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Abstract. The “double descent” risk curve was proposed to qualitatively describe the out-of-sample prediction
accuracy of variably parameterized machine learning models. This article provides a precise math-
ematical analysis for the shape of this curve in two simple data models with the least squares/least
norm predictor. Specifically, it is shown that the risk peaks when the number of features p is close
to the sample size n but also that the risk sometimes decreases toward its minimum as p increases
beyond n. This behavior parallels some key patterns observed in large models, including modern
neural networks, and is contrasted with that of “prescient” models that select features in an a priori
optimal order.
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1. Introduction. The “double descent” risk curve was proposed by Belkin et al. [4] as
a general way to qualitatively describe the out-of-sample prediction performance of variably
parameterized machine learning models. This risk curve reconciles the classical bias-variance
trade-off with the behavior of predictive models that interpolate training data, as observed
for several model families (including neural networks) in a wide variety of applications (see
section 1.1 for references). In these studies, a predictive model with p parameters is fit to a
training sample of size n, and the test risk (i.e., out-of-sample error) is examined as a function
of p. When p is below the sample size n (for regression or binary classification), the test risk
is governed by the usual bias-variance decomposition. As p is increased toward n, the training
risk (i.e., in-sample error) is driven to zero, but the test risk shoots up, sometimes toward
infinity. The classical bias-variance analysis identifies a “sweet spot” value of p € [0,n] at
which the bias and variance are balanced to achieve low test risk. However, in the “modern
regime,” as p grows beyond n, the training risk remains zero, but the test risk decreases again,
even when fitting noisy data, provided that the model is fit using a suitable inductive bias
(e.g., least norm solution). In many (but not all) cases from [4], the limiting risk as p — oo is
lower than what is achieved at the “sweet spot” value of p.
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In this article, we show that key aspects of the “double descent” risk curve can be observed
with the least squares/least norm predictor in two simple random features models. The first
is a Gaussian model studied by Breiman and Freedman [7] in the classical p < n regime,
while the second is a Fourier series model for functions on the circle. In both cases, we prove
that the risk is infinite around p = n and decreases again as p increases beyond n. When
the signal-to-noise ratio is high, the minimum risk is, in fact, achieved in the modern regime,
when p > n. Our results provide a precise mathematical analysis in a simple and tractable
setting of the mechanism that was qualitatively described by Belkin et al. [4]. In particular,
it captures a key aspect of many practical overparameterized models: that increasing the
number of parameters to the maximum can lead to better performance. We also establish
some nonasymptotic concentration phenomena in the Gaussian model.

We note that in both of the models, the features are selected randomly, which makes them
useful for studying scenarios where features are plentiful but individually too “weak” to be
selected in an informed manner. Such scenarios are common in machine learning practice,
and they should be contrasted with “scientific” scenarios where features are carefully designed
or curated, as is often the case in scientific applications. For comparison, we give an example
of “prescient” feature selection, where the p features a priori known to be most useful are
included in the model. In this case, the optimal test risk is achieved at some p < n, which is
consistent with the classical analysis of Breiman and Freedman [7].

1.1. Related and concurrent works. The “double descent” risk curve was posited by
Belkin et al. [4] to connect the classical bias-variance trade-off to behaviors observed in over-
parameterized regimes for a variety of machine learning models. The shape and features
of the risk curve itself appear throughout in the literature in a number of contexts, e.g.,
[21, 17, 13, 12, 6, 23, 1]; see also [14] for a “brief prehistory” that focuses on the curious
peak in the curve. These prior works analyze the risk of linear classification and regression
models and neural networks in high-dimensional asymptotic regimes. Our analysis in the
Gaussian model gives an exact expression for the risk for any finite sample size and number
of parameters.

