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SUMMARY

I propose a new type of confidence interval for correct asymptotic inference after using data
to select a model of interest without assuming any model is correctly specified. This hybrid
confidence interval is constructed by combining techniques from the selective inference and
post-selection inference literatures to yield a short confidence interval across a wide range of
data realizations. I show that hybrid confidence intervals have correct asymptotic coverage, uni-
formly over a large class of probability distributions that do not bound scaled model parameters. I
illustrate the use of these confidence intervals in the problem of inference after using the LASSO
objective function to select a regression model of interest and provide evidence of their desirable
length and coverage properties in small samples via a set of Monte Carlo experiments that entail
a variety of different data distributions as well as an empirical application to the predictors of
diabetes disease progression.

Some key words: Confidence Interval; LASSO; Misspecification; Post-Selection Inference; Selective Inference; Uni-
form Asymptotics

1. INTRODUCTION

A large portion of the statistics literature in recent years has been dedicated to advancing
inference methods that are valid after using data to select a model of interest without assuming
the correct specification of any model in the selection set. Many, if not most, of these methods
can be roughly broken down into two strands: methods that are valid for a selected parameter
conditional on the model that is selected using a particular model selection criterion and methods
that are unconditionally valid irrespective of the particular model selection criterion used. The
former is often referred to as “selective inference” (e.g., Lee et al., 2016) and the latter is often
referred to as “post-selection inference” (e.g., Berk et al., 2013), terms I will use throughout this
paper.

Apart from the differences in coverage guarantees from confidence intervals constructed from
these two approaches, they also feature complementary strengths and weaknesses in terms of
informativeness. While selective intervals tend to be short when the model selected by the data
is selected with (unconditional) high probability, they can become exceedingly wide when this
selection event occurs with low probability. Indeed, standard selective intervals approach naive
intervals (with incorrect coverage for the selected parameter) based upon inverting ¢-tests while
ignoring data-driven model selection when the selection event occurs with high probability (An-
drews et al., 2020). On the other hand, their expected length may be infinite (Kivaranovic and
Leeb, 2021). Post-selection intervals do not suffer this latter drawback but can be very conser-
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2 A. McCLOSKEY

vative in scenarios where the model selection criterion is known and the model selected by the
data is selected with high probability, leading to coverage probabilities well in excess of their
nominal levels and unnecessarily wide intervals.

In this paper, I propose a new class of hybrid confidence intervals for inference after model
selection that aims to draw on the complementary informativeness strengths of selective and
post-selection intervals. Motivated by the fact that selective intervals can become extremely
wide when the model selected by the data is selected with low (unconditional) probability, by
relaxing the conditional coverage requirement it may be possible to attain intervals with guaran-
teed unconditional coverage and better length properties. Although post-selection intervals have
guaranteed unconditional coverage, selective intervals are substantially shorter when the model
selected by the data is selected with high probability. In order to use the relative strengths of
these two confidence intervals in terms of their lengths, the hybrid approach to confidence in-
terval construction uses the data to transition a post-selection interval toward a selective interval
when the latter is short. The hybrid intervals introduced here make use of similar reasoning to
the hybrid intervals of Andrews et al. (2020) and Andrews et al. (2021), but applied to a model
selection framework that generalizes that of Andrews et al. (2020) to incorporate many popular
model selection criteria used in linear regression.

Like selective intervals, but unlike post-selection intervals, hybrid intervals require knowl-
edge of the model selection criterion used by the researcher and the model selected by the data.
The hybrid approach relaxes the conditional (on the selected model) coverage requirement of
standard selective intervals to produce confidence intervals that are unconditionally valid. This
unconditional coverage guarantee is analogous to the unconditional coverage guarantee of post-
selection intervals with one difference: since we know the model selection criterion being used
when constructing hybrid intervals, we attain validity on average across the models potentially
selected using this particular model selection criterion, rather than across all possible model se-
lection criteria. (Selective intervals posess the same unconditional coverage properties as hybrid
intervals. For brevity, we refer the interested reader to Tibshirani et al. (2016) and Tibshirani
et al. (2018) for detailed discussions on the interpretation of unconditional coverage when the
model selection criterion is known.) The relaxation of the conditional coverage requirement can
be viewed as an alternative approach for improving the length properties of selective intervals to
standard sample splitting, the “data-carving” approach of Fithian et al. (2017) or the randomized
response approach of Tian and Taylor (2018). However, in contrast to these latter approaches,
the hybrid approach does not discard or add noise to the data in the model selection stage. It
therefore yields valid inference on an object of interest that is selected from the full set of data
rather than a fraction of it.

The hybrid approach to confidence interval construction improves upon the typical length
properties of both the selective and post-selection intervals by modifying the conditioning event
of selective intervals to restrict the selected parameter of interest to lie within a post-selection
interval with a higher coverage probability. Since this latter addition to the conditioning event is
not necessarily satisfied by the data, the hybrid approach takes the selective interval based upon
this event but modifies which truncated normal quantiles are used in its constructoin to main-
tain correct coverage. By construction, the maximum length of the hybrid interval is bounded
above by the length of the corresponding higher coverage post-selection interval, yielding finite
expected length and breaking the negative result of Kivaranovic and Leeb (2021). At the same
time, hybrid intervals can be configured to nearly approach naive intervals when the model se-
lected by the data is selected with high probability in the sense that they approach naive intervals
of a slightly higher coverage level.
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Under a strengthening of the general model selection framework of Markovic et al. (2018)
and an assumption implying the existence of a uniformly asymptotically valid post-selection
confidence interval, I establish the uniform asymptotic validity of the hybrid intervals I propose.
Standard uniform laws of large numbers and central limit theorems and results in e.g., Kuchib-
hotla et al. (2018) and Bachoc et al. (2020) can be used to verify these assumptions in linear
regression model selection contexts. In the absence of knowledge of a true model, these assump-
tions typically require the practically-relevant setting of random, rather than fixed, regressors. As
an illustration, in the supplementary materials of this paper I show how to verify these assump-
tions in the context of performing inference on a population regression coefficient for a predictor
of interest after using the LASSO objective function to select the control variables that enter the
regression. Importantly, this framework does not impose distributional assumptions on the data
or that any parameters are known a priori.

The uniform asymptotic validity results can be applied to many other examples such as infer-
ence in a linear regression model selected by LASSO with randomized cross-validation, a ran-
domized information criterion, a fixed number of steps along the forward stepwise and least angle
regression algorithms and along the solution path of LASSO. Unlike the point-wise asymptotic
results of e.g., Tian and Taylor (2017), the uniform asymptotic results I establish in this paper
provide better approximations to finite sample coverage across a broad range of data-generating
processes. And unlike the results of e.g., Tibshirani et al. (2018) or Andrews et al. (2021) but in
line with e.g., Bachoc et al. (2020), the uniform asymptotic validity results I establish in this pa-
per do not require one to bound the magnitude of various parameters such as (scaled) population
regression coefficients.

Finally, I investigate the finite-sample performance of the hybrid intervals relative to the selec-
tive intervals of Lee et al. (2016), standard intervals formed after sample splitting and the post-
selection intervals of Bachoc et al. (2020) when using LASSO as the model selection criterion in
a set of Monte Carlo experiments and an empirical data application. In the Monte Carlo experi-
ments, [ draw data from a variety of distributions in a small sample setting to examine how well
the uniform asymptotic results translate to challenging finite-sample settings that significantly
depart from Gaussianity. Under a wide range of values for the LASSO penalty parameter, I find
that the length distribution of hybrid intervals compares very favorably to those of selective and
post-selection intervals. The length gains relative to selective intervals are acutely pronounced
at higher quantiles of the relative length distributions. As a stark example, the 95" quantile of
the length distribution of the selective intervals can be more than 34 times larger than that of
the hybrid intervals under the Monte Carlo designs I examine. In addition, I find that the hybrid
intervals exhibit approximately correct finite-sample coverage. In the empirical application, I an-
alyze the diabetes dataset from Efron et al. (2004) that was used to study selective intervals in
Lee et al. (2016) and again find favorable empirical performance for the hybrid intervals.

