy (Zi)

O0.MO jr.\M/

on the right hand side as follows:

o (Z) 0 (Z; m(Z) [
max ¢JM( )7/13 M( ) < max ¢JM( )
M, M’ ,5,5/ 0. MO j7. M/ M,j 0;.M
2 2
el St X el Mt Xim X,
< max | LMY M Y?—I—max j oM M Z’MBM
M,j OjM M,j 0j.M
Holder’s inequality yields
2 2
GTzilXi €T271Xi
M,j 0jM M,j 0j.M
(q—n)/2 alg—m)/n
_ (5.54)
< OAKZ K2 (10g(1Q1)P (6% /n)*°
= OAKZ K2 (10g(1Q)))¥P (¢ log n) .
Further
2
el St Xi X -
x| 2SN ORI log(|Q)) g ) (559
5] O'j.M
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Therefore,

1-2/q
B [a%] < oy PEUD s onrt (2EU9) T dog10y togtnl 0

The tail bound can now be obtained from Einmahl and Li (2008, Theorem 3.1). This

result implies

(g—1/logn)/2
2 maxyy; [10m(Zi) /05 2 .
< o (_ n ) O e (ll M [ ( t)/ 21 10
n

nt

N (¢—1/logn)/2
2 K2 2/8 2/8
< exp (_ nt ) . Cn(”&&(log(lQl)) (log(n|Q))) ) |

where the second inequality follows from (5.54) and (5.55). Hence taking

3B log(n)  AKIKZ(log(|Q))*7 (log(n|Ql))*°
t= +C 1-3/ ’
n n q

proves that with probability at least 1 — 1/n — 1/4/n,

3Bmlog(n) MK (l0g(]Q)))* (log(n] Q)7

Boot Boot
AR < 2B [ARS] + " o

This proves the last result.

End of Chapter 5.
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Chapter 6

Real Data Examples

In this chapter, we provide two real data examples to illustrate the practical worth
of the valid post-selection confidence regions discussed in this thesis: Boston housing
data (where the target is inference after variable transformation) and Telomere length
data (where the target is inference after covariate selection). Both of these analysis

can be found at

1. Boston Housing Data: https://github.com/post-selection-inference/R/

tree/master/case_study/boston_housing and

2. Telomere Length Data: https://github.com/post-selection-inference/R/

tree/master/case_study/MTL.

6.1 Boston housing data

This section demonstrates PoSI on the Boston Housing data from Harrison Jr and
Rubinfeld (1978) with amendments by Gilley et al. (1996). The original study intends
to investigate the willingness to pay for clean by the “hedonic housing price equation”
incorporating the level of air pollution, specifically the concentration of nitrogen ox-

ides (NOX), as one attribute and concludes that “the valuation placed on a marginal
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improvement in air quality is quite sensitive to the specification of the hedonic hous-
ing value equation”. In other words, NOX is a significant factor to the housing price
controlling other covariates. The final housing value equation is chosen as the best
fit after comparing models with transformations of both the response (Median value
of house prices) and covariates, which invalidates the classical inference. After our
post-selection adjustment to the inference, the conclusion that NOX is a significant
factor at 0.05 level to the housing price controlling for other covariates still holds, but
the Charles River dummy and racial diversity become insignificant. See Table 6.1 for

the description of the data.

Variable Description

CRIM crime rate

ZN proportion of residential land zoned for lots over 25,000 sq. ft
INDUS proportion of non-retail business acres

CHAS Charles River dummy variable (=1 if tract bounds river; 0 otherwise)
NOX nitrogen oxides concentration, pphm

RM average number of rooms per dwelling

AGE proportion of owner-occupied units built prior to 1940

DIS weighted distances to five Boston employment centers

RAD index of accessibility to radial highways

TAX full-value property tax rate per $10,000

PTRATIO pupil teacher ratio
B 1000 x (Bk — 0.63)* where Bk is the proportion of blacks
LSTAT percent lower status population

MEDV median value of owner occupied homes in $1000’s

Table 6.1: Variables in the Boston housing data by Harrison Jr and Rubinfeld (1978).
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We provide PoSI adjustment considering the following transformations mentioned
in Harrison Jr and Rubinfeld (1978). After grid search for Box-Cox transformation

on NOX, they use NOX? because “the statistical fit is the best”.

e Log transformation of the response MEDV;
e Grid search of Box-Cox transformation of the variable of interest NOX;

e Log, linear, quadratic transformation of RM.

