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ABSTRACT. This paper analyzes representations of continuous piecewise lin-
ear functions with infinite width, finite cost shallow neural networks using the
rectified linear unit (ReLU) as an activation function. Through its integral
representation, a shallow neural network can be identified by the correspond-
ing signed, finite measure on an appropriate parameter space. We map these
measures on the parameter space to measures on the projective n-sphere cross
R, allowing points in the parameter space to be bijectively mapped to hyper-
planes in the domain of the function. We prove a conjecture of Ongie et al.
[A Function Space View of Bounded Norm Infinite Width ReLU Nets: The
Multivariate Case, arXiv, 2019] that every continuous piecewise linear func-
tion expressible with this kind of infinite width neural network is expressible
as a finite width shallow ReLU neural network.

1. INTRODUCTION

We consider shallow neural networks which use rectified linear unit (ReLU) as the
activation function. It is well known ReLU has universal approximation properties
on compact domains, and in practice has advantages over sigmoidal activation
functions [6,[16]. Finite width shallow neural networks with n + 1-dimensional
input take the form

k
(1) f(w):CO+ZCiU(ai'm_bi)
i=1

where a; € S™ (the unit sphere in R"*!) and b;,¢; € R for all i.
Generalizing to infinite width neural networks transforms the sum to an integral
and the weights ¢; to a signed measure p on S™ x R where

2) f@) = /S"XRU(a-w—b) du(a,b) + co.

Some authors choose instead to have the measure and integral over all of R**! x R.
An important class of functions are those representable with an infinite width neural
network with finite representation cost, which corresponds with |u| (S” x R) < oo
[3]. Similar classes of functions are studied in [7] as Barron spaces and in [2] as Fj.

To ensure the integral in Equation [2is well defined, we can require p has a finite
first moment where [, p [b|d|ul(a,b) < oo. Alternatively, Ongie et al. in [15]
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writes the integral in the form
(3) / ola-z —b)—o(—b)du(a,b) + co,
Sn xR

so the integral is well-defined whenever p is a finite measure. Since they differ
only by a constant, the class of functions representable with a finite measure in the
form of Equation [2]is a subclass of the class of functions representable with a finite
measure in the form of Equation [ [I5]. Therefore, we choose to consider integral
representations in the form of Equation [3

Since o(a - — b) is a ridge function, integral representations are also naturally
studied as the dual ridgelet transform on distributions [4,[14[I§]. Functions with
these representations are then often analyzed with the Radon transform [14}[I5[I8].
Savarese in [I7] characterized which one-dimensional functions are representable
with infinite width, finite cost shallow ReL.U neural networks.

Many finitely piecewise linear functions cannot be represented with a finite width
ReLU shallow network, including all non-trivial compactly supported piecewise
linear functions on R™, n > 2 [I5]. Lower and upper bounds on number of layers
needed to represent continuous piecewise linear functions with finite width, deep
neural networks have been established [IL[11]. However, the class of infinite width
ReLU networks is certainly more expressive than the class of finite width networks
in general, such as being able to express some non-piecewise linear functions [I7].
It is not obvious if the class of infinite width shallow ReLU neural networks can
express a finitely piecewise linear function that the class of finite width shallow
ReLU networks cannot. By decomposing measures, E and Wojtowytsch in [8]
established the set of points of non-differentiability of a function in a Barron space
must be a subset of a countable union of affine subspaces. However, proper subsets
are possible. In [I5], Ongie et al. proved many compactly supported piecewise
linear functions are not representable with finite cost, infinite width shallow ReLLU
neural networks. This led to Conjecture [

Conjecture 1 (Ongie et al., [15]). A continuous piecewise linear function f has
finite representation cost if and only if it is exactly representable by a finite width
shallow neural network.

A finite representation cost corresponds with the existence of a finite measure u
such that f admits a representation in the form of Equation Bl Our main result is
to prove the conjecture, which for precision we formulate here as a theorem.

Theorem. Let f : R™t! — R be a continuous finitely piecewise linear function.
If there exist a finite, signed Borel measure p on S™ x R and ¢y € R such that
f(@) = Jonygo(a-x—b)—oc(=b)du(a,b)+co, then f is representable as a finite-
width network as in Equation [

This result will be a corollary of Theorem [I} which will be stated after establish-
ing notation.