2. BASIC IDEAS BEHIND THE HYBRID APPROACH

To impart intuition, I focus on a particular application for the construction of confidence inter-
vals after model selection, noting that a general approach that covers a wide range of applications
is given in the following section. In particular, consider the standard linear regression framework
for which a response variable y; is modeled as a linear function of a predictor variable of interest
z; and some subset of the control variables X, ..., X,; fori = 1,...,n. Without imposing any
assumptions about the true underlying relationship between the response, predictor of interest
and controls, the researcher chooses a model M = (E, sg) with E C {1,...,p} being the sub-
set of indices corresponding to the controls in the model and sp C {—1, 1}‘E | being the set of
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signs of the coefficients on these controls. The researcher’s target parameter of interest is equal
to the population linear regression coefficient 65 defined by

(0g,BE) = argmin }EHy—zH—XEbEH2,

AR, b €RIEI
where y = (y1,...,yn)’, 2 = (21,...,2,) may be fixed or random and X is the submatrix
of the fixed or random design matrix X = (x1,...,x,) corresponding to model M = (E, sg)

with 2, = (X1, ..., Xpn) 7.

To establish the basic arguments, let us temporarily assume we have confidence intervals with
correct finite-sample coverage, regression coefficient estimators that are normally distributed in
finite samples and that variance parameters are known. There is now a large literature enabling
the construction of selective intervals with (asymptotically) correct coverage for a population
regression coefficient conditional on the model M = (E , 8 E) selected by the user for a variety
of model selection criteria (e.g., Lee et al., 2016; Tibshirani et al., 2016; Tibshirani et al., 2018).
That is, we have at our disposal a level 1 — « selective interval C' ]%a such that

P(&EGCI%“W:M) >1—-a (1)

forall M = (E,sg) with E C {1, ..., p} (or some other relevant subset of the universe of mod-
els). On the other hand, there is a growing literature enabling the construction of post-selection
intervals with correct unconditional coverage for a regression coefficient chosen by any model
selection technique (e.g., Berk et al., 2013; Kuchibhotla et al., 2020; Bachoc et al., 2020). That
is, for any potentially data-dependent McC {1,...,p}, we have at our disposal a level 1 — «
post-selection interval C'T j\;[’o‘ such that

P,
IP’(GEEC’IM)ZI—Q @)
forall M = (E, 87) with EcC {1,...,p} (or some other relevant subset of the universe of mod-

els).

Selective confidence intervals are typically constructed by expressing the model selection
event {M = M} in terms of a data-dependent truncation interval for the OLS estimator 6
of 6, where

(0p,fp) = argmin ||y — 20 — Xgbg|®.
OER b €RIEI
This truncation interval depends upon a sufficient statistic Z; for the unknown nuisance pa-
rameter (3 that is independent of é\ﬁ after conditioning on the realization of M= (E , 8 E)’ ie.,
{]\7 =M} = {0 € Vi (Zur), Vi;(Zar)]}- (There is an additional element of the conditioning
set VY,(Zpr) > 0 that is suppressed in this section for simplicity of exposition.) The typical con-
struction of a selective interval then proceeds by invoking the fact that HE«\M = M is distributed

according to a normal distribution with mean 0 truncated to the interval [V;,(Zar), Vi (Zur)),
and collecting all null hypothesized values of 6 for which a test based upon this distribution
evaluated at the realized value of Zj; would fail to reject at level . On the other hand, post-
selection intervals typically take the form CI A%O‘ = é\E + 0 Kq, where o)y is the standard de-

viation of §E and K, is a constant that guarantees (2) holds.
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My proposal in this context is to form a level 1 — « hybrid confidence interval C'1 g,a that

is constructed in analogy with the selective interval after modifying the conditioning event and
appropriately adjusting the corresponding coverage level. More specifically, this modified con-
ditioning event is equal to the intersection of the model selection event expressed in terms of the
sufficient statistic Zjs and the (potentially false) event that 6 lies inside of alevel 1 — v > 1 — «
post-selection interval:

{(M=m}n{ozecr}
=B € Wiy (Za). Vi (20} 0 B € B — oK 0 4+ o K
= {5,; € [V];[’H(ZM,QE),V]\?H<ZM,9E)]}7

where VMH(Z]V[,QE) = max {V]\_4<ZM)7 9E _O'MKW} and V]—\F/[’H(ZM,QE) =
min {V;;(Zu), 0p +om K} (using the convention that [a,b] =0 if b<a). A hybrid
interval is then constructed by invoking the fact that 67}3\{]\7 =M}N{0z; € CIJ\];[’V} is
distributed according to a normal distribution with mean fg truncated to the interval
[V]\}’H(Z M, 0E), V]T/[’H(Z M, 0r)]. Itis defined as all null hypothesized values of 6 for which a
test based upon this distribution evaluated at the realized value of Zj; would fail to reject at the
adjusted level of (o — ) /(1 — 7).

When }P’(Z\/Z = M) is small, one (or both) of the bounds of the truncation interval used to form
a selective interval [Vy,(Znr), Vi;(Zr)] tends to be very close to 0 so that a test based upon
the distribution of §E|{]\/4\ = M} fails to reject for many hypothesized values of the mean 6
of §E, including very large ones. Since it is based upon inverting such a test, this induces the
selective interval to become very long. The additional condition 6 € C'I ]%7 used to form the
hybrid interval bounds the value 6 can take from above and below so that by conditioning on
{0g € [VAQ’H(ZM,GE),VJ\JZ’H(ZM, 05)]} rather than {0 € Vi (Zan), Vi (Zar)]}, the values
of Ok under consideration in the formation of the hybrid interval are bounded above and below
by 0, E = oy K. In contrast to the selective interval, this fact implies that the level 1 — « hybrid
interval lies inside of the level 1 — v post-selection interval CI %7 50 that the former is never
longer than the latter. In addition, the latter confidence interval is not much wider than the level
1 — « post-selection interval C'T ]\g’a by virtue of the fact that the length of C'1 A};[’O‘ depends upon «

as a constant times 1/log(a~1). This is shown by Bachoc et al. (2018) under Gaussian errors with
a fixed design matrix but the argument can be extended via the central limit theorem (see Bachoc
et al., 2020 and Kuchibhotla et al., 2021). On the other hand, when IE”(]\/Z = M) is large, the
truncation interval used to form the selective interval tends to be very wide so that the distribution
of gE\{]\//f = M} is close to the unconditional distribution of éE and the selective interval is
very close to its short naive counterpart. Since V;;(Za) is large and negative and Vi, (Zy) is
large and positive in this case, the hybrid truncation interval [V];I’H(Z M,0E), V]\J}’H(Z M, 0E)]
becomes very close to the selective truncation interval yielding a hybrid interval that is very
close to the (1 — ) /(1 — +) selective and naive confidence intervals.

The reason behind inverting tests at the adjusted level (o — ) /(1 — ) (rather than «) is to
account for the fact that the modified conditioning event is not necessarily satisfied by a given
realization of the data since ]P’(@E € CIAI;I’W) < 1. To see why this adjusted level yields correct
unconditional coverage of the hybrid confidence interval, note that analogous arguments to those
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used to guarantee correct conditional coverage (1) can be used to guarantee

l—«

P (aﬁ cCr®e | = M, 0- e Cﬂiﬂ) >
M E M

= — 3)

forall M = (E, sg) with E C {1,...,p} so that

H,o H,«
P(ogecrit)=p(ozecrt

0z eCID P (05 eCT) 2 1-a
M E M

for all M = (E, 3z) with E C {1,...,p}, where the final inequality follows from (2), (3) and
the law of iterated expectations.

3. GENERAL ASYMPTOTIC MODEL SELECTION FRAMEWORK

In this section I introduce a set of very general assumptions to incorporate several forms of
model selection and post-selection targets of inferential interest. I discuss how these assump-
tions apply in many model selection settings. In the supplementary material, I provide more
detail about how these assumptions hold in the context of inference on a regression coefficient
of interest after using LASSO to select controls variables.

Suppose we use a data set of n observations that is realized from an unknown probability
measure PP € P, to select a model M from a finite set of models M = {1,...,|M]|}. I require
the set of probability measures P, to satisfy a uniform version of the model selection condition
of Markovic et al (2018). Letting J\/l\n denote the (random) model selected by the data, suppose
that the event that a given model M € M is selected is equivalent to a random vector D,, (M)
satisfying an affine constraint according to the following assumption.