More recently, Neal et al. [16] observed that similar phenomena in neural networks can
be explained by a variance reduction effect of increasing network width. The transition from
under- to overparametrized regimes was recently analyzed by Spigler et al. [20] by drawing
a connection to the physical phenomenon of “jamming” in a class of glassy systems. Our
analysis makes these ideas concrete and explicit in the context of simple regression models.
For instance, our analysis captures the transition from under- to overparameterized regimes at
a point where an inverse Wishart random matrix has no finite expectation. It also allows us to
compare the risks at any points in the curve and explain how the risk in the overparameterized
regime can be lower than any risk in the underparameterized regime.

The initial version of this article [5] appeared concurrently with works of Hastie et al. [11],
Muthukumar et al. [15], and Bartlett et al. [3], all of which also study the behavior of the
least squares/least norm predictor in overparameterized linear regression. Muthukumar et
al. [15] focus on the well-specified scenario (essentially p = D) and provide upper bounds on
the risk that go to zero as p — oco. (A related variance analysis was carried out by Neal et
al. [16].) Hastie et al. [11] provide a much broader range of analyses in the high-dimensional
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asymptotic regime, including a “misspecified” setup that is related to ours. Their analyses
require weaker distributional assumptions than ours because of their reliance on asymptotic
analysis. (A special case of the results in the follow-up work by Xu and Hsu [24] further
broadens the range of analyses to allow highly nonisotropic designs, but again only in the
high-dimensional asymptotic regime.) The analysis of Hastie et al. [11] also considers the effect
of ridge regularization; in particular, they show that when the optimal level of regularization
is used, the risk curve no longer shows the “double descent” shape. Finally, Bartlett et al. [3]
study nonasymptotic upper and lower bounds on the risk in the overparameterized regime
and provide a characterization in terms of certain “effective dimensions” based on the tail of
the eigenvalue sequence of the covariance operator.

2. Gaussian model. We consider a regression problem where the response y is equal to a
linear function B = (f1,...,8p) € RP of D real-valued variables & = (z1,...,2p) plus noise
oe:

D
y=x"B+oe= ijﬂj + oe.
i=1

Given n independent and identically distributed copies ((z®, y(i)))?:1 of (x,y), we fit a linear
model to the data only using a subset T' C [D] := {1,..., D} of p := |T| variables.

Let X := [z(M]---|2™]* be the n x D design matrix, and let y := (y), ... y(™) be the
vector of responses. For a subset A C [D] and a D-dimensional vector v, we use v4 := (v; : j €

A) to denote its | A]-dimensional subvector of entries from A; we also use X 4 := [wg‘l)| e |.’I;Xl)]*
to denote the n x |A| design matrix with variables from A. For A C [D], we denote its
complement by A¢:= [D]\ A. Finally, || - | denotes the Euclidean norm.

We fit regression coefficients 8 = (81, ..., 8p) with
BT = X;'vy7 BTC = 0.

Above, the symbol T denotes the Moore-Penrose pseudoinverse. In other words, we use the
solution to the normal equations X7 X7v = X7}y of least norm for B and force By to all
Zeros.

In this section, our analysis assumes a model in which (z, €) follows a standard multivariate
Gaussian distribution. This Gaussian model was also studied by Breiman and Freedman [7],
although their analysis is restricted to the case where the number of variables used p is always
at most n; our analysis will also consider the p > n regime.

2.1. Prediction risk. We derive a formula for the (prediction) risk of B for an arbitrary
choice of p features T' C [D] and then examine this risk under particular selection models for
T.

Theorem 2.1. Assume the distribution of x is the standard normal in RP, € is a standard
normal random variable independent of x, and y = x*B + oe for some B e ERD and o > 0.
Pick any p € {0,...,D} and T C [D] of cardinality p. The risk of 3, where By = XTTy and
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Risk

p

Figure 1. Plot of risk E[(y — w*ﬁ)Q] as a function of p under the random selection model of T'. Here,
1Bl =1, 0* = 1/25, D = 100, and n = 40.

