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ARTICLE INFO ABSTRACT

MSC: In nonparametric statistics, rate-optimal estimators typically balance bias and stochastic error.
62C20 The recent work on overparametrization raises the question whether rate-optimal estimators
62G05 exist that do not obey this trade-off. In this work we consider pointwise estimation in the
62C05 Gaussian white noise model with regression function f in a class of g-Holder smooth functions.
Keywords: Let 'worst-case’ refer to the supremum over all functions f in the Holder class. It is shown that

Bias-variance trade-off
Mean absolute deviation
Minimax estimation
Nonparametric estimation

any estimator with worst-case bias < n#/®/*D =: y must necessarily also have a worst-case
mean absolute deviation that is lower bounded by > w,. To derive the result, we establish
abstract inequalities relating the change of expectation for two probability measures to the
mean absolute deviation.

1. Motivation

Inspired by recent claims that overparametrization challenges the traditional view on the bias-variance trade-off, see for instance
(Belkin et al., 2019; Neal et al., 2018; Neal, 2019), we aim to quantify the extend to which the trade-off between bias and stochastic
error in nonparametric and highdimensional statistics is universal. The recent work (Derumigny and Schmidt-Hieber, 2023) derives
lower bounds for the bias-variance trade-off covering standard nonparametric and high-dimensional statistical models. In this work,
we take this one step further by deriving a universal lower bound for the trade-off between bias and mean absolute deviation. Such
universal lower bounds immediately translate into universal lower bounds for the bias—variance trade-off and are thus stronger.

Another motivation for our work is that for constructing confidence bands with small diameter in function estimation problems,
one needs to find an upper bound for the bias. The bias is hard to estimate from data, see e.g. Hall and Horowitz (2013). To obtain
a small confidence bands, it is therefore desirable to find rate-optimal estimators with negligible bias. Universal lower bounds on
the trade-off between bias and stochastic error can be a tool to show that this is impossible in the sense that decreasing the bias
necessarily increases the stochastic error.

2. Summary of previous work on universal lower bounds for the bias-variance trade-off

The previous work (Derumigny and Schmidt-Hieber, 2023) derives universal lower bounds for the bias—variance trade-off. For
nonparametric function estimation, evaluating an estimator either via the squared pointwise risk or the mean integrated squared
error, it is shown that there exists a universal bias—variance trade-off that also cannot be overcome by fitting overparametrized
models.
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For estimation of a high-dimensional sparse vector in the Gaussian sequence model, the situation is different and the bias—
variance trade-off does not always hold. Derumigny and Schmidt-Hieber (2023) shows that there are estimation problems driven by
the worst-case bias. While the convergence rate of the worst-case variance cannot be arbitrarily fast, it can be considerably faster
than the minimax estimation rate.

These lower bounds on the bias-variance trade-off rely on a number of abstract inequalities that all relate the variance to the
changes that occur if expectations are taken with respect to different probability measures. To outline the idea, we recall one of these
change of expectation inequalities that we modify later on. Let P and Q be two probability distributions on the same measurable
space. Denote by Ep and Varp the expectation and variance with respect to P and let E, and Var, be the expectation and variance
with respect to Q. The squared Hellinger distance is defined by H(P, Q)* := % [ (W p(w)—- v/q(®))? dv(w) with v a measure dominating
both P and Q and p, q the respective v-densities of P and Q. It can be checked that the Hellinger distance does not depend on the
choice of v.

Lemma 2.1 (Lemma 2.1 in Derumigny and Schmidt-Hieber (2023)). For any random variable X,

(Ep[X] - Ep[X1)? ( 1

4-2HX(P,Q) \H(P,Q)

To derive a lower bound on the bias-variance trade-off from such an inequality, consider a statistical model (P, : 6 € ©) with

P, the distribution of the data for parameter § and © C R the parameter space. Choosing two parameters 0,0’ € ©, inequality (1)
shows that for any estimator 0,

(Eql0] - Eg[0))? ( 1

4-2r2(0,0") r(0,0")

with r(6,0") := H(Py, Py), Eg 1= E Py and Var, := Var Py Introducing the bias Biasg(é) =0-E, [5], one can now rewrite the difference

2
— H(P, Q)) < Varp(X) + Var(X). (€D)]

