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Approximation by Combinations of ReLU and
Squared ReLU Ridge Functions with ¢! and ¢
Controls

Jason M. Klusowski Andrew R. Barron *!

May 23, 2018

Abstract

We establish L> and L? error bounds for functions of many variables
that are approximated by linear combinations of ReL.U (rectified linear
unit) and squared ReLU ridge functions with ¢* and ¢° controls on their
inner and outer parameters. With the squared ReLU ridge function, we
show that the L? approximation error is inversely proportional to the in-
ner layer £° sparsity and it need only be sublinear in the outer layer ¢°
sparsity. Our constructions are obtained using a variant of the Jones-
Barron probabilistic method, which can be interpreted as either stratified
sampling with proportionate allocation or two-stage cluster sampling. We
also provide companion error lower bounds that reveal near optimality of
our constructions. Despite the sparsity assumptions, we showcase the rich-
ness and flexibility of these ridge combinations by defining a large family
of functions, in terms of certain spectral conditions, that are particularly
well approximated by them.

1 Introduction

Functions of many variables are approximated using linear combinations of ridge
functions with one layer of nonlinearities, viz.,

f(@) = brdlar - & — ty), (1)

k=1

where b;, € R are the outer layer parameters and aj € R? are the vectors of inner
parameters for the single-hidden layer of functions ¢(ay -« —tx). The activation
function ¢ is allowed to be quite general. For example, it can be bounded and

*Jason M. Klusowski and Andrew R. Barron are with the Department of Statistics and
Data Science, Yale University, New Haven, CT, USA, 06511, e-mail: {jason.klusowski, an-
drew.barron}Q@yale.edu.



Lipschitz, polynomials with certain controls on their degrees, or bounded with
jump discontinuities. When the ridge activation function is a sigmoid, (1) is
single-hidden layer artificial neural network.

One goal in a statistical setting is to estimate a regression function, i.e., con-
ditional mean response, f(z) = E[Y | X = 2] with domain D £ [~1,1]? from
noisy observations {(X;,Y;)}" ,, where Y = f(X)+e. In classical literature [3],
L?(P) mean squared prediction error of order (d/n)/2, achieved by ¢! penalized
least squares estimators® over the class of models (1), are obtained by optimizing
the tradeoff between approzimation error and descriptive complexity relative to
sample size. Bounds on the approximation error are obtained by first showing
how models of the form (1) with ¢(z) = 1{z > 0} can be used to approximate
[ satisfying [o. |lw||1|F(f)(w)|dw < 400, provided f admits a Fourier represen-
tation f(z) = [pa € “F(f)(w)dw on [—1,1]%. Because it is often difficult to
work with discontinuous ¢ (i.e., vanishing or exploding gradient issues), these
step functions are replaced with smooth ¢ such that ¢(72) A1 — 1{z > 0} as
T — 400. Thus, this setup allows one to work with approximants of the form
(1) with smooth ¢, but at the expense of unbounded ¢* norm ||ag||;.

Like high-dimensional linear regression [18], many applications of statistical
inference and estimation require a setting where d > n. In contrast to the
aforementioned mean square prediction error of (d/n)/2, it has been shown [12]
how models of the form (1) with Lipschitz? ¢ (reps. Lipschitz derivative ¢') and
bounded inner parameters ||ay|lo and ||ax||; can be used to give desirable L?(D)
mean squared prediction error of order ((logd)/n)'/? (resp. ((logd)/n)?/°), also
achieved by penalized estimators.® In fact, [13] shows that these rates are nearly
optimal. A few natural questions arise from restricting the ¢° and ¢! norms of
the inner parameters in the model:

e To what degree do the sparsity assumptions limit the flexibility of the
model (1)?

e What condition can be imposed on f so that it can be approximated by
fm with Lipschitz ¢ (or Lipschitz derivative ¢') and bounded |lax||o and
/ or [laxl1?

e How well can f be approximated by f,,, given these sparsity constraints?

According to classic approximation results [1, 2], if the domain of f
is contained in [~1,1]¢ and f admits a Fourier representation f(x)
Jpa € “F(f)(w)dw, then the spectral condition vy; < +oo, where vy
Jga Iw][5|F(f)(w)|dw, is enough to ensure that f — f(0) can be approximated in

[1> I

!That is, the fit minimizes (1/n) 3% | (fm (X:) = Y:)2+A 37, |b| for some appropriately
chosen A\ > 0.