1.1. Notation. For m € N, let [m] == {1,...,m}.
The rectified linear unit (ReLU) function from R to R is denoted o(t) and defined
as o(t) == max{0,t}.

The pushforward measure of measure p induced by a mapping ¢ is denoted

prop ™.
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Regular lower case Latin letter variables generally represent real numbers: x,y, 2,
t € R. Once n is fixed, bold lower case Latin letter variables indicate elements of
R a,2 € R*"!. Bold lower case Greek letter variables indicate elements of R™:
¢.EeR™

Let hap = {x e R"™! | a -z =b}.

For m € N, m — 1 dimensional affine subspaces in R™ are called hyperplanes.
The m-sphere in R™*! is denoted S™. The real-projective space is denoted RP™.

Let ep,41 = (0,...,0,1) € S™.

Let S° := {1} C S°% For m > 1, let 8™ be defined as

(4) S™={x €S" | emi1-x >0 U{(z1,...,2m,0) | (x1...,2,,) €SI} CS™.

Let —S™ denote the pointwise negation of all the points in S™. By simple induction,
exactly one of &, —x € 8™ for all x € S™. Therefore, S™ = 8™ U (=8™).

Let Dg+ f(x) denote the one-sided directional derivative of f in the positive
direction of d for d € S™.

For any metric space W, B(W) denotes the set of Borel sets and M (W) denotes
the set of Borel, finite, signed measures on W.

1.2. Overview. The key to proving the conjecture is the following theorem. Recall,
a representation of RP", 8", is precisely defined in

Theorem 1. Suppose pn € M (S™ x R) is such that

(1) w is atomless
(2) f(x) = [suypo(a-x—b)—c(=b)du(a,b) is a continuous countably piece-
wise linear function from R™"*! to R.

Then, u is the zero measure.

Informally, Theorem [I] states, with S™ x R as a parameter space, atomless mea-
sures cannot induce the sudden change in first-order derivatives that occur at the
boundaries of affine pieces. Since point masses have easy-to-characterize effects on
affineness, this implies the conjecture with S™ xR as the parameter space. Lemmas
[ and [ show expanding the parameter space only introduces new affine terms to
the representable functions. The conjecture will be established in Corollary Bl

The conjecture only concerns finitely piecewise linear functions and its proof
only relies on Theorem [l applied to finitely piecewise linear functions. However,
the proof of Theorem [I] naturally extends to countably piecewise linear functions
and provides insight into the role of point masses for this broader class of functions,
particularly in Corollary

Additionally, the conjecture implies non-trivial compactly supported piecewise
linear functions in dimensions higher than two cannot be represented in a shallow
ReLU network (Corollary H]). In contrast, many such functions are representable in
finite-width two-layer networks, such as f(z1,22) = o(1 —o(2x1) — o(—21 + 222) —
0(—%1 - 21‘2))

2. PRELIMINARIES

We start by formally defining countably piecewise linear.

Definition 1. A convex polyhedron C is a subset of R™ such that C' = [,y H
where H is a finite set of closed half-spaces. A defining supporting hyperplane of C
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with respect to H is a hyperplane § that is the boundary of a half-space in ‘H such
that C'Nh # 2.

Remark 1. For each polyhedron, there are many acceptable choices of ‘H of varying
cardinalities. We will assume there is a fixed choice and refer to the finite set of
defining supporting hyperplanes of C. The boundary of C' is always a closed subset
of the union of defining supporting hyperplanes.

Definition 2. A continuous countably (finitely) piecewise linear function is a con-
tinuous function such that there is a countable (finite) collection of convex poly-
hedra that cover the domain where the function is affine when restricted to each
polyhedron.

Remark 2. The requirement of continuity in the definition does not impose any
limitations on the results. Every function with a representation of the form f(x) =
Jenyro(a-x—0b) —o(—b)du(a,b) + ¢ is continuous.

In our proof, we use the fact first-order directional derivatives are constant on
affine polyhedra. To simplify calculations, we will be particularly interested in
directional derivatives in the direction e, 1 = (0,...,0,1).

