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Abstract

We characterize the squared prediction risk of ensemble estimators obtained through sub-
agging (subsample bootstrap aggregating) regularized M-estimators and construct a consistent
estimator for the risk. Specifically, we consider a heterogeneous collection of M > 1 regular-
ized M-estimators, each trained with (possibly different) subsample sizes, convex differentiable
losses, and convex regularizers. We operate under the proportional asymptotics regime, where
the sample size n, feature size p, and subsample sizes k,, for m € [M] all diverge with fixed lim-
iting ratios n/p and k,,,/n. Key to our analysis is a new result on the joint asymptotic behavior
of correlations between the estimator and residual errors on overlapping subsamples, governed
through a (provably) contractible nonlinear system of equations. Of independent interest, we
also establish convergence of trace functionals related to degrees of freedom in the non-ensemble
setting (with M = 1) along the way, extending previously known cases for square loss and ridge,
lasso regularizers.

When specialized to homogeneous ensembles trained with a common loss, regularizer, and
subsample size, the risk characterization sheds some light on the implicit regularization effect
due to the ensemble and subsample sizes (M, k). For any ensemble size M, optimally tuning
subsample size yields sample-wise monotonic risk. For the full-ensemble estimator (when M —
00), the optimal subsample size k* tends to be in the overparameterized regime (k* < min{n,p}),
when explicit regularization is vanishing. Finally, joint optimization of subsample size, ensemble
size, and regularization can significantly outperform regularizer optimization alone on the full
data (without any subagging).

1 Introduction

Ensemble methods combine predictions of multiple models to improve predictive accuracy [HTF09].
Among these methods, bagging (bootstrap aggregating) trains individual models on bootstrapped
samples of the dataset and averages their predictions to reduce variance and mitigate overfitting
[Bre96]. A popular variant of bagging, known as subagging (subsample bootstrap aggregating),
trains models on random subsamples rather than full bootstrapped samples [BY(02]. Apart from the
computational advantages, subagging can substantially improve predictive performance, especially
in the overparameterized regimes and near model interpolation thresholds [PKWR22]. In this paper,

*Corresponding authors.
TBooth School of Business, The University of Chicago, Chicago, IL, 60637, USA.
tDepartment of Statistics, University of California, Berkeley, CA 94720, USA.
$Department of Statistics and Data Science, Carnegie Mellon University, Pittsburgh, PA 15213, USA.
IMachine Learning Department, Carnegie Mellon University, Pittsburgh, PA 15213, USA.
I Department of Statistics, Rutgers University, New Brunswick, NJ 08854, USA.


tkoriyam@uchicago.edu
pratikpatil@berkeley.edu
jinhongd@andrew.cmu.edu
kai.tan@rutgers.edu
pierre.bellec@rutgers.edu

Table 1: Landscape of subagging risk analysis in high dimensions. We summarize the various settings
(estimator structure and data structure) of some of the recent works that characterize the prediction risk of
subagging regularized M-estimators trained with loss function loss and regularization function reg (defined in
Section 2). Convex® denotes that in addition to being convex, we require the loss function to be differentiable
and have Lipschitz continuous derivatives. By RMT features, we refer to features of the form & = X/2v
where v contains independent entries of bounded moments (of order 47) that are common in the random
matrix theory literature. Arbitrary* response y refers to no additional modeling assumption on the response
other than bounded moments (of order 47). Signal and noise refer to @ and z in the linear data model:
y =0 + z. Arbitrary™ signal and noise distributions Fy and F, refer to general marginal distribution on
the coordinates of signal 8 and noise z, respectively, subject to mild regularity conditions (Assumption D).

Loss Penalty Features Covariance Response Signal Signal Dist. Noise Dist.
Reference

(loss)  (reg) (2) (%) (y) (9) (Fo) (F%)

Square Gaussian  Isotropic Linear Random Gaussian Gaussian [LJB20]
Square  Ridge RMT Anisotropic Linear Deterministic Bnd. Mom. [PDK23]
Square  Ridge RMT Anisotropic  Arbitrary* [PD23]
Huber Gaussian  Isotropic Linear Deterministic Arbitrary® [BK24]
Logistic Gaussian  Isotropic Logistic ~ Deterministic [BK24]
Convex Ridge  Gaussian  Isotropic GLM Random Gaussian [CVD™24]
Convex® Convex Gaussian  Isotropic Linear Random Arbitrary®  Arbitrary®  Corollary 3

we analyze the squared prediction risk of subagging of regularized M-estimators trained with convex
loss and regularizer.

There is growing interest in understanding the prediction risk asymptotics of ensemble methods,
particularly subagging, across different types of predictors and under various data assumptions.
For example, [LJB20] study subagging in the context of ordinary least squares regression without
any explicit regularization in the underparameterized regime (where the number of subsamples is
higher than the number of features). This is extended to ridge and ridgeless regression by [PDK23]
for both the underparameterized and overparameterized regimes (where the number of subsamples
is lower than the number of features). [PD23] further generalizes these results and identifies explicit
equivalence paths between subsampled estimators and ridge regularized estimators. Beyond linear
and ridge regression, [BK24] examines the behavior of subagging in logistic and Huber regression
models without regularization. In addition to subagging, there has also been considerable work on
feature sketching and other ensemble methods. For instance, [LGR722] and [PL24] study feature
sketching and ensembling to optimize predictive performance in high-dimensional settings. For other
recent developments in the analysis of ensemble methods and related work details, see Section 1.2.

We generalize these previous works by characterizing the prediction risk of subagging a collection
of M regularized M-estimators and constructing a consistent estimator for this risk. We allow
the collection to be heterogeneous, consisting of estimators trained with convex differentiable loss
function loss with Lipschitz continuous derivative and convex regularization function reg, which
can be non-differentiable and non-strongly convex (that includes ¢;-regularized Huber regression,
for instance). We operate under the proportional asymptotics regime, where the sample size n,
feature size p, and subsample sizes k, for m € [M] diverge while maintaining fixed limiting ratios
n/p — 6 € (0,00) and ky,/n — ¢ € (0, 1]." Our results assume a linear response model y = x ' 0+ 2
with isotropic Gaussian features x, a random signal @ with independent coordinates drawn from
an arbitrary marginal distribution Fjy, and noise variable z with an arbitrary distribution F}, both

!Through the paper, we refer to n/p as inverse data aspect ratio and p/n as data aspect ratio of the design
X € R"*P | viewing n as the height and p as the width of the rectangular design matrix X.



subject to a mild regularity condition. We summarize our main results below and situate them
within the context of recent related work in Table 1.

1.1 Summary of results and paper outline
A summary of our main results along with an outline for the paper is as follows.”

(a) Risk characterization and estimation. In Section 3, we obtain a precise characterization
of the squared risk of subagging of regularized M-estimators under proportional asymptotics
(Theorem 2 and Corollary 3). The asymptotic risk is governed by two nonlinear systems of
equations (Systems la and 1b) that depend on the loss and regularization functions loss, reg,
and the limiting subsample ratios ¢,, for m € [M] for the component estimators and the limiting
inverse data aspect ratio §. System la is a known system that characterizes the asymptotic
risk of regularized M-estimators in non-ensemble settings [TAH18| (see Section 1.2 for more
details), while System 1b is a new contribution of this paper. Each scalar unknown in the
2-dimensional System 1b is shown to be the fixed-point equation of a contraction (Theorem 1-
(2)). This property plays a crucial role in proving the existence and uniqueness of the solution
to System 1b. This contraction property is also crucial in establishing the asymptotic behavior
of the inner products between estimator errors and their residuals for estimators trained on
overlapping subsamples (Theorem 2), leading to the subagged risk asymptotics (Corollary 3).
The contractility, along with a ridge smoothing technique, also allows us to maintain weak
assumptions on the regularizer, specifically allowing it to be non-strongly convex. Moreover,
we also construct a consistent estimator of the ensemble risk (Theorem 4 and Corollary 5),
which can be employed for data-adaptive tuning of hyperparameters such as loss functions,
regularizers, and subsample sizes.

(b) Homogeneous ensembles. In Section 4, we consider homogeneous ensembles (where com-
ponents are trained on the same loss and reg functions and a common subsample size k). In
Section 4.1, we analyze (oracle) optimal ensemble optimal risk with optimal ensemble size M*
and subsample size k*. We first establish the monotonicity of the risk with respect to the ensem-
ble size M (Proposition 6), illustrating the benefits of ensembling, which leads to M* = co. We
then prove that the risk at the optimal subsample size k, decreases as the limiting data aspect
ratio p/n decreases (Proposition 7). In particular, this implies that the optimally subsampled
risk avoids the typical “double (or multiple) descents” observed in regularized M-estimators
without subagging. In Section 4.2, we specialize our main result to convex regularized least
squares (including ¢,-regularized least squares for ¢ > 1, such as ridge and lasso estimators)
and to general M-estimators (including regularized Huber regression). These recover and gen-
eralize various known results in the literature (see Section 4.2 for more details).

(c) Subagging and overparameterization. In Section 5, we investigate subagging of estimators
with vanishing regularization (A — 07) and also contrast with estimators with optimal explicit
regularization (over A > 0). Our first insight is that when subagging estimators without any
explicit regularization, the optimal subsample size k. is in the overparameterized regime, re-
gardless of whether the original data aspect ratio p/n is overparameterized. In other words,
the optimal subsample size k* satisfies k., < min{n,p} in such cases. We verify this for the
lassoless (minimum ¢1-norm interpolator) ensemble (Figure 5). This highlights the advantages
of overparameterization in subagging in that full-ensemble subsampled lassoless can outper-

2The source code for experimental verifications in this paper is available at the repository subagging-asymptotics.
The risk estimator proposed in this paper is also incorporated in the Python library sklearn-ensemble-cv [DP24b].
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form the optimal lasso on the full data (without any subagging). Our second insight is that the
joint optimization of the subsample size and explicit regularization parameter can outperform
optimizing explicit regularization alone on the full data. We verify this property for ensembles
of the lasso, unregularized Huber, and ¢;-regularizer Huber (see Figure 6, 7 and Appendix D).
This highlights the benefits of subagging on top of optimal explicit regularization.

Independent results in the non-ensemble setting. In the process of characterizing the risk of
the subagging ensemble, we also establish the convergence of certain trace functionals (in particular,
see (13) below or the last three rows of Table 2). This implies that the observable adjustments de-
veloped in [Bel22] for inference using a single estimator converge to their deterministic counterparts
defined as solutions to the System la, unifying the mean-field asymptotics featuring System la of
[TAH18] and the inference results of [Bel22]. This was known only for the lasso [CMW23, Theo-
rem 8] and unregularized M-estimators [BK24]. These convergence results are new for regularized
estimators (beyond ridge and lasso) and robust loss functions (beyond squared loss) and are of
independent interest even for a single estimator (that is, in the non-ensemble setting with M = 1).

1.2 Other related work

Resampling methods, such as bagging and subsampling, are widely used in statistics and machine
learning. Given their broad applicability, there is a vast literature on these methods. In this section,
we provide an overview of the literature related to the risk analysis of ensemble methods, particularly
in high-dimensional regimes that have received considerable recent interest.

Classical work on bagging and subagging includes the work by [Bre96, Bre01, BY02], among others.
Beyond bagging, analysis of ensemble methods of different predictors includes smooth weak pre-
dictors [BS06, FHO7], nonparametric estimators [BY02, LGR22], and classifiers [HS05, Sam12].
Historically, there are also early works by [SK95, KS97] on risk asymptotics for ridge ensembles
under Gaussian features. We also mention here some other early work on ensembles, including:
[HS90, Per93, SK95, KS97]. For a comprehensive overview of early work on bagging and ensemble
methods in general, we refer readers to [PDK23].

Substantial progress has been made in the last decade in understanding the asymptotic behavior of
regularized M-estimators in high-dimensional settings, particularly under the proportional asymp-
totic regime where the number of features scales with the number of observations. Frameworks of
Approximate Message Passing (AMP) (developed in a series of papers [DMMO09, DMM11, BM11a]),
Convex Gaussian Min-Max Theorem (CGMT) (developed in a series of papers [OTH13, OHI6,
TOHI15, TAH18]), and leave-one-out (LOO) and martingale-based analysis common in random
matrix theory (used in [EK13, Karl8], for example) have been instrumental in deriving the limiting
test risk, often as solutions to (nonlinear) systems of self-consistent equations. More specifically,
these include analyses of unregularized estimators [EKBB™13, EK13, Karl8, DM16, BBEKY13],
ridge estimator [DW18], lasso [BM11b, MM21], bridge estimators [WMZ18], logistic regression
[SC19, MLC19, SAH19], convex regularized M-estimators [TOH15, TAH18], among others. Re-
cently, triggered by the empirical success of neural networks that interpolate, these risk analyses
have been extended to interpolating estimators with vanishing regularization (in the overparame-
terized regimes that allow for interpolation), such as ridgeless [HMRT22], lassoless [LW21], max-
margin interpolators [MRSY19, DKT22, 1.522]; see the survey papers [BMR21, Bel21] for other
related references.

Beyond individual regularized M-estimators, there has now been considerable interest over the last
few years in the analysis of ensembles of estimators in high-dimensional settings, especially in the



overparameterized regime just mentioned. In particular, [LJB20] consider least squares ensembles
obtained by subsampling such that the final subsampled dataset has more observations than the
number of features. The work of [PDK23] provides the characterization of the asymptotic risk of en-
sembles of ridge regression using results from Random Matrix Theory (RMT). Furthermore, recent
extensions by [DPK23, PD23] expand the scope of these results by establishing risk equivalences for
both optimal and suboptimal risks, considering arbitrary feature covariance and signal structures.
Other follow-up works for subagging of ridge and ridgeless regression include [CZYS23, AK23].
This paper develops tools to study ensembles of regularized estimators with general loss and regu-
larizers, beyond ridge regularization. For instance, our theory accommodates ¢;-regularized Huber
regression.

Another line of research focuses on ensemble methods involving random features and feature sketch-
ing rather than subsampling. In random features models, the effect of ensembling on various compo-
nents of the risk has been studied in [AP20, dRBK20, LGR™22]. Recently, [PL.24] analyze ensembles
of ridge regression with sketched features with asymptotically free sketching. There are also analy-
ses of alternative resampling and averaging techniques. For example, in the context of distributed
learning, [DS20, DS21, MRRK22] consider the divide-and-conquer approach, or splagging (split
aggregating), and investigate their properties for ridge and ridgeless predictors.

Very recently, [CVD"24] analyzed the limiting equations of several resampling schemes, including
bootstrap and resampling without replacement, and characterized self-consistent equations for the
limiting bias and variance functionals of estimators obtained by minimization of the negative log-
likelihood plus an additive ridge penalty. This is related to our risk characterization as [CVD™24]
also covers sampling without replacement, but our nonlinear systems (Systems la and 1b) char-
acterizing the subagging risk do not appear explicitly in their work, which instead focuses on
self-consistent equations for bias and variance functionals of the specific resampling scheme. The
results of [CVD™"24] relies on the general AMP analysis and state evolution laid out in [LGR ™22,
Lemmas B.3 and B.5], generalizing [BM11b]. This analysis requires the existence of unique solution
to the corresponding limiting system of equations, which is granted under strong convexity (e.g.,
with a ridge penalty), but was not established until the present paper for the case of ensembling of
subsampled regularized estimators.

Finally, complementary to risk characterization, there has also been considerable interest in the
cross-validation and model selection of ensemble methods. In particular, [DPK23] study cross-
validation for bagging of ridge regression. [BDK ' 24] examine the consistency of generalized cross-
validation (GCV) for estimating the prediction risk of arbitrary ensembles of regularized least
squares estimators for strongly convex penalties. They show that GCV is inconsistent for any
finite ensemble of size greater than one and identify a correction to GCV that is consistent for
any finite ensemble size, termed corrected GCV (CGCV). In this paper, we generalize one of the
data-dependent estimators proposed in [BDK™24] for the general setting of this paper, allowing for
general convex losses and heterogeneous component estimators in the ensemble. While we do not
attempt to interpret the estimator as a corrected GCV for homogeneous ensembles in the general
setting, it may be possible to perform such an analysis further, which we leave for future work.

The proof strategy in this paper extends the approach of [BK24], which studies the bagging of
unregularized M-estimators. While their analysis is based on a relatively simple 1-dimensional
nonlinear system, the new System 1b below is 2-dimensional, introducing additional complexity
to the analysis. The rise in complexity is similar to that from unregularized regression [EK13,
DM16, Kar18] and its 2-dimensional system to the 4-dimensional system of regularized M-estimators
[TAH18] given in System la. One challenge arises from the stochastic control of the trace terms



n (13). In the unregularized case, these trace terms can be approximated by a straightforward
product of the norms of the error vector and residuals (see [BK24, Lemma 5.7]), and the stochastic
behavior of these norms are well-understood in the existing literature (cf. [TAH18, LGC'21]).
However, in the regularized case, the trace functional cannot be approximated by such a simple
expression, which prevents the direct application of these existing results based on the CGMT.
We overcome this by showing that, with high probability, the trace term is a stationary point of a
certain (random) strongly convex function. This allows us to control the perturbation of the trace
term through the behavior of the convex function (see Appendix A.4).

1.3 Notation

We denote scalars in the regular lower or upper case (e.g., a, A), vectors in bold lower case (e.g.,
a), and matrices in bold upper case (e.g., A). For a natural number n, the shorthand notation [n]
denotes the set {1,...,n}. For two real numbers = and y, we use x A y to denote min{x,y}. For a
vector a, ||al|, denotes its £,-norm for ¢ > 1. If no subscript is present for the norm ||u|| of a vector
u, then it is assumed to be the £5 norm of u. For a univariate function f and a vector a € R™, with
a slight overload of notation, we use f(a) € R™ to denote the component-wise application of f to a.
We use diag[a] to denote the diagonal matrix whose entries are given by the vector a. Throughout,
we use 0, 1, and I to respectively denote the all-zero vector, all-one vector, and identity matrix of
varying dimensions, depending on the context.

For any proper, closed, convex function f: R — R, the proximal operator and Moreau envelope of
f with a parameter 7 > 0 at a point = € R are, respectively, denoted as:*

proxs(z; 7) = argmin f(y) + i(:1c —y)? and envy(x;7) = min f(y) + i(ac -2 (1)

yeR 27 yEeR 27
For a proper, closed, convex f, the argmin in (1) exists and is unique, and consequently =
proxs(z;7) is a well-defined function. Let Jf denote the subdifferential of f, which is the set of all
subgradients of f. We jot down two key relationships between the proximal operator, subdifferential,
and Moreau envelopes of f below for the reader’s convenience:
x — proxe(x; T
—envy(z;7) = TPOH T (@7

5 € Of (proxs(x;7)). (2)

Je)

For simplicity, we often use env’(x;7) to denote the partial derivative j-envy(z; 7).t

Finally, we use Op and op to denote probabilistic big-O and little-o notation, respectively, while
the convergences in probability are denoted by 2, Most other notation we use is standard and any
other non-standard notation is defined inline. For the reader’s convenience, we also give a quick
overview of the specific notation used in this paper in Table 4.

2 Setup and assumptions

We consider the standard supervised regression setting, in which we observe n data points (x;, y;)
T in its i-th row and the response vector

for i € [n]. The feature matrix X € R"*P contains x,
y € R" contains y; in its i-th entry. We assume the following distribution on the dataset (X, y):

3Here R is the extended real line (that does two-point (400 and —oo) compactification of the real line).
“In general, for a bivariate function g(-;-), we use the notation ¢’(-;-) to denote the first partial derivative with
respect to the first argument.



Assumption A (Data distribution). The distribution of (X, y) is specified by:
1. The design matrix X € R"*P has i.i.d. entries drawn from N (0,1/p).

2. The response vector y = X0 + z, where 8 € RP is a random signal vector and z € R" is a
random noise vector, both independent of each other and of the feature matrix X, with:

(a) The signal vector @ € R? has i.i.d. entries drawn from distribution Fy.
(b) The noise vector z € R™ has i.i.d. entries drawn from distribution F.

We subsample the dataset (X,y) to create M subsampled datasets. Towards that end, define M
subsample index subsets I,, C [n] of cardinality k,, = |I,,| for m € [M]. The feature matrix
and response vector associated with the subsampled dataset (x;,y;) for ¢ € I,, are denoted as
(X1,,,Y1,,)- We assume the following sampling strategy for the subsample index sets {1 }me(n):

Assumption B (Subsampling strategy). Given deterministic integers {k,, > 1}m€[M], the M
subsample index sets {Im }me[n] are independent of (X, y) and are independently sampled from
the uniform distribution over subsets of [n] with cardinality k,, for each m € [M].

It is worth noting that if I,,, and I, (for m # ¢) are any two independent subsample sets of
cardinality ky, and k, per Assumption B, then the cardinality of intersection |I,, N Iy| follows a
hypergeometric distribution with mean k,,k;/n. Using the properties of the hypergeometric dis-
tribution, it follows that |1, N Iy|/n Ly ¢mee as both n, ki, kg, — 0o with the subsample ratios
km/n — ¢ and k¢/n — ¢ for some ¢, cp € (0,1] (this follows from Chebyshev’s inequality and
the variance formula of the hypergeometric distribution, see Section S.8.1 of [PDK23] for more
details). Intuitively, each sample lands in a subsample I,,, with probability c¢,, (the limiting ratio
|I,,]/n) and in the overlap of two subsamples with probability ¢,,c, (the limiting ratio |I,, N Iy|/n),
as the subsamples are drawn independently. The overlap between any two subsample sets I, and
Iy is thus of order n with high probability. The randomness in subsampling in Assumption B is
not important. Our results can accommodate deterministic sampling where the subsample sets
{Im}me[ar are selected deterministically, provided that the ratios |L,|/n, Ip/n, and |l 0 I|/n
converge to non-zero constants.