Assumption 1. For all M € M, ]\//fn = M if and only if Ay; Dy, (M) < @y, where Ay is a
fixed matrix and @y 5, is a random vector such that for all € > 0,

lim sup P ([ans, — arrn(B)] > €) = 0
for some vector-valued sequence of functions ay,,, () such that for some finite A, ||aar,(P)|| <
AforallP € P, andn > 1.

Several papers in the selective inference literature have shown that, under an appropriate defi-
nition of a model, the model selection event {]\//In = M} is equivalent to the event that an affine
constraint holds on a lower-dimensional statistic D,,(M) that is a function of the underlying data
in accordance with Assumption 1. The appropriate definition of a model for Assumption 1 to
be satisfied in the context of linear regression is usually the set of non-zero regression coeffi-
cients and their signs. The affine constraints typically arise from Karush-Khun-Tucker necessary
and sufficient conditions from optimizing the objective function determining which model is se-
lected, by comparing the values of different statistics across the steps of an iterative selection
procedure and/or by comparing the values of statistics evaluated at different tuning parameters
when model selection tuning parameters are data-dependent. For example, Lee et al. (2016) show
that for a fixed LASSO penalty parameter A\, the LASSO model selection event characterizing
the set of non-zero regression coefficients and their signs is equivalent to { Ayr Dy, (M) < @prp }
for which A); is a matrix of zeros, ones and negative ones, D,,(M) is a vector of scaled least
squares regression estimates and inner products of regressors and residuals and @y, is a vector
that is a function of A and the design matrix. This vector @z, naturally satisfies the uniform
convergence in probability in the assumption by a uniform law of large numbers and standard
moments conditions on the underlying design matrix.
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As another example, Tibshirani et al. (2016) show that for a fixed number of steps along
the forward stepwise and least angle regression algorithms, the selection event characterizing
the active regressors and their signs is equivalent to { Ay D,, (M) < @y} for which A,y is a
matrix of ones and negative ones, D,, (M) is a vector with elements that are functions of inner
products of orthognally projected regressors and dependent variables and @y, = 0. Using the
equivalence between the solution path of LASSO and a modified version of least angle regression
(Efron et al., 2004), Tibshirani et al. (2016) provide a similar affine characterization for models
chosen along the solution path of LASSO (rather than for a fixed LASSO penalty parameter).
Finally, Markovic et al. (2018) and Tian and Taylor (2018) show the affine characterization of
the selection event holds for various selection procedures when random noise is added to the
selection criterion and/or the selection criterion uses a data-dependent tuning parameter (such as
LASSO with A chosen via cross-validation).

I am interested in constructing a confidence interval for a scalar parameter that is chosen based
upon the selected model Mn I denote this target parameter as ,uTyn(]\/Zn), where by a slight abuse
of notation, pi1,(M) denotes i, (M;P), the M'" element of pur,(P) defined in Assumption
2. Recall that M indexes a model, which in the context of linear regression is not equal the
number of regressors. Rather, in a typical application of model selection for p regressors subject
to selection, M indexes both the set of non-zero regression coefficients amongst the p coefficients
along with their signs so that there is a total of | M| = 3P models being selected amongst.

For any M, assume that in the absence of data-dependent selection, there is an asymptoti-
cally Gaussian statistic 7},(M) centered around pi7,, (M ). Further assume that the full vectors of
statistics T, (M) and the statistics determining selection D,,(M) are uniformly jointly asymp-
totically normal under PP € P,, with centering vectors jir, and pp , and limiting covariance
matrix Y that may depend upon P. I use the following strengthening of Markovic et al. (2018)
to full joint convergence of all statistics because I focus on unconditional inferential statements
that do not condition on the selected model. For any matrix A, let Apin(A) and Apax(A) denote
its minimum and maximum eigenvalues.

Assumption 2. For T, = (Tn(1),..., To(IM|))T € RMI and D, =
(D, ()T, ..., D, (IM])T)T and the class of Lipschitz functions that are bounded in ab-
solute value by one and have Lipschitz constant bounded by one, B L1, there exist sequences of
functions pi1,(P) and pp ,(P) and a function S(P) such that for (737, DET)T ~ N (0, X(P))

with
5 X1 YTD
Ypr Y¥p )’

T — prn(P) ghs
E " " —-E s =
(o o)) e 1 (5
Furthermore, for some finite A > 0, 1/A < Xp(M, M;P) < X and 1/) < )\min(E%M) (P)) <
)\maX(Eg/I) (P)) < X for all M € M and P € P,,, where E([J)V[) is the covariance matrix of
D*(M).

The statistics T, (M) typically take the form of scaled (linear functionals of) sample regres-
sion coefficient estimates under the imposed model M with 7, (M) being equal to the scaled
(linear functionals of) population regression counterparts. As discussed following Assumption
1, the statistics D), (M) typically take the form of scaled sample regression parameter estimates

and functions of inner products of dependent variables, regressors and residuals (with the addi-
ton of noise terms for applications involving randomization). Thus, 7, and D,, naturally satisfy

lim sup sup
n—=o0pcp, feBL;
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joint uniform central limit theorems under standard assumptions on the data. Indeed, Markovic
et al. (2018) verify marginal central limit theorems on (7},(M), Dy (M)T)T for a given M for
inference on regression coefficients after LASSO model selection with a fixed penalty parameter
and a penalty parameter chosen via randomized cross-validation and after randomized informa-
tion criteria-based selection. It is straightforward to extend these results to show that the joint
uniform central limit theorem in Assumption 2 holds for these problems. Similarly, Tibshirani
et al. (2018) show that both linear functionals of sample regression coefficient estimates and
the selection events involved in models selected for a fixed number of steps along the forward
stepwise and least angle regression algorithms and along the solution path of LASSO are func-
tions of a “master statistic”, enabling a joint uniform central limit theorem of the form given in
Assumption 2. Although these latter results impose a fixed design matrix, they easily extend to
random designs under suitable assumptions. It is important to note that Assumption 2 does not
impose eigenvalue bounds on the full covariance matrix ¥, allowing this matrix to be singular.

In order to form asymptotically valid hybrid intervals, I require the use of uniformly consistent
estimators S7,, and 3 pr,n for the covariance matrices in Assumption 2. Let || - || denote the
Frobenius norm. N N

Assumption 3. There exist estimators X, and X pr, such that for all € > 0,

lim sup P (||§T,n — (P > e) —0and lim sup P (llim,n — S pr(P)]| > g) —0.

n—oo Perpn n—oo ]pepn

Unlike the post-selection intervals of Bachoc et al. (2020), using an inconsistent conservative
estimator of X7 that consistently overestimates its diagonal values will not lead to hybrid in-
tervals with correct asymptotic coverage. In the construction of the hybrid confidence interval,
consistent estimation of X7 and X pr is crucial to forming a random vector Z),,, that is asymp-
totically independent of the statistic 7}, (M ). The necessity of Assumption 3 therefore limits
the scope of application of hybrid intervals relative to post-selection ones. Nevertheless, in the
context of selection in the linear regression model, the (co)variances X7 and Y pr are possible
to consistently estimate when (i) the regressors are either random or constant (corresponding
to an intercept term) or (ii) the true model is known a priori. The former has been shown by,
e.g., Kuchibhotla et al. (2018) and references therein and the latter is well known. Although
much of the selective inference and post-selection literature has focused on the case of a fixed
design matrix, case (i) is more relevant for applications involving data that are sampled from
an underlying population distribution, a commonly encountered scenario in practice. For typical
applications, Kuchibhotla et al. (2018) show how the elements of >1 and > p7 can be estimated
consistently using standard heteroskedasticity-robust methods in linear regression contexts with
iid data under standard moment conditions, applying to both homoskedastic and heteroskedastic
data. Freedman (1981) and Buja et al. (2019) show how the elements of 37 and > p7 can be
estimated via pairs bootstrap (see also Markovic et al., 2018). The consistency arguments can be
strengthened to the uniform consistency requirement of Assumption 3 straightforwardly.

I make one final high-level assumption on the existence of a post-selection interval with correct
unconditional uniform asymptotic coverage of the parameter of interest /,LTm(]/\J\n).

Assumption 4. For any o € (0, 1), we have a confidence interval of the form

C’I:: e = T (M) £ \) Spp(My, My,) Ko g

n
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that satisfies liminf, . infpep, P (uTn(Mn,IP)) € CIP;:[ ) >1—a« and for any ¢ > 0,

limy, 00 SUppep, P (|Kn o — Ko(P)| > €) = 0 for some function K (P) such that for some fi-
nite \, 0 < K4 (P) < A forall P € P,,.