Bre =0, is

(IBrel? +0) - (14 72 ifp<n—2,
E[(y — 2*B)?] = { +oo ifn—1<p<n+l,
18212 (1= 2) + (1Brel>+ 0*) - (14 522) ifp=n+2.

The proof of Theorem 2.1 is not hard; we give the details in subsection 2.2. We now turn
to the risk of B under a random selection model for T'.

Corollary 2.2. Let T be a uniformly random subset of [D] of cardinality p. In the setting
of Theorem 2.1, the risk of B (taking expectation with respect to the random choice of T in
addition to the random design matriz and response vector) satisfies

= | (U= B) 181+ (1+ ) dp<n-2,
E[(y — 2*B)*] = IIﬁIIQ'( n (2_pn1))+0 ( pizA) ifp>no.

Proof. Since T is a uniformly random subset of [D] of cardinality p,

E[I8rI? = 5 - 1812 Ell8rl = (1-5) - 18]

Plugging into Theorem 2.1 completes the proof. |

Thus, assuming D > n + 1, we observe that the risk first increases with p up to the
“interpolation threshold” (p = n), after which the risk decreases with p. Moreover, when the
signal-to-noise ratio ||3||2/0? is larger than D/(D —n — 1), the risk is smallest at p = D; in
particular, it is smaller than the risk at any p < n. This is the “double descent” risk curve,
where the first “descent” is degenerate (i.e., the “sweet spot” that balances bias and variance
is at p = 0). See Figure 1 for an illustration.

It is worth pointing out that the behavior under the random selection model of T can be
very different from that under a deterministic model of T. Consider including variables in
T by decreasing order of sz—a kind of “prescient” selection model studied by Breiman and
Freedman [7]. The behavior of the risk as a function of p, illustrated in Figure 2, reveals a
striking difference between the random selection model and the “prescient” selection model.
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2.5

Risk

p
Figure 2. Plot of risk E[(y — :c*[i’)z] as a function of p under the “prescient” selection model of T'. Here,
IBI> =1, B} < 1/5%, 0 =1/25, D = 100, and n = 40.

2.2. Proof of Theorem 2.1. Recall that x is assumed to follow a standard normal distri-
bution in R”. Since @ is isotropic (i.e., zero mean and identity covariance), the mean squared
prediction error of any @ € RP can be written as

El(y —2"B)°] = o” + |18 = B|* = o> + ||Bre — Bre|> + 187 — Brl*.
Since BTC = 0, it follows that the risk of B is
* V2] _ 2 2 a2
El(y —2"8)°] = o~ + ||Brll” + E[|Br — Brl]-

Classical regime. The risk of [‘3 was computed by Breiman and Freedman [7] in the regime
where p < n:

El(y - 2*B)?)] = {(HﬁTch +02) (14 52 tp<n -2
+oe ifpe{n—1,n}.

Interpolating regime. We consider the regime where p > n. Recall that the pseudoinverse
of X7 can be written as XTT = X5(X7X45)!. Thus, letting n := y — X187,

Br — BT =B — X;(XTX})T?J
=By — Xn( X X5) (X187 +1)
= (I - X5(Xr X0 X7)8r — X5(Xr X5 0.

On the right-hand side, the first term (I — X’(X X)X 7)B is the orthogonal projection
of By onto the null space of X, while the second term —X (XX %) n is a vector in the
row space of X . By the Pythagorean theorem, the squared norm of their sum is equal to
the sum of their squared norms, so

187 = Brll* = I(I - X7 (X7 X7) X 7)Br|” + | X7( X2 X7) 0]

We analyze the expected values of these two terms by exploiting properties of the standard
normal distribution.
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First term. Note that Ily := Xi}(XTXi})TXT is the orthogonal projection matrix for the
row space of X 7. So, by the Pythagorean theorem, we have

(I — Xi( X X7) X 1) B2 )12 = ||B7]* — | T B2

By rotational symmetry of the standard normal distribution, it follows that
2.0

E[| 87 (%) = |87 »

