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Bias—Variance Tradeoff

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.1.

The bias—variance tradeoff is the foundational decomposition underlying all model selection procedures. It
quantifies the tension between underfitting (high bias) and overfitting (high variance), establishing that no
estimator can simultaneously minimize both for finite sample size. Every criterion in this module—AIC, BIC,
cross-validation, regularization—is a procedure for navigating this tradeoff.

Formal Definition

Let fn : X — R be an estimator of a regression function fy, fitted from data D, = {(X;,Y;)}?, where
Y = fo(X;) + &5, Elg;] =0, Var(g;) = 02, and ¢; 1L D,,.

The prediction risk (conditional on z) is

R(fna x) = E'Dn,e [(Y - fn(l‘))Q]

Bias—Variance Decomposition. The prediction risk decomposes as

R(fa,) = (B, [fa(@)] = fo(@))" + Varp, (ful@) + 0%

Irreducible noise

Bias2 (fn () Variance

The integrated prediction risk is R(f,) = Ex[R(fn, X)].

Intuition

Every estimator makes two kinds of errors. Bias is systematic: the estimator consistently misses the truth
because the model class is too restrictive. Variance is random: the estimator fluctuates across different
training samples because the model class is too flexible. The irreducible noise o2 is the floor—no estimator
can beat it.

Simple models (e.g., linear regression with few features) have high bias and low variance. Complex models
(e.g., high-degree polynomials, deep trees) have low bias and high variance. The optimal model complexity is
the one that minimizes their sum, and this optimum shifts rightward as n grows.




Structural Role

The bias—variance tradeoff is the fundamental organizing principle of model selection. It determines the
optimal model complexity as a function of sample size n: as n — oo, variance decreases at rate O(1/n),
allowing progressively richer models.

Dependencies: Relies on the mean squared error framework (Node 3.1) and the asymptotic theory of
estimators (Node 7.3). Enables: All subsequent model selection criteria—AIC (Node 10.2), cross-validation
(Node 10.3), regularization (Node 10.4)—are procedures for navigating this decomposition.

Mathematical Development
Full Proof of the Decomposition
Write Y = fo(2) 4+ ¢ and let f(z) = Ep, [fn(2)]. Then

E[(Y — fu())*] = El(fo(@) + & = fu(@))?].

Add and subtract f(x):

=E[(c + fo(z) - f(z) + f(2) — fu(2))?].

Let A=¢, B= fo(z) — f(z), C = f(z) — fu(x). Then

E[(A+ B+ C)?) = E[A?] + B + E[C?] + 2BE[C] + 2E[AC] + 2BE[A].

Now: E[A4] = E[e] = 0, so the last term vanishes. E[C] = f(x) —E[fn(x)] = 0, so the 2BE[C] term vanishes.
E[AC] = Ele(f(z) — fn(z))] = 0 by independence of ¢ from D,,. Therefore

R(fo,2) = 0+ (fo(z) — f(2))? + E[(fu(z) — f(2))?] = 0* + Bias? + Variance.

Parametric MSE Decomposition

For a parametric estimator én of 0y € R¥,

MSE(6,,) = ||Bias(6,)||* + Tr Cov(f,,).

The Cramer-Rao bound (Node 3.4) gives Tr Cov(f,,) > Tr I(8y)~" for unbiased estimators. A biased estimator
may achieve lower total MSE when the bias term is small relative to the variance reduction. Ridge regression
(Node 10.4) exploits this: it introduces bias O(\) while reducing variance by O(A?) near the optimal .

Approximation vs. Estimation Error

The total excess risk decomposes as

R(fa) = R(fo) = R(fF) = R(fo) +R(fa) — R(f}),

Approximation error Estimation error

where fr = argminscr R(f). Approximation error decreases as F grows (richer model classes); estimation
error increases with the complexity of F and decreases with n. For a model class with VC dimension d,
classical bounds give estimation error O(y/d/n).



Double Descent and Interpolation

In overparameterized models (p > n), the classical U-shaped risk curve breaks down. The double descent
phenomenon: as p increases past n, the minimum-norm interpolating estimator (which achieves zero training
error) can have decreasing risk. The bias—variance decomposition still holds, but the variance term behaves
non-monotonically near p = n (the interpolation threshold) where the condition number of X " X diverges.
For p > n, implicit regularization from the minimum-norm constraint reduces variance, producing a second
descent in risk.

This does not violate the bias—variance tradeoff; rather, it reveals that the effective complexity of an estimator
is not simply the number of parameters but depends on the geometry of the estimator class and the implicit
constraints of the optimization procedure.

Optimism and Degrees of Freedom

For a linear smoother Y = HY with hat matrix H , the optimism (gap between in-sample and out-of-sample

risk) is

202 202
Optimism = iTr(H) =27 df,
n n

where df = Tr(H) is the effective degrees of freedom. This connects the bias—variance tradeoff to model
selection: AIC (Node 10.2) corrects for exactly this optimism, and Mallows’ C), uses df to penalize complex
models.

For OLS, df = p (number of parameters). For ridge regression, df(A\) = >, d?/(d3? + X\) < p. For k-NN,
df =n/k.

Rates for Specific Estimators

k-Nearest Neighbors. For k-NN regression in R? with Lipschitz fo:

Bias? = O(k~2/¢.n=2/4), Variance = O(c?/k).

Optimizing over k gives k* ~ n?/+4) and risk R — 02 = O(n~%/(?*9)_ exhibiting the curse of dimensionality.

Polynomial Regression of Degree p. For a degree-p polynomial fit to data from a smooth function on
[0,1] with m continuous derivatives:

Bias® = O(n~2™/ ™+ (when p ~ n/™+1) " Variance = O(p/n).

The optimal degree balances the two at the minimax rate n—2m/@m+1)

Worked Examples
Example 1: Polynomial Regression

Consider Y; = sin(X;) + ¢; with X; ~ Uniform(0, 27), &; ~ N (0,0.25), and n = 50. Fit polynomials of degree
p=1,3,10,25.

Degree 1 (linear): f(z) ~ a + ba. Since sin(z) is nonlinear, Bias® is large. Two parameters yield very low
variance. The fit systematically misses the curvature.

Degree 3: Captures the dominant shape of sin(z) well. Bias is moderate (the Taylor expansion sin(z) ~
x — x3/6 is a degree-3 polynomial). Variance with 4 parameters on 50 points is still small.



Degree 10: Bias is near zero (degree-10 polynomial can approximate sin on a compact interval to high
accuracy). Variance increases: 11 parameters on 50 points. Moderate overfitting at the boundaries.

Degree 25: Bias is essentially zero. Variance is very large: 26 parameters on 50 points means the fit
interpolates noise. Test MSE is much worse than degree 3.

Computing MSE on an independent test set of size 1000: degree 1 gives = 0.35, degree 3 gives ~ 0.27, degree
10 gives = 0.30, degree 25 gives ~ 1.2. The minimum is at an intermediate complexity.

Example 2: k-NN in Dimension d =1
Data: Y; = X? +¢;, X; ~ Uniform(0, 1), 02 = 0.1, n = 200. Evaluate the prediction at x = 0.5.

k = 1: The predictor is Y- where j* = argmin; | X; —0.5|. Bias ~ 0 (nearest neighbor is close to ). Variance
=02 =0.1.

k = 50: The predictor averages 50 neighbors. If these span roughly [0.35,0.65], then f(0.5) ~ E[X? | X €
[0.35,0.65]] ~ 0.253 versus fo(0.5) = 0.25. Bias ~ 0.003. Variance ~ 02/50 = 0.002. MSE = 0.002.

k = 200: All data used. f(0.5) = E[X?] = 1/3 ~ 0.333 versus fo(0.5) = 0.25. Bias® ~ 0.007. Variance
~ 02/200 = 0.0005. MSE =~ 0.007.

