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Abstract
In this paper, we study the generalization ability (GA)—the ability of a model to predict

outcomes in new samples from the same population—of the extremum estimators. By adapting
the classical concentration inequalities, we propose upper bounds for the empirical out-of-
sample prediction error for extremum estimators, which is a function of the in-sample error,
the severity of heavy tails, the sample size of in-sample data and model complexity. The
error bounds not only serve to measure GA, but also to illustrate the trade-off between in-
sample and out-of-sample fit, which is connected to the traditional bias-variance trade-off.
Moreover, the bounds also reveal that the hyperparameter K, the number of folds in K-fold
cross-validation, cause the bias-variance trade-off for cross-validation error, which offers a
route to hyperparameter optimization in terms of GA. As a direct application of GA analysis,
we implement the new upper bounds in penalized regression estimates for bothn > pandn < p
cases. We show that the %5 norm difference between penalized and un-penalized regression
estimates can be directly explained by the GA of the regression estimates and the GA of
empirical moment conditions. Finally, we show that all the penalized regression estimates are
L, consistent based on GA analysis.
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1 Introduction

Traditionally in econometrics, an estimation method is implemented on sample data in order to
infer patterns in a population. Put another way, inference centers on generalizing to the population
the pattern learned from the sample and evaluating how well the sample pattern fits the population.
An alternative perspective is to consider how well a sample pattern fits another sample. In this
paper, we study the ability of a model estimated from a given sample to fit new samples from
the same population, referred to as the generalization ability (GA) of the model. As a way of
evaluating the external validity of sample estimates, the concept of GA has been implemented in
recent empirical research. For example, in the policy evaluation literature [Belloni et al., 2013,
Gechter, 2015, Dolton, 2006, Blundell et al., 2004], the central question is whether any treatment
effect estimated from a pilot program can be generalized to out-of-sample individuals. Similarly,
for economic forecasting, Stock and Watson [2012] used GA as a criterion to pick optimal weight
coefficients for model averaging predictors. Generally speaking, a model with higher GA will be
more appealing for policy analysis or prediction.

With a new sample at hand, GA is easily measured using validation or cross-validation to
measure the goodness of fit of an estimated model on out-of-sample data. Without a new sample,
however, it can be difficult to measure GA ex ante. In this paper, we demonstrate how to quantify
the GA of an in-sample estimate when only a single sample is available by deriving upper bounds
on the empirical out-of-sample errors. The upper bounds on the out-of-sample errors depend on
the sample size, an index of the complexity of the model, a loss function, and the distribution of
the underlying population. As it turns out, the bounds serve not only as a measurement of GA, but
also illustrate the trade-off between in-sample fit and out-of-sample fit. By modifying and adapting
the bounds, we are also able to analyze the performance of K-fold cross-validation and penalized
regression. Thus, the GA approach yields insight into the finite-sample and asymptotic properties
of penalized regression as well as cross-validation.

As well as being an out-of-sample performance indicator, GA may also be used for model
selection. Arguably, model selection is coming to the forefront in empirical work given the
increasing prevalence of high-dimensional data in economics and finance. We often desire a smaller
set of predictors in order to gain insight into the most relevant relationships between outcomes and
covariates. Model selection based on GA not only offers improved interpretability of an estimated
model, but, critically, it also improves the bias-variance trade-off relative to the traditional extremum

estimation approach.

1.1 Traditional approach to the bias-variance trade-off

Without explicitly introducing the concept of GA, the classical econometrics approach to model
selection focusses on the bias-variance trade-off, yielding methods such as the information criteria
(IC), cross-validation, and penalized regression. For example, an IC may be applied to linear
regression

Y=XB+u



where Y € R” is a vector of outcome variables, X € R"*? is a matrix of covariates and u € R" is a
vector of i.i.d. random errors. The parameter vector 3 € R? may be sparse in the sense that many
of its elements are zero. Model selection typically involves using a score or penalty function that
depends on the data [Heckerman et al., 1995], such as the Akaike information criterion [Akaike,
1973], Bayesian information criterion [Schwarz, 1978], cross-validation errors [Stone, 1974, 1977]
or the mutual information score among variables [Friedman et al., 1997, 2000].

An alternative approach to model selection is penalized regression, implemented through the

objective function:

|
min — ([[Y —Xbz ;) +Allbally 1)
A

where || - || is the £y norm and A > 0 is a penalty parameter. One way to derive the penalized

regression estimates b, is through validation, summarized in Algorithm 1.

Algorithm 1: Penalized regression estimation under validation

I. SetA=0.
Partition the sample into a training set T and a test set S. Standardize all variables (to
ensure the penalized regression residual e satisfies E(¢) =0 in 7 and S).

3. Compute the penalized regression estimate by on 7. Use b, to calculate the prediction
error on S.

4. Increase A by a preset step size. Repeat 2 and 3 until b; = 0.

5. Select by, to be the b, that minimizes the prediction error on S.

As shown in Algorithm 1, validation works by solving the constrained minimization problem in
eq. (1) for each value of the penalty parameter A to derive a b;. When the feasible range of A is
exhausted, the estimate that produces the smallest out-of-sample error among all the estimated
{by} is chosen as the penalized regression estimate, b,e;.

Note in eq. (1) that if A = 0, the usual OLS estimator is obtained. The IC can be viewed as
special cases with A = 1 and ¥ = 0. The lasso [Tibshirani, 1996] corresponds to the case with
Y=1 (an .Z] penalty). When ¥ =2 (an .%, penalty), we have the familiar ridge estimator [Hoerl
and Kennard, 1970]. For any y > 1, we have the bridge estimator [Frank and Friedman, 1993],
proposed as a generalization of the ridge.

A range of consistency properties have been established for the IC and penalized regression.
Shao [1997] proves that various IC and cross-validation are consistent in model selection. Breiman
[1995], Chickering et al. [2004] show that the IC have drawbacks: they tend to select more variables
than necessary and are sensitive to small changes in the data. Zhang and Huang [2008], Knight
and Fu [2000], Meinshausen and Biithlmann [2006], Zhao and Yu [2006] show that .} -penalized
regression is consistent in different settings. Huang et al. [2008], Hoerl and Kennard [1970] show
the consistency of penalized regression with ¥ > 1. Zou [2006], Caner [2009], Friedman et al. [2010]
propose variants of penalized regression in different scenarios and Fu [1998] compares different
penalized regressions using a simulation study. Alternative approaches to model selection, such as

combinatorial search algorithms may be computationally challenging to implement, especially with



high-dimensional data.!

1.2 Major results and contribution

A central idea in this paper is that the analysis of GA is closely connected to the bias-variance
trade-off. We show below that, loosely speaking, a model with superior GA typically achieves
a better balance between bias and variance. Put another way, GA can be though of as a way to
understand the properties of model selection methods. By the same token, model selection can
be thought of as a tool for GA: if the goal is to improve the GA of a model, model selection is
necessary. From the joint perspective of GA and model selection, we unify the class of penalized
regressions with ¥ > 0, and show that the finite-sample and asymptotic properties of penalized
regression are closely related to the concept of GA.

The first contribution of this paper is to derive an upper bound for the prediction error on out-
of-sample data based on the in-sample prediction error of the extremum estimator and to characterize
the trade-off between in-sample fit and out-of-sample fit. As shown in Vapnik and Chervonenkis
[1971a,b], McDonald et al. [2011], Smale and Zhou [2009], Hu and Zhou [2009], the classical
concentration inequalities underlying GA analysis focus on the relation between the population
error and the empirical in-sample error. In contrast, we quantify a bound for the prediction error of
the extremum estimate from in-sample data on any out-of-sample data. The bound also highlights
that the finite-sample and asymptotic properties of many penalized estimators can be framed in
terms of GA. Classical methods to improve GA involve computing discrete measures of model
complexity, such as the VC dimension, Radamacher dimension or Gaussian complexity. Discrete
complexity measures are hard to compute and often need to be estimated. In contrast, we show that
finite-sample GA analysis is easy to implement via validation or cross-validation and possesses
desirable finite-sample and asymptotic properties for model selection.

A second contribution of the paper is to show that GA analysis may be used to choose the
tuning hyper-parameter for validation (i.e., the ratio of training sample size to test sample size) or
cross-validation (i.e., the number of folds K). Existing research has studied cross-validation for
parametric and nonparametric model estimation [Hall and Marron, 1991, Hall et al., 2011, Stone,
1974, 1977]. In contrast, by adapting the classical error bound inequalities that follow from GA
analysis, we derive the optimal tuning parameters for validation and cross-validation in a model-free
setting. We also show how K affects the bias-variance trade-off for cross-validation: a higher K
increases the variance and lowers the bias.

A third contribution of the paper is use GA analysis to derive the finite-sample and asymptotic
properties, in particular that of .%-consistency, for any penalized regression estimate. Various
properties for penalized regression estimators have previously been established, such as probabilistic
consistency or the oracle property [Knight and Fu, 2000, Zhao and Yu, 2006, Candes and Tao, 2007,
Meinshausen and Yu, 2009, Bickel et al., 2009]. GA analysis reveals that similar properties can

be established more generally for a wider class of estimates from penalized regression. We also

IChickering et al. [2004] point out that the best subset selection method is unable to deal with a large number of
variables, heuristically 30 at most.



show that the .%-difference between the OLS estimate and any penalized regression estimate can
be quantified by their respective GAs.

Lastly, a fourth contribution of the paper is that our results provide a platform to extend GA
analysis to time series, panel data and other non-i.i.d. data. The literature has demonstrated that the
major tools of GA analysis can be extended to non-i.i.d. data: many researchers have generalized
the VC inequality [Vapnik and Chervonenkis, 1971a,b]—one of the major tools in this paper to
analyze i.i.d. data—to panel data and times series. Other studies show a number of ways to control
for heterogeneity, which guarantees the validity of GA analysis. In addition, other tools used in this
paper, such as the Glivenko-Cantelli theorem, the Hoeffding and von Bahr-Esseen bounds, have
been shown to apply to non-i.i.d. data.”> Hence, by implementing our framework with the techniques
listed above, we can extend the results in this paper to a rich set of data types and scenarios.

