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Abstract

When data are distributed across multiple sites or machines rather than centralized in
one location, researchers face the challenge of extracting meaningful information without
directly sharing individual data points. While there are many distributed methods for point
estimation using sparse regression, few options are available for estimating uncertainties or
conducting hypothesis tests based on the estimated sparsity. In this paper, we introduce a
procedure for performing selective inference with distributed data. We consider a scenario
where each local machine solves a lasso problem and communicates the selected predictors
to a central machine. The central machine then aggregates these selected predictors to
form a generalized linear model (GLM).

Our goal is to provide valid inference for the selected GLM while reusing data that
have been used in the model selection process. Our proposed procedure only requires low-
dimensional summary statistics from local machines, thus keeping communication costs
low and preserving the privacy of individual data sets. Furthermore, this procedure can
be applied in scenarios where model selection is repeatedly conducted on randomly sub-
sampled data sets, addressing the p-value lottery problem linked with model selection. We
demonstrate the effectiveness of our approach through simulations and an analysis of a
medical data set on ICU admissions.

Keywords: carving, data aggregation, generalized linear models, lasso, post-selection
inference, selective inference, selective likelihood

1. Introduction

In recent years, analyzing decentralized data spread across various sites or machines has
become increasingly important, particularly for collaborative research. This has created
a growing demand for distributed methods that enable researchers to extract meaningful
information from such data while respecting its decentralized nature, and to combine this
information using summary statistics for preserving privacy within the individual data sets.
One of the simplest and most popular approaches in the distributed framework is “divide-
and-conquer”, which is also known as the “split-and-merge” or the “one-shot” approach; see
for example the early work by Mcdonald et al. (2009); Zinkevich et al. (2010); Zhang et al.
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(2012). Most of these approaches use only one round of communication. Each local machine
estimates the unknown parameter using its subset of the training data, and communicates
the estimator to a central machine which merges the local estimators to obtain a global
estimator.

In our paper, we focus on a sparse regression setting where only a few of the measured
predictors affect the response. The goal in this setup is usually two-fold: (i) select relevant
predictors, and model the response by using the estimated sparsity, (ii) provide uncertainties
or conduct hypothesis tests for regression parameters in the estimated model, and all this
while, respect the distributed nature of data. Substantial progress has been made on the first
goal. For example, Lee et al. (2015) average locally computed, debiased lasso estimators,
and show that the averaged estimator achieves the same estimation rate as the full-sample
lasso, as long as the number of machines is not too large. Chen and Xie (2014) prove that the
models aggregated via majority voting, based on variables selected by local machines, are
consistent under some conditions. More recently, Battey et al. (2018) provide a debiased
approach for hypothesis testing in the distributed setting. However, these methods are
limited to models that are fixed before the selection of relevant predictors. As a result, the
communication cost in prior work scales with the number of original predictors, which can
be unnecessarily large in sparse settings.

We introduce a new procedure for conducting selective inference with distributed data.
Selective inference tools ensure valid inference by accounting for the fact that the same
data, used to select models, is reused when providing confidence intervals and p-values.
Several ingenious methods have been developed to provide selective inference in sparse
regression problems; see papers by Benjamini and Yekutieli (2005); Berk et al. (2013);
Belloni et al. (2015); Lee et al. (2016); Tian and Taylor (2018); Charkhi and Claeskens
(2018); Bachoc et al. (2019); Panigrahi et al. (2021). Our procedure in this paper reuses
data from all machines to form an asymptotic “selective likelihood”. This likelihood delivers
approximately-valid selective inference in a selected generalized linear model (GLM), which
is based on the predictors selected across different machines.

The proposed procedure has several important features:

1. It only requires low-dimensional summary statistics from each machine to conduct se-
lective inference. Thus, the techniques developed are applicable to settings when data
sets are distributed across different sites due to security, privacy, or ethical concerns,
as seen in the areas of differential privacy (Balcan et al., 2012) and federated learning
(McMahan et al., 2017). These sites can merge summary information without sharing
individual data, enabling inference in a GLM based on the estimated sparsity.

2. The communication cost of our inferential procedure is only linear in the dimension
of the selected model, which can be substantially smaller than the initial dimension
of the problem.

3. This procedure can be easily adapted to address the “p-value lottery” problem in
model selection, which arises when the selection process is repeated on randomly
subsampled data sets. We show that our procedure serves as an efficient alternative
to multi-splitting (Meinshausen et al., 2009) and multi-carving (Schultheiss et al.,
2021) without recourse to Markov chain Monte Carlo (MCMC) sampling.
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The remaining paper is structured as follows. We provide a slightly more technical
account of our contributions after outlining the problem setup, and review related work in
Section 2. In Section 3, we introduce our procedure for selective inference with distributed
data. In Section 4, we provide an asymptotic justification for our selective likelihood, which
forms the basis of our approach. We explore how our procedure can be modified to address
the p-value lottery problem in Section 5. Section 6 reports findings from the application of
our method on simulated data sets and a publicly available, medical data set on intensive
care unit (ICU) admissions. We conclude the paper with a discussion in Section 7. Proofs
of our technical results are collected in the Appendix.

2. Problem setup and background

In this section, we describe the distributed setup and introduce some background on selective
inference with a single machine. Other related work is summarized at the end.

2.1 Problem setup

We consider a distributed setup with K local machines, all connected to a central machine,
referred to as machine 0. Suppose that we observe n i.i.d. observations

(yhxi,la e 7xi,p) € Rp+17 { € [n]7

where [n] = {1,2,...,n} for n € N. Let C*) C [n] denote the index set of the samples
stored at machine k, for k € {0} U[K]. The index sets C**) are disjoint and form a partition

of [n]. Let ng = |C*)| be the cardinality of C¥). Let pp = "k e the proportion of samples
n
store at machine k. Then we have

K

K
n:an, I:Zpk.
k=0

k=0

Let D% = (Y(k),X(k)) denote the data stored at machine k, where X(¥) € R™*P represents
the feature matrix and Y(¥) € R™ represents the response vector.

Each local machine conducts variable selection with a loss function based on a GLM-
density. Let this loss function at machine k£ be denoted by

é(k)(ﬁ; D(k)) - \/%pk Z {A(x;ﬁ) — yz'szﬁL
iec(k)

where A(-) is the log-partition function of the GLM density. That is, machine k solves the
following lasso problem:

FME) = argmin ¢ (8; DW) + AWy, (1)
BERP
where A®) = diag ()\gk), ce )\j(ok)> is the diagonal matrix of regularization parameters. Al-

though our procedure works when the regularization parameters differ across machines, for
simplicity, we assume A®¥) = A for k € [K].
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Let
B® ={jefp: 5" £o}.
represent the set of predictors with non-zero lasso coefficients selected at machine k for
1 < k < K. We will denote the realized value of E®) with data D® as E®). Let
d®) = |E®)| denote the number of selected variables at machine k. Note, for a vector
x € RP and F C [p], zp represents the subvector of z with entries in the set F, and for a
matrix X, Xg is composed of the columns of X present in the set F.

2.2 Selected model

As described above, the K local machines return as output the selected predictors, which are
then communicated to the central machine. The central machine aggregates these selected
predictors as

E = Aggregate ({E’(k), ke [K]}) . (2)

We let E be the observed value of E and let d = |E|. Deferring the discussion on general
aggregation rules to Appendix D, now consider the union aggregation rule

E= |JE®
ke[K]
as a concrete example.

Given F, our response y is modeled using a selected GLM based on Xg. The density
of y is given by:

yrBE — A(zpBE)
o2

o | . 55) = oxp )<l Q

where Bg, the regression coefficient vector, is the parameter that we want to infer about. We

assume that the dispersion parameter, o, is either known or can be consistently estimated.
Some immediate questions arise when we seek inference for Sg:

e Can the central machine reuse data from the local machines to conduct selective
inference for Sg? Of course, naive inference, which uses all the data without adjusting
for the bias from the model selection process, falls short of coverage guarantees, as
illustrated on one of our simulated instances in Figure 1. Section 6 provides the details
of this simulation.

e A procedure for making selective inference must respect the distributed nature of data,
as done at the time of selection. What information does the central machine require
from the local machines, and how many communication exchanges does it involve?

2.3 Some background when K =1

We provide some background in a rather simple setup with K = 1. Consider the special
case of a Gaussian linear model, i.e., in (3), we have

T o142 Y’
A(l'EBE) = E(xEﬁE) , c(yyo) = T o2
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Coverage probability

Dist-SI Splitting Naive

Figure 1: Coverage probabilities of “Dist-SI” (our procedure for selective inference with
distributed data), the “Splitting”, and “Naive” methods for a Gaussian linear model, with
2 local machines and a central machine. The 2 local machines and the central machine each
have 1000 samples. The pre-specified level of coverage is 0.90, as indicated by the dotted
horizontal line at 0.9.

Post selection, we want to infer for Sg.
We begin by noting that the regression problem in (1), at machine 1, can be rewritten
as

5>‘ 1) = argmin — Z - CUTﬂ + [[ABl — VW] B, (4)

perr Vo 2

where

1 -~ 1 =
Wn =~ Z 902'(9025A’(1) —Yi) — . Z fci(wlﬁk’(” = Yi)-

i€[n] iec(

The term w, is what we call a randomization variable. Regression of the form (4), with an
added randomization variable wy,, was termed the randomized lasso in Tian et al. (2016).