- @, 0’))2 < Vary (8) + Vary (8), ©)

of the expectations as E, 01— Ey B1=0-0" - Biasg(g) + Biasg,(g). If we assume that the bias is smaller than some value, say B, and
take the parameters 6, ¢’ sufficiently far apart, such that |0 — 6’| > 4B, reverse triangle inequality yields |E,[0] — Ey[0]]| > %|0 A
and (2) becomes

Log o2
10-0)
4—-2r2(0,0"

2 N
; ( r(GTG’) — o, 0’)) <2 sup Var, (8).
The left hand side of this inequality does not depend on the estimator # anymore. Therefore, this inequality provides us with a lower
bound on the worst-case variance of an arbitrary estimator.

While this applies to a one-dimensional parameter, the same procedure can immediately be extended to derive lower bounds
on the worst-case variance for pointwise estimation of a function value f(x,) in a nonparametric statistical model with unknown
regression function f. As shown in Derumigny and Schmidt-Hieber (2023), one can extend these ideas moreover to derive lower
bounds for the integrated variance and for (high-dimensional) parameter vectors.

Rephrasing the argument leads moreover to lower bounds on the worst-case bias given an upper bound for the worst-case
variance. Taking a suitable asymptotics #’ — # and imposing standard regularity conditions, it can be shown moreover that (2)
converges to the Cramér-Rao lower bound (Theorem A.4 in Derumigny and Schmidt-Hieber (2023)).

3. Lower bounds for bias-MAD trade-off

To measure the stochastic error of an estimator, a competitor of the variance is the mean absolute deviation (MAD). For a random
variable X, the MAD is defined as E [lX - ul], where the centering point u is either the mean or the median of X. If centered at the
mean, the MAD is upper bounded by 4/Var(X), but compared to the variance, less weight is given to large outcomes of X. For a
statistical model (P, : 6 € 0), the most natural extension seems therefore to study the trade-off between m(6) — 6 and E9[|§ - m(9)]],
where again m(0) is either the mean or the median of the estimator 9 under Py.

The first result provides an abstract inequality that can be used to relate m(6) — 6 and E0[|§ —m(0)|], for any centering m(6). It
can be viewed as an analogue of (1).

Lemma 3.1. Let P,Q be two probability distributions on the same measurable space and write Ep, E,, for the expectations with respect
to P and Q. Then for any random variable X and any real numbers u, v, we have

%(I—Hz(P,Q))zlu—vl < Ep[|X —ul] v Eo[|X - o], 3

Proof. Applying the triangle inequality and the Cauchy-Schwarz inequality, we have
(1= H(P,O))[u— 1|
= / ‘X(w) —u- X+ v| Vr@)q(@) dv(w)
< / |X(@) - u|Vp(@3(@) dv() + / |X(@) = 0| Vp@)@) av(w)

< \/EP[‘X —ul| Eq[|X —u[] + \/EPHX — o] Eo|x - ¢])-

(€))
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Bound Ey[|X —ul] < Egl|X — vl] + |u—v| and Ep[|X — v|] < Ep[|X —ul] + |u - v|. With a := Ep[|X — 0[]V Eg[|X —ull, b := |u—v|
and d := 1— H*(P,Q), we then have db < 2V/a? + ab or equivalently a®> 4+ ab—d*b*/4 > 0. Since a > 0, solving the quadratic equation
a® 4+ ab — d*b*/4 = 0 in a gives that a > b(V/1 + d? — 1)/2. Since 0 < d < 1, we also have that V1 +d2 — 1 > 2d*/5, which can be
verified by adding one to both sides and squaring. Combining the last two inequalities gives finally the desired result a > bd?/5. []

The derived inequality does not directly follow from the triangle inequality |u—v| < |x —u| + |x — v| as the expectations on
the right-hand side of (4) are taken with respect to different measures P and Q. Equality up to a constant multiple is attained if
H(P,0) < 1 and X = v with probability 1.

