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Introduction
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Introduction

A simplified model
Multilayer feedforward perceptron
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layer layer layer
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Perceptron: Neural network with no hidden layer and Heaviside

activation function. !

With this model two sets of points can be classified if and only if they
are linearly separable. To separate N generic points in R™ by a
one-hidden layer model with Heaviside activation, we need at least
[N/n] (the smallest integer greater than or equal to N/n) units in the
hidden layer.?



Assumptions

1- The output of the jth unit of the input layer is ;.

Titl k= G(Z WikjTij — ai,k)- (1)
J
2 - There is no activation function applied to the output layer and

there is only one output.
A single hidden-layer

T n

y= Z cia( Z Wi 5% — Oi). (2)

=1 j=1
w; ;: weight between the jth unit of the input and the ith unit in the
hidden layer.
0; is the threshold at the ith unit of the hidden layer.
¢; is the weight between the ith unit of the hidden layer and the
output. 4



Model

For one hidden layer
y= Z cio(w'.x — 6;). (3)
=1

For two hidden layers

9= Z dka( Z cika(wik.x —0i) — yk). (4)
k=1 =1



Consider the set
M(o) = span{o(w.z—0) : 0 € R, w € R"}. (5)
For which o it is true that Vf € C(R™), compactK C R", e > 0,

dge M(o) s.t. max [f(x) — g(2)| <€ (6)



Main result

Theorem 3.1
Let 0 € C(R). Then M (o) is dense in C(R™), in the topology of
uniform convergence on compacta, if and only if ¢ is not a polynomial.

If o is a polynomial of degree m, then o(w.z — 6) is also a polynomial
of degree at most m, thus M(o) is not dense in C(R™).

The main part is the converse result.
Is it possible to restrict w and 6, and enlarge the class of eligible o
and still obtain the desired density?



Ridge functions

Definition

Ridge functions are multivariate functions of the form
glarm + ...+ apxy) = g(z.0) (7)

where ¢g: R — R and a = (ay,...,a,) € R"\ {0} is a fixed direction.
Set

R =span{g(a.z) : a € R",g: R — R} (8)

R contains all functions of the form cos(a.z) and sin(a.z). So ridge
functions have the density property.
Dense subsets of ridge functions include e*? and (a.7)¥, k=0,1,....



Ridge functions

Theorem 3.2
The set of ridge functions

R(A) =span{g(a.x) : a € A, g€ C(R)} (9)

is dense in C(R™), if and only if there is no trivial homogeneous
polynomial that vanishes on A.

Proposition 3.3

Assume A, A C R for which

N(o;A,0) =span{oc(A\t—0): A€ A,0 € ©} (10)
is dense in C(R) and A is such that R(A) is dense in C(R™). Then
M(o; A x A,0) =span{o(w.z—0): we Ax A,0 € O} (11)

is dense in C(R™)



Ridge functions

Proof. Let fe C(K). Since R(A) is dense in C(K),

Ye>0 3g; € CR), d' €A, i=1,....,r st

(12)
Since K is compact, {a".z: z € K} C [o, 8;]. Also, N'(o; A, ©) is dense
in C[ai,ﬁi], HcijER, )\ijEA, and Qij € @,j: 1,....m;t=1,...,7r
for which

my

|g’L Z Czja )

€
- t is Di
<g Vi€l p

ZZCUU ot —05)| <e Vre K. (13)

=1 j=1 10



Ridge functions

Proposition 3.4
Let o € C*°(R) and assume o is not a polynomial. Then N (c; R, R) is

dense in C(R).

Proof. Since 0 € C*°(R) and
[o((A+ h)t—6p) — a(At—00)]/h € N(o;R,R) for all h+# 0, it follows

that:
dk

aF’
is contained in N'(c; R, R) for any k. Since o®(—6,) # 0, the set
N (o;R,R) contains all polynomials, and by Weierstrass Theorem,
N(o;R,R) in dense in C(K) for every compact K C R.