Therefore,
E[|(I — X5 (X7 X5) X A= 18,2 (12
(X1 X7)' X7)BrlI7) = (1B o)
Second term. We use the “trace trick” to write
| X5 (X X)) n|? = te(Xr X)) (X X5) (X rX5) 'm*) = te((X 7 X5) gm*),

where the second equality holds almost surely because X X7 is almost surely invert-
ible. Since 81 and @7} Br. + o€ are uncorrelated, it follows that

E[| X7 (X2 X 7)) = tr(B(X 7 X7)[E[nn"]).

The distribution of 7 is normal with mean zero and covariance (||Bre||?>+02)-I € R™™,
$0

Elnm*] = (|Bre | +0®) - I.

The distribution of P := (X7X%)T is inverse-Wishart with identity scale matrix
I € R™™™ and p degrees of freedom. Each diagonal entry P;; of P, for i = 1,...,n,
has a reciprocal that follows the x? distribution with p — n + 1 degrees of freedom.
Hence, E[P;;] = 1/(p—n—1) if p > n+2 and E[P; ;] = o0 if p € {n,n+1}. Therefore,

. n ifp>n+2,
tr(E[(Xr X5)T) = ¢ Pt P
+oo  ifpe{n,n+1}.

We conclude that

UBrel?+0%) - -2y ifp>nt2,

E[|| X5 (X X5) n)?] =
1 X7 (XX 7)) {+OO ifpe{nn+1}.

Combining the first and second terms gives the claimed expression for the risk. [ ]

2.3. Concentration. We briefly consider the measure concentration of |8 — 3||2.
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Theorem 2.3. Consider the setting from Theorem 2.1, and fiz any e € (0,1). If a :=p/n <
1, then

N 1+te p
I8 AP < Qg+ (14 (12¢) =2 )

with probability at least

B B pet(Va—1t —1)?
bozew < 24((2 — e)Va T + e)2>

e <p(1 - e>2<2a—1 - 1>2> apexp <p<a41>) ,

If a > 1, then

I8 AP < 181P (1- 202 ) + Qg +0%) (14 (135) 5=y )

n
P 1Fe —n+1

with probability at least

s (-22)

—2exp <—”(1 - 6>2;\/&— 1)2>

n(a — 1)e?

-2 - .

n exp ( o )

The proof is given in Appendix A. The main idea for the p > n case is as follows. From
the proof of Theorem 2.1, we have the decomposition

187 = Bzl = I(I = Tr)Br|* + | XH(X 7 X5) 0>

The first term |(I — II7)B7|? is the squared distance from B to a uniformly random n-
dimensional subspace of RP. This squared distance has the same distribution as the squared
distance from a uniformly random vector of length |G| to a fixed n-dimensional subspace
of RP. Thus, measure concentration on the unit sphere can be used here. The second term
| X5 (X7 X%) 0|2 is a (random) quadratic form in the Gaussian random vector . Gaussian
concentration is readily applied after controlling the spectral properties of the Wishart random
matrix X7 X7. (The p < n case is similar to the analysis of this second term.)

The same arguments can be used to give fixed-level confidence bounds; see Proposition B.1
in Appendix B.

Finally, it is also possible to compare ||37||? to (p/D)|8||? (and || B[ to (1—p/D)||B]?)
under the random selection model of T from Corollary 2.2 using concentration inequalities
for sampling without replacement; see, e.g., [2], for a discussion. The following is a simple
consequence of Proposition 1.4 of [2].
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Proposition 2.4. For any t > 0, with probability at least 1 — 2e™t,

18217 = L1812 = 18zl - (1= %) 18I
< IBI? <\/2 (/ﬂ - 11)) min {21~ E1iy 2‘?) ,

The proof is in Appendix C. The crucial parameter p has range [1/v/D,1]. It is small
when there are many relevant “weak” features, each with a relatively small coefficient in 3;
conversely, it is large when 3 is concentrated on a sparse subset of features.

where p = max;e(p) |Bil/[|B]|-

3. Fourier series model. In this section, we consider a noise-free Fourier series model
which can be regarded as a one-dimensional version of the random Fourier features model
studied by Rahimi and Recht [18] for functions defined on the unit circle.