For each subsampled dataset (X7, ,yr,, ) for m € [M], we define the regularized M-estimator 6,, as

~

0,.(1,) € argmin Z loss, (y; — @, b) + Z reg,,(b;). (3)
PERY ichn J€lp]

When defining (3), we allow the argmin operator to return any one of the minimizers (as emphasized
by the element notation in (3)). Here loss,, and reg,, are the loss and regularization functions that
satisfy the following assumption for all m € [M]:

Assumption C (Loss and regularizer structure). The loss function loss: R — R is proper, closed,
convex, and differentiable with derivative loss’ Lipschitz continuous, and min,, loss(x) = loss(0). The
regularizer reg: R — R is proper, closed, convex and min, reg(z) = reg(0).

The final ensemble estimator, constructed using the component estimators (3), is defined as:

Ot ({In b mein) ::% S B(l). (4)

me[M]



For brevity, we omit the dependency of the component and ensemble estimators on I, and { Iy e[

and simply write é\m and gM, respectively, when it is clear from the context. We evaluate the per-
formance of the ensemble estimator 8;; with respect to the signal parameter 6 via:

1 ~
Ry = = |0 — 6]3.
p

Note that Ry is the (excess) out-of-sample squared error in our setup because of isotropic features:
For an independently sampled test feature o € RP with i.i.d. entries drawn from N(0,1/p), w
have Ry = E[(x T0n — 2 0)* | y, X, {Im}mep)- We will refer to Ry as the risk of the ensemble
Observe that RM is a scalar random varlable that depends on both the dataset (X,y) and the
random samples I,,, for m € [M]. The goal of the paper is to characterize the asymptotic behavior
of this random variable Rj; under the proportional asymptotics regime. In this regime, the sample
size n, feature size p, and subsample size k,, all diverge while keeping the appropriate ratios fixed:
we will assume the inverse data aspect ratio n/p — § € (0,00) and for each m € [M], the subsample
ratio kp,/n — ¢ € (0,1] as n, p, ky, — 0.

3 Risk characterization and estimation

In this section, we will first describe a general technical result on the correlations of the error and
residual vectors for regularized M-estimator in Section 3.1. We then state our general result on
the risk characterization of the ensemble estimator in Section 3.3 and construct a consistent risk
estimator for this risk in Section 3.4.

3.1 Asymptotics of correlations of estimator and residual errors

To state the risk characterization of the ensemble estimator, we first introduce two important
nonlinear systems of equations: Systems la and 1b. Intuitively, these systems correspond to the
corner cases where the ensemble size M = 1 and M = oo, respectively. As we shall see in Section 3.3,
these systems completely determine the risk asymptotics of the ensemble estimator (4).

System la (Error norms of individual regularized M-estimator). Given a triple (loss, reg, cd)
where ¢§ € (0,00) and loss,reg : R — R are convex functions, define the following 4-scalar
system of equations in variables («a, 8, k, v):

E[(2 eNVye (O + ﬁH' 1y — QH)z] (5a

[envbss (Z + aG;k)?] - ¢6 (
nﬁ E[(Lenvi,(© + 2H; 1) — 2H) - (—H)] (5c

E[envips(Z + aG; k) - G] - ¢6 (5d

rvro =

where H ~ N(0,1), G ~ N(0,1), © ~ Fy, Z ~ F,, all mutually independent.

System la can be found in the literature, specifically in [TAH18, Equation 15]. To be precise, we
are applying the result of [TAH18] on the subsample estimator (3) using k = |I,,| observations
with k/n — ¢, so that the limiting inverse aspect ratio k/p = k/n - n/p — c¢d. System la is
known to characterize the limit in probability of the risk of (3) when |I,|/p — ¢d: if (o, B, Kk, V)



is a solution to System la, then p_1||¢§m — 6|12 & a2 The existence and uniqueness of the fixed-
point parameters in this system are central to applying results from the Convex Gaussian Min-
Max Theorem (CGMT) to derive precise risk characterization for regularized M-estimator (under
proportional asymptotics). This is guaranteed under conditions where both loss and reg are Lipschitz
and the problem parameters are such that the perfect signal recovery is not possible, leading to
non-zero asymptotic risk. For a detailed discussion on these conditions, see [BK23b]. Next, we
describe our second system for risk characterization of the ensemble estimators.

System 1b (Error correlations of overlapped regularized M-estimator). Given ¢,¢ € (0,1]
and convex pairs of functions (loss, reg), (loss, reg), let («, 3, k,v) € RA;O and (@, 8,k,v) be

parameters that satisfy System la with (loss, reg, ¢§) and (loss, reg, ¢d), respectively. Define the
following 2-scalar system of equations in variable (1,7, ) € [-1, 1]*:

[77(;] _ [Freg(nH)] (6)
Nu Floss(1)
where Floss, Freg: [—1,1] — R are functions defined as:

Elenv),o (Z + aG; k) - envl’gS(Z + aG;R))

Floss(1) = Ve 1/2 >~
Elenv),(Z + aG;k)?] '™ - E[envl’;;S(Z + aG;R)?]

73 (7a)
E[(L-envieg (0 + 2H; L) = 2H) - (L - envig (0 + 20 1) - 2H)]

E[(L-envig (0 + £H: ) — £0)] 7 B[(} - envig(0.+ £ 111 4) — 31)"]

174 v

G 0 1 H 0 1
where (@) NN(({O] , L?G nf}), (f[) NN(({O] , {77;; nﬂ), O ~ Iy, Z ~ F,, all mutually

independent.

Freg(ny,) = (7b)

System 1b is new and one of the main contributions of this paper. Note that the parameters (1,7, )
in the system are correlation parameters (up to scaling factors) of the two random variables visible
inside expectations in (7a) and of the two random variables in (7b), respectively. By the Cauchy—
Schwarz inequality, the function Fjoss and Freg are uniformly bounded as |Fioss(n)| < Ve and
|Freg(n)| < 1 so that any solution (1,,7,) to the system (6) lies in the set [—1,1] x [~V/¢c¢, Vcd.
As stated, it is not immediately clear if System 1b admits any solution and whether it is unique.
Our first result establishes that this is indeed the case:

Theorem 1 (Existence, uniqueness, and sign pattern of solutions to System 1b). The functions
Fioss and Freg defined in (7) satisfy the following properties:

L. |Floss(ng)| < Ve for all |n,| < 1 and |Freg(ny,)] < 1 for all |n,| < 1.

2. Foss and Fieg are non-decreasing, differentiable, and the compositions Figss © Freg and
Freg 0 Fioss are min{c, c}-Lipschitz.

3. If min{c, ¢} < 1, then System 1b admits a unique solution (7%, n%) € (—1,1)x (—Vee, Vee).




4. The signs of the solution (7,77}, ) are characterized by the following sign pattern:

s ([1]) = ([ el ®

H

where sign(z) := 1,0} — 1{z<0} applies component-wise.

Some remarks on Theorem 1 are in order. Among the four properties listed in Theorem 1, the most
interesting is the second property: the two maps (Fioss © Freg, Freg © Fioss) are strict contractions.
Given this property, the third property (the uniqueness and existence of the solution) easily follows
from the Banach fixed-point theorem. We briefly explain this next. Indeed, if (77,77 is a solution
to System 1b, then 77 automatically satisfies the following 1-dimensional fixed-point equation:

My = Floss(0};,) = Floss © Freg(],)-

The other direction is also true in the following sense: if 777 is a solution to the fixed-point equation
Ny = Floss © Freg(ny), then letting 1Y, = Fleg(n?), we observe that the pair (n},7) satisfies
System 1b. Since Fjoss 0 Freg is a contraction mapping, the Banach fixed-point theorem implies that
such 77, uniquely exists. See Appendix A.l for the full proof details. This contraction property
also certifies that the fixed-point iteration algorithm ng”l) = Flogs © F,eg(ng“)), which we use in
our experiments to solve System 1b, numerically converges to the correct solution 77 exponentially

fast.

Since Fioss and Freg are non-decreasing, combined with the fourth property in Theorem 1, we get a
simple sufficient condition which determines the sign of (1%, 7%):

Floss(0) and Freg(0) are non-negative = 77 and 7, are non-negative.

Simplifying the denominators of Freg and Fioss by (52) and (5b), we can write Fioss(0) and Fieg(0)
as follows:

ccd o~
Fioss(0) = 35 E[]E [enVigss(Z + aGik) | Z] - Elenvi—(Z + aG;R) | ZH,
1 ~
— B 1 Byr. 1
Freg(0) = ——— E|E[enveg (6 + 2H; 1) | 0] - E[envig, (0 + £H: 1) | 0] .
In particular, if the same loss and regularizer are used, i.e., loss = loss and reg = reg, and the

subsample sizes are the same, i.e., k = k, then the solutions satisfying System 1b are same, i.e.,
(o, B,k,v) = (a,B,K, V), so that it is easy to see from the above formula that Fjye(0) > 0 and
Freg(0) > 0. This means that the solutions (17, 7},) are non-negative when the same loss, regularizer,
and subsample size are used.

Another case such that the solutions (172, 77:1) are positive is when loss and loss are least squares and
reg and reg are ridge (but possibly different regularization parameters). This is because env}; (x;7)

is linear in z for any squared loss (and regularizer) of the form f(-) = A(-)? so that Fiess(0) =
C1E[Z?] > 0 and Freg(0) = C2E[©?] > 0 for some positive constants Cy, Cs.

Remark 1 (Negative estimator error correlation). Let us take reg, reg as the indicator functions

+0o0 x <t
0 :L‘Z%V

+oo0 x> —t

0 v <t and reg(z) = g 1) (x) =

reg(z) = I[(_oo —y(z) = {
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where ¢, > 0 are non-negative constants. Note that the two sets, (—oco, —t] and [t, +00), are disjoint.

Noting prox,e, () = min{z, —t} and prox,g(z) = max{z,t}, we have

reg reg

Freg(ny,) = V;W]E[(min{@—i—gff, —t} —0) - (max {O© + gﬁ,f} -0)].

Thus, if © is included in the closed set [—t,t] with probability 1, then we have Feg(n,) < 0 for all
Ny 80 that 0% = Fieg(n},) is non-positive. This is intuitive as we will show in Theorem 2 that 7,
characterizes the limiting behavior of the correlations between two estimators trained on reg and
reg.

We next show that the correlation parameters (7,7, ) from System 1b are the limiting correlations
between the estimator and residual errors of estimators trained on overlapped samples. To do
so, besides Assumptions A—C, we will need mild regularity conditions that the loss and reg in
Assumption C need to satisfy in relation to the distribution Fy and F. of the signal and noise
coordinates in Assumption A.

Assumption D (Regularity conditions). Let © ~ Fy and Z ~ F, be the signal and noise random
variables as in Assumption A, and G ~ N (0,1), H ~ N(0, 1), all mutually independent. In addition
to Assumption C, the functions loss : R — R and reg : R — R satisfy the following:

1. For all ¢ € R, we have
Elloss, (cG + Z)*] < +0c and E[reg’, (cH + ©)?] < 400
where we define f! () 1= sup,cys(s) || for any convex function f.
2. P(© % 0) > 0.
3. System la admits a unique positive solution (a, 8, k,v) € R .

4. There exists interval Z C R where loss’ is strictly increasing. For each z € R, the measure pz(z)
of Z is either a Dirac delta function or it is continuous.

The conditions in Assumption D are similar to those assumed in [TAH18] when characterizing the
asymptotics for the non-ensemble case. The main difference is that we do not require the second
moment of © to be finite. These conditions ensure that the individual estimator and residual error
norms converge, i.e., || — 0)3/p 2 o2 and ||loss'(y — Xé)H%/p P, 52 hold, where a and 3 are
solutions to System la. (See Appendices A.5 and A.6 for proofs of convergences of error vector and
loss gradient norm squared under the relaxation of the conditions.)

For the upcoming statement, recall that when used on a vector, the loss and reg functions are
assumed to be operated component-wise. In addition, we denote the feature matrix and response
vector associated with the “overlapped” dataset (x;,y;) for i € I N[ using (X AT ymf)'

Theorem 2 (Estimator and residual error correlation characterization). Let 6; and 57 be
component estimators (3) trained on subsamples (X7, ys) and (X7, y7) corresponding to index

sets I and I with parameters (loss, reg) and (E)\sjs,fevg). Under Assumptions A-D, as n, p, k,% —
oo with n/p — 6 € (0,00), k/n — c € (0,1] and k/n — ¢ € (0,1] with min{c, ¢} < 1, we have

p(6r —0) (67— 0) B n aa

P b _ (10)
megf) loss (ymf_ X7 7) = 1y BB,

pilloss’(ymff -
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where (1,7, ) is the solution to System 1b. Furthermore, for any i € I N I and j € [p], there
exists a jointly normal (G}, éz) with mean 0, variance 1 and correlation 7, and (Hj, H ;) with
mean 0, variance 1 and correlation 1, (as in System 1b) such that the residuals and estimators
are jointly approximated as follows:

7o 0 5H
maXE[l A H eerI _ [Proxes(0s ) H ] =o(1), (11a)
J€lp] ej 9; proxreg(ej + Jv )
)
K)

<yi — acj@) <prox|oss(zl +aGiik ) H ] (1), (11b)

proxo—(zi + oGy &

th—'t\H

max E [
i€[n]

The proof is given in Appendix A.2.4. Put in words, 7, and n,, from System 1b encode the cosines
of the angles between the estimator errors and loss gradient residual errors of estimators OA[ and
(9} respectively. It is worth noting that the proximal representations in (11a) and (11b) allow one
to provide limiting behavior of other functionals of the estimator and residual errors by assuming
further moments on the signal and error distributions Fy and F.; for example, we can characterize
the correlation between the raw residuals (rather than after applying the loss derivative) assuming
finite second moment of F, or consider pseudo-Lipschitz functionals other than squared error.

The main difficulty in showing Theorem 2 is the non-trivial dependence between the two estimators
0; and 67 as they share the samples X 7. In the case of squared loss and ridge regularizer, the

estimators 6 7 and 5; have closed-form expressions, and prior work in [PDK23] explicitly analyze the
overlapped resolvents by developing conditional calculus of resolvents. However, for general loss and
regularizers, the overlapped terms are more challenging to analyze due to the lack of closed-form
expressions. Our strategy in this paper is to exploit the recently developed technique in [BK24] to
analyze the overlapped terms.

To prove Theorem 2, we show that the left-hand side of (10) concentrate around scalars indepen-
dent of X, and that these two scalars are approximate fixed-point of Fjoss 0 Freg and Freg © Fioss,
respectively. This strategy of first proving the concentration of certain quantities and then obtaining
approximate fixed-point equations is reminiscent of the leave-one-out analysis of [EKBB™13, Kar18§]
and was previously used in [BK24] to characterize the ensemble risk in unregularized M-estimators
(with no explicit penalty). The setting studied here is significantly more complicated than these
works due to the presence of robust loss functions, penalty functions, and shared samples between
0 T and 0'1“.

We believe that once the contractions of Fioss© Freg and Freg © Fioss have been found and the existence
and uniqueness of the solution to System 1b has been established, different techniques than those
used here and discussed in the previous paragraph could also be used to derive asymptotic results
similar to Theorem 2. For instance, after existence and uniqueness of the solution to System 1b
is established, there is hope to carry out an AMP analysis for matrix-valued parameters (see for
instance [LGR22, Lemmas B.3 and B.5] or [JM13, GB23]), or by using the conditional CGMT
technique of [CM24, Appendix F|. However, we emphasize that these alternate techniques would also
first require to establish the structure of System 1b (as done in Theorem 1) in order to guarantee
the existence and uniqueness of the solution to System 1b, since such existence and uniqueness
result is required for both applying CGMT results and ensuring the convergence of AMP to the
regularized M-estimator.

Even though we assume the existence and uniqueness of the solution to System 1a, such existence

12
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Figure 1: Illustration of the asymptotics of the estimator and residual error norms and correlations of
overlapped regularized M-estimator.

and uniqueness have been established under slightly stronger assumptions in [BK23b], namely, for
Lipschitz loss and regularizer. We conjecture that the assumptions of Theorem 2 (in particular,
Assumption D) are sufficient for existence and uniqueness of a solution to System la without
requiring a Lipschitz condition on the loss and penalty. We believe that extending the analysis
[BK23b] to relax the Lipschitz assumption is a good starting point for this conjecture.

3.2 Interpretation of the parameters in Systems 1a and 1b

As mentioned earlier, the six parameters (o, 3, k,v) and (1,7, ) in Systems la and 1b essentially
characterize the asymptotic risk of the ensemble estimator. These deterministic parameters are
limits of various stochastic (observable) quantities that we now describe (see also Figure 1 for a
visual illustration).

Here 6; and 57 are the component estimators (3) trained on subsamples (X;,y;) and (X7, y7)

corresponding to index sets I and I and parameters (loss, reg) and (B\s;, reg), respectively. We
further define the scalar df; and the matrix V; by

df; = tr[(8/0y;) X16;), Vi = (0/dy;)loss (y; — X;0;) € RII*I (12)

and similarly for I. Two scalars of interest, that relates the behavior of 6; to the scalars (k,v) in
System la, are df; and tr[Vj].

Assuming squared loss, loss'(y; — X 19\1) =yr—X 151 is simply the residual vector, and the matrix
Vi simplifies to V; = I — (8/8y1)X1§1, so that tr[V;] = n — df;. That is, for the square loss
case these quantities can all be related to the usual notion of effective degrees of freedom [Ste81].
The matrix (0/0yr)X 1§1 is usually referred to as the “hat” or “smoothing” matrix (for linear
smoothers), whose trace is the effective degrees of freedom.

13



Table 2: Interpretations of various limiting quantities appearing in Systems la and 1b. See
Section 3.2 for definitions and notations.

Interpretation Stochastic quantity Limit
Error vector norm squared 16; — 62/p a?
Loss gradient norm squared lloss' (y; — X1607)|12/p B?
Inner product of error vectors (51 - B)T(éf —-0)/p N,
Inner product of loss gradients loss'(y, 7 — Xm;é\j)—rﬁ)\s/sl(ym; - meéf)/p .58
Degrees of freedom df;/p where df; := tr[(@/ayI)Xjél] VK
Residual degrees of freedom tr[V1]/p where V; == (0/0y;)loss' (yr — X[é) v
Generalized resolvent trace tr[(X] diag[loss” (yr — X6,)) X +diag[reg”(6;)]) ] if regis &

twice differentiable and df;/ tr[V7] if reg is non-smooth

If loss is no the squared loss, but loss’ is 1-Lipschitz (as in the Huber loss or several robust regression
losses), the quantities loss'(y; — X 16}) is still related to a notion of residual vector, and tr[V;] is
still related to a notion of degrees of freedom. By [Bel23, Lemma 9.1], the estimator 6 is the first
part of a solution (51, u) to the convex optimization problem

P
. 2
iy lur = X1b —ulf + ; reg(b;) + ze; h(u;),
where h : R — R is a deterministic convex function related to loss. The interpretation of this new
optimization problem is that in the presence of heavy-tailed errors or outliers in some components
of yr, we add additional variables (u;);er to fit those outliers. As an example, for the Huber loss,
h(-) is proportional to the absolute value. The solution satisfies loss'(y; — X 15}) =y;—X 15 —u =
yr — [ X | II](@ | @")". That is, loss'(y; — X[é;) is the residual vector of the optimization
problem with enlarged design matrix [X; | I;] € RIIXUI+P)I Consequently, tr[V;] equals || minus
the effective degrees-of-freedom of the estimate (07r ,u'") fitted using this enlarged design matrix.
With this in mind, we refer in Table 2 to tr[V7] as residual degrees of freedom in general, and robust
residual degrees of freedom for the special case of the Huber loss.

Another interpretation of the matrix V7 in (12) is the Hessian, with respect to y;, of the objective
value (3) at @7. More precisely, with

F(yr) =Y loss(y; —x 6;) + > reg((6;);)
icl JE[P]
being the objective value at the minimizer, the envelope theorem gives (0/0y;)F(yr) = loss’ (1; —
x; 0;). Differentiating once more reveals that V; in (12) is the Hessian of F(-) at y; and tr[V7] is
the Laplacian. Since partial minimization preserves convexity and the objective function in (3) is
jointly convex in (b, y), the function F'(-) is convex. This interpretation explains why V7 is a positive
semi-definite matrix in cases where closed form expressions for V; are available (see Table 5).

The convergence of the estimator and residual error norms (first two rows of Table 2) is proved in
in [TAH18, CMW23, LGC"21] using the CGMT. Convergence of the corresponding inner products
(third, fourth row of Table 2) is novel and established in Theorem 2. The convergence

tr[Vi]/p v,  dfr/p Dk, dfy/te[Vi] Bk, (13)
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was so far only known for the lasso [CMW23, Theorem 8] or the square loss [Bel23, Corollary 3.2].
To our knowledge, the present paper is the first to establish the above convergence in probability
for regularized estimators and robust loss functions beyond the square loss. The proof is given in
Appendix A .4.

Assuming twice differentiable loss and reg functions, the parameter « is also the limiting trace of a
resolvent-like matrix A := (X diag[loss” (yr — X10;)| X1 + diag[reg” (8;)]) %, which in the further
special case of square loss and squared regularizer (with regularization level A) simplifies to the
standard ridge resolvent: A; = (XITX 1+ M)~'. We refer to A as the generalized resolvent for
convenience in Table 2.