Suppose we have n observations in our response vector that are drawn as independent
Gaussian variables with the same variance. Further, suppose that we solved the randomized
lasso with a Gaussian randomization variable y/nw, ~ N(0,,Xq). A recent procedure by
Panigrahi and Taylor (2023) constructs a “selective likelihood” by conditioning on a subset
of the selection event

{E=E}.

This approach enables valid selective inference in the selected linear model while allowing
for the re-use of data employed during model selection. This procedure centers interval
estimates around the maximum likelihood estimator (MLE) of the selective likelihood and
estimates its variance using the observed Fisher information matrix. If B p and [ “ES}; denote
the selective MLE and the observed Fisher information matrix, using the selective hkehhood
a two-sided 100 - (1 — «)% confidence interval for fg ; is constructed as
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where 3j(,s) =/ (ﬂESBEL_] is the estimated standard deviation of \/HBI(ES;, and z1_q/2 1s the
(1 — a/2)-th quantile of a standard normal distribution. This procedure closely resembles
classical inference via maximum likelihood, with the exception that the standard estimators

are replaced by their selective analogs that adjust for bias from the model selection process.

2.4 Contributions and other related work

The contribution of the proposed method is threefold. First, we identify a simple repre-
sentation of the selection event by developing a randomization framework. A significant
challenge in conditional selective inference is the need for an explicit characterization of
the selection event, which is particularly difficult in distributed settings. By leveraging the
randomization framework, the selection event can be expressed in a simple closed form, mak-
ing conditional selective inference feasible for GLMs with selected predictors. Second, the
proposed method is efficient in both computation and communication. It requires only low-
dimensional summary statistics to be shared from local machines with a central machine.
After aggregating these summary statistics, the central machine solves a convex optimiza-
tion problem. Therefore, the proposed approach is suitable for scenarios where direct data
sharing between sites is not possible or inter-site communication is costly. Third, the pro-
posed method can be easily adapted to address the p-value lottery problem. In this sense,
our procedure is related to the multi-carving approach in Schultheiss et al. (2021), which
uses conditional techniques known as carving (Fithian et al., 2014; Panigrahi, 2023). How-
ever, existing carving and multi-carving implementations often depend on computationally
expensive MCMC sampling, while our method provides a more efficient alternative.

We conclude this section with some more related work. Within the distributed setting,
much work has been devoted to the averaged M-estimator (Mcdonald et al., 2009; Zinkevich
et al., 2010; Zhang et al., 2012; Rosenblatt and Nadler, 2016). Rosenblatt and Nadler
(2016) show that the averaged M-estimator is first-order equivalent to the centralized M-
estimator in the fixed-dimension setting. Dobriban and Sheng (2021) study the efficiency of
an estimator based on weighted average in the linear regression setting, as dimensions grow
with sample sizes. Some methods have taken a likelihood-centric approach, e.g., Jordan
et al. (2019) propose a surrogate likelihood where higher-order derivatives in a Taylor-series
expansion of the full log-likelihood are replaced by local approximations. Lin and Xi (2011)
propose an aggregated estimator for generalized linear models (GLM), where the locally
computed MLE and Hessian of the likelihood are merged for efficiency gains. In work
by Huang and Gelman (2005); Neiswanger et al. (2014); Wang and Dunson (2013); Scott
et al. (2016); Minsker et al. (2017); Srivastava et al. (2018), distributed MCMC algorithms
combine local posterior samples to obtain a global posterior distribution.

In the post-selection inference literature, a selective likelihood was appended to priors
for Bayesian inference post selection in Panigrahi and Taylor (2018); Panigrahi et al. (2021).
The focus in these settings was on a category of variable selection rules that can be written
as a set of polyhedral constraints on data. For the same category of selection rules, a
different body of work (Lee et al., 2016; Hyun et al., 2018; Le Duy and Takeuchi, 2022)
considers a truncated Gaussian distribution for inference from normal data. Moving beyond
normal data, Taylor and Tibshirani (2018) outline an asymptotic scheme to provide selective
inference in GLMs. For blackbox selection, Liu et al. (2022) obtain the selective likelihood
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by learning the selection event from bootstrapped data. We take a different approach in
the distributed setup by casting the problem into a randomized framework, and provide an
asymptotic likelihood function for the selected GLM. The use of a randomized framework
for selective inference was explored in Tian et al. (2016); Panigrahi et al. (2017) to improve
power. In Rasines and Young (2023); Panigrahi et al. (2022), a randomized framework for
selective inference was investigated for more efficient uses of data than sample splitting.
The connection between a randomized framework for selective inference and algorithmic
stability was explored in Zrnic and Jordan (2023).

3. Selective inference with distributed data

In this section, we first provide a characterization of the selection event with distributed
data. Then we introduce a selective likelihood that takes into account the aggregation of
predictors across machines to form the selected GLM.

3.1 The selection event

Fixing some notations, for z € R", let VA(z) and V2A(z) denote the vectors in R whose
ith coordinates are the first and second derivatives of A(-) at z;, respectively. We recast the
regression problem (1) as a randomized lasso problem similar to (4). To do so, define the
randomization variables

1 ~ 1 ~
wk) — EXT(VA(XBA’(]C)) —Y) - —xWT(vAX®EghE)Y _yKk) (5)

N
for k € [K], where BA’(’“) is the solution to the lasso problem at machine k. Let ©Q =

(W T wETT € REP be the stack of the K randomization variables.
As reviewed earlier, an equivalent expression for the lasso problem on machine k is

BMB) = argmin—= Z — ;@] B) + |AB]1 — Vrw®)T B, (6)

BERP

This is because the Karush-Kuhn-Tucker (KKT') conditions of problem (1) and problem (6)
are the same. Note that the KKT conditions are given as follows:

Lo (VA(XgAxk)) _ y) 4y = ®)
\/ﬁ

Yy = Apoos®, s = sign (B | (7)

k
78 = A pwz®, ¥ <1,

where the vector 4(¥) represents the subgradient of the penalty |[A3||; evaluated at the lasso
solution.
To perform inference for the selected GLM (3), we need some additional notations.

Let d, = |E®|, d = |E|, and d = > ke(k) Ak Let bk = BE(,S € R represent the

lasso solution from machine k with only the active variables E®) and let B®) denote the
corresponding random vector. Let B € R? be the random vector formed by stacking B B*)
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Local machine k& Aggregated version
Variable R.V. Obs. Dim | R.V. Obs. Dim
Selected variable set E®  E® E E C [p]
Active variables of lasso solution BFE - pk) dy, B b d
Signs of active variables Sk gk dy. S ] d
Subgradients of inactive variables ZW) (k) p — dg Z Z pK —d
Subgradients of lasso penalty |[AS][; | T®) k) P r ~ pK
Randomization variables w(®) pK Q pK

Table 1: Notations for the variables involved in selection. Columns 2-4 list the variables for
the lasso problem on local machine k£, while columns 5-7 show the aggregated or stacked
versions. For the optimization variables (excluding selected variable sets and randomization
variables), the corresponding random variables (R.V.) are denoted by uppercase letters with
a hat, observed values (Obs.) by lowercase letters, and their dimensions (Dim) are also
provided. The relationship among the variables is given in Equation (7).

from all machines, and let b denote the realized value of B. Following the same scheme, we
denote random variables with uppercase letters, while lowercase letters will represent their
realized values, and bold letters will represent a vector obtained by stacking these variables
from all machines. To make it easier for readers, we have provided Table 1 that contains a
list of notations used in our paper.

Our method conditions on

{f“f) N ORT = [K}} : (8)

a proper subset of {E = E'}, where T®) is the subgradient of the lasso penalty with realized
value v(¥). In fact, event (8) is a subset of

{(E® = E® vk ¢ K]},

and therefore a subset of the event {E = FE}. Note that the conditional approach for
selective inference remains valid even when we work with a proper subset of the selection
event, and it is easier to characterize the event (8) than the event {E = E}, as shown in
the next result. In this result, note that S € R? and Z € RPK—4 denote the signs of lasso
solutions at active variables and the subgradients at inactive variables, respectively, stacked
across K machines, with the realized values s and z (see Table 1).

Proposition 1 (Characterization of the selection event) The conditioning event (8)
can be characterized as

{f(k) =1kB v e [K]} = {sign(f’:) =s, Z= z}.

To avoid any confusion, we will hereafter refer to the conditioning event in (8) as the
selection event.



SELECTIVE INFERENCE WITH DISTRIBUTED DATA

3.2 Marginal distribution of the MLE

One common method to infer for Sg is through a maximum likelihood approach. In a

distributed setting, we consider a maximum likelihood estimator (MLE) that is obtained

by aggregating local estimators from each of the machines. Assuming that E is a fixed

set, we derive the joint marginal distribution of this MLE and the randomization variables

Q) without considering the model selection process. This is the first step in obtaining our

selective likelihood, before we condition the marginal distribution on the selection event.
Let

Z A(leﬁ) - yleEﬁ

1€Cy

Bg) = argmin

1
BERT Vnpr

be the local MLE at machine k, and let

. 1 _ _ .

I = —(X)WRXE, where W) = diag (V2A(XIB))
k) nk

be the corresponding observed Fisher information (obs-FI) matrix. Let fE B = Zf:o pkfg%

Define the aggregated MLE as

BE— EEZPIEkEE E - (9)

Let Z denote the Fisher information E [ XT diag(V?A(XpBE))X].

In order to derive this marginal distribution of the aggregated MLE B £, we state a few
conditions.