Let F € CP*P denote the D x D discrete Fourier transform matrix: Its (i,j)th entry is

= \/15“(2'—1)(]’—1)7
where w := exp(—27i/D) is a primitive root of unity. Let u := F3 for some 3 € CP. Consider
the following observation model:
1. S and T are independent random subsets of [D]. For any i € [D], the membership of
1in S (respectively, T') is determined by an independent Bernoulli variable with mean
pn :=n/D (respectively, p, := p/D).
2. We observe the n x p design matrix F'g7 and n-dimensional vector of responses pg.
Here, F g7 is the submatrix of F' with rows from S and columns from 7', and pg is
the subvector of p of entries from S.
We fit regression coefficients 3 = (31, cee BD) with

Bs = FL,TH& Bse :=0.
One important property of the discrete Fourier transform matrix that we use is that the
matrix F' 4 p has rank min{|A|, |B|} for any A, B C [D]. This is a consequence of the fact
that F' is Vandermonde. Thus, we have

o Fir(FsrFip)™', |T| > 5],
ST = _
(FsrFsr) " Fsp, |TI<|S|.

In the remainder of this section, we analyze the risk of B under a random model for 3,
where

1
EBBT = =1
85" = &
(which implies E[||3||?] = 1). The random choice of 3 is independent of S and T. Considering
the risk under this random model for 3 is a form of average-case analysis. For simplicity, we

only consider the regime where p, > pn.
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Following the arguments from subsection 2.1, we have
18 = BI* = 1Bse I + I(I = F n Fs7)Bs|* + | F§ 1 FsreBse ||
=18 = |IF} 1+ F 508> + | FS 1 FsreB5¢ -

Now we take (conditional) expectations with respect to 3, given S and T
(3.1)

. 1 1
E[IB-BI* | 5,T] =1- 5 - 0((FyrFsr)T (FyrFsr) + o (s pFs )T (FypFsre)).
Since F'g7 has rank min{|S|, |T|}, the first trace expression is equal to
tr((Fs7Fsr)" (F§pFsr)) = min{|s|, |T]}.

For the second trace expression, we use the explicit formula for FTST and the fact that
FsrF%Lp + FsreFip. = I to obtain

r(FlFsre) (FhpFore)) = te(Fg e (FspFhp) " Fsre)
tr(F§pe(I — FgreF§pe)  Fsre)
tr(( — FS,TCF?S:,TC)_IFS,TCFE,TC)

min{|S],|T'[} iy
. 1=\
=1
min{|S],|T'[} 1
——min{ISLITH+ >
i=1 v

where the \; € [0,1] are the eigenvalues of FS7TCF:§7TC. Therefore, from (3.1), we have

min{|S],|T[}
E[||ﬁ—ﬁ||21=1—21amin{"°" T'}+g.1@ 1 1
n

11—\

D' D A
=1

(*)

To determine the asymptotic behavior of (x), we use a recent result of Farrell [10],

“ pp - (1 —pn)
()—> Pp = Pn

as D,n,p — oo with p, =n/D and p, = p/D held fixed. Further, under this limit, we have

]E I— e n
mm{ , —p

since p, > p,. Hence, we have the following.
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0 200 400 600 800 1000
p

Figure 3. Plot of risk as a function of p in the Fourier series model. Here, 3 was chosen uniformly at
random (once) from the unit sphere in RP for D =1024. We then compyted B from 10 independent random
choices of S (with n = 256) and T and plotted the average value of |8 — B|?.