The optimal k is intermediate: large enough to average away noise, small enough to avoid smoothing bias.
Theory gives k* ~ n?/3 ~ 34 for d = 1.

Cross-Links

AT The bias—variance tradeoff motivates regularization (weight decay, dropout, early stopping) and architec-
ture search in deep learning. The double descent phenomenon in overparameterized models challenges the
classical U-shaped risk curve but can be explained through implicit regularization effects.

Economics. In forecasting and structural estimation, the tradeoff between model parsimony (few parameters,
interpretable) and fit (many parameters, flexible) governs model specification. Shrinkage estimators in
empirical Bayes (James—Stein) dominate the MLE in dimension > 3 precisely because they exploit this
tradeoff.

Linear Algebra. The singular value decomposition of the design matrix X = UXVT provides the
geometric view: ridge regression shrinks the components along small singular values (where variance is large)
proportionally more, and the bias—variance tradeoff is controlled by the spectrum of X T X.

Quantum Mechanics. The uncertainty principle Az - Ap > h/2 is structurally analogous: simultaneous
localization in two conjugate domains is impossible. In quantum state tomography, the bias—variance tradeoff
governs the choice of measurement basis and estimator complexity.

Structural Compression
Invariant

MSE = Bias® + Variance + 02: the three components are orthogonal in the L? decomposition of prediction
error.

Mechanism

Second-moment expansion of the squared error; all cross terms vanish by independence of the noise € from
the training-data-dependent estimator f,, and by the definition of the bias as E[f,(z)] — fo(x).

Cross-System Echo



The bias—variance tradeoff is the statistical instance of the approximation-generalization tradeoff in statistical
learning theory (Vapnik). In Al, it motivates regularization, dropout, and early stopping as variance-reduction
techniques. In economics, the tradeoff between model parsimony and fit appears in forecasting and structural
estimation. In physics, the uncertainty principle is the conjugate-variable analogue: precision in one domain
costs precision in the other.

Exercises

1.

Prove the bias-variance decomposition in the multivariate case: for 6,, € R¥, show that E[[|f,, — 6,]|2] =
| Bias(6,,)]|? + Tr Cov(6,,).

For the k-NN estimator in dimension d, derive the rates Bias? = O(k/n)?/¢ and Variance = O(02/k)
assuming fy is Lipschitz and X has a bounded density.

Consider the James-Stein estimator 67 = (1— (k—2)02/||X||2)X for 0 € R¥, k > 3. Show that its MSE
is strictly less than the MLE’s MSE ko2 /n for every 6, and explain this in terms of the bias—variance
tradeoff.

For a linear smoother ¥ = HY', show that the in-sample optimism is Optimism = (202 /n) Tr(H),
where Tr(H) is the effective degrees of freedom.

. Suppose you observe n = 100 points from ¥ = sin(27X) + ¢ with o = 0.5. Compute the bias, variance,

and MSE at 2 = 0.5 for the constant estimator f(:r) =Y and for the local average over the 10 nearest
neighbors.

In ridge regression with design matrix X having singular values d; > --- > d),, express both the bias and
variance in terms of {d;}, A, and the true coefficients S. Show that the variance is 0 3, d3/(d3 + X)*.

Argue, structurally, why the bias—variance decomposition must hold for any loss function admitting
a second-moment expansion, and identify conditions under which it fails (e.g., non-squared losses,
dependent noise).



Information Criteria: AIC and BIC

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.2.

Information criteria convert the bias—variance tradeoff (Node 10.1) into explicit model-ranking formulas by
penalizing the maximized log-likelihood for the number of free parameters. AIC targets predictive accuracy
via KL divergence minimization; BIC approximates the Bayesian marginal likelihood. Together they define
the two canonical analytic approaches to model selection, feeding into model averaging (Node 10.6).

Formal Definition

Let My,..., Mg be a collection of candidate parametric models. Model M; has k; free parameters and
MLE 1) with maximized log-likelihood ¢; = £(%7); z).

Akaike Information Criterion:
AIC; = =205 + 2k;.
Bayesian Information Criterion:
BICj = —2£j + kj IOg n.

The preferred model minimizes the criterion. Both penalize the log-likelihood for model complexity, differing
only in the penalty weight per parameter.

Intuition

The maximized log-likelihood ¢; always improves as parameters are added, but this improvement partly
reflects fitting noise rather than signal. Information criteria correct for this optimism by adding a penalty
that grows with the number of parameters. AIC adds a fixed penalty of 2 per parameter, derived from the
expected optimism of in-sample log-likelihood. BIC adds a penalty of logn per parameter, derived from
Bayesian model comparison. For n > 8, BIC penalizes more heavily and selects simpler models.

The choice between them reflects the inferential goal: AIC for prediction, BIC for identifying the true model.

Structural Role

Dependencies: Builds on the bias—variance tradeoff (Node 10.1), the KL divergence (Node 2.3), and
asymptotic likelihood theory (Node 7.6). Enables: Model averaging (Node 10.6), where BIC approximations
to marginal likelihoods provide the posterior model weights.

AIC and BIC operationalize two philosophically distinct goals. AIC is the frequentist criterion: it targets the
model that best predicts new data from the same distribution. BIC is the Bayesian criterion: it targets the
model that most likely generated the observed data. Neither dominates the other; the appropriate choice
depends on context.




Mathematical Development
Derivation of AIC from KL Divergence
Let pg be the true density and py the model density. The KL divergence from pg to pyg is

po(X)
po(X)

Dxr(pollpe) = Ep, [log ] = const — E,,; [log pg(X)].

Minimizing KL divergence over 6 is equivalent to maximizing E, [log pg(X)], the expected log-likelihood
under new data. Define

1
0.

Aj = Bxnew[log py (X*)] = —

This is the optimism: how much the in-sample log-likelihood overestimates the out-of-sample log-likelihood.
Akaike’s key result:

Theorem (Akaike, 1973). Under regularity conditions (model M correctly specified, 69 consistent and
asymptotically normal),

E[A;] = f% +o(1/n).

Proof sketch. Expand E(é(j ); X around Géj ) to second order. The cross term between the estimation error
6u) — 9(()]) and the score at X" has mean zero. The quadratic term contributes —%(é(j) - Héj))TI(QéJ))(é(j) -
9(()] )), which has expectation —k;/(2n) by the asymptotic distribution of the MLE. Meanwhile, the in-sample
quadratic term contributes +k;/(2n). The total optimism is —k;/n, so

1 1 k.
EXnew [Z(a(j);XHEW)] ~ 7€j . 7].
n n n
Multiplying by —2n gives
E[-20(9); X"%)] & —24; + 2k; = AIC;.

Derivation of BIC from Laplace Approximation

The marginal likelihood of model M; under prior m(6\)) is

mj(x) = /exp(ﬁ(e(j);x))W(H(j))dO(j).
Apply the Laplace approximation: expand ¢(6;x) around 6 to second order,

00;x) ~ l; — %(9 —GUNTT, (6 — W),
where I,, = —Vzé(é(j );x). The Gaussian integral gives

m;(z) ~ exp(¢;) (27T)kj/2 |fn\_1/2 W(é(j)).

Taking —2log:



—2logm;(x) = —2£; + log || — kjlog(2m) — 2log w(61Y)).

Under standard asymptotics, I,, = n - I + O(y/n), so log |I,| = k; logn + O(1). All remaining terms are O(1)
as n — 00. Therefore

—2logmj(z) = —2¢; + kjlogn + O(1) = BIC; + O(1).

Properties: Consistency and Efficiency

BIC Consistency. If the true model M* is among the candidates, then for any overfitting model M; 2> M*,

BIC,; — BIC* = (—2¢; + 2¢*) + (k; — k) logn — +00.

Op(1) —00

So BIC selects the true model with probability — 1. AIC does not: its penalty 2(k; — k*) is finite, so it
selects the overfitting model with non-vanishing probability.