The paper is organized as follows. In Section 2 we review the concept of GA, its connection
to validation and cross-validation and derive upper bounds for the finite-sample GA of extremum
estimates. In Section 3, we implement the results in the case of penalized regression and show
that properties of penalized regression estimates can be explained and quantified by their GA.
We also prove the .%-consistency of penalized regression estimates for both p <nand p > n
cases. Further, we establish the finite-sample upper bound for the .%>-difference between penalized
and unpenalized estimates based on their respective GAs. In Section 4, we use simulations to
demonstrate the ability of penalized regression to control for overfitting. Section 5 concludes with
a brief discussion of our results. Proofs are contained in Appendix 1 and graphs of the simulations

are in Appendix 2.

2 Generalization ability and the upper bound for finite-sample gen-

eralization errors

2.1 Generalization ability, generalization error and overfitting

In econometrics, choosing the best approximation to data often involves measuring a loss function,
O(b|yi,x;), defined as a functional that depends on the estimate b and the sample points (y;,X;).
The population error functional is defined as

A X) = [ Q(bly.x)dF (%
where F (y,x) is the joint distribution of y and x. Without knowing the distribution F(y,x) a priori,
we define the empirical error functional as follows

Zn(b]Y,X) Y. O(blyi,xi).

i=1

:\'—‘

For example, in the regression case, b is the estimated parameter vector and %, (b|Y,X) =
1 ~
i1 (i — )’i)z'

2See, for example, Yu [1993], Wellner [1981], Tang [2007].



When estimation involves minimizing the in-sample empirical error, we have the extremum
estimator [Amemiya, 1985]. In many settings, however, minimizing the in-sample empirical error
does not guarantee a reliable model. In regression, for example, often the R? is used to measure
goodness-of-fit for in-sample data.> However, an estimate with a high in-sample R> may fit out-of-
sample data poorly, a feature commonly referred to as overfitting: the in-sample estimate is too
tailored for the sample data, compromising its out-of-sample performance. As a result, in-sample
fit may not be a reliable indicator of the general applicability of the model.

Thus, Vapnik and Chervonenkis [1971a] refer to the generalization ability (GA) of a model;
a measure of how an extremum estimator performs on out-of-sample data. GA can be measured
several different ways. In the case where X and Y are directly observed, GA is a function of the
difference between the actual and predicted Y for out-of-sample data. In this paper, GA is measured

by the out-of-sample empirical error functional.

Definition 1 (Subsamples, empirical training error and empirical generalization error).

1. Let (y,x) denote a sample point from F (y,x), where F(y,x) is the joint distribution of (y,x).
Given a sample (Y, X), the training set (¥;, X;) € R"*? refers to data used for the estimation
of b and the test set (Y, X;) € R™*? refers to data not used for the estimation of b. Let
n = min{n,,n, }. The effective sample size for the training set, test set and the total sample,

respectively, is n; /p, ns/p and n/p.

2. Let A denote the space of all models. The loss function for a model b € A is Q(b|y;,x;), i =
1,...,n. The population error functional for b € Ais Z(b|Y,X) = [ Q(b|y,x)dF (y,x). The

empirical error functional is %Z,(b|Y,X) = 1 Y2 | O(b|y;,x;).

3. Let bygin € A denote an extremum estimator. The empirical training error (eTE) for b,
is min, %, (b|Y:, Xt) = %y, (btrain|Ye, Xt ), Where byyqin minimizes %, (b|Y:,X;). The empirical
generalization error (eGE) for b qin is %, (birain|Ys,Xs). The population error for by gy, is
K (birain|Y, X).

4. For K-fold cross-validation, denote the training set and test set in the gth round, respectively,
as (X, Y7) and (X{,Y{). In each round, the sample size for the training setisn, =n(K —1)/K
and the sample size for the test set is ny, = n/K.

The most important assumptions for the analysis in this section of the paper are as follows.
Assumptions

Al. In the probability space (Q,.%,P), we assume .% -measurability of the loss Q(b|y,x), the
population error Z(b|Y,X ) and the empirical error %, (b|Y,X), for any b € A and any sample
point (y,x). All loss distributions have a closed-form, first-order moment.

3For regression, RZ = 1 — %, (b|Y,X)/(TSS/n) where %,(b|Y,X) = %Z?:l (vi—9)*and TSS =Y, (v — )%



A2. The sample (Y,X) is independently distributed and randomly chosen from the population.
In cases with multiple random samples, both the training set and the test set are randomly
sampled from the population. In cases with a single random sample, both the training set and

the test set are randomly partitioned from the sample.

A3. For any sample, the extremum estimator by, € A exists. The in-sample error for by,

converges in probability to the minimal population error as n — oo.

A few comments are in order for assumptions A1-A3. The loss distribution assumption Al is
merely to simplify the analysis. The existence and convergence assumption A3 is standard (see,
for example, Newey and McFadden [1994]). The independence assumption in A2 is not essential
because GA analysis is valid for both i.i.d. and non-i.i.d. data. While the original research in
Vapnik and Chervonenkis [1974a,b] imposes the i.i.d. restriction on GA, subsequent work has
generalized their results to cases where the data are dependent or not identically distributed.*
Others have shown that if heterogeneity is due to an observed random variable, the variable may
be added to the model to control for the heterogeneity while if the heterogeneity is related to a
latent variable, various approaches—such as the hidden Markov model, mixture modelling or factor
modelling—are available for heterogeneity control.> Either way, GA analysis is valid owing to the
controls for heterogeneity. In this paper, due to the different measure-theory setting for dependent
data, we focus on the independent case as a first step. In a companion paper [Xu et al., 2016], we
specify the time series mixing type and the types of heterogeneity across individuals to generalize
the results in this paper to time series and panel data. Lastly, given A1-A3, both the eGE and eTE

converge to the population error:
limﬁ%m%n, (btrain |YZ7XZ) - hmﬁ—mﬂ%rls (btrain |YS7XS) - %(btrain |Y7X)

Typically two methods are implemented to compute the eGE of an estimate: validation and
cross-validation. For validation when only one sample is available, the sample is randomly
partitioned into a training set and a test set; if multiple samples are available, some are chosen as
test sets and others as training sets. Either way, we use training set(s) for estimation and test set(s)
to compute the eGE for the estimated model, yielding the validated eGE.

K-fold cross-validation may be thought of as ‘averaged multiple-round validation’. For cross-
validation, the full sample is randomly partitioned into K subsamples or folds.® One fold is chosen
to be the test set and the remaining K — 1 folds comprise the training set. Following extremum
estimation on the training set, the fitted model is applied to the test set to compute the eGE. The
process is repeated K times, with each of the K folds getting the chance to play the role of the test
set while the remaining K — 1 folds are used as the training set. In this way, we obtain K different

estimates of the eGE for the fitted model. The K estimates of the eGE are averaged, yielding the

4See, for example, Yu [1994], Cesa-Bianchi et al. [2004], McDonald et al. [2011], Smale and Zhou [2009], Mohri
and Rostamizadeh [2009], Kakade and Tewari [2009].

5See Michalski and Yashin [1986], Skrondal and Rabe-Hesketh [2004], Wang and Feng [2005], Yu and Joachims
[2009], Pearl [2015].

5Typically, K = 5, 10, 20, 40 or N.



cross-validated eGE.

Cross-validation uses each data point in both the training and test sets. Cross-validation also
reduces resampling error by running the validation K times over different training and test sets.
Intuitively this suggests that cross-validation is more robust to resampling error and should perform
at least as well as validation. In Section 3, we study the generalization ability of penalized extremum
estimators in both the validation and cross-validation cases and discuss the difference between them

in more detail.

2.2 The upper bound for the empirical generalization error

The traditional approach to model selection in econometrics is to use the AIC, BIC or HQIC, which
involves minimizing the eTE and applying a penalty term to choose among alternative models.
Based on a broadly similar approach, Vapnik and Chervonenkis [1971a,b] consider model selection
from the perspective of generalization ability. Vapnik and Chervonenkis [1971a,b] posit there are
essentially two reasons why a model estimated on one sample may have a weak generalization
ability on another: the two samples may have different sampling errors, or the complexity of the
model estimated from the original sample may have been chosen inappropriately.

To improve the generalization ability of a model, Vapnik and Chervonenkis [1971a,b] propose
minimizing the upper bound of the population error of the estimate as opposed to minimizing
the eTE. The balance between in-sample fit and out-of-sample fit is formulated by Vapnik and
Chervonenkis [1974b] using the Glivenko-Cantelli theorem and Donsker’s theorem for empirical
processes. Specifically, the relation between %,(b|Y,X) and Z(b|Y,X) is summarized by the
so-called VC inequality [Vapnik and Chervonenkis, 1974b] as follows.

Lemma 1 (The upper bound of the population error (the VC inequality)). Under Al to A3, the
following inequality holds with probability 1 —n, Vb € A, and Vn € N,

VE
R (DY, X) < Ry, (bY,, X))+ ———
(BIY,X) < 0, (010X + 2

where % (b|Y,X) is the population error, %y, (b|Y;,X;) is the training error from the model b,
€= (1/n;)[hIn(n;/h) +h—1n(n)], and h is the VC dimension.

Pn, (b|Y1, X;) 2

A few comments are in order for the VC inequality, eq. (2).

1. As shown in Figure 1, the RHS of eq. (2) establishes an upper bound for the population error
based on the eTE and the VC dimension .. When the effective sample size for the training
set (n;/h) is very large, € is very small, the second term on the RHS of (2) becomes small,
and the eTE is close to the population error. In this case the extremum estimator has a good
GA. However, if the effective sample size n; /h is small (i.e., the model is very complicated),
the second term on the RHS of (2) becomes larger. In such situations a small eTE does not

guarantee a good GA, and overfitting becomes more likely.

2. The VC dimension % is a more general measure of model complexity than the number of

parameters, p, which does not readily extend to nonlinear or non-nested models. While i
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Figure 1: The VC inequality and eGE

reduces to p directly for generalized linear models, & can also be used to partially order the
complexity of nonlinear or non-nested models by summarizing their geometric complexity.’
As aresult, eq. (2) can be implemented as a tool for both nonlinear and non-nested model

selection.