Assumption 1 Fork € [K], let E®) = E\ E® . For j € E®| either Bpj=0Mn"1?) or
XE(’“)IE(M Bk wlpw ;= X;-

Assumption 2 The aggregated MLE BE can be written as
Vi(Be — Br) = ~T5 ' Ve(Br) + 0p(1), n - oo,

Assumption 1 states conditions on predictors that are present in the selected model
but are not selected by machine k. This condition suggests that our asymptotic assertions
remain valid as long as these predictors are either weak in strength or have a high partial
correlation with a predictor in the selected set E(®). Assumption 2 states that the aggre-
gated MLE has an asymptotically linear representation. This condition is met when the
aggregated MLE is asymptotically equivalent to the standard MLE. The latter has been
shown to hold under some mild regularity conditions in Lin and Xi (2011).

The following result provides the asymptotic distribution of the randomization variables,
with a detailed proof in Appendix A.1.

Proposition 2 Suppose ny/n — p as n — oo for k € [K] and Y5, pr < 1. Let U =
diag(pl_l, .. ,pl_(l) — 1« K, where 1« denotes the K x K matrixz with all entries equal
to 1. Define

Ya=U®IZ,
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the Kronecker product of U and Z. Under Assumptions 1 and 2, we have
\/EQ:‘@NPK(O,EQ), n — 00.
The model selection process is not solely a function of the aggregated MLE and the

randomization variables, as it also depends on variables that were not included in the
selected GLM. Therefore, we consider an additional statistic, defined as:

Blp = X1, (VA(XEBr) - V),

which involves variables that were not selected by the lasso.
The next theorem derives the marginal distribution of Sg, BJ_-E, and €.

Theorem 3 Under the same assumptions as Proposition 2, it holds that

Be—Be\ Iy 0 0
N Bi_E :>Np(K+1) 0, 0 I/IE‘,E 0 ,
Q 0 0 D)

where Z/Ipp =71 g g — I_EEIEIEIE,_E is the Schur complement of I g in I.

The proof of Theorem 3 is deferred to Appendix A.2.

It is worth noting from this result that BfE is an ancillary statistic for the parameters
in the selected GLM. Furthermore, the randomization variables are independent of the
statistics B £ and B}E, which can be seen from the block diagonal covariance matrix in the
limiting Gaussian distribution.

3.3 Selective likelihood

In what follows, we base inference on a conditional likelihood in the selected GLM. This
likelihood, referred to as the selective likelihood, is stated in Theorem 4. It is derived
from the asymptotic distribution of the aggregated MLE, as stated in Theorem 3, after
conditioning on the event described in Proposition 1.

Before presenting this likelihood, we specify a technical condition and introduce the
matrices involved in this likelihood.

Assumption 3 Assume that the distribution of

BEA— BEn
vl By
Q

is absolutely continuous with respect to the Lebesque measure on RPUSHD) - Let {pn}tn>1 be
the corresponding sequence of densities. Assume that {py}n>1 is uniformly equicontinuous
and bounded.

10
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The condition in Assumption 3 together with the weak convergence in Theorem 3 implies

that the density of (E E, BfE, Q) converges to the corresponding limiting Gaussian density,

uniformly on compact subsets of RP(E+D).

) — vg()k) € R% for j k € [K], where g(]) collects the coordinates of ~()

belonging to E®). Define ¢U) = '7(j ) ¢ R%, where ¢\9) contains the coordinates of (%)
belonging to E. Let pg =1 — Zke | Pk Let the matrices

Define gy

ZecR™ PR 1 cRY, © e R, T € R™Y, € RY

be defined as follows. The (j, k) block of Z~1 is a d¥) x d*) matrix given by

P2

(P + >IE<k> g ifj=k,
Po

PjPk

{Eil}j,k =

; ——Tr0) E®) if 7 £ k.

The (k, 1) block of ='W and Z~!7 are given by

{27'v}, = %IEW,E; (2707}, = —mgd - 2% ZP gy

Further, let

K
1 -
o ! = ITIE,E —UTETN; 07 M =Zpp; O lk=UTE"lr 4 § j%g@.
0 - 0
J=1

Let ¢(+; i, X) denote the density function of the normal distribution N (u, ). Let O = {v €
R sign(v) = sign(s)} denote the orthant in R? based on the sign vector s.

Theorem 4 (Selective likelihood) Suppose that the conditions stated in Theorem 3 and
Assumption 8 hold. The selective likelihood function, based on the asymptotic distribution

offﬁE‘{ ) =7k VE e [K ]},isequalto

o(vnBe; ynf + k,0)
p[mﬁeoyz:z] ’

f (BE§BE,S7Z) =

where

P[ViB €0 |Z~1| = [ o(VubiTlVase + r,0)
o(vnB; W/nfBp +7,5) - 1 {ﬁ c o}dBEdﬁ.

The proof is provided in Appendix A.3.

With this selective likelihood, we proceed to compute the selective MLE and its asso-
ciated Fisher information to perform inference as outlined in Section 2.3. In Section 4, we
offer an approximation to this selective likelihood, which in turn enables an efficient way to
compute the selective MLE and the corresponding Fisher information matrix.

11
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3.4 Algorithm

To conclude this section, we identify and specify the information that must be exchanged
between the central machine and the local machines in order to carry out inferences in
the selected GLM. Three rounds of communication are required for the central machine to
perform selective inference:

1. Local machines send E*) to the central machine.

2. The central machine sends the aggregated model E back to the local machines.
3. Local machines send local MLE Bgf), local Fisher information fgg)E, and the subgra-

dient variables ’ygg) to the central machine.

This is summarized in Algorithm 1.
Note that the first two rounds of communication involve only the indices of the selected
variables, which lead to the selected model FE.

It is obvious that the local MLE Bg) and local Fisher information fgc)E are needed at
the central machine to compute the aggregated MLE and aggregated Fisher information,
as defined in Equation (9). Besides these statistics, the selective likelihood derived in
Theorem 4 involves the subgradients *yg()k) and ’yg) for j, k € [K] in order to correct for the
bias from model selection. Hence, in order to calculate the selective likelihood, the central

machine needs the subgradients /) with indices from F U Uke[ K] E®) sent from all local

machines. Since we assumed for simplicity that F = Uke[K] E®) machine j simply needs

(

to send 'ij) to the central machine.

Note that fgg)E has a size of d?, resulting in a communication cost of O(d?) for each local

machine, which does not depend on the original feature dimension p. Therefore, as long
as a sparse model is selected, the communication cost for making inferences in the selected
GLM remains relatively low. Extensions for more general aggregation rules are given in
Appendix D.

4. Approximate selective MLE

In the previous section, we obtained the selective likelihood function. As per Theorem 4,
the selective log-likelihood is equal to

log (\/ﬁBE;H\/ﬁﬁE + /i,@) —logP [\/ﬁﬁ €O ’ 7= z} . (10)

The main focus of this section is to provide an approximation for the second term (in the
log-likelihood) by using a large-deviation limit for the log-probability. This approximation is
made under the following moment and regularity conditions, which are commonly assumed
to ensure the existence of the limit.

Consider a real-valued sequence a,, that goes to infinity as n — oo, and a, = o(n'/?).
Assume g = fg,y satisfies that \/nfBg, = a,f} € Rl where B3, does not depend on n.

12
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Algorithm 1: Communication of information

STEP 1: Variable selection at local machines
Machine k solves Problem (1) and sends E®*) = Support(B\A7(k)) to the central

machine.

STEP 2: Model aggregation at the central machine
The central machine forms E = Uke[ K] E®) and sends E back to the local

machines.

STEP 3: Communication of summary statistics

Local machines communicate the following statistics to the central machine:

local MLE and Fisher information: 3]%), fg)E, subgradient: 'yg)

From the proof of Theorem 3, we have

BE - /BE,n _
Val B | = VABa+ R, (11)
Q

where E,, = % > i, €in is the average of n i.i.d. observations, and R, = 0,(1).
Assumption 4 (Moment condition and convergence of remainder) Assume that
E [exp(Allern|l2)] < oo

for some X\ € RY, and that
. 1 1
lim — logP |:||Rn”2 > 6] = —0
n—oo a2 an

for any € > 0, where e; , and R,, are from the asymptotic linear representation in (11).

Assumption 4 assumes the existence of an exponential moment in a neighborhood of
zero, which is needed to justify a Laplace-type approximation for probabilities involving
the mean of n ii.d. variables, which in our case is E,. The second condition in this
assumption helps extend this justification to E, with an added op(1) error term, R,,.

Assumption 5 For a fized conver set Ry C RPEHD and for O = Op(1), we impose the
condition that

1 L [ VBE \ [ VBe 1
nll_}l’I;o ol log P o \/ﬁﬁfE € Ro| —logP - \/ﬁﬂi—E + aO € Ro =0.
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In terms of B B, ﬁfE, and €2, the probability of the selection event takes the form

Vi 1

(see Appendix B.1). Therefore, Assumption 5 allows us to approximate the probability of
the selection event up to an op(1) remainder.

Theorem 5 Suppose that the conditions in Assumption 4 and Assumption 5 are met. De-

fine
Lo —infl+ b-H,@*-i T@—l b—H,B*—i
n_ng 2 E anﬁ E anﬁ

1 1\, 1 |
+-(B-¥Yb——7) = B — Vb — —7 | + —Barro(a,B) ¢,
2 Gn, a?