(/\ﬁ— 90) N = tka(k)(—eo) (14)
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Ridge functions

Corollary 3.5

Let A be any set containing a sequence of values tending to zero, and
let © be any open interval. Let o : R — R be such that o € C*°(0)
and not a polynomial on ©. Then N (o; A, ©) is dense in C(R).

12



Ridge functions

To weaken the smoothness demands:

Proposition 3.7

Let o € C(R) and assume o is not a polynomial. Then A (o; R, R) is
dense in C(R).

Now to consider a class of discontinuous functions, same results hold
if o that is bounded and Riemann-integrable on every finite interval.

13



Ridge functions

Proposition 3.8

Assume o : R — R bounded and Riemann-integrable on every finite
interval. Assume o is not a polynomial. Then N (c;R,R) is dense in
C(R).

To allow a finite set of gains:

Corollary 3.9

Let A be any set containing a sequence of values tending to zero and
let © be any open interval. Assume o : R — R is bounded and
Riemann-integrable on © and not a polynomial a.e on ©. Then
N(o;A,©) is dense in C(R).

14



Dilations (the set A) are not necessary

Proposition 3.10
Assume o € C(R) N L'(R) (bounded, continuous and non-decreasing)
and not constant. Then A (o;1,R) is dense in C(R).

Proof.

Assume o € C(R) N L'(R). Continuous linear functionals on C(R are
represented by Borel measures of finite total variations and compact
support. If N'(c;1,R) is not dense in C(R), u s.t.

/+OO o(t—0)du(t) =0 = 6(w)ji(w) =0,Vw € R. (15)

[i is an integral function (exponential type) and . Therefore 6 must
vanish where [ # 0, this gives o = 0.

15



Mean-periodic functions

Definition

Mean-periodic functions are the solutions of homogeneous convolution
equations.?

Consider a complex-valued function f of a real variable. The function
fis periodic with period a precisely if for all z € R, we have

f(z) — flx — a) = 0. This can be written as:

/ flz— g)duy) = 0 (16)

where p is the difference between the Dirac measures at 0 and a.
A mean-periodic function is a function ffor which there exists a
compactly supported (signed) Borel measure y for which fx pu = 0.4

16



Mean-periodic functions

Definition
A function fe C(R™) is mean-periodic if

span{f(z — a) : a € R"} (17)

is not dense in C(R™).

Mean-periodic functions are characterized by the functions of the
form t™e?*, where vy € C.

Proposition 3.11

Let 0 € C(R), not a polynomial. For any A that contains a sequence
tending to a finite limit point, the set N'(o; A, R) is dense in C(R).
Proposition 3.12

Let o € C(R). If 0 € LP(R),1 < p < oo( bounded, has a limit at +o00
or —oo and is not the constant function). Then o is not
mean-periodic.

17



Interpolation

Assume we are given o € C’( ). For k distinct points {z°}%_, C R™,
and associated data {a‘}¥ | C R, can we always find m, {uﬂ} ", CR"
and {¢;}72, {0;}72, CR for which

ch (W' —0) =i, Vi=1,...,k (18)

If o is a sigmoidal, continuous and nondecreasing function, we can
always interpolate with m = k. °
If o is any bounded, continuous, non-decreasing and nonlinear

function which has a limit at 400 or —oco. 6

18



Interpolation

Theorem 5.1 Let 0 € C(R) is not a polynomial. For any k distinct
points {2}%_, C R", and associated data {a‘}% ; C R, there exists m,
{w}l, CR™and {¢;}5, {0;}%, C R such that

k
Y o(wa—60) =i Vi=1,...k (19)
j=1
Moreover, if o is not mean-periodic, then we may choose
{wi}k | c "1, where

S ={y: [lyll2 = 1} (20)

If o is a polynomial, then the ability to interpolate depends on the
choice of points and the degree of o.

19



Degree of approximation

For a given o, for each r we set

M. (o) = {i cio(wi.xf 0;) : ¢i,0; € R, = R"}. (21)
=1

We know if o is not a polynomial, then Vfe C(K), 3Jg, € M,(0)s.t.

lim max |f(z) — g-(z)] = 0. (22)

r—oo ze K

What can we say about the rate of approximation?