After HPoSI or HPoSI1 adjustment, RIVER and BLK change from significant at
0.05 level to insignificant. The conclusion for the variable of interest NOX does not

change. See Table 6.3, 6.4 and 6.5 for summary tables for unadjusted confidence

interval, HPoSI and HPoSI1.

Variable Unadjusted Adjusted

NOX v v
RM v v
AGE X X
CRIM v v
RES X X
INDUS X X
RIVER v X
TAX v v
PTR v v
BLK v X
LSTAT v v
DEMPC v v
DRADH v v
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Variable Unadjusted Adjusted

Table 6.2: Significance at 0.05 level of variables in the final model with and without
adjustment.

Variable | Lower Upper | Significance | K | p-value
NOX —-0.86 —0.42 TRUE 1.96 0.00
RM 0.00 0.01 TRUE 1.96 0.00
AGE —0.00 0.00 FALSE 1.96 0.89
CRIM —-0.01 —0.01 TRUE 1.96 0.00
RES —0.00 0.00 FALSE 1.96 0.85
INDUS —0.00 0.00 FALSE 1.96 0.94
RIVER 0.03 0.16 TRUE 1.96 0.01
TAX —0.00  —0.00 TRUE 1.96 0.00
PTR —-0.04 —0.02 TRUE 1.96 0.00
BLK 0.00 0.00 TRUE 1.96 0.00
LSTAT —-0.42 —0.33 TRUE 1.96 0.00
DEMPC | -0.26 —0.13 TRUE 1.96 0.00
DRADH 0.05 0.13 TRUE 1.96 0.00

Table 6.3: Unadjusted confidence interval for the final model.
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Variable | Lower Upper | Significance | K p-value
NOX —1.00 —0.28 TRUE 3.00 0.00
RM 0.00 0.01 TRUE 3.00 0.03
AGE —0.00 0.00 FALSE 3.00 1.00
CRIM —-0.02  —0.00 TRUE 3.00 0.00
RES —0.00 0.00 FALSE 3.00 1.00
INDUS —0.01 0.01 FALSE 3.00 1.00
RIVER —0.01 0.20 FALSE 3.00 0.16
TAX —0.00  —0.00 TRUE 3.00 0.00
PTR —-0.04 —0.02 TRUE 3.00 0.00
BLK —0.00 0.00 FALSE 3.00 0.20
LSTAT —-048 —0.27 TRUE 3.00 0.00
DEMPC | -0.31 —0.08 TRUE 3.00 0.00
DRADH 0.04 0.14 TRUE 3.00 0.00

Table 6.4: HPoSI (simultaneous) for the final model.
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Variable | Lower Upper | Significance | K p-value
NOX —1.00 —0.28 TRUE 2.90 0.00
RM 0.00 0.01 TRUE 2.98 0.02
AGE —0.00 0.00 FALSE 2.99 1.00
CRIM —-0.02 —0.01 TRUE 2.96 0.00
RES —0.00 0.00 FALSE 3.01 1.00
INDUS —0.00 0.01 FALSE 2.98 1.00
RIVER —0.01 0.20 FALSE 2.99 0.14
TAX —0.00  —0.00 TRUE 2.98 0.00
PTR —-0.04 —0.02 TRUE 2.95 0.00
BLK —0.00 0.00 FALSE 2.96 0.16
LSTAT —-048 —0.27 TRUE 2.99 0.00
DEMPC | -0.31 —0.08 TRUE 2.92 0.00
DRADH 0.04 0.14 TRUE 2.95 0.00

Table 6.5: HPoSI (marginal) for the final model.

