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Abstract This paper discusses the asymptotic behavior of regression models under
general conditions, especially if the dimensionality of the set of true parameters is
larger than zero and the true model is not identifiable. Firstly, we give a general
inequality for the difference of the sum of square errors (SSE) of the estimated re-
gression model and the SSE of the theoretical true regression function in our model.
A set of generalized derivative functions is a key tool in deriving such inequality.
Under suitable Donsker condition for this set, we provide the asymptotic distribution
for the difference of SSE. We show how to get this Donsker property for parametric
models even though the parameters characterizing the best regression function are
not unique. This result is applied to neural networks regression models with redun-
dant hidden units when loss of identifiability occurs and gives some hints on how
penalizing such models to avoid over-fitting.

Keywords regression models - Donsker class - loss of identifiability - multilayer
neural networks
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1 Introduction

This paper discusses the asymptotic behavior of the sum of square errors (SSE) for
regression models under general conditions. The asymptotics of the SSE is an sig-
nificant problem in estimation theory and, under some regularity conditions, the con-
vergence toward a law proportional to a 2 law is well known if the true model is
identifiable. However, if there is a loss of identifiability in parameters i.e. fy = fy for
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some 6 # 6', where fj is the regression function, the Hessian matrix of the regres-
sion model may be singular and the asymptotics of the SSE is unknown. There are
many regression models with loss of identifiability such as reduced rank regression
(Fukumizu (1999)), radial basis functions (Hagiwara (2002)) and multilayer neural
networks models (White (1992)). The behavior of the SSE in such models has not
been clarified completely and many statistical methods such as model selection need
special considerations. Our results on SSE have not been obtained by computational
learning theory (Anthony and Bartlett (1999), Vapnik (1998)) which focuses on esti-
mation error rather than the degree of over-fitting. While this approach benefits from
being free from the previously mentioned loss of identifiability problem, it is not
suitable for the detailed analysis of over-fitting and estimated parameters. In this ap-
proach an upper bound is obtained for the estimation error and the bound is used
to evaluate the accuracy of the estimated model in terms of generalization capabil-
ity (Anthony and Bartlett (1999), Devroye et al (1996)). The main technique is to
consider the worst case that is bounded by considering the supremum of the differ-
ence between the generalization error and the training error over all possible models.
Although this simplifies the mathematical problem so that the detailed properties of
specific estimated parameters are not required, it makes it difficult to analyze over-
fitting.

This paper provides a general approach for deriving the asymptotic of the SSE in
these types of regression models. Let .% be the family of possible regression functions
and suppose that we observe a random sample

(leyl)a"' 7(XnaYn);

from the distribution P of a vector (X,Y), with Y a real random variable. The regres-
sion model can be written as:

Y=fo(X)+e E(e|X)=0, E(e*|X) = 0% < co. (1)
We assume that the true regression function fp belongs to the set % :

— in Y — £(X
fo mg/t}él_;ll FX)]2,

where
8@l =1/ [ 1P

is the .2 norm for an square integrable function g. This assumption may seem to
be strong, but it is related to the choice of the explanatory variable X. Indeed, if X
is poorly chosen (say X and Y are independents), then any statistical model with an
intercept contains the true regression function.

A natural estimator of f; is the least square estimator (LSE) f that minimizes the
SSE:

n

f= arg min (¥ — f(X%))*. )

t=1
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f is expected to converge to the function fy under suitable conditions. If .7 is a
parametric family and @ is a set of possible parameters, .7 = {fy,0 € O}, the LSE
is the parameter 6 that minimizes

0= arggleigt;(l/t — fo (X)) 3)

Let us write @ the set of parameters realizing the best regression function fy: V0 €
O, fo = fo. If the set .7 is large enough, it may be possible that the dimension of the
interior of the set @y is larger than zero and various difficulties arise in analyzing the
statistical properties of estimators of fy. This is for example the case if .% contains
multilayer neural networks with redundant hidden units (see Fukumizu (2003)).
Under loss of identifiability of the parameters, the asymptotics for likelihood
functions has been studied by Liu and Shao (2003) who improve the method of
Dacunha-Castelle and Gassiat (1999) and Dacunha-Castelle and Gassiat (1997). The
authors establish a general quadratic approximation of the log-likelihood ratio in a
neighborhood of the true density, which is valid with or without loss of identifiabil-
ity. In this paper, we will use a similar idea, but here we are interested in regression
functions, not in density functions, so we will introduce generalized derivative func-

tions:
f(x) = folx)
1£(X) = fo(X)]2

Under some general regularity conditions, this paper shows that

df(x) = S F# Jo- “4)

n n
lim (X,)) Y, — £(X))° | = 6% supmax {W(d)%;0}, (5
W(; — folXi) z;(’ f(:))) supmax {W(d)*:0},  (5)
where 2 is the set of £ limits of the generalized derivative functions dy as || f(X) —
fo(X)|l2 = 0 and (W(d)),cp a centered Gaussian process with covariance being
the scalar product in L?(P). Such a result allows, for example, to fully explicit the
asymptotic behavior of the SSE when regression functions are multilayer neural net-
works, even if .% is too big and contains neural networks with redundant hidden
units realizing the true regression function fj. Let us recall that a feedforward neural
network is defined as follows: Let x = (x1,---,x4)7 € R¢ be the vector of inputs,
wi = (Wip, - ,w,-d)T € R¥ be the parameter vector of the hidden unit i and ¢ a sig-
moid function. The function represented by the network with k hidden units can be
written:

=B+ Za, w; x+b
with 0 = (B,a1,--- ,ax, b1, ,bg,wi,--- ,wy) the parameter vector of the model. In

this case, under suitable assumptions, a centered Gaussian process {W(d),d € 2}
with continuous sample paths exists so that

lim (i( — fo(X:)) i — fo(Xr)) ) =62 sup max{(W(d))z;O}.

n—e \ ;5 =1 de9
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This result shows that the degree of over-fitting is bounded in probability, but depends
on the size of the asymptotic set Z. In order to reduce the over-fitting, we will see that
we need to control the size of the limit index functions Z. Our computation of the
exact form of elements of & will show that this can be done by reducing the number
of hidden units and limiting the size of input parameters wy, - - -, wg.