3. Eq. (2) can be generalized to non-i.i.d. cases. While the VC inequality focuses on the
relation between the population error and the eTE in the i.i.d. case, McDonald et al. [2011]
generalizes the VC inequality for - and B-mixing stationery time series while Smale and
Zhou [2009] generalizes the VC inequality for panel data. Moreover, Michalski and Yashin
[1986], Skrondal and Rabe-Hesketh [2004], Wang and Feng [2005], Yu and Joachims [2009],
Pearl [2015] show that heterogeneity can be controlled by implementing the latent variable
model or by adding the variable causing heterogeneity into the model, implying eq. (2) is

valid.

Based on the VC inequality, Vapnik and Chervonenkis [1971a] propose that minimizing the
RHS of (2), the upper bound of the population error, reduces overfitting and improves the GA of
the extremum estimator. However, this may be hard to implement because it can be difficult to
calculate the VC dimension for anything other than linear models. In practice, statisticians have
implemented GA analysis by minimizing the eGE using validation or cross-validation. For example,
cross-validation is used to implement many penalty methods, such as the lasso-type estimators,
ridge regression or bridge estimators. Clearly, however, the eGE and the population error are not
the same thing. Thus, the properties of the minimum eGE, such as its variance, consistency and
convergence rate are of particular interest in the present context. By adapting and modifying eq. (2),
we propose the following inequalities that analyze the relation between the eGE and the eTE in

finite samples.

Theorem 1 (The upper bound of the finite-sample eGE for the extremum estimator). Under Al to

7In empirical processes, several other geometric complexity measures are connected to or derived from the VC
dimension, such as the minimum description length (MDL) score, the Rademacher dimension (or complexity), Pollard’s
pseudo-dimension and the Natarajan dimension. Most of these measures, like the VC dimension, are derived and
generalized from the Glivenko-Cantelli class of empirical processes.



A3, the following upper bound for the eGE holds with probability at least ®(1 —1/n,), V& € (0,1).

%n, (btrain |Yt>Xt)

ng brain YSaXs <

+6, 3)

where X (birain|Ys,Xs) is the eGE and %y, (birain|Y:, X;) the eTE for the extremum estimator by gin,
€ is defined in Lemma 1,

and

V2t (B1QburainYe X)) /(VT=@ - ms 1Y) if v (1,2]
¢= %ln 2/(1-m) if O(+) € (0,B] and B is bounded

var[Q(birain|y,x)]/ (n(1 — @)) ifv € (2,%)

[/ (Q(bly,x))" dF (y,x)]!/¥
[0(bly,x)dF(y,x)

T = sup

A few comments follow from Theorem 1.

o (Upper bound of the finite-sample GA) eq. (3) establishes the upper bound of the eGE from

any out-of-sample data of size n; based on the eTE from any in-sample data of size n,. Unlike
the classical bound in Lemma 1, which captures the relation between the population error
and the €TE, eq. (3) establishes inequalities to quantify the upper bound of the finite sample
eGE. Usually, we need to use validation or cross-validation to measure the eGE of a model
with new data. However, because the RHS of eq. (3) is directly computable it may be used as

a measure of finite-sample eGE, avoiding the need for validation.

o (The eGE-eTE trade-off in model selection) eq. (3) also characterizes the trade-off between

eGE and eTE for model selection in both the finite sample and asymptotic cases. In Figure 2b,
the population eGE, population eTE and population error are expected to be identical in
asymptotic case. Hence, minimizing eTE can directly lead to the true DGP in the population.
In contrast, as illustrated in Figure 2a, in finite samples, an overcomplicated model with
low n,/h would have a small eTE for the data whereas eq. (3) show that the upper bound
of the eGE on new data will be large. Hence, the overcomplicated model will overfit the
in-sample data and typically have a poor GA. In contrast, an oversimplified model with high
n; /h, typically cannot adequately recover the DGP and the upper bound of the eGE will also
be large. As a result, the oversimplified model will underfit, fitting both the in-sample and
out-of-sample data poorly. Thus, the complexity of a model introduces a trade-off between

the eTE and eGE in model selection.

o (GA and distribution tails) eq. (3) also shows how the tail of the error distribution affects the

upper bound of the eGE. If the loss distribution Q(+) is bounded or light-tailed, the second
term of eq. (3), ¢, is mathematically simple and converges to zero at the rate 1/ny. If the loss

function is heavy-tailed and .% -measurable, v, the highest order of the population moment
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Figure 2: Schematic diagram of the trade-off between eGE and eTE

that is a closed-form for the loss distribution,® can be used to measure the heaviness of the
loss distribution tail, a smaller v implying a heavier tail. In the case of a heavy tail, the
second term of eq. (3), ¢, becomes mathematically complicated and its convergence rate

/ V. Hence, eq. (3) shows that the heavier the tail of the loss distribution,

decreases to 1/ n;_l
the higher the upper bound of the eGE and the harder it is to control GA in finite samples. In

the extreme case with v = 1, there is no way to adapt eq. (3).

Essentially, validation randomly partitions the data into a training set and a test set, yielding an
estimate on the training set that is used to compute the eGE of the test set. Eq. (3) measures the
upper bound the eGE on the test set from the model estimated on the training set with a given eTE
and /. In other words, eq. (3) directly measure GA using validation. Furthermore, a similar bound

to eq. (3) can be established for K-fold cross-validation.

Theorem 2 (The upper bound of the finite-sample eGE for the extremum estimator under cross-val-
idation). Under Al to A3, the following upper bound for the eGE holds with probability at least
o(l1-1/K), Vo € (0,1).

% Z{;(:l %ﬂr (btrain ’Ytq7th)
(1-+e)

where %y, (b,mm|Ysj ,ij ) is the eGE of bypain in jth round of validations, %y, (byrain|Y;!, X)) is the
eTE of byyain in qth round of validations, and

1 & oo
E Z <@ns (btrain‘Ys]>XsJ) < + Cevs (4)
j=1

V2T B (brrainl X)/(VT—@-my ") ifv e (1,2]
Gev =1 Bln\/2/(1 —@)/n, if O(+) € (0,B] and B is bounded

var(Q(birainly, X))/ (n3 (1 — @)) if v e (2,)

81t is closed-form because owing to A1, which guarantees closed-form, first-order moments for all loss distribution in
the paper.
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The errors generated by cross-validation are affected both by sampling randomness from the
population and by sub-sampling randomness that arises from partitioning the sample into folds.
Thus, the errors from cross-validation are potentially more volatile than the usual errors from
estimation. Theorem 2 provides an upper bound for the average eGE under cross-validation, which
offers a way to characterize the effect of sub-sampling randomness and suggests a method to
approximate the GA from cross-validation. The following comments summarize the implications
of eq. (4).

1. (The upper bound of the eGE) Similar to eq. (3), eq. (4) serves as the upper bound of the
averaged eGE generated by cross-validation. Both equations show the eTE-eGE trade-off
and reveal the effect of a heavy tail on GA.

2. (Tuning the cross-validation hyperparameter K) Eq. (4) characterizes how the hyperparameter
K affects the averaged eGE from cross-validation (also called the cross-validation error in
the literature). As explained previously, by randomly partitioning the sample into several
folds, cross-validation results in sub-sampling randomness. Sub-sampling randomness may
produce a different averaged eGE each time cross-validation is performed. Moreover, the
partition will be completely different and hence the eGE will not be directly comparable
when K changes. Unlike OLS, therefore, we cannot directly analyze the averaged eGE
from cross-validation. Due to the influence of sub-sampling randomness, the bias-variance
trade-off for cross-validation may only be established using its upper bound, as is illustrated

in Figure 3.

(a) (Large bias, small variance) When K is small, n, is smaller in each round of in-sample
estimation. Hence, as shown in Figure 3a, the eTE in each round, %, (brain| Y, X/1) /(1 —
V/€), is more biased from the population error. As shown in Figure 3b, the K-round
averaged eTE, %22{:1 P, (brrain| Y, X)) /(1 — \/€), is more biased away from the true
population error as K gets smaller. As a result, the RHS of eq. (4) suffers more from
finite-sample bias. However, since small K implies that more data is used for eGE
calculation in each round (7, is not very small), in each round the eGE on the test set
should not be very volatile. Thus, the K-round averaged eGE for cross-validation is not

very volatile, which is shown by the fact that ¢, is not very large in eq. (4).

(b) (Small bias, large variance) When K is large, ng is small and the test set in each round
is small. Hence, with large K, the eGE in each round may be hard to bound from above,
which implies that the averaged eGE from K rounds is more volatile. As a result, &,
tends to be large. However, with large K, the RHS term %Z(I;:l R, (brrain| Y1, X1) /(1 —
V/€) tends to be closer to the true population error, so the averaged eGE suffers less

from bias.

As shown in Figure 3b, the averaged eGE from cross-validation follows a typical bias-
variance trade-off by value of K. If K is small, the averaged eGE is computationally cheap

and less volatile but more biased away from the population error. As K gets larger, the

11
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Figure 3: Representation of the bias-variance trade-off for cross-validation eGE

averaged eGE becomes computationally expensive and more volatile but less biased away
from the population error. This result exactly matches the Kohavi et al. [1995] simulation
study. More specifically, by tuning K to the lowest upper bound, we can find the K that

maximizes the GA from cross-validation.

Theorems 1 and 2 establish the finite-sample and asymptotic properties of GA analysis for
any extremum estimator. In finite-sample analysis, the results capture the trade-off between eGE
and eTE, which can be used to measure the GA of an econometric model. In asymptotic analysis,
eGE minimization is consistent. As a result, GA can be implemented as a criterion for model
selection, and directly connects to the theoretical properties for model selection methods such
as penalized extremum estimation, the various information criteria and maximum a posteriori
(MAP) estimation. Minimizing eGE works especially well for penalized regression. As shown in
Algorithm 1, penalized regression estimation returns a b for each A. Each value of A generates a
different model and a different eGE. Intuitively, Theorems 1 and 2 guarantee that the model with
the minimum eGE from {b, } has the best empirical generalization ability. In the next section, we

study the finite-sample and asymptotic properties of eGE for all penalized regressions.