2Henceforth, when we say a function is Lipschitz, we assume it has bounded Lipschitz
parameter.

3With additional £° inner sparsity, we might also consider an estimator that minimizes
(1/n) 0 (fm(Xs) — Y3)2 + X0 (324 bklllakllo) for some convex function 1 and appro-
priately chosen Ao > 0.



L>°(D) by equally weighted, i.e, |b1| = -+ = |by], linear combinations of func-
tions of the form (1) with ¢(z) = 1{z > 0}. Typical L error rates ||f — fmllco
of an m-term approximation (1) are at most cv f,lx/;l m~'/2, where ¢ is a univer-
sal constant [1,8,21]. A rate of c(p)vsm~'/271/ D was given in [15, Theorem
3] for LP(D) for nonnegative even integer p. Again, all these bounds are valid
when the step activation function is replaced by a smooth approximant ¢ (in
particular, any sigmoid satisfying lim,_, 1o ¢(z) = 1), but at the expense of
unbounded ||ag||1.

Towards giving partial answers to the questions we posed, in Section 2,
we show how functions of the form (1) with ReLU (also known as a ramp or
first order spline) ¢(2) = (2)4+ = 0V z (which is Lipchitz)* or squared ReLU
#(z) = (2)3 (which has Lipschitz derivative) activation function can be used
to give desirable L°°(D) approximation error bounds, even when |lag|1 = 1,
0 <tr <1,and |by| =--- = |by|. Because of the widespread popularity of the
ReLU activation function and its variants, these simpler forms may also be of
independent interest for computational and algorithmic reasons as in [4,7, 10,
11,22], to name a few.

Unlike the case with step activation functions, our analysis makes no use
of the combinatorial properties of half-spaces as in Vapnik-Chervonenkis the-
ory [9,20]. The L?(D) case for ReLU ridge functions (also known as hinging
hyperplanes) with ¢!-bounded inner parameters was considered in [6, Theorem
3] and our L%°(D) bounds improve upon that line of work and, in addition,
increase the exponent from 1/2 to 1/2+ O(1/d). Our proof techniques are sub-
stantively different than [6] and, importantly, are more amenable to empirical
process theory, which is the key to showing our error bounds.

These tighter rates of approximation, with ReLU and squared ReLU activa-
tion functions, are possible under two different conditions — finite vy 2 or vy s,
respectively. The main idea we use originates from [15] and [16] and can be seen
as stratified sampling with proportionate allocation. This technique is widely
applied in survey sampling as a means of variance reduction [17].

At the end of Section 2, we will also discuss the degree to which these bounds
can be improved by providing companion lower bounds on the minimax rates
of approximation.

Section 3 will focus on how accurate estimation can be achieved even when
lak||o is also bounded. In particular, we show how an m-term linear combination
(1) with [Jax|lo0 < +/m and |jak|y = 1 can approximate f satisfying vys <
+o00 in L?(D) with error at most v/2v;3m~1/2. In other words, the L?(D)
approximation error is inversely proportional to the inner layer sparsity and
it need only be sublinear in the outer layer sparsity. The constructions that
achieve these error bounds are obtained using a variant of the Jones-Barron
probabilistic method, which can be interpreted as two-stage cluster sampling.

Throughout this paper, we will state explicitly how our bounds depend on
d so that the reader can fully appreciate the complexity of approximation. If

41t is perhaps more conventional to write (2)T for 0 V z, however, to avoid clutter in the
exponent, we use the current notation.



a is a vector in Euclidean space, we use the notation a(k) to denote its k-th
component.

2 L*> approximation with bounded ¢! norm

2.1 Positive results

In this section, we provide the statements and proofs of the existence results
for f,, with bounded ¢! norm of inner parameters. We would like to point out
that the results of Theorem 1 hold when all occurrences of the ReLU or squared
ReLU activation functions are replaced by general ¢ which is Lipschitz or has
Lipschitz derivative ¢’, respectively.