All our results are a consequence of a very general inequality: For all regression
functions f € %, f # fo, if & :=Y; — fo(X;) is the noise for index ¢ then

n n Mz
Z(Yt—fo(Xt))z—Z(Yt—f(X;))zS( ")

t=1 t=1 f:l(df(xt))z
n

(6)

Moreover, if . = {dy,f € F,f # fo} is a Donsker class, ﬁi;’:l &ds(X;) con-
verges uniformly to some zero-mean Gaussian process and we get the previous limit
result (5). Note that, even when the set .% is a regular parametric bounded family,
the function 6 +— dy, (x) may be not extendable by continuity in 6y € @, hence the
Donsker property of the set of generalized derivative functions has to be carefully
studied. This problem also occurs for the generalized score functions Sg of Liu and
Shao (2003), although it was not mentioned by the authors.

The paper is organized as follows: Section 2 establishes the asymptotic distribu-
tion of the SSE for regression models if the set of generalized derivative functions .&
is Donsker. In the next section, we show how to get the Donsker property for .# in the
parametric case under loss of identifiability. As an example, section 4 characterizes
the asymptotic distribution of regression using neural networks with redundant hid-
den units and gives some hints on how to select a good model using this distribution.
The long proofs of our results are postponed to section 5.

2 Asymptotic distribution of the SSE

In this section we establish a quadratic approximation to SSE in a neighborhood
of the true regression function fy. Here, the set .% is not assumed to be parametric,
hence our results may be applied to a more general framework such as non-parametric
regression models. For the sake of simplicity, we consider identically distributed in-
dependent variables, but all the following results can be easily generalized to geomet-
rically mixing stationary sequence of random variables as in Olteanu and Rynkiewicz
(2012) or Gassiat (2002). For example, our results may be applied to non-linear au-
toregressive models using multilayer neural networks as in Yao (2000). Under fairly
general conditions (including the regularity conditions of this paper) the LSE is con-
sistent, so the asymptotic distribution of SSE is determined by the local properties of
the regression function in a small .#?-neighborhood of the true regression function
fo.

Firstly, we present some definitions.
Definition 1 Let P be a probability measure.

— We will use the abbreviation Pf = [ fdP for an integrable function f.
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— For a square integrable function g,

8@l =1/ [ 2P

is the .#? norm.
— For a vector x = (x1,--- ,xy), let us write |x| = y/x? +---+x2 for the Euclidean
norm. The envelope function of a class of functions .# is defined as

F(x) = sup |f(x)].

feF

— A family of random sequences
{Yn(g),g S gvn = 1727' }

is said to be uniformly Op(1) if for every & > 0, there exist constants M > 0 and
N(6,M) such that

P (squn(g) gM) >1-0

g8eY

foralln > N(6,M).
— A family of random sequences

{Yn(g)ag € %,n = 1727}

is said to be uniformly op(1) if for every 6 > 0 and € > 0 there exists a constant
N(§,¢€) such that

P <sup|Yn(g)| < 8) >1-6

J459

foralln > N(3,¢€).

2.1 Upper bound for the SSE

We prove this lemma which gives a very general upper bound for the sum of square
errors.

Lemma 1 For all regression functions f € . with f # fo and dy defined in (4):

2
n o ed (X
Ll &dy( r))

2 2 ( vn
t:ZI(Yt_fO(Xt)) _l:ZI(Yt_f(Xt)) < 7;':10#()(;))2
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Proof We have

szl(ﬁ—fo(xz)) -Y 1(Y, f(Xt))ZZ
Zt 1(Yr fO(Xz)) ( (Xt)) =

(Y- fo(X)) = (% fo(Xr)+fo(Xz)*f(Xt))2:
21:12&(}”( 1) — fo(Xt))—(f(Xt)—fo(Xt))2~

Since || fo(X;) — f(X;)]|2 is independent of the index # due to identical distribution for
X;’s, let us write

= |l fo(X:) — £(X:)|l2 x \/):z 1 Hf ))\\2)

and

yn fXe)—fo(Xe)
1=1 ’Hf(Xt) JfoXi)llo

Fo0—fox) \2
\/Z (i)

then remark that 0 < (Z — A)? < 2AZ — A? < Z? implies that

0 g FX-fo) N\ 2
=14 7% 7005
n

n ( FX)—fo(Xt) )2
=\ TF&) X)L
n

(Y — fo(X))* = (Y — f(X))* <

(ngE

~.
Il

2.2 Approximation of the SSE

Define the limit set of derivatives & as the set of functions d € L?(P) such that one
can find a sequence (f,) € .F satisfying || f,(X) — fo(X)|]a —— 0 and
n—soo

ld —dy,||» — 0. With such (f,,), define, for all # € [0,1], f; = f,,, where n < % <
n—yoo

n+ 1. We thus have that, for any d € 2, there exists a parametric path (f;)o<;<¢ With
o a strictly positive real number, such that for any # € [0, @], f; € Z, 1t — ||fi(X) —
fo(X)]|2 is continuous, tends to 0 as ¢ tends to 0 and ||d —dy,||» — 0 as ¢ tends to 0.
Using the reparameterization

[1£u(X) = fo(X)|]2 = u, (7)

for any d € 2, there exists a parametric path ( fy)o<u<q such that:

[ = fo—uay*ap = o). ®)

Now, let us introduce some assumptions:

B-1 Let u be defined as (7), the map u — P(Y — f,(X))? admits a second-order

PRI LD oy =,

Taylor expansion with strictly positive second derivative 3.2
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B-2 The set of generalized derivative functions .’ = {dy, f € 7, f # fo } is a Donsker
class.