(079 n

where Barro(z) = Y log(1 4+ -=-). Then, we have

SiZ;

1 . .
lim —logP [VaB € 0 | Z=12] + L = C,
n

n—oo @

where Cy is a constant that does not depend on [7,.

The proof is provided in Appendix B.1. As a consequence of Theorem 5, we can substitute
the log-probability in (10) by

1
~inf {2 (anb — anlI8h — k)T O (anb — a 1185 — )

(12)

1
+ 3 (anB — a,¥b—7)TZ27 (4, B — a, Ub — 7) + Barro(anB)},

ignoring the additive constant in the limit. Finally, we reparameterize a,b = y/nv and
anB = \/nV, which gives the following approximation of the selective log-likelihood

log p(v/nfe; IIVnBE.. + K, ©)
+ 1)1,1Vf {; (\/;”) - \/ﬁHﬂE’,n - ’i)T Che (\/ﬁ’U - \/ﬁﬂﬁE’,n - K,)

+ - (VaV — vl —7)TE71 (VaV — nlv — 1) + Barro(\/ﬁ\/)},

N =

The score and curvature of this selective likelihood yield the selective MLE and the
selective obs-FI matrix. The derivation of these two estimators follows the steps in Pani-
grahi and Taylor (2023) for the standard Gaussian regression problem. In the interest of
completeness, the expressions of these estimators are provided below.

14
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Theorem 6 Consider solving the optimization problem
N 1 ~ .
V3 = argmin 5(\/ﬁv — U/nfg — )27V — U\/nBp — 7) + Barrp(v/nV).  (13)
VERD

The mazimizer of the approrimate selective likelihood and the observed Fisher information
matrix are equal to

S 1 .
-1 -1 -1 5, 70-1 _ =
' 3g ﬁn ki + Iy 07O <\1/5E+\/ﬁ7 V5E>’ (14)

~ -1 -1
Te (@—1 FuTEly - pTEl (5—1 + V2Barro (\/ﬁva* )) E_1\I/> Tpp,  (15)
E
respectively.

The proof is provided in Appendix B.2. In practice, the matrices II, k, ©, ¥, 7, = are com-
puted with the observed Fisher information Z, which are then used to compute the selective
MLE and the selective obs-FI in (14) and (15), respectively. The algorithm for conducting
inference based on the approximate selective MLE is summarized in Algorithm 2.

Algorithm 2: Approximate selective MLE-based inference

Compute the aggregated MLE B £ defined by Equation (9).
Solve the d-dimensional convex optimization in (13).
Compute BSES) and fj(ESQE as stated in (14) and (15).
Let

~(S 25\t

a7 =\[(T5)) . ield.

)

Compute the two-sided p-value for Hy : Bg; = 0 as

- Vi) g [ Vs
2 - min (CI) (A(S)BEJ , P NGLE
7 7

where ® = 1 — & is the CDF of the standard normal distribution.
Compute the two-sided 100 - (1 — )% confidence interval for g ; as
(S

NG

=

)

3

A(S
BE,;- T 2q/2-

5. Addressing p-value lotteries

When dealing with sparse regression, it is often feasible to construct p-values after reducing
the number of variables to a manageable size. One common method is sample-splitting,
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as described in Wasserman and Roeder (2009), where variables are first selected on a sub-
set of the data and then p-values are reported using classical least squares estimation on
the remaining samples. Variables that are not selected are assigned a p-value equal to
1. A more powerful alternative to sample-splitting is carving, introduced in Fithian et al.
(2014) through conditioning. However, results produced by sample splitting or carving are
overly sensitive to the randomness involved in partitioning the data. This issue has been
widely reported in literature as the p-value lottery problem. See, for example, the paper by
Meinshausen et al. (2009).

To address the p-value lottery problem, Meinshausen et al. (2009) aggregate p-values
from repeated splitting, and more recently, Schultheiss et al. (2021) propose to aggregate
p-values after repeated carving on random splits of data. We refer to the former procedure
as multi-splitting and the latter procedure as multi-carving. With increasing numbers of
replicates, the results are expected to be less sensitive to the randomness from the splits.

Suppose one conducts multi-splitting or multi-carving B times, and obtains the p-values

pg.b), for b € [B], and j € [p]. This is followed by aggregating the B p-values through their

empirical quantiles
._ L0
Qi(7) =4y P be[Blp )AL

where ¢, denotes the y-th empirical quantile. One can also minimize over v and use

Pyi= (= Togtm)_int Q0] AL (16)

e 'Ymirnl

The aggregation scheme produces valid p-values as long as all p-values are individually
valid.

Below, we show that our proposal in the paper can be easily adapted to address the p-
value lottery problem without recourse to MCMC sampling. We proceed as multi-splitting
and multi-carving, i.e., we use a subsample of size n; for variable selection. For inference,
we reuse data from selection by conditioning on the event of selection. We repeat this
procedure B times and aggregate the p-values as above. Moreover, in each replicate, we
can draw K random subsets of size n; with replacement. A base model is selected using
each subset, and the K base models are aggregated as done in (2). To conduct selective
inference, a similar procedure can be used, with a slight modification in the distribution
of the randomization variable €. Specifically, 1/n{ still converges to a normal distribution
but with a different covariance matrix, as stated in Lemma 7.

Lemma 7 If the K subsets DWW, ... DE) gre independent random samples of the data set
D (rather than disjoint partitions) and each subset has size [pn], then Theorem 3 holds with

]__
Y= —Lre oI
p

The proof is provided in Appendix C.
Following the same argument as in Theorem 4, the asymptotic selective likelihood func-
tion takes the same form as the expression in Theorem 4, with slightly different expressions
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Algorithm 3: Multiple carving

for k=1,...,K do
Perform nj-out-of-n subsampling to form data set D*).

L Solve the lasso problem with data D®*) and select variable set E®*).

Construct the aggregated model E = Aggregate(EW), ..., E(F)),

Compute the MLE B r and Fisher information fE g in the selected GLM (3) using
all the data.

Compute matrices =, ¥, 7, 0,11, k as given in Equation (17).

Perform selective inference for Sg using the approximate selective-MLE based
method in Algorithm 2.

of the matrices =, ¥, 7, 0,11, k due to the change of the covariance matrix ¥q. There ma-
trices are now calculated as

=1 _ P .oyl -7 ; {=7¢ = P_g®,
K o 40
0= 14+ )Tpp—vT20; O M =Tpp O k=0T="lr4 L > dY.
1—0p ’ 7 L= j=1

The entire procedure is summarized in Algorithm 3.

When K = 1 subset is drawn in each of the B replicates, this procedure closely resembles
the multi-carving procedure described in Schultheiss et al. (2021). When B =1 and K =1,
it reduces to the data carving of Fithian et al. (2014). However, the multi-carving method
of Schultheiss et al. (2021) conditions on the indices of the samples used for selection which
results in a polyhedral event similar to the event in Lee et al. (2016). In contrast, our
method marginalizes over the randomness involved in subsampling instead of conditioning
on it. This is captured in the definition of our randomization variable €. As shown in
the simulation results in Section 6.2, our method achieves higher power compared to the
method that conditions on more.

6. Experiments

In this section, we demonstrate the numerical performance of our proposed procedure.
Our code can be accessed from the GitHub repository https://github.com/snigdhagit/
Distributed-Selectinf.

6.1 Experiments with distributed data sets

The data in our experiments is simulated as follows. For i € [n], we draw z; ~ N,(0,X),
where X;; = pl=il with p = 0.9, p = 100. In the first model, we draw a real-valued
response from a linear model as y; ~ N (2] 3,02) with 02 = 1. The dispersion parameter

o2 is estimated by 6% = ﬁ i1 (i — xlT £Be)?. In our second model, we draw a binary

response from a logistic-linear model as y; ~ Bernoulli(1/(1 + e~*1#)). Observation i is
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independent of all the other observations in our data set. There are 5 non-zero coefficients
in our model; each non-zero §; is equal to £1/2clogp, where the sign is random and c¢ is
referred to as the “signal strength.” Unless otherwise specified, the signal strength ¢ is 0.7
for the linear model and 1 for the logistic model. The regularization parameter A is set
to /2logp for linear regression and 1/0.5logp for logistic regression. The n observations
are partitioned into K + 1 disjoint subsets DO DO . D) Subsets 1 through K,
representing the data stored at K local machines, are used for variable selection. Subset 0,
representing the data at the central machine, is used only at the time of selective inference.

We design three different scenarios to investigate the performance of our procedure. We
conduct 500 rounds of simulations in each scenario.

(I). In Scenario 1, we vary the number of distributed data sets K € {2,4,6,8}. Each
local machine has nj = [8000/ K] samples, and the central machine has access to 1000
samples.

(IT). In Scenario 2, we vary the signal strength c. For linear regression, we vary ¢ among
{0.3,0.5,0.7,0.9}; while for logistic regression, we vary ¢ among {0.5,1,1.5,2}. We
fix K = 2. The central machine has 2000 samples, and each of the two local machines
has 4000 samples.

(ITI). In Scenario 3, we vary the number of samples that are reserved only for selective
inference at the central machine. Specially, we vary ng € {250,500, 1000,2000}. We
fix K =3 and n; = 2000 for 1 < k < K.