An important special case of the previously derived inequality is

1 2

(1= H(P.O))’|EpIX1 = EqlX1| < Ep[|X — EplX1|] v Eq[|X — EqlX1]]- (5)
Let us now compare this to the change of expectation inequalities involving the variance in the regime where the measures P and
Q are close. As mentioned above, Ep[|X — Ep[X]|] < 4/Varp(X). Moreover, Ep[|X — Ep[X]|] and 4/Var P(X) are typically of the
same magnitude. The Hellinger lower bound for the variance (1) is

1 , |Ep[X] - EolX]]
———————— (1 - H*(P,Q))—————— < 4/ Varp(X) + Vary(X).
V4 - 2H2(P, Q) H(P,0) P 0

Compared to (5), the variance lower bound also includes a term H(P,Q)”! on the left hand side that improves the inequality
if the distributions P and Q are close. The next result shows that improving in this regime the inequality (5) requires that the
likelihood ratio is uniformly close to one. This is much stronger. For instance if P, denotes the distribution of N'(0,1), then,
1
—=(6-6")?
3

H(Py,Py) =1- , and H(Py, Py) — 0 if 6 — ¢’ — 0. However, the likelihood ratio dP,/d Py is unbounded whenever

0+0.
Lemma 3.2. Define 0/0 as 0. If p and q are the respective v-densities of P and Q, then
1- H*P,Q)
P=q
1L e

Moreover, if P,Q are defined on a finite probability space, then there exists a random variable X*, such that

|EpIX1 - EolX1| < Ep[|X - EplxX]|] v Eo|X - EolX1|]. (6)

EP[|X* — Ep[X*] @)

Jv Eql|x -

.
I "|| [Eplx1 -

Proof. Using that f(X(a)) — Ep[XDp(w) dv(w) = 0 and f(X(a)) - Ep[X1)g(w) dv(w) = 0, we have the identity
/ Vi@)q(@) dv(®) (Ep[X] - Eg[X])
- / (X(@) = EpLX1) (p(@) — Vr@)(@) )dviw)
+ / (X(@) = EglX1) (Vr@)a(@) - @) )dv(e).

Taking the absolute value inside the integrals gives
/ Vr(@)a(@) dvi) | EplX] - EglX]|

/ |X(@ - EplX]|p@)dv@) ”1_ M
(o)

/ |X(@) - EqglX1|g(@)dv(@) “ Ve (‘"

By definition of the Hellinger distance, / Vp(@)q(w) = 1 — H*(P, Q). Moreover, for a,b > 0, we have |1 — y/a/b| = |(b—a)/((\/5+ \/Z)
\/Z)| < |(b—a)/(b A a)|. Combining these arguments gives

(1- H*(P,0) (EP[X] EQ[X]‘ (EP[|X EplX] |]vEQ”X EQ[X]) “

PAgq
proving the first claim.
For the second claim, recall that the probability space 2 = {w,j = 1,2,...,M} is assumed to be finite and denote by
p; = P{w;}), q; '= O{w;}), j = 1,2,..., M the respective probability mass functions of P and Q. Define the random variable
X;(@) = (o = w;). Then, Ep[X;] - EQ[Xj] =p; — 4q;, EpllX; — Ep[X;111 = p;(1 — p;), and Epl|X; — EglX;1]] = ¢;(1 — g;). For
J* €argmaxy_y  arlpe = ael/(pe V 4p),
1

IP( ‘Ifl
PeVay

Ep[|Xj* _EP[X/'*]HVEQ['XJ* - EQ[XJ*]H Spp Vg = |l7j* _qj*l . g
——

=|Ep[X+]1-EqlX;+1|
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For the application to statistics, the random variable X is an estimator. Thus, given X, a related question is to find a random
variable X’ with Ep[X'] = Ep[X] and Ey[X'] = E5[X], but smaller mean absolute deviations Ep[| X’ — Ep[X']|] < Ep[|X — Ep[X]]]
and Ey[|X r— EqlX M1 < EpllX — Ep[X]|]. In particular, for the trade-off between bias and mean absolute deviation, it does not
seem favorable that X attains large values, as this mainly increases the mean absolute deviation. If for a measurable set A, the
conditional means are the same, that is, Ep[X|X € A] = Eo[X|X € A], then, X’ = X1(X € A°) + Ep[X|X € A]I(X € A) satisfies
Ep[X'] = Ep[X], EglX'] = EplX],