We have then the main theorem of this paper, whose proof is postponed to section 5:

Theorem 1 Under (B-1) and (B-2)

2
sup <Z (Y; —fo(X,))z— (Y, —f(Xt))2> = sup <max{\}ﬁ Ze,d(X,);O}) +op(1).
=1

fe,?Z =1 deg

Even when the set of possible regression functions .% is not parametric, this theorem
proves the tightness of the SSE, if the set . is a Donsker class. Hence, the rate
of convergence of the LSE f toward fy will be of order ﬁ which is the rate of
parametric models.

Now, define (W (d)) ;. the centered Gaussian process with covariance the scalar

product in L?(P), an immediate application of Theorem 1 gives:

Corollary 1 Under (B-1) and (B-2),

converges in distribution to

o sup (max {W (d);0})*.
dey

As we see, the Donsker property of the set of generalized derivative functions .&
is fundamental for the results above. van der Vaart (1998) gives several examples
of Donsker class of functions, this property depends on the “size” of the class. A
relatively simple way to measure the size of a class . is in terms of entropy. In the
next section we will show how to measure it for parametric models under loss of
identifiability.

3 Donsker property for .

This section will give a framework for the demonstration of Donsker property for
the set of generalized derivative functions .# for parametric models with compact
possible set of parameters and under loss of identifiability. Note that this framework
could be easily adapted to likelihood ratio test and generalized score functions of Liu
and Shao (2003).

First, we recall the notion of bracketing entropy. Consider the set . endowed
with the norm ||-||,. For every n > 0, we define an 11-bracket by
[l,ul={f e, 1 <f<u}suchthat |u—I|, <n. The n-bracketing entropy is

’%] (n7‘§ﬂ7””2) :ln(‘/V[] (nayaH||2))7
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where A7) (1,7, |||,) is the minimum number of 1-brackets necessary to cover ..
With the previous notations if

1
| 0.7 I <,

then, according to the Theorem 19.5 of van der Vaart (1998), the set . is Donsker.
Moreover, if the number of 1-brackets necessary to cover .7, A (n,7,-[,). is a

polynomial function of %, then . will be Donsker, so we will prove this sufficient
condition.
In general, if a class of function

F = {fe,G €0 CR?, @Compact}
is parametric and regular, a function G € L?(P) exists such that

|fo, (x) = fo, (x)] < |61 — 62| G(x)

and according to van der Vaart (1998), if 0 < 1 < diam®, a constant K exists such
that b
diam®
A7) <& (Do)
: ¥ =" \nlGle

However, even if the set .% is parametric, compact and regular, the set

fo—fo
S =1dy, =12 gco
{ﬁ ﬁ—ﬁb’e’ﬁ¢ﬁ}

is not regular, since 6 — dy, (x) is, in general, not extendable by continuity in pa-
rameters realizing the best regression function fy. Hopefully, we can show that the
number of 1-brackets necessary to cover .# is a polynomial function of % by another
method, similar to Olteanu and Rynkiewicz (2012).

Let us assume:

C-1 A function G € L?(P) exists such that for any fp, and fp, in 7
|f9,(X)—f92(x)‘ <|6; — 6| G(x). 9)

C-2 A reparameterization 6 — (¢, y) exists such that for positive integers (qo,q1)
and linearly independent functions 8p0> g;;p’ ggp, i=1,...,90, gﬁj7j =1, ,q

the difference of regression functions can be written:
fo—fo=
a5,
fiow) —Fo=(90—90)" =557 + 5 (0 —90)" aﬁ“w 90) + 0|l (5.4 — folI3)

= ):,=1 o8 ﬁio +Z,=1 Vigp; +Zlqol 61Tgﬁi0 JFZ,qu %ngoy +o (”f (0,v) fOH ) .
(10)

‘We can now state the result:

Proposition 1 Under (C-1) and (C-2) a positive integer k exists so that the number
k
of n-brackets N, (n,-7,|-|l,) covering " is O (%) .
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Proof For proving that 4{(1,-7,]|-[|;) is a polynomial function of L Wwe have to
split . into two sets of functions: A set in a neighborhood of the true regression
function fj and a second one at a distance at least 17 of fy. For a sufficiently small
n > 0, we consider #, C .#,a.% 2_neighborhood of fy:
'/77 ={fo €7, |fo —f0||2 S N, fo # fo}. 7 is split into Sy = {dfe’ fo € yﬂ}
and .77\ .

On .\ .y, it can be easily seen that

Hd-f91 _df92 erl _f92||2 ‘ ‘ Jor — fo, —fo

<
2= o —soll, [T - fon 1fo, = ol ]

for every fp,, fo, € F \ Fy. By (9), if |61 — 62| < >, a positive constant C exists
such that

| fo, = for ||, < Cn°.
Then, by the definition of .3,

H Jo,—fo fo,—fo
||f91 f0||2 ||fe2 fon 5
_ Je,—fo
||er fo||2+Cn3 | fo,~ 5ol
||f9 fo||
<5 Z(I—HC,,) ||fe2 foll, (€n+o(n))

and, if the set .% is compact, a positive constant M exists so that

[, s, ||, < cn>+ 110, = follo (€ +0(m)) < b,

Finally, we get:

1\? 1\3P
M\ =0 () =0 (+)
where D is the dimension of parameter vectors of the model.