3 Finite-sample and asymptotic properties of eGE for penalized re-

gression

Using the classical concentration inequalities in Section 2, we established the upper bound for
the finite-sample eGE of the extremum estimator given any random sample of any size. We also
revealed the trade-off between eTE and eGE for model selection and derived the properties of eGE
under validation and cross-validation. In this section, we apply the framework and results from

Section 2 to penalized regression.
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3.1 Definition of penalized regression

Firstly, we formally define penalized regression and its two most popular variants: ridge regression

(L -penalized regression) and the lasso (%) -penalized regression).

Definition 2 (Penalized regression, -%3-eGE and .%,-eTE).

1. (General form) The general form of the objective function for penalized regression is as
follows

o1
min (Y = Xby[,)? +2 Penalty([lz ). )

where Penalty(|| - ||,) stands for the penalty term, which is a function of the ., norm of the
by.

2. (by, and b,e,) We denote by, to be the solution of eq. (5) given the value of the penalty
parameter A while b),, is defined to be the model with the minimum eGE among all

alternative {b, }, as in Algorithm 1 in Section 1.

3. (Lasso and ridge) The objective functions for lasso (.} penalty) and ridge regression (%

penalty), respectively, are

1
min — (|[Y = Xbal,)* +Aballr, (6)
by, n
and .
min ~ ([[Y = Xby [5)* + Al[ba |2 (M
A

4. (£ error for regression) the eTE and eGE for regression are defined in .45 form respectively

as follows:
1 2
e%n, (btrain|Yt’Xt) = I/T ||Yt *thtminH2
t

1
f%ns (btmin|YSaXs) = I’T ||Ys _XsbtrainH%
s

The idea behind penalized regression is illustrated in Figure 4 where b, refers to the penalized
regression estimates for some A and bors refers to the OLS estimates. As shown in Figure 4a,
different £y norms correspond to different boundaries for the estimation feasible set. For the .Z
penalized regression (lasso), the feasible set is a diamond since each coefficient is equally penalized
by the 2] norm. The feasible area shrinks under a %, 5 penalty. Hence, as shown in Figure 4a,
given the same A, the smaller is ¥, the more likely b, is to be a corner solution. Hence, given the
same A, under the % 5 penalty variables are more likely to be dropped than with the 4] or %
penalty.® In special cases when y =0 and A is fixed at 2 (Inn,), the % penalized regression is

identical to the Akaike (Bayesian) information criterion.

9For 0 < y < 1, the penalized regression may be a non-convex programming problem. While general algorithms have
not been found for non-convex optimization, Strongin and Sergeyev [2013], Yan and Ma [2001] and Noor [2008] have
developed functioning algorithms. For y = 0, the penalized regression becomes a discrete programming problem, which
can be solved by Dantzig-type methods (see Candes and Tao [2007]).
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Figure 4: Illustration of various penalized regressions

The last important comment is that penalized regression primarily focuses on overfitting. By
contrast, OLS minimizes the eTE without any penalty, typically causing a large eGE (as shown in
Figure 1a). There is also the possibility that OLS predicts the data poorly, causing both the eTE
and eGE to be large. The latter refers to underfitting and is shown in Figure 1b. We are more
capable of dealing with overfitting than underfitting despite the fact that it possible to quantify GA
or the eGE.!? Typically overfitting in OLS is caused by including too many variables, which we can
resolve by reducing p. However, underfitting in OLS is typically due to a lack of data (variables)

and the only remedy is to collect additional relevant variables.

3.2 Schematics and assumptions for eGE minimization with penalized regression

As shown in Section 2, eGE minimization improves finite-sample GA, implying the estimator
has a lower eGE on out-of-sample data. In this section, we implement the schematics of eGE
minimization on penalized regression. We demonstrate: (1) specific error bounds for any penalized
regression, (2) a general .%, consistency property for penalized regression estimates, (3) that the
upper bound for the %> difference between b, and boys is a function of the eGE, the tail property
of the loss distribution and sample exogeneity.

The classic route to derive asymptotic or finite-sample properties for regression is through
analyzing the properties of the estimate in the space of the eTE. In contrast, to study how penalized
regression improves GA or eGE and balances the in-sample and out-of-sample fit, we reformulate
the asymptotic and finite-sample problems in the space of the eGE. We show that, under the
framework of eGE minimization, a number of finite-sample properties of penalized regression can
be explained by eGE or the finite-sample GA.

In asymptotic analysis, consistency is typically considered to be one of the most fundamental
properties. To ensure that eGE minimization is a reliable estimation approach, we prove that the

penalized regression, which is a specific form of the eGE minimizer, converges to the true DGP as

10gee eq. (12) and (13).
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n — oo, Essentially, we show that penalized regression bijectively maps b, to the minimal eGE
among {b, } on the test set. To bridge between the finite sample and asymptotic results we need to
show that if

e the true DGP f is bijectively assigned to the minimal eGE in population, and
o minpep, - X% [[Ys = Xbl|3 — miny, [ [y —x" 5|3 dF (y,%),
then b, is consistent in probability or .%, or

bpen = argmin{eGEs of {b;}} " % argmin / lys —x!b||3 dF (y,x) = B.
b

At the outset, we stress that each variable in (Y, X) must be standardized before implementing
penalized regression. Without standardization, as shown by [Tibshirani, 1996], the penalized
regression may be influenced by the magnitude (units) of the variables. After standardization, of
course, X and Y are unit- and scale-free.

To ensure the consistency of penalized regression, we require the following three additional

assumptions.

Further assumptions
A4. The true DGPisY = Xf3 +u.
AS. E (uTX) =0.
A6. No perfect collinearity in X.

The assumptions A4 to A6 restrict the true DGP B to be identifiable. Otherwise, there might
exist another model that is not statistically different from the true DGP. The assumptions are quite

standard for linear regression.
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3.3 Necessary propositions for final results

Under assumptions A1 to A6, we show that the true DGP is the most generalizable model, yielding

Proposition 3.1.

Proposition 1 (Identification of 3 in the space of eGE). Under assumptions Al to A6, the true
DGP, Y = X + u, is the one and only one offering the minimal eGE as n — .

Proposition 1 states that there is a bijective mapping between 3 and the global minimum eGE
in the population. If AS or A6 are violated, there may exist variables in the sample that render
the true DGP not to be the model with minimum eGE in population. As shown in Algorithm 1,
penalized regression picks the model with the minimum eGE in {b, } to be b,,. As a result, we
also need to prove that, when the sample size is large enough, the true DGP is included in {b, }, the

list of models from which validation or cross-validation selects. This is shown in Proposition 3.2.

Proposition 2 (Existence of .4 consistency). Under assumptions Al to A6 and Proposition 1,

there exists at least one A such that limj_,.., b5 = Bll2=0.

b2 b2 bZ
,’:::‘\ ,’:—_:\\ /’,:—~:\\

s, - ~ \\ s, - ~ \\ v b ~ \
1 N 1’v" bors \“ re oLs N\
(] \ (] °® ', I l\ e.. I‘ 1

‘o bors,’, N ,’// N !
bi~i--22 bi\\~<:/ bINZZZZ-7 e

n " \ bl
(a) under-shrinkage (b) perfect shrinkage (c) over-shrinkage

Figure 6: Various types of shrinkage under an .#) penalty

Since the penalized regression can be sketched as a constrained minimization of the empirical
error, we can illustrate Proposition 1 and 2 in Figure 6 using lasso as the example of a penalized
regression. In Figure 6, the parallelogram-shaped feasible sets are determined by the .Z penalty,
b, refers to the solution of eq. (5), f refers to the true DGP, and b g refers to the OLS estimates.
Different values for A imply different areas for the feasible set of the constrained minimization; the
area of the feasible set gets smaller as the value of A gets larger. Hence, one of three cases may
occur: (i) as shown in Figure 6a, for a small value of A, f8 lies in the feasible set (under-shrinkage)
and offers the minimum eTE in the population; (ii) as shown in Figure 6b, for the oracle A4, 8
is located precisely on the boundary of the feasible set (perfect-shrinkage) and still offers the
minimum eTE in the population; (iii) as shown in Figure 6c, for a large value of A, 8 lies outside
the feasible set (over-shrinkage). In cases (i) and (ii), the constraints become inactive as n — oo,
80 lim;_yo. by = limy;_,.. bors = B. However, in case (iii), lim;_,., b; # B. Therefore, tuning the

penalty parameter A is critical for the theoretical properties of penalized regression estimates.
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3.4 Main results for penalized regression estimates

As shown above, intuitively the penalized regression estimate is expected be consistent in some
norm or measure as long as we can be sure that for a specific A, 8 lies in the feasible set and offers
the minimum eTE in population. However, in practice we may not know a priori which A causes
over-shrinkage and which does not, especially when the number of variables, p, is not fixed. As
a result, we need to a method such as cross-validation or validation to tune the value of A. Thus,
as a direct application of eGE minimization in Section 2, we use GA/eGE analysis to show that
€GE minimization guarantees the model selected by penalized regression, b,.,, asymptotically
converges in .% to the true DGP.

In the following section we analyze the finite-sample and asymptotic properties of the penalized
regression estimate in two scenarios: n > p and n < p. In the case where n > p, OLS is feasible,
so we take the OLS estimate for the unpenalized regression estimate. However, when n < p, OLS
is not feasible, and we use forward stagewise regression (FSR) for the unpenalized regression

estimate. Hereafter, bors is the OLS estimate from the training set.

341 Case:n>p

Firstly, by specifying eq. (3) and (4) in the context of regression, we can establish the upper bound

of the eGE, as shown in Lemma 2.

Lemma 2 (Upper bound of the eGE for the OLS estimate). Under Al to A6, if we assume the OLS

error term u ~ Gaussian(0,var(u)),

1. (Validation) The following bound for the eGE holds with probability at least @ (1 — 1/n;) for
bors, Voo € (0, 1).

L ey < mledla) | 20varu))?

ng (1-ve) V1—-@-ng

where eg is the OLS eGE, ¢, is the OLS eTE, and € is defined in Lemma 1.