Lemma 1. Suppose f(x) = [q. po(a-x—b) — o(=b)du(a,b) where p €
M (8™ xR). Then,

D+ f

o (x) = / a-e,r1du(a,b).
ntl {(a,b)eS™ xR | a-z>b}

Proof. First,
f(x+heny1) — f(x)

li

hﬂ%ﬂ h

~ Jim olaz—bra (henn))=0(@z=b) g
h—0F JsnxR h

Whenever a - < b, for sufficiently small h,
ocla-x—b+a-(heyt1))=0c(a-x—-0)=0.
Thus, when a - < b,
lim cla-x—b+a-(he,r1))—o(a-xz—0)
h—0+ h

By definition of 8™, a-(he,+1) > 0 when h > 0 for all @ € §™. Hence, ifa-x—b > 0,
then a-x — b+ a- (heyy1) > 0 for all @ € §™ and h > 0. It follows whenever
a-x>b,

=0.

ocla-x—b+a-(he,r1))—o(a-xz—0)

h—0+ h
. a-x—b+a-(hey1)—(a-x—0) a- (hept1)
B0+ h hso+ h @ entt
Further, as ||a| = ||en+1]| = 1, for all a,x,b and all h > 0,

g [flembre ) o@eb)_le Gl
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Since |u|(S™ x R) < oo, by the Dominated Convergence Theorem
applies. Therefore,

f(@+ (hentr)) — f(=)

I
Jim, :
. o(a-x—b+a-(he,r1))—oc(a-x—D>)
[S‘n <R hi)%l+ h H (a‘7 )
— / im & ent) 4 g )
{(a,b)eS" xR | a-x>b} h—=0t h
:/ a-ept1du(a,b). 0
{(a,b)eS"XR | a-z>b}

The proof of Theorem [l will proceed by induction on the dimension of the do-
main, therefore we prove the one-dimensional case first. While the one-dimensional
case is much simpler than the general case, the technique of using first-order deriva-
tives to conclude a measure is zero will be repeated.

Lemma 2. Suppose i € M(S° x R) is such that

(1) p is atomless
(2) f(z) = [goypo (ax —b) — o(=b)du(a,b) is a continuous countably piece-
wise linear function.

Then, i is the zero measure.

Proof. Since |S°] = |{1}| = 1, u is uniquely determined by its marginal mea-

sure on R, pgr. As f is countably piecewise linear, there are countably many

intervals {[g;,7i]}ien such that f is affine when restricted to each interval and

R\ (U;en(gis 7)) is countable. Further, 4 is atomless, so ug is determined by its

values on closed intervals that are subsets of intervals in {(g;, ;) }ien [12]. Thus, it

suffices to show ug([z1, z2]) = 0 whenever f is affine on (¢, r) and [z1,22] C (g, 7).
Suppose f is affine on (g,r) and [z, z2] C (¢,7). By Lemma [T}

f/(.’L'Q):/ a-ldu(a,b):/ 1-1dp(a,b)
{(a,b)eSOXR | z2>b} {(a,b)eSOXR | z2>b}

:/ 1dgp(a,b) = p ({(a,b) € S* xR | 25 > b}).
{(a,b)eSO xR | z2>b}

Similarly,
f'(@1) = p ({(a,0) € 8 xR | 21 > b}).
Therefore, as f is affine in-between z; and xs,
0= f'(z2) — f(x1) = p ({1} x (w1, 22)) = p ({1} x [21,22]) = pr([21, 22]).
U

3. CONSTRUCTING A DENSE SET OF DIRECTIONS

Any set of countably many points has zero weight with respect to an atomless
measure. In the one-dimensional case, this allows us to disregard points in S x R
associated with boundaries when determining p is the zero measure. However,
in higher dimensions there are more than countably many points associated with
boundaries. Nonetheless, a carefully picked subset of points associated with bound-
aries will have zero weight with respect to i and will be large enough to ultimately
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conclude p is the zero measure. The first step to constructing this set is finding a
large set of non-co-hyperplanar points.

Proposition 1. For every n € N, there exists a set S CR"™ such that

(1) For every open ball B C R™, SN B is uncountable
(2) For every hyperplane P CR™, |SN P| < n.

Proof. By [19], there is a set I C R algebraically independent over Q such that
1] = IR

There is a bijective function ¢ : [n] x N x R — I.

Let {B}men be an enumeration of open balls in R™ centered at rational coor-
dinates with rational radius.