Theorem 1. Suppose f admits an integral representation
fa)=v | a(t.a) (a-2 1) dP(t,0), (2
[0,1]x{a:[lall1=1}

for x in D = [~1,1]¢ and s € {2,3}, where P is a probability measure on
[0,1] x {a € R?: ||a|l; = 1} and n(t,a) is either —1 or +1. There exists a linear
combination of ridge functions of the form

v

fm(z) = m

NE

bk(ak Y tk)j__l, (3)
k=1

with by, € [=1,1], |laglli =1, 0 <t <1 such that

sup |£(2) — fin(a)| < ev/TFTogm m~Y3Vd, 52,

xeD

and

sup [ f(z) = fm(2)| < Vd m™/27H0 s =3,
xzeD

for some universal constant ¢ > 0. Furthermore, if the by are restricted to
{—1,1}, the upper bound is of order

v/ d+logm mfl/Q*l/(dﬁ), s=2

and
Vam V) g

Theorem 2. Let D = [—1,1]%. Suppose f admits a Fourier representation

flz) = fRd e F(f)(w)dw and

vra= [ IWRIF( @)l < o



There exists a linear combination of ReLU ridge functions of the form

fm(x)bo+a0~x+:1];bk(ak~xtk)+ (4)

with by € [-1,1], |lakll1 =1, 0 <t <1, by = f(0), ap = Vf(0), and v < 2vy

such that
sup | f(2) = fn(@)| < cvpoy/d+logm m~1/2714,
zeD

for some universal constant ¢ > 0. Furthermore, if the by are restricted to
{=1,1}, the upper bound is of order

vfay/d+logm m1/2-1/(d+2)

Theorem 3. Under the setup of Theorem 2, suppose

vra= [ IWIHF @)l < o

There exists a linear combination of squared ReLU ridge functions of the form
v m
— T cr— 1)
(@) =bo +ao -z +a" Aoz + 5 k§:1bk(ak T — ) (5)

with bk S [—1,1], ||6Lk||1 = 1, 0 <t < 1, bo = f(O), ag = Vf(O), AO =
VVT£(0), and v < 2vy 3 such that

sup |f(z) — fm(x)] < cyﬁg\/a m~1/2-1/d
z€D

for some universal constant ¢ > 0. Furthermore, if the by are restricted to
{=1,1}, the upper bound is of order

vf oVd /21 (d+2)

The key observation for proving Theorem 2 and Theorem 3 is that f modulo
linear or quadratic terms with finite v; s can be written in the integral form (2).
Unlike in [6, Theorem 3] where an interpolation argument is used, our technique
of writing f as the mean of a random variable allows for more straightforward
use of empirical process theory to bound the expected sup-error of the empirical
average of m independent draws from its population mean. Our argument is also
more flexible than [6] and can be readily adapted to the case of squared ReLU
activation function. We should also point out that our L°°(D) error bounds
immediately imply L?(D) error bounds for all p > 1. In fact, using nearly
exactly the same techniques, it can be shown that the results in Theorem 1,
Theorem 2, and Theorem 3 hold verbatim in L?(D), sans the \/d + logm or v/d
factors, corresponding to the ReLu or squared ReLU cases, respectively.



Remark 1. In [16], it was shown that the standard order m~/? L>(D) error
bound alluded to earlier could be improved to be of order /Togm m~—1/2=1/(2d)
under an alternate condition of finite vy, = £ SUp,egdt fo r| F(f)(ru)|dr, but
with the requirement that |lag||1 be unbounded. In general, our assumptions
are neither stronger mor weaker than this since the function f with Fourier
transform F(f)(w) = e~ lo=woll /|lw — wy || for wo # 0 and d > 2 has infinite via
but finite vy s for s > 0, while the function f with Fourier transform F(f)(w) =
1/(1+ ||lw|))®*?2 has finite v}, but infinite vy s for s > 2.