®)

2. (K-fold cross-validation) The following bound for the eGE holds with probability at least
w(l — I/K)for bors, VO € (O, 1)

f Ieyllz ( — )X (llef]l2)? 2(var(u))? ©

& Riove) Vi kR

where ¢! is the eGE of OLS estimate in jth round, e} is the eTE of OLS in qth round, while €

and ¢ are defined in Lemma 1.

Eq. (8) and (9) show that the higher the variance of « in true DGP, the higher the upper bound
of the eGE in validation and cross-validation. Based on eq. (9), the lowest upper bound of the
cross-validation eGE is determined by minimizing the expectation of the RHS of eq. (9), yielding

the way to find the optimal K as follows.
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Corollary 1 (The optimal K for penalized regression). Under Al to A6 and eq. (9) from Lemma 2,
if we assume the OLS error term u ~ Gaussian(0,var(u)), the optimal K for cross-validation in

regression associated with the minimal expected upper bound of eGE, is defined:

K* — argmin var(u) 4(var(u))?

Ve VT @(n/K)

Similar to eq. (3), eq. (8) and (9) respectively measure the upper bound of the eGE for the
OLS estimate using validation and cross-validation. In standard practice, neither validation nor
cross-validation are implemented as part of OLS estimation and hence the eGE of the OLS estimate
is rarely computed. Eq. (8) and (9) show that eGE can be computed without having to carry out
validation or cross-validation.

In penalized regression, the penalty parameter A can be tuned by validation or K-fold cross-
validation. For K > 2, we have K different test sets for tuning A and K different training sets for
estimation. Based on eq. (8) and (9), an upper bound for the .4 predicted difference between boy s

and b, can be established under validation and cross-validation, as shown below.

Proposition 3 (.%, distance between the penalized and unpenalized predicted values). Under Al

to A6 and based on Lemma 2, Proposition 1, and Proposition 2,
1. (Validation) The following bound holds for the validated b ., with probability @ (1 —1/n,)

1 3

ntlf\/g

where bors is the OLS estimate based on the training set and ¢ is defined in Lemma 2.

1 1 4
- (ebors = Xpon < (12— L) 4 2l lporsh s 10
) N A

2. (K-fold cross validation) The following bound holds for the K-fold cross-validated b e, with
probability (1 —1/n;)

LRZallel 1

n 1—4/€ KZrTS

g=1

1

2
X ”egHz

an

M=

1 2
;(HXquqOLS_XquZenHZ) <
s

1

q

T
(ef)” XY

4
nj OOHb%LSH1+€cv.

11(
_}_7
Kk

where e is the eTE of the OLS estimate in the qth round of cross-validation, el is the eGE of
the OLS estimate in the q round of cross-validation and by, ¢ is the OLS estimate in the qth

round of cross-validation.

5, as shown in Theorem 3.

We can now derive the upper bound of ||bors — bpen

Theorem 3 (%, distance between the penalized and unpenalized estimates). Under Al to A6 and

based on Propositions 1, 2, and 3,
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1. (Validation) The following bound holds with probability @(1 —1/n;):

1

1 lell3 1 4 S\’
bors — bpenll2 <4/ |— 12— —leg| 2| + 1 | —[|eT Xy || ||b 2) a2
1boLs = bpenl|2 \/‘pn,(l—\/g) pnsHest + anHes‘ sllel|boLs]1 + p (12)

where p is the minimal eigenvalue of X" X and ¢ is defined in Lemma 2.

2. (K-fold cross validation) The following bound holds with probability @ (1 — 1 /n;):

K

2
( ’bgLS_bZenHZ) qu ln,p ‘1| H2 - q 1 n.p nY Hes

q=1

+KZq Ungp 5l (e )X || N166ws +% (13)

where p is defined as min { Pq|py is the minimal eigenvalue of (qu ) TXSq ,Vq}.

Some important remarks apply to Theorem 3. The LHS of eq. (12) essentially measures how
much the penalized regression estimate differs from the OLS estimate under validation. The RHS
of eq. (12) essentially captures the maximum .%> difference between bors and b ,,. As shown in
eq. (12), the maximum difference depends on the GA of the true DGP and the GA of the OLS

model in several different forms.

e The first term on the RHS of eq. (12) (ignoring 1/p) is the difference between the eGE from
OLS and the upper bound of the population error for the OLS estimate, or, equivalently, how
far the GA of the OLS estimate is from its maximum. The larger the GA of bgrs, the less
overfitting OLS generates, the closer the eGE of bg; s is to the upper bound of the population
error, and the smaller the first term on the RHS of eq. (12).

e The second term on the RHS of eq. (12) (ignoring 4 /p) measures the empirical endogeneity of
the error term of the OLS estimate on the test set. On the training set e/ X; = 0, but in general
el'X; # 0 on the test set. Hence, ;- [|el X;||w|lbors||1 measures the GA for the empirical
moment condition of the OLS estimdte on out-of-sample data."" The more generalizable the
OLS estimate, the closer eSTXS is to zero on out-of-sample data, and the smaller the second
term on the RHS of eq. (12).

e The third term on the RHS of eq. (12) is affected by ¢, which measures the heaviness of the
tail in the loss distribution for the OLS estimate. Similar to the comments of Theorem 1, the
OLS loss distribution affects the GA of the OLS estimate. The heavier the loss tail, the more
volatile the eGE on out-of-sample data, and the more difficult it is to bound the eGE for OLS.

e All three RHS terms in eq. (12) are affected by p, the minimum eigenvalue of X! X;, which
can be thought of as a measure of the curvature of the objective function for penalized
regression. The larger the minimum eigenvalue, the more convex the objective function. Put

another way, it is easier to identify the true DGP f from the alternatives as n get larger.

I Because we standardize the test and training data, the moment condition E(es) = 0 holds directly.
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Figure 7: Illustration of the relation between bors and b ey,

The interpretation of eq. (13) is similar to eq. (12) adjusting for cross-validation. Hence, the
first term on the RHS of eq. (13) (ignoring 1/p) stands for how far away the average GA of OLS
estimate is from its maximum in K rounds of validation. The second term on the RHS of eq. (13)
(ignoring 4/p) indicates on average how generalizable the empirical moment condition of the OLS
estimate is with out-of-sample data in K rounds of validation. Similarly, ¢ indicates on average
the heaviness in the tail of the loss distribution in K rounds of validation. As a direct result of

Theorem 3, the .45 consistency for the penalized regression estimate is established as follows.

Corollary 2 (% consistency for the penalized regression estimate when n > p). Under Al to
A6 and Propositions 1, 2, and 3, if we assume the error term u ~ Gaussian(0,var(u)), then bye,

converges in the £ norm to the true DGP if lim,_,.. p/n =0

Theorem 3 and Corollary 2 are illustrated in Figure 7. Typically, due to the poor GA of the
OLS estimate, the penalized regression estimate b, will not lie on the same convergence path as
the OLS estimate. However, Theorem 3 shows that the deviation of b, from the convergence path
is bounded. Furthermore, b, typically lies within an &-ball centered on bo;s whose radius is a
function of the eGEs of the OLS estimate and the true DGP. Also, as shown in Figures 6a and 6b,
bpen always lies within the feasible set parameterized by A||b||,. Hence, as shown in Figures 7a and
7b, bpen typically is located in the small area at the intersection of the % feasible area and &-ball.
Unless the optimal A from validation or cross-validation is 0, the OLS estimate will never be in the
feasible area of the penalized regression estimate, which is why the intersection region is always
below the bors. As n/p increases, the -ball becomes smaller, the penalized regression estimate

gets closer to the OLS estimate, and both converge to f3.

342 Case:n<p

Typically, to ensure bozs can identify the true DGP 8, we require that (||e||)? is strongly convex,

or that the minimal eigenvalue of X7 X, p, is strictly larger than 0. However, if p > n, p = 0 and
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the space of (||e||2)? is flat in some direction. As a result, the ||bors||1 is not closed-form, the true
DGP B cannot be identified and Eqgs. (12) and (13) are trivial.

To make the results above non-trivial, we need to ensure 3 is still identifiable even when p > n.
Put another way, we need to ensure that the strong convexity of the space (||e||2)? is still reserved
for the p > n case and f is still identifiable. This is guaranteed by the sparse eigenvalue condition
[Bickel et al., 2009, Meinshausen and Yu, 2009, Zhang, 2010]—see the proof of Proposition 4
(below) in Appendix 1 for the details.

Regression can at most estimate max(p,n) coefficients. When p > n, penalized regression has
to drop some variables to make it estimable, implying that ¥ > 1 does not apply to the p > n case.
Hence, for the p > n case, we focus only on the %} penalized regression, i.e., the lasso. As shown
by Efron et al. [2004], Zhang [2010], lasso may be thought of as a forward stagewise regression

(FSR) with an .%} norm constraint.'?

Hence, lasso regression can be treated as a form of GA/eGE
control for FSR when p > n. As shown by Zhang [2010], even though FSR is a greedy algorithm
that may result in overfitting in finite samples, it is still %> consistent under the sparse eigenvalue
condition

Thus, for p > n, we set the FSR estimate, bpsg, to be the unpenalized regression estimate, and
the .} penalized regression estimate, b .,, to be the penalized regression estimate. In Proposition 4
and Corollary 3, we show that the lasso preserves the properties and interpretations of the n > p

case by reducing the overfitting inherent in FSR.

Proposition 4 (% distance between £ penalized and unpenalized FSR estimates). Under Al to

A6 and based on Lemma 2, Propositions 1, and 2 and the sparse eigenvalue condition,

1. (Validation) The following bound holds with probability @(1 —1/n,)

1 e 1

2
Prelt (1,\/5) Prelts HeSHZ‘

|bFsr — bpen||2 <
P

1
/el Xl sl + () (14)

Prens

where Py, is the minimum of the sparse eigenvalues of X* X.

2. (K-fold cross-validation) The following bound holds with probability ®(1 —1/n,)

I v 2 e |13 2
q 1 K 1 1 vK 1 q
? Zl HbFSR - bzenHZ g EZq:] nt'/jre 1—1\/3 o k q:1 ns'pre es H2
q=
T
RN || ) x| rsall + £ (15)

where Py, is defined as min [pfe | p is the minimal restricted eigenvalue of (qu )TXSq ,Vq]

and quSR is the FSR estimator in qth round of validation.