3.3 Asymptotics of ensemble risk

Using the parameters in Systems la and 1b, we are now ready for our main result on the squared
risk asymptotics 0£ the ensemble estimator. Observe that the squared risk of the ensemble estimator
Oy = ﬁ EmE[M} 0,, can be decomposed into two terms:

1,~ 1
e -l = 5

~ 1 1 ~ ~
2 § : T
me[M]

m,le[M]
m#£L

1
—|l
p

Noting HBAm —0||2/p 2 o2, and applying Theorem 2 to the cross term (ém - H)T(ég —0)/p for each
m # ¢, we arrive at the following result:

Corollary 3 (General ensemble risk characterization). Suppose the assumptions of Theorem 2
hold. For m € [M], let ayy, be the parameter satisfying System la. For m, ¢ € [M], let n,(m,{)
be the parameter satisfying System 1b. Then, as n,p,k — oo with n/p — § € (0,00) and
km/n — ¢ € (0,1], we have

1, ~ 1 1
|6 — 62 % R =17 > oht 173 ST ng(m,0) - amay. (14)
p meM] m,ziéw]

Since the parameters «,, and 7, (m,¢) implicitly depend on ¢ and ¢, the asymptotic risk Rps
also implicitly depends on these parameters. For brevity, we will simply write R s unless we wish
to explicitly point out this dependence. The factor 7, captures the benefit of ensembling. It is
worth noting that a negative 7, (which intuitively corresponds to a component that does better in
a different direction) will improve the ensemble risk if the components themselves also have small
risks. This aligns with the higher level intuition in ensembling that one should ensemble predictors
that each does well, preferably on different parts of the input space.

3.4 Risk estimation

The risk characterization in Corollary 3 depends on the population-level characteristics (such as
the signal and noise distributions Fp and F.) and provides useful theoretical insights into the risk
behavior of the ensemble estimator in terms of these quantities. In practical applications, however,
the statistician needs to estimate the risk accurately to tune ensemble hyperparameters effectively
using the observed data (X, y). These hyperparameters include the choice of component estimators
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(through loss and reg), their level of regularization (regularization level for reg), the subsample sizes
(k), and the ensemble size (M ). For this purpose, we next construct a data-dependent proxy for
the squared risk, which one can then tune with respect to various hyperparameters.
Definition 1 (Risk estimator component). Let 6; and é} be the component estimators (3) trained
on subsamples (X7, yr) and (X7, y5) corresponding to index sets I and I with parameters (loss, reg)
and (loss, reg). Corresponding to estimators 6; and é}, define:

1. Degrees of freedom: df; = tr[(8/dy;)X;0;] and df; = tr[(@/@yf)Xféf].

2. Residual errors: r = y; — X[é\[ and 7 = Y7 — Xfé}.

3. Residual degrees of freedom: traces of V; = (9/0y;)loss' (y; — X0;) and Vi = (3/8y1~)|/0\s/s/(yl~ - X;07).

Using these quantities, define an observable quantity EST, 7 as follows:

1 ' dfy 1N (= N df; — -
EST, 7=~ > (n + Lgen wVi] loss (m)) (n + 1 mIoss (n)) (15)

1€[n]
where 1 denotes the indicator function associated with event 2.

The quantities tr[V7] and df; have explicit closed-form expressions for special choices of loss and
reg. Some of these are summarized in Table 5. We show next that EST, 7 approximates well the

component of prediction risk corresponding to the inner product of estimator errors of 51 and 5;.
We then naturally construct a risk estimator for the prediction risk of the ensemble estimator.

Theorem 4 (Consistency of risk estimator component). In addition to Assumptions A-D,
assume that reg and reg are strongly convex. Then we have

1 ~ ~ 2
0= 0)"(6; —6) + Izl _ EST, 7+ Op(n~"/?) (1 + HZ”2).

n n

The risk estimator EST i is a generalization of the criterion originally proposed by [BS22] for non-
ensemble regularized M-estimator. Although in this paper we focus on the isotropic Gaussian design
¥ = I,, the same argument in the proof of Theorem 4 works in the anisotropic design ¥ # I,,. As a
result, we can show that the EST; 7 (without any modification) approximates p1(6; — B)TE(é}—

) +n~'| 2|3 under the event that (tr[V;], tr[V5]) are bounded from below by a positive constant
as in [BS22, Theorem 5.3].

We believe that the strongly convexity assumption on reg in Theorem 4 is an artifact of our proof
(see Figure 2 for an illustration where reg is not strongly convex). Note that this type of assumption
of strong convexity has already been assumed in [BS22]. This assumption guarantees for free that the
coefficient df / tr[V] does not blow up. However, we emphasize that Theorem 2 and Corollary 3 for
risk characterization do not require the strong convexity assumption. The approximation argument
(see Appendix A.2.1) used to prove Theorem 2 and Corollary 3 in the non-strongly convex case
is again applicable in the context of Theorem 4, although it is not currently sufficient to conclude
a version Theorem 4 for non-strongly convex regularizers due to the difficulty of establishing the
continuity of df; and tr[V;] with respect to the perturbation parameter p as p — 0 in (28).
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Equipped with the component risk estimator (15), we can now construct a consistent risk estimator
for the ensemble estimator (4):

Corollary 5 (General ensemble risk estimation). Fix M > 1 and consider the ensemble esti-
mator Oy = >_mem) Om where the component estimator 6y, is trained with (lossy,, reg,,)
on subsample I, for m € [M] as in (3). Define an estimator EST for the squared prediction
risk: )
EST := 15 Z EST .
m,0e[M)]

where EST,, ¢ is EST 7 as defined in (15) with (loss, reg, I) = (loss,, reg,,, I,) and (E)\s/s, reg, 1) =
(lossy, regy, Iy). Then we have

=113

;||§Me;|§+ _ EST+Op(n_1/2)(1+ ”Z”2). (16)

n

If the noise distribution has enough moments, the guarantee (16) implies that EST approximates
the (full) prediction risk (that includes the irreducible error) of the ensemble estimator 63, under
Assumption A:

o 1~
E[(yo — 29 0um)" | 4. X, {Im }mein| = 110 - 0|I3 + E[Z7],

where (yo,x9) € R x RP is an independent test point sampled from the same distribution as
the training data (y, X ) . More precisely, if the noise has a finite second moment, then EST is
consistent for the prediction risk. Furthermore, if the noise distribution has a finite fourth moment,
by the central limit theorem (on the terms involving noise averages), EST is y/n-consistent for the
prediction risk. This rate is not improvable because, for the single ordinary least squares (OLS)
estimator (with loss(z) = #2/2, reg = 0, |I| = |I| = n) and F, = N(0,1), the risk estimator gives

J— l Hy_)(é\olsu2 2 X%,
EST =5 (1—p/n)22 — n(l—p/pn)
of order n~1/2.

> and the standard deviation of the X?pr incurs an unavoidable term

If the noise distribution F, does not have a finite second moment but has a finite (1+ ¢)-moment for
e € [0,1), then even if the estimator EST may not track the prediction risk (because the prediction
risk does not necessarily converge), minimizing EST is approximately equivalent to minimizing the
excess squared risk p~1(|@y; — 0|3 (which does converge). This is because the moment assumption
implies > ;cr 22 = op(n? 0149 (cf. [hp24]) so that (16) yields

1 = 2 1213 e
*HOM—OHQ: EST—7+OP(R 1+€),
P n

2
where the subtraction term 1212

is independent of hyperparameters (lossp, reg,,, Im)me[n)- We
illustrate this in Figure 2 with noise following Student’s to distribution (that does not have a finite
second moment).

4 Homogeneous ensembles

While Corollary 3 applies for a generic heterogeneous ensemble (where reg,,,, loss,, |I,| are allowed
to differ for distinct m), concrete theoretical insights can be obtained for the homogeneous case
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Theoretical risk M=1 — M=2 — M=5 — M=50 — M=o
Empirical risk M=1 M=2 - M=5 - M=50
Estimated risk M=1 o M=2 wmee M=5 o M =50

Small Huber threshold Large Huber threshold

N

=

Excess prediction risk

Subsample aspect ratio p/k Subsample aspect ratio p/k

Figure 2: Risk of /;-regularized Huber ensemble at different subsample aspect ratios p/k with ¢;-
regularization parameter A\ = 0.2 and varying ensemble size M in the underparameterized regime when
p/n = 0.1 and n = 5000. The solid lines represent the theoretical risks, the dashed lines represent the em-
pirical risks averaged over 50 simulations, and the shaded regions represent the standard errors. The data
model is given by Appendix D.4.2 where the noise follows Student’s ¢ distribution t5. Left: Huber threshold
parameter 1. Right: Huber threshold parameter 5.

(where reg,,,, loss,,, | I,,| are the same for every m). In the general heterogeneous case, the effect of
increasing ensemble size M is not straightforward, as in general we only have:

,

, L1 1

mrg%&]{a%} S e > Ot 3 Y ne(mif) - amar < gﬁﬁ]{afn}-
me[M] m,ZE#[éW]

In other words, we will do no worse than the worst component but may not do better than the
best component. More ensembles may or may not improve performance depending on the risks of
individual estimators.” In contrast, for homogeneous ensembles, we show in the next subsection
that increasing ensemble size does indeed help reduce the risk. This uniformity allows for more
concrete analytical results and practical insights.

4.1 Risk properties

For the homogeneous ensemble of component estimators trained with the same loss, reg, and sub-
sample size k, as n,p, k — oo with n/p — § € (0,00) and k/n — c € (0, 1], the limiting risk (14) is
given by:

1
Rar = 7 Ri+ (1- = (17)

1 R1:=0a? (non-ensemble risk),
)7300 where 5 ]
Roo i=1n,a” (full-ensemble risk).

SEven if a predictor complements other predictors (in the sense that it has small or negative 1, with the other
predictors in the ensemble), it is only “beneficial” for the ensemble if it also has a small risk (auy) itself.
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Observe that the limit Ry is simply a convex combination of the asymptotic risk of the single
estimator R; and of the full-ensemble estimator R.° (Note that when M — oo, Ry does indeed
converge to Roo, justifying the notation for the limit for the case when m # £.) As a sanity check,
note that in the special case when ¢ = 1, the above setting corresponds to the non-ensemble case
discussed in [TAHI18, Section 4].

The following result shows the advantage of ensembling. In the classical bagging and subagging
literature, it is well known that the risk of the ensemble estimator decreases as the ensemble size
increases, due to the reduction in variance that comes with having more predictors in the ensemble.
In the proportional asymptotic regime that we study in this paper, since subagging also introduces
bias, this is not immediate. A general result along these lines that verifies the monotonicity of the
risk of the ensemble itself (not the asymptotic limit) follows from Proposition 3.1 of [PDK23]; see
Equation (10) of [PDK23]. Below we verify that the asymptotic risk is strictly monotonic in M by
showing that 7, < 1 in general. This implies that the asymptotic risk is strictly decreasing in M.

Proposition 6 (Improvement due to ensembling). Fix the subsample ratio ¢ = k/n € (0,1)
and let Rps be the limiting risk as defined in (17). Then R/ is strictly decreasing in the
number of ensembles M, i.e., Ryr41 < Ry for all M € N.

The proof follows immediately because of the form of the ensemble risk (17) and the fact that
1, < 1 when ¢ < 1, which follows from Theorem 1 with ¢ = ¢. This monotonicity in the ensemble
size M is illustrated by Figure 2 for the ensemble of ¢;-regularized Huber regression’.

Because the risk decreases in M, the optimal ensemble size is M = 00.® However, it may not be
feasible to use an ensemble size of M = oo. In practice, it suffices to use a large enough M that
gives a suboptimal risk close to the full-ensemble risk. For this purpose, a natural idea is to estimate
the risk of non-ensemble estimator M = 1 and the full estimator M = oo, and obtain an estimate
for the risk of M-ensemble using the relationship in (17). This is very similar to the extrapolated
cross-validation estimator (ECV) of [DPRK24] which estimates the risk of M =1 and M = 2.

We also show that for any ensemble size M, when the subsample ratio ¢ is optimized, the resulting
risk decreases in the inverse data aspect ratio § = lim n/p. To prepare for the forthcoming statement,
let us write the limiting risk Rz in (17) by Rz (9, ¢) to make the dependence on the limit § = limn/p
and subsample ratio ¢ = k/n clear. With this notation, we can say the following about the optimally
subsampled risk.

Proposition 7 (Monotonicity of optimal subsample risk). The map 0 + inf.c (1) Ram(d, ¢) is
non-increasing over ¢ € (0, 00) for all M € N.

A consequence of this proposition is that the risk of the optimal ensemble estimator is decreasing in
the sample size n for a fixed (large enough) feature size p. Moreover, combined with Proposition 6,

5The reason we call this the “full” ensemble is that the ensemble estimator §M when M — oo is almost surely
equal (coordinate-wise and conditioned on the data) to an ensemble estimator fitted on all possible (and distinct) (7)
subsamples of size k; see Lemma A.1 of [DPK23] for a precise statement and proof.

"The Huber loss is defined as loss(z) = % 1(Jz] < p)+ (2] = §) L(|z| > p), where p is a positive constant, referred
to as the Huber parameter.

8In practice, setting M = (:) suffices by only averaging over estimators trained on distinct subsamples (see
Appendix A.1 of [DPK23] for more details), but this still can be quite large.
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Figure 3: Optimal subsample risk of the Huber lasso ensemble is monotonic in the data aspect ra-
tio. Risks of the ¢;-regularized Huber and optimal ¢;-regularized Huber ensemble, for fixed ¢;-regularization
parameter A = 0.5 and varying Huber parameter p, at different data aspect ratios p/n ranging from 0.1 to
10. The data model is given in Appendix D.4.2. Left: noise follows Student’s t distribution ¢ and Huber
parameter p = 1. Middle: noise follows Student’s ¢ distribution t5 and Huber parameter p = 5. Right: noise
follows Student’s ¢ distribution ¢1p and Huber parameter p = 1.

we also have that this monotonic risk profile lies below the function R1(d,1), the risk profile of the
original predictor trained once on the full dataset (X, vy) with no ensembling (the risk of which, as
we discussed above, can be non-monotonic). Such monotonicity in the inverse data aspect ratio is
important because it ensures that increasing the amount of data relative to features consistently
improves the estimator’s performance. In a sense, a monotonic decrease in risk with the optimal
subsample ratio certifies that the model effectively utilizes all the additional data, leading to better
performance as the data size grows. This result is illustrated in Figure 3 for the ¢;-regularized
Huber regression.

4.2 Examples and connections to literature

In this section, we specialize the general risk characterization in Corollary 3 in several examples
of interest. Throughout this section, we will consider ensembles of component predictors trained
on the same loss, reg (with a tuning parameter A), and subsample size k. We begin by considering
convex regularized least squares, with further specialization to bridge, ridge, and lasso. We then
consider general ridge regularized estimators allowing for non-squared loss in Section 4.2.2 with
further specialization to the Huber loss. For the reader’s convenience, the proximal operators, their
derivatives, Moreau envelopes, and their derivatives for the ridge and lasso regularization and Huber
loss functions are recalled in Table 6.

4.2.1 Ensembles of regularized least squares

In this section, we consider subagging regularized least squares. Given a common regularizer reg
and a regularization parameter A > 0, the component estimators are given by:

. 1
0,, == argmin iHyfm — lebﬂg + A g reg(b;).
belk j€lp)

Now Assumption D-(1) translates to having a bounded second moment of the noise distribution
F,, which we denote by o2. Using the explicit formula prox,,.(z;7) = z/(1 + 7) for loss(z) = 2%/2
and performing some change of variables, the risk convergence in (17) holds with (R, Roo) given
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by:
Ri=72-0% and Re = &2 — 02,

where 7 and £ are the solutions to the following systems:

System 2 (Ensembles of regularized least square). Given A € (0,00), 6 € (0,00), ¢ € (0,1],
02 € [0,000), define the following 2-scalar system of equations in variables (7, a):

7% = E [ (prox,eq (© + ﬁH; %) — @)2] + 02, (18a)
\/% = a7 (1 — %E[prox;; (© + ok \F)]) (18Db)

where H ~ N(0,1) and © ~ Fy are independent. Given (7,a) € R% that satisfy the above
systems, define the following 1-scalar system of equations in variable &:

52 E[(prOXFEE(G + \/—H \/7) 6) ! (proxreg (6 =+ \/% ~7 j%) - @)] + 0'2 (19&)

where a ~ N( 0 L) with :ci and © ~ Fjp independent
H 0 ) ,'7H 1 nH 7_2’ 6 p .

Compared to Systems la and 1b, the parameterization in System 2 is slightly different. This is done
to match the result with some of the existing results for regularized least squares (for M = 1). The
invertible transformations are given by: a = %, T =+co g, and €2 = n,a? + o2, These parameters
also have interpretations as in Section 3.2, summarized below.

Remark 2 (Interpretation of parameters in System 2). The parameter 72 is simply the (full)

prediction risk of the non-ensemble estimator in the limit, which is a? + 2. Note that 72 > o2
and is sometimes referred to as effective “inflated” noise variance due to the high dimensionality

[DMMO09, BM11b]. Moreover, the fact that 72 = (Ci)f = 1/622//((0?))2 is also at the core of consistency
of generalized cross-validation (discussed in Section 3.4) for the non-ensemble estimator. Here, the
numerator is the asymptotic training error and the denominator is the asymptotic degrees of free-
dom correction.” The parameter ar is the effective threshold parameter at which one applies the
proximal operator to the noise-inflated effective observation and appears in approximate message
passing (AMP) formulations [DMMO09]. The parameter a serves as a proportionality constant be-
tween the effective threshold a7 and standard deviation 7 of the inflated effective noise. Finally,
the parameter ¢2, which is the main contribution of this paper, is the full-ensemble predictor risk

(when M — c0), which is also n,a? + 2.

In the following, we isolate some special cases of regularized M-estimators to compare with existing
work.

Remark 3 (Bridge ensembles). Bridge estimators are also known as /,-regularized least squares
and are a popular class of regularized M-estimator [FF'93, Fu98]. For {, regularizer reg,(x) = |z|9,
the risk of the bridge for M = 1 is derived in [WMZ18, WWNM20] for general ¢ € [1,2]. For instance,
we recover [WMZ18, Theorem 2.1] by changmg of variables (X,0") = (\/V¢cd,Vc6O) such that
the limiting prediction risks match 7/ = 7.!Y Equation (19a) generalizes it for any M > 1. Further

90bserve that the factors of ¢§ arise because both the asymptotic training error 32 and the asymptotic degrees of
freedom correction v are defined with normalization of p in Table 2.
10The parameter a requires the following change: o’ = (05/72)<17Q)/2a in the two systems.
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special boundary cases of ¢ = 2 (ridge) and ¢ = 1 (lasso) are further isolated in the next two
remarks.

Remark 4 (Ridge ensembles). For ridge regression when g = 2, System 2 recovers Theorem 4.1 of
[PDK23] under isotropic features, using a slight change of variables (), 0') = (A\/v/¢d, /cdO). The
solution v to the (limiting) Stieltjes transform of the spectrum of the sample gram matrix therein
satisfies that v = (a7)~!. For ridge ensembles, there is a deeper connection between R and Reo. It
turns out that R (), ¢) is exactly equal to Rq(u, 1) for a new level of regularization p = v=! > A
that depends on ¢ (and properties of the data distribution). The lower the subsampling proportion
of ¢, the higher the value of this implicit regularization . There are entire paths of equivalences in
the (A, ¢) plane where not only are the asymptotic squared risks the same, but also the estimators
themselves are equivalent. In a sense, one can think of the combined effect of subsampling and
ensembling as an additional (implicit) ridge regularization. The prediction risk equivalences are
first proved in [DPK23] and later generalized to other risks and estimator equivalences in [PD23].

Remark 5 (Lasso ensembles). For the lasso predictor when ¢ = 1, the first set of equations (18)
for M =1 in System 2 recovers [BM11h, Theorem 1.5] with a change of variables A = \/v/cd and
©' = Vc6O. On the other hand, the second set of equations in System 2 for M = oo is new to
the literature. We show empirically in the next section that the optimal full-ensemble subsampled
lassoless is not the same as the optimal non-ensemble lasso (on full data). Thus, the subsampling
and ensembling of the lasso are qualitatively different than the subsampling and ensembling of the
ridge regression, as pointed out in Remark 4. In particular, the effect of subsampling for lasso is
not merely additional lasso regularization.

4.2.2 Ensembles of general ridge regularized estimators

In this section, we specialize the results of Corollary 3 for ridge regularized ensembles allowing for
general loss functions. Specifically, given A > 0, consider component estimators of the form:

O (1) = argmin Yy _ loss(y; — z; b) + A|[b]|3.
bERY el

Recall that the risk convergence in (17) holds with Ry = o? and Ry = nGa2 where a and 7, are
solutions to System la and System 1b respectively. Here, using the explicit formula prox,e,(z;7) =

reg
x/(1 + A7) for reg(z) = Az|?/2, these systems can be simplified as follows:

System 3 (Nonlinear system for general ridge regularized ensembles). Given A € (0, 00),
0 € (0,00), and ¢ € (0, 1], define the following 2-scalar system of equations in variables («, k):

o? = c§-K°Elenvips(Z+0aG; K)?|+A°K’E[0%]  and  a = ¢§- 5 Elenvi (Z+aG; k)-G], (20)

where G ~ N(0,1), © ~ Fy, Z ~ F., all mutually independent. Let (3,r) be parameters
expressed in terms of («, k) as:

B2 =La? - NE[O? and v= % — A (21)

K2

Given parameters (a, 8, k, V) that satisfy (20) and (21), define the following 2-scalar system of
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equations in variables (n,,,n,):

_ ngB+N’E[6?]