AIC Efficiency. When no candidate model is true (all are approximations), AIC asymptotically selects the
model minimizing KL divergence to pg. BIC may select a model that is too simple.

Corrected AIC

For small n relative to k;, the O(1/n) approximation in Akaike’s theorem is inaccurate. The corrected AIC is

n

n—~rR; —

This is exact for Gaussian linear models; for other models it is an improved approximation. As n/k; — oo,
AICCJ' — AICJ

Worked Examples
Example 1: Polynomial Regression Model Selection

Data: n = 30 observations from Y =2 +3X — X2+ ¢, ¢ ~ N(0,1), X ~ Uniform(—2,2). Fit polynomials of
degree 1, 2, 3, 5.

Each model has k; = j + 2 parameters (j + 1 coefficients plus o2). Suppose the maximized log-likelihoods are
= —48.2, {5 = —39.1, {5 = —38.9, l5 = —38.4.

AIC: AIC; =96.4+ 6 = 102.4; AIC; = 78.2 4+ 8 = 86.2; AIC3 = 77.8 + 10 = 87.8; AIC5 = 76.8 + 14 = 90.8.
AIC selects degree 2.

BIC (log 30 = 3.40): BIC; = 96.4 + 10.2 = 106.6; BICy; = 78.2 + 13.6 = 91.8; BIC3 = 77.8 + 17.0 = 94.8;
BIC5 = 76.8 + 23.8 = 100.6. BIC also selects degree 2.

Both criteria correctly identify the true model order. The degree-3 model gains only A¢ = 0.2 over degree 2,
insufficient to offset the additional parameter penalty.



Example 2: AIC vs. BIC Disagreement

Data: n = 500, true model has 5 predictors. Model A: 5 predictors, £4 = —700.0, k4 = 6. Model B: 8
predictors, g = —696.5, kg = 9.

AIC: AIC4 = 1400 + 12 = 1412; AICp = 1393 4 18 = 1411. AIC selects Model B (the larger model) by 1
unit.

BIC (log500 = 6.21): BIC4 = 1400 + 37.3 = 1437.3; BICp = 1393 + 55.9 = 1448.9. BIC selects Model A
(the true model).

The three extra parameters in Model B improve the likelihood by 3.5, which exceeds AIC’s penalty of 6 but
not BIC’s penalty of 18.6. This illustrates: AIC favors prediction (Model B is slightly better out-of-sample),
BIC favors parsimony (Model A is the true model).

Cross-Links

Al. Neural architecture search and hyperparameter tuning replace analytic criteria with validation-set
evaluation, but AIC-like principles (penalizing effective parameters) appear in pruning criteria and the
minimum description length principle for model compression.

Economics. AIC and BIC are standard in VAR lag-length selection, ARMA order selection, and structural
model comparison. Economists often report both, noting that disagreement signals the prediction-vs-
identification tension.

Linear Algebra. The effective degrees of freedom in penalized regression, df(\) = Tr(H}), generalizes the
parameter count k£ and can be substituted into AIC for regularized models. The trace operation connects
model complexity to the spectrum of the hat matrix.

Quantum Mechanics. In quantum state tomography, model selection between density matrix parameteriza-
tions of different rank uses likelihood ratio tests and information criteria adapted to the positive semidefinite
constraint, with the BIC penalty reflecting the dimensionality of the state manifold.

Structural Compression
Invariant

Information criteria decompose model quality into fit (—2¢;) and a complexity penalty (2k; or k;logn);
model selection minimizes the sum.

Mechanism

AIC: Akaike’s theorem shows the in-sample log-likelihood overestimates the expected out-of-sample log-
likelihood by k;/n in expectation; multiplying by —2n yields the penalty 2k;. BIC: the Laplace approximation
to the marginal likelihood introduces a (k;/2)logn penalty for parameter uncertainty integrated over the
prior.

Cross-System Echo

AIC is asymptotically equivalent to LOOCV (Stone, 1977) under squared-error loss for linear models. BIC
is the Schwarz approximation to the Bayes factor (Node 6.6) for model comparison. In information theory,
both connect to the minimum description length (MDL) principle: the best model compresses the data most
efficiently.




Exercises

1.

Starting from the KL divergence Dxr(po||py), carry out the full Taylor expansion to derive the AIC
penalty 2k. Identify where the asymptotic normality of the MLE is used.

Derive the BIC via the Laplace approximation. Show explicitly that the prior density W(é) and the
term klog(27) are absorbed into the O(1) remainder.

Show that BIC is consistent: if the true model M* is among the candidates and has the fewest
parameters, then P(jpic = *) — 1 as n — oo.

Show that for Gaussian linear regression with known o2, AIC reduces to RSS/o? + 2k and BIC reduces
to RSS/0? + klogn, both up to additive constants independent of the model.

For a dataset with n = 20 and two models (k1 = 3,¢; = —25.0; ko = 6,¢3 = —21.5), compute AIC,
AICc, and BIC for both models. Which does each criterion prefer?

Derive the AICc correction for Gaussian linear regression by computing the exact expected optimism
(using the non-central chi-squared distribution of the in-sample RSS) rather than the asymptotic
approximation.

Argue, structurally, why no single information criterion can simultaneously be consistent (selecting the
true model) and efficient (minimizing predictive risk when no model is true), and relate this impossibility
to the bias—variance tradeoff.
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Cross-Validation

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.3.

Cross-validation is the nonparametric, model-agnostic approach to estimating generalization error. Where
information criteria (Node 10.2) rely on parametric assumptions and closed-form penalties, cross-validation
directly simulates the train—test split on the observed data. It applies to any estimator and any loss
function, making it the universal model selection tool for complex or nonparametric pipelines. It feeds into
high-dimensional methods (Node 10.5) as the standard tuning procedure.

Formal Definition

Let fn( -3 D) denote an estimator trained on dataset D. The generalization error under loss ¢ is

where the outer expectation is over a new test point independent of D,,.

K-Fold Cross-Validation. Partition D,, into K disjoint folds Dy, ..., Dk of approximately equal size n/K.
For each k = 1,..., K, train on D_j = D,, \ D} to obtain f(~*) and evaluate on fold Dj. The CV estimator is

K
RE-CV _ %Z Z 0(Y;, F=R) (X3)).

k=1 (X,,Y;)€Dy,

Leave-One-Out Cross-Validation (LOOCYV). Set K = n:

sL00 _ L™y dei x
R —n;e(nf (X0))-

Intuition

Cross-validation answers the question: how well does this estimator perform on data it has not seen? Rather
than using a single held-out test set (which wastes data), it rotates through all possible partitions so every
observation serves as both training and validation data. The average held-out loss is an estimate of the
generalization error.

The key tradeoff in choosing K is between bias (training on fewer points overestimates the error) and variance
(correlated fold estimates inflate the variance of the CV estimator).

Structural Role

Dependencies: Builds on the bias—variance tradeoff (Node 10.1) and estimation theory (Node 3.1). Enables:
Tuning parameter selection for regularized estimators (Node 10.4), evaluation of high-dimensional methods
(Node 10.5), and weight selection in stacking (Node 10.6).

Cross-validation is the empirical complement to the analytic criteria of Node 10.2. Where AIC and BIC require
parametric structure, CV applies to any estimator—random forests, neural networks, kernel methods—making
it indispensable for modern statistical practice.

11



Mathematical Development
Bias of K-Fold CV

The k-th fold trains on n(1 — 1/K) observations. Since the generalization error typically decreases with
training set size, the CV estimator targets the risk of an estimator trained on n(1—1/K) points, not n points.
Therefore:

E[RRCV] = Ryi-1/K) = Ra.

The CV estimator has upward bias (pessimistic) for R,,. LOOCV (K = n) trains on n — 1 points, so its
bias is minimal: R,,_; — R,, = O(1/n?) under smoothness conditions.
Variance of the CV Estimator

The n leave-one-out residuals e; = £(Y;, /(-9 (X;)) are not independent: each pair of models f(=9 and f(~7)
shares n — 2 training points. The variance of LOOCYV is

Var(ELOO) = % [n Var(e;) + n(n — 1) Cov(e;, e;)] .