12The method of solving lasso by forward selection is the least angle regression (LARS). For details of LARS and its
consistency, see Efron et al. [2004] and Zhang [2010].
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Figure 8: Illustration of the relation between the FSR estimate and the £ penalized FSR estimate

Corollary 3 (.7 consistency for the £} -penalized regression estimate when n < p). Under Al
to A6 and based on Lemma 2, Propositions 1, and 2 and the sparse eigenvalue condition, bp.,

converges in the £, norm asymptotically to the true DGP if lim,_,.log(p)/n = 0.

The interpretation of Proposition 4 and Corollary 3 is very similar to the interpretation of
Egs. (12) and (13), which specifies the upper bound of .%, difference between brgg and b, as
a function of GA of the FSR estimate and the population error. Hence, the interpretation for

Proposition 4 and Corollary 3 can also be illustrated in Figure 8.

4 Simulation Study

In sections 2 and 3, we use eTE to measure in-sample fit and eGE to measure out-of-sample fit.
However, to measure the GA and degree of overfitting, we need to compare the eTE and eGE to the
total sum of square for the training set and test set, respectively. To summarize the in-sample and

out-of-sample goodness of fit, we propose the generalized R*:

GR2 — (1= %n_g (blrain’Y57Xs) « (1= %n, (btrain‘YhXt) _ R? « th (16)
TSS (1) TSS (1,)

where Rf is the R? for the test set and th for the training set. If by, is consistent, both

s

K, (birain|Ys, Xs) and Zn, (birain|Yr, X;) converge to the same limit in probability as 7 — oo.

Table 1: Schematic table and GR?

R’ .
R high low
high high GR?, the ideal model | relatively low GR?, overfitting
low relatively low GR? low GR?, underfitting
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Clearly GR? considers both the in-sample fit and the out-of-sample fit. Intuitively, there are four
scenarios for GR%. As summarized in Table 1, a model that fits both the training set and the test set
well will have high R? and R? values and hence a high GR?>. When overfitting occurs, the R? will
be relatively high and the R? will be low, reducing the GR?. In contrast, the selected model may fit
the training set and test set poorly, which is called underfitting. When underfitting occurs, the R?
and R? will be low, reducing the GR? further. It is unlikely but possible that the model estimated on
the training set fits the test set better (the R? is high while the R? low).

In the simulations, we illustrate the fact that penalized regression, by constraining the .Z), norm
of the regression estimate, obtains a superior GA compared with OLS or FSR. Penalized regression
is less efficient at model selection when the norm of penalty term y > 1, as illustrated in Figures 4
and 7. Thus, we focus on the .Z] penalized or lasso-type regression.

For the simulations, we assume the outcome y is generated by the following DGP:
y=XB+u=X{Bi+X; pr+u

where X = (x1,---,x,) € R” is generated by a multivariate Gaussian distribution with zero mean,
var(x;) = 1, corr(x;,x;) = 0.9,¥i, j, Bi = (2,4,6,8,10,12)" and B, is a (p — 6)-dimensional zero
vector. u is generated by a Gaussian distribution with zero mean. Here x; does not cause x; and
there is no causal relationship between u and x;. We set the sample size at 250, p is set at 200 or 500
and var(u) at 1 or 5. Hence, we have four different cases. In each case, we repeat the simulation
50 times. In each simulation, we apply the Algorithm 1 to find the estimate of 8 and calculate its
distance to the true value, the eGE, as well as our goodness-of-fit measure GR2. Asa comparison,
we also apply OLS in the n > p cases and the FSR algorithm for the n < p cases.

Boxplots (see Appendix 2) summarize the estimates of all the coefficients in ; (labeled b;
to be) along with the four worst estimates among the coefficients in 3, (labeled b7 to byg), where
‘worst’ refers to estimates with the largest bias. The lasso and OLS/FSR estimates and histograms
of the GR? are reported for each case in Figures 9-12 (Appendix 2). Lastly, the distance between
the estimates and the true values, the eGE, and the GR? (all averages across the 50 simulations) are
reported in Table 1 for all four cases.

When n > p, as we can see from the boxplot in Figure (9) and (11), both lasso and OLS perform
well; in the case var(u) = 1 both lasso and OLS perform better than when var(u) = 5. All the
coefficient estimates are centered around the true values, and the deviations are relatively small.
However, lasso outperforms OLS for the estimates of 3, by having much smaller deviations. Indeed,
a joint significance test (F test) fails to reject the null hypothesis that all coefficients in 3, are zero
for the OLS estimates. As shown in Figure (9) and (11), the GR? for the lasso is marginally larger
than for OLS, but the differences are inconsequential.

When n < p, the regression model is not identified, OLS is infeasible, and we apply FSR. As
shown in Figures (10) and (12), lasso still performs well and correctly selects the variables with non-
zero coefficients. In contrast, although FSR also correctly identifies the non-zero coefficients, its
biases and deviations are much larger than for the lasso. For the p = 500 case shown in Figures (10)
and (12), the GR? for the FSR indicate that the FSR estimates are unreliable. Generally speaking,
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overfitting is controlled well by lasso (all the GR? are close to 1) whereas the performance of FSR
is mixed, as reflected by the deteriorating GR? as p increases. This suggests that, by imposing an
) penalty on estimates, lasso mitigates the overfitting problem and that the advantage of lasso is

likely to be more pronounced as p increases.

Table 2: Average bias, training error, generalization error, in-sample R?, out-of-sample R?, and GR?
for lasso and OLS/FSR when n = 250

Measure var(u) =1 var(u) =5

p =200 p =500 p =200 p =500

Bias

bLasso 0.7923 0.8810 3.8048 4.1373

bors/rsr 0.9559 11.7530 4.7797 13.7622
Training error

Lasso 0.9167 0.8625 22.2476 21.1334

OLS/FSR 0.2164 832.9988 5.4097 1034.2636
Generalization error

Lasso 1.1132 1.1478 27.8672 28.5125

OLS/FSR 5.2109 852.5822 134.8725 1070.6329
R?, in-sample

Lasso 0.9994 0.9994 0.9866 0.9867

OLS/FSR 0.9999 0.4678 0.9967 0.3619
R?, out-of-sample

Lasso 0.9993 0.9993 0.9830 0.9826

OLS/FSR 0.9967 0.4681 0.9181 0.3627
GR?

Lasso 0.9988 0.9987 0.9698 0.9695

OLS/FSR 0.9965 0.3659 0.9151 0.2935

Table 1 reinforces the impressions from the boxplots and histograms. When p = 200 OLS of
course performs extremely well in terms of training error and more poorly in terms of generalization
error while its GR? is very close to the lasso value. For n < p what is noteworthy is the stable
performance of the lasso relative to that of FSR. The training errors, generalization errors, and GR?

are particulary poor for FSR, again illustrating the advantage of the lasso in avoiding overfitting.

5 Conclusion

In this paper, we study the performance of penalized and unpenalized extremum estimators from
the perspective of generalization ability (GA). We propose inequalities for the extremum estimators,
which bound empirical out-of-sample prediction errors by a function of the in-sample errors, sample
sizes and model complexity. The inequalities serve not only as a measurement of GA, but also
illustrate the trade-off between in-sample fit and out-of-sample fit, which in turn may be used
for tuning parameter optimization, such as the number of folds K in cross-validation or n, /n; in
validation. Moreover, the inequalities reveal that the GA of the extremum estimator is also affected

by the heaviness in the tail of its error distribution. In Section 3, we apply the results of Section 2
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to analyze the GA of penalized regression estimates for both n > p and n < p cases. We show that
some finite-sample and asymptotic properties of the penalized estimators can be directly explained
by the GA of the estimators. Furthermore, we use the new bounds to quantify the difference
between penalized and corresponding unpenalized regression estimates in the % norm under both
n > p and p > n cases.

Our work sheds new light not only on penalized regression, but also more generally on the
applicability of GA for model selection and estimation, and in particular offering additional
insight into the bias-variance trade-off. In this paper, we focus mainly on implementing penalized
regression through minimization of eGE. However, other penalty methods could potentially fit
into GA analysis, such as penalized MLE, functional regression, principle component analysis
and decision trees. Furthermore, the results on penalized regression and GA analysis may be
implemented on other empirical methods, like the EM algorithm, clustering, mixture and factor
modeling, Bayes networks, and so on.

In providing a common property applying to all penalized regressions, our result in Section 3
necessarily reflect a worst-case scenario. Finer eGE bounds may well be derived if each specific
penalized regression method were evaluated separately. Lastly, as an early attempt to incorporate
GA analysis into econometrics, we focus on the i.i.d. case. However, it is clear that our framework
has the potential to be generalized to non-i.i.d. data in settings like ¢¢- and -mixing stationery time

series data or dependent and non-identical panel data.
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Appendix 1

Proof. Theorem 2.1. Since by, = argmin, %, (b|Y;,X;). Eq. (2) forms an upper bound for the

generalization error with probability 1 — 1/n,, Vb,

~1
%(btrain‘va) < %n, (btrain’Yt»Xt) (1 - \E)
where %y, (byrain|Y:,X;) stands for the training error on (Y;,X;), Z(bsrain|Y,X) stands for the true
population error of by, and € = (1/n,) {hIn|[(n;/h)]+h—1n(1/n,)}.
To generalize eq. (2) to quantify the relation between eGE and and eTE, we need to think about

if the loss function Q(b;,qin|y, X) is of heavy tail, light tail or no tail.

no-tail If the loss function Q(-) is bounded between [0, B], where B € (0,0). Based on Hoeffding’s

inequality [Hoeffding, 1963] for the extremum estimator b,,4;,, the empirical process satisfies,

vQ 2 0’
2ng
P{‘%ns(btrain|XS7Ys) _%(btrain|X7Y)| < G} >1- 2€XP _? (17)
If we define @ = 1 —2exp(—2n°g/ Y| B;), then
B 2
= "Iy 18
° n\N1-o (18)
This implies, for any extremum estimator b4,
P{<@nY (btrain|Xva Yv) < %(btrainp(y Y) + C} > o. (19)