Ep[IX' = Ep[X'1I]
= EPHX, - EP[X]”
= Ep[IX — Ep[X]| ‘ X € A|P(A) + Ep[|Ep[X|X € Al - EplX]| ‘ X € A|P(A)

= Ep[IX — Ep[X]| ‘X € A P(A%) + |EP[X|X € Al- EP[X](P(A)

= Ep[IX - Ep[X]| ‘X € A P(A%) + |E,, [X - EplX] ‘X € 4] |P(A)

]
|
|
< Ep[IX - Ep[X]| ‘X € A°|P(A%) + EP[|X EP[X]| (X € A|P(4)
= Ep[|X - Ep[X]|],

and similarly Eg[|X r— EplX m < Egl|X — EglX]]]. The argument can be viewed as a variation of the convex loss version of the
Rao-Blackwell theorem.

4. Application to pointwise estimation in the Gaussian white noise model

In the Gaussian white noise model, we observe a random function Y = (Y,),¢jo,1}» With
dY, = f(x)dx + % dw,, ®)
n

where W is an unobserved standard Brownian motion. The aim is to recover the unobserved, real-valued regression function
f € L*([0, 1]) from the data Y. Below, we study the bias-MAD trade-off for estimation of f(x,) with fixed x, € [0, 1].

Concerning upper bounds for the MAD risk in this setting, optimal convergence rates are obtained in Tsybakov (1986) and the
first order asymptotics of the mean absolute deviation risk for Lipschitz functions is derived in Fan and Hall (1994).

To obtain lower bounds for the bias-MAD trade-off, denote by P, the data distribution of the Gaussian white noise model with
regression function f. It is known that the Hellinger distance is

HA(Py P = 1—exp( =2 IS = gI3). ©

whenever f,g € L%([0, 1]), see Derumigny and Schmidt-Hieber (2023) for a reference and a derivation. This means that the inequality
(3) becomes

é exp(—%llf - g||§)|u — ol < Ey|X = uf] v E[|x - |- (10)
As commonly done in nonparametric statistics, we impose an Holder smoothness condition on the regression function f. Let R > 0,
p > 0 and denote by |#] the largest integer that is strictly smaller than . On a domain D C R, we define the g-Holder norm
by 1f sy = Te<pp) 1F Ol sy + 9P yepagy | FPDG) = £UDG)/1x = 1P~ 1P, with L°°(D) the supremum norm on D and f®
denoting the #-th (strong) derivative of f for # < |f]. For D = [0, 1], let €#(R) := {f : [0,1] * 1 fllgso.1p < R} be the ball of
p-Holder smooth functions f : [0,1] — R with radius R. We also write €’(R) :={K : R—> R : ||K||(gﬂ(R) < oo}

Theorem 4.1. Consider the Gaussian white noise model (8) with parameter space €”(R). Let C > 0 be a positive constant. If f (xg) is an
estimator for f(x,) satisfying

5

B/@2p+1)
sup |B1as/(f(x0))‘ ( )
Fe8i(R)

then, there exist positive constants ¢ = ¢(C, R) and N = N(C, R), such that

sup E; ‘f(xo) - Ef[f(xo)]) | 2 en /P foralln> N.
SEGP(R)

Explicit expressions for ¢ and N can be derived from the proof. If Med [ £ (x)]1I1 denotes the median of fi (xq), then the same holds if
Bias (f(x)) and E [|/(x) = E[f(x)1|] are replaced by Med [ f(xy)] — f(xo) and E ;[|(xo) — Med [ f(x)]|1, respectively.

The result is considerably weaker than the earlier derived lower bounds for the bias-variance trade-off for pointwise estimation.
This is due to the fact that (3) is less sharp. Nevertheless, the conclusion provides still more information than the minimax lower
bound for the absolute value loss. To see this, observe that by the triangle inequality,
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sup  Ef[17(x) = EfLf eIl = sup  E[17(xg) = f(xo)[] = | Bias ; (Fx0))]

fe€BP(R) SEGP(R)
> sup Ef|f(xo) = f(x)ll = sup |Bias (F(xo))l.
7€GP(R) fEBP(R)