Proof of Theorem 1. Case I: s = 2. Let By, ..., Bas be a partition of the space
Q={(nta) :ne{-1,+1}, 0<t <1, |la]y =1} such that

B inf sup ||h(r~],£?i) —h(n,t,a)]e <e, (6)
(m,t,a)' €Br, k=1,...,M (n,t,a)' €N

where h(n,t,a)(z) = h(z) = n(a-z—1)5"". It is not hard to show that M =< e~ ¢
For k=1,..., M define

dPy(t,a) = dP(t,a)1{(n(t,a),t,a) € B}/Lx,

where Ly, is chosen to make Py a probability measure. A very important prop-
erty we will use is that Varp, [h] < €, which follows from (6). Let m be a positive
integer and define a sequence of M independent random variables {mg}1<r<m
as follows: let my equal |mLy| and [mLy| with probabilities chosen to make
its mean equal to mLy. Given, m = {mi}i<k<m, take a random sample
a = {(tj,kaaj,k)/}lgjgnk, 1<k<m of size ny = my + 1{mk = O} from Py. Thus,
we split the population 2 into M “strata” By,...,By and allocate the num-
ber of within-stratum samples to be proportional to the “size” of the stratum
mi,...,mp (i.e., proportionate allocation). The within-stratum variability of h
(i.e., Varp,[h]) is now smaller than the population level variability (i.e., Varp[h])
by a factor of € as evidenced by (6).
Note that the nj, sum to be at most m + M because

M M M
an = kal{mk > 0} + Zl{mk = O}
k=1 k=1

M M
Z mLy 4+ 1)1{my, > O}+Zl{mk =0}
k=1 k=1
= mZLkl{mk >0+ M
k=1
<m+ M, (7)
where the last inequality follows from Zﬁ/[:l L, < 1. For j = 1,...,mp,
lft hje = h(n(tjr,ajr) tik,azr) and fr = 7ok an hjr.  Also, iet
fm = Z]szl ft. A simple calculation shows that the mean of f,,



is f.  Write Zf (fu(@) — Efu(z)) = 2 (sz: 1(mk—Lkm)Epkh(x)) n

(Zk DI T (hye(z) — Epkh(fﬂ))) By the triangle inequality, we upper
bound

M
Esup |f,,(z) - f(z)| =E sup | > (fu(@) = Efu(@))|
S k=1

xeD
by
M
—]Em sup | ¥ (mg — Lym)Ep h(z)|+
x€D =1
M ny m
k
7]E Ea\m Sup|zz Jk Eth(z)” (8)
k=1j=1
Now
M ng mk
a|m Sup | ZZ ]k ]Eth(x)” <
k=1j=1
M nyg
2Ea|msup|ZZa]w (@) = k()] (9)
k=1 j=1

where {01} is a sequence of independent identically distributed Rademacher
variables and {x — p;,(x)} is any sequence of functions defined on D [see
for example Lemma 2.3.6 in [19]]. For notational brevity, we define isz,k(x) =
T [hjk(z) — pjk(z)]. By Dudley’s entropy integral method [see Corollary 13.2
[5]] the quantity in (9) can be bounded by
5/2

v/N(u, D)du, (10)

where N(u, D) is the u-metric entropy of D with respect to the norm x(z,z")
(i.e., the logarithm of the smallest u-net that covers D with respect to ) defined
by

M ng
) £ (hyu(x) = hip(a)?
k=1 j=1
< (m+ M)l - 2"[I3, (11)
and 62 = SuszDch\ilzyil |Ejk(x)|2 If we set pjr to equal

Ts—:h(n(tk,ak),tk,akL where (ng,tx,ar) is any fixed point in By, it fol-
lows from (6) and (7) that 6 < v/m+ Me and from (11) that N(u,D) <
dlog(3v/m + M /u). By evaluating the integral in (10), we can bound the second
term in (8) by

24vVd m~"?e\/—loge + 11/1 + M/m. (12)



For the first expectation in (8), we follow a similar approach. As before,

M
E,, sup | Z(mk — Lym)Ep, h(z)|
reD =1

M
< 2By sup | Y ox(my, — Lym)Ep h()], (13)
v€D o

where {0} is a sequence of independent identically distributed Rademacher
variables. For notational brevity, we write hy(z) = (my — Lym)Ep h(z). We
can also bound (13) by (10), except this time N(u, D) is the u-metric entropy
of D with respect to the norm p(z,z’) defined by

Pha,a’) £ (ha(w) = he(a'))?
k=1
< Mz —a'|%, (14)

where the last line follows from |my — Lym| < 1 and |Ep h(z) — Ep h(2’)] <
|z — 2'||oc. The quantity ¢ is also less than /M, since sup,cp |hi(x)| < 1 and

moreover N (u, D) < dlog(3v M /u). Evaluating the integral in (10) with these
specifications yields a bound on the first term in (8) of