It remains to prove that the bracketing number is a polynomial function of (1) for
7. The idea is to reparameterize the model in a convenient manner which will allow
a Taylor expansion around the identifiable part of the true value of the parameters,
then, using this Taylor expansion, we can show that the bracketing number of .7}, is
a polynomial function of 717 Indeed, according to the assumption C-2 we have the

approximation (10). Now, using the linear independence of functions gg,, 8pos g 50>

ggo, for every vector v = (0, 8;,%;,i = 1,--- ,q0,Vj,j=1,--- ,q1) of norm 1,

> 0.
2

(v, (Bi)1<i<q, ) 2%8304'2";8[3, 26 gﬁ +ZY; g%ﬂ’i

Using the compacity of sets

V= {V:(aivaiﬁ’i’i: L. 740"/;'7]': L. aql)a|v| = 1}
and

{(Bi)1<i<q } >
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m > 0 exists so that for all (B;)1<i<4, andv € 7/,

>m.
2

40 40
Y88+ Y Y g
i=1 i=1

At the same time, since

H (¢ 91) — O -1

Hf‘i)r v) fOHZ 2

the Euclidean norm of coefficients (0,8, %,i =1, ,qo0,Vi,i = 1,--+ ,q1) in the de-

velopment of | Jior0) J{H is upper bounded by % + 1. This fact implies that ., can
(¢r,w1) ~ /01l

be included in

o {Z?il (aigﬁp +6] g0 +7/,-ng_0%) +¥ vigp +C,
|(aia6i7%ai: la aq07vi7i: 17' : aq1)| S m+] |C| >~ m+]}

d
and a positive integer d exists so that Ay (1,7, |-||l,) = O ( . Finally, the

1
7)
positive integer k of the proposition will be equal to max(3D,d). &

4 Application to regression with neural networks

Feedforward neural networks or multilayer perceptrons (MLP) are well known and
popular tools to deal with non-linear regression models. White (1992) reviews the sta-
tistical properties of MLP estimation in detail, however, he eludes a significant point:
The asymptotic behavior of the estimator when the MLP in use has redundant hid-
den units. When the noise of the regression model is assumed Gaussian, Amari et al
(2006) provide several examples of the behavior of the likelihood ratio test statis-
tic (LRTS) in such cases. Fukumizu (2003) shows that, for unbounded parameters,
the LRTS can have an order lower bounded by O(log(n)) with n the number of ob-
servations instead of the classical convergence property to a > law. Hagiwara and
Fukumizu (2008) investigate relation between LRTS divergence and weight size in
a simple neural networks regression problem with Gaussian noise. They show that
the degree of over-fitting is strongly related to the size of the inputs weights, which
is the reason why regularization techniques like “weight decay” (see Ripley (1996)),
penalizing the model by the size of the parameters, work so well. In practice, the set
of possible parameters of the MLP regression model is bounded and the behavior of
LRTS and more generally the SSE is still unknown. In this section, we derive the
distribution of the SSE if the parameters are in a compact (bounded and closed) set.
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4.1 The model

Let x = (x1,---,x47)7 € R? be the vector of inputs and
wi = (wi,- - ,wid)T € R? be the parameter vector of the hidden unit i. The MLP
function with & hidden units can be written :

k

fox)=B+Y aip (W x+bi),

i=1

with 8 = (B,ay, - ,ax, b1, ,bg,wi,- -+ ,w) the parameter vector of the model. The
transfer function ¢ will be assumed bounded and two times differentiable. We assume
also that the first and second derivatives of the transfer function ¢: ¢’ and (])” are
bounded like for sigmoid functions, the most used transfer functions. Moreover, in
order to avoid a symmetry on the signs of the parameters, we assume that, for 1 <i <
k,a; >0.Let ® C R x R+ 5 RE*(@+1) pe the compact set of possible parameters,
the regression model (1) is then

Y:fQO(X)—i-S,
with X a random vector and
0 0 0 ;0 0.0 0
90:([3 ’ala"'aak7b1a"'abkawlv"'7wk)

a parameter vector such that fg, = fo. Note that the set of parameters @ realizing
the true regression function fy may belong to a non-null dimension sub-manifold if
the number of hidden units is overestimated. Suppose, for example, that we have a
multilayer perceptron with two hidden units and the true function fj is given by a
perceptron with only one hidden unit, say fy = a°tanh(w%x), with x € R. Then, any
parameter vector 0 in the set:

{G‘WQ =W ZWO,bz =b;=0,a1+a :ao}

realizes the function fj. Hence, classical statistical theory for studying the LSE can
not be applied because it requires the identification of the parameters (up to some
permutations and sign symmetries) so that the Hessian matrix of the SSE with respect
to the parameters will be definite positive in a neighborhood of the parameter vector
realizing the true regression function. Let us denote ky the minimal number of hidden
units to realize the true regression function fy. We will compare the SSE of over-
determined models against the true model :

(Y — fo(X:)*,

™=

(¥ — fo(X:))* -

1 t

™=

1

~
I

when the loss of identifiability occurs (i.e. when k > k).



12 Joseph Rynkiewicz

4.2 Asymptotic distribution of the difference of SSE

Let us give simple sufficient conditions for which the Donsker property holds for the
set of generalized derivative functions. For any accumulation sequence of parameter
6, leading to fo, the assumption H-1 allows the regression functions (fg,) to be in
a .#?-neighborhood of fp, in the same spirit of locally conic models of Dacunha-
Castelle and Gassiat (1999). H-1 will hold naturally with “weight decay” penaliza-
tion. Moreover, if the probability distribution Q of the variable X admits a strictly
positive density with respect to the Lebesgue measure, it is shown in section 5 that
the assumption H-3 will be true for the sigmoid transfer function.

H-1: Let {fy,0 € ©} be a set of MLP functions with bounded and two times dif-
ferentiable transfer function ¢. Assume that the first and second order derivatives
(d), and q)”) of this transfer function are also bounded. Moreover, assume that &
is a closed ball of R x R™* x RF*(@+1) for some positive integers (k,d), and its
interior contains parameters realizing the true regression function fj.