Note, 0 ¢ I. For every m € N,r € R, there exist ¢1 m,r,-- -, @n.m,r € Q\ {0} such
that

(ql,m,r¢(1a m, T)v A Qn,m,r¢(na m, T)) € Bm

The set {qom r¢(¢,m,r) | £ € [n],m € N,r € R} is also algebraically independent
and each element has a unique representation of the form gp ,, (¢, m, 7). Define

S ={(@1,mo(1,m,7),..., ¢nmrP(n,m,r)) | meN,recR}

Consider an open ball B C R™. Since Q is dense, there is mg such that B,,, C B.
Further, {(q1,mqr®(1,m0,7)s- -, Gnmer®(n,mo,7)) | + € R} C B, C B. It
follows S N B is uncountable.

By way of contradiction, suppose there exist distinct (zé, ceey z{}) ey
(z}“ .. ,zﬁ) € SN P for some hyperplane P. It follows any n vectors between
these points are linearly dependent, so

=2 .. 227
(6) det =0.
=2l -t

The determinant is a polynomial over Q in terms of zf . Since a unique zf , i > 1,
is an addend in each entry, the determinant cannot be the trivial polynomial. This
contradicts the z] being algebraically independent.

It follows for all hyperplanes P, |[S N P| < n. |

Corollary 1. Suppose S C R" is as in Proposition[dl. Let ¢ : S — R and S’ =
{(¢,90(¢)) | ¢ € S} SR L. For every n—1 dimensional affine subspace P C R" 1,
|S"NP| <n.

Proof. Let ¢ : S — R. By way of contradiction, let P be a n — 1 dimensional affine

subspace and suppose distinct points (z,...,207"), ..., (2L, ..., 20y € ' N P.
Then,
1 1 n n 1 1 n+1 n+1
25—z ... 2= A 25— 21 g = 2]
rank : : < rank : : <n-—1.
1_ .1 n __ .n 1 1 n+1 n+1
25—z o 2 —2n 2—z2h o T =

Therefore, as in Equation [6] of Proposition [,

25—zt .. 2B —2m
det . '.. . :O,
%~ Zn % =
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a contradiction. O

4. PROOFS OF MAIN RESULTS

Lemma 3. Let W be a metric space and p € M(W). Consider a collection of
Borel sets P C B(W) such that there exists a ¢ € N where |p| (ﬂie[c] Pi) =0 for

all distinct Py, ..., P, € P. Then, there are only countably many P € P such that
ul (P) > 0.

Proof. Every uncountable family of sets of positive measure has an infinite subfam-
ily with positive intersection [I0]. The lemma follows from the contrapositive. O

The sets in the following definition are the intersection of certain half-spaces in
R™*! and will be used in the proof of Theorem [

Definition 3. Suppose ¢y € R™, y1,y2 € RU {£o0} with y; < yo. Define

LCo(yhyQ) = {(€7U) eR" xR | v _€ : CO € (yhyﬂ}
and
Le(y1) ={(§0) ER" X R[v—&- (o=}

We now outline the argument of [Theorem 1l before the proof. Recall, Theorem [II
will be proved by induction on the dimension of the domain. The inductive step of
Theorem [ will show g is zero everywhere on the interior of the parameter space.
Then, f is constant as x,1 changes and is characterized by a function of lower-
dimension. Hence, the inductive hypothesis applies. The proof of the inductive
step is divided into five parts.

(1) Definitions and maps between measure spaces. There is a natural
bijection between the parameter space and hyperplanes in the domain. It
links p to where it induces changes in first-order derivatives. There is a
related bijection ¢ between the interior of the parameter space and R 1,

(2) Refinement of S. We generate large sets of points in the domain from
S which lie on the boundaries of the affine pieces of f. For most of these
points, the measure of the set associated with non-affineness at the point
is zero. Since S is large, we can remove any problematic points and refine
S to 5.

(3) Vanishing integrals over line segments. In Parts (3) and (4), we
consider an integral with respect to po ¢~ of a function closely related to
the first-order directional derivatives. In Part (3), we integrate over sets
associated with non-affineness within certain line segments in the domain.
These sets take the form L¢,(y1,y2), motivating Definition Bl When this
line segment is entirely contained in a polyhedron on which f is affine, the
integral vanishes.