, _
Ny = c725E['~°"‘Vfos.c,(z + aG;k) - envioo (Z + aG; k)] and 7, = “FoeEer (22)

where (G, G) are jointly normal with E[GG] = 7,..

When M = 1, System 3 recovers [EK13, Theorem 2.1]. When ¢§ > 1 (underparameterized regime)
and A=0 (unregularized case), we have v = k1, 8 = k™ ta, 1, = 7. Substituting them to (22),
we recover Theorem 2.3 in the recent work of [BK24].

5 Subagging and overparameterization

In Section 4, we discussed subagging of regularized estimators with an explicit regularization level
A > 0. Triggered by the success of overparameterized neural networks that can (nearly) interpolate,
there has been a surge of recent work analyzing the risk behavior of estimators with vanishing reg-
ularization, such as the minimum fs-norm interpolator (ridgeless), minimum ¢;-norm interpolator
(lassoless), and max-margin interpolators, among others. In this section, we discuss subagging of
minimum ¢,-norm interpolators for ¢ € {1,2}. We will demonstrate some interesting risk properties
in Section 5.1, showcase the benefits of subagging in overparameterized regimes in Section 5.2, and
contrast with optimal explicit regularization in Section 5.3.

5.1 Subagging of minimum /,-norm interpolators

We will focus in this section on subagging of bridgeless estimators, that is ¢,-norm regularized
least squares with reg(b) = ||b||z. Our main cases of interest are the “ridgeless” and “lassoless”
estimators, which are the special cases when ¢ = 1 [HMRT22] and g = 2 [LW21], respectively. The
terminology “less” is motivated by the fact that these estimators can be defined in a limiting sense
as A — 07 for bridge estimators with regularization level \. We consider the ensemble of predictors
(é\m)me[M] of the form:'!

~ ~ ~ 1
0., = lim 6,,(\) where 0,,()\) € argmin ~||yz, — X7, b3+ Alb][2.
A—0+ beRP 2

o~

In the underparameterized regime (p < n), these are simply the least squares estimators: 6,, =
(XITmX Im)*lXITmyIm. In the overparameterized regime (p > n), these correspond to the minimum

{,-norm interpolators: {Héqu yr, = X [mém}, when X has independent rows to allow for
interpolation. For ¢ = 2, when reg is the ridge penalty, this also has a closed-form expression given
by: 0, = (XZWX [m)TX}rmyIm, where AT denotes the Moore-Penrose pseudoinverse of a matrix A.
In other cases, we do not have a closed-form expression for the minimum ¢,-norm interpolator. The
next system specializes System 2 to convex regularized least squares with vanishing regularization,
by taking the limit as A — 0.

System 4 (Ensembles of minimum /¢, -norm interpolators). Given ¢ € (0,00), ¢ € (0, 1] such
that ¢/ < 1, and 02 € [0,00), define the following 2-scalar system of equations in variables

"'We refer readers to [Tib13] for details on how the sequence of estimators is defined when the estimators for A > 0
are not unique, as in the case of the lasso.
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7% = E [ (prox,eq (© + \/»H \‘}1) @)2] + o2 (23a)
0=1- EIE[proxreg (©+ \FH' \/»)] (23b)

where H ~ N(0,1), and © ~ Fy independent. Given (7, a) that satisfy (23a) and (23h), define
the following 1-scalar system of equations in variable &:

€ = B[ (proveg (O + 55 H: 25) ~ 0) - (prowe (0 + i 25) ~0)] 407 (24

where a ~ N( 0 L with :ci and © ~ Fjp independent
H 0 ) ,',]H 1 T]H 7_2’ 6 p .

To the best of our knowledge, the existence and uniqueness of the solution (7, a) to (23) are not fully
established in the literature, except for the special cases of ¢ = 2 (ridgeless) and ¢ = 1 (lassoless).
Assuming this is the case, the existence and uniqueness of the solution £ to (24a) follow from
System 1b.

Observe that the equations (23a) and (24a) in System 4 are special cases of (18a) and (19a) in
System 2 for ¢, penalties. Equation (23b) is the limit of (18b) as A — 0. Indeed, for ¢ € {1,2}, the
solution to System 2 with A > 0 converges to the solution to System 4 as A — 0% (see Appendix C.2
for a proof). This means that

1 . 2
lim p-lim H* S 6,00 - 9”2 = Rari= MRy + (1 — MY R

A—=0tT n—s+00

where Ry = 72 — 02 and Ry = €2 — 02, and by the same argument, the limiting risk R s satisfies

Proposition 6 and 7 (see also Figure 9 and 10). However, it is challenging to show the above
display with the order of limy and p-lim, swapped. For the ridgeless estimator (¢ = 2) and any
M, this is proved in [PDK23] using a uniform convergence argument. For the lassoless estimator
(g =1 and M = 1), this is done in [LW21] where the authors directly analyze the interpolator
by constructing a suitable AMP algorithm. We conjecture that this is, in general, true at least for
bridgeless estimators for any ¢ € [1,2] and M. Since this is not the main focus of our paper and is
only intended as an illustrative case, we will not work towards this goal in the current paper. We
will instead investigate properties and consequences of System 4.

Further special cases of ¢ = 2 (ridgeless) and ¢ = 1 (lassoless) are isolated in the next two remarks.
These will serve as our two main running examples in this section.

Remark 6 (Ridgeless ensembles). For squared loss and ridge regularizer (¢ = 2), when ¢d < 1 and
A — 0", we get

1 1 —c6)?
R ) A
1—co 5(6 — (c0)?) 5 — (c6)?
The result above aligns with the risk ensemble of ridgeless estimators presented in Corollary 6.1 of
[PDK23]. This can be seen by substituting 6 = 1/¢ and ¢ = ¢/1), or equivalently ¢d = 1/4.

R1(0,¢) + 02 = E[O%(1 — ¢b) + o> Reo(6,¢) + 0* = E[O?]

Remark 7 (Lassoless ensembles). For squared loss and lasso regularizer (¢ = 1), when ¢é < 1 and
A — 07, the total risk 72 is the solution to the following equations:

TZIO'Z—FE[(SO&(\/—H-F@ @)2],

o) -
1= 5P(l5H+6]> %), (29)
cd N
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Figure 4: Prediction risks of the full-ensemble lassoless and ridgeless at different subsample aspect ratios
p/k ranging from 0.3 to 10. The data model is given by (50) with signal strength p = 2, noise level 0 = 1,
data aspect ratio p/n = 0.3, and feature size p = 500. The support proportion s varies. Left: dense regime
with s = 0.9. Right: sparse regime with s = 0.01. We observe that the full-ensemble risk is continuous at the
interpolation. Also, the full-ensemble risk has a negative derivative to the right of interpolation. This implies
that the optimal subsample size is in the overparameterized regime.

and &2 is the solution to the following equations:

2 2 T . ar T 77 . ar
with E[HH] = cf—z. Note that soft is the soft threshold function defined by soft(z;7) = (|z| —
T)4 sign(x). In the ensemble setting, the case of M = 1 corresponds to [LW21, Theorem 2| with a
slight change of variables ©’ = v/¢d0. The full-ensemble case when M = oo is new.

Remark 8 (Avoiding risk divergence with ensembling). Note that in the underparameterized
regime when c¢d > 1 is fixed, the estimator of interest is simply the ensemble of least squares.
Thus, a standard Stieltjes transform argument or the explicit formula for the expectation of inverse
Wishart matrices give

9 )
R1(8,¢) + 02 = o* ¢ and Reo(6,¢) 4+ 0% = o2 for all ¢ > 6 1.

cd—1 0—1

It just so happens that for the full-ensemble least squares estimators, only the inverse aspect ratio §
of the original data matters! In particular, as ¢ — (671)T, Ry diverges, while the full-ensemble risk
R is still bounded. Now let us consider the over-parameterized regime ¢d < 1. By simple algebra,
for any regularizer reg, the solution 7 to the sub-system (23a)-(23b) in System 4 is uniformly
bounded from below as:

2> (1 —cd) " tok (26)
(See Appendix C.1 for the proof.) Recalling R; = 72 — o2, this means that the risk of the non-
ensemble interpolators blows up as ¢ — (6~!)~. For the minimum /5- and /1-norm interpolators, this
is shown in [HMRT22, LW21]. For the full-ensemble cases, we experimentally observe from Figure 4
that the risk R is continuous in ¢ for the full ridgeless and lassoless ensembles. In particular, it does
not blow up around ¢ = 6. For ridgeless, this claim is easy to verify (and holds more generally, as
shown in [PDK23]). For lassoless, given the solution (a,7) to (25), in Appendix C.3, we identify that
the condition lim._,(5-1)- (a7) = 0 is sufficient to obtain the conclusion limcﬁ((;_l)_(fz) = %02,
and we observe experimentally that a7 — 0 holds (Figure 8), however we are currently not able to
provably establish that lim._,;-1)- (a7) = 0.
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Figure 5: Optimal subsample size for the lassoless ensemble is always in the overparameterized
regime. Optimal subsample aspect ratio p/k that achieves the optimal risk for the lassoless ensemble at
different data aspect ratios p/n ranging from 0.1 to 10. The data model is as in (50) with signal strength
p = 2, noise level 0 = 1, data aspect ratio p/n = 0.1, feature size p = 500, and varying support proportion
s. Left: dense regime with s = 0.9. Right: sparse regime with s = 0.01.

5.2 Optimal subsample size

An intriguing observation from Figure 4 concerns the optimal subsample size k.. When the sample
size n and the number of features p are fixed with n > p, the optimal subsample size that mini-
mizes the full risk R falls below p. This suggests that even when the original sample lies in the
underparameterized regime, the optimal subsample size shifts into the overparameterized regime.
This phenomenon is proved for ridgeless ensembles (reg(x) = x?) by [PDK23]. Expanding on this,
and utilizing System 4, we empirically show that this behavior extends beyond ridgeless ensembles
to lassoless ensembles (reg(x) = |z|) as well (see Figure 5).

5.3 Optimal subagging versus optimal (explicit) regularization

There are three parameters one can tune to optimize the asymptotic risk Ry (A, ¢) of the ensemble
estimator, as in Remarks 4 and 5: the regularization level A, the subsample size ¢, and the ensemble
size M. This hyperparameter optimization is simplified for ridge regression, as shown in Theorem
2.3 of [DPK23]. Minimization with respect to all three parameters is equal to the minimization over
A when M =1 and ¢ =1 (non-ensemble setting), which is the same as minimization over M and ¢
when A = 0 (ensemble of ridgeless predictors):

min Rar(A, c) = min Ri(A 1) = min R (0, ¢)
A€[0,00],M €N, c€(0,1] A€[0,00] c€[0,1]
opt regularization and opt ensemble opt regularization but no ensemble opt ensemble but no regularization

In some situations, however, the risk minimization over all three parameters can be strictly better:

min Rar(A ) < min Rq(A, 1) A min R (0, c)
A€[0,00],M€N,c€[0,1] A€[0,00] c€l0,1]
| —
opt regularization and opt ensemble opt regularization but no ensemble opt ensemble but no regularization

We illustrate this through a numerical experiment with lasso. We show that the optimal full-
ensemble subsampled lassoless is not the same as the optimal non-ensemble lasso (on full data). In
Figure 6, we contrast the sparse and dense data settings. In each case, we show the full-ensemble
risk heatmap in A and p/k. In the left panel (the sparse setting), we see that the optimal subsample
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Figure 6: Optimally subsampled lassoless regression can outperform optimal lasso regression.
Heatmaps of theoretical prediction risk in A and p/k of full lasso ensemble in the underparameterized regime
(p/n = 0.1). The data model is given by (50) with signal strength p = 0.5 and noise level o = 1 at different
sparsity levels s. Left: Dense regime with support proportion s = 0.9. Optimal subsample lassoless is better
than optimal lasso. Middle: Modest sparse regime with support proportion s = 0.5. Optimal lasso ensemble is
better than the optimal lasso and optimal subsample lassoless. Right: Sparse regime with support proportion
s = 0.2. Optimal lasso is better than optimal subsample lassoless.
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Figure 7: Optimally subsampled ensemble lasso can uniformly beat optimally tuned non-
ensemble lasso across different data aspect ratios. The theoretical prediction risk of optimal ensemble
and non-ensemble lasso at different data aspect ratios p/n is shown. The data model is given by (50) with
signal strength p = 0.5 and noise level o = 1 at different sparsity levels s. Left: Dense regime with support
proportion s = 0.9. Middle: Modest sparse regime with support proportion s = 0.5. Right: Sparse regime
with support proportion s = 0.2.

lassoless is worse than the optimal lasso. This is expected because the lasso is known to perform
well in the sparse setting. In the right panel (the dense setting), we see that the optimal subsample
lassoless is better than the optimal lasso. This is interesting because it shows that the subsample
and ensemble induce an implicit regularization effect. In short, the optimal lassoless ensemble can
be better or worse than the optimal lasso. In other words, the full-ensemble lassoless when ¢ is
optimized is not the same as the optimized lasso when A is optimized on the full data.

A similar conclusion holds for overparameterized settings, as shown in Figure 11. In particular,
depending on the SNR and 4, the subsample optimized risk may be smaller or larger than the
optimized lasso risk. The conclusion is that, in general, it helps to optimize A, but also to optimize
the ensemble size and subsample size. The subsample and ensemble induce an implicit regulariza-
tion effect. Once optimized, this implicit regularization can improve on the explicit regularization
provided by the regularizer.
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Finally, Figure 7 shows that the joint optimization of subsampling along with lasso penalty con-
sistently outperforms the optimization of lasso penalty on the full data (without any subsampling)
uniformly across varying data aspect ratios. Particularly, in the dense regime (s = 0.9) and mod-
est sparsity (s = 0.5) regimes, the ensemble approach leverages implicit regularization to achieve
lower prediction risk. In highly sparse scenarios (s = 0.2), this effect reduces as one would expect.
Overall, we see complementary benefits of optimizing both subsampling and explicit regularization
parameters to improve the predictive performance, with the joint optimization being the overall
clear winner.

6 Open directions

In this paper, we provide a general risk characterization for the ensemble of regularized M-estimators.
The characterization depends on the inverse data aspect ratio 6 = limn/p, subsample ratio ¢, and
loss and regularizer pair (loss, reg). We also specialize the results for specific cases of interest, such
as the lasso and ridge regression, and analyze various properties related to optimal subsampling
and ensembling. Our goal in performing such analysis is to shed light on how subsampling and en-
sembling influence the risk of the ensemble estimator and the optimal choices of ensemble size and
subsample size. The key takeaway is that subsampling and ensembling can be beneficial in terms
of reducing the risk of the estimator, and when the subsample size c is optimized, the resulting risk
is monotonic in § for any ensemble size M.

There are several “axes” along which our results on the asymptotics of subagging can be extended.
These are all apparent by inspecting the last row of Table 1 (our current results) and contrasting
it against the rows above (the known results in specific cases). We briefly mention some of these
open directions next to make them explicit. First, our current analysis can handle non-differentiable
and non-strongly convex regularizers, but we require a differentiable loss. Extending the analysis
to non-differentiable losses through techniques like Moreau smoothing [CMW23, Section B.7] is a
promising future direction. In addition to relaxing conditions assumed for risk characterization, we
are also interested in relaxing the assumptions for the risk estimation (Theorem 4), particularly the
strong convexity assumption on reg. A promising approach in this direction is to apply the Gaussian
smoothing technique recently proposed by [BK23a]. Additionally, it is of interest to extend the scope
beyond separable regularizers to include non-separable regularizers, which have been studied only
for special cases like generalized ridge regression [PD23]. Another potential extension is relaxing the
assumption of linear response models. Partial progress in this direction includes the recent work by
[BK24] (for logistic models), [CVD™24] (for generalized linear models), and [PD23] (for arbitrary
response with bounded moments). Furthermore, while we assume isotropic Gaussian features, it is
also of interest to extend the results to general feature distributions and anisotropic covariances.
This has been studied in special cases of ridge regression ([PDK23], any M), ridgeless regression
([HX23], M = 1), lasso regression ([CMW23], M = 1), among others; see also, e.g., [PKLS23, HS23],
for some progress towards establishing Gaussian universality (for M = 1). Finally, broadening the
scope of resampling strategies beyond subsampling without replacement to include more general
schemes like sampling with replacement or according to a specific distribution, as recently studied
in [CVD'24, DP24a], is another future direction. We hope our current analysis serves as a step
towards these open directions in various axes.
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Supplement

This serves as a supplement to the paper “Precise Asymptotics of Bagging Regularized M-estimators.” Below,
we provide an outline of the supplement along with a summary of the notation used in the main paper and the

supplement.
Organization
Section Content
Appendix A Proofs of Theorems 1, 2 and 4 from Section 3
Appendix B Proof of Proposition 7 and other miscellaneous details from Section 4
Appendix C  Details of arguments in Remark 8 from Section 5
Appendix D Additional numerical illustrations and experimental details

Table 3: Outline of the supplement.

Specific notation

Notation Description
(i, i), i € [n] Observation vector with the feature vector in RP and the response variable in R
X,y Feature matrix in R™*P and the response vector in R"
0 Signal vector in the linear model in R?P with entries drawn i.i.d. from the distribution Fy
z Noise vector in the linear model in R™ with entries drawn i.i.d. from the distribution F,
k, M Size of each subsample and the total number of subsamples (bags) used in the ensemble
I, m € [M] Index set (subset of [n]) of the m-th subsample, with |I,,,| = k
X . . .
in ém[’]\?;]l’")’ Feature matrix in R¥*P and response vector in R¥ of the subsampled dataset indexed by I,,
(lem[[, y[mmje), Feature matrix in RImMelxp and response vector in RImNLel of the overlapped dataset
m # (€ [M] corresponding to the overlap between the subsampled datasets indexed by I, and Iy
Loss function, regularization function, and regularization level used for the regularized
loss, reg, A .
Me-estimator
6,., O Component regularized M-estimator fitted on the m-th subsample and the ensemble estimator
Rar, Ry Squared prediction risk of the ensemble estimator and its asymptotic limit
Asymptotic risk of the non-ensemble estimator (M = 1) and the full-ensemble estimator
Rla Roo
(M = o)
d, ¢ Inverse data aspect ratio n/p and subsample ratio k/n
(a, B, K, V) Parameters characterizing the ensemble risk asymptotics with M =1 (System 1a)
G, H Standard normal random variables in the ensemble risk asymptotics with M =1 (System 1a)
0,7 Random variables drawn according to distributions Fy and F,, respectively (System 1a)
MesNy) Correlation parameters in the ensemble risk asymptotics with M = oo (System 1b)
G,G, H H Random variables appearing in the ensemble risk asymptotics with M = oo (System 1b)
(a,T) Parameters in alternate formulation of the ensemble risk asymptotics with M =1 (System 2)
13 Parameter alternate formulation of the ensemble risk asymptotics with M = oo (System 2)

Table 4: Summary of some of the specific notation used in the paper.
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A Proofs in Section 3

A.1 Proof of Theorem 1
Part 1. By the Cauchy-Schwarz inequality, if 7, satisfies |Fioss(1)| = Vce, then we must have

sign(Floss(1s)) - enVloss(O‘G + Z;k) = enV ( a(n,G + \/ ﬁéé) + Z; k)

with probability 1 for any independent Gaussian G, G. Multiplying both sides by /1 — ngé and

taking expectation, using independence of (G, G) and the third equation in System 1a, we are left
with
0=1/1—n2 - (va)/(cd),

which gives |n.| = 1 since & > 0. This means |Fioss(n,)| < Ve for all [n,| < 1. By the same
argument, if 7, satisfies |Freg(n,,)| = 1, then it holds that

H +6; )—gH]:l-env' (f( H+ ngﬁwe;%)—gﬁ

’])’ reg v

sign(Freg(n;)) - [% en reg<ﬁ

with probability 1 for any independent Gaussian (H, H). Multiplying the the both side by /1 — 7712117
and taking the expectation, using the independence of (H, H) and the fourth equation in System 1a,

we are left with B

which gives |n,,| = 1 since %3 > 0. This means | Freg(ny )| < 1 for all |n,| < 1.

Part 2. Let us prove the differentiability and contraction of compositions. By System la, Fjogs
and Fleg can be written as

Floss(ng) = c;g -Elenvjye (oG + Z; k) - envl'gsvs(&é + Z;R)],
it~ 5 5[ s 0) - S () - )

We will use the following lemma to argue the differentiability of Fioss and Freg.

Lemma 8. Let G and Z be independent N(0,1) random variables. Then, for any Lipschitz func-
tions (f, f) with bounded second moment E[f(G)?],E[f(G)?] < +oo, the map

e:[-1,1] =R, 5= E[f(G)f(nG +/1-12Z)]

has the derivative

¢'(n) = E[f(G) ' (nG + 1 -122)].