We report the coverage proportions and average interval lengths for Sg in Figure 2 and
Figure 3, for the linear model and the logistic model, respectively. The target parameter
Br is defined as

n
BE = argminZIE [é(yi; %TEﬁE)} :
BeeR? =1
where £ represents the corresponding GLM loss and the expectation is taken over the true
distribution of y;. Specifically, for linear regression, ¢(y;;6) = —%(yi — 0)% and the true
distribution is y ~ N(2]3,02). For logistic regression, ¢(y;;0) = —[y;log Hﬁ + (1 -
y;i) log(1 — Hﬁ)} and the true distribution is y; ~ Bernoulli((1 4+ e~*1#)~1). The target
coverage of the confidence interval is 90%. The lengths of confidence intervals are indications
of the statistical power associated with selective inference for . Our method “Dist-SI”
constructs the confidence intervals based on the approximate selective MLE method as
introduced before. As a baseline for comparison, we consider the “Splitting” method, which
uses only the data at the central machine to construct standard Wald confidence intervals.
Error bars represent variations among 500 random replicates.

Observations. Across all scenarios, the confidence intervals produced by “Dist-SI”
(approximately) attain the desired coverage probability. The “Splitting” method produces
valid confidence intervals, but discards samples used by the local machines. The advantages
of reusing data from the local machines are quite evident in the plots for the lengths of the
confidence intervals. As expected, “Dist-SI” yields tighter confidence intervals and achieves
higher power than the baseline procedure based on “Splitting” in all three scenarios. We
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Figure 2: Coverage proportions (top panel) and average interval lengths (bottom panel)
for the linear model. Left panel: varying K. Middle panel: varying signal strength. Right
panel: varying ng.

observe that interval lengths for both methods increase with K. This is because the final
model, which is the union of the K models selected by local machines, is likely to be larger
for larger K. In this case, the variance of §; tends to be larger. For a similar reason,
interval lengths tend to increase with signal strengths as well. In Scenario 3, we see that
both methods produce longer intervals when ng decreases, and as expected, the gap between
“splitting” and “Dist-SI” is more pronounced with fewer samples at the central machine.

6.2 Experiments on p-value lotteries

In this section, we apply the suitable adaptation of our procedure to solve the p-value lottery
problem, as described in Section 5. We compare our procedure with “Multi-carving” and
“Multi-splitting” as proposed by Schultheiss et al. (2021) and Meinshausen et al. (2009), re-
spectively. For the latter two algorithms, we use the implementation provided by Schultheiss
et al. (2021) with code available on GitHub!. To avoid any confusion, we continue to refer
our procedure as “Dist-SI”, though we are no longer simulating distributed data sets.

1. https://github.com/cschultheiss/Multicarving. The original code is written in R, and we load them
into Python when running our simulations, which might have contributed to slightly longer running times
as reported in our findings.
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Figure 3: Coverage proportions (top panel) and average interval lengths (bottom panel) for
the logistic model. Left panel: varying K. Middle panel: varying signal strength. Right
panel: varying ng.

20



SELECTIVE INFERENCE WITH DISTRIBUTED DATA

We generate our data from the same linear model as described before, but now we use
the same dimension as in Schultheiss et al. (2021). We take n = 100 and p = 200, and
consider s = 5 nonzero coefficients with §; = £2y/logp. We use B = 10 replicates, and
aggregate the p-values using formula (16) with v, = 0.1. The proportion of samples used
for variable selection is varied in the set {0.5,0.6,...,0.9}. We fix the significance level at
0.1.

Again, the inferential target of these methods is not the actual generating 3, unless the
selected set E contains all the nonzero coefficients of 5. Nevertheless, we can compare these
methods by their accuracy in terms of detecting nonzero signals. Specifically, a coefficient
Bj is predicted to be nonzero if the corresponding p-value is no larger than 0.1. We measure
the accuracy of this prediction by the F-score, which is defined as

2 - True Positive
F-score :=

2 - True Positive 4 False Positive + False Negative

Note that the positives and negatives are computed with respect to the true underlying
parameter 3, which might be different from the inferential target post selection if the selected
F fails to contain some nonzero coefficients of 5. Besides computing the F-score, we compare
the average run time for “Dist-SI” and “Multi-carving”. The results are shown in Figure 4.
In the left panel, we plot the F-scores of the three methods with varying proportions. The
error bars are once again reported for 500 random repetitions. In the right panel, we plot
the average run times of “Dist-SI” and “Multi-carving” on the log scale.

Observations. We find that our procedure has higher F-scores than the two previously
proposed alternatives, “Multi-carving” and “Multi-splitting”, for all values of sample pro-
portion. Especially, a p-value in every replicate uses the full data after carefully discarding
information that was used up for selecting predictors. The re-use of data from selection
results in larger power over “Multi-splitting”. Our procedure aligns with “Multi-carving”,
which also deploys conditional techniques to reuse data for hypothesis testing. However, a
key distinction of our procedure with “Multi-carving” lies in how we use the randomiza-
tion framework to characterize the selection event, and subsequently marginalize over this
randomness to construct our p-values. In particular, we note that “Multi-carving” condi-
tions on the randomization that is involved during variable selection on a random split of
the data, whereas our procedure explicitly characterizes the distribution of randomization
instead of simply conditioning on 2. We believe that this difference between the two proce-
dures shows up in our simulated findings as we note higher values of F-score with “Dist-SI”.
Unsurprisingly, our proposal is also faster than “Multi-carving” by about 100 times. This is
because the latter procedure requires MCMC sampling, while our procedure only involves
solving a convex optimization problem.

6.3 Experiments on medical data set

We illustrate an application of our procedure on a real data set that is publicly available
on MIT’s GOSSIS database Raffa et al. (2022). This data set contains records on intensive
care unit (ICU) admissions from 192 hospitals, including patients’ demographic information,
and various medical measurements, and lab results. We only use the data sets from the
four largest hospitals, among which three data sets are used for variable selection and the
remaining one is reserved for selective inference. We focus on a regression problem with data
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Figure 4: Compare Dist-SI with multi-carving and multi-splitting. The left panel shows the
F-scores when using different proportions of samples for selection. The right panel shows
the average running time.

from the first 24 hours of intensive care. The response in this problem is binary, and takes
the value 1 if a patient admitted to an ICU has been diagnosed with Diabetes Mellitus, and
is 0 otherwise. The same problem appeared in the 2021 Women in Data Science Datathon
2. We remove variables with more than half missing values, and also remove rows with
missing values. After preprocessing, we end up with 81 predictors. The three data sets
used for variable selection have sample sizes ranging from 1633 to 1788, and the data set
reserved for inference has 2000 samples.

For model selection, we run the logistic regression with lasso penalty. The regularization
parameter is tuned with one extra data set with 893 samples. The selected GLM has 58
predictors. To construct confidence intervals for the 58 selected variables, we apply the
proposed “Dist-SI” algorithm and “Splitting” as done in simulations. The significance
level is set to be 0.1. “Dist-SI” reports 21 significant variables, while “Splitting” reports
13 significant variables, with 10 variables overlapping as significant in both methods. In
Figure 5, we plot the confidence intervals for the regression coefficients that are rejected by
either of the two procedures. The boxplot for the lengths of these intervals, in Figure 6, show
that the median length of the “Dist-SI” intervals is smaller than the “Splitting” intervals by
67%. Additionally, the coefficient of variation is 1.8 and 3.9 for “Dist-SI” and ”Splitting”,
respectively. This indicates that the dispersion of interval lengths for “Dist-SI” is smaller
than “Splitting”. On this instance, we see that “Splitting” yields a few very wide intervals.
This is because the Hessian matrix based on data present at the central machine (reserved
data set) is ill-conditioned. “Dist-SI” does not have this issue because it reuses data from
the three hospitals for more powerful selective inference.

2. https://www.kaggle.com/competitions/widsdatathon2021/data. Accessed on on Dec. 17, 2022.
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7. Conclusion

Model selection appears to be routine practice when analyzing big data sets. Inference for
data-dependent models and parameters is a very challenging goal, because sound proce-
dures must rigorously account for randomness from the selection process. To the best of
our knowledge, this paper is the first contribution that addresses selective inference with
distributed data. We provide a rigorous procedure to construct confidence intervals and
p-values when inference is sought in a generalized linear model with selected predictors.
We identify a representation for selection in a common distributed setup, and provide an
asymptotic selective likelihood by developing a novel randomized framework for our prob-
lem. Approximately-valid selective inference, based on our selective likelihood, takes a very
simple form: our confidence intervals for the selected regression coefficients are centered
around the MLE of the selective likelihood, and the variance of the MLE is estimated by
the observed Fisher information matrix.

An appealing feature of our proposed inferential procedure is that we only require some
aggregated information, with relatively low communication cost, from each machine. This
feature allows an adaptation of our procedure to settings where various sites may not be
willing to share their individual data sets. But, we note that there is room for improvement
here, specially if various sites have not measured the same set of predictors.

Our paper also provides an efficient solution for the p-value lottery problem without
relying on MCMC samplers. Our procedure bypasses the primary computational bottleneck
in the earlier proposal (Schultheiss et al., 2021) by reducing selective inference to the solution
of an optimization problem. The recently developed sampler in Liu (2023) is also applicable
in our distributed setup to perform sampling-based inference, as an alternative to the MLE-
based inference used in this paper.
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Appendix A. Proofs for Section 3

Supporting results are collected in Appendix A.3.1.