Theorem 3.1. Assume the setting as above, with D,n,p — oo and p, =n/D and p, = p/D
held fixed. Then
N 1—n/D
lim F {”ﬁ_ﬁ”?] 1 <2_p(”/)> .

D p—n

Note that the right-hand side in the equation from Theorem 3.1 is well defined in the limit
because the ratios p,, p, are fixed. It diverges to +00 when p, is close to p, and decreases
as pp approaches 1. This is the same behavior as in the Gaussian model from section 2 with
random feature selection; we depict a nonasymptotic instantiation of it in Figure 3.

4. Discussion. Our analysis shows that when features are chosen in an uninformed man-
ner, it may be optimal to choose as many as possible—even more than the number of data—
rather than limit the number to that which balances bias and variance as suggested by classical
analyses. This choice is simple, both conceptually and algorithmically (although it may incur
a computational penalty for processing large numbers of parameters), and avoids the need for
precise control of regularization parameters. It is reflective of the practice in modern machine
learning applications like image and speech recognition, where signal processing—based features
are individually weak but in great abundance, and models that use all of the features, notably
neural networks, are highly successful. This stands in contrast to the “scientific” scenarios
with informed selection of features; for example, in many science and medical applications,
features are purposefully chosen based on the detailed understanding of the underlying phe-
nomena. As illustrated by the “prescient” model that selects the best features, in that case
choosing the number of features to balance bias and variance can be better than incurring the
costs that come with using all of the features.

Finally, we remark that there appears to be a sharp divide between the classical analyses of
statistics and machine learning in p < n regimes and the modern “weak but plentiful features”
interpolating settings. While the former are deeply explored, an understanding of the latter
is only starting to emerge. It is clear that the best practices for model and feature selection
depend crucially on the regime of the application.
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Appendix A. Proof of Theorem 2.3. We first consider p > n (i.e., & > 1). From the
proof of Theorem 2.1, we have the decomposition

187 = Brl® = (I = M) Br|* + | X7( X X5) 0],

where II7 is the orthogonal projection matrix for the row space of X7 and 7 is normal
with mean zero and covariance (||B7¢||? + ¢?)I and independent of X 7. By symmetry of the
standard normal distribution, the first term ||(I — II7)Bp||? is the squared distance from B
to a uniformly random n-dimensional subspace of RP. This squared distance has the same
distribution as the squared distance from a uniformly random vector of length ||3+| to a fixed
n-dimensional subspace of RP. This argument was also used by Dasgupta and Gupta [9] in
their proof of the Johnson—Lindenstrauss lemma. By Lemma 2.2 from [9], we have, for any
e€(0,1),

pe I -l ¢ (1- 102 1917] < 20w (-25).

The second term || X% (X7 XT)tn|? is a (random) quadratic form in 5. Let K7 := X7 X%,
which is nonsingular almost surely. By Lemma 4 from [8], we have, for any € € (0,1),

PrIXF(Xr XDl & (1 + (187 + o)x(K ) | Ko nonsingular]

<2e ne’
N
= 2O\ Tok(X)2 )

where K(X 1) = omax(X71)/omin(X 1) is the ratio of the largest singular value of X7 to the
smallest singular value of X . For any ¢t > 0,

Pr [UmaX(XT) >Vp+(1+ t)\/ﬂ < exp(—ntz/Q),
Pr [omin(X7) < VD — (1 +)v/n] < exp(—nt?/2).

These inequalities follow from Gaussian comparison inequalities and concentration of measure
on the sphere and in Gaussian space; see, e.g., [19, 22]. Therefore, for p > (1 +t)?n,

Pr [k(X7)? > (Mf] < 2exp <”t2> :

= \Vp- (L +0)yn 2

Finally, observe that 1/(K;');; has a x-distribution with p — n + 1 degrees of freedom.
Therefore, again using Lemma 4 from [8] and a union bound, we have, for any € € (0,1),

_ n 1 (p—n+1)e
Pr [tr(K ;! : <2 - .
r[r( T)¢p—n+1 1ZF6]_ nexp< 24

Putting these probability inequalities together (with ¢ = (1 —€)(y/a — 1)) completes the proof
for p > n.
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Now we consider p < n (i.e., @ < 1). We have
Br = (X7 X1) X3 (X 1By +n).