Proof. Since ]?is Lipschitz and A (0,1) has no point mass, fis differentiable at G ~ N (0,1) with
probability 1. By the dominated convergence theorem, we have

&) =E[f(GQ)] (nG+V1—22) (G- ———27)].
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Let us define A = nG + /1 —n2Z and B = /1 —n2G — nZ so that (A, B) are independent
Caussian N (0,1) and ¢'(n) = (1 — n?)"Y2E[f(nA + \/1 —12B) f'(A)B]. Using Stein’s formula for
B conditionally on A, we are left with

¢'(n) = E[f (A)f' (nA+ /1 —n2B)] FnG+V1-n22)f

where we have used (A,nA++/1 —n2B) 4 (nG++/1—n?Z,G). (Here and throughout 4 refers to
equality in distribution.) O
Notice that envi,(aG + Z;k) and < - e ﬁeg<ﬁH + 0; ) — gH have finite second moments,
thanks to the existence of the solution to System la. Thus, applying Lemma 8 with (f(z), f(ajz) =
(envi(ax+Z; k), env| (az+Z;K)) and (f(z), fla) = (gx—%envreg( z+6;1), x—ienvreg(w:—i—
B; %)), we find that Fjoss and Freg are differentiable and the derivatives are given by:

Fheal) = Bg - Eloenvi(aG + Z; k) - Genv! (GG + 73 7)

1B 1 B s 1 B~
Fgln) = =85 (15 enveg (G +0:0)) S (1 5 envg (G w015 )]
for all n,,n, € [—1,1]. Note that the non-expansiveness of the proximal operator implies that the
map T env}(x;T) =7 Yz - proxs(z; 7)) is 77 1-Lipschitz and non-decreasing for any convex
function f. Thus, F ,(n;) and Fl,(n,) are non-negative and uniformly bounded from above as
follows:

0 < Foes(ne) < ﬁg = - Elaenvi_ (4G + Z; F) (0 < envipee(aG + Z; k) < 571)
= gg ‘E[G - envl/ﬁz(&’é + Z;K)] (by Stein’s lemma)
BB K oss
ccoa va c aav (using System 1a)
= .= == i a);
gEr @ i =
LB, 1 8 I\\T .8 Gl
OSFr/eg(nH)SEE[V<1_; en reg( H+937>>} 5 (O<enV:'/eg( H+@ ) )
BB B .
= QEEKVH - — envreg( H + ©; ))} (by Stein’s lemma)
LG
= ig Pk = % (using System 1a).
aq v aqv

Thus, by the chain rule, noting that (83k)/
0 < (Floss © Freg)'(111)

By switching the role of («, 3, K, v, ¢) and (oz,ﬁ K,V,¢), it also holds that
) <

0< (Floss o Freg) (TIH

Thus, by taking the minimum of (¢, ¢), we find that the compositions

av) is cancelled out, we have

(a
<e, 0< (Freg o Foss) (1) < ¢

¢, 0< ( reg © Floss) (77@) <c.

Ny — Floss © Freg(nH>a Ng = Freg o Floss(ng)
are (¢ A ¢)-Lipschitz.
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Part 3. Now let us show the uniqueness and existence of the solution to the system:

Ny = F|OSS(77(;)’ Neg = Ffeg(nH)'

By the assumption min{c,¢} < 1 and the fact that 1, — Fioss 0 Freg(n,,) is min{c, ¢}-Lipschitz,
Banach’s fixed-point theorem implies that the fixed-point equation

Nag = Freg o Ioss(nc)v Ne € [*1’ 1]
admits a unique solution 7%, € [~1,1]. If we take 1%, = Fss(n) € [—V/c¢, Ved], then we have

Freg(},) = Freg © Fioss(7,) = 07, so that (ng,m,) = (05, n},) satisfies the system: 1, = Foss(7,)
and 7, = Fieg(n,). This proves the existence of the solution to the system. Let us show the
uniqueness. Suppose (1,7, ) and (7,1, ) satisfy the system. Then, n, and 7, are the solution to
the fixed-point equation 7 = Fieg 0 Fioss(n):

Ne = Freg(nH) = Freg ° Floss(ng), 77@ = Freg(ﬁH) = Freg © FiOSS(ﬁG)‘

By the uniqueness of the solution to this fixed-point equation, we must have 1, = n,. By the same
argument, the contraction || Fioss0 Freg||Lip < ¢/Ac implies that the solution to the fixed-point equation
Ny = Floss © Freg(n,,) is unique so that we must have n,, = 17,,. This proves (n,,71,) = (1,,7,) and
hence the systems admit a unique solution.

Let us show [n%| < 1. We proceed by contradiction. If [’| = 1 then noting %, = Fieg(n7,), since
we have shown in part 1 that |[Feg(n,)| < 1 for all |n,| < 1, we must have |n%| = 1. However,
0% | = [Floss(n)| < V& < 1 so that this is a contradiction. Thus, we must have In%| < 1. Noting
0y = Floss(n) and |Fioss(ns)| < Ve for all |n,| < 1, the strict inequality In%| < 1in turn gives

| < Vee

Part 4. Finally, let us characterize the sign of (7,7} ). Recall that n% and 7} satisfies the
fixed-point equations 7, — Freg 0 Fioss(,) = 0 and 1, — Foss © Freg(n,) = 0, respectively, and
the maps 1, + 1, — Freg © Fioss(n) and 1,; +— 1, — Fioss © Freg(n,,) are strictly increasing since
Freg 0 Fioss and Fioss © Freg are (¢ A ¢)-Lipschitz with ¢ A¢ < 1. Then, the characterization of sign,
i.e., sign(Floss © Freg(0)) = sign(n?,) and sign(Freg o Fioss(0)) = sign(n};), immediately follows.

A.2 Proof of Theorem 2

In this section, for a vector w, the norm ||w]|| indicates the ¢35 norm unless specified otherwise.
By the assumption 0 € argmin, loss(z) N argmin, reg(x), taking losspew () = loss(z) — loss(0) and
regnew () = reg(z) — reg(0) if necessary, we assume without loss of generality that loss and reg are
non-negative and have 0 as a minimizer.

By the change of variable b — h = (b — 0)/,/p, denoting G = ,/pX so that G has i.i.d. N(0,1)
entries, the regularized M-estimator 0 of interest and the residual vector y — X 0 can be written as

6=ph+6, y—X6=z—Gh
where

h € argminobj(h) with obj(h) =Y loss(zi — g/ h)+ Y reg(y/ph; + 0)). (27)
heR? il J€lp]

Throughout this section, we denote ¥ = Y, e;loss’(z; — g; h) € R" where e; are canonical basis
of R™. Let 1, 8, h be the corresponding notation for another. Then, our goal is to show

h'h % aan, and v 9/p % BB,
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A.2.1 Smoothing by adding diminishing ridge penalty

For some positive and diminishing scalar u = u, — 0 to be specified later, we define the smoothed
regularized M-estimator h/, as

fALM € argminobj(h) + %HhHQ (28)
hERP 2

where obj(h) is the objective function for the original regularized M-estimator h in (27). We denote
by ¥, =3,  eiloss'(z; — g;rhﬂ) the smoothed version of ). This strategy of adding and additive
ridge penalty for the mathematical analysis as a first step, and then arguing by approximation
(u — 0) to study the original hy = h is ubiquitous; see, for instance, [Karl8, CM22], [LGR22,
Appendix B.3], [BK23a]. Here, we use the following lemma to show that (28) approximates well
the original estimator for any sequence pu = p,, indexed by n and converging to 0.

Lemma 9 (Ridge smoothing). Let h, be the smoothed M-estimator and h be the ortginal M-
estimator.

1. (Monotonicity) We have ||h — iALMH% < HIALH% — HIAL#H% for any > 0.

2. (Convergence in || -||2) As n,p — 400 withn/p — 6, |I|/n — ¢, and p = py, for any p, — 0,
we have

1hull3 = o, = %, |lhu = hl3 = op(1), = op(1),

1%ull3 » Il — 13
p p

where o and B are solutions to System 1a.

Proof. By the strong convexity of the ridge term pui/2HhH2, the smoothed onefzu alsoAminimizes
the convex function: h — obj(h) + B&||h||? — E||h — h,||>. By the optimality of h, and h, we have
obj(h,.) + 0 [y |* < obj(R) + EX R = T — Rl < obi(hy) + T2 [RI* — BE R~ |
so that subtracting obj (?LM) from the both sides and dividing by pu/2 > 0, we obtain the first claim.

Recall ||h)? & o2 and ||[4||2/p 2 B2. Then, by Lemma 9-(1) and the Lipschitz condition of loss’,
it suffices to show the convergence [/h,|? P, a2 for the smoothed estimator h,. Note that hy,
minimizes the function below

h — Z loss(z; — g; h) + Z regi" (\/phj) where reg/(z) = reg(z +0;) +
iel JE[p]

Now we suppose that for any standard normal g = (gj);’:l ~ N(0,,I,), the convergence of the
Moreau envelope

- Z eNnV,egin (cgj; ) — regh™ (0) 2 Elenvieg(cH + ©;7) — reg(©)]
P jem)

holds for all ¢ € R and 7 > 0. Then, by [TAH18, Theorem 3.1], we have H/ﬁMH2 2, o2 and complete
the proof. By the weak law of large numbers, the above display holds with @ = 0 (see [TAHIS,
Lemma 4.1] for details):

1 Z env, gun=o0(cg;; ) — regl %) & Elenveg(cH + O;7) — reg(0)].
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Then, noting regg‘zo(O) = reg(0;) = reg); (0) for any p > 0, it suffices to show

— Z env,un (cgj;7) — — Z €NV qgu=0 (cgj;T) = op(1).

Je[p] Je[p]

For each j, the monotonicity envreg?:o (cgj;T) < env, #n(Cg], 7) holds since the objective function

is monotone in the sense of regéL:O( ) < reg“( ) for all z € R and all g > 0. On the other hand, by
the optimality of proxreg;_t:o(cg], 7) and prox, eghm (cgj;7), we find
J

1
Z(ng - proxreg?:o(cgj; 7'))2 + regj”(proxreg?:o (cgj;7))

1% 2
= e”Vreg;‘:O (cgj;T)+ Tn(proxreg;:o(cgj; 7))

envreg;.‘” (ng; T) <

for each j € [p]. Thus, it holds that

J|
0< -~ Z env, e i (€gj; T) — — Z BNV, (gu=0 (cgj;T) < 7” > Z(proxreggzo(cgj;T))Q,

P jew) P jem) J€lp]
where prox . u=o (cgj; T) = proxeeg(cg; + 853 7) — 0; by the definition of regy . Here, under Assump-

J
tion D-(1), the expectation E[(proxeg(cg; +0;;7) —0;)?] under g; ~ N'(0,1) and 6; ~ © is finite for
all c € Rand 7 > 9 (cf. [TAH18, equation (123)]). Therefore, by the weak law of large numbers, we
have %Zjem(proxreg?:o(cgj; 23 E[(prox,eg(cH + ©;7) — ©)?] < 400. This means that for any

= pn — 0, the RHS of the previous display is op(1). O

A.2.2 Bounding norm of regularized M-estimators

For some positive scalar K to be specified later, we add another regularization term; we define iALM K
as

a1 —
2

~
additional term

?LM,K € argminobj(h) + puHhHQ + = F( ) with N = obj(0)
heRP

where F : R — R is convex, non-negative, and non-decreasing with lim,_, 4~ F(z) = 400, as well
as differentiable with F/(u) = 0 if w < 0 and F'(u) = 1 if u > 1. For instance, we may take F as an
integral of the smoothed step function as follows:

. 1 u>1
= / fu)du with f(u):=< 3u?—2u wue(0,1)
- 0 u<0

Note in passing that the regularization parameter A = obj(0) = Dierloss(zi) + 32 ic, reg(0;) is
independent of the design matrix G' and non-negative since loss and reg are non-negative.

Now we claim that for sufficiently large K > 0 this modified estimator ﬁu, k coincides with the
~ 3 2
smoothed estimator h,. Furthermore, thanks to the additional regularizer %F(WT_K» the norm

of h, k and 1, i are suitably bounded as follows:
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Lemma 10. The following convergences hold.

1. If we set K = 2a? where a > 0 is the solution to System 1a, we have
P(h,x = h,) 1.
2. For any K > 0, there exists a positive constant Ck that only depends on K such that

lhu s < Crey Il l® < Cre(1 + [lloss'|[£3,) ([lloss'(2) |2 + | G3,)-

Thus, the constant C* = 1.1Ck (1 + [[loss'[|{;,) (E[loss'(Z2)?] + (1 + §71/2))? satisfies
7 — 7 m - m 1/m *
P (sl v (0 bV sp E [ [PV (07 [ 2)™ 1 2,0] 7 <€) = 1

Proof. Let us consider the event ) := {||h|> < K} with K = 2a?, which holds with high probability,
since ||h||2 & a2 > 0. Combined with the monotonicity |hul|? < ||R]|? by Lemma 9-(1), we have
||?L#||2 < K under the event Q. Since F/(u) = 0 for all u < 0, combined with the Karush-Kuhn-
Tucker (KKT) condition —p,u,/ﬁu € 8obj(iAzH) for the smoothed estimator IALM, we observe that ?LM
satisfies the KKT condition for iALM x under the event €2:

-~ hol2 - K\~ ~ ~ .
—pyhy, — AF’(H“HQ>hM = —pphy, — 0y, € dobj(hy,).

This implies P(?LH = ;\L“’K) >P(Q) — 1.

By the non-negativity of (obj(-), pu| - [|?, %F()) and the optimality of ﬁMK? it holds that

h : h
0< F(H“K’Q)éobj(hw«wllhu, I°+3 F(”“’Kg>
| 0]2
§ 2 llo* - K
< obj(0) + HOH +2F( 2 >
:A+0+0

When A = 0 then all inequalities above holds with equality, which means that 0 minimizes the
objective function obj(h)+ 2| |h||? + (M> for h,, . Since this objective function is strongly

convex due to the ridge term, the minimizer is unique. This means i\z% x = 0 when X = 0. On the

other hand, if X > 0 then dividing the above display by X > 0 we are left with F(W) <2

Since F is non-decreasing and coercive on the positive side, i.e., limy_, o F(z) — 400, this gives
|huxkl? < C(K) for a constant C(K) > 0 depending on K only. Combined with the Lipschitz
condition of loss’, the norm of ¥, x = >, €iloss'(z; — g, by, i) is bounded as

19, 1| < llloss’(2)[| + [lloss'(z = Gy, i) — loss'(2)[| < [lloss'(2)]| + [[loss [ Lipl| Gllop | -

Since loss'(2;)? has a finite second moment by Assumption D-(1), the weak law of large numbers
gives n~[loss’(2)||2 2 Elloss'(Z ) | < +o00. Since G € R™*? is a Gaussian matrix with i.i.d. A/(0,1)

entries, we also have ||G||2,/n = Py (14 671/2)2 by standard results of the maximal singular value of
a Gaussian matrix, e.g., [DS01, Theorem II.13]. This completes the proof. O
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A.2.3 Derivative formulae for strongly convex regularizer

Lemma 11 ([BS22]). Let h € RP be the regularized M-estimator of the form

he argminz loss(z; — g;' h) + R(h),
heR? et

where I C [n] is a subset independent of (gi)igjn), loss : R — R is a convexr and differentiable
function with Lipschitz derivative, R : RP — R is a 7-strongly convex regularizer for some 7 > 0,
and R is independent from (g;). Then, there exists a matriv A € RP*P satisfying || Allop < 771
and tr[A] > 0 such that h €RP and ¢ = e eiloss'(z; — g;ﬁ) € R"™ are both differentiable as
functions of the design (G) = (gi;) with the derivative given by

gg’; - A(ejejzp _ GTDeiejTh>, gg’i — —DGAeje] v — Veel h. (29)

Vi € [n],Vj € [p],

where D and V' are n x n matrices defined by D = ), ; eie;-rloss”(zi — g,LT/l;,) and V. = D —
DGAGTD. Furthermore, the matriz V' defined above is positive semidefinite with its operator
norm bounded as ||V ||lop < |[loss’||Lip-

Recall that the modified estimator iALM’K in Appendix A.2.2 minimizes the objective function
> icsloss(z; — g h) + R(h) where R is the regularizer of the form

~

P A
R(R) := Y reg(v/oh; +0;) + 2o ]2+ SF(
Jelp]

2 _
th!2 K)

which is (pu)-strongly convex. Thus, we can apply Lemma 11; there exists a matrix A, g € RP*?
such that
1Ak llop < ()™, tr[A, k] >0, (30)

and E#,K and Y, = Y s e;loss'(z; —g:ﬁ“7K) are differentiable with respect to the design matrix
G = (gij) as in (29) with

2 : T " T T
D#,K = €;€; loss (ZZ —g; hu,K) ‘/,LL,K = D;L,K — D“’KGA“’KG Du,K~
i€l

Now we claim that the trace of V, x and A, i are empirical quantities that converge to the
remaining solution v and k:

Lemma 12. For any p — 0 such that u=* = O(n'/®), we have
tr[Voxl/p v and tr[A, k] > k.

Proof. See Appendix A .4. O
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A.2.4 Proof of Theorem 2

Below we will take the diminishing constant p, — 0 as in Lemma 12. Dropping the dependence on
(p, K) for simplicity, we denote h = h, x, ¥ =Y, Kk, and V=V, g, A= A, k. In the same way,
we use the notation (h, ), V', A) for the other estimator. Then, by the convergence in | - |j2 from
Lemma 9 and Lemma 10, it suffices to show the convergence of correlation for the modified ones:

hTh/(ad) B, and ¢ P/ (p8B) 1,

First, we will argue by the Gaussian Poincaré inequality that hTh /() and @bT'zZ / (pﬁg) concen-
trate on random quantities that are independent of the scaled design matrix G = /pX . Throughout

this section, we denote by E[-] = E[-|z,0, I, I] the conditional expectation with respect to the design
matrix G given signal 6, noise z and subsample index I, I. Since G is independent of (0, z,1,1 )
the conditional distribution of G given (8, z, I, 1) is still that of a matrix with i.i.d. A’(0,1) entries.

Lemma 13. For any u, > 0 such that u;* = o(n'/?), we have

E[(h"h —E[R"h])?] = Op(n'p72) =
E[(y " — Eyp "])?] = Op(np~2) = op(n?).

~—
0
=
—
—_
~—

Proof. By the Gaussian Poincaré inequality, noting Gij(hT;L) = ?Jaijh, +h'o; h with 0;; = Bgl
the conditional variance of hTh is bounded from above as

E[(h"h - ERTR)?| < ZE[ . (hTh) 2}<2ZE[hT@]h }+2ZE[hT@]h)}

(]

where we denote by >_,; = i, >°%_, for brevity. By the derivative formula (29), the first term
on the RHS is bounded as

~ 2 2
> (hTayh) =" (A" Alejus - GTDeihy))
ij 4J
< 2 A[Z, IR 91 + 20| Al IG 13| D13 R 1Al

Using the upper bound ||Allop < (ppn) ™! from (30) and the moment bound in Lemma 10-(2), the
conditional expectation (with respect to E) of the RHS is Op(n~'u,?). By symmetry, we also get

E[>;; El(h"0i5h)%)] = Op(n~'11,%).
We use a similar argument for the variance of zlJszbv. The Gaussian Poincaré gives E[(I/JT'IZ —

E[y"$])?) < 23, El(% T 05h)* + (97 0,9)?), where

~ 2 _ 2
Z(iﬁTaz‘ﬂ/J) = Z(’PT(—DGAGJ‘% - Vez"wj))
i Py

SIATG DT 191R 112 + IV II2, 12 Rl

by the derivative formula. Using ||Allop < (pun) ™! and the moment bound in Lemma 10-(2), the
conditional expectation E[-] of the RHS is Op(nu,? + n) = Op(nu,?). O
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Let us define 7),, and 7),, as the “truncated” values of the conditional expectation of hTh and ¢T1Z,
respectively:

o =10 (ERTRY/(0@)), 7,y = T (B[Y )/ (055)

where TIj_; j)(z) := max(min(z,1),—1) is the projection map onto [~1,1]. Here, we emphasize
that (7,,7,) is independent from the design matrix G since G is integrated out. Furthermore, the
absolute values of 77, and 7,, are less than 1 due to the truncation, and hence the two matrices

<,\1 nH) and (E 77c>
Ny 1 Ne 1

are both positive semidefinite. By the concentration from Lemma 13 and the convergence ||k 2

a? > 0,[|v]?/p P, 32 > 0, noting the truncation z I_1 () is continuous, we find that the
random variables (7,7, ) defined above still capture the correlations, that is,

_ YT AR
e = Ty (—2—2) 4 0p(1) = —2—2 1 0p(1).
el T T el
hTh hTh
fo = 1 () + 0p(1) = ——2 + 0p(1).
S mRl T T Rl

where the second equation follows from the fact that the correlations are less than 1 in absolute
values by the Cauchy—Schwarz inequality.

Now, we use the multivariate normal approximation below to invite System 1h.

Lemma 14 (Proposition 5.1 in [BK24]). Let z ~ N(0,, I,) and let F : R? — R*M pe q locally
Lipschitz function with M < q. Then there exists a standard normal vector w ~ N(0ps, Ipn) such

that
E[HF(z)Tz -> ME;;TQ - {F(z)TF(z)}l/Qsz} <C3> E {Hf)g‘z(lz) Hi:ﬂ]v

le[q] l€lq]

where {-}1/2 is the square root of the positive semidefinite matriz.