For inference on (linear functionals of) population regression coefficients after model selection
in the linear regression framework, K, , typically takes the form of (an upper bound on) the
(1 — «v)-quantile of the maximum of a sequence of correlated standard normal random variables,
for which the correlation matrix is derived from §T7n, or an asymptotically equivalent bootstrap
version. The uniformly consistent estimation of f‘,T,n implied by Assumption 3 then immediately
implies the uniform consistency of K, , for K, required by Assumption 4 while the results
of Bachoc et al. (2020) imply the uniform coverage requirement of the assumption for several
examples of post-selection intervals.

4. HYBRID CONFIDENCE INTERVALS AND UNIFORM ASYMPTOTIC VALIDITY

We are now equipped with the ingredients needed to define the (1 — «)-level hybrid confi-
dence interval, C'1 H]% , for pur ,,(My,). To begin describing the hybrid interval construction, it is
n? n

useful to express the conditioning event {]\/4\n = M} in terms of a data-dependent interval for the
target statistic 7, (M ): Warn(Zain), V]\t[ (Zn1,n)]. The bounds of this interval are functions of
arandom vector Zy . Exact expressions for this random vector and the bounds are provided in
the supplementary material.

The hybrid interval is constructed from the distribution function of Tn(]\//fn) after conditioning
on the events {J\/I\n = M} and {nTn(J\/i\n) € CI:’X%} for some v € (0, o). More specifically,

let Pry(+; p, 02, £,U) denote the truncated normal distribution function of £[{£ < ¢ < U} for
& ~ N(p,0?). Fora € (0,1), define ﬁga(M ) to solve

Frn (Tn(ﬁn)iﬂa iT,TL(]w?’HJW ) VA (ZM n”u) V+H <Zan ’M)> =l-a

in u, where expressions for V_’H( , i) and V+ H(z ) are provided in the supplementary ma-

terial. In turn, C’I '~ 1s defined as
n1M7L

a—y a—
o~ a2

H CH1— 2=
et — [arE M) i ). @

a—y a—
)

_H, Hl-5270
where fir - 2 (M )and fip ., 2077 (M,,) are used instead of ,uH /2 (M )and [ AH - a/2(Mn)
to account for the fact that the probability of the conditioning event {17, ( M,) € CI P’]\V?[ }is
n7 n

only bounded below by 1 — ~ under all sequences of probability measures {P,, } (by Assumption
4). For simplicity, I focus on the two-sided equal-tailed version of the hybrid interval as defined
in (4) but note that the uniform asymptotic Validity results presented here also apply to one-sided

H,1-

_H,
and non-equal-tailed versions for which fir. - 2 (M ) and fip,, 209 (M ) are replaced by

any il (,) and it~ (3,) such that q, + g2 = (@ —7)/(1 — 7).

Once the post-selection constant K, n,y 1s found, construction of the hybrid interval is com-
putationally straightforward since it just involves finding the zeros of two continuous functions.
Since K, 4 must be computed to form the hybrid interval, this implies that the hybrid and post-
selection intervals share approximately the same degree of computational complexity. Berk et al.
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(2013) provide code for efficiently computing non-conservative K, , values (in the sense that the
coverage requirement in Assumption 4 holds with equality) in linear regression contexts when
20 or less covariates are subjected to model selection. Berk et al. (2013) and Bachoc et al. (2020)
also discuss computationally straightforward methods for computing conservative values of K, .,
that satisfy Assumption 4 even when the number of models under consideration is very large by
appealing to bounds on the quantiles of the maximum of correlated Gaussian random variables.
I now state a result establishing the uniform asymptotic coverage of C'I A2 conditional on the

n,VMn

realization of the selected model M, and the possibly false event {,uTn(]\/Zn) eCI P%[ }. The
n,Mn

proof of both this result and the one following it are contained in the supplementary material.
PROPOSITION 1. Under Assumptions 14,

lim sup
n—oo Pepn

— — P, l—«o
M, =M, ,U'T,n(Mn) € CIn,;\///\[n> - 1—~

i <MT,n(]\//fn) e or'te

n,Vin

x P (M\n = M, ,UT,TL(]/\Zn) S CIP’X//} ) =0
n? n
forall M € M.
Using the results from Proposition 1, we can show that C'I Ao has uniformly correct un-
n,Vin
conditional coverage at level 1 — o and a controlled degree of nonsimilarity. This is the main

theoretical result of the paper.
PROPOSITION 2. Under Assumptions 1-4,

liminf inf P (MT,H(J\ZL;P) ecr™
n,

n—oo PeP, n

)Zl—oz

and

lim sup sup P (luTn(Z\/Zn;]P’) ecre ) < 1= e
n—oo PeP, ’ n,Mp 1-— Y

The user is free to choose any value of v with 0 < v < « in the construction of the hybrid
interval. There is no value of -~y that is optimal uniformly across the parameter space in terms
of interval length measures. Rather, as we can see from the lower and upper bounds given in
the above proposition, « controls the degree of (asymptotic) non-similarity of the hybrid confi-
dence interval with the interval being closer to (asymptotically) similar when ~ is small. Similar
confidence intervals are not necessarily desirable in this context. In fact when v = 0, the hybrid
interval is identical to the (similar) level 1 — « selective interval. On the other hand, for v = «,
the hybrid interval is equal to the (non-similar) level 1 — « post-selection interval.

The choice of  trades off the length properties of the hybrid interval over different realizations
of the data. I recommend a small but non-negligible value of v such as v = «/10 to attain an
interval that is not much longer than the selective interval when the model selected by the data
is selected with high probability (so that the selective interval is short) without compromising a
lot of length when this does not occur. Proposition 3 of Andrews et al. (2020) implies that when
a given model is selected with probability approaching one, the (1 — «)-level hybrid interval
converges to an interval contained in a (1 — «)/(1 — 7)-level naive interval, where vy € (0, @)
is chosen by the user. When using the recommended value of v = «/10 to construct the hybrid
interval, this means that 99%, 95% and 90% hybrid intervals converge to intervals contained in
99.1%, 95.5% and 90.9% naive intervals. See Section 5 and Andrews et al. (2021) and Andrews
et al. (2020) for further evidence that this choice works well in practice in related contexts.
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5. FINITE-SAMPLE PROPERTIES OF CONFIDENCE INTERVALS

In order to investigate the finite-sample properties of hybrid confidence intervals and compare
them to existing confidence intervals in a variety of settings, I examine Monte Carlo experiments
for the application of inference on a regression coefficient of interest after using LASSO to select
controls variables, detailed in the supplementary material. The data-generating processes I study
in these Monte Carlo experiments are designed to closely match those studied in the simulations
of Tibshirani et al. (2018) and Bachoc et al. (2020) who focus on the different application of
inference on the variable selected across the steps of the least angle regression algorithm. More
specifically, I consider data generated from the standard linear regression model

y=0z+Xpg+u (5)

where ¥ is an n X 1 vector of observations of the outcome of interest, # € R, z is ann x 1 vec-
tor of observations of the predictor of interest, 5 € RP, X is an n X p matrix of observations of
control variables that are selected by the LASSO objective function and « is an n x 1 vector of
independent and identically distributed error terms that is independent of X . With this knowledge
of the data-generating process, the target parameter of inferential inference after model selection
can be written as MT,n(J/\Zn) = \/ﬁelT(E[WE,iWE’i])flE[WEJWiT](S for E = E,,, where e; de-
notes the first standard basis vector, W = (z, X ), Wg = (2, Xg), X g equals the submatrix of X
composed of the columns of X corresponding to £ and 6 = (6, 37)T. (The rows of an arbitrary
matrix or vector B are denoted as B;.)