When the estimator is unstable (high variance), the covariance term is large and LOOCV has high variance.
Smaller K reduces this covariance at the cost of increased bias.

Empirical recommendation: K =5 or K = 10 provides a reasonable bias—variance balance. Repeated K-
fold CV (averaging over multiple random partitions) reduces the variance from the particular fold assignment.

Stone’s Theorem: LOOCYV and AIC

Theorem (Stone, 1977). For linear models under squared-error loss, LOOCV and AIC are asymptotically
equivalent:

N 2
~ 1~ (Yi-Y RSS = 26%k
RLoo _ 1 i i) o 1
n; 1— H; n + n +o(l/n),

where H = X(X " X)7'XT is the hat matrix and k = Tr(H).

Proof sketch. Expand (1 — H;;)"2 ~ 1+ 2H;; + O(H2). Then

. 1 & . RSS 2

RO~ =% (V- Yi)’(L+2Hy) = —— + = ) eHi.
D= V(14 2Hy) = == 4 =3 e

n-
i=1 A

Under the Gaussian linear model, E[e? H;;] ~ 0%H;;, so Y., e2H;; ~ 0°Tr(H) = o%k. This gives

~ RSS 20%k 1
RLOO o, W22 ok _ 2
n n n

(RSS +20°k) ,

which is AIC (up to a constant and the factor 1/n) for the Gaussian linear model.

12



LOOCYV Shortcut for Linear Models

For any linear smoother Y = HY, the LOOCV loss under squared error is computed without refitting:

N 2
~ (Y, -Y,
RLOO:7 [ 1 .

=1

Derivation. By the Sherman—Morrison formula, removing observation ¢ from OLS gives

“( A H,;(Y;-Y;)
Y( %) -V - i\ Lq i
K2 1 _ Hll b
so the leave-one-out residual is
Y, _ (—1) Y; - Iy .
o 1—H;

This reduces the cost of LOOCYV from n model fits to a single fit plus computation of the hat matrix diagonal.

Generalized Cross-Validation (GCV)
For large n, the individual leverages H;; can be replaced by their average Tr(H)/n = k/n:

1 (Y% RsS/a
GCV_nZ<1k/n> T (1—k/n)?

i=1

GCV is invariant under orthogonal transformations of the response and is computationally cheaper than
LOOCYV when H;; values are expensive to compute.

Worked Examples
Example 1: LOOCYV for Polynomial Selection

Data: n = 15 observations from Y = X2 + &, X ~ Uniform(—1,1), ¢ ~ N(0,0.52). Fit polynomials of degree
1,2, 4.

For the degree-p polynomial, k = p+1, and H = X, (XZ;'—XP)_lX;r where X, is the n x (p+ 1) Vandermonde
matrix.

Suppose RSS; = 4.20, RSS; = 3.15, RSS;y = 2.98, and the average leverages are H, = 2/15, H, = 3/15,
iy =5/15.

Using GCV: GCV; = (4.20/15)/(1 — 2/15)? = 0.280/0.751 = 0.373; GCV, = (3.15/15)/(1 — 3/15)% =
0.210/0.640 = 0.328; GCV4 = (2.98/15)/(1 — 5/15)2 = 0.199/0.444 = 0.448.

GCV selects degree 2. The degree-4 model reduces RSS by only 0.17 but the GCV denominator penalizes the
higher leverage heavily, reflecting the variance cost of extra parameters.

13



Example 2: CV for Regularization Parameter Selection
Consider ridge regression with p = 20 predictors and n = 50. Use 5-fold CV to select A € {0.01,0.1, 1,10, 100}.

For each ), the ridge estimator is 3y = (XTX +AI)~1XTY. Partition the data into 5 folds of 10 observations
each.

Suppose the average held-out MSE values are: A = 0.01: 2.85; A = 0.1: 2.41; A = 1: 2.12; A = 10: 2.35;
A =100: 3.90.

The minimum is at A = 1. The one-standard-error rule: if SE(I\TS\E,\:l) = 0.30, select the largest A with CV
error within 2.12 4+ 0.30 = 2.42. This is A = 10 (CV error 2.35), yielding a sparser, more regularized model.

Cross-Links

Al Cross-validation is the standard method for hyperparameter tuning in machine learning. In deep learning,
the computational cost of K-fold CV for large models is prohibitive; single validation splits or learning-curve
extrapolation are common surrogates. Stacking (Node 10.6) uses CV predictions as meta-features.

Economics. Out-of-sample forecasting evaluation is the time-series analogue of CV. Rolling-window and
expanding-window designs respect temporal dependence, replacing random fold assignment with forward-
chaining to avoid information leakage.

Linear Algebra. The hat matrix H = X(X ' X)~!X T is the orthogonal projector onto the column space of
X. The diagonal entries H;; € [1/n, 1] are the leverages, and the LOOCYV shortcut exploits the algebraic
structure of rank-one updates to projectors.

Quantum Mechanics. In quantum process tomography, cross-validation selects the complexity of the
process matrix reconstruction (e.g., the rank of the Choi matrix) by holding out subsets of measurement data
and evaluating predictive log-likelihood on the held-out measurements.

Structural Compression
Invariant

The CV estimator approximates the generalization error by averaging hold-out losses over rotated train—test
splits; as the number of folds increases, bias decreases but variance increases due to correlated fold estimates.

Mechanism

Hold-out data provides an unbiased estimate of test error for the model trained on the complement; aver-
aging over folds reduces variance of the estimate. The LOOCYV shortcut for linear smoothers exploits the
Sherman—Morrison formula to avoid explicit refitting.

Cross-System Echo

Cross-validation is the standard generalization error estimator in machine learning. LOOCYV is algebraically
related to the jackknife (a variance estimation method via leave-one-out resampling). Stone’s theorem
establishes the asymptotic equivalence of LOOCV and AIC for linear models, unifying the model-based and
model-free approaches to model selection.

Exercises

1. Derive the LOOCYV shortcut for linear regression: starting from B(’i) = (X1, X )7'XT.Y_,, use the
Sherman-Morrison formula to show that ¥; — X7 3-) = (V; — ¥;)/(1 — Hy).
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. Prove that LOOCYV is exactly unbiased for the expected prediction error of an estimator trained on
n — 1 observations, i.e., E[RY9°] = R,,_;.

. For a dataset with n = 100 and a linear model with & = 10 parameters, compute the GCV score given
RSS = 85.0. Then compute the exact LOOCYV score if the leverage values are approximately constant

. Show that the variance of the LOOCV estimator satisfies Var(ﬁLoo) < IVar(e;) + 21 Cov(e;, e5),
and explain when the covariance term dominates.

. Implement Stone’s theorem: for a Gaussian linear model, show that n - REO0 and RSS + 262k differ by
O,(1), so that model rankings under LOOCV and AIC agree asymptotically.

. In a time-series context, explain why random K-fold CV is invalid and describe the forward-chaining
(time-series CV) procedure. State the bias—variance implications of expanding-window vs. fixed-window
designs.

. Argue, structurally, why cross-validation must have higher variance than AIC for model selection in
correctly specified parametric models, and identify the settings where this variance cost is justified by
the elimination of model-specification assumptions.

15



Penalized Likelihood and Regularization

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.4.

Penalized likelihood is the analytical implementation of the bias—variance tradeoff (Node 10.1): instead of
selecting a model from a discrete set, it continuously shrinks parameter estimates toward a structured target.
Ridge regression (L?), LASSO (L'), and the elastic net (L' + L?) are the canonical instances. The geometry
of the penalty ball determines whether the estimator achieves sparsity. This node provides the foundation
for high-dimensional methods (Node 10.5) and informs model averaging through regularization paths (Node
10.6).