; ; ! wi _ (v W 2 — Ge. ;
For each j € [p], applying Lemma 14 with F = [\/ﬁﬁ \/p?[?] € R"*“ and z = Ge; € R", using the
derivative formula (29), we find that there exists a random vector w; € R? such that
w; | (0,6,G7,1,T) < N (0, Iy)

and

G| L ((70e] Vs + 0TDGAC)S)  (1yi/) w60 ”Qw,m
Vb \(@7Ge] +ulVIh,+ ¢ DGAe;)/B) ~ \w b/wsB) 1812/w5))

<ciY B[ ||agl ||2+||a”||}

i€[n]

Using || Allop < (pptn) ! from (30) and Lemma 10, we have
E|lv" DGAI?| = Op(u7?),
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0% o] ]
> E|l5 -] <E21DGAI %I + 2| VIEIAIP] = Op(n?).
ij gzg

Thus, summing over j € [p] in the previous display, noting 12 = o(n), we are left with
> 1 (W7Ge] +ulVin)/8\ _ (1wI2/ws) v o/e6D)” Qw,HQ ot
W Gel +ulVin)/B) " \w e/ 088) 912/ P ’

By the (1/2)-Holder continuity for the matrix square root: | M2 — N1/2||,, < |[M — N||1/2 for
positive semidefinite matrices M, N, combined with the convergence ||4||*/p — 52, l|12/p — B
and the concentration 7,, = 1 "/(pBB) + op(1), we have

~ N\ 1 N
[(Iheleios) T e (3 nH>”2
¥/ (pBB) 191/ (p5?) My 1
Combined with the previous display, we get

Z H ( Zigz izm j;?g) B <171H ﬁ1H>1/2 ij2 = op(n) + op(1) Z [w; || = op(n),

JE(p]

op = 0]}»(1).

where the last equation follows from 3., E[|w;||*] = 2p, which follows from the fact that the
marginal distribution of w; given (2,0, 1, ) ) is N(0,1) (note, however, that we do not establish or
take for granted that (wj);epp are i.i.d.). Using tr[V]/p 2, v (Lemma 12) and ||h||? = Op(1) from
Lemma 10, we can also replace tr[V']h; by prh;j. As a consequence, we get

1 (¢TGeT+pyh) ANIE i 1 ﬁH 1/2
 Cakasees HC)[RNRRC R E L

JED]

Here, we emphasize that the conditional distribution of (w;,w;) is given by

w; i 104 LTl
<’[D]> |(Z707G alvl) N<027 <7/7\H 1 ))

since the conditional distribution of w; given (z,0,G 7, 1,1 ) is standard normal N(0g, I2) and 7,

is o(z, 0,1, 1)-measurable. For each j € [p], let us define E E; and E; as
_ p'Gel +prhy - P Ge] +pihy
Ej = —wj, Ej= = — wj
VP8 VDB

so that the bound (31) reads E]E[p} ["2+u ] = op(n). By the KKT conditions G "4 € \/pdreg(/ph+
0) and GTw € f@reg(\fh + 60) for h and h, respectively, \/ph; and \fh can be written as

<¢ﬁ@j> Proxeeg (0 + 5 (@) + Zj); ") — 6
VP = '

—_

(s ~(wj + :j);ﬂ_l) —0;
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Now we claim that the bound >, EJQ = op(n) also holds in the conditional expectation E, i.e.,

]E[Zje[p] E?] = op(n). To this end, it suffices to show E[(p~! de p) 2 ) | < C with high probability
for a constant C. Using the upper estimate

1 IGTy|* | v 1 N
0< -3 <a( 0 SRR+ - > (@)?)
p Bp g p
Jelp] J€lp]

and the moment bound form Lemma 10, we get

—r1r1 2 —r/1 2

B|(; X =) ] <a(1+8[(; E@r)])

P jenl P jew)

with high probability. For the second term, expanding the square of the summation,

E[(r S @) ] = 22E (@)1 < = 3 \EI@) )/ El(@)] = 6

JEP]

where we have used E[(@;)%] = 6 for all j, which follows from the fact that the marginal law of w;
is M(0,1). This gives IE[(1 > el = ) | < C with high probability for a constant C, and hence we

get the estimate E[E > el :?] = op(1). The same argument yields E[; > el ;g] = op(1).

Combined with the proximal representation of (\/ﬁhj,\/ﬁﬁj) using (Ej,éj), since proxf() is 1-
Lipschitz for any convex function f, the upper bounds of E[% > el E?} and E[% > el Z ] yield
the following simple proximal approximation of (,/ph;, \/ﬁﬁj)

rOX,eq (0 V)i vt) —6;
p %;] H‘( J> . (Eroxreégzj :t E%ﬁ;@;;—li —Zj> HZ} Bk

Noting E[||h||2] = Op(1), this lets us approximate E[hTh]/a& by the inner product of proximal
operators:

EhTh 1 1 - N ~
[0454 ] +op(1) = » %:] @EKproxreg(Gj + (B/v)wj; v — 9]-) (proxn;fg(Gj + (B/v)wj; v — 03-)}
j€lp
- Z Freg 77H»
JE[P]

where for the second inequality, we used the fact that the marginal law of (w;, w;) given (0, z,I,1) is
jointly Gaussian, with zero mean, unit variance, and correlation 7),,, and where Freg(+;6;) : [-1,1] —
R is the function defined by

— p(z)p(y) dr dy

ax

(6 // ProX,eg (0 + 25 1) — ;) (proxegg (0; + 2(nz + /1 — ny); L) — 0;)
reg )

with ¢ being the standard normal probability function and [ = [*_ [*_. Notice that for cach n €
[—1,1], the sequence (Freg(n; 9]'))?:1 are i.i.d. random variables with mean E[Fieg(7;0;)] = Freg(n).
Furthermore, by the Jensen’s inequality and the Cauchy—Schwarz inequality, the expectation of the
absolute value is finite:

1 > o~
E[|Freg(:0,)l] < —=E[|(prox,eg(© + SH; 1) — ©) - (proxg(© + 513 1) - ©)
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1 9 1/2
< ﬁE[(proxreg(Q + éH; %) — @) }

=1 (by (5a) in System la).

Thus, the weak law of large numbers gives p~1 > jeip) Free(n:6;) Py Freg(n) for each n € [~1,1].
Next, we claim that this convergence holds uniformly over n € [—1,1].

Lemma 15. Let I be a bounded and closed interval of R and let (fn)n>1:1 — R be a sequence of
non-decreasing functions such that fn(x) 2 f(x) pointwise for some function f : 1 — R. If f is
non-decreasing and continuous, then the uniform convergence sup,ey | fu(z) — f(z)] 2 0 holds.

Note that Lemma 15 is a probabilistic analogue of a similar statement for deterministic functions: if
a sequence of real-valued monotone functions (on R) converges pointwise to a continuous function
on a compact set I C R, then the convergence is uniform on the set I. The probabilistic version is
known but in a more general setting, so to keep the treatment self-contained we give a basic proof
below which is similar to proof of Glivenko-Cantelli theorem (cf. [VAV00, Theorem 19.1]).

Proof. Let us write I = [a, b]. Since f is continuous and I is compact, f is uniformly continuous on
I. For any € > 0, there exists some . > 0 such that |f(z) — f(y)| < €/2 for all x,y € I such that
|z —y| < dc. Now for sufficiently large integer k = k. € N such that (b—a)/k < 4, let us take equally
spaced grids (z;)¥_, over [a,b] such that a = 29 < 71 < --- < 25 = b and (v; — 2;-1) = (b —a)/k
for all i € {0,...k}. Let Q. = NF_o{|fu(z:i) — f(2:)] < €/2} be the event under which f,, and
f are sufficiently close at the ﬁmte grids. Note that this event holds with probability converging
to 1, thanks to the pointwise convergence fy,(z;) B (x;) at finitely many x;. Then, since f, is
non-decreasing while f does not move more than €/2 in [z;_1, 2], for all i € {0,1,...,k} and for

all x € [z;_1,x;] we have

fn(l'ifl) < fn(l') < fn ( z)a
—€/2 = f(zi1) < —f(2) < —f(i) +¢/2.
In the event €., summing the two lines it holds that —e < f,,(z) — f(z) < efor alli e {0,1,...,k}
and for all x € [z;_1, ). O

Recall that we have shown in the proof of Theorem 1 that Fieg is differentiable with a non-negative
derivative. By the same argument, the map 7 — Fieg(n;6;) is differentiable with a non-negative
derivative. Thus, applying Lemma 15 with f,(-) = p~! > jeip Freg(105), f(1) = Freg(+) and I =
[—1,1], we get the uniform convergence:

sup ’ Z Freg n;0;) — Freg(n) £> 0.
=L P e

Combined with E[Zi;m = %Zje[p} ﬁreg(ﬁH; 6;) + op(1) and 7, € [—1,1], we are left with

Elh 1 —~
- Z reg 77Ha + OP(l) = Freg(nH) =+ OP(I)'
E

E
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Recall the definition 7, = H[_l,l](m’;;h]) where II_; ;) is the projection onto [—1,1]. By the
continuity of the projection map and the bound sup,ci_i 1) [Freg(n)| < 1 (see Theorem 1), the
above display yields

e = Wi—11)(Freg(15)) 4 0p(1) = Freg(7ly) + 0p(1).

Next, let us show 7, = Fioss(7,) + op(1) using the same argument. Using Lemma 14 with F =
[h/a | h/a] € RP*2 and z = g;, there exists a random vector u; € R? with conditional distribution

Uu; | Z,O,G_i,I,TgN(OQ,IQ)

and

[H gl h — t[AJs + hTAGTDe)/o  ([h2/a? hTh/ag) -2}
(g7 h— tr[Als + T AGT Dey)/a) ~\hThjoa [R|2/a2) %

< CGZIE Hagz

‘ 2

"+l o

Using || Allop < (pp) ™t in (30) Lemma 10, noting u~2 = o(n), it follows that
E[|hAGTD|?] = Oz(n"'1i™2) = op(1)
oh B 2 (175112 T2 (15112 -2
> 3 B[l IP] < 2B[IARIGI + |AGT DIEII] = Os(~2) = oz(n)

i€[n] jE€[p]

so that summing over ¢ € [n] the inequality (32), we get

ZH( Th—trA]@)/a> 1R/ hTE/a& v
Th—t]Al)/a)  \RThjea |RI2/a2)

i€[n]

2

= op(n).

Appealing to the (1/2)-Holder continuity for the matrix square root again, now using the two

convergences ||h||? — o2, ||

~ 1/2
|1/ nTRjad " ( i ﬁG)1/2
hThjod B2/ fo 1
Combined with the convergence tr[A] 2 k. tr[A] & &, noting that > icn] g ||? and |2 + |||
are both Op(n), we are left with

SRR - (o = whe (3) = (3 )"

By the same argument that we used to bound =Z; and Ej, using Lemma 10 and the fact that the
marginal law of @; (and %;) is N(0,1), we can show that the conditional expectation E of the
square of LHS is bounded from above by a constant C' with high probability. Thus, the above
approximation also holds in the conditional expectation E:

s el () - (I -
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h|> 2 &2 and the concentration Mg = hTh/(ad) + op(1), we get

o op(1).




Let us define Z' := g, Th — ki — ot and = = gTh ¢ Qi so that the above display reads

> icn] E[(E)? + (:’)2] = o(n). Since 1; = loss' ( 2 — g, h) and P = loss (zi —g; Th) forallieINI,
the residuals can be written as

T S i T ~~ =
— g; h = proxee(2i — ati; — Z'5 k), 2 — g; h = proxi— (2 — au; — E' k)

for alli € INI. Since the map = — env’f(:n; 7) = f'oprox;(x; T) is a composition of Lipschitz functions
if f is convex and differentiable with Lipschitz derivative, the moment bound ;¢ E[(E)? +

(29)2] = o(n) lets us approximate ; and ¢; by env| . and envl’gsvs as follows:

env) at;; k) 2 . u; o 7d 1 7,
72 “(wl_eanz_aﬂi;,E))H —op(1) with (a) 12,0,G_i, I,T < N(0,, (ﬁ )

G
ieInl

Noting E[||9]?] = Op(n) by Lemma 10, this lets us approximate E[tT]/(p83) by the inner

product of (envfoss,env&)\s/s):

Bw'9) _|107] 1

.
pBp pBB |INT| Efy 9]
—;CEU;ﬂ Z ElenVioss(2i — i k) - envi—(2; — &s; )] + op(1).

ielnl

Since the marginal distribution of (u;,u;) given (0, z, I T ) is centered normal with unit variance
and correlation 7),, the above display reads

E['{bT{[;] 1 F m
=~ = ~ oss\ i ?i) + 1
w55~ InT Eﬁ loss (15 2i) + 0p(1)

where Floss(1; 2i) : [—1,1] — R is the function defined as:
005 , , ~ 3.\,
Floss(n; 2;) = (y)envioes(zi + aux; m)envgsis(zi + a(nx + /1 —n?y); k) dzdy.

By the same argument for Freg(; 0;), the sequence (Fioss(1; 2i))ic[n) are i.i.d. random variables with
mean E[Floss(7; 2i)] = Floss(n) and the expectation of the absolute value | Fioss(7; 2;)| is finite. Thus,
by the weak law of large numbers, we have % Zie[m] Floss(m; 2;) LN E[Fioss(n; 21)] = Floss(n) for any
deterministic integer m = m, — 4o00. Then, we have that for any € > 0, denoting by ), the sum
over all possible value K taken by I N I ,

P( 1IN ~| Z loss (175 i) — Floss(1)] >€>

ZGIOI

Z ( Z Fioss(1; 2i) — Floss(n)| > €, I N I= K) (by additivity of disjoint events)
K ZGK

Z (|7 Z Floss ; Z’L Floss(n)‘ > E)P(I N f: K) (by independence)
K zEK

Z (]— Z Fioss(m; zi) — Floss(n)] > e)]P’(|Iﬂﬂ =m) (since (2i)iekx 4 (2i)iem) for m = |K|).
m>0 i€[M]
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We now split the sum over m > 0 into two as follows:

P(\ 7 ; 7 Z-emfFIOSS(m zi) — Floss(n)] > 6)
(X 4 X )P( Y Fen ) — Fess)l > €)B(IT 0T = m)
m<ncd/2  m>ncd/2 i€[M]

P(IN1I| < nee/2) + sup ]P’(]— 3" Fioss(1: 21) — Fioss(m)| > E)qu 1| > nce/2)
m>ncc/2 ie[M)

where P(|I N I| > nc¢/2) < 1 in the rightmost term. The second term converges to 0 by the
weak law of large numbers, and the first by Chebyshev’s inequality applied to the hypergeometric
distribution.

This gives Zze[ﬁ] Floss(m; 2;) LN Floss(n) pointwise for any n € [—1, 1]. By the same argument

1
|InI]|
we used for Freg and Fieg(-;0;), Fioss and Fioss(+; 2;) are non-decreasing and continuous. Thus, we
can apply Lemma 15 with f,,(-) = —1= > icing Floss(3 2i), f() = Fioss(+) and obtain the uniform

|INT]
convergence:

Z FIoss UR Z’L) FIoss( ) —O]P’(l)

sup ’
Ly I N apnt

Combined with WJBBM IFIUI > icing Floss(Mg; i) and 7, € [—1,1], we are left with

E[sp 9]/ (pBB) = Fioss(7i) + 0r(1).

Recalling 77, = TI[_; 1;(E [¢T1p]/(p5§)) where I1|_; ) is the projection onto [1, 1], by the continuity
of the projection map and |Fless(n)| < Vee < 1 for all € [—1, 1] (see Theorem 1), we finally obtain

Ny = H[fl,l] (Floss(11g)) + op(1) = Floss(7;) + op(1).

In summary, we have shown that 1), = Freg(7,;)+op(1) and 7),;, = Fioss(7),)+0p(1). By the continuity
of Fieg and Fiog, it holds that

AG = Freg o Floss(ﬁc) + OIP’(l) and ﬁH = Floss © Freg(ﬁH) + OP(1)~

Since Freg © Fioss and Fioss © Freg are (¢ A ¢)-Lipschitz with ¢ A¢ < 1, we have

|ﬁc - 770‘ = ’Freg ° Floss(ﬁc) + OHD(l) - Freg o Floss(nc)‘ < (C/\E)|ﬁc - 77G| + OP(l)’

so 1, = n, + op(l), and similarly 7, = n, + op(1l) for the fixed points 7, and 7, satisfying
Ng = Freg © Floss(ng) and 1, = Fioss © Freg(nH)' Recalling 7, = h' h’/( @) + op(1) and 7, =
YT/ (pBB) + op(1), this gives hTh/(ad) 2 n, and ¢ ¢/ (pBB) 2 n,,, thereby completing the
proof.

Finally, let us show the proximal approximation of estimators (,/ph;, \/f)ﬁ]) and residuals (z; —
g/ h,zi — gfﬁ) Using the convergence '(bTIZ/(pBE) 2, n, that we have shown, applying the above
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argument with 7, replaced by 7,,, we have

FOX e (0 V)i v1) — 6,
D Z [H( ) B (EerrezEZ] i Egé,j;@;;gli _ Zj) HQ} = op(1).

JE[p]

LHS;

Since | X,,| = op(1) is equivalent to E[1A|X,|] = o(1) for any random variable X,,, the above display
reads

1 _
E[l =Y E[LHsj]} = o(1)
P jetv
where the expectation E is with respect to (z,0,1,1) (recall the definition E[] = E[-|z,0,I,1]).
Note that the integrand is bounded from below as

1/\12E[LHSJ»}2;Z<1/\E[LHS ) ZEl/\LHS]

P iem i) P e

where the second inequality follows from the Jensen’s inequality E[f(X)] < f(E[X]) applied with
the concave function f(z) = 1Az and X = LHS;. Taking the expectation of the above display and
using the tower property, we are left with

LS B[ ALHS)) = o(1).

P Jj€lp]
Since the marginal distribution of the integrand (1 ALHS;) is the same for all j € [p] by symmetry,

the LHS equals to E[1ALHS /] for any j" € [p]. This gives max;e | E[1ALHS;] = o(1) and completes

the proof of the joint approximation of estimators (,/ph;, \/p h; ;7). The joint approximation of residual
follows from the same argument so we omit the proof.

A.3 Proof of Theorem 4

We assume that reg and reg are u-strongly convex for a fixed p > 0. Then [BS22, Theorem 5.1]
implies that

tr[A] tr[V] — df = Op(v/n).
On the other hand, by the same argument in the proof of Lemma 12 with the diminishing ridge
penalty p, replaced by the strongly convexity parameter p > 0, we have tr[V]/p 20 >0 and
tr[A] 2 k. Therefore, we get

tr[A] — df/tr[V] = Op(n™"/?) and df/tr[V] = Op(1).

Note in passing that the same things hold for df and tr[j}]. By the Cauchy—Schwarz inequality, the
error term due to the replacement of (df/tr[V],df/tr[V]) by (tr[A], tr[A]) is

‘Z (7"1 {zGI} wz) (77@ + t;;}] ]l{zef} Jz) — Z (’f‘z‘ -+ tl‘[A} ]l{iEI} wz>—r <§:Z + tI‘[AV] ]l{zef} {/;Z)
i€[n]
f df = f
< [Se m | S A+ [R5 et

i€[n] i€[n]
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= (lzll + Or(vn)) - Op(1)

where the last equality follows from the following fact: ||r||*> < 2(||z||? + [|Gh||?), |Gh||* = Op(n),
|l%||> = Op(n), and df/tr[V] = Op(1). Therefore, it suffcies to show

nhTh+|z|? = Y (2 — g/ b+ te[A] Ljsery vi) (2 — g b+ 6r[A] 1, gy ) = Op(1)|2]] + Op(V).

i€[n]
By simple algebra, the LHS can be decomposed into three terms &; + §~1 + & with:

icln] i€fn]
& = nh'h — Z Th— tr[A ]l{z'el} ?/)z) (Q%TE - tr[ﬁ] ]l{ief} J’)

i€[n]

For (£1,&), the derivative formula (35) and the argument in the proof of [BS22, Proposition 18]
yield

= 1] = €]
E E < O,
[{Ilhll2+p1||¢||2}1/2-|IZII}+ [{||h\|2+p—1\|w|| 232 2] (.0

Since the denominators are Op(1)||z|, we have &, + & = Op(1)]|2]|.

Below we bound &3 using the following moment inequality, which is a variant of [Bel23, Theorem
7.2].

Lemma 16. Let p, p : RE*XQ — R? be locally Lipschitz functions and ¢, E: REXQ 5 RE be locally
Lipschitz functions. If (zy)kek] are i.i.d. N(0q, Ig), we have

5 T ) T~ o5
| PP = Yein (2P~ Yeq 2 (=P~ Lgeo ffj)‘ < C;(VE(1+ \/ﬁ) CEE 4 E)
{12 + S22 {]1B]12 + [1C][2}2/2 =7 SIS E+E

!

where = := m Zke[K] qu[Q] (H%W + Ha@fq HQ)

(The proof of Lemma 16 is given in Appendix A.3.1.) By Lemma 16 with (p, p) = (h,f~1,), (¢, E) =
(¢/\/ﬁ7¢/\/ﬁ)v and K = [n]7 we get

o nh'h— Zzen(gz h — Z]G[p] @g”)(gz h— Zje[p] agw) <
{IR]12 + p= [l Y2 {[RIJ + p= e ]2}1/2

where

= 2 1,0 2
o Hhu2+p—1u¢|\222(’ I+ 5 156:1) (33)

i€[n] j€[p]

Let us bound =. By the derivative formula (29), we have

> llogh)? < 2| AlR¢)* + 2 AGT DIFIAI®, Y 1059 < 2| DGAJE|$|® + 2|V |7 kI
i i
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where V.= D — DGAG'D and D = diag{loss”(z; — g, h)}. By [|Allop < (pp)~! and || D||op <
||loss'||Lip, Z is bounded from above by

= < 2| All% + 2| AG T D|% + 2IDG A% + 2p7 | VI[E < C(8, [lloss'||Lip) - 1A 1GllG,  (34)

By [|Allop < (pir)~! in (30) and Lemma 10, we obtain E[Z] < Cy. This gives

< Cipv/n

= dh, = oh,
]E‘ nhTh =379 h =i ij)(gjh — e ag)
{IR[1? +p= I[P H/2{[[R]12 + p~ 4] 2}1/2

Since the denominator is Op(1), we have

TR Y (ol X G (TR X G) = oty

ic[n] Jelp] Jj€lp]
By the derivative formula (29), noting that -~ =0 for all i ¢ I and j € [p], it holds that
oh,; 0 1 ¢ 1
- § A (35)
sl 9gij tr[AJy; —h' AGDe; icI

Combined with |hT AGD||?> = Op(n~1), the Cauchy-Schwarz inequality leads to

> (gfh—z gg}?) (gi h Z Oh ) => (g;h—tr[A] Ljen wi) (gfﬁ—tr[ﬁ] Liehy 1,5@-) +Op(1).