A.1 Proof of Proposition 2

Proof We write B = fEg, in the asymptotic analysis as n — oo. Define /BE(,C) N =

IE}M E(k)IE(k>,EBE,TL' We start with the decomposition

CXT(VAXFMD) - ¥) = LXT(VA(Xpfna) V) + R + B,
where
R = S XT(VA(X g B ) — VA(X i),
R = %XT(VA(XBA ®)) — ¥ A(X g By )
In a similar fashion, we decompose the quantities based on local data D*) as
L x®T(wax®anmy —y®y = Lx®Tgax® 8,0 - vO) 4B 4,

ng n

The decomposition in the above two displays allow us to write

1 1
Vi) = il s XNVAX e ) ~ V)~ XOTVAX ) V)

R(k) +R( ) 7q(k’) o rék)} (18)
= vno® 4+ /nR®
where
RK) — ng) + Rék) — r%k) — rék),
and

. 1 1
o®) = ~XT(VA(XEfra) = Y) - n—kX(’“)T(VA(Xg“)ﬁEm) —y®),

Let Q € RPE be the stack of @) for 1 < k < K. It suffices to show that
JnQ 2 N(0,5q) and aR® 0. (19)

To proceed with the proof, let e; = x;(VA(x] pSEpn) — yi). It is easy to see that e; are i.i.d.
for all 1 <4 < n with E [¢;] = 0 and Var [¢;] — Z under the selected model (3). It follows
that

1 1-—
~(k) _ ) pk
nw\" = /1 — pp —— e; —
N \/ Pk = chk NG ;ec: Je

Hence, we have

Vna® L A7 (0, 1= p’“z) ,

Pk
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and
Cov [\/ﬁw’), \/ﬁ@(k)] T
for j # k. This leads to

o) 1= PJI T
\/ﬁ< )¢N< ( )
Pk
which proves the first statement of (19). Lemma 8 and Lemma 9 below show that \/nR*) =
op(1), thereby concluding the proof of (19).

Lemma 8 (Rate of ng) - rl ) Let
R = S XT(VA(X g By ,) — VA(X i)

K1 F
i :FkX(k)T(VA( E(k)/BE(k) ) = VAXG Bp.n))-

Then \f( — le)) = op(1).

Proof [Proof of Lemma 8.] According to Lemma 12, we have
X 50y By — XBBEn = Op(n™1/?).
By a Taylor approximation, we have
R — o) = 7 diagw?A(XEﬂE,n»( XLl poo Lo — Xe)6pn
- ;X(k)T diag(VQ ( BE ) ) (X ()k)Z_(k) E(k)IE(k) E XE)ﬂEn + Op(n_1/2)~

By Assumption 1, there exists & C E® = E\E®) such that for j € E(’“)\é’k, XE(HIE(lk) pwLew ;=
X, and Bg, n = O(n~1/2). So the last display simplifies as

k k .
Rg ) _ fr§ ) _ — XT dla‘g(VQA(XEﬁEJL))(XE(k)IE(k) E(k)IE(k)fk — ng)ﬂgkvn
k - J—
Ty X diag(V*A(X; BE n))( E<)k)IE(k> s Te® & — X&) Ben + op(n 172y,
If & is not empty, let
1 .
Tl =E |:nXT dlag(VZA(XEﬁEm))( E(k)I E(k)IE(k) £ ng>:| .
Then
B0 0 Lt g (02 A(X Xpo Tl T -
! " n iag( ( EBEv"))( ER L pk) pm)=E®) & Sk) 1| Bewm
1 : (k)
_ [nkX(k)T diag(V*A (Xp BE n) ) (X (),Q)I *) E(k)IE(k) £ — Xg,) —T1] Bem

+ op(nfl/Q).
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Note that fg, = O(n~'/2). Further, observe that

1 . _
gXT dlag(v2A(XEBE,n)(XE(k)IE(lk)’E(k)IE(k),gk — Xg,) = T1 = 0p(1), and

1 . k k) —
erX(k)T diag(V2A(X [ Br.n) (X 50 Tty wnZow e, — Xeo) = Ti = 0p(1).

Thus, we conclude that ng) — r%k) = op(nfl/z), u

Lemma 9 (Rate of R(k) = r2 ) Let
1 2 *
Ry = ~XT(VAXBYW) = VAX g B ),

1 o~
) — nka(’“)T(VA(X(’“)BA’(k)) — VAX oy B )

Then /(RS — i) = 0,(1).

Proof [Proof of Lemma 9.] Based on the assertion in Lemma 12, we have
BE(Ic) /BE ( 71/2)'

Taking a Taylor expansion of VA(X BA’ k)) at X%

B0 for each coordinate, we obtain

k k AA( *
REY ) = X7 [ding(V2A(X s B ) X0 (Bis) — B ) + 01BN — B D)) -

. k) * k A, (k) * S *
L x0T [aiag(V2ACX 00, B )X i By = B ) + oUBRY = B 10| -

ng
Letting
1 . .
T=E [nXT dlag(VQA(XE(k),BE(k)’n))XE(k)
we have )
;XT diag(v2A(XE(k)5E(k)7n))XE(k) =T+ Op(l)a
and .
) k) o
X0 diag(V2ACX o B ) Xy = T+ 0(1).
Hence,
1 . * iy *
RY —r{?) = [XT dlag(VQA(XEmBE@),“))XE(M - T} (ﬁ,ﬁz&’?) — Brw )
1 k) o k A
[n x®T diag( VQA(X,(E(L)/BE(M,”))X;()M - T} (5}3(5«) /BE(k) n) + Op( 1/2)
=0, 71/2)
|
|
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A.2 Proof of Theorem 3
Proof It follows from Assumption 2 that

Vi(Be — Bra) = N0, Iph),

and from Theorem 2 we have /n{2 4 N(0, 3q).
Note that

VBl = jﬁXIEWA(XEﬁE,n) )+ }XIEWA(XEBE) VA(XpBen))

_ \}EXIE(VA(XEBE,H) YY)+ TXT SWXL(BE — Brn) + 0p(1)

1
= %XIE(VA(XEBEJZ) -Y)-7Z g EIE

In particular, we have

Var ( ﬁX}FE(VA(XEBE,n) —Y) ) _ <IE,E 1p,-F ) :

XTp(VA(XEBER) —Y) T e I p-E

vn

Thus, we observe that the asymptotic variance of \/ﬁBfE is equal to

-1
1 p-5—1I-prlgple—k,

and conclude that R
VnBty 2 N(0,Z/Is ).

Further, it is easy see from the asymptotic representations of \/E(B £ — BEen) and \/ﬁﬁfE
that they are mutually independent.

Now, observe that /n(B8g — 3 E£n) and \/ﬁﬁfE are asymptotically equivalent to sums of
i.i.d. random variables z;, and that \/nw®) assumes the form in (18). Thus, we can write

Cov | nw®, Z zi | = v/nCov Z e — — Z e, Z zi | +op(1

i€[n] ze [n] zeCk i€[n]

where ¢; = 2;(VA(z] ;85,n) — yi). The covariance term on the right-hand-side is 0, which
completes the proof. [ ]

A.3 Proof of Theorem 4
Proof We start by writing

Vnw® = /no® 4 0,(1),

established in Lemma 13, where

Viiol®) = TO(B®, 29, B, VB,
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Let /n€l = T(\/nB, Z; /nfg, \/ﬁBfE) denote the stack of v/nw® for k € [K].
We begin with p,, the Lebesgue density of

(VBe — Brn), ViBLy, Vidl).
We then apply the change of variables

Vil = (VnB, Z)

through the mapping /nQ = ']I‘(\/ﬁﬁ, 2; \/HEE, \/ﬁBfE) Because the mapping is linear,
the density of

(ﬁ(B\E _BE,n)v \/ﬁgf};, \/ﬁﬁ, 2)
is proportional to

Now, the condition in Assumption 3 allows us to replace p, by the limiting Gaussian density
in Theorem 3 which gives us the corresponding asymptotic density function

P(VnBeiVnBin, Tg'y) x o(VnBLe:0,(Z/Tp k) ™)
x @(T(v/nB, Z; vnBp, vVnBty); 0,%0).

Furthermore, if we condition on 7 =z and ignore constants, the asymptotic likelihood can
be simplified to

(20)

e(VnBe; IVnBp . + 1 0) - o(v/nB; ¥v/nfp + 73 ),

where II, k, ©, ¥, 7, Z are defined in Theorem 4. See details of the simplification in Lemma 10
below. The selection event, when conditioned on Z = z, is equivalent to B € O. So the
conditional density of Sg, B is given by

(VB /B, + 13 ©) - o(v/nB; Wy/nBp,, +7:5) - 1{B € 0}
J (VnBr: TynBp + 13 0) - o(vnB; Wy/nfp + 75 5) - 1 {B € 0} dBpaB

Ignoring the factors that do not depend on B, gives the selective likelihood function.

Lemma 10 (Matrix simplification) The joint density of (\/ﬁB\E, \/ﬁﬁ,B\fE) when con-

ditioned on Z = z is equal to
o(VnBe; TIVnBe ., + k5 0) - o(vVnB; U/nfg + 7, E) - (VB 0,(Z/Ipp) ).