Thus, the conclusion of Theorem 4.1 can be deduced from the minimax lower bound sup egs(g
E[| Flxg) = f(x)] = (K/m)P/CF+D | as long as C < K. Arguing via the minimax rate, nothing, however, can be said if C > K,
that is, the bias is of the optimal order with a potentially large constant. Indeed, if we would change the role of the worst-case bias
and the worst-case risk in the previous display, we get the lower bound

sup  E[1f(x0) = E;[f(x)ll1 = sup |Bias,(f(xo)| = sup E[|f(xo) = f(xpl].
fe&P(R) fe€BP(R) FE€BP(R)

Since f (x¢) is an arbitrary estimator, we cannot exclude the possibility that

sup Biasf(f(xo)) ~  sup Ef[lf(xo)—f(xo)|]~
fE€BP(R) feBP(R)

However, Theorem 4.1 shows that even in the case C > K, the worst-case variance cannot converge faster than n=#/@+1),

Proof of Theorem 4.1. For any function K € %*(R) satisfying K(0) = 1 and ||K|, < +oco, define V := R/IKllgsmys v =
Q/WMYP(C /)l /@+D and
_x") S 10] < 1}.

= {fg(x) = 9Vrf1<(x
By Lemma B.1 in Derumigny and Schmidt-Hieber (2023), we have for 0 < h < 1, ||R#K((- =x0)/MWllgsw) < IKllgs)- Since r, <1 for
all sufficiently large n, taking h = r,, we find ||f9||%,p([0 1) S 101V IKllgsw) < R for all 6 € [-1,1]. Thus, F C @P(R) whenever r, <1
We can now apply (10) to the random variable f (x¢) choosing P = Pf ,0=h and centering u = E T [ f xo)l, v = Eyl f ol

L exp( =7t ) | B, 1o - Eol P

<Ey, [|Fo0) = Ep, 1F0o|] v Eol| Frg) = Eol Fxo)]|]-

Using substitution and the definition r, = (2/V)/#(C/n)'/@/+D we find
X — X 1 -
i < Vzriﬁ/RKZ(r—) dx = V2K = L2 Py | K |
n
and so,

1 27\1/8 ~ ~

3 eXP(-(;) C||K||§> )E/i] [f ()] = Eglf(x)l| < sup  E; flxg) = Ef[f(xo)]
FEBP(R)

Due to K(0) = 1 and the definition of r,, we have f,(xy) = +VrP = 42(C/m)P/@F+D and because of the bound on the bias,

Ej, [f()&))] > (C/n)f/@+D and E; [f(xp)l < —(C/n)P/@p+D_ Choosing for the lower bound f; if Ej [f(xp)] is negative and f_,

if £ oL (xp)] is positive, we find

| 2\1/8 C\ 7 -
gexp<—(7) CIIKI|§>(;)2’“5 sup  E;|f(xo) = E;[F(x)]].

FE€EP(R)

proving the claim. The proof for the median centering follows exactly the same steps. []
5. Further extensions of the bias-variance trade-off

A natural follow-up question is to wonder about other concepts to measure systematic and stochastic error of an estimator. This
section is intended as an overview of related concepts.

A large chunk of literature on variations of the bias—variance trade-off is concerned with extensions to classification under 0-
1 loss, see Kohavi and Wolpert (1996), Breiman (1996), Tibshirani (1996), James and Hastie (1997). These approaches have been
compared in Rozmus (2007). Le Borgne (2005) proposes an extension to the multi-class setting. In a Bayesian framework, Wolpert
(1997) argues that the bias-variance trade-off becomes a bias-covariance-covariance trade-off, where a covariance correction is
added. For relational domains, Neville and Jensen (2007) propose to separate the bias and the variance due to the learning process
from the bias and the variance due to the inference process. Bias-variance decompositions for the Kullback-Leibler divergence and
for the log-likelihood are studied in Heskes (1998). Somehow related, Wu and Vos (2012) introduces the Kullback-Leibler bias
and the Kullback-Leibler variance, and shows, using information theory, that a similar decomposition is valid. Domingos (2000)
propose generalized definitions of bias and variance for a general loss, but without showing a bias—variance decomposition. For
several exponential families (Hansen and Heskes, 2000) shows that there exist a loss L such that a bias—variance decomposition of
L is possible. James (2003) studied a bias-variance decomposition for arbitrary loss functions, comparing different ways of defining
the bias and the variance in such cases.
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