The matrix X% X 7 is nonsingular almost surely, so |37 —8|2 = n* (X X%)in = n*K}T[ also
holds almost surely. Note that K7 has the same eigenvalues as X7 X7, and hence K ,} has
the same eigenvalues as (XX 7)~!. Therefore, following essentially the same arguments as
above for handling || X% (X7 X%)Tn|/? (but switching the roles of p and n and hence replacing
a with a~1) completes the proof for p < n. [ |

Appendix B. Confidence bounds.
Fixed-level confidence bounds can be immediately derived from the probability inequalities
in Appendix A.

Proposition B.1. Consider the setting from Theorem 2.1, and fix any § € (0,1). If p < n,
then with probability at least 1 — 9,

1+ \/§+ \/@ 481n(256/5)

14 1
(Bl + 0% - L

+1 /241n(8p/5)
b 1 + n—p+1

1By = Brl*e |1+

If p > n, then with probability at least 1 — 9,

87— Brl e (1 - (u W) Z) AT

2In(8/9)
1+\[+\/ [481n( 256/5 12+ n 1

\/’ 21n(8/6 n+1 241n(8n/3)

1 + p—n+1
In the expressions above, we assume n and p are large enough (perhaps in relation to each
other) so that all denominators are positive.

Appendix C. Proof of Proposition 2.4.

Let X1, ..., X, be arandom sample of cardinality p from the finite population (B2,... ,ﬂ%),
drawn without replacement, so that ||Bp|? = L1 Xj. Since 187112 = 18I1% = I1B7/? we
have

18212 = B1812| = |18zl1* = (1= 5 ) 181

Obserj\;e that the finite population (6%,...,%) has mean %H,@HQ, variance %ZjDzl 5;.1 —
(5 221 8% < 181> = (5118117)% = 58I (1* — £), and range max;e(p) 57 = [|8]°1*
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Therefore, Proposition 1.4 of [2] and a union bound implies, with probability at least 1 — 2™,

18212 = 21812 = 18212 = (1= Z) 18I12| < 1811

If p/D is more than 1/2, then we can replace p/D by 1 — p/D on the right-hand side by
analogously applying the previous argument to the random sample of cardinality D — p that
determines Bqc. [ ]

Acknowledgments. We thank the anonymous referees for their remarks and suggestions
(which, in particular, led to the inclusion of subsection 2.3). This work was carried out in
part while MB was at Ohio State University.