H-2: Ep(|X[*) <

H-3: Let k be a strictly positive integer, for distinct (w;, b;); -, with
Vie {l,---,k},|w;i| #0, the functions of the set o

) " 'T .
( xjxl¢ Wi x+b))1<1<,<d 1<l<k’(x’¢ (wi x—f—b,))
¢ wi x+b)1<z<ka (xj¢ (Wl x+b))

(qb (wilx+b; )

1<j<d, 1<i<k

1<j<d, 1<i<k

7(¢(WiTx+bi))1gigk

1<i<k

are linearly independent in the Hilbert space .22 (Q).

Then, We get the following result which is proven in section 5:

L
f Under

€ 9} with

Theorem 2 Let the map Q : £*(Q) — £>(Q) be defined as Q(f) =
)d
P (didy) exists

)
the assumptions H-1, H-2 and H-3, a centered Gaussian process {W (d
continuous sample paths and a covariance kernel P (W (d)W (d»)) =
so that

n

lim Z( — fo(Xp)) Z — fo(X,))? = 62 sup (max {W (d);0})*.
n—reo = =1 de9
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The index set 9 is defined as 9 = U; Dy, the union runs over any possible vector of
. 0 .
integerst = (t1, ,to, ) ENC T with0 <t <k—k <ty <+ <t <kand

= {Q(y+2 0 &0 (W0 X + 1Y)
+z “00/ (] X+b?><CfX+ai>

+8() X1 0" (W07 X +b0) x
((Z’f“ vaXX vj+njvaX+n,~2))

J=titl
k T
FXih, 1 Hi9 (wi X+bi)) :
Yvela"'7£k07a17"'aakoant17"'7nfk0+l GIR7
. d
‘utk0+l+1v"'a,ukERJrvclv"'7Ck0avt1a"' vtko IGR y

W0 141,000 4 141)5 > (Wi, bi) € O {(lebo) S go’bgo)}}

6(i) = Lifavector q exzsts so that:
I . .
q;>0, ):jliﬁ_lq] 1, Zj t+1*/ v,annde t+11/anj:0, otherwise 8 (i) =

This theorem shows that the degree of over-fitting is bounded in probability, but

depends on the size of the asymptotic set Z. In order to reduce the over-fitting we
then need to control the size of the limit functions in &, this can be done by two
different ways:

1.

2.

Reduce the number k of hidden units thanks to an information criterion like the
BIC (see Schwarz (1978)).

Reduce the size of the inputs weights (w;, b;)1<;<k. Indeed, it is empirically known
that the output of a large estimated network tends to have high curvature. This
is caused by the over-fitting that occurs in the over-realizable case by the ex-
treme values of the input weights (see Hagiwara and Fukumizu (2008)). How-
ever, note that the size of the weights has to be large enough so that ® contains

(W?,b?) | <;40. So, we need to find a trade-off for this penalization.

In summary, Theorem 2 provides the following guidelines for the regularization of
such models: Use both an information criterion to limit the number of hidden units
and a penalization term proportional to the size of the inputs weights only. Fine tuning
of these penalizations may be assessed thanks to cross-validation procedures (see
Arlot and Celisse (2010)).

5 Proofs

5.1 Proofs of section 2

We prove here the Theorem 1. We have

l\)

Yy (Y — fo(X)? =X (¥ — f(Xt))zz
Yy (% — folX)? = (Y= F(X))7 = 2] £(X) — fo(X) |2 Xy &d f(X;)
—[lfX) = foX) 3L 1df2(X,)
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As soon as YLy (Y — fo(X,))* — Xy (¥ — £(X))* > 0,
2[£(X) = foX) 2 Xy &d f(Xe) > [IF(X) = fo(X)IE Ly df*(X:)

SO

sup £ (X) = fo(X) |2 <2 sup max
FEF X (i—fo(X0))* =Xy (% —F(X:))*>0 feF

{Z?l gzdf(Xt).O}
Y dfr(X) )
n

Since, . is Donsker

2
sup — (Zs,dfx,> =0p(1) (12)

fes n =1

and S admits an envelope function F such that P(F?) < oo, §? = {d]%,f eEF,f# fo}
is Glivenko-Cantelli and

1 n
sup |~ Y d7(X,) — 1| =op(1). (13)
fez |3
Then, one may apply inequality (11) to obtain
1
sup 1£6) = hX)l= 7200 (). (14)

FEZ TN (N fo(X) 2 —X0, (Y —f(X,))*>0

By lemma 1,

s 1\
— X%
m — s
n n 5 ax \/ﬁ 0
up ¥ (% .

— fo(X1)) _Z(Yt_f(Xt)) < sup X 3
b o ( JoC)10)
feZ 1=l =1 fe7 s ()

n

Using (13), we obtain that
SUp e 7 Y (Y fo(Xt)) Y 1(Yt—f(Xt))2

¥ g St/ 2
<supsez [ max W;O +op(1).
Let Z, = {f € Z :[[f(X) = fo(X)|> < n’l/“}. Using (14), we obtain that
sup ez Xy (Y — fo(X:)* = Xy (% — f(X,))*
¥ e 0= 2
<supjc g, | max w;o +op(1).

Let us write ||df — 9|2 = infye [|dy — d||2, we have supsc g, [|[df — P2 — 0,
n n—roo
thus, for a sequence u, decreasing to 0, and with

A, = {df—d : fEﬂn, dE.@,de—de §un},
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we obtain that

sup ez Loy (Y — fo(X0)) =Xy (% — f(X,))

Eiy 6d(X) T ad). 1)’
< supycg (max{% +Supsea, %,O}) +op(1).