For this simulation study, I generate data that entail significant departures from Gaussianity in
arelatively small sample of n = 50 in order to assess the relevance of the asymptotic guarantees
provided by Proposition 2 and the relative performance of the hybrid interval in a small sample
setting. Across all simulation designs, I set &« = 0.05 for nominal confidence interval coverage
of 95%, p = 10 potential control variables, # = 0 and 3 = (—4,4,0...,0)T. All quantities are
computed across 1, 000 independent simulation replications. The full matrix of regressors W is
generated in two ways. In the independent design case, the columns of W are drawn from in-
dependent distributions, where each column is drawn from an independent N(0, 1), Bernoulli
or skew normal (0, 1,5) distribution with equal probability. In the dependent design case, each
row of W is generated independently from a multivariate normal distribution with mean vector
zero and covariance matrix (e~%1"=3);; ;. In both cases, each column is subsequently nor-
malized to have unit Euclidean norm and Y is then generated according to (5) after sampling
the entries of u independently in four ways: from a normal, skew normal (with shape parameter
five), Laplace or uniform distribution, all with mean zero and unit variance.

In each simulated data set, I perform the LASSO model selection exercise described in
the supplementary material for several different values of the LASSO penalty parameter
A€ {1,2,4,8,16,100} and construct confidence intervals for the target parameter uTm(]\/fn)

(,uT,n(]\/in /2) for the split-sample interval, see below) selected by the LASSO objective function.
Specifically, I calculate the naive interval that ignores model selection, a split-sample interval, the
selective interval, the hybrid interval using the recommended value of v = /10 and the post-
selection interval. The naive interval is simply based on inverting the standard asymptotic ¢-test
at the nominal level. Both the hybrid and post-selection intervals computed in these simulations
use the less conservative post-selection construction that incorporates the fact that the regressor
z is the predictor of interest and therefore not subject to selection. The split-sample interval is
constructed as follows: the first n/2 observations are used to select the model, yielding ]\/4\n /25
while the final n/2 observations are used to construct a standard interval based on inverting the
standard asymptotic ¢-test at the nominal level. It is important to note that although the split-
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sample interval is known to have correct asymptotic coverage, it is not for the same object of
interest, ,uT,n(]/W\n), for which the other intervals are designed. Instead, the spit-sample interval
has correct asymptotic coverage for the scaled population regression coefficient evaluated at the
model selected by the first half of the data only, i.e., p7 (]\/4\n /2)- This is especially important to
keep in mind when evaluating the tradeoffs of the various confidence intervals because selecting
the model from only a portion of the data will yield a selected model with less desirable statis-
tical properties (e.g., larger prediction errors). Nevertheless, we include this comparison since it
is commonly used as a valid method for inference after model selection.

The results of the Monte Carlo experiments are very similar across some of the error distribu-
tions and LASSO penalty parameters. To save on space, I report a subset of results that illustrate
the main features and tradeoffs of the full set of experiments. In particular, I report results for
the normal and skew normal error distributions and small, medium and large values of A. The
values of A that fall into these categories are determined by the corresponding largest probability
that a particular model is selected across simulation draws. A larger penalty parameter is needed
in the dependent design cases to produce similar model selection probabilities to the indepen-
dent design cases because dependent design matrices effectively reduce the signal-to-noise ratio
in the model selection problem. The value A = 1 is considered small for all designs and error
distributions since the largest model selection probabilities when A = 1 are 0.057, 0.003, 0.001
and 0.002 for independent designs with normal errors, independent designs with skew normal
errors, dependent designs with normal errors and dependent designs with skew normal errors,
respectively. The value A = 4 generates moderate model selection probabilities for independent
designs, equal to 0.323 and 0.257 for normal and skew normal errors, while A = 16 generates
moderate model selection probabilities for dependent designs, equal to 0.285 and 0.214 for nor-
mal and skew normal errors. Finally, A = 16 generates large model selection probabilities equal
to 1 for independent designs while A = 100 does so for dependent designs.

To begin, Table 1 displays the simulated (unconditional) coverage probabilities of the five
confidence intervals for the different penalty parameter values. The selective, hybrid and post-
selection intervals all have finite-sample coverage close to the nominal level of 95%, where
the selective and hybrid intervals tend to slightly under-cover and the post-selection intervals
tend to over-cover. The small coverage distortions of the selective and hybrid intervals are to be
expected from such small non-Gaussian data sets and they diminish for larger samples. On the
other hand, both the naive and split-sample intervals exhibit more sizable under-coverage. This
under-coverage is to be expected from the naive interval since it is known to incorrectly cover
after using the data to select the model, even in large samples. The split-sample intervals only
exhibit notable coverage distortions in the dependent design cases. Since split-sample intervals
are known to have correct coverage in large samples, this is likely due to the fact that these
intervals are constructed using only n/2 = 25 data points and the strong positive correlation
between the regressors effectively reduces this sample size further relative to the independent
design cases. It is also interesting to note that even for the relatively small sample size of n = 50,
the hybrid intervals roughly obey the asymptotic upper bound on coverage given in Proposition
2:(1—a)/(1 —~)=0.955.

Next, Figs. 1-3 plot the ratios of the 5%, 25", 50", 75" and 95" empirical quantiles across
simulation draws of the lengths of the five confidence intervals relative to those corresponding to
the post-selection interval for small A (Fig. 1), medium A (Fig. 2) and large A (Fig. 3). There are
four panels within each figure corresponding to how the design matrix and errors are generated.
The ratios of the length quantiles of the post-selection interval relative to itself, which is always
equal to one, is also included in the figures in order to detect when the other intervals’ length
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Table 1. Unconditional Coverage Probabilities

Confidence Interval
A Naive  SS Sel  HySI PoSI
Indep Design, Normal Errors
0.876 0.929 0915 0919 0975
0.909 0941 0.906 0910 0.984
16 0.925 0950 0.925 0.931 0.990
Indep Design, Skew Normal Errors
1 0.898 0.927 0.942 0.940 0.969
0919 0952 0931 0932 0.987
16 0.920 0943 0.919 0.927 0.989
Dep Design, Normal Errors
1 0.867 0951 0.955 0.957 0.985
16 0.900 0.847 0919 0.922 0.994
100 0.927 0.928 0.928 0.932 0.989
Dep Design, Skew Normal Errors
1 0.892 0.933 0951 0.948 0.982
16 0.915 0.887 0.929 0.934 0.989
100 0.946 0.937 0947 0.953 0.993

o=

This table reports unconditional coverage probabilities for the selected population coefficient on the predictor of
interest after using LASSO to choose the control variables in the regression across Monte Carlo replications,
all evaluated at the nominal coverage level of 95%. Coverage probabilities are reported for naive, split-sample
(SS), selective (Sel), hybrid (HySI) and post-selection (PoSI) confidence intervals for a sample size of n = 50.
The coverage probabilities are reported for values of the LASSO penalization parameter A\ corresponding to
small, moderate and large model selection probabilities. The design matrix is generated with independent (upper
half of table) or correlated (lower half) columns and the error terms have normal or skew normal distributions.

quantiles are shorter than those of the post-selection interval. Even though the naive intervals
do not have correct coverage in large samples, I also include their ratios of length quantiles as a
lower bound to show how close the other intervals come to attaining it.

From Fig. 1 we can see that for a small LASSO penalty parameter, the length quantiles of
the selective interval are almost uniformly dominated by all other intervals. For this low level
of penalization the probability that LASSO chooses any given model is low, with maximum
model selection probabilities between 0.001 and 0.057, leading to excessively long selective
intervals. On the other hand, the hybrid intervals tend to have similar length properties to those
of the post-selection intervals, with some small increases in the dependent design cases (lower
two panels). The split-sample intervals also have similar length properties although, unlike the
hybrid intervals, their length quantiles always exceed those of the post-selection intervals with
the additional drawback that their target model of interest is much less precisely selected.

Fig. 2 displays somewhat similar features to Fig. 1 although for the moderate-sized penalty pa-
rameter corresponding to this figure, we can start to see that the hybrid intervals become notably
shorter than the post-selection intervals in most cases, especially when the selective intervals are
shorter. The selective intervals tend to be shorter than in Fig. 1 because the higher penalty param-
eter increases the probability that LASSO chooses a given model, with corresponding maximum
model selection probabilities between 0.214 and 0.323. In combination with the results in Fig. 1,
we can start to see the benefits of hybridization: the hybrid interval borrows the strengths of both
the selective and post-selection intervals for different realizations of the data.
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Fig. 1. This figure plots the 5", 25" 50" 75" and 95" empirical quantiles of the lengths of the 95% naive
(dotted black), split-sample (orange), selective (red), hybrid (blue) and post-selection (black) confidence intervals
divided by the corresponding length quantiles of the 95% post-selection interval across Monte Carlo replications
for inference after using LASSO to choose the control variables in the regression with a sample size of n = 50 and
a small LASSO penalization parameter A = 1. The upper-left plot corresponds to a design matrix with independent
columns and error terms with a normal distribution. The upper-right plot corresponds to a design matrix with
independent columns and error terms with a skew normal distribution. The lower-left plot corresponds to a design
matrix with correlated columns and error terms with a normal distribution. The lower-right plot corresponds to a
design matrix with correlated columns and error terms with a skew normal distribution.