1 a 7
i€[n] jelp] 7Y jeln) 997 i)
This gives & = Op(y/n) + Op(1) = Op(y/n) and completes the proof.

A.3.1 Proof of Lemma 16
Let us denote f = (p',¢") " € R+ and f: (p', ET)TRQXL. Let us write the product as

HJch_Hz(\fH ||f||>H H2<|f|| ||f”)H

Note that & fH and m are bounded by 1 in the standard Euclid norm || - ||. Applying the x-

square type moment inequality [Bel23, Theorem 7.2] to these terms respectively, we observe that
the following two terms are bounded from above by vK{1 4+ E[Z 4+ Z]}'/2 + E[Z + Z] up to some
universal constant:

‘ “(HN+HJ0H>” - (Z’CT<||% i) [Q]akq(upfqn H?H))Q‘
‘ H(HJfH_HfH)H ( T<||;H H;H) _qez[(;?] afkq(uf;gn B ||p]’c€”))2‘

Thus, by the triangle inequality, we are left with the bound of cross terms:

IE’K -y M\<\F{1+E[ +EN2 L EE + 3] (36)
7T Rt
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where by = 2| p/| fll — >4e(01(0/021q)(pg/ || ). Expanding the derivative of the second term, by
can be written as

T 9pq
by, — R P~ qu[Q] Ozrq Z P
£l !

=:ay

fToof
_|_
P o AT 2 T 5a

Thus, by multiple applications of Cauchy—Schwarz inequality, using ||p||? < || £]|?, we find that the
error ||b—a|? = > keix) bk — ay)? is bounded from above by 2Z:

T T
o= 01" = 05 < 1ol i) < e Sl | <

keK qelQ)]
The same argument gives ||a@ — b||2 < 2Z.
Now we claim the following deterministic inequality for all w, @, a, @, b, b € RE with |lu| V| a| < 1:
|Ku'@ —a'al - |[Ku"@—b"b|| < (|a—b|* + @ - bl|*) + VK (|a - b + |a@— b])
K ul? = 0]+ K @l - (b)) (37)

We prove this inequality later. Applying this inequality with u = p/|| f|| and (a, b) defined above,
using ||a — b||? < 22, we get

|Ku't—a'al <2(E+E) + V2K(EY2 + Y2
+27 (| K [l = 1] + [K[[@]” = b))
+|Ku't—b'b|
Taking the expectation, using the moment bound (36), we are left with
ElKu't —a'al <E[E+E] + VKE[EY? + E'2)]
+ {1 +EE}? +E[E] + {1+ EE}"/* + E[E]
+{1+EE+Z)}/2+EE+5]
Using Jensen’s inequality E[X 1/ 2 < \/7 for any non-negative random variable X and \/a++v/b <

V2vVa+b for any non-negative scalars a,b, the RHS is bounded from above by vVK{1 4+ E[E +
Z]}Y/2 + E[Z + Z] up to some universal constant. This finishes the proof.

Below we prove the deterministic inequality (37). By multiple applications of the triangle inequality
and Cauchy—Schwarz inequality,

|Ku'a —a"al - |Ku'u—b"b|| < |a"a—b"b|
<l(a=b) (@—b)+(a—b)"b+b"(a—Db)
< lla - bll|a—b]| + |a - b|[b]| + @ - b]|[b]
_lla—bl*+ Ja b
- 2
Using [|b]| < /][[B]7 — K[[ul]?] + v/K[[u[? and ||u] <1, ||a — b]|||b]| can be bounded from above
as

+lla = bll[[b] + [la — b]|[b]

— b2 ||[b)? = K||ul?
a— bl +||| | ”“”|+\/ma—bu.

7 7 - I
la—bll[[b] < Ha—bH\/IHbH2 — Kl[a]?+ VE|a—bl| < = 5
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The same argument gives H&—EHbH < ”aEbHQ + ”b”Lé{Hqu' +VK||a—b||. Putting them all together,

we obtained the desired upper bound of HKuTﬁ —a'al—|Ku'u - bTEH.

A.4 Proof of trace convergence

We assume without loss of generality that I = [n]. Throughout this section, we denote h = fAL% K
and v = 9, i for simplicity.

Lemma 17. For any p € (0,1] with p=' = o(n'/4),

(V] = [kl 72 (|[|* t2[A] — " Gh) + Op(n'*u™")
(¥ " Gh)? + [Ih(pll9l* — IGT %)
lp[*

and P(tr[A]> < C) — 1 for a constant C > 0 that only depend on («, 3,6).

+ Op(n—l/Qlu—Z)

tr[A]* =

Proof. First we show the stochastic representation of tr[V] by (h,, tr[A]).

Lemma 18 ([BS22]). Let p: REX@ = R? and ¢ : REXQ — RE be two locally Lipschitz functions
with differentiable components. If Z € RE*Q has i.i.d. N(0,1) entries, we have

¢"Zp-3, 659%;:;) 2 -
(arrer ) | < ont+EE)

where = := m ZkE[K] qu[Q] (H%W + H%HQ)

By Lemma 18 with (¢, p) = (p~ /24, h) and Z = G, we have

LypTGh— LS oaty)
\/ﬁ’lp VP 1] 0gij —_
E < Ci9(1 + E[=
(e ) ] Gt +EED

where Z is the same estimate as in (33). Using the upper estimate Z < Ci3]|A[|2,[|G|3, in (34),
|Allop < (pu)~! and E[||G||*] < C(d)n?, we find that the RHS in the above display is bounded
from away by C(8)(1 + p~2). Since the denominator ||h||> + p~t||+|? is Op(1), we get

$TGh-Y" a;”gfh;" = P 0s(1) - Os(i™) = Op(v/mu~Y).
ij K

For the sum of derivative ), 8%%3”, using [|Aflop < (pp) ! and |G||op = Op(v/1), we have

3 8((;”;@ = ||*tr[A] - h'G' Dy — ¢ DGAh — ||h|* tr[V]
ij

ij
= |9]* tr[A] + Op(n'/?) + Op(n™") — ||hl* V']

so that we are left with

¥ Gh — ||| tr[A] + |h|* tx[V] = Op(Viap ™).
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Dividing by ||h||?, noting ||h|| ™" = Op(1) from ||h||2 2 a? > 0, we obtain the representation of
tr[V].

Next, we show the stochastic representation of trA?] by (G, h, v). By the stochastic representation
of tr[V],

l9[|* tr[A]* — (¢ " Gh + tx[V]||h[]*)?] < Op(v/np™")||[9? tr[A] + ¢ " Gh + tx[V]||h|?|
< Op(v/nu HOp(np™ +n +n)
_ Op(n3/2 2)

By Lemma 16 with p=p =1/,/p and ¢ = Z: h, we have

T 0P \2

[Pl 117 — Zje[p](% Gej— = Yicin) 59)" ]

E i < Cya(v/n(1 + E[E12) + E[=]).
| ]2+ p 12 | < Cuvan+BE + ELE)

where Z is the same estimate as in (33). Using E[Z] < Cy5u72 again, we get

I = 3 @ Gey — 3 042 = 0p(1) - Op(Va(1 + )+ 7 = (0207

i€lp) i) “91

Using 3 ;e 88;6; = —1p DG Ae; — tr[V]h; by the derivative formula (29), it holds that

[S @ e~ 3 51— 16T+ uving
j€lp) i€n) 7"

— 16T + ATGT Dy + uVIR|* - |G + tV]A|?|
< |ATG Dy (| ATG Dyl| +2|G % + tx{V]h])
= Op(p ) (Op(p™") + Op(n)) = Op(n~"'n).
Combining the above displays, we are left with
1$? = p~ G749 + tr[VIR|? = Op(n'2p™") + Op(p~'n~") = Op(n!2pu™).
Therefore,

1)1 tr[A]> = (3" Gh + tx[V]||b]*)? + Op(n®??)

= (¢ Gh)* + |h|?2u[V]yp Gh+ u[VE(|h|?) + Op(n*p7?)

= (@ Gh)* + |RIP(IGT + t[VIR|® = |GT|*) + Op(n?/1 %))

= (¢ GRh)’ + [P (pllY)* ~ |G T )*) + Op(n®*u™") + Op(n ).
Multiplying by ||| =%, which is Op(n?) since ||[%||2/p = B2 > 0, we obtain this representation
of tr[A]%. The upper bound P(tr[A]? < Ci4) follows from the stochastic representation and the
convergences: [[9|%/p & 5% > 0, [h|* B a® > 0, |Gllop/v/n 2 1+ V5 > 0. 0

Lemma 19. Letting E[] = Ei-\z, 0] be the conditional expectation with respect to the design matriz
G, for any p € (0,1] with p=* = o(n), we have

(6T GRY? + [P 12 ~ [GT ) _ (ElwT G + BAIPGEISI? ~ IGTIE) . > o s
ol - B9 o)
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Proof. By the Gaussian Poincaré inequality, we claim the following:

E[(l9[1” - Ell#]1*])%] < Ciznp™?,
E[(|R]* - E[|R]*])%] < Cisn™'p2,

E[(v"Gh —E[t)' Gh])?] < Cronu ™2,

E[(|G")” — E[|GT )% < Caon’u2.

First and second moment inequalities immediately follow from Lemma 13 with I = I = [n]. For
the third moment inequality, the Gaussian Poincaré inequality gives the upper bound E[(1p T Gh —

E[¢TGh))?] < EUE< WGh) where

T T
RHS” = 6%gfh ( DGAejﬂ)@ Veihj) Gh + wlhj + ’l,bTGA <6j1f)i — GTDeihj)

—elAT (—GTDGh + GT¢>¢Z» el (VTGh v DGATGsz)hj + ihy

By V=D - DGAG'D and || A|op < (pu)~! in (30), we have D0 E[RHS ] < C91nu~2. Next,

B[(167vl? - ElIG %17 ] < ZE(a"C;;j”"2) ~ 1Y el Yy
2y

where

G T4

89 - ’l,bT Jwi + 'l,bTGGT(—DGAej@Z),- - Veihj)
(]

¢T

— ¢ G(I, - G'DGA)eji; — b GG Veh,
SO D i E[RHS%] < Ogn3p~2. Thus, we get

o)1 = E[|l9]*] + Op(n'/2 ")
|RI? = E[|A]2] + Op(n =21
YT Gh =E[p  Gh] + Op(n'/?y )
IGT|* = E[|GT9|*] + Op(n*?u")

Since =2 = o(n), the concentration of ||1]|? on the conditional expectation E[||||?] and the

convergence ||¢]|?/p = 3 yield E[||9[|*]/p = 82 > 0. This implies that 1/||3[|* and 1/E[||¢/]|?] are
Op(n~1). Then, the error from replacing the denominator [|4||* by E[||1||%]? is estimated as

(Il =* = B[l [1”1) (¢ T Gh)? + [|B[* (Pl |1 — |G T 5|1%))
_ (= = EllwlPD Ul + Ell9]%]) Op(n?)

[ *E[[l4%)
= Op(n'? ) Op(n - n~*)Op(n?) = Op(n~ 1),

For the error from replacing the numerator with the conditional one, the error of replacing each
term with the conditional one is given by

(’I/JTGh)2 _ (’I/JTGh)2 + O]P(?’Lg/2ﬂ_1)
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IRl 1%1% = E[hl*E[ll4]%] + Op(n'/2n)
IR IGT9II* = E[|hI*E(IG "9 |1%] + Op(n*?u")

Thus, noting that E[||4]|?]~! = Op(n~!), we get

(¥ Gh)? + |h* (¥l — G ¥]?) — (Bl ' Gh])? — E[||h|*)@E[l%[*] - E[IG"4]*)
Efll# %2

_ Op(n_1/2u_1).

This finishes the proof. O

Lemma 20. Suppose pn € (0,1] and p~' = O(n'/®). Then, there exist a non-negative random
variables ® > 0, which is independent of G, such that

IP’(\ tr[A] — &) < 2016 and [R| < c) 1
where C' is a constant depending on (o, 3,0) only.

Proof. By Lemma 17 and Lemma 19, there exists a random variable A,,, which is independent from
G, such that

tr[A]2 = A, + Op(n Y20 2) + Op(n 201 = Ay + Op(n~Y), and P(|A,] <C) =1
Noting tr[A]? > 0 and Op(n~'/*) = op(n~1/®), this implies that the event

Q= {|tr[A]? — A, | <n VBN {-—n"P < A, <C}

holds with high probability. Let us take & = /(A, + 2n~1/8),. Note in passing that under the

event (), we have kK = \/A,, +2n~/8 and & < v/C + 1. By the non-negativeness tr[A] > 0 and the
(1/2)-Holder continuity of the square root R>g > z — +/x, under the event €2, it holds that

|tr[A] — R = [\/tr[A]2 — VA, + 2n=1/8| < | tr[A]? — A, — 207 V/8|1/2

and the RHS is less than ]n_l/g + 271_1/8|1/2 < 2n~1/16 by the triangle inequality. O

A.4.1 Proof of of Lemma 12

Applying Lemma 14 with M =1 and (2, F(2)) = (gi, h) for each i € [n], using >, E[||0;;h|% =
Op(u~?) = op(n) we get

S (g7 b — tr[AJe; — |R||@)? = 0p(n), @l0,2,G_; < N(0,1)

i€[n]
By Lemma 20, there exists a non-negative random variable % independent from G such that
trf[A] =k +op(l), P(R<C)—1

for a positive constant C. Then, combined with ||h| = a + op(1), we get

! 2 |le1?
n

L Eicn @
2n

n

> (9 h =R — a@iy)* = op(1) + (R — tr[A]) + (k]| - )

i€[n]

= O[p(l).
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Furthermore, using the independence of (k, G) and the upper bound k < C, by the same argument
in the proof of Theorem 2, we can easily show that the conditional expectation E[-] = E[-|z, 6] of
the square of LHS is bounded by C with high probability for some constant C. This implies that
the conditional expectation E of LHS is also o(1), i.e.,

— Z El(g, — ati;)?] = op(1).

1€[n

Let us define Z; := g, h — K¢; — ai; so that the above display reads n=1 3", E[Z?] = op(1). Noting
; = loss'(z; — g;' h) for all i € [n], the residual can be written as

g h = prox, (2 — ali; — Zi; R)
for all 7 € [n]. Since prox(-) is 1-Lipschitz for any convex function, we have
1 — . SRS T .
- Z E[(ZZ — g; h — proxees (zi — aly; m)) } < - Z E[E5] = op(1).
i€[n] i€[n]
Since loss’ is Lipschitz, the above display lets us approximate v; = loss'(z; — g;' h) by env] (2 —

Qi R):
Z K — eNVjog(2i — QUZ7H))2:|:OP(1).

ZG [n]

Applying this approximation to the concentration 3% = [|9]|*/p + op(1) = E[||9)[|*]/p + op(1) by
Lemma 13 with I = I = [n], we get

82 = nl IE[Q/}E] +op(l) = 5 Z [envbss — al; R) ] + op(1)

pn 1€[n] ze[n]
= 5 Z / z)envio (2 + ax; R)* da + op(1). (38)
ze[n]

where o(z) is the pdf of N'(0,1). Let us define the functions F, F' : [0, 400) — R by

F(r) == 82 — 6Elenv} o (Z + aG;7)?],  F(7) 5 Z / z)env,. (2 + ax; 7)? da

so that F(k) = 0 by (5b) in System la (with ¢ = 1), while (38) reads F(&) = op(1). Note in
passing that the weak law of large numbers implies ﬁ(T) P, F(7) pointwise, and F and F are
strictly increasing functions in 7 since —27tenv| (z;7)? is the derivative of the convex function
T > envjess(x; 7), which is strictly convex under Assumption D-(4) (see [TAH18, Lemma 4.4]).
Then, for any € > 0, we have

F(k+€¢)>0=F(k) > F(k—¢).
By the pointwise convergence ﬁ(T) 2, F(7), it holds that

Fk+€) >2 '"F(h+¢€) >0>2"F(k —€) > F(k — e).
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with high probability. Then, combined with ﬁ(’f%) = op(1), we have
F(k+€) >2 '"F(k+¢€) > F&) > 2 'F(k —¢) > F(k — ¢).

with high probability. Since F' is non-decreasing with probability 1, this gives P(|r — k| <€) — 1.
Since we took € > 0 arbitrarily, we obtain & = .

Going back to the place where we replaced tr[A] by R, now replacing tr[A] by & instead, we obtain

Z Th — ki — atiy)? = op(1),

zE [n]

and this approximation also holds in E. Thus, we get the approximation of residual and 1;

- Z E[(z, g; Th— ProXjoes (2i auz,ﬁ))z} = op(1 Z E[(zﬁz envloss( auz,ﬁ))Q] = op(1)

ze[n] 16 n|

Let us show tr[V]/p 2 v. Using the concentration ¥ Gh — tr[A]|[+]|? + tr[V]||h||> = op(n) from
Lemma 17 and ||h[? 2 a2 > 0, ||¢[2/p 2 82, tr]A] 2 &, we have

p rtr[V] = a2kB? — o %p "Gh/p + op(1).

Recall that we have shown the concentration ¥ ' Gh = E[tp " Gh]+op(n) in the proof of Lemma 19.
Applying the proximal approximation of the residual 2z; — g; h and ¥; to this, noting E[||4||?] =
Op(n) and E[|Gh||?] = Op(n), we are left with

%d)TGh_ ZE% g h] + op(1)
= - Z IEﬂ{envloSS — aliy; k) (2 — proXiess(2i — Qiy; H))] + op(1)

== Z / x)enViy(2i + ax; k) (2; — proxess(zi + ax; k) dz + op(1)

so that the weak law of large numbers yields

1
ﬁthGh = Elenv,ooo' (Z + aG; k) (Z — proxjee(Z + aG; k)] + op(1)
= Elenvioeo (Z + aG; k) (aG + Z — proxees(Z + aG; k) — aG)] + op(1)
= kE[env|.o (aG + Z; k)% — aE[G - env| (oG + Z; k)]
=k-3%/6 —a-va/s.
where we have used (5b) and (5d) in System la (with ¢ = 1) for the last equation. Combined with

p~1tr[V] = a ?kB% —a~2p T Gh/p+op(1), this gives p~! tr[V] = v+ op(1) and finishes the proof.

A.5 Convergence of error vector norm squared under Assumption D

In this section we verify that Assumption C and Assumption D-(1)-(3) are sufficient for [TAHIS8,
Theorem 4.1] to hold. Comparing our assumptions and the condition assumed in the theorem, it
suffices to show that the conditions (10) and (12) in [TAH18] can be omitted.
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Indeed, the authors used the condition (10) to show that any u € OJloss(z — Gh? )/+/P belongs
to a compact set with high probability, where hP is a “bounded” estimator. More precisely, hB
is a solution to the constrained optimization problem minjp|<g, obj(h) for a positive constant
Ko > 0 where obj(h) = >, loss(zi — g/ h) + > jelp re8(y/Phj + 0;) is the objective function
for the original unconstrained M-estimator. Since loss is differentiable with Lipschitz derivative
loss’ by Assumption C, using the same argument in Lemma 10, the norm of @ is bounded as
||l < (||loss'(2)]| + [[loss'||Lip || GllopKa)/+/P- Since G has i.i.d. N(0,1) entries while loss'(z;) has a
finite second moment by Assumption D-(1), this gives ||u||? < C with probability approaching to
1 for a positive constant C.

Next, we claim that the condition (12) in [TAH18] is not necessary. Noting that the condition (12)
is used for [TAHI18, Assumption 2-(b)], it suffices to show that the assumption 2-(b) is satisfied
given our assumptions. Here we restate the assumption 2-(b) for convenience:

vr >0, lim ¢/(2r) — E[envreg(cH + ©) — reg(0)] = +o0.

c——+o0
By the condition P(© # 0) > 0 in Assumption D-(3), either P(© > 0) > 0 or P(© < 0) > 0 holds.
Let us consider the case P(© > 0) > 0. Define a measurable function u(H, ©) of (H,©) as follows:
u(H,0):= —min(0,1)I{0© > 0 and H < 0}.

Note that u(H, ©) is always bounded as |u(H, ©)| < 1. By the definition of Moreau envelope, i.e.,
envieg(cH + ©) := argmin,cg(cH + O — p)%/(27) + reg(p), taking the point p = © + u(H,O), we
get the lower estimate as follows:

c? c? cH —u 2
5 E[envieg(cH + ©) — reg(©)] > 5~ E[( A QS—H’ ©) + reg(© + u(H,0)) — reg(O)]
= E[ZH] c— ng] —E|reg(© + u) — reg(@)}.

Thus it suffices to show that E[uH]| > 0 and E[reg(© + u) — reg(0)] is finite for the RHS to diverge
as ¢ — +00. By the definition of u = u(0, H), the expectation E[uH]| can be written as

EluH] = E[-Hmin(©,1)I1{0 > 0,H < 0}] = E[|[H|min(©, 1)I{© > 0, H < 0}].