(4) Vanishing integrals over half-spaces. We now consider the integral
over sets associated with nonaffineness within certain rays in the domain.
Through the maps in Part (1), these correspond with half-spaces in R™*1.
The ray is broken into line segments entirely contained within polyhedra on
which f is affine and points associated with S’ on boundaries. Combining
the results of the previous two parts shows these integrals vanish.
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(5) Conclusion with Cramer—Wold and Radon—Nikodym. Since Part
(4) concerns half-spaces, the Cramer—Wold theorem applies. Along with
the Radon-Nikodym theorem, we can show pop~! on R**! is zero. Thus,
1 is zero on the interior of the parameter space.

Proof of Theorem [Il. First, Lemma [2] proves the theorem for the case n = 0. For
induction, assume the theorem holds for n — 1.

Definitions and maps between measure spaces. Suppose ;1 € M (S"™ x R)
satisfies all the hypotheses.

Let C be a countable collection of convex polyhedra that cover the domain of f
such that f is affine on each.

Define the following sets of hyperplanes in R™*1

Ho == {ha,b | aES",bER} and Hy = {ha,b | u,eS",a~en+1 #O,bER}.

Define the map v : 8" x R — Hg as v (a,b) = hgap. By construction of 8™, this is
bijective.
Define the map ¢ : H; — R™ x R such that for a = (a1,...,an41),

(7) wwa,b):(‘” b )

) ? )
anJrl an+1 an+1

By definition of H;, it is routine to verify 1 is well-defined and bijective.

The image of 1 is R™ x R, however, elements in the image of 1) should not be
thought of as being in the domain of f. Therefore, identify generic elements in the
image of ¥ with (&,v) € R” x R and call the space Z x V where 2 =R"™, V =R.

Define ¢ : v 1[H;] = EX V as ¢ :=1po. Then, pop~! is a measure on = x V.
Since ¢ is bijective, p 0 ¢! is atomless.

For fixed (o € R", yg € R,

®)  Y[{baseHila-(Co,p0) =0} ={(§v) €EXV ][v=1y+& o}

That is the image under 1 of hyperplanes in H; which intersect ({p,yo) € R™ x R
is a hyperplane in = x V.

Refinement of S. Let S C R™ be the set in Proposition [1I

Suppose h € Hy. Let ¢y : R™ — R be the unique function such that (¢, ¢5(¢)) €
b for all ¢ € R™.

Let Prp = {(&v) €EXV | v=¢y(¢)+&-¢}. By Corollary Rland because v is
injective, all hyperplanes in 1 ~![P y] intersect the point (¢, ¢p(¢)) in the domain.

Let Py ={Pcy | ¢ €S}

For unique (1, ...,{,11 € 5, consider ﬂie[n—i-l] P, . It follows any hyperplane in

07 [Micgu 1) Pes| intersects the points {(¢1,5(¢1)), - (Gut1, 6(Gns1))} where

each ¢; € S. By Corollary [Il these points do not lie on a common n — 1 dimensional
affine subspace, so b is the only hyperplane in the domain of f intersecting

{(Ch (bh(cl))v SR (Cn-i—la ¢h (Cn-i-l))}

It follows (¢ (y,41) Pei b ={1(h)}. Since pop 1 is atomless, |puop ! (ﬂie[nﬂ] PCi;h)
=0.

By Lemma[3] there are only countably many P, € Py such that [pop™t| (Pe )
> 0.

Define Sy :={¢ € S| |po¢™ | (Pey) =0}, so S\ Sy is countable.
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Let Hgupp be the set of defining supporting hyperplanes of polyhedra in C. Con-

sider
I
=] S
bEHIQHsupp

Since Hsupp is countable, S\ S’ is countable. Since B N S is uncountable for all
open balls B C R™, S’ is dense in R™. Notice, whenever ¢ € S’ and (¢,y) is on a
hyperplane in Hi N Hsupp,

(9) o™ [({(6.v) €EExV |v=y+E&-¢}) =0.