Proof [Proof of Lemma 10.] Denote

I I.’E(l) 0 - 0
SE 0 I~7E(2) .. 0
Q= :1] Q= . (21)
T .
B 0 ces 0 I~,E(K)
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(k) 0
Let r®) = A (z(k)> + < >, and let r be the stack of #M, ... &) Observe, the

VnBp
mapping T, given in Lemma 13, can be written as
Vil = —~QivnfBE + Q2y/nB + 1. (22)

It follows from Equation (20) that the joint density of (vnBg, /nB) after conditioning on
Z = z is proportional to

exp [—;(\/EBE - \/ﬁﬁE,n)TIE,E(\/ﬁBE — VnBen)
—%(—@1\/5319 +Qov/nB 4 1)750 (~QivnBe + Qav/nB + r)]
x exp [‘iwﬁw@;zal@zwm + (VB)T QS5 (Quvnfe — )

5 (VBE)" (T + QU5 Q) (VD) + (VB (T + QL5

For =71 = Q]%,'Qq, ¥ = ZQ]%,'Qy, 7 = —EQIZg'r, we observe that this density is
proportional to

o (/B; Wil + 7, Z) - exp | 5 (VABE) (Zp,s + QIS5 Q1 — WTE0) (i)

+(\/ﬁBE)T(\IJTE_1T +IE,E\/56E,n + @12511‘) .
The density in the last display is proportional to
P(VnBe; TVnBe y + k5 0) - o(v/nB; Uy/nBp + 7;Z)

for 07! =Zp g+ Q]85 Q1 — VTEN, 1T = OZp 5, k = O(VT="17 + Q]2 r).
To further simplifying the matrices in the likelihood, we note that 251 =U '@z "
Therefore, we can write Q;Eél(@g in the form of K x K blocks, where the (7, k)-block is

P3jPk
( 2 +Pj5j,k> Tr6) gw-
P0

Similarly, Q3 'r has K blocks where the k-th block is

K
Pk j
T g™ + 0 > ridpur?,
j=1

0
where Jg is the matrix that selects the coordinates in E, i.e. Jgx = xg. Since Jyw) (BIE ) =
0 and JE(k)’}/(j) = géj), the above display is equal to pkg,ik) +(pr/Po) Zje[K] pjg,(gj). Similarly,

—1
Qg r= Zke[K] %JE’Y(k) = Zke[K] %’59('“) and

. 1_
Qxg'Q = Z Pk + Z £iPk Ip g = pOIE,E-
velK]  gkelk] PO po
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Thus ©7' = T p — WT='W.

Remark 11 We note that when using the union aggregation rule, the quantities I, k, 0, ¥, 7, 2
do not depend on ﬁfE. If E®) is not necessarily a subset of E, then

Jpw) </9E ) = Qf(k)mE
E Bi_E BE(k)\Ea

' i 0
Jpwr = JpuyW) + (Bli““)m;) '
ECN\E

and thus

But, we only need to re-define g,(gj) as

; ; 0w
g = T + <§}i mE) :
EC\E

and this change only affects . For the complete procedure when using general aggregation
rules, see Appendix D.

A.3.1 SUPPORTING RESULTS
Lemma 12 Let Bz(k),n = Ig(lk)yE(k)IE(k)yEﬁE,n' Under Assumption 1,
X509 By — XBBEn = Op(n™'/?), and
BJ(EI?ISA — Bry,, = Op(n™7?).
Proof Note that
XE(k)IBE(k) - XEﬁE = (XE(MIE(lk)’E(k)IE(k),E - XE)»BE
= (XE(MI];(IM,Ew)IE(k),E\E(k) — XE\E(k)> Br\gw+
(XE(k)IE(lk),E(k)IE(M,EﬂE(’“) - XEmE(k>> Bene®)
= (XEWIE(I;C)E(;@)IEM,E\E(!@) - XE\E<k>> Be\g® -

By Assumption 1, let &, be the set such that if j € (E\ E®)\ &,

1 i
XpwIpn pwmlemw ;j —X; =0,
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and B¢, = O(n~/2). Then we have
X9 B0, — X608 = (Xpw T pwLee g, — Xe)Pe, = Op(n™?).

This proves the first claim.
By the KKT condition of lasso problem (1), we have

k) T (k) A, (k) 1
XJ(E()k) ( ( E()k)/BE(Ec) ) (k)) = _%Ayk)sk-

Denote the left-hand-side as V£(*) (B\g((k];)) Taking a Taylor expansion at 87, ., we get

1 *
= e hpw s = i VBt = Ve (B ) + VO Briy VBl = B ) o)
+o(|BAS) — B ).
Note that

BT k) o
Ve (B ) = X(E<)k) (VA(X(E()IC)/BEUC)JL)_Y(IC))

k) T k * k
ngk) (VAKX D B ) — VAXE Ben))+

1 T
- XW TVAXY Bpa) - Y®).

The first term is of order O,(n~'/2) due to the first claim. The second term is of order
Op(n_l/ 2) because it is an average of ny, ii.d. random variables of mean zero and finite
variance. This proves

Vﬁ(k)(ﬁg(m) = Op(n_l/Q)-

Moreover,

IR N k
V2 (/BEUe)) Xé()m dlag(va(XE(k)ﬁE(k)))Xé()k)

1 _
- 714 SE()k) d1ag(V2 (XEPE)) E()k) + Op(n 1/2)
= IE(k)’E(k) + Op(n_l/Q).

Substituting into Equation (23) gives

V(B = Brw ) = Op(1).
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Lemma 13 The randomization variables have the expression

Vnw® = /na® 4 0,(1),

where
Via® = T® (/nB®, Z2®); \/nBp, /nfty)
(1 5 5 0
=7 pwVnB"Y — I pvnfe + A S )t it
Proof The K.K.T. conditions of stationarity for the lasso on machine k are summarized
by

1 .
Vw®) = %XT(VA(XB(’C)’A) ~Y) +~®

1 oy ~
= = XT(VA(XgfE) — Y + VAX gy B®) — VA(XEBE)) + v

3

(0 ) Lt g o
_<\/ﬁﬁ£E>+\/ﬁXleag(V A(XEBEN))Xpw B "

1 . a
_ %xr diag(VZA(XgBEn)) Xebe + 7™ + 0,(1)
(k)

~ S 0
=T pwvnB® — I pv/nBp + A <Z(k)) + (\/ﬁBfE> + op(1)

= Vnw®) + 0,(1).

Appendix B. Proofs for Section 4
B.1 Proof of Theorem 5

Before proving Theorem 5, we provide a supporting result in Lemma 14.

(k)
First, let s() = (7%(’“)) € RP be the active components of the subgradient vector ~*)

padded with a vector of all zeros. Now, let s € RPK be formed by stacking the vectors s(*)
for k € [K]. Recall that Q is formed by stacking the vectors ©®), k € [K] that we previously
defined in Lemma 13. Suppose that \/nQ = /nf) — s.

Lemma 14 Define
VnpPp
Vo= | vVnpig
V/nQ

Let S be a convex subset of RPUETY - Under the conditions in Assumption 4 and Assumption
5, we have

1 1
lim —— logP [aV" € 8} = inf R(b,b,w),

n—oo a2 bbl wes

33



Liu AND PANIGRAHI

where

R(b,b*,w) = {;w B T (b — B+ 5 M) (T/Tp ) B 4 ST w}- (25)

Proof Because the difference between /nQ and \/nQ is O(1), based on the condition in
Assumption 5, we have

1 1 Ve
nh_)rgo ol logP [anVn € S} —logP - vnpitp | €S| ¢ =0 (26)
" V/n

From the proof of Proposition 2, we have the representation

By
\/ﬁ B\i_E = \/ﬁEn + Rm
Q

where the limiting density of \/nE,, at (b, b*, w), is proportional to ¢ (b; B, L5 )¢ (b0, Z/ Tk k)-
©(w;0,3q). So we have the following large-deviation limit

1 VB |
lim —— logP | — L. 1e€S8S| = inf R(bb,
300 a? & an \/%(_ZE bl weS ( )
under Assumption 4, where R is the rate function (25).
The assertion follows directly by using (26). |

Now we are ready to prove Theorem 5.
Proof First let us define some notations which we need for the proof. Recall that r*) =

(k) 0
S - . (k) pK
A <z(k)> + (\/ﬁﬂLE)? and that r is the stack of r\*) for k € [K], and that s € RP* is the

(k)
stack of sk = (7%(’“)>. In matrix form, we can write

r=QsZ + Quv/nBlp +s

for fixed matrices Q3 and Q4. Let iz = (.
Let Q1, Q2 be defined according to (21). Then, note that we have

VnQ =v/nQ - s
= —QuvnBp + QB +r—s
= —QivnBE + QuvnB + Q3Z + Qu/nft .
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If we define:
hB, Z;b,bY) = QB + Q37 — Qb+ Qqb™.
then R R R
VnQ = h(v/nB, Z;v/nfp, v/nBLp).
Denote by U, the vector R

VnpBe

JRBL,

vinB |’

Z

and consider V,, as defined in Lemma 14. Observe that

B
V. = R A\/ﬁﬁf/\E R (27)
h (viB. Zs viBe, VB )

is a bijective linear function of U,. Let us define H : RP(K+1) 5 RP(K+]) a5 the function

such that 1 1
—V, = H(—U,).

Qn Qn
Applying the contraction principle for large-deviation limit together with Lemma 14,
we conclude that the vector iUn = H_l(ivn) satisfies a large deviation principle with
the rate function RoH, where R is the rate function of iVn given in Equation (25). Thus,
it follows that

1 . 1~
lim —ZIOgP[\/ﬁBGO zzg}: inf  RoH(b,b",B,()
n—oo a2 anp, an b,b+,BcO
= inf R(b,b*, h(B,(;b, bt
orieo ( (B,¢ )
1 1
= inf Z(b—BL)"Zerlb-BE) + b (T/Ip ) 'b"
b,bllleec’)Q( BE) I E(b— Bp) + 5b7 (Z/1E.E)

1
+ h(B, (b, b7)T8G (B, (b, bT).