Here |H|min(0, 1) is always strictly positive under the event {© > 0, H > 0}, and this event has
positive probability P(© > 0, H > 0) = P(© > 0)P(H > 0) = P(© > 0) - 27! by the assumption
P(© > 0) > 0 and the independence of © and H ~ AN(0,1). This means that E[uH] is strictly
positive. Regarding E[reg(© + u) — reg(©)], we have

E[reg(© + u) — reg(0)] = E[{reg(@ —min(0,1)) — reg(©) }1{6 > 0, H < 0}|.

Note that 0 < © —min(0,1) < © for all © > 0. Then, by the convexity of reg and the condition
reg(0) = min, reg(z) in Assumption C, under the event I{© > 0, H < 0} it holds that

0 > reg(® —min(0, 1)) — reg(0) > —dgmin(0,1) > —dg for all dg € dreg(O)

By Assumption D-(1), dg has a finite second moment for any choice of sub-derivative dg. Therefore,
we have 0 > E[reg(©+u) —reg(0)] > —E[del{© > 0, H < 0}] > —oo so that E[reg(©+u) —reg(0)]
is finite.

In the other case P(© < 0) > 0, we may take u(H,©) := min(—0,1)I{© < 0, H > 0}. Then the
same argument leads to E[uH] > 0 and |E[reg(© + u) — reg(0)]| < +oo.
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A.6 Convergence of loss gradient norm squared under Assumption D

Let ¢ = loss'(z — Gh) and loss* be the conjugate of loss. By the same argument in [TAH18],
restricting the range of @ to a compact set so that the strong duality holds, we observe that 1 is
a solution to the following min-max problem with probability approaching to 1:

max min ¥ ' (z — Gh) — loss* (1) + reg(/ph + 6) = max 'z —loss* () + " GO/\/p— reg* (G v /\/p)

HERM heRP

If we write u = v /,/p € R" then u is the M-estimator of the form:

F:RP =R, v~ reg’(—v)+6"v
a € argmin F(—G "u) + L(v/nu), where D
u€R”n L:R"— R, u+> loss* \/> \/>z w
n

For any H ~ N(0,,1,), G ~ N(0,,I,), for all ¢ € R and 7 > 0 it holds that

C2 C
;(envF(cH; r) = F(0) % £~ Eleweg(H + O %) ~ reg(0)]
%(envL(cG; ) — L£(0)) ;j_ — E[envbss(\[ G+ Z; 5) loss(0)]

Thus, letting F'(c,7) := Elenvieg(cH + ©;7)] and L(c, 7) := Elenviess(cG + ©; 7)], [TAH18] implies

that ||@|> 2 &2 where & is the minimizer of the min-max optimization problem

1nfsupﬂ g 451 (%—F(Oiﬂ,f)) —%—%—F (W—L(\/SE,(SZL»

&7 37 2 27, Ty Tg 2 27, 27

Thus, by the change of variables (& B, Ty Th) = (B, /8, /8, 7,/5) and multiplying the poten-
tial by —8, we are left with ||@||2 2 82 where f, is the minimizer of

2
sup inf —ﬂ—ﬁ—%-F(ﬁ—a g) @+5L(a,7——g),
Bh a,Tg 2 27—9 Th Th 2 /3

which is the same potential in [TAH18].
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A.7 Explicit expressions for degrees of freedom

Table 5: Explicit formulae for the degrees of freedom and residual degrees of freedom of the estimator §1
defined using (3). Here the loss functions loss(r) are: 1) square loss: r2/2, 2) Huber loss: r2/2 for |r| < 1
and |r| —1/2 for |r| > 1; and the regularization functions reg(b) are: 1) ridge penalty: 3152, 2) lasso penalty:
Xo[b|, and 3) elastic net penalty: 216 + Aa|b|. And other quantities are: 1) S; = {j € [p]: 6:(j) £ 0}
is the set of active variables of 51 and X 3, is the submatrix of X; made of columns indexed in §[, 2)
T; = {i € I:loss” (y; — a:ZTé\]) > 0} is the set of detected inliers (active observations), and 3) the matrix
D; = diag(loss” (y; — X16;)).

Loss Regularizer Degrees of freedom Residual degrees of freedom
(loss) (reg) (dfr) (tr[V7])
Square Ridge tr [(XITXI + AlI)_lXITXI] [I| — df;
Square Lasso 15| |[I| —df;
Square  Elastic net tr [(XSIIX§1 + M) _1ng Xg | |T| — dfy
Huber Ridge tr (X DX+ MI)" ' X[ DX/ ITy| — df
Huber Lasso 15| |1A“[| —dfy
Huber Elastic net tr [(Xg D1X§I +)\11)71Xg D1X§I] |7A}| —df;
I I
Convex Convex tr[(a/ayI)Xlél] tr[(0/0y;)loss' (yr — X,éI)]

B Proofs in Section 4

B.1 Proof of Proposition 7

Let us fix ¢ = (¢§)~! and take the derivative of Ry = M~ta? + (1 — M~1)a?y, with respect
to ¢ = 1. Note that (a, 3, k,v) are all fixed. Below, we derive the partial derivative of 7, with
respect to ¢. Using 1 and ¢, we observe that 7, is the unique solution to the fixed point equation

Nag = Freg o Hoss(nc; ¢)
Here, Feg does not depend on ¢ but Fj.ss depends on ¢ as:

_ 9 .
22

Since the map 7, — Freg 0 Fioss(1; ¢) is differentiable and c¢-Lipschitz with ¢ < 1 (see Theorem 1),
the implicit function theorem implies that 7, is differentiable with respect to ¢ and the derivative

satisfies: 3 3 Fon(1.)
7 7 loss (7]
87(; = (Freg o Eoss)/(nc)T; + Fr/eg(nH)%'
Rearranging the above display, we get

877G . Fr,eg(nH) Floss(ng) _ Fr,eg(nH) Ny >0

5(25 B ¢ 1-— (Freg o Floss)/(ng) ¢ 1-— (Freg o Floss)/(n(;) o
where the last inequality follows from the fact that Fieg is non-decreasing and 7,, is non-negative
(see Theorem 1 for a homogeneous case). Combined with dyRyr = (1 — M —1)0[2%, we observe

that Rps is non-decreasing in ¢. Therefore, for any two ¢1 < ¢, we have that

Ru(¢2,%) > Ry (p1,9) > wi§£2 R (¢1,9) > wi§£1 Ra(¢1,v) for all all ¥ > ¢o.

Floss (15 ¢)

Elenvis (@G + Z; k) - env:gs(aé + Z; k)],
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This gives infy>g, Rar(¢2,9) > infy>e, Rar(é1,9) for any ¢ < ¢, which means the map ¢ —
infy>¢ Rar(¢, 1) is non-decreasing.

B.2 Derivation of System 2

We will first reformulate Systems la and 1b in a slightly different set of parameters. Since the
purpose of this reparameterization is to match with existing work, we will also consider regularizer
reg with an explicit regularization level A. The mapping with respect to the parameters in Systems 1a
and 1b is as follows: a = %, T= \/5% Under this parameterization, note that g = ﬁ and % = j—%.
Remark 9 (Scaling differences in design). It is worth remarking that in the literature on risk
characterization of regularized M-estimator under proportional asymptotics, the scaling of A can
be slightly different, up to a factor of v/cd. One of the reasons for the differences is how the design
matrix X is scaled. We assume that the entries of X € R"*P each have variance 1/p and thus each
row has a unit average norm squared. It is also common to assume that the entries of X each have
variance 1/n and thus each column has a unit average norm squared. This brings in a factor of
V4. For the subsampled design X; € R¥*P| we get an additional factor of \/c. Consequently, some
expressions may appear different up to this scaling.

Derivation of System 2. The derivation is straightforward. We will use some simple relationships
between proximal operators and Moreau envelopes. Recall from (2) that env(z;7) = 1z -
proxy(z;7)) so that the derivative identity envi(z;7) = 11— prox(z; 7)) holds for almost ev-
ery x by the non-expansiveness of the proximal operator.

(1) Case of m = ¢. The original system of equations is given by System la. For regularizers of
the form Areg, from (5a), we have

0? = E[(} - enig (21 +0:2) = 21)'

reg
= E[(proxyeg ( H +6:3) —©)’]
= [(proxreg(\/%H + ©6; %) — @)2] (39)

where the variables 7 and a are defined as:

- Vel L) ay/Blenvie(aG + Z; k)]
v Elenv), (oG + Z;k) - G]’
(5b) A
Vedy/Elenvl (oG + Z; k)7

(40)

(41)

For squared loss loss(z) = x?/2, since env| (2;7) = x/(1 + 7) from Table 6, squaring the final
expression in (40) yields

% =a?+ 0% (42)
Thus, 72 and o? are the limiting total and excess risks, respectively. Combining (39) and (42) gives
the first desired equation (18a).
Similarly, (5¢) after diving by 7 yields

2 = e (5 H + 01 25) - ]
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Multiplying both sides by vedar and noting that a8 = ), g \T/» % = % then gives

VeSk\ = ar — (W) E[envreg(\ﬁH—F@, \F) H]. (43)
From Stein’s lemma, we have
Elenv,, (TH 4 ©; k) - H| = TE[envye, (TH + ©; k)], (44)
and so (43) reduces to
(44) at)?
\/EK)\ — aT — (\/% E[envreg(\ﬁH —+ @, \/—)]
=ar —atE[1 - proxreg(fH + 6; \F)]
= aTE [prOXreg(\/» @, \L}L)] (45)
Using similar manipulations as above, (40) reduces to
_ k/Elenv), (oG + Z; k)?] (46)
E[1 — prox . (aG + Z; k)]
Combining (45) and (46), we get
0= kA1 = S Eproxieg (5 H + ©; 95)] ). (47)
From (41), under squared loss, we also have
1+k= @ (48)

Combining (47) with (48) then leads to the second desired equation (18b).

(2) Case of m # (. Step 2. (1,,n,) is the solution to the following 2-scalar fix-point equations:

E[(3-envie(DH+6;2) — 2H) - (3 -envie(5H +6;2) — 2H)]
IE[(A envreg(ﬂH—F@; ;) — %H) ]
Elenvi. (oG + Z; k) - envloss(aé + Z; k)]

Mg = C- >
" Elenv, (oG + Z; k)?]

where (g) ~ N ((8) , (7]1(; 771@ )) and (g) ~ N ((8) , (an an )) Similarly, by variable substitu-

tion, we can rewrite the equations as:

Ne =

neo? = E[(proxreg(\/»H + 6; \/») 0) (proxreg(\/»H + 6; \/») 0)] (49a)
Elenv), (oG + Z; k) - envloss(aé + Z; k)]
=c- . 49b
e = ¢ Elenv (oG + Z; k)?] (49b)
Since env| (z;7) = /(1 + 7) for squared loss, we obtain the third desired equation (19a). O
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B.3 Proximal operators and Moreau envelopes

Table 6: Proximal operators, Moreau envelopes, and their derivatives for ridge (first row) and lasso (second
row) regularizers and Huber (third row) loss considered in Sections 4.2.1 and 4.2.2.

f(x) prox ¢ (z;7) prox}(:v; T) envs(x;T) env’f (z;7)
%12 H’LT H% %lgf‘r 14»%
\x| (Jo] - ) sign(a) 1{j2] > } {;_1 :j: ST {Ea s
22 2] < 1 z_ ol <147 [ 2 <147 izl el S1+7 (o .
{|92;| S {alftrsign(r) | > 147 {11+ o] > 147 {f;ltT_; 2| > 147 (5 )flgn(m)
C Proofs in Section 5
C.1 Proof of Equation (26)
Applying Stein’s lemma to (23b) and Cauchy—Schwarz inequality, we have
1 /
1= EE[proxreg(@ + I %)]
1 1 aT
= ﬁ;E[H (proxreg(G + \FH f) @)}
1/2
IE[( FOX,er (© + —=H; 9) }
ot P reg( Ves \F)
1
72 — 02 (by (23a)).

~ Veor

Taking the square of both sides and rearranging the resulting 72 term, we get the lower estimate
72 > 02/(1 — ¢d) as desired.

C.2 Derivation of System 4 as a limit of System 2 as A — 0"

Fix reg(z) = |z|? for ¢ € {1,2}. Let (ax,x,&)) be the solution to System 2 for any A > 0 and let
(as, T+, &) be the solution to System 4. Note that previous papers showed that (ay, 7)) converges
to the solution (as,7:) as A — (0); ¢ = 1 case is given by the proof of Lemma A.1 in [LW21]
while the ¢ = 2 case immediately follows from the explicit formulae of (ay, 7)) and (a.,7:). Below
we claim the continuity of £, i.e., £, — &,. Denoting ny = c€3 /7% and 1. = ¢£2/72, what we want
to show is my — 7.

Observe that the systems for &, and &, read to gy = F(nx;Tx, ax) and 1. = F(1)4; Tx, ax) where

F(n;7,a) :zf{E[(proxreg(@—i—fH f) 6) (proxreg(®+fH \%) @)}—1-02}

with (H, H) being the mean zero jointly normals such that E[H?] = E[H?] = 1 and E[H H] = 7. Note
that the map n +— F(n; T\, a)) is c-Lipschitz over [—1, 1] by the same argument in Appendix A.1,
while the map (7,a) — F(n;7,a) is continuous over (0,00)? for any n € [~1,1] by the moment
assumption in Assumption D-1 and the dominated convergence theorem. Then, |7, —7.| is bounded
from above as

172 — 0| = [F(0x; Tx, ax) — F (0, T, ax)|
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Type — a T —— art
High SNR Moderate SNR Low SNR

0.0

1 2 1 2 1 2
Data aspect ratio p/n

Figure 8: Fixed-point quantities for lassoless at different data aspect ratios p/n. The data model is given
by (50) with signal strength p = 0.5 and sparsity levels s = 0.2 at different noise levels o. Left: High SNR
o = 0.5. Middle: Modest SNR o = 1. Right: Low SNR ¢ = 1.2.

< AF(x; T, ax) — F(0e, Tx, an)| + [F (0, Th, an) — F (s, T, a4)|
< C|77)\ - 77*| + |F(’I7*,T)\,CL)\) - F(U*W*ﬂ*)’

so that |y — 1| < (1 — ¢) 7Y F(n«, Tx, ax) — F (s, T, ax)| holds. This upper bounds converges to 0
as A — 0 by the continuity of F'(n.,7,a) in (7,a) and the convergence (7y, ay) — (Tx, ax).

C.3 Additional details for Remark &
Expanding the product term in the fixed point equation (24a) by
prox(© + ﬁH; %) 0 = \}H \Fenvreg(

we have
2% = —5E[HH] - 2—5E[Henv

(a7)?
+ TE {env’reg (

reg(© + ek %)}

—H;

O+ 7 \F) envreg(@—i—\ﬁ ‘\‘}2—6)},

where Z—;E[Hﬁ] = %nH = % by the definition 7, = c£2/72. For the second term, realizing

H =n,H+ ,/1—-n%H for a standard normal H ~ N(0,1) independent of (H, H,©), noting that
NVyeg (© + ﬁH ) is bounded in second moment by Assumption D-(1), we have

E[H - envieg (0 + S H: 42| =0, E[H - envieg (6 + ZH: 2]

= 77H\/% [e”Vreg (@ + fH \ﬁ)} (by Stein’s lemma)
T \/5 / T at
- nHﬁ?E{l — proxreg(@ + ﬁH? ﬁ)]
= 11— cs) (by (23D)).
a
Combined with n,, = c£2? /72, we have
at T &
gE [Henvreg(@ + \/?H):| = ?(1 — 65)
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Therefore, we get

1 1—co 2
E(1-5+ 2(50)) — 0%+ (GC?JE[env’reg(@ T+ HSE) - enVieg (0 + ;4.

This means that £2 — P 10 holds if and only if the rightmost term converges to 0 as ¢ — (671).
This is true if reg is Lipschitz and lim,_,(5-1)- a7 = 0, as |envj(z;7)| < HregHLlp for all z € R
and 7 > 0. However, we are not able to provably establish that ar — 0 as ¢ — 1. For the lasso
regularizer, we observe in Figure 8 that ar — 0 appears to hold as ¢ — 6.
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D Additional numerical simulations

D.1 Minimum /;-norm interpolator

Theoretical risk M=1 — M=2 — M=5 — M=50 — M=o
Empirical risk M=1 -e- M=2  --- M=5 --- M=50
Underparameterized regime (p <n) Overparameterized regime (p > n)
8
5
[0
=
=
2
= -—:’:::::
1
1071 10° 10! 1.1 2 5 10

Subsample aspect ratio p/k Subsample aspect ratio p/k

Figure 9: The prediction risk for lasso ensemble at different subsample aspect ratios p/k with regularization
parameter A = 0.001 and varying ensemble size M. The solid lines represent the theoretical risks, the dashed
lines represent the empirical risks averaged over 50 simulations, and the shaded regions represent the standard
errors. The data model is given by (50) with signal strength p = 2, noise level 0 = 1, and support proportion
s = 0.1. Left: underparameterized regime when p/n = 0.1 and n = 2000. Right: overparameterized regime
when p/n = 1.1 and n = 500.

Non-ensemble lassoless === Optimal lassoless ensemble

Excess prediction risk

0.1 1 10 01 1 10
Data aspect ratio p/n Data aspect ratio p/n
Figure 10: Optimal subsample risk of the lassoless ensemble is monotonic in the data aspect
ratio. Excess risk of the lasso and optimal lasso ensemble, at different data aspect ratios p/n ranging from
0.1 to 10. The data model is given by (50) with signal strength p = 2, noise level o = 1, data aspect ratio
p/n = 0.1, feature size p = 500, and varying support proportion s. Left: dense regime with s = 0.9. Right:
sparse regime with s = 0.01.
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D.2 Optimal subagging versus optimal regularization

D.2.1 Square loss, lasso regularizer

High SN
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Figure 11: Heatmaps of theoretical prediction risk in A and p/k of full lasso ensemble in the overparameterized
regime (p/n = 1.1) and sparse regime (s = 0.2). The data model is given by (50) with support proportion
s = 0.2 and noise level 0 = 1 at different signal levels p. Left: high SNR p = 2 (optimal lasso is better than
optimal subsample lassoless). Middle: moderate SNR p = 1 (optimal subsample lasso is better than optimal
lasso and optimal subsample lassoless). Right: low SNR, p = 0.67 (optimal subsample lassoless is better than
optimal lasso).

D.2.2 Huber loss, unregularized
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Figure 12: Heatmaps of theoretical prediction risk in Huber threshold parameter and subsample ratio k/n of
full Huber ensemble in the underparameterized regime (p/n = 0.2). Left: noise follows Student’s ¢ distribution
too (optimal subsample Huberless is better than optimal Huber). Middle: noise follows Student’s ¢ distribution
t10 (optimal subsample Huber is better than both optimal subsample Huberless and optimal Huber). Right:
noise follows Student’s ¢ distribution ¢y (optimal Huber is better than optimal subsample Huberless).
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D.3 Huber regression with /;-regularization

D.3.1 Varying threshold parameter
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Figure 13: Heatmaps of theoretical prediction risk in Huber threshold parameter and subsample ratio k/n
of full ¢/;-regularized Huber ensemble with lasso regularization level 0.5 in the underparameterized regime
(p/n = 0.1). Left: noise follows Student’s ¢ distribution tsg. Middle: noise follows Student’s ¢ distribution
t19. Right: noise follows Student’s ¢ distribution 5.

D.3.2 Varying regularization level
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Figure 14: Heatmaps of theoretical prediction risk in lasso regularization level and subsample ratio k/n of
full ¢;-regularized Huber ensemble with Huber threshold parameter 10 in the underparameterized regime
(p/n = 0.1). Left: noise follows Student’s ¢ distribution to9. Middle: noise follows Student’s ¢ distribution
t10. Right: noise follows Student’s ¢ distribution ¢s.
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D.4 Details of numerical experiments
D.4.1 Data model for lasso experiments
We consider a linear model whose signal variables are generated from two-point distribution:
T -1 2 ©.9.d.

y=x'0+z  x~N(0,p'L), z~N(0,0), 0="""sP, +(1-5)Py, (50)
where P. denotes the Dirac measure at point ¢ € R, and p > 0 is some given quantity that
determines the signal magnitude. Here, s € (0,1) is the support proportion. The signal-to-noise-
ratio (SNR) under the above model obeys

o= BETOR 21 _ 7

D.4.2 Data model for /;-regularized Huber experiments

We consider the ¢;-regularized Huber regression

0, c argminz Huber(y; — x, 8; p) + \||0]1
OER? icq

where A > 0 is a regularization parameter and Huber(+; p) is the Huber loss with threshold parameter
p > 0, which is defined as follows [Hub64]:

=’ if |z] <
For all z € R, Huber(x; p) := env|,(7;p) = 2" ) 1 el < p
2| —3p  if [z] > p.

(51)
Observe that Huber(+; p) behaves like the squared loss for large p and like the absolute loss for small
p. More precisely, for all z € R it holds that

lim Huber(z;7) = d 1 - Huber(z; p) = 2?/2.

pg& uber(z;7) = |z| an Jm p-Hu er(xz;p) =z°/
We consider the linear model y = a6 + z where the marginal distribution of the signal is set
to the mixture eN(0,1) + (1 — €)Py (recall that Py denotes the Dirac measure at 0) with support

proportion € = 0.1, while the noise z follows Student’s t-distribution ¢4 for some degree of freedom
d > 2, which will be specified for each numerical simulation.
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