6.2 Telomere length example

This section demonstrates PoSI on the Telomere Length (TL) analysis by Nersisyan
et al. (2019). The goal of the analysis is to study the inheritance patterns and
associated genetic factors. The data and scripts of their analyses are available on
Github. Here we focus on the first part of the multiple linear regression (MLR)
analysis to understand the TL inheritance patterns. The article concludes from the
analysis that TL is a mostly heritable trait, more from mother’s and less from father’s.
TL is also age-related and linked to mother’s age at conception. The conclusion is

based on regression analysis but with covariate selection that invalidates the classical
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inference. After our post-selection adjustment to the inference, only the inheritance

factors are significant controlling for other covariates.

There are in total of 250 family trios in the original data. According to the article,

two of the families with missing data for the mother were removed, and two families

with discordant age differences at the time of data collection and at conception were

also discarded. Hence there are 246 samples left in the child.df data. See Table 6.6

for the description of the data.

Variable

Description

GoNL_Sample_ID
family
member
Sex

Age
MTL
ageC
MAC
PAC
mMTL
fMTL
mAge
fAge

id of Genome of the Netherlands (GoNL) project
family ID

family member (here are all children, c)
sex

age

mean telomere length

NA

mother’s age at conception

father’s age at conception

mother’s mean telomere length

father’s mean telomere length

mother’s age

father’s age

Table 6.6: Variables in the Telomere Length (TL) analysis by Nersisyan et al. (2019).

In their MLR analysis, they consider Sex, Age, mMTL, fMTL, MAC, and PAC

along with all the pairwise interactions. They land on the final model with Age,
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mMTL, fMTL, MAC, and PAC after model selection based on adjusted R? value and
parsimony and claim siginifance at 0.05 level for Age, mMTL, fMTL and MAC based
on the classical inference on the final model. They conclude that TL is a mostly
heritable trait, but also age-related and linked to mother’s age at conception.

After HPoSI or HPoSI1 adjustment, Age and MAC change from significant at
0.05 level to insignificant. The adjustment changes the conclusion of the study to
TL is a heritable trait only. The heritable nature of telomeres, as the authors claim,
echoes prior studies. Age and parents’ ages at conception, however, are not significant
factors. The authors claim there is a lack of evidence on the effect of MAC in previous
studies and their MLR analysis (with covariate selection) confirms the association of
MAC with offspring MTL, suggesting that further investigation. Nevertheless, after
PoSI adjustment for selection, MAC is not significant anymore. See Table 6.8, 6.9

and 6.10 for summary tables for unadjusted confidence interval, HPoSI and HPoSI1.

Variable Unadjusted Adjusted

Age v X
mMTL v v
fMTL v v
MAC v X
PAC X X

Table 6.7: Significance at 0.05 level of variables in the final model with and without
adjustment.
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variable | lower upper | Significance | K | p-value
Age —40.81 —4.97 TRUE 1.96 0.01
mMTL 0.33 0.57 TRUE 1.96 0.00
fMTL 0.16 0.43 TRUE 1.96 0.00
MAC 33.12 155.35 TRUE 1.96 0.00
PAC —85.89 28.35 FALSE 1.96 0.32
Table 6.8: Unadjusted confidence interval for the final model.
variable | lower upper | Significance | K p-value
Age —52.83 7.05 FALSE 3.80 0.97
mMTL 0.21 0.68 TRUE 3.80 0.00
fMTL 0.02 0.57 TRUE 3.80 0.00
MAC —45.97 234.44 FALSE 3.80 1.00
PAC —163.31 105.78 FALSE 3.80 1.00

Table 6.9: HPoSI (simultaneous) for the final model.

variable | lower upper | Significance | K p-value
Age —48.06 2.27 FALSE 3.19 0.08
mMTL 0.26 0.64 TRUE 3.05 0.00
fMTL 0.06 0.53 TRUE 3.19 0.00
MAC —23.31 211.78 FALSE 3.19 0.23
PAC —141.57 84.03 FALSE 3.19 1.00

Table 6.10: HPoSI (marginal) for the final model.