Since both training and test sets are randomly sampled from population, eq. (2) could be
modifed and relaxed as follows :V¢ > 0, V1, > 0, 3N; € R™ subject to

f%jn (btrain‘XtaYt) 1
P «@nv brainXsaYs gt— =0 lI—— 20
{0 Ol 1y < el Bl) L 0)

light-tail Suppose the loss function Q(-) is unbounded but still .7 -measurable, and specifically it
possesses finite v/ moment when v > 2. Based on Chebyshev’s inequality for the extremum

estimator by, the empirical process satisfies, V¢ > 0,

B Var(Q(btrain ‘y’ X))

P{|¢%ns(btrain’XS7Ys) _f%(btrain|X7Y)’ g Q} 2 1 I’lg (21)
If wedefine@ =1— %&mﬁ‘y’x)), then
g _ Var(Q(btmin’ya X)) (22)

n(l — o)
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This implies, for any extremum estimator b4,

P{%ns (btrain|XS7 Ys) < %(btrainp(y Y) + Q} 2 . (23)

Since both training and test sets are randomly sampled from population, eq. (2) could be
modifed and relaxed as follows :V¢ > 0, V7, > 0, IN; € R™ subject to

%n (btrain‘XtaYt) 1
P %n brainXS7Ys gt— =0 I—— 24
e . 24)

heavy-tail Suppose the loss function Q(-) is unbounded but still .% -measurable, which has heavy
tails with the property that, for 1 < v < 2, 37, such that

\/f btramb’, ]vdF (y7 ) .
: 25
™ fQ(btramb’, )dF (y, ) ( )

Based on the Bahr-Esseen inequality for the extremum estimator by,,;,, the empirical process

satisfies, V¢ > 0

E[Q(birainy, x)"]

P{|%(btrain|Y7X)_f%nv(btrain|YSaXs)|gg} 2 1-2.

° gP-ny”!
v
> 1-21"- (E[Q (btramb’{ x)]) (26)
gV -ni
If we define
E b rain|y, X v
o=1-— 2TV . ( [Qévl‘. nv‘;yl )]) (27)
then
o \v/i T (E [Q(btrain|y7 X)]) (28)
- Ve
This implies, for any extremum estimator by,
P{Zn, (btrain|Xs,Ys) < R (brrain|X,Y) + 6} > @. (29)

Since both training and test sets are randomly sampled from population, eq. (2) could be
modifed and relaxed as follows :V¢ > 0, V7, > 0, 3N; € R™ subject to

<%n (btrain‘XhYt) } ( 1 >
P S Zn, (birain|Xs,Ys) < ———— >o(1—— 30
{0, Ol vy < e B) L 30
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Proof. Theorem 2.2. The upper bound of eGE for cross-validation could be established by adapting
eq. (2) and (3). The proof of both Theorems are quite similar, expect for one fact : the eq. (2) and
(3) measure the upper bound by one-shot eTE while eq. (4) by averaged multiple-round eTE,

1 K
E Z %n, (btrain|Ytantq)~
q=1

Hence, eq. (2) could be generalized as the following

%(btrmﬂY,X) = E[Q(btrain|y7x)]
1 . .
= E[*ZQ(btrain‘yiaxi)]

n; i
- E[%n, (btrain’YhXt)]
% Zfl(:l %n, (btrain ‘Ytantq)

< 31
- 31)
Also, since
%(btmin‘yax) = E[Q(btrain‘y7x)]
1 & o
= E[— Z O (btrain]ys, Xy)]
s i=1
- E[%nx(btrain|YSaXs)]
1 K
= E[E Z %n_v (blrain’qu7qu)]a (32)
g=1
we can derive the following inequality
P{‘E[% 51(:1 %nx (btrain|Yth)] - %Zg(:[ <%nx(btrain‘Yth>‘ < ch}
= P{ |%(btrain |Y7X) - % Z(II(:] %nx (btrain |YS7XS)| < ch}
> (0] (33)
where, similar to the proof of Theorem 2.1,
(V27 B(brrain V. X)) (VT—@ -nt ) ifve(1,2]
v =12 (Bln\/2/(1—®))/ny if 0(-) € (0,B] and B is bounded ~ (34)

var(Q(birainly, X)) / (1) (1 — @) ifve(2e)

As the result, we would have
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1 %n, (btrain ’Ytqaxtq)

(1-Ve)

S
t@nx (blrain’Ysjvxsj) g K==

1 K
— + Gy 35
K & : (35)

and Theorem 2.

Proof. Lemma 3.1. eq. (12) and (13) are the direct application of eq. (3) and (4). The only thing
we need to be specific is the last term of the RHS, ¢ and ¢,.
Since, for classical regression analysis, the error term u is distributed as zero-mean Gaussian,
the loss function of OLS,
Q(bors) ~ var(u) - x*(1).

Hence in eq. (12) the last RHS term

B 2(Var(u))2
ngy/1— @
Furthermore, in cross-validation,
Ton(bosl?,X) ~ —2 2k — 1) /K)
ng\DOLS |1 s n(K—1)/K X :
Hence, in eq. (13) the last RHS term
2(var(u))?

o= = on/K)?

By plunging the value of ¢ and ¢, into eq. (3) and (4), we have eq. (12) and (13).

Proof. Corollary 3.1. The optimal K or n, /ng could be obtained by finding the smallest expectation
of the RHS for eq. (8) and (9).
Since, for classical regression analysis, the error term u is distributed as zero-mean Gaussian,
the loss function of OLS,
Q(bors) ~ var(u) - 2*(1).

As aresult,
var(u) )
Py (bors|Y,X) ~ . K—1)/K).
orsl X) ~ e (K= 1)/K)
Hence in the RHS of eq. (12),
LS o V%) ~ —2 0 Gamma(n(k —1)/2,2/K)
K]:1 Ny train |4y st n(K— 1)/K 9
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Hence, the expectation of RHS for eq. (13) is equal to

var(u) n 4(var(u))?
1-vVe V1—-o(n/K)?

and

K* — argmin var(u) 4(var(u))?

K 1—\@+\/1—w(n K)?

Proof. Proposition 3.1. Given A1-A4, the true DGP is
— T T
yi=x; B+u, i=1,...,n.

Proving that the true DGP has the highest generalization ability (the lowest eGE) is equivalent to

proving, in a test set, that

o (i=af B)” _ Ei (= +]b)’

) (36)

which is equivalent to proving that

n
0< Y (=78 = (=7 B)’]
i=1
1 n
= 0< =Y (yi—xb+yi—x B) (yi—x b—yi+x{ B)
i=1
1 n
= 0< Y (i—xb+yi—x/B) (5 B—xb).

Il
-

Defining 6 = B — b, it follows,

0< ié@yl—x% x{ B) (x7 9)
— 0< ili(zyl—xTﬁ +xi B—xb—x{B) (x/ )
— o< il_fl(zyl 2 B +75) (xI'8)
— o< %i(Zu,—i—xT& (<'8)

I\
—_

Hence, proving (36) is equivalent to proving

0< (2u; +x] 8) (x] §)

-

S|

i=1
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Since E(XTu) = 0 (A2), it follows that

n

1
qul x50 = - Z“l [3—>0 and - Y (uj-x[)b—0
iz
Hence, asymptotically
n

n n
! Z 2ul—|—xT5 :%225uixf—|—%z(xiT5)2£>E(xiT5)2
i=1 i=1

n i=1

Proof. Theorem 3.1. In the proof of Theorem 2.1 we defined by, = argmin, %, (b|Y;,X;),
meaning that b,,,;, is the extremum estimator without penalty on any training set. We also have
M = Ry, (byrain|Y:, X;) (1 - \/5)71. Theorem 2.1 shows the following bound holds Vb € A

T, (DIY0,Xs) < By, (DY, X)) (1-VE) ™ +¢

with probability at least (1 — 1/n,)@. Also, among all the b € {b, }, bj4, has the lowest eGE on
the test set,
Pon,(biasso| Vs, Xs) < Ln, (b|Ys,X;)

we have | .
—1
;||Yc_Xsblasso||§< ;‘|K_thtrain||g(l_ﬁ) +¢

By deﬁnlng A = byrain — biassor Yr — Xibirain = €; and Ys — Xbyyain = e,
1 > 1 2
_ HYs _XsblassoHQ = ||Yv _Xsbtrain +XSAH2
Ny ng
1
= —|les +XSAH%
ng
1 T
= —(es+XA) (e5+X5A)

ng

1
= — (Jlesl3 +2¢T %8+ ATXI X,A)

s

Hence, . .
-1
; ||Ys_Xsblass0||§ < ; HYI_thtrainng (1 _\E) +€
S t
implies
lHe 12+ 2 TXA—i— ATXTXA< u e H2+
n, 168 >+ n 1— e G

It follows that

lHXAH2< l HezH% _lHe ”2 —EBTXA—FQ
ng S\ m1—ye ng" 2 ng * 0 '
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By the Holder inequality,
*eZXsA < |esTXsA| < HeSTXus Al -

It follows that

i< (Ldels e o 2 e al 46
g sAlr X n1— \/E g 5|2 g s A5 || oo 1 .

AISO’ since ”blasmH1 g Hblrainul

||A”1 - ”btmin _blassonl
< ||blass0||1 + HbtrainH1

~
< ZHbtrainHl

As a result, we have

1 2 1 ||€zH§ 1 2 400 r
n—SHXsAHz < <n,1—ﬁ_ns”esnz +n—sHesXsHm||btmmlh+g (37)

where we denote y; to be the extremum estimator prediction on the test set calculated on the
training set and y'**° to be the lasso prediction on the test set. It follows that (37) is the bound
for E (H 5 — ylasse H ) the expected difference between lasso prediction and extremum estimator
prediction on the test set. The bound holds with probability (1 —1/n,)®. O

Proof. Corollary 2. We need to prove that the VC inequality and SRM also hold for lasso with
cross-validation. If lasso is implemented by K-fold cross-validation, the sample is partitioned into
K equal-sized folds. If K = 2, the theoretical result from K-fold cross-validation is identical to
Theorem 3.1. Thus, we only discuss the case of K > 3 here.