Formal Definition

Let £(8; X) be the log-likelihood for 8 € RP. The penalized likelihood estimator is
AA
= £B;X)— A0
p* = arg max [£(B; X) B,

where Q(8) > 0 is a penalty function and A > 0 controls the penalty strength. Equivalently, for the Gaussian
linear model Y = X8 +¢, ¢ ~ N(0,021):

. 1
A= in | —||Y — X8> 0 .
B arg min 2nH BII* + A Q(B)

Intuition

When p is large relative to n, the MLE overfits: it finds coefficients that explain the noise in the training
data perfectly but predict poorly on new data. Regularization constrains the estimator by penalizing large or
numerous coefficients. The geometry matters: the L? ball is smooth and round, shrinking all coefficients
proportionally; the L' ball has corners at the axes, pushing small coefficients to exactly zero. This geometric
difference is why LASSO performs variable selection and ridge does not.

Structural Role

Dependencies: Builds on the bias—variance tradeoff (Node 10.1), maximum likelihood theory (Node 3.2),
and the Bayesian perspective (Node 6.1). Enables: High-dimensional theory (Node 10.5) uses LASSO as its
central estimator; model averaging via stacking (Node 10.6) uses regularization to combine models.

Penalized likelihood unifies frequentist and Bayesian perspectives: the penalty is a prior (Node 6.1), and the
penalized MLE is the posterior mode. The tuning parameter A controls the bias—variance tradeoff continuously
rather than discretely.

Mathematical Development
Ridge Regression (L? Penalty)

The ridge estimator is
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N 1 A
ridge __ in=lly = X 2 . 2'
e argmin o | BI7+ 118l
Setting the gradient to zero: —X (Y — XB3) + A8 =0, so

Bridge _ (XTX + AI)_lXTY.

Properties via the SVD. Let X = UDV " with singular values d; > --- > dp. Then

2
Bridge — leag< d] ) VTBOLS.

2
di + A
Each coefficient in the rotated basis is shrunk by the factor d5/(d3 + A) € [0,1). Components along small

singular values (where the data provides little information) are shrunk the most.

Bias—variance decomposition for ridge:

Bias? = NBJ(XTX + NI)72fy, Variance = o2

P 2
dj
J:

< (d5 + M)

As A — 0, bias vanishes and variance equals the OLS variance. As A — oo, variance vanishes and bias
approaches || 3o]|?.

Bayesian interpretation: Ridge is the posterior mean under 3 ~ N(0, (62/A\)I).

LASSO (L' Penalty)
The LASSO estimator is

R 1
BEASSO = arg min o [[Y - XBII* + AllBll1-
The L' penalty is not differentiable at 3; = 0. The subdifferential (KKT conditions) for coordinate j is:

{sign(Bj)} if Bj £ 0,

—XT(Y - XB)+As; =0, s;€ X
3 = XD+ K {[—1,1] if 3 = 0.

This means Bj = 0 whenever | X ]T Y- X 3_j)| < X: the penalty drives the coefficient to zero if the marginal
correlation is too small to justify including the variable.

Soft-thresholding operator. For orthogonal X (i.e., X' X = nl), the LASSO solution decouples
coordinate-wise:

FEASSO — 5, (BPLS) = sign(3S) (135 — M) .

Derivation of soft-thresholding. For orthogonal X, the objective separates: ming, %(B]QLS — Bj)% 4+ A|B;-
For 3; > 0: differentiate to get fn(B]QLS —B;)+A=0,s0 B = BJQLS — A/n, valid when BJQLS > A/n. By
symmetry and the KKT conditions for 8; = 0, the full solution is the soft-thresholding operator.

Geometry of sparsity. The constraint set {3 : ||5||1 < ¢} is a cross-polytope (diamond in 2D). Its corners
lie on the coordinate axes. The contours of the quadratic loss are ellipsoids. The point of tangency between
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an ellipsoid and a cross-polytope generically lies at a corner, setting one or more coordinates to zero. By
contrast, the L? ball {8 : ||3|l2 < t} is smooth, so the tangency generically occurs at an interior point with all
coordinates nonzero.

Bayesian interpretation: LASSO is the posterior mode under independent Laplace priors
B; ~ Laplace(0,5%/\).
Elastic Net

The elastic net combines L' and L? penalties:

A 1 A
pEN = argHgHgHY*XBIIQ + Ml + 32”5\\2-

The L? term makes the objective strictly convex, ensuring a unique solution even when p > n. The grouping
effect: for highly correlated predictors X; ~ X}, the elastic net assigns similar coeflicients, whereas LASSO
may select one and zero the other arbitrarily.

Equivalently, the elastic net can be written as a LASSO problem on an augmented dataset:

"= ( ) ‘= 1 ( )
0/’ VIt \VAI)’
and solving the LASSO with penalty A;/v/1 4+ Aa.

Selection of A
The penalty parameter is not estimated from the likelihood. Standard approaches:

1. Cross-validation (Node 10.3): select A minimizing K-fold CV error. For LASSO, compute the full
regularization path via LARS (least angle regression) at cost comparable to a single OLS fit.

2. Information criteria: for LASSO, the effective degrees of freedom equals |S| (the number of nonzero
coefficients), so AIC and BIC can be applied with k = |S].

3. Theoretical bounds (Node 10.5): set A = Co/logp/n for oracle-rate guarantees.

Worked Examples
Example 1: Ridge vs. OLS with Collinear Predictors
Data: n = 20, p =2, X; and X5 have correlation 0.99. True model: ¥ =3X; +3X5+¢, 0 =1.

The OLS estimates have high variance because X T X is nearly singular. Suppose X ' X = 20 <O 199 0'199>.
Eigenvalues: d? = 20(1.99) = 39.8, d2 = 20(0.01) = 0.2.

OLS variance: o?Tr((X"X)~ 1) =1-(1/39.8 +1/0.2) = 0.025 + 5.0 = 5.025. The small eigenvalue inflates
variance enormously.

Ridge with A = 1: variance = 3, d3/(d} +1)* = 39.8/40.8* 4-0.2/1.2? = 0.024+0.139 = 0.163. Bias® is small:
the component along the large eigenvalue is barely shrunk, and the component along the small eigenvalue is
shrunk significantly but the true signal along that direction is small. Ridge MSE ~ 0.163 + bias® < 5.025.
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Example 2: LASSO Variable Selection

Data: n = 100, p = 10. True model: Y = 2X; — X3+ 0.5X7 + ¢, 0 = 1. Predictors are independent standard
normal.

At A = 0.5 (chosen by CV), the LASSO estimates: B1 =1.85, B3 = —0.82, B7 = 0.31, and all others exactly
zero. The LASSO correctly identifies the support S = {1,3,7} and provides shrunken but useful estimates of
the coefficients.

At A = 2.0 (too large): only B1 = 0.94 survives; X3 and X7 are incorrectly zeroed. At A = 0.01 (too small):
all 10 predictors have nonzero coefficients, overfitting.

The CV error curve is U-shaped in A, with minimum near A = 0.5, confirming the bias—variance tradeoff.

Cross-Links

AT. Weight decay in neural networks is L? regularization applied to network weights. Dropout induces an
implicit regularization effect similar to an adaptive L? penalty. Sparse attention mechanisms and network
pruning exploit the L!/sparsity principle.

Economics. Penalized regression underlies high-dimensional empirical applications including factor model
selection, treatment effect estimation with many controls, and forecasting with large predictor sets. The
post-LASSO estimator (OLS on the LASSO-selected variables) is standard in empirical work to remove
shrinkage bias.

Linear Algebra. The geometry of L? balls for p < 1 (non-convex), p = 1 (convex, corners), and p = 2
(smooth, round) determines the sparsity properties of the solution. The LASSO is a linear program (for fixed
A) and can be solved by coordinate descent or the LARS algorithm, both exploiting the polyhedral geometry.