48vV/dvM

- (15)

Adding (15) and (12) together yields a bound on Esup,¢p | f,n(z) — f(2)| of

48uVdm ™2 (/M/m + e\/1+ M/m+\/—loge + 1). (16)

Choose 2 0
e“(—loge +
M = . 17
ml—ez(—loge—i—l) (17)
Consequently, Esup,cp, | f,.(x) — f(z)| is at most
V-1 1
960/dm /2 V08t (18)

V1—e(—loge+1)

We stated earlier that M < ¢~¢. Thus (17) determines e to be at most of
order m~1/(4+2) " Since the inequality (17) holds on average, there is a realization
of f,, for which sup,¢cp |f,.(z) — f(z)| has the same bound. Note that f,, has
the desired equally weighted form.

For the second conclusion, we set myp = mL; and ngy = [mg]. In
this case, the first term in (8) is zero and hence Esup,.p |f,.(z) — f(z)| is
not greater than (12). The conclusion follows with M = m and e of order m =1/,



Case II: s = 3. The metric k(z,2’) is in fact bounded by a constant multiple
of vm+ Me||z — 2'||s. To see this, we note that the function h;(x) has the
form -
+—[(a-x—t)3 — (ar -z —t;)2],

ng
with [|a — ag||1 + |t — tx| < e. Thus, the gradient of Ejk(x) with respect to x
has the form

2mk

Vﬁj’k(x) = :I:n—k[(a(a cx—t); —ag(ag - x —tr)4 )

Adding and subtracting %a(ak - x — tp)+ to the above expression yields

the bound of order e for sup,cp HVEJk(:c)Hl Taylor’s theorem yields the
desired bound on x(x,z’). Again using Dudley’s entropy integral, we can
bound Esup,cp |f,.(z) — f(z)| by a universal constant multiple of either
oVdm =2 (\/M/m+e\/1+ M/m) or vv/dm~/2¢\/1 + M/m corresponding to
the equally weighted or non-equally weighted cases, respectively. The corre-
sponding results follow with M = me?/(1 — €2) and € of order m~1/(4+2) or
M = m and € of order m~1/¢. Note that here the additional smoothness afforded
by the stronger assumption vz < 400 allows one to remove the /—loge + 1
factor that appeared in the final bound in the proof of Theorem 2. This rate
is the same as what was achieved in Theorem 2, without a /(logm)/d + 1
factor. O

Proof of Theorem 2. If |z| < ¢, we note the identity
- / [(z —u)pe™ + (=2 —u) e )du = e —iz — 1. (19)
0

Ifc=|wlh, z=w-z, a =alw) =w/|wl1, and u = ||w|[1t, 0 <t < 1, we find
that

1
S N O e T AR G e L
0
et —jw-x— 1.
Multiplying the above by F(f)(w) = @) |F(f)(w)|, integrating over RY, and
applying Fubini’s theorem yields

f@) =290 = £0) = | [ ottt
where

g(t,w) = =[(a- 2 — 1)1 cos(||wllrt + b(w))+
(—a- @ — )1 cos(|lwllst — bw)]llwlFIF(f)w)].



Consider the probability measure on {—1,1} x [0,1] x R? defined by

AP (2, 1,) = | cos(allwllnt + b)) l31F(7) () lded (20)

vf/ / [ cos(flwllst + b(w))|+

| cos([lwllxt — b)) Il |F(f) (w)|dtdw < 2vy5.

where

Define a function h(z,t,a)(z) that equals
(za -z —t)4 n(z,t,w),

where 7)(z,t,w) = —sgn cos(||w||12t + b(w)). Note that h(z,t,a)(z) has the form
+(+a -z —t)4+. Thus, we see that

f(x) =2 -Vf(0)—f(0) =
U/ h(z,t,a)(x)dP(z,t,w). (21)
{-1,1}x[0,1] xR4
The result follows from an application of Theorem 1. O

Proof of Theorem 3. For the result in Theorem 3, we will use exactly the same
techniques. The function f(z) — 27VVTf(0)z/2 — 2 - VF(0) — f(0) can be
written as the real part of