For K > 3, we have K different test sets for A-tuning and K different training sets for estimation.
Denote the g™ training set as (X,7,¥,7), the ¢ test set as (X, Y;!), the extremum estimator estimated

from the k™ training set as b*_. . the sample size for each test set as n and the sample size for

train’®

each training set as n,. Based on Theorem 1, for each test set, the following bound holds for
k and g € [1,K] with probability at least (1 —1/n, )@y

-1
( tram‘Xq Yq) ( tram|th7Yq)(1_\/a) =+ Gk

Hence,

1 K _ * *
¢ X o X, Y2) < o, (B X 1)
P

— * * 71
< %n, (birain| X Y1) (1 - \/E) +G
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Since bjqs5o minimizes (1/K) YK 2, (b|X{,Y{),

1 K K
e Z] PRn, (brasso| X1, Y1) < Z b . 1X9.Y9), Vke|[l,K]
q= 11:
It follows that
1

-1
%ﬂs (blaSS0|X Yq) %n, (btram|Xt 7Yq ) (1 - \/E) + ;

>

K A

Denote %, (b . |X{.Y,) by & and %, (b*.

train | train ’

s 1 q q 2 ||?t||% 1 =
; n*SHYs —X{biassollz ) < P 1_\/54'9

><: \

By defining A = Byrain — brasso and e = ¥ — X3b,yin we have

1 1 - 2
; ||qu_qublassr)H§ = ; Hqu _qubtmin +quAH2
£ S

ng

1 /— T
= — (e?—l—XSqA) (e?—l—XfA)
ng

_ !
==

— 2
7o

el

z+2(e) XIA+ AT (X9) XM)

Hence,
A I N\ Live war 2 A
}Z *HYS _Xsblassonz < 7HYt _Xz btrainH2 (1_\/5) +¢
q=1 ng n;
implies
1 &1 1K2<q> 1 &1 ACLE
- Y = (ef) XA+~ AT A +3.
Z Kq;ns ’ Z X) 1-V& g
It follows that
—12
1 &1 1 |3 K |e 1 &2 _
— Y —|Ix7A 2 — —( q) XIA+C.
g X A < T g Wk L () Xt

By the Holder inequality,

—\T —~N\T
—1-(e§’) X;fA<|<e?) XIA| <

—\T
() x

1Al -

oo
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qu ,Yq ) by e;. The above equation is equivalent to



It follows that

2

el

1 &1 2|1l < 1
_ — x4 <|—= 2 _ -
K Z n ” S HZ n; 1_\/? qu_l g +K

g=1""%

—\T
I (eF) X2l=llal +&.

1=

S

1

q

Also, since ||blass0H1 < Hl;tminHl

”AHI = Hgtrain _blassoH]
< HblaSSOHI + HEtrainul
< ZHBtrainHI

Therefore, we have

1 4

K
Kq;nf,

[BENEES

—\T
() x

(Hys yhasse||J )} the iterated expected difference be-

1 1
g Mg

L lell3 i

nl—s

3

HI;trainHI +§

This formula is the bound for [E; [E(Xk.y,’f)
tween lasso prediction and extremum prediction on any (Xsk, vk ) The bound holds with probability
(1-1/n)@

O]

Proof. Theorem 3. (Consistency when n > p.) Under the Newey and McFadden [1994] condition,
the extremum estimators is consistent. If n > p, the extremum estimator by,;;, is simply the OLS
estimator. We prove that lasso tuned by validation is consistent for n > p.

Aslongas (7i/p) = 00, B, (burain|Ye, X,) ~> infy, Z(b|Y, X ) and Zy, (Birain|Ys, Xs) ~ inf, Z(b]Y,X),

which means (1/n,) ||e/||5 and (1/ny) ||e;|)5 all converge to the same limit. As a result,

(1/m) ”etH% i} 1
(1/ns) HESH%

Also (4/ny) ||elXq||. 5 0, lbrrainll, — ||B]], and & — 0. Also § 5 XB if (n/p) — o. Hence

Z
Xbiagso = XPB.
For OLS, (1/n) HXSAH§ >p HA||%, where p is the minimal eigenvalue for X7 X. Hence,

1

2 2

p Al < —I[IX:All
ng

2
1 el

n (1—+/¢)

~X

1 4
- ;S HESH% + ’73 Hersuw ||btrain||1 +.
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It follows that

2
1 ey 1

4
3+ . HeSTXSHw |Berainlly +6-
)

Al <=2
PlALL < = vy n lesllz

By the Minkowski inequality, the above can be simplified to

1

4 G\?

3 + ”esTXV||opotrain||1+ ()
pns p

Thus, the extremum estimator and the lasso estimator asymptotically converge to f3. 0

2
L el

pm (1*\/5) _P s

||btrain - blasso ||2 S

Proof. Corollary 3. (Consistency when n > p.) If n > p, extremum estimation byrain is the OLS
estimator for the ‘worst case’. We prove that lasso tuned by cross-validation is consistent for n > p.
For OLS, (1/ny) HX?AH; > p, ||All3, where p, is the minimal eigenvalue for (qu)T (X{). For

cross-validated lasso,

[ S NI R L CE 4Tl = o
— Y —|IxoA|; < | —— 2 — i L wihd (‘1) x4 5
Kq;l ng H * ||2 ny (l —\/E) qul ng P +Kq;1ns €s s _ H traanl +G
implies that
[ N R R LE 4T
— Al € | ————= o v F (q> x4 B '
Kq;lpqn ”2 n (l—f) qulna 51, + Kq;ll’ls ey ’ OOH tramHl‘f‘g

Denoting min, p, by p*,

>

p* s 2
=Y lAl; < Z A3
qul

Hence,
x K K K
p 2 1 HelHQ 1 1 3 1 4 ’ — T _ B
K &S T e Tx *(e)Xq Birain||| +
K;Hm T K;m H K;m D) x| ool +5
implies
12
lKH;; Diasso | < LN 27 AR U0 SO S 11
KZ] e el S nep* (1-vE) K Znspr 17l
9= e
1 & 4 —\T _ z
q
XL (1) x|l + - (38)

The equation above is the bound for

B [E(x&w) M’;rmin - bzamHiH :
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As n — oo, the RHS of (38) converges to zero and Dirain ‘% bjasso- Since Dirain converges to 3 in .%,
as guaranteed by the asymptotic property of OLS, by, also converges to 3 in %, O

Proof. Theorem 4. (Consistency when n < p.) In this proof we show that lasso and FSR both
converge to the true DGP if lasso is tuned by validation. For regressions where n < p, the OLS
estimator is not feasible because X’ X is not of full rank and the traditional strong convexity
condition fails. As a result, (1/n) || X,Al|5 > p ||Al|3 may not hold for all A, the extremum estimator
may not converge to 3, and the consistency result established in Theorem 3 may not be valid.

To solve this problem, we import the restricted eigenvalue condition from Bickel et al. [2009]
and Meinshausen and Yu [2009].!3 The restricted eigenvalue condition assumes that (1/n) HXSAH% >
P ||A|[3 still holds for all b € {b, } [Bickel et al., 2009] and FSR estimators b4, [Zhang, 2009].
Also, in this scenario, the extremum estimator min,(1/n,)||Y; — X;b||3 can be implemented by
forward selection of at most n variables that minimize the training error. As shown by Tropp
[2004] and Zhang [2009], forward selection regression is consistent under the restricted eigenvalue
condition.

As long as 11 — 50, Bemp (byrain| X, ¥/") 2> infy, Z(b|Y, X ) and Bemp (Dirain| X", Y1) L inf, Z(b|Y, X ),
which means (1/n)||e/||5 and (1/n)]les||5 all converge to the same limit. Thus, (1/n)]e;||5 —
(1/n)|les]? 2 0. Also (4/n)||e"X,||. 5 0, |Birainll; = |IB]l, and € — 0. Also 3* 5 XB if
(n/p) — oo. Hence, X b0 4 XB.

For OLS, (1/n) |X,Al3 > p 1A

Similar to Theorem 3, equation (2) in the proof of Theorem 2 can be simplified to

%, where p is the minimum restricted eigenvalue for X7X.

1

4 ¢c\?

= IlesTlelmezmin\Hr<~) ~
pns p

Since Tropp [2004] and Zhang [2009] prove that Forward Stagewise regression is consistent, it

2
Hbtruin_blassonzg ;ﬂ_,} H@H%
pri (1—-ve)  pns

follows that the extremum estimator and lasso estimator asymptotically converge to f3. O

Proof. Corollary 4. (Consistency when n < p.) In this proof we show that, under cross-validation,
a very similar bound to Theorem 4 holds for lasso as well.

As above, denoting the min, p, by p*,

P e v 2
— A< =Y p.llAll5-
Kq;H 12 K{;Pﬂ\ [

Hence,

—12
Llelz 15 1z
N

1
n1—+E qu‘]ns

K
4 || =T
_ _ ) x4
+Kq¥’1ns‘ <6S> §

3Meinshausen and Yu [2009] develop a version of the restricted eigenvalue condition, which they call the sparse
eigenvalue condition.

B
L AllZ <
% X 1415 :

HEtrainHl"’_a
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implies

1 & - 2 L els LR SO S
?qg’lubtmin—blasmuz< n;-ﬁ*l—\/? K Ein- P Es )
1 K
At @

The equation above is the bound for
= 2
[Ex {E(XYI‘,YS/() [Hbtmin - blassouz}] .

As n — oo, the RHS of (39) converges to zero and birain % blasso- SINCe byrain converges to f3 in %
[Tropp, 2004, Zhang, 20091, b;4ss, also converges to B in % OJ

Forward Stagewise regression algorithm

1. Standardize Y and the variables X;, j=1,...,p
Start the regression from Y = u

3. Add the variable having the largest correlation with u into the regression and estimate
Y=Xb+u

4. Repeat 3, one variable at a time, until the maximum correlation between u and the most
recent variable added to the model is less than some preset value.
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Figure 9: Boxplots of estimates and GR? for DGP n = 250, p = 200, var(u) = 1
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