By a similar matrix simplification as lemma 10, this is equal to (up to constant independent

of B%)

1 1
: i * _ =\TO—1l(p _ * = - _ _ =\T=—1 o =
b,g’lefo 2(b sy — R)TO (b —1IfL — k) + 2(B Uy —7)TZ" (B — Wb —17),
where 7 = —EQ;Eﬁl(QgC + Qqbt), B = O(VT="17 4 QIE&I(Q?)C + Q4bh)). The matrices
11,0, ¥, = are the same as in Lemma 10.

It remains to show that

1 1
: Ty *  \TO—1l/n _ * = - . _ =\T=—1 . =
b7?g02(b 55 — R)TO™ (b —118% E)+2(B Vo —-7)T="(B—-¥b—17)

1 1 1
(b—TBy — —r)TO b —TI85 — k) + 5(B — Wb — 7)Y B - Vb - —1)
Gn

Gnp

. ) 1
= lim inf —=
n—o0 b,BEO 2
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Recall from that Lemma 10 that Q}¥," has (j, k) block equal to (p]p’“ + prdj k) JEi, and
Q]%g" has (1,k) block equal to %JE. The matrix Q4 has block k equal to JT . Thus,
QI25'Qs =0, Q]Z5'Qq = 0. So 7 = —ZQIZ;,'Qs¢. Recall that z = a,(, so

T= —EQ;Eal(@ganz +38) =apT — EQ;E;@

Because a,, — 0o, T = iT + o(1). Similarly, & = élﬁ + o(1). This proves the last claim.
To conclude the proof, we observe that

lim inf = b—Hﬁ*—i Te—l b—Hﬁ*—i
nl—giong 2 E anl<6 E anl<6

1 1 \"_, 1 1
+-(B-9Yb——7) E B — Wb — —7 | + - Barro(a,B)
2 an n an
= lim inf f(b 15y — i,‘<a)T@ (b -5y — i/<c) 1(B Uh — Loy YEYB - Wb - 1 ).
" nSo0b,BeO 2 E an E an 2 anT anT

This is because the sequence of convex objectives in the left-hand side display converge (in
a pointwise sense) to the convex objective on the right-hand side display which has a unique
minimum. |

B.2 Proof of Theorem 6

Proof Observe, the approximate selective likelihood is equal to

(vnBe) O (VallBp,, + &) — Q% (071 (v/nllBpn, + K))

where

Qa(0) = sup(y/av)Ta — Qu(viw) (28)
and
Qn(v/nv) = %(\/EU)T@_l\/Tw —|—ir‘}f{ (\fV N 7') (fV N 7')
+ Barrp(v/nV) }
The score, based on the approximate selective likelihood, is equal to
VAT (VitBp = V@, (07 (VallBe, + 1)) )
Thus, the selective MLE is given by

"YWVl + k) = (VQL) L (v/nBe)
=07 VnBp — = (VaVz — vavBs - 7).
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That is,
VB = all By — Tk + T lewTE 1 (qzﬁBE +7—/alZ )

E
— VAl — Tk 4+ I uTe ! (\WEBE yr— \/EF/B*E) .

Let v* be the solution of (28) when a = \/HHB](ES) + k. The selective obs-FI matrix, derived
from the curvature of the approximate selective likelihood, is given by

(), = e 'v2Q; (VaBy + k) o'
— e~ (V2Q, (vav*)) e

~ -1 -1
—1re-! (@—1 yutEly - grE-l (5—1 + V2Barr (\/HVB* )) 5—1\1/> o~
E

~ -1 -1
= Tpp (@‘1 FuTEly - pTE-l (5—1 + V2Barr (\/HVB*E» E*@) Tp.p.

Appendix C. Sampling subsets with replacement

Proof [Proof of Lemma 7] It suffices to prove that for j # k Cov [\/ﬁw(j), \/ﬁw(k)] — 0.
Following the proof A.1, we only need to show

1 O 1 1 O 1
Cov \/ﬁ;%—\/ﬁp Z)ei’\/ﬁ;&_\/ﬁpzei — 0.

ieCl iec(k)

Let CU) denote the index set of DU). Since E [ﬁ Yo e — ﬁ > iccl €i | cW| =o, it
remains to show that

E | Cov Y e|cP.ec™| =o.

ieC(k)

1 1 1l 1
Vi 2T i 2 o R 2T g

iec(d)

Note that

1 < 1 1 & 1 ,
Cov —Zei - — Z €i, —Zei - — Z e | D cW
Vn i=1 Ve iec) vn i=1 Ve ieC(k)
: 1
= Cov [e;] — Cov [e;] — Cov [e;] + ¢ N c<k>\n72 Cov [e;]
_ (1cY n c<’f>|nlp2 — 1) Cov[ed].

The proof is completed by the fact that E [|C(j) N C(k)]] = np?. [ |
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In this setting, the matrices =,0, V¥, 7, v, 11, k are similarly found by Theorem 4 and its
proof with Yo = 1;’)IK ®Z. So now 251 = 1prK ®Z~!. Then

{7k = { Q225 ' Qa}jn = pIEm BG)
if 7 = k and 0 otherwise. Other matrices are similarly computed.

Appendix D. Selective inference with general aggregation rules

D.1 Algorithm

In the main manuscript, we focused on the union aggregation rule, i.e., the final model E
is the union of selected variables in the base models E(k), 1 <k < K. We show that with a
slight modification, our procedure can be adapted to accommodate other aggregation rules.

The new procedure is summarized in Algorithm 4. We note that the procedure remains
almost the same, except that

. ) 0
90 = Jgwr? + ( ]i(kmE> : (29)
EGN\E

where

Bt = %XT(Y — XBg).

If there exists a variable that is selected by machine k£ but is not selected in the final model
E, then we must compensate the subgradients by the correlation between that variable and
the residual vector for a more general aggregation rule.

)

To compute the vector g;’, we note that the central machine requires B\éu\ > Where

E" = Upe K]E(k) is the union of the base models. Thus, each local machine must send
L,(k)
BE“(\E = }(E“)\E(Y(k 5E)

to the central machine. Because this quantity depends on the MLE 3 £, which is computed
on the central machine, the central machine must first send E £ to the local machines. Our
modified procedure in Algorithm 4, therefore, involves two more exchanges between the
central machine and local machines: (1) the central machine sends Sp to local machines;

(k)

(2) local machines send BEL\ ; to the central machine. In comparison with Algorithm 1,
the communication cost is |E* U E| per local machine. Note that this cost is comparable to

the overall cost of order O(|E|?), as long as |E"| is about the same order as |E|.

Of course, the modified g(] ) in (29) change some matrices in the optimization that we
solve for approximately-valid selective inference. Theoretically, our selective likelihood is
now obtained by conditioning further on 51%514\  besides the information from the subgradient
vectors.
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Algorithm 4: General aggregation rules.

STEP 1: Variable Selection at Local Machines
Machine k solves (1) and sends E(*) = Support(ﬁA’(k)) to the central machine.

STEP 2: Modeling with selected predictors
Central Machine aggregates E(*) to get the final model F and forms the aggregated
model F

STEP 3: Communication with Central Machine
Exchange 1: Central machine sends the set E as well as E* = Uke[K]E(k) to the
local machines.
Exchange 2: Local machines send back the following information

local estimators: Bg), fg%, subgradient at BA’(k): ’yg?
Exchange 3: Central Machine computes the MLE B £ and sends to local machines.
Exchange 4: Local machines compute Bi:;(é I)E = XgZ)\TE (Y — x(®) BE) and send
to Central Machine.
STEP 4: Selective Inference at Central Machine
2 _ (0), 2 K 2Lk
(A) Compute ﬁfu\E = %XEu\E(Y(O) —- XO8g) + %Zk:l /BEu\E
(B) Compute E, \/I\l, T, o, ﬁ,//% as defined in Theorem 4, with g(k) defined according to
Equation (29).

(C) Apply Algorithm 2 to perform inference based on selective MLE.
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D.2 Experiments

We illustrate the performance of Algorithm 4 on simulated data. In the following experi-
ment, we consider the same setting as that in Section 6 with prespecified groups of correlated
predictors. More specifically, we consider 20 groups of predictors with size 5; distinct groups
of predictors are uncorrelated, while all pairs of predictors within the same group have cor-
relation equal to 0.9. As before, we assume there are 5 non-zero coefficients 8; and these
nonzero coefficients are present in 5 different groups.
Suppose that
G= |J{G;:jeEW},
ke[K]

i.e., G contains groups which have at least one predictor selected by at least one of the K
local machines. Our final aggregated model is formed by randomly picking one predictor
from each of the selected groups (in G) with highly correlated predictors.

The results of our experiment are shown in Figure 7. We see that our proposed method
achieves the desired coverage probability. Similar patterns hold up for the lengths and
power of our confidence intervals as was already noted for the previous aggregation rule.
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Coverage Length Power
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(a) Varying K. Each local machine has [8000/ K] data points for each K.
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(b) Varying signal strength. The nonzero 3; equals £+/2clogp with random
signs for ¢ = 0.3,0.5,0.7,0.9 in the four signal regimes.
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Figure 7: Results for the grouped aggregation rule
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