End of Chapter 6.
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Chapter 7

Conclusions

This thesis is motivated by the use of invalid statistical inference tools that prevails
in the practice of statistics in almost all of empirical sciences. We have provided
various different methods of drawing (asymptotically) valid statistical conclusions
after performing quite arbitrary exploration of the data. In attaining this goal, we
have relaxed many of the existing assumptions on the data generating process such
as sparsity, linearity, Gaussianity. In particular, our results provide validity only
making tail/moment assumptions on the observations and some weak dependence
assumptions. This is an important feature, as in real data analyses, analysts often do
not know much about the data distribution.

The main contribution of this work is in providing a unified framework in solving
the problem of valid post-selection inference. Most of the existing works in this
area concentrate on a particular kind of exploration, if not a particular method of
exploration. For instance, Berk et al. (2013) focuses on covariate selection and Lee
et al. (2016) focuses on covariate selection by lasso specifically. Unlike these papers,
we provide a unified framework which allows for an infinite universe to select from,

such as selecting a transformation for the response or the covariates.
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Regarding the theoretical analysis, an interesting aspect of the work is that most
of it is based on deterministic inequalities. In all of the results, we have reduced
the problem to the case of bounding averages of random variables/vectors using only
deterministic inequalities (which hold for all realizations of the datasets alike, without
any independence/dependence assumptions). Once this is available, all one needs to
do is bound the averages under the independence/dependence assumptions. This is a
very robust way of deriving results for asymptotic guarantees in statistical inference.

One important component of valid post-selection inference that we did not dis-
cuss is computation. Except for Approach 1 discussed in Chapter 4, the procedures
PoSI and HPoSI are not computationally efficient. A direct implementation of these
methods required complete enumeration of all models of size at most k, which, for p, k
large, is NP-hard. An alternative would be to provide an approximate calculation of
the maximum statistic, and this can be done through many randomized algorithms
such as simulated annealing or greedy approximation. At present, we do not know of
any guarantees for these randomized algorithms, which leads to an interesting open
problem for further research exploration. One randomized algorithm with guarantees
can be constructed as follows: consider the problem of computing the maximum of a
sequence ap, . ..,ay = 0 with N large; think of N = (i) = O(p*). Each a; corresponds
to the absolute ¢-statistic, |t;.m|, of a particular covariate in a particular model. The

idea is based on the well-known inequality

N 1/q
max a; < Zaq- < NY7 max aj.
1<G<N — J 1<j<N
J:

If we choose ¢ = log(N)/e, then
N

1/q
al < € max_a;.
/ J 1<j<N
j:

max a; <
1<j<N
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Hence by computing the ¢, norm of the sequence, we can approximate the maximum
up to a factor of e®. Of course, computing the ¢,-norm itself is hard because it is a
sum over N quantities, which is as hard as computing the maximum. However, we

note that

N 1/q 1 N 1/q
(Z ) = N <N2a3> — NV (E[a})),

j=1 j=1
where the expectation is with respect to the random variable J which is uniformly dis-
tributed on the set {1,2,..., N}. Hence computing the ¢;,-norm is same as computing
an expectation of a random variable. Using the idea of Monte Carlo integration, we
can draw samples Ji, Jo, ..., J,, from the uniform distribution on {1,2,..., N} and

approximate the expectation E[a?] by

m

S
— aJl_.
mz':l

An issue is that this average approximates the expectation but does not upper bound
or lower bound the expectation. But from the central limit theorem or concentration
inequalities, we can provide a confidence interval for the true expectation based on

the estimate (the average). Suppose we construct a quantity CA'(; such that

m i=1

1 & ~
P(E[ag] < —Zani—i-C'g) > 1-4,

then we can use the upper bound to construct an upper bound on the maximum
of ay,...,ay that is a valid upper bound with probability at least 1 — . See Huber
(2019) for references on how to construct upper bounds for the true expectation based
on the samples. Preliminary investigations in this direction show some promise, and
this is currently under investigation in collaboration with Junhui Cai, my technical

advisor.
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Given the importance of valid statistical conclusions in practice, we hope this work

draws the attention of practitioners to the respective issues as well as the solutions.

Practice Safe Statistics.

End of Chapter 7.
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