/ (€ +(w-2)*/2 —iw-z — 1)F(f)(w)dw. (22)
Rd
As before, the integrand in (22) admits an integral representation given by
1
/2l [ (a2 eI — (@ - i ear
0

which can be used to show that f(x) —2TVV7T f(0)x/2—x-Vf(0)— f(0) equals

2 / h(z,t,a)(z)dP(z,t,w), (23)
{=1,1}x[0,1] x R4
where
h(z,t,a) = sgnsin(z||lw||1t + b(w)) (za -z — )%
and 1
dP(z,t,w) = ~|sin(zllw]l1t + b(w)|[w][F|F(f)(w)ldtdw,
= / sin(lwlat + b(w)) |+
[sin(f|wllst = b)) IwlF|F(f)(w)ldtdw < 2vy3.

The result follows from an application of Theorem 1. O

10



Remark 2. By slightly modifying the definition of h from the proofs of Theo-

rem 2 and Theorem 8 (in particular, multiplying it by a sinusoidal function of w
| EACRICOI A

’Uf“,-

andt), it suffices to sample instead from the density dP(t,w)
on [0,1] x R

Remark 3. For unit bounded x, the expression €% — jw - x — 1 is bounded
in magnitude by ||w||?, so one only needs Fourier representation of f(x) — x -
V £(0)— £(0) when using the integrability with the ||w||3 factor. Similarly, e*®+
(w-)?/2—iw-x—1 is bounded in magnitude by ||w||>, so one only needs Fourier
representation of f(x) —zTVVT f(0)z—x-V £(0)—1 when using the integrability
with the ||wl||3 factor.

Remark 4. Note that in Theorem 2 and Theorem 3, we work with integrals with
respect to the absolutely continuous measure dF(f)(w). In general, a (complez)
Fourier measure dF (f)(w) does not need to be absolutely continuous. For in-
stance, it can be discrete on a lattice of values of w, associated with a multivariate
Fourier series representation for bounded domains x (and periodic extensions
thereof ). Indeed, for bounded domains, one might have access to both Fourier
series and Fourier transforms of extensions of f to RY. The best extension
is one that gives the smallest Fourier norm [p, ||w||f|dF(f)(w)|. For further
discussion along these lines, see [2].

Next, we investigate the optimality of the rates from Section 2.

2.2 Lower bounds

Let He = {z = n(a-x—t)5" : flali <1, 0 <t <1, e {-1,+1}} and
for p € [2,4+00] let F; denote the closure of the convex hull of H, with respect
to the || - ||, norm on LP(D, P) for p finite, where P is the uniform probability
measure on D, and || - || (the supremum norm over D) for p = +oo. We let
C;, denote the collection of all convex combinations of m terms from Hs. By
Theorem 2 and Theorem 3, after possibly subtracting a linear or quadratic term,
f/(2uy2) and f/vs 3 belongs to }"g and ]—'5’7 respectively. For p € [2,+00] and
€ > 0, we define the e-covering number N,(¢) by

min{n: 3 F C F,, |F|=mn, st. inf sup [[f— f[l, <€}
I'e€F feFs

and the e-packing number M, (€) by
= s = b, inf —f .
max{n:3 F C Fy, |F|=n, st f,}f}e}_nf fllp > €}

Theorem 1 implies that infy ccs sup;ezs || f — fmlloo achieves the bounds

as stated therein. "
Theorem 4. Forp € [2,+00] and s € {2,3},
inf - sup ||f — fnllp = (Amd** log(md))~1/27*/,
fm€CS reFs

m m

for some universal positive constant A.

11



Ignoring the dependence on d and logarithmic factors in m, this result
coupled with Theorem 1 implies that infy, cc2 suppezz | f — fmllp is between
m p

m~1/272/d and m=1/2-1/4; for large d, the rates are essentially the same. Com-
pare this with [15, Theorem 4] or [1, Theorem 3|, where a lower bound of
c(8,d) m=1/?271/4=3 ' § > ( arbitrary, was obtained for approximants of the form
(1) with Lipschitz ¢, but with inner parameter vectors of unbounded ¢! norm.

We only give the proof of Theorem 4 for s = 2, since the other case s = 3
is handled similarly. First, we provide a few ancillary results that will be used
later on. The next result is contained in [14, Lemma 4.2] and is useful for giving
a lower bound on M, (e).