Fig. 3 clearly show the benefits of using hybrid instead of post-selection when model selec-
tion probabilities are high (due to the large penalty parameter). Here we can see that the length
quantiles of both the selective and hybrid intervals are nearly identical to those of the naive inter-
val and substantially smaller than those of the post-selection interval. This is a clear illustration
that the hybrid intervals attain nearly the same short lengths as the selective interval when they
are short while guarding against the excessive lengths of the latter for unfavorable realizations
of the data. Large penalty parameters, with corresponding large model selection probabilities,
yield length quantiles of the selective and hybrid intervals that are nearly indistinguishable from
those of the naive intervals, entailing length reductions of 34—35% relative to the post-selection
interval across all quantile levels.
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Fig. 2. This figure plots the 5%, 25t" 50t" 75" and 95" empirical quantiles of the lengths of the 95% naive
(dotted black), split-sample (orange), selective (red), hybrid (blue) and post-selection (black) confidence intervals
divided by the corresponding length quantiles of the 95% post-selection interval across Monte Carlo replications
for inference after using LASSO to choose the control variables in the regression with a sample size of n = 50
and a medium LASSO penalization parameter. The upper-left plot corresponds to a design matrix with indepen-
dent columns and error terms with a normal distribution for A = 4. The upper-right plot corresponds to a design
matrix with independent columns and error terms with a skew normal distribution for A = 4. The lower-left plot
corresponds to a design matrix with correlated columns and error terms with a normal distribution for A = 16.
The lower-right plot corresponds to a design matrix with correlated columns and error terms with a skew normal
distribution for A = 16.

6. EMPIRICAL APPLICATION TO DIABETES DATA

I further investigate the properties of hybrid confidence intervals in an empirical application to
the diabetes data set from Efron et al. (2004). This data set was also examined by Lee et al. (2016)
in their empirical application of selective inference after using LASSO as a model selection
device, thus serving as a benchmark application for inference after using LASSO. Departing
from the exact exercise performed by Lee et al. (2016), I perform the LASSO model selection
exercise described in the supplementary material multiple times for the response of interest y
being equal to a quantitative measure of disease progression one year after baseline. In each
empirical exercise, I set one of the 10 regressors in the data set as a predictor of interest z
while allowing the remaining nine regressors to be potential control variables X selected by
LASSO. I perform these exercises for two values of the LASSO penalty parameter A € {50,190}
to illustrate the merits of the hybrid intervals relative to other confidence intervals under low and
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Fig. 3. This figure plots the 5¢%, 25" 50" 75" and 95" empirical quantiles of the lengths of the 95% naive
(dotted black), split-sample (orange), selective (red), hybrid (blue) and post-selection (black) confidence intervals
divided by the corresponding length quantiles of the 95% post-selection interval across Monte Carlo replications
for inference after using LASSO to choose the control variables in the regression with a sample size of n = 50
and a large LASSO penalization parameter. The upper-left plot corresponds to a design matrix with independent
columns and error terms with a normal distribution for A = 16. The upper-right plot corresponds to a design
matrix with independent columns and error terms with a skew normal distribution for A = 16. The lower-left plot
corresponds to a design matrix with correlated columns and error terms with a normal distribution for A = 100.
The lower-right plot corresponds to a design matrix with correlated columns and error terms with a skew normal
distribution for A = 100.

high levels of penalization. The penalty parameter of A = 190 was examined by Lee et al. (2016)
for this data set and corresponds to LASSO selecting three to four control variables across the
different predictors of interest. On the other hand, A = 50 corresponds to LASSO selecting six
to seven controls.

Fig. 4 plots the naive, split-sample (using half of the data for model selection), selective, hybrid
(with v = «/10) and post-selection nominal 95% confidence intervals for A = 50 and A\ = 190
and each of the 10 predictors of interest: Age, Sex, Body-Mass Index (BMI), Blood Pressure (BP)
and six different blood serum measurements (S1-S6). Before comparing the intervals, I reiterate
that the naive interval does not have correct 95% coverage and that the split-sample intervals
cover a different, arguably inferior, target of interest based upon a model selected with half as
much data. The left panel of Fig. 4 provides a striking illustration of how much shorter the hybrid
intervals can become relative to selective intervals at this lower level of LASSO penalization: the
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Il

Fig. 4. This figure plots the naive (dotted black), split-sample (orange), selective (red), hybrid (blue) and post-

selection (black) confidence intervals for the population coefficient for each of the 10 regressors in the diabetes data

set after using LASSO to choose the control variables in the regression with the LASSO penalization parameter
set to A = 50 (left) and A = 190 (right).

hybrid interval is shorter than the selective interval across all predictors of interest, with a length
averaging 52% of the latter across the predictors and several length reductions in excess of 65%.
In comparison to the post-selection intervals, the hybrid intervals tend to be very similar across
predictors of interest with an average length increase of 2%.

In contrast to the left panel, the right panel of Fig. 4 illustrates a more favorable case for the
selective intervals at this higher level of LASSO penalization. For all but one predictor of in-
terest (S5), the hybrid intervals are very similar to the selective intervals in these cases where it
performs well, entailing slight length increases over the latter of 0-3%. However, the selective
interval for S5 is excessively long while the hybrid interval for this same predictor is not, provid-
ing a length reduction of nearly 65%. In comparison to the post-selection intervals, the hybrid
intervals are shorter for all predictors of interest with an average length reduction in excess of
25% across predictors and reaching more than 35% for several of them. Finally, it is interesting
to note the large difference between the split-sample confidence interval and the selective, hy-
brid and naive intervals when Sex is the predictor of interest: the split-sample interval is nearly
centered at zero while the other three nearly coincide and indicate strong evidence that Sex is a
strong predictor of diabetes disease progression.

In summary, Fig. 4 provides real world evidence that hybrid intervals perform very similarly
to selective intervals (and also naive intervals) in scenarios that are favorable to the latter while
transitioning more closely to post-selection intervals in scenarios for which selective intervals
become very long.

7. DISCUSSION

Two questions that I did not address in this paper but may be worth investigating in follow-up
research are whether post-selection confidence intervals that do not satisfy the structure imposed
by Assumption 4 can be used as an ingredient in the construction of hybrid intervals and whether
hybrid intervals can be constructed to have correct asymptotic coverage for high-dimensional
models with a diverging number of parameters. The first question is interesting in light of recent
work dedicated to producing post-selection intervals that are either shorter and/or easier to com-
pute in the presence of many models under consideration (see e.g., Kuchibhotla et al., 2020). For
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the second question, results in Tibshirani et al. (2018) suggest that uniform asymptotic coverage
of hybrid intervals may not be possible in high-dimensional models. On the other hand, results
in Tian and Taylor (2017) suggest that point-wise asymptotic coverage may be attainable.
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SUPPLEMENTARY MATERIAL

Supplementary material available at Biometrika online includes a theoretical result establish-
ing an expression for the truncation bounds used in the hybrid confidence interval construction
with corresponding analytical expressions for these bounds, details on how the general frame-
work of hybrid confidence interval construction specializes to the problem of forming a hybrid
confidence interval for a regression coefficient of interest after using LASSO to determine which
covariates enter the regression model and the proofs of the theoretical results in this paper.
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SUMMARY

The first section of this supplementary material contains a theoretical result establishing an
expression for the truncation bounds used in the hybrid confidence interval construction with
corresponding analytical expressions for these bounds. The second section specializes the gen-
eral framework of hybrid confidence interval construction to the general problem of constructing
a hybrid confidence interval for a regression coefficient of interest after using LASSO to de-
termine which covariates enter the regression model. The third section of this supplementary
material provides the proofs of the theoretical results in “Hybrid Confidence Intervals for Infor-
mative Uniform Asymptotic Inference After Model Selection.”