Quantum Mechanics. Compressed sensing (the signal-processing analogue of LASSO) is used in quantum
state tomography to reconstruct low-rank density matrices from a small number of measurements. The
sparsity-inducing geometry of the nuclear norm (trace norm) plays the role of the L' norm for matrix-valued
signals.

Structural Compression
Invariant

Penalized likelihood reduces variance at the cost of bias; the optimal penalty A* minimizes total prediction
error. The L' penalty achieves sparsity (exact zeros); the L? penalty achieves shrinkage (approximate zeros).

Mechanism

The penalty \2(3) restricts the feasible region. For L': the KKT conditions show that the subdifferential
at zero absorbs the gradient when the signal is weak, setting the coefficient to exactly zero. For L?: the
smooth penalty applies uniform multiplicative shrinkage via d? / (d? + A). The soft-thresholding operator is
the proximal operator of the L' norm.

Cross-System Echo

LASSO is equivalent to basis pursuit (compressed sensing) in signal processing. The sparsity-inducing
geometry of the L! ball is central to both. In AI, weight decay (ridge) and L! penalties are foundational
regularization techniques. In economics, penalized regression enables credible estimation in settings where
the number of potential controls exceeds the sample size.
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Exercises

1.

Derive the ridge estimator 4198 = (XTX + AI)"'XTY by setting the gradient of the penalized
objective to zero. Express the solution in terms of the SVD of X.

. Derive the soft-thresholding operator for the LASSO in the orthogonal design case. Draw the solution

path Bj()\) as a function of A for BAJQLS = 2.5.

. Write out the KKT conditions for the LASSO in the general (non-orthogonal) case. Show that if

X (Y = XB_j)| <A, then 3; = 0.

. Prove the grouping property of the elastic net: for X; = X}, show that B;EN = AEN, whereas the LASSO

may assign different values.

. For ridge regression, show that the effective degrees of freedom is df(X) = Y>°F_, d3/(d3 + X), where d,

J=1"
are the singular values of X.

. Consider n =50, p =5, XT X = 501, 385 = (3.0,0.2,-2.5,0.1,1.8), 02 = 1. Compute the LASSO

solution for A = 5 using the soft-thresholding formula, and compute the ridge solution for A = 5.
Compare sparsity.

. Argue, structurally, why the L' penalty produces exact zeros while the L? penalty does not, using both

the geometric (constraint set tangency) and analytic (subdifferential) perspectives.
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High-Dimensional Structure and Sparsity

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.5.

When the number of parameters p exceeds the sample size n, classical statistical theory breaks down: the
MLE does not exist, consistent estimation in the ambient dimension is impossible, and standard asymptotics
(fixed p, n — oo) are inapplicable. This node develops the theory that replaces the classical paradigm by
imposing structural assumptions—primarily sparsity—and establishes oracle inequalities showing that the
LASSO (Node 10.4) achieves minimax optimal rates under these assumptions. The connection to compressed
sensing provides the information-theoretic foundation.

Formal Definition
Consider the linear model Y = X3y + & where X € R"*? p>> n, and ¢ ~ N(0,021,).
A vector fy € R? is s-sparse if ||Bollo = |[{j : fo; # 0} < s < p.

The effective dimension of the problem is s, not p. The goal is estimation and prediction at rates depending
on s and logp, not on p itself.

Intuition

In high dimensions, the parameter space is enormous but the true signal occupies only a low-dimensional
subspace. Sparsity says: most coefficients are exactly zero. The statistical challenge is to identify the nonzero
coefficients (support recovery) and estimate them accurately, despite having far fewer observations than
parameters. The LASSO solves both problems simultaneously under conditions on the design matrix.

The price of high dimensionality is a logp factor in the estimation rate—the cost of searching through p
candidates to find the s active ones.

Structural Role

Dependencies: Builds on penalized likelihood (Node 10.4), cross-validation for tuning (Node 10.3), and
asymptotic theory (Node 7.3). Enables: This node is a terminal node in Module 10, representing the frontier
of modern statistical theory.

High-dimensional statistics replaces the classical assumption p < n with the structural assumption s < n.
The restricted eigenvalue condition replaces the non-singularity of X ' X. The oracle inequality characterizes
estimation error in terms of intrinsic dimension s rather than ambient dimension p.

Mathematical Development
Why Classical Asymptotics Fail
Classical theory assumes p fixed, n — co. The MLE satisfies v/n(8 — 8o) — N(0,1(8o)~1). When p > n:

1. X "X is singular (rank at most n), so (X " X)~! does not exist.
2. There are infinitely many g satisfying X3 =Y exactly (interpolation).
3. The Fisher information matrix is p X p but has rank < n.
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4. Consistent estimation of Sy in || - ||2 is impossible without structural assumptions: the minimax rate
over all By € R is ©(p/n), which diverges.
Restricted Eigenvalue Condition

The restricted eigenvalue condition RE(s, ¢p) holds if there exists £ > 0 such that

1
—~[| X615 > x[1dsl]3

for all 6 € R? satisfying ||ds<||1 < col[ds]]1, where S = supp(By) with |S] < s.

The cone condition ||dsc|l1 < co||ds]l1 restricts attention to perturbations that are approximately
sparse—precisely the directions explored by the LASSO solution path. The RE condition ensures that X is

well-conditioned on these directions.

Relation to other conditions. The RE condition is weaker than: - The restricted isometry property
(RIP): (1 —6,)]16]13 < L(|X6]13 < (1 + 85)||6]|3 for all s-sparse §. - The irrepresentability condition:
[ XdeXs(Xd Xs)™ oo < 1, required for sign consistency.

All three are satisfied with high probability when X has i.i.d. sub-Gaussian rows and n 2 slogp.

Oracle Inequality for the LASSO

Theorem. Suppose the RE condition holds with constant x and &; ~ N(0,02). Set A\ = Ag+/logp/n for a
sufficiently large constant A. Then with probability at least 1 — 2/p:

1 A so?logp
D R e

3

and

o /1
HBLASSO . ﬁo\|1 <C'-so ng7
n

for constants C, C’ depending only on x and A.

Proof sketch.

Step 1 (Basic inequality). By optimality of [BLASSO.

1 A A 1
o 1V = XBI* + MBI < IV = XBol* + Alloll-
n 2n
Let § = 3 — By. Expanding:
SIS < <7 X6+ A(IBoll — 1)
2n ~n ol v
Step 2 (Stochastic control). The key event is £ = {max; |X]T5/n| < \/2}. For Gaussian e:

P St) <2 nt’
max ex —_ .
j=1,....p = “Pexp 202

Setting t = A\/2 = (A/2)o\/log p/n gives P(£¢) < 2p'=4%/8 < 2/p for A large enough.

1
=xT
n ic
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Step 3 (Cone condition). On event &, the triangle inequality gives ||dg-||1 < 3||ds|l1. This places § in the
cone required by the RE condition.

Step 4 (Combining). [ X6]2 < 2Ads]l < 2Av/5]|dsl2. By the RE condition, [[ds]la < L[| X4[J2 - 5L

— kn [6s]l2 "

Substituting and simplifying gives the oracle rate.

The logp Factor

The factor log p arises from controlling the maximum of p sub-Gaussian random variables:

IE{n%ax |Zj] < C+/logp
J=L1...,p

for Z; standard Gaussian. This is tight: max;|Z;| ~ v/2logp. The union bound over p variables is the
information-theoretic price of searching in high dimensions.
Donoho—Tanner Phase Transition

For the noiseless compressed sensing problem (Y = X, ¢ = 0), exact recovery of s-sparse 3y via L!
minimization exhibits a sharp phase transition.

Define p = s/n (sparsity ratio) and 6 = n/p (measurement ratio). The Donoho—Tanner transition curve p*(9)
satisfies:

If p< p*(8): B~ = By with probability — 1.
If p > p*(0) : B! = o with probability — 1.