Lemma 1. Let H be a Hilbert space equipped with a norm || - || and containing
a finite set H with the following properties.

(i) [H] =3,
(i6) Yo wen, ngn 1(hs H)] < 62
(idi) 0% < minpey [|h]|?

Then there exists a collection Q C {0,1}" with cardinality at least
QU—HQ/O)HI=1 yyhere H(1/4) is the entropy of a Bernoulli random variable
with success probability 1/4, such that each pair of elements in the set F =

1 . . ; 1 [minneyq |[h]|>—52
{W Dohenwnhi(wniheH) e Q} is separated by at least 5/ =" ——

in || - -

Lemma 2. If 0 belongs to [R]? = {1,2,..., R}?, R € Z*, then the collection of
functions

H = {x > sin(n0 - z)/(47]|0]|?) : 0 € [R]?}

satisfies the assumption of Lemma 1 with H = L*(D, P), where P is the uni-
form probability measure on D. Moreover, |H| = R, § = 0, minyey ||h]| =
1/(4V2rd?R?), and F C ]-'1} for all p € [2,4+00]. Consequently, if ¢ =
1/(8v2nd? R*+4/2), then

log M, (¢) > (log2)(1 — H(1/4)) (Seﬁmf) L
> (ced?) 7 (24)
for some universal constant ¢ > 0.
Proof. We first observe the identity
sin(nf - )/ (4x|0][3) = 0 - x/(4n[|0] )+

™

1
T [ icara = =@ o= sinoloar,

12



where a = a(6) = 0/||0||,- Note that above integral can also be written as an
expectation of
—z sgu(sin(w||0||1t)) (za -z —t)+ € Ha

with respect to the density
™.
po(z,t) =  |sin(x[|0]}11)],

on {—1,1} x [0,1]. The fact that py integrates to one is a consequence of the
identity

1
/ | sin(xr|0]|1)|dt = 2/.
0

Since [}, |sin(n6 - z)[?dP(z) = 1/2, each member of # has norm equal to

1/(4v/27|0||3) and each pair of elements is orthogonal so that § = 0. Inte-
grations over D involving sin(mf - ) are easiest to see using an instance of

Euler’s formula, viz., sin(a - x) = %(szl eio®zh) _T4_ e—iatk)z(k)), O

Proof of Theorem 4. Let A > 0 be arbitrary. Suppose contrary to the hypoth-
esis,

inf  sup ||f — fullp, < (Amd® log(md))~4/?2=2/4
fm€CP, feF2
= 60/3.
Note that each element of C2, has the form > ;- Aghy, where > ;o Ay =
1 and hy € Hs. Next, consider the subcollection C2, with elements of the
form Z;nzl Axhi, where A\ belongs to an €y/3-net P of the m — 1 dimensional
probability simplex P,,, and hy, belongs to an €y/3-net H of H,. By a stars and
bars argument, there are at most |P|(m+‘;‘|71)
since supy,cqy. [|h]|oc < 1, we have

inf sup ||f = fmllz < inf sup [|f = fmll2+
fm€C2, fEF? fm€Ch, feF2

P

such functions. Furthermore,

inf sup [|h— hflo+
heH heHs

inf sup A=
AEP AEPn,
< €y/3+€0/3+€0/3 = eo.

Since |H| = eg 4! and [P| = g™, it follows that

log Np(€o) < log|CZ,|

—d—1
-1
< ¢plog [eoml (m t i€ )]
m

< codmlog(1/€p)
< czdmlog(Adm), (25)
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for some positive universal constants ¢y > 0, ¢; > 0, co > 0, and ¢z > 0.
On the other hand, using (24) from Lemma 2 coupled with the fact that
Ny(eo) > M,(2¢p), we have

log N, (e0) > log M, (2€0)
> (2660032)742%‘1
> cyAdmlog(dm), (26)

for some universal constant ¢4 > 0. Combining (25) and (26), we find that
cgAdmlog(dm) < czdmlog(Adm).