REFERENCES

[1] M. S. ADVANI AND A. M. SAXE, High-Dimensional Dynamics of Generalization Error in Neural Networks,
preprint, arXiv:1710.03667, 2017.
[2] R. BARDENET AND O.-A. MAILLARD, Concentration inequalities for sampling without replacement,
Bernoulli, 21 (2015), pp. 1361-1385.
[3] P. L. BARTLETT, P. M. LoNG, G. Lucosi, AND A. TSIGLER, Benign overfitting in linear regression,
Proc. Natl. Acad. Sci. USA, (2020), doi:10.1073/pnas.1907378117.
[4] M. BELKIN, D. Hsu, S. Ma, AND S. MANDAL, Reconciling modern machine learning practice and the
bias-variance trade-off, Proc. Natl. Acad. Sci. USA, 116 (2019), pp. 15849-15854.
[5] M. BELKIN, D. Hsu, aND J. Xu, Two Models of Double Descent for Weak Features, preprint,
arXiv:1903.07571v1, 2019.
[6] S. Bos AND M. OPPER, Dynamics of batch training in a perceptron, J. Phys. A, 31 (1998), 4835.
[7] L. BREIMAN AND D. FREEDMAN, How many variables should be entered in a regression equation?, J.
Amer. Statist. Assoc., 78 (1983), pp. 131-136.
[8] S. DASGUPTA, Learning Probability Distributions, Ph.D. thesis, University of California, Berkeley, 2000.
[9] S. DASGUPTA AND A. GUPTA, An elementary proof of a theorem of Johnson and Lindenstrauss, Random
Structures Algorithms, 22 (2003), pp. 60-65.
[10] B. FARRELL, Limiting empirical singular value distribution of restrictions of discrete Fourier transform
matrices, J. Fourier Anal. Appl., 17 (2011), pp. 733-753.
[11] T. HASTIE, A. MONTANARI, S. ROSSET, AND R. J. TIBSHIRANI, Surprises in High-Dimensional Ridgeless
Least Squares Interpolation, preprint, arXiv:1903.08560, 2019.
[12] A. KrROGH AND J. A. HERTZ, Generalization in a linear perceptron in the presence of noise, J. Phys. A,
25 (1992), 1135.
[13] Y. LE Cun, I. KANTER, AND S. A. SOLLA, Eigenvalues of covariance matrices: Application to neural-
network learning, Phys. Rev. Lett., 66 (1991), 2396.
Loog, T. VIERING, A. MEY, J. H. KRUTHE, AND D. M. TAX, A brief prehistory of double descent,
Proc. Natl. Acad. Sci. USA, 117 (2020), pp. 10625-10626.
[15] V. MUTHUKUMAR, K. VODRAHALLI, V. SUBRAMANIAN, AND A. SAHAI, Harmless interpolation of noisy
data in regression, IEEE J. Sel. Areas Inform. Theory, (2020), pp. 67-83.
[16] B. NEAL, S. MITTAL, A. BARATIN, V. TANTIA, M. SCICLUNA, S. LACOSTE-JULIEN, AND I. MITLIAGKAS,
A Modern Take on the Bias-Variance Tradeoff in Neural Networks, preprint, arXiv:1810.08591, 2018.
[17] M. OPPER, W. KINZEL, J. KLEINZ, AND R. NEHL, On the ability of the optimal perceptron to generalise,
J. Phys. A, 23 (1990), L581.
[18] A. RaHIMI AND B. RECHT, Random features for large-scale kernel machines, in Advances in Neural
Information Processing Systems, Cambridge, MA, MIT Press, 2008, pp. 1177-1184.
RUDELSON AND R. VERSHYNIN, Smallest singular value of a random rectangular matriz, Comm. Pure
Appl. Math., 62 (2009), pp. 1707-1739.

[14] M.

=

[19] M.

=

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/25/21 to 69.127.173.167. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

1180 MIKHAIL BELKIN, DANIEL HSU, AND JI XU

[20] S. SPIGLER, M. GEIGER, S. D’AscoLl, L. SAGUN, G. BIROLI, AND M. WYART, A jamming transition
from under- to over-parametrization affects generalization in deep learning, J. Phys. A, 52 (2019),
474001.

[21] F. VALLET, J.-G. CAILTON, AND P. REFREGIER, Linear and nonlinear extension of the pseudo-inverse
solution for learning boolean functions, Europhys. Lett., 9 (1989), 315.

[22] R. VERSHYNIN, High-Dimensional Probability: An Introduction with Applications in Data Science, Vol. 47,
Cambridge University Press, Cambridge, 2018.

[23] T. L. WATKIN, A. RAU, AND M. BIEHL, The statistical mechanics of learning a rule, Rev. Mod. Phys.,
65 (1993), 499.

[24] J. XU AND D. Hsu, On the number of variables to use in principal component regression, in Advances in
Neural Information Processing Systems 32, Cambridge, MA, MIT Press, 2019, pp. 5095-5104.

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.