The transition curve is computed from the geometry of random polytopes. For § = 0.5 (twice as many
variables as observations), recovery succeeds when p < 0.09, i.e., sparsity is below 9% of the number of
measurements.

Restricted Isometry Property (RIP)
A matrix X € R™*? satisfies the RIP of order s with constant d, € (0,1) if

1
(1= 3:)lIBl13 < ~IIXBII3 < (1 +8,)18II3

for all s-sparse . Random matrices with i.i.d. sub-Gaussian entries satisfy RIP with n = O(slog(p/s))
measurements. RIP implies the RE condition and guarantees exact recovery in the noiseless case and stable
recovery in the noisy case.

Sign Consistency

Under the irrepresentability condition and a minimum signal strength condition minjeg|5o;| > o+/logp/n,
the LASSO achieves sign consistency:

]P’(sign(BLASSO) = sign(ﬁo)) — 1.

Without the irrepresentability condition, the LASSO may include false positives. The adaptive LASSO (with
data-dependent weights w; = 1/ B;-““P in the penalty) achieves sign consistency under weaker conditions.
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Worked Examples
Example 1: Oracle Rate Verification

Setup: n = 200, p = 1000, s = 5, o = 1. The oracle rate is so?logp/n =5 -1 -1log(1000)/200 = 5 - 6.91/200 =
0.173.

Set A = 20\/logp/n = 2,/6.91/200 = 2 - 0.186 = 0.372.
In simulation (averaging over 100 replications with X;; ~ N (0,1) and gy = (3,—2,1.5,—-1,0.8,0,...,0)):

Prediction error: %HXBLASSO — X Bo]|? & 0.15, consistent with the oracle bound of 0.173 (up to constants).
Support recovery: the LASSO correctly identifies all 5 active variables in 92 of 100 replications. The 8 failures
include one false negative (coefficient 85 = 0.8 is close to the threshold) and occasional false positives.
Example 2: Phase Transition

Noiseless setting: p = 500, X;; ~ N (0,1/n). Vary n € {50,100, 150,200, 250} and s € {5,15,25,35}.

Solve ming |||, subject to Y = X . Record whether 3 = fy (exact recovery).

Results: at n = 100 (6 = 0.2), recovery succeeds for s <5 (p = 0.05) but fails for s = 15 (p = 0.15). At
n = 250 (6 = 0.5), recovery succeeds for s < 20 (p = 0.08). This matches the Donoho-Tanner prediction: the
boundary p*(§) is approximately 0.09 at § = 0.5.

Cross-Links

Al. Sparsity priors underlie feature selection, network pruning, and sparse attention in transformers. The
lottery ticket hypothesis posits that overparameterized networks contain sparse subnetworks that train equally
well, a neural analogue of sparse recovery.

Economics. High-dimensional methods are standard in treatment effect estimation with many potential
confounders (double LASSO), forecasting with large predictor sets, and text-as-data applications where p
(vocabulary size) far exceeds n.

Linear Algebra. The RIP is a condition on the spectrum of X T X restricted to sparse subspaces. Random
matrix theory (Marchenko-Pastur law) describes the bulk eigenvalue distribution of X T X/n when p/n —
v > 0, explaining why classical OLS fails when v > 1.

Quantum Mechanics. Compressed sensing is used in quantum state tomography: a rank-r density matrix
in d dimensions has O(rd) free parameters, and nuclear norm minimization recovers it from O(rdlog” d)
measurements—the matrix analogue of sparse recovery via L' minimization.

Structural Compression
Invariant

Under sparsity and the RE condition, the LASSO achieves prediction error O(slogp/n)—the minimax
optimal rate for s-sparse regression in RP.

Mechanism

The L' penalty restricts the solution to approximately sparse vectors; the RE condition ensures the design
matrix distinguishes sparse directions; the union bound over p variables introduces the logp factor as the
search cost in high dimensions.

Cross-System Echo
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The oracle inequality is the statistical analogue of compressed sensing recovery guarantees (RIP). Both reduce
high-dimensional recovery to conditions on the measurement matrix. The Donoho-Tanner phase transition is
a geometric phenomenon arising from the combinatorics of random polytopes, connecting high-dimensional
statistics to convex geometry.

Exercises

1.

Show that when p > n, the OLS system XTXB = XTY has infinitely many solutions, and the
minimum-norm solution AMN = X T(X X T)~1Y has prediction risk that diverges as p/n — v > 1.
Verify the stochastic control step: for & ~ N(0,0%I) and || X;||* = n, show that P(max; | X e/n| > t) <
2p exp(—nt?/(20?%)) using the union bound and sub-Gaussian tail bounds.

AN

Prove the cone condition: if A > 2max; |X]T5/n| and f3 is the LASSO solution, then ||BSC — Bo.sell
3(Bs — Bo,sll-

. For n = 500, p = 5000, s = 10, 0 = 2, compute the theoretical LASSO penalty A and the oracle

prediction error bound.

Show that if X satisfies the RIP of order 2s with constant d25 < /2 — 1, then the LASSO recovers
exactly in the noiseless case.

Explain why the irrepresentability condition is needed for sign consistency but not for prediction
consistency. Construct an example where the LASSO achieves the oracle prediction rate but includes a
false positive.

Argue, structurally, why the logp factor in the oracle rate is unavoidable (information-theoretically
necessary) by considering the number of possible support sets (1;) and the bits of information each
observation provides about the support.
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Model Averaging

Position in Knowledge Graph
System: Statistics. Structural Domain: Model Selection and Learning (Module 10). Node 10.6.

Model selection (Nodes 10.2-10.3) commits to a single model, discarding uncertainty about which model
generated the data. Model averaging instead combines predictions across all candidates, weighting each by its
posterior probability (Bayesian model averaging) or its predictive performance (stacking). This node unifies
the Bayesian predictive framework (Node 6.5), Bayes factors (Node 6.6), and information criteria (Node 10.2)
into a coherent prediction strategy that accounts for model uncertainty.

Formal Definition

Let My,..., Mg be candidate models with prior probabilities 7(M;), >,

W(Mj) =1.
Bayesian Model Averaging (BMA). The posterior model probability is

m;(z) 7(M;)

’/TM]' xXr) = )
M =) Sy ma(x) (M)

where m;(z) = [ p(z | 89, M;)7(09) | M;)d#V) is the marginal likelihood.
The BMA predictive distribution is

p(E | @)=Y w(M; | 2)p(@ |z, M;).

K
j=1

Intuition

Model selection bets everything on one model. If that model is wrong, predictions inherit systematic bias.
Model averaging hedges: it spreads probability mass across multiple models in proportion to how well
each fits the data (weighted by the prior). When model uncertainty is substantial—no single model clearly
dominates—averaging delivers better calibrated predictions and more honest uncertainty quantification than
selection.

The cost is interpretability: a weighted average of models is harder to explain than a single selected model.

Structural Role

Dependencies: Builds on information criteria (Node 10.2) for BIC-approximated weights, posterior predictive
distributions (Node 6.5), and Bayes factors (Node 6.6) for model comparison. Enables: This is a terminal
node in Module 10.

Model averaging operationalizes the Bayesian principle that inference should integrate over all sources of
uncertainty, including uncertainty about model structure. It connects the computational tools of Nodes
10.2-10.3 to the Bayesian prediction framework, unifying model selection and prediction.
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Mathematical Development
BMA Optimality Under Proper Scoring Rules

Theorem. Among all predictive distributions of the form ¢(Z) = >, w; p(Z | z, M;) with w; >0, > >, w; =1,
the BMA predictive distribution (with w; = (M | x)) minimizes the posterior expected loss under any
proper scoring rule.

Proof. A scoring rule S(q, Z) is proper if E;z..,[S(g, Z)] is minimized at ¢ = p. The posterior expected score
is

E[S(g.X) | 2] = 3 m(M; | 2) Ex,, [S(, X))
For the log score S(q,%) = —log q(%):
IE[ logq Z’/T M; | z)E [flogq()z)].