But, using the Donsker property, the definition of A, and the property of asymptotic
stochastic equicontinuity of empirical processes indexed by a Donsker class, we get:

Y1 &6 (X;)
sup =———= =o0p(1),
5621 \/ﬁ P( )

and 5 5
suprez Xyt (Y — fo(Xi))” — Xty (Y — f(X))

< supey (maX{LﬁW;O})zﬂp(l). (as)

Since § admits a square integrable envelope function, a function m exists such
that for u#; and u, belonging to a parametric path converging to a limit function d:

|0 = fun (1)) = (0= fiur (0))?] < m(x,y) |1 — .
Moreover, along a path, the map
us P(Y — fu(X))?
admits a second-order Taylor expansion with strictly positive second derivative

2 _ 2 . .
M at u = 0, and we can use classical normal asymptotic theorem for M-

estimators (see Theorem 5.23 of van der Vaart (1998)) along this parametric paths, to
obtain a sequence of finite subsets 7 increasing to & such that

sup ez Li—y (Y — fO(X,%)Z —X, (- (X))
> supyeq (F250 ) op(1)

for any k. Therefore, equality holds in (15). B

5.2 Proofs of section 4

We prove the assumption (H-3) for the for the sigmoid transfer function
1
t)= .
o) l+et
Note that MLP with sigmoid transfer functions or hyperbolic tangent transfer func-
tions are equivalent, because a one-to-one correspondence between the two kinds of
MLP exists as # = (1 +tanh(¢/2))/2. The proof is an extension of the results of

Fukumizu (1996). We define the complex sigmoid function on C by ¢(z) = H%
The singularities of ¢ are

{ZEC’Z=(2n—|—1)n —1,nez},

all of which are poles of order 1. Next, we review fundamental propositions in com-
plex analysis.
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Proposition 2 Let ¢ be a holomorphic function on a connected open set D in C and
p be a point in D. If a sequence {p,}, _, exists in D so that p, # p,lim,_,, p, = p
and ¢(p,) =0 for alln € N then ¢(z) =0 for all z € D.

Proposition 3 Let ¢ be a holomorphic function on a connected open set D in C, and
p be a point in D. Then the following equivalence relations hold:

— pis a removable singularity

< lim f(z) € C.

7—p
— pisapole
& lim|£(2)] = o
—p

— pis an essential singularity

< lim|f(z)| does not exist.
—p

Let (B,a1, - ,ax, by, -+ ,bg, w1, -+ ,wy) be a parameter vector such that
i# j= (bi,wi) # (bj,w;) and forall i, |w;| # 0. By the lemma 3 of Fukumizu (1996),

a basis of R¢ (x(l), e ,x(d>) exists so that

1. Forallie {l,--- jk} and all h € {1,--- ,d}
wlxh £ 0.

2. Forallij,ip € {1,--- ,k},ij #ipandallhe {1,--- d}

bi, +w£x(h) # =+ <bi2 +w,-7;x(h>) .

Forl,1<I<dandi€{l,--- k} letus write m,w = w!x), We set

2 1)/ —1—b;
M:(n+ )ﬂ:l) l,nGZ}.
m;

1

S-U) = {ue(C

Clearly the points in S (') are the singularities of ¢ (ml@u + bi) . Note that these points

i

are poles of order 1 for

M,y 1
¢ (m; u+bi) = ~(ursr)”
1+e 7 !
of order 2 for
e—(m§’>u+bi)
o' u-+ bi) =

(1 e (i) ) 2
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and 3 for

6_ (mgl)u—kb,-) 6_2( El)u+bi>

- 0 2 +2 0 3
(1 e (m ”*”f)) (1 Lo lm ”*”"))

Letbe D(I):=C— UlSiSkS,(l). Holomorphic functions on DU are defined as follows:

PO () = a0+ L 1oc,¢(m<”u+b)

+2k 1Zd 1ﬁz/ (m u—i—b)x/ M+Zk 1£,¢ (ml(l)u—i—b,)
+Z lZ]r—l ]<r%]r¢ (m u—|—b)x( )XSD
(1

JrZ 1): 1nt/¢ (m qub)x M+):l 1p,¢ (m )u+b)

The functions in the set
1 ( ] " T ) )
( A B ) i
0" (Wi x+b;)1<i<r, (xj(P/(WiTx-i-bi))

(¢’(w,»Tx+b,-))

, (qu)” (wiTx+ bi))

1<j<d, 1<i<k

1<j<d, 1<i<k

1<i<k’ (90wi"x-+ b)) 1<i<k)

are linearly independent if the following property is verified :

Yu € D(1), 'P(l)(u) =0« all oy, €, Bij, pi,Mij and ¥, are equal to 0.

Let us assume that Vu € D), () (u) = 0, then, by proposition 3, all the points in Sl(l)
are removable singularities. Let us write

717\/—1 —bi
pgl) = € Sl(l).

Clearly , for 1 <i<k-—1, p,((l) ¢ SEI), because for all ij,i, € {1,--,k}, i] # i» and
allhe {1, ,d}

b, + WiTlx(h) # =+ (bi2 + wg;xa’)) .
So, ¥ (u) can be written as:

WO () = ("t b))+ (S B ut-€1) 9 0 u+ by)
+ (Z;{j:h i<j }’k,'jxfmx;l)uz +Z?:1 nkix51>u+Pk> ‘PH (m](f)u +by)
i
+lflk(_)1(u)7
where . .
'P,f%() @+ X1} osd(m f)u+b>
£ B0’ (m)! u+b>x u+ Y &9 (mu+by)
+Z /r—l j<r}/lji’¢ (m u+b)x( )x£‘>u2
+Zi:1 Z 1TIU¢ (m u+b)x “+Zk 1Pz¢ (m,(l)”+bi)'
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The point p,((l) is a regular point of 'P@l (u) while ¢(m,({l)u -+ wyo) has a pole of order

1 at p,({l), ¢ (m,((”u +wgo) has a pole of order 2 at pf{l) and ¢" (m,({l)u -+ wyo) has a pole

of order 3 at p,il). Since p,(cl) is a removable singularity of ¥(!) (u), we have:
o =0, & =0, YL, Buxl” =0 and
! 0 (1
Pk = OaZ?:1 nkixg )= O,Zfl,_,-:], i<j Wcijxl( )xﬁ») =0.