20



Degree of approximation

For functions defined on B", the Sobolev space W, is defined as the
completion of C"(B") w.r.t the norm

Al = {(Zo<kl<mlD’“ﬂ|”>”" LEPSoe (g
maXog\lqgmHD ﬂlﬁ)oo P =00
Set
By = A{f: fe Wy [Ifllmp < 1} (24)

Considering the lower bounds:

E(f;Mr(U);X):geirdlf(a)llf— gllx> mf ||f 9llx = E(f, Rr(0); X)
(25)

where

:{igi(ai.x) ca'eR™ g, € C’(R),izl,...,r.}. (26)
=1



Degree of approximation

Maiorov (1999):7
Assume m > 1, n > 2. Then Vr 3f € B3 for which

Cr~™ (D < B(f R, Ly) < O ™/(v1D) (27)
Theorem 6.2 For each p € [1,00],m > 1,n > 2,
E(B)"; Ry Lp) < cr—m™/(n=1) (28)

in which C'is independent of 7.

Using ridge functions, we can approximate at least as well as we can
approximate with any polynomial space contained therein.

22



Degree of approximation

Proposition 6.3
There exists 0 € C*°(R), sigmoidal and strictly increasing s.t.

VgERpe>0 Fej0; eRw €eR™i=1,...,7+n+1
r+n+1 )
s.t. ’g(:r) - Z cio(w'.x—0;)| <e Vze B". (29)

=1

Corollary 6.4
There exists o € C°(R), sigmoidal and strictly increasing for which

E(B;nva LP) S Crim/(nilx VP € [17 OO]’ m Z 1’ n 2 2 (30)

23



Degree of approximation

Theorem 6.6
Let @, : L, — M,(o) be any method of approximation where ¢;, 6;

and w®, i{=1,...,rare continuously dependent on f Then
sup || = Qufllp > Cr=™/". (31)
feBy

for some C independent of r.
Theorem 6.7

1
For logistic sigmoid activation function o(t) = 1o et
e

E(B)'; M(a); Ly) > C(rlog r)_m/" (32)

24



Upper bounds

If 0 € C*°(©) on some open interval © and ¢ not a polynomial on ©.
Then Vp € [1,00],m > 1,n > 2

E(By; M, (0); Lp) < Cr=™/™ (33)

Mhaskar (1996)

The optimal order of approximation from M, (o) will not be better
than what could be obtained by approximating from the polynomial
space Py of dimension r = k™.

25



Degree of approximation

Petrushev 1998:
For each k€ Z, let

t* t>0,
or(t) = { (34)
0, t<O.
Then
E(BY; M(o1); Ly) < Cr=™/™ (35)
(n—1)

formzl,...,k—&—l—i—T.

26



Degree of approximation

Makovoz 1996:

Let K be a bounded subset of a Hilbert space H. Let f€ coK. Then
there exists an f, of the form f, = "7, a;g; for some g; € K,
a;>04=1,...,rand Y, , a; < 1, satisfying

2¢,.(K)
_ < 36
f=fllm < NG (36)
where
e-(K) =inf{e > 0: K can be covered by r sets of diameter < €} for
(n—=1)

If o is a piecewise continuous sigmoidal function

E(B§n+1)/2;Mr(U);L2) < Cr—(n+1)/2n (37)

27



Two hidden layers

For a single hidden layer, there is an intrinsic lower bound on the
degree of approximation which depends on the number of units used.
However, there is no theoretical lower bound on the error of
approximation if we allow two hidden layers.

Theorem 7.1

There exist an activation function o, which is C*°, strictly increasing,
sigmoidal which

er C[O, 1]”ande >0, dd; Cijs Gija Yis wh € R"™ s.t.
4n+3 2n+1

’f(x) — Z di0'< Z Cijg(wij,er eij) I ’}/@)

Jj=1

<e VYrel0,1]". (38)
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