This is a mixture of KL divergences Dxr,(p;ll¢) plus entropy terms. The unique minimizer over mixture
distributions is the mixture with weights w; = 7(M; | z), since for any other weights w’,

> 7Dk pillw) =Y 7 Dxn(psllx).,
; j

by the convexity of KL divergence and the definition of the posterior mixture. The result extends to all
proper scoring rules by the characterization theorem for proper scores.

BIC Approximation to BMA Weights

Substituting the BIC approximation logm;(z) = ¢; — (k;/2) log n into the posterior model weights:

) e exp(—BICj/2)7T(Mj)
m(M; | z) >, exp(—BICy/2) 7(My)

Under equal priors m(M;) = 1/K, the weights simplify to

BIC __ exp(— BICj/Q)
7 Y, exp(—BIC,/2)

This provides a practical BMA implementation without computing marginal likelihoods directly.

Asymptotic Concentration
If the true model M* is among the candidates, the BMA weights concentrate:
7(M*|x) -1 as. asn— oo.
This follows from the consistency of the Bayes factor: log(m,(z)/m*(z)) — —oo for j # % (Node 6.6). In

finite samples, however, multiple models may have non-negligible weights, and BMA outperforms selection by
exploiting this uncertainty.
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Frequentist Model Averaging and Stacking

In the frequentist framework, model averaging combines estimators with data-adaptive weights:

K
f(x):ijfj(x), w; > 0, ijzl.
=1 j

Mallows Model Averaging (MMA). Select weights minimizing an estimate of prediction error:

dMMA = arg min ||Y—ij}7j|\2+2022wjkj ,
w>0,% w;=1 ; ;

where k; is the degrees of freedom of model j. The penalty 202" ;Wj k; corrects for the optimism of in-sample
fit, analogous to Mallows’ C,.

Stacking. Select weights minimizing leave-one-out cross-validated prediction error:

2
n

@*%*K — arg min Z Y; — Z w; f;(_i)(Xi) ,
J

w>0,y Jw;=17=]

where f;ii) is model j trained without observation ¢. This is a constrained least squares problem in K
weights, solvable by quadratic programming.

Stacking is model-agnostic, requires no marginal likelihood computation, and does not assume that any
candidate model is true. It is asymptotically optimal in the sense of minimizing the KL divergence to the
true distribution among all convex combinations of the candidate models (Wolpert, 1992).

Model Averaging vs. Model Selection

Criterion Selection Averaging

Computational cost Lower Higher

Interpretability Single model Weighted combination

Risk when one model dominates Equivalent Slightly worse (dilution)

Risk under model uncertainty Higher (wrong model bias) Lower (hedging)

Uncertainty quantification Ignores model uncertainty Propagates model uncertainty

Asymptotically, if a true model exists, both converge to it. In finite samples with substantial model uncertainty,
averaging typically has lower prediction MSE.

Worked Examples
Example 1: BMA with Two Nested Models

Model 1: Y = «a + ¢ (intercept only), k1 = 2, {1 = —52.3. Model 2: Y = a+ X +¢, ke = 3, lo = —49.1.
n = 40, equal priors.

BIC: BIC; = 104.6 4+ 21log40 = 104.6 + 7.38 = 111.98; BIC, = 98.2 4+ 31log40 = 98.2 4+ 11.07 = 109.27.
Weights: wy = exp(—111.98/2)/(exp(—111.98/2) + exp(—109.27/2)).
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ABIC = 111.98 — 109.27 = 2.71. So w;/ws = exp(—2.71/2) = exp(—1.355) = 0.258. Thus wy = 1/(1 +
0.258) = 0.795, w; = 0.205.

BMA prediction at new z*: YBMA — ().205 - 41 +0.795 - (G2 + ,5’21‘*) Model 2 dominates but Model 1 retains
20.5% weight, reflecting non-negligible uncertainty about the predictor’s relevance.
Example 2: Stacking Three Regression Models

Models: (A) linear regression with 3 predictors, (B) polynomial regression degree 3, (C) ridge regression with
A=5. n=60.

Compute LOO predictions f:i)(Xi), fgi)(Xi), f((;i)(Xi) for i =1,...,60. Form the 60 x 3 matrix Z with
Z'Lj = f](_l)(Xl)'

Solve: min, -, S w1 Y — Zw|?.

Suppose the solution is w4 = 0.35, wp = 0.10, we = 0.55. Ridge regression (C) gets the most weight because

it has the best leave-one-out predictions. The polynomial model (B) contributes little—its LOO error is high
due to overfitting.

For a new observation z*: Ytk — 0.35 4 (2*) + 0.10fp(2*) + 0.55 fc (z*).

Cross-Links

Al. Ensemble methods—random forests, boosting, mixture of experts—are frequentist model averaging
procedures. Stacking is equivalent to the super-learner algorithm in targeted learning. In deep learning,
model ensembles (averaging predictions from multiple trained networks) consistently improve prediction and
calibration.

Economics. BMA is used in growth regressions (which variables determine economic growth?), where the
set of plausible predictors far exceeds what any single model can support. Forecast combination (averaging
multiple economic forecasts) typically outperforms any single forecaster, a robust empirical finding known as
the “forecast combination puzzle.”

Linear Algebra. The stacking weights solve a constrained least squares problem: min,cax-1 [|[Y — Zw)||?,
where Z is the matrix of leave-one-out predictions. The simplex constraint makes this a quadratic program
solvable by active-set or interior-point methods.

Quantum Mechanics. In quantum state estimation, Bayesian model averaging over different state-space
dimensions (ranks of the density matrix) produces predictive distributions that account for uncertainty in the
state’s rank, analogous to BMA over models of different complexity.

Structural Compression
Invariant

BMA predictions are the posterior-weighted average of predictions across models; each model’s contribution
is proportional to its marginal likelihood times its prior probability.

Mechanism

Marginal likelihoods (or BIC approximations) reweight prior model probabilities by the data’s compatibility
with each model. BMA is optimal under proper scoring rules because the posterior mixture minimizes the
expected KL divergence to the true data-generating process across models. Stacking achieves the analogous
frequentist optimality by minimizing cross-validated prediction error over convex combinations.

Cross-System Echo
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BMA is the coherent Bayesian solution to model uncertainty. In AI, ensemble methods and mixture-of-experts
architectures operationalize the same principle: multiple models combined outperform any single model
when uncertainty is non-trivial. Stacking is the super-learner of targeted learning; forecast combination in
economics is the applied instantiation.

Exercises

1.

Derive the BMA predictive distribution and show it equals p(z | ) = >, 7(M; | )p(Z | z, M;)

starting from the joint posterior p(Z,j | ) = p(Z | z, M) 7(M, | ) and marginalizing over j.

Prove that BMA is optimal under the log scoring rule: show that E[—log¢(X) | ] is minimized over
mixture distributions ¢ = >, w;p; when w; = w(M; | z).

For three models with BIC values 100.0,102.5,108.0 and equal priors, compute the BMA weights. How
does the result change if the prior on Model 1 is doubled?

Show that as n — oo, BMA with the true model among candidates concentrates all weight on the true
model (i.e., BMA inherits the consistency of Bayes factors).

Formulate the stacking optimization as a quadratic program. Write out the objective and constraints
for K = 3 models and show that the solution lies on the boundary of the simplex when one model
strictly dominates the others in LOO performance.

Compare BMA and stacking on a concrete example: K = 2 models, one correctly specified and one
misspecified, with n = 50. Show that BMA concentrates weight on the correct model while stacking
may assign positive weight to the misspecified model if it improves out-of-sample prediction in the finite
sample.

Argue, structurally, why model averaging must outperform model selection in expected prediction error
when model uncertainty is substantial, and identify the regime where selection is preferable (one model
clearly dominates, interpretability is paramount).
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