Asaresult () (u) = %@1 (u). Applying the same argument successively to p,(cljl R p<ll),

we obtain, forall 1 <i<k, 1 <j<r<d:

o = 0,
& :0,
!
Yo ﬁinE) =0,
pi=0,

d (0 () _
j1r=1.’j§r7ijrxj x’ =0,

and oy = 0.

Since x<1), .. ,x<d)) form a basis of R?, we have Bij=0andmn;;=0forall1 <i<k
and 1 < j<d.
For ¥;j,, we get:

'Yijrx;l)> A =0,
1

< (1) _ v
Y v = Zl (
r=1 \j

Jjir=1, j<r

and, since (x(l),m ,x(d>) form a basis of R?, forall / € {1,---,d}:

Yi1 1XY) = Oa

. !
;:1 y,-j,xﬁ.) = 0,

Z?:l }/ijdx;l) =0

and ¥, =0 forall 1 <i<k, 1< j<r<d. This proves that the assumption H-3
holds for sigmoid functions l

Now, in order to prove the theorem 2, we have to check that the assumptions C-1
and C-2 of proposition 1 are true under the assumptions H-1, H-2 and H-3. Then, we
conclude thanks to theorem 1 and the computation of the set Z. Since fg are MLP
functions, it is easy to see that assumption H-1 implies assumption C-1. To prove
C-2, we will get an asymptotic development of the generalized derivative functions.



Asymptotics for regression models 19

Reparameterization. The idea is similar of the reparameterization of finite mixture
models in Liu and Shao (2003). Under assumption H-3, if kj is the minimal number
of hidden units to get the true function, the writing of f with a neural network with
ko hidden units is unique, up to some permutations:

ko
T
fo=B"+Y a%9 (w? x+b?>. (16)

i=1
Then, fora 6 € 0, if fo = fo, a vector of integers t = (£;) ;<40 exXists so that 0 <
n<k—kl<n< < froy < kand, up to permutations we have w1 ce=wy, =0
: o _ .0 _
it >0, (Wti+1 = =Wy, = Wi)1§i§k0’ (bli+1 c=by, = )1<1<k0’

1 '
(ZJHt 41 a aio) Lercpd” Moreover, B+ YL, a;¢(b;) = B%if t; > 0 else B = fo.
A
For 1 < i<k let us define s; = Z;‘.iltﬁl aj—a? and, if Zxﬂl aj #0, let us write

qj = Z' s I Zt’j’r‘l aj =0, g;j will be set at 0. Moreover, let us write y = f +
ti+1 aj

Zt] 1aip(bi) — ﬁo ifr; >0else y= — Po.
Then, we get the reparameterization 6 — (&, y;) with

t

0 0 0
@, = (y, (w,)j ) ()i (a )IC]\OH—&-l)
0
Yy = <(qj)jk ;—ll’(wi’bi)§11+lk0+l> ’

With this parameterization, for a fixed 7, &, is an identifiable parameter and all the
non-identifiability of the model will be in y;. Namely, fg will be equal to:

fo=(r+B)+E (si+a) i, 41 a;0(whx+b))
+Zi:tko IHaj(P(w,-erb,).

So, for a fixed ¢, f( W)= fo if and only if

0 _
¢t B 0 0 0 0
(07 Wi, W P Wk07"' k()ab "7b17 ! bk07 "7bk0a
——— —_— \‘/_/
tz—tl tk0+1_tk0 tz_tl tk0+1_tk0

0,---,0 0,---,0).
kO k_tk0+1

Now, by H-1, the second derivative of the transfer function is bounded and a constant
C exists so that we have the following inequalities:

3f9()

2

V(6;,0)) € {b1,-- b, w11, Wia ) sup [Eevy
So, thanks to assumption H-2, the second order derivative of the function f@“%) with
respect to the components of &, will be dominated by a square integrable function.
Then, by assumption H-3 and a Taylor expansion around the identifiable parame-
ter cbto, we get the following expansion for the numerator of generalized derivative
functions:
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Lemma 2 For a fixed t, in the neighborhood of the identifiable parameter CD,O :

Fian) () = folx) = (&= @) [ (3)
O30 9V ()~ B) bl i)~ )

with
(@ = B0)T £ g0, () = 1+ ZE i@ (10" x+B?)
Z lthH;H‘I/ (W/ w?)Txa?(p/(w?Tx—i—b?)
+Le lztjl+lt+lq]( i)a?¢/(W?Tx+b?)
+Zi=tk0+l+1at¢(wt x+bi)
and

(Cpt—qu)Tf” 0 v (x)(‘i’t—‘I’O) =
Z 1):3'+lt+1q1(WJ_WO)T T(W —w; ) 0‘7’ ( x—|—b?)
Z Ijl+lt+161/(W/ ) (b _b0)¢( Wi x—i—b?)
JFZ{'( l]t+1t+151/(b/ B)*¢ "(w? w; erb?)
T T 1 4500 = )i () -0
(

] r,+1‘1/ o
5
—1—):,{»‘ Yitiaibj— b0)si9 (W9 x+bY).

This development is obtained by a straightforward calculation of the derivatives
of f(a, y;) — Jo with respect to the components of &; up to the second order.

So, the numerator of generalized derivative functions can be written like (10) and
the assumption C-2 is true. The proposition 1 can be applied to this model and the
polynomial bound for the growth of bracketing number shows the Donsker property
of generalized derivative functions, hence the assumption B-2 of theorem 1 is true.
Moreover, under C-2, the map

D — P(Y_f(@«,llfr)(x))z

admits a second-order Taylor expansion with strictly positive second derivative

32
W at o, = QJO , so the assumption B-1 is also true and we can apply

Theorem 1 and corollary 1.

Asymptotic index set D The set of limit score functions Z is defined as the set of func-
tions d so that one can find a sequence (@y, Wy )n=1,... satisfying || f(q, y,) — folla — 0
and ||d —dy,, |2 — 0. This limit function depends on the development obtained
in lemma 2.