Vanishing integrals over line segments. Suppose o € R", y1,y2 € R. Suppose

Y1 < Yo
By Equation8 Le¢, (y1,y2) is the image under ¢ of hyperplanes in #; which inter-
sect the line segment between ({o, y1) (exclusive) and (o, y2) (inclusive). Therefore,

0 " [Leo (y1,92)] = {(a,b) € 8" xR | Iy € (y1,92] a-(Co,9') =b, a-enpy #0}.
If ¢ (a,b) = (£, v), then
1 1 Ap+41

5 2 2
\/1 + 2 iem & \/1 + i) ‘;T \/Zie[n-i-l] a;

Therefore, as (a,b) such that a - e,+1 = 0 do not contribute to the integral,

=0an+1 = Q- €n41.

a,b)

1
—duw’l(é,v)Z/ a-epqrdp(
/Lco (yi.y2) V 1+ |I€]2 o [Ley (y1,92)]

:/ a-epi1du(a,b).
{(a,b)eS™ xR | Fy'€(y1,y2] a-(Co,y’)=b}

By Lemmal[ll for y € R,

Dejﬂf(Co’y) = a-e,r1du(a,b).

/{(075)65”XR | a-(Co,y)>b}
By definition of 8™, y — a - ({p,y) is a non-decreasing, continuous function on R
for any fixed @ € §™. Thus, a - ({o,y2) > a - (Co,y1) for all @ € S™. Further,
a-(Co,y2) > band a-({o,y1) < bif and only if a- ({o,y’) = b for some 3y’ € (y1, yo)-
Therefore,

1
Dg J(Gowe) - Doy fcom) = [ L duop (&),
n+1 n+41 Lgo(y1,y2) /1 + ||€||2

It follows whenever Dejﬂf(COv Y1) = Dejﬂf(COv Y2),

~duoy™ (§v) =0.

1
" [
Ly (yiow2) V14 (1€l

Vanishing integrals over half-spaces. Consider {y € S’. Consider an interval
(yO’ OO) CR.

For sets E C R™! let ri¢, (E) denote the relative interior of EN({{o} % (—o0, 00))
with respect to {¢p} x (—00,00). Then, define

J = {y € (y0,00) | (o, w) € | rig, (C)}-

ceC
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It follows J is open. Then, there are countably many ¢;,r; € R U {£oo} such that
J = U;en(@i,7i), the intervals pairwise disjoint.
Moreover, De++1f(C,y) is constant on ri¢, (C) for every C € C. As locally
constant functions are constant on connected components, De++ f(¢,y) is constant
n+1

on {¢o} X (¢;,7;) for all i € N. By Equation [I0 for all m € N,

1 _
(11) / Ly T e HEv) =0.
Lco(qﬂrmﬂ’i*E) 1 + H&H

Thus, define E,, == ey L¢, (qi + %, i — i) for m € N. By construction, this is

m

a disjoint union. Therefore, by Equation [l for all m € N,

1
———dpopt(£v) =0.
/Em R ¢ (& v)

To extend the integral over all of {(&,v) €E XV |v >y + & o}, we must also
address integrating over L, (y1) for y; where (o, y1) lies on a boundary of an affine
piece.

We will show [p0 ! (Ube(yo,oo)\J LCo(b)) =0.

Consider C € C. Suppose y; € R is such that (¢o,y1) € C and (o, y1) is not on
a defining supporting hyperplane of C' in H1 N Hgypp. In particular, either ({o,y1)
is on the interior of C' or it lies only on defining supporting hyperplanes of C with
normal vector orthogonal to e, 1. As C has only finitely many defining supporting
hyperplanes, it follows there is § > 0 such that ({p,y1 + €) € C whenever |¢| < .
Therefore, (Co,y1) € ri¢, (C).

Thus, (yo,00) \ J C {y € R [ (C0,9) € Uperynnon,, f)}. Further, for every b €

H1 N Hsupp, 0N ({Co} X (yo,00))| < 1. Therefore, as Hgyypp is countable, (yo, 00) \ J
is countable.

Suppose by € (yg,00) \ J. Then, (o, bo) € Uheﬂm?—tsupph' As { € 9, by
Equation [

(12)  |pow ! (Ley(bo)) = o™ | ({(&,v) €EXV [v=1bo+&- (o)) = 0.

pog™| (Ube(yO,oo)\J ZCo(b)) =0.

Thus, as (yo,00) \ J is countable,
It follows for all m € N,

7 duee ¢! (&) =0.