1. TRUNCATION BOUNDS FOR HYBRID CONFIDENCE INTERVALS

o~

The bounds of the truncation interval for the target statistic T,,(M,,) can be expressed in terms
of a directly-computable random vector Zyy 5, that is asymptotically independent of T, (M ):

~(M)
Zatn = Do(M) — (ESJT),H [Sqn(M, M)) T, (M),

where ig\?n is the estimated covariance vector between T}, (M) and D,,(M). The following

lemma follows from a slight extension of the arguments used to prove Lemma 5.1 in Lee et al.

(2016).

LEMMA 1. Under Assumption 1, the conditioning set for any model M € M being selected
can be expressed as follows:

{8 = M} = {V3,,(Zain) < Ta(M) V3 (Zain) Virn(Zasa) = 0}

where

VMv”(Z) - (M) max A(Mn)J S ’
FAMEDT /S (MM);<0 (AME by, /[ Ern (M, M));

A — (Amz);

Vi (z) = min = =
n FAMERD /S (00,50 (A S5, /7,0 (M, M));
Virn(z) = oy, TN Anrny — (Anrz)j.
j:(AJ\/IEDT,n/ET,n(M’M))j:()
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2 A. McCLOSKEY

Proof. By Assumption 1,
{Mn - M} = {AyDp(M) < aprn}
= { A (E07, /S0 (M, M) To(M) < Grtn — AvrZain }

= {(AM (ig\ﬁn/inn(]\/f’ M)))J. To(M) <Ay — (AMZMm)j}

aMnJ (AMZMn) . SM) P )
)= AMEDTn/zTn(M ay T d = (AnZ /S (M, M) > 0

T.(M
= Tu(M) = g LouBali o j: (A7) /S (M, M)); < 0
<

AI\IEDT n/ET rL(M M))

0 < @ty — (A Zarn); for j : (AnEHr,/Srn(M, M)); =0

The statement of the lemma immediately follows. O
Upon intersecting the event

{]\/Zn = M} - {V]_WH(ZM@) < To(M) < Vi1 (Zarn), Vg (Zarn) > 0}
with the event

{ pra(M,) € C’IP’IR}

- {MT,n(Mn) - gT,n(]/.\f\na Mn)Kn,v S Tn(ﬂn) S NT,n(]/\J\n) + \/ iT,n(]/\va Mn)Kn,v} ’

(by Assumption 4) we obtain the truncation interval for Tn(]\/in) used to construct the hybrid
confidence interval:

{J\”In - M} N {MT,n( ) € CI%}
= [V Zats 1 (M) < Tu(M) < Vi (Zags (M), Vi (Zas) > 0}

where

VM,Z(Z,M) = max {VMJL(Z), w— iT,n(M, M)Knﬁ} ’

VJ\J;[’,ZI(Z,M) = min {V]T/[n(z), 1w+ fJT,n(M, M)Knv} )

2. APPLICATION TO INFERENCE AFTER LASSO MODEL SELECTION

I now specialize the general framework to the problem of constructing a hybrid confidence
interval for a regression coefficient of interest after using LASSO to determine which covariates
enter the regression model, dropping the simplifying assumptions of Section 2 of the main text.
Formally, suppose we have data (z, X,y) € R" x R™*P x R™ for which the rows of y and z
are identically distributed random variables and the rows of X are either identically distributed
random vectors or have entries equal to one (corresponding to an intercept term). (The rows of
an arbitrary matrix or vector B are denoted as B;.) We are interested in the population regres-
sion coefficient corresponding to the predictor of interest z after selecting which of the control
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variables in X should enter the regression model according to the non-zero subset of the vector
(8, where

B = argmin *Ily — X"BI5 + Al
BERP

withy* = ([ — P, )y and X* = (I — P,)X for P, = 227 /2T > and \ being the LASSO penalty
parameter. Letting E,, denote the set of non-zero coefficients of B we can characterize a model
M as a set of LASSO-selected controls F and the sign of the LASSO regression coefficients
corresponding to the selected controls sg. In other words, a given model M is defined as a tuple
(E y S E)

Using the Karush-Khun-Tucker conditions for optimizing the LASSO objective function, Lee
et al. (2016) show that M,, = (Ey,sign(85 )) = (E,sg) = M if and only if Ay Dy (M) <
an,n. Where

—diag(sg) 0
Ay = 0 L g |,
0 ~ip—|E|

V(X X)Xy >
Dn M = — * * * * * * )
( ) <n 1/2X7T(y - X (X TX ) 1XETZ/ )

—\/ndiag(sp) (X5 X5) 7!
Qv = | A2, g = AT VAL X (XGT X )
Y21, 4 A2 XL X (XX ) Y

with X7, equal to the submatrix of X™* composed of the columns of X* corresponding to F
and X* ;. equal to the submatrix of X™* composed of the remaining columns. Let X = X —
2(Ep[2'2]) 'Ep[2’X] and let X% denote the submatrix of X composed of the columns of X

corresponding to &/ and X TE denote the submatrix of X composed of the remaining columns.
Assumption 1 thus holds with

_)‘n_l/2diag(5E)(EP[XEzXE i) se
arn(P) = | AnY21, g — An~V2Ep[X g ,XE Z](EP[XE ZXE D7 lse
An~ 1/21 g+ AT V2ER[X g XT (B[ X XT ) s
under standard moment, stationarity and dependence conditions on 7,, that imply a uniform law
of large numbers for @,y ,, and uniform moment bounds on Ep [f( _ E,,-X' gz] and Ep [X' EJX' gz]
Letting Wg = (2, Xg) and e; denote the first standard basis vector, we are interested in form-

ing a confidence interval that covers the (scaled) population regression coefficient on z in the
selected model as the target parameter

(P, M) = Vnei (Bs[We Wi )~ Ep[Wg il
for £ = En using the corresponding sample regression coefficient
To(M) = Vney(WWe) ™ Wiy

as a statistic. (Confidence intervals for unscaled population regression coefficients are formed by
simply dividing the confidence intervals for i1, (P, M) by y/n.) With these definitions in mind,
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4 A. McCLOSKEY

as well as

V(Ep[X g X ])_1E]P’[XE Uil

oo (P M) = (\/ﬁ(EP[XE,igZ] Ep[X_p,i X | (Bp[Xp,iXs,])~ 1EP[XE2%D>

Assumption 2 holds under standard moment, stationarity and dependence conditions on P,, that
imply a multivariate uniform central limit theorem for the vector (77, D!,)’. For Assumption 3,

consider the heteroskedasticity-robust estimators f]Tm and 3, DT,n for which

Srn(M, MT)

1 -1
1 & 1 & o 1 «
=el (n Z WE,in,¢> (n Z WE,Z'WETJUE,Z‘UETJ) (n Z WET,inT7i> e1,

i=1 i=1 i=1

Sprn((M—1)p+1: Mp, MT)

71 n
1 n * *T *
1y oy x ) 0 1 X*
— ((n 2 i1 X X ) (n ) <X*EE:> Wir jup dpr, )

0 I =1

-1
1 n
X (n ZWET,inT,i> €1

=1

where i = yi — WE B and wly; = yf — X85, with Bary = (WEWE) "' WEy and
E;(M = (XETX 5 1X y*. Slight extensions of the arguments in Kuchibhotla et al. (2018)

from pointwise to uniform consistency provide that Assumption 3 holds for ET,n and & DT.n
when the data are independent under standard moment conditions on P,,.