Let us define the two principal behaviors for the sequences f(g, y,) Which influ-
ence the form of functions d :

— If the second order term is negligible with respect to the first one:

f(@n ) —Jo=(Pn— ‘PO)Tf(’q)to’%) + o f(@,,y) — Joll2)-
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— If the second order term is not negligible with respect to the first one:

f((DmV’n fO - (45 ¢O)Tf/q§0’wn)
0.5(Pn — )" fig0 ) (P — — o) + o[l fiyy) — fol3)-
In the first case, a set t = (1, 10 +l> exists so that the limit function of dy
will be in the set:
7= {2 (r+ 2 @0 00 X +0)+ L, /("X +80) (6 X + a0)
+Z{'€:tko+|+l nui¢(WiTX +bl)) )
Y€1, 78k07a17"' 7ak0 S Ra,utk0+l+1a"' s Mk € RJF:

§17 7Ck0 ERd’
(Wk0+l+l 7bk°+l+l)v s (Wi, br) € O {(W(l)7b(l))’ T (Wgo’b%))}}
In the second case, an index i exists so that :
lit1 tit1
Y v =0and ) ¢;j(n b)) =0,
Jj=ti+1 j=t;+1

otherwise, the second order term will be negligible compared to the first one. So

fit1 iyl

Y Vi< aivi—w)=0and Y ;i = b)) =0.
=it =
Hence, a sett = (f1,-++ ,f;0, ) exists so that the set of functions d will be:

7.~ {0 (y+ e (w) X +50)
+Ye 1¢ (W07 X +00) (T X + 1)
+8(1) T 0 (w? X +B0)
(Z?iiﬁ] VjTXXTVj + T]jVjTXJrnjz))
FEE o B0 OTX D))
Y. €1, >‘€k07a15"' a(xkovntla"' ’ntk0+1 ER?

+. d
nulk0+1+la"'a.u'k6R ’Cla"'7Ck0aVI1a"' vtk0+l eR )

(W01 b ) O i) € O\ {008, 50), -, (w8, b0) |

where 0 ( )=1lifa vector q exists so that
q;>0, Z} 14 =1 Z/ LV Vi —OandZ]’“,H@nj:O,otherwiseS(i):
Hence, the limit index set functions will belong to 2.
Conversely, let d be an element of &, since function d is not null, one of its
components is not equal to 0. Let us assume that this component is 7, but the proof
would be similar with any other component The norm of d is the constant 1, so any

component of d is determined by the ratio: y R %,Vko i1
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Then, since @ contains a neighborhood of the parameters realizing the true re-
gression function fj, we can chose

6n = (B" - ,ag,wi, - ,wi, b, D) = (D, ')
so that: .,
Vie {1, k) : ﬁsiﬁo"*—"i%,
Vie{l,-- K%} - X1, ]HBq’ﬁo (w’?—W?) =g,
vie (L K0 T gt (- 0) S L,
Vie{t, o} ﬁ‘/;o (w _Wo) "_’—°>°%vj,
Vie{t, o} [;\/;0 (b” b('))i;;l/n/’a
Vie{to + 1,0k} e l;\/%o ;’ni;%,l«l
|
References

Amari S, Park H, Ozeki T (2006) Singularities affect dynamics of learning in neuro-
manifolds. Neur comp 18:1007-1065

Anthony M, Bartlett P (1999) Neural network learning: Theoretical foundations.
Cambridge University Press

Arlot S, Celisse A (2010) A survey of cross-validation procedures for model selec-
tion. Stat Surveys 4:40-79

Dacunha-Castelle D, Gassiat E (1997) Testing in locally conic models and application
to mixture models. ESAIM Probab Statist 1:285-317

Dacunha-Castelle D, Gassiat E (1999) Testing the order of a model using locally
conic parametrization; population mixtures and stationary arma processes. Ann
Statist 27(4):1178-1209

Devroye L, Gyorfi, Lugosi G (1996) A probabilistic theory of pattern recognition.
Springer-Verlag

Doukhan P, Massart P, Rio E (1995) Invariance principles for absolutely regular em-
pirical processes. Ann Inst Henri Poincar 31(2):393-427

Fukumizu K (1996) A regularity condition of the information matrix of a multilayer
perceptron network. Neural networks 9(5):871-879

Fukumizu K (1999) Generalization error in linear neural networks in unidentifiable
cases, Springer-Verlag, pp 51-62. No. 1720 in Lecture Notes in Artificial Intelli-
gence

Fukumizu K (2003) Likelihood ratio of unidentifiable models and multilayer neural
networks. Ann Statist 31(3):833-851

Gassiat E (2002) Likelihood ratio inequalities with applications to various mixture.
Ann Inst Henri Poincar 38:897-906

Hagiwara K (2002) On the problem in model selection of neural networks regression
on overrealizable scenario. Neural Computation 14:1979-2002



Asymptotics for regression models 23

Hagiwara K, Fukumizu K (2008) Relation between weight size and degree of over-
fitting in neural network regression. Neural networks 21:48-58

Liu X, Shao Y (2003) Asymptotics for likelihood ratio tests under loss of identifia-
bility. Ann Statist 31(3):807-832

Olteanu M, Rynkiewicz J (2012) Asymptotic properties of autoregressive regime-
switching models. ESAIM: Probab Statist 16:25-47

Ripley B (1996) Pattern recognition and neural networks. Cambridge University
Press

Schwarz G (1978) estimating the dimension of a model. Ann Stat 6:2:461-464

van der Vaart A (1998) Asymptotic statistics. Cambridge University Press

Vapnik V (1998) Statistical learning theory. John Wiley and Sons

White H (1992) Artificial neural networks. Blackwell

Yao J (2000) On least square estimation for stable nonlinear ar processes. Ann Inst
Math Stat 52:316-331