If A is large enough (independent of m or d), we reach a contradiction. This
proves the lower bound. O

3 [L? approximation with bounded /° and ¢!
norm

In Section 2, we explored conditions for which good approximation in L*(D)
could be achieved even with ¢! controls on the inner parameter vectors. In this
section, we show how similar statements can be made in L?(D), but with control
on the % norm as well. Note that unlike Theorem 1, we see in Theorem 5 how the
smoothness of the activation function directly affects the rate of approximation.
The proof is obtained by applying the Jones-Barron probabilistic method in two
stages (similar to two-stage cluster sampling), first on the outer layer coefficients,
and then on the inner layer coefficients.

Theorem 5. Suppose f admits an integral representation
flz) = U/ n(t,a) (a-z—t)5'dP(t,a),
[0,1]x{a:[lalla=1}

for x in D = [~1,1]¢ and s € {2,3}, where P is a probability measure on
[0,1] x {a € R?: ||la|j; = 1} and n(t,a) is either —1 or +1. There exists a linear
combination of ridge functions of the form

U o
fm,mo(‘r) = a Zbk (ak T — tk)+ ! )
k=1

where |lag|lo < mo, ||aklls =1, and by, € {—1,+1} such that

1 1
If = frmollz vy [ — + s—1°
m - mg

Furthermore, the same rates for s = 2 or s = 3 are achieved for general f
adjusted by a linear or quadratic term with v = 2vy 2 < 400 or v = vy3 < 400,
respectively.

14



Remark 5. In particular, taking mo = \/m, it follows that there exists an m-
term linear combination of squared ReLU ridge functions, with \/m-sparse inner
parameter vectors, that approxvimates f with L?(D) error at most V2om=1/2.
In other words, the L?(D) approzimation error is inversely proportional to the
mner layer sparsity and it need only be sublinear in the outer layer sparsity.

Proof. Take a random sample a = {(tx,ar) }1<k<m from P. Given a, take
a random sample @ = {Grk}1<r<mo, 1<k<m, Where Plag, = sgn(ar(j))e;] =
lax(j)| for j = 1,...,d, ar, = (ax(1),...,ar(d))’, and e; is the j-th standard
basis vector for R?. Note that

Egjelack] = ar (27)
and
Vargqagk - ] < Egjglar - z)? Z lax (5)]|x(5)
<laxliflzll3 < 1. (28)
Define

U — 1 o
fm)mo E Z n(tg, ax) (mo Z app T — tk> . (29)
=1 =1 +
By the bias-variance decomposition,

EHf - ?m,moug = EH?m,mg - E?m,mg”% + ||f - E?m7m0||§'

Note that B[ £, o — Ef ool < % 2® Next, observe that
p— /I} m
f((E) - Efm,mg(x) = E ZEQ n(tkvak)x
k=1
s—1
Eglq | (ar -z —t1)7 ( Zaek w—tk> ],
+

which, by an application of the triangle inequality, implies that

— ’l) m
k=1
s—1
EQ (a’k T — tk:)j_il a|a ( Za£ kX — tk)
+

Next, we use the following two properties of (z)i_lz for all z and 2’ in R,

(2)+ = (¢
(2)3 = ()% —2(z = 2)(¢/

| <z -2, (30)
| <z — 2 (31)

)+
)+
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If s =2, we have by (30), (27), and (28) that

1 &
EQ (ak X — tk:)+ - EE‘E <77’L0 E Qg T — tk> <
(=1 +

1
E.Egq |ak -z — — E ap - x| <
alld|a o
=1
1 mo 2
Eg E@g ak-m—m— E Fd(g’k'(ﬂ =
01
Varziglaer - 1
Ea QIQ[ ) ] S

- mo \/mo.

This shows that || f — Ef 2 < r% If s = 3, we have from (31), (27), and
(28) that

m,mo ”

2

1
2 -
Eq [(ar -2 —tr)} — Eaq <m E Qg T — tk> <
0
=1 L

mo 2

1
E.E; a-x——g'd szl =
aMala Yk mg &= L,k
Vargz . lae s -
Ea|: rglg[al,k x]] < 1 .
mo mo

This shows that ||f — Ef,, .13 < T”n—zg Since these bounds hold on average,
’ Y

there exists a realization of (29) for which the bounds are also valid. Note that
the vector m%] S0 @, has €0 norm at most mg and unit ¢' norm.

The fact that the bounds also hold for f adjusted by a linear or quadratic
term (under an assumption of finite vy o or vy 3) follows from (21) and (23). O
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