Finally, Assumption 4 holds by the results of Bachoc et al. (2020) when using one of the post-
selection confidence intervals discussed in that paper. In particular, let K, o, equal the (1 — «)-
quantile of

max | Z;| for Z ~ N (0, §2)
(2

with Q = corr(iﬂn) = diag(iT,n)T/QiT,ndiag(iTm)Tﬂ, where A" denotes the Moore-
Penrose inverse of matrix A and A/2 denotes the symmetric nonnegative definite square root of
a symmetric nonnegative definite matrix A. By Assumption 3,

lim sup P(|Kp o — Ko(P)|>e)=0

n—o0 PeP,,

for any e > 0, where K, (P) is equal to the (1 — «)-quantile of max; |Z;| for Z ~ N(0,Q)
with = corr(Z7(P)). For a # 1,0 < K4 (P) < X for some finite A and any probability mea-
sure P. Theorem 2.3 of Bachoc et al. (2020) provides sufficient conditions on P, that imply

liminf, ,~ infpep, P (,uTn(Mn, P) € CI ) >1— aforCI” ’]\A/[ formed according to As-

n, n

sumption 4. The form of post-selection interval introduced here is a less conservaitve version that
incorporates the fact that the predictor of interest z is protected from variable selection, referred
to as “PoSI1” by Berk et al. (2013).
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3. PROOFS OF THEORETICAL RESULTS

The following lemma is useful for proving the correct uniform asymptotic coverage of the
hybrid confidence interval C'I Ha
n,Vn
LEMMA 2. For  Zj;, = Du(M) — @%n S (M, M)) THM)  with  THM) =
T (M) — pg (M), VirnZirn) = Varn(Zun) = pra(M)  and Vi (Z3,) = o

VJJ\;[,n(ZM,”) - MT,”(M)
Proof. Noting that

Zign = Da(M) = (z%n/mw M) To(M) + (£57, /1 (M, M)) (M)

= Zat + (000 S0 (M, M) o, (M),
we have 15

ann,g — (AMZyy )

V]\f/[n(Zj(/[’n) = max
’ F(AMSHL /o7 (M,M)) ;<0 (AMZDTH/ET,L(M M));

g — (AnZara); = (Anr (S570/Sra(M. M) ) iz (M)

= max

(A SOL /2Tn(MM))J<0 (AMEDTn/ETn(M M));
apn — (AuZ ;
_ o Oty = A Brtndi ()
(AMEE)T)n/ET n(M,M));<0 (AMEDT,R/ET,n(Mv M))j
= VM,n(ZM,n) — prp(M).
The proof for V]\Z n(ZMn) is entirely analogous and therefore omitted. O 120

Proof of Proposition 1. By the same argument used in the proof of Proposition 5 in Andrews
et al. (2020),

Frn(t; p, S0 (M, M), Vi (2, 1), Vi (2, 1))

a—v

_H, —~
is decreasing in 1 so that [t ; G (M ) > prn(My) is equivalent to

— —~ ~

SR _ . _
Frn (Tu(0); (M), S (Mo M), V" (Zig (ML) VE? (Zgy (M)
o —7
>1— — .
2(1—7)
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Further, Lemma 2 implies

Fr (Tu00); pra (M), S (Mo M), V" (Zig i ML) VE? (25 i)

o~

= Prw (T (M) + (Vo) 570 (M), S0 (M, M),

max {V]\_//\[n,n(Z;\//\[mn) + ,UT,n(M ,UTn -V ETn ny My, Kn,“{} )
min {V]J\r/jmn(z;\(?n,n) + HT,n(M HTn + \/ ETn ) M, Kn,'y})

— Fry (T*(M ):0, Sn (M, M,), max {VA (2% )=\ Srn(Mn, My) m}

min {V]T?n,n(Z;?n,n)’ ZT,n(MnaMn)Kn77}>

a—vy
—

CH,ATL
so that fip 21 (M) > pr (M) is equivalent to

Fry <T (M,,); 0, S0 (M,, M,), max {VA (7%

n,MN an

) iT,n(]\/im ]/W\n)Knﬁ} ’
mind VE (2% ),/ Srn(M, M) K, >1- 277 (1)
J\//\In,n Mo.n ’ Tn n n n,y = 2(1 — /y) .

By an extension of Lemma 5 of Andrews et al. (2020), to prove the statment of the proposition,
it suffices to show that for all subsequences {ns} C {n}, {P,, } € x22,P, with

1. 9(P,.) > X" eS8

S={2: /A< Sp(M, M) < X 1/X < Anin(S0)) < Amax(SUD) < A},

2. Ky(Pp,) = K2 € [0, )],
3. apm,(Pn,) = ajy € [, X]dim(aM),

4. P,, <z\7n = M, g, (M,,) € CI™ ) — p* € (0,1], and

Ns,Mng

5. MD,nS(M;PnS) — ”*D(M) c [—oo,oo]dim(D*(M))

for some finite )\, we have

lim P, (MTms (J\/Zns) e o1~

n—o0 Ns,Mng

— 11—«
Mns = M7 lu’Tyns( ) S CIH:,YMHQ> = 1 _,y

Let {P,,} be a sequence satisfying conditions 1.-5. Now under {P,,},
(T5 St S0 Kno) —2 (T%, 55, Sy K5) by Assumptions  2-4,  where
Tr = (T (1),...,T(IM|)T and T* ~ N(0,%%). In addition, conditions 3.-4. along with
Assumptions 1-2 imply that under {P,_}, ]\//Tns % M, where M = M € M if and only if
Ay (D*(M) + uD(M)) < aM with D*(M) ~ N(0, Z(DM)*). This convergence occurs jointly
with that for (T0¢ S s Spr nss Kng). Note that it is not possible for (A}, (M)); = oo

for any j under Condltlons 3.—4. and Assumptions 1-2. Thus, under Assumptions 1-3, similar
arguments to those used in the proof of Lemma 8 in Andrews et al. (2020) show that for

any M € M, (VMTZS(ZX/LHS),VAJ;L% (Z31n) LN Vi (Z3),Vi1(Z3,)) under {P,,,}, where
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V,;(2) and V5, (2) are defined identically to Vy,, () and V;; (2) after replacing i\]T,n, 5 DT
and @pr, with X7, X277 and a}, and Z},; is defined identically to Z3, , after replacing ETW 155
f]DT,n, D, (M) and Ty (M) with X%, 3%, D*(M) + 7, (M) and T* (M ). This convergence
is joint with that of (7}; S K, ~, My,) so that we may write
(T;Lks7 E”137 Kns,’w Mns ) V]\_4,ns (Z}kw,ns)7 V]—\t[,ns (Z]T/[,ns))
d * * x T — * *
—>(T 72 7K77M7VM(ZM)7V]\—Z(ZM)) (2)

under {P,,_ } for any M € M. 160
By Lemma 9 of Andrews et al. (2020), Frn (¢; p, X0 (M, M), L£,U) is continuous over the set

{(t, . Sr(M, M)) e R®, L e RU{—o0},U € RU{oo}: Sp(M, M) > 0,L <t <U}

so that with Assumption 4, (2) implies

ngTs

(P (22, (0,30 S, (o B {V (Zy o (o 3T K}

- .
Z I B Ol 30 Ko b 10T, = Mo, (V) € O1F2 )

Ns,Mng

Ns»y

min {Vﬁ
d x/N T X (2T AT — * * Y *
LN (FTN(T (M);0, ET(M,M),maX{VM(ZM),— ¥i(M, M)KW}, 165
min{V+( Z5)\ 55 (M, M)K*} 3)
1 (z\? = M, —\/S5(M, M)K* < T*(M) < \/S5(M, J\?)K,j)) ,

since pi7n (M) € CI ]'\l/[ is equivalent to

n

St (M, M) Ky < T (M) < A/ S (M, My) Ko

Given the equivalence in (1), Lemma 1 and (3), the result of the proposition follows from the
same arguments used to prove the first part of Corollary 2 of Andrews et al. (2020). O
Proof of Proposition 2. To see why the first inequality holds, note the following:

liminf inf P (,uTn(MmIP’) ccrte )

n—oo PeP, n, Mn

> liminf inf P (,u,Tn(Mn,IP’) € C’IHAC/;

n—oo PeP,

prn(MsP) € CIPL VP (M) € CI7 )

n,

— liminf inf {IP’ (,uTn(Mn, P) e CIMG
n—oo PeP,
MeM

A = M, pr (Vs P) € CIPY )

x P (J/W\n = M, NT,n(]/W\n;P) S CIP’I )} 175

n,Vin

1-—

v

® liminf inf P <Mn =M, uTn(Mn,IP’) cCrbL )
— Y n—oo IPePnM iy n,Mn

(6%
1—v)=1-
1_7( 7) a,

_1- Py
=1 I%rggfﬂmlengnl[’ (IuTn(Mn,IP’) € Cln Mn) >
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where the second inequality follows from Lemma 6 of Andrews et al. (2020) and Proposition 1
and the final inequality holds by Assumption 4. The second inequality in the proposition follows
from essentially the same argument used to prove the final part of Corollary 2 of Andrews et al.
(2020). O
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