1
/EmUUbe(yO,oo)\J Le¢o (b) 1+ ||€|

Further, Ern U Upe(yo,00\ 7 Leo (D) = {(€,0) €EEXV | v>yo+&-Co} as m — 0.

By the Dominated Convergence Theorem, as p o ¢~ ! is finite,
1
————dpop " (§v) =0.
/{os,v)eaxv |v>yot+€-co} V1 + (€]
Similarly,
1
————dpoy " (§v) =0.
/{<s,v>eaxv |v<yo+e-cor V1 + (€1

The equation v = yo + £ - {p is equivalent to (o, —1) - (§&,v) = —yo. Therefore,
for all {; € S’ and yg € R, when considering an open half-space H in = x V with a

boundary defined by ({p,—1) - (€,v) = —yo, fH m dpop=t(€v)=0.
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Conclusion with Cramer—Wold and Radon—Nikodym. On the Borel sets
of £ x V, define the measure v(E) = [, m duo o=t (&,v). Given a Hahn

decomposition of 0@t

XN)ﬁ dlpo e (& v).

By the previous part, if H is an open half-space with normal vector (o, —1)
with o € S’, then v(H) = 0.

Since S’ is dense in R™, v(H) = 0 whenever the boundary of H is in a dense set
of directions. By a careful inspection of the proof of the Cramer-Wold theorem, it
follows the characteristic function of v, ¢, (t) = [, e dv(z), is zero on a dense
set of R™ [5, Equation 4]. By Dominated Convergence Theorem, in fact ¢, = 0.
Since characteristic functions are unique, v is the zero measure [13, Theorem 15.9].

However, the Radon-Nikodym derivative of a measure is unique up to almost
everywhere. As 0 is a Radon-Nikodym derivative for the zero measure and (xp —

1 . . 1| (= _
XN>—1+H€H2 is never 0, it follows |po ™| (Ex V) =0.

Since ¢ is bijective between v~ 1[H1] and = x V, the support of y is contained in

with positive set P and negative set N, v(E) = fE(Xp —

(S" xR\ 'Hi]={acS"|a e, =0} xR,

By definition of S™, the support of 4 is contained in a copy of S”~! x R embedded
into S” x R. That is, f(z) = [ ola-x —b) —o(=b)du(a,b). Moreover,
g : R™ — R defined as

n—1xR

g(¢) = /snflxRU (- ¢ —b)—o(—b)dugn-1xr (e, b)

- / o ((0,0) - (¢,0) = b) — o(~b) dugn-1xz (. B) = F(¢,0)
Sn—1xR

is countably piecewise linear. By the inductive hypothesis, p is the zero measure.
|

We associate compactly supported measures in M(R"*! x R) and measures in
M(S™ x R) with those in M(S™ x R) in order to apply Theorem [Il Similar to this
procedure, Ongie et al. in [I5] decomposed measures in M(S™ x R) into even and
odd components, where the odd component induced an affine function and the even
component was unique.

Lemma 4. Suppose T is a compactly supported measure in M(R"T! x R). Then,
there exists i € M(S™ x R) such that for all x € R™T1,

/ o(a-x—>b)—o(-b)dr(a,b) :/ o(a-x—>b)—o(=b)du(a,bd).
R+ xR Sn xR
Proof. Let g : (R"1\ {0}) x R — S™ x R be defined as g(a,b) = (ﬁ, ﬁ).

Let p1 be the Borel measure defined as p1(E) = [, |la d7 (a,b). Since 7 has
compact support and is finite, |p1[|(R" x R) < oo and ;3 € M(R™! x R). Let
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pr = p10g~". Then,

/ o(a-x—>b)—o(=b)dr(a,bd)
R+ xR

:/ al| <0 (ix—i) —a(—i»dT(a,b)
(R7+1\{0}) xR lall lall lall

+ /{O}xRU (=b) — o(=b)dr (a,b)

b b
:/ a(i~m——>—a<——>dp1(a,b)+0
(R*+1\{0}) xR |all [al all

:/ o(a-x—>b)—o(=b)du(a,d).
Sn xR

O

Lemma 5. Suppose 7 € M (S™ xR). Then, there exist p € M (S™ xR) and
ao € R such that for all € € R*1,

/ a(a-m—b)—a(—b)dT(a,b)z/ o (a- @ —b)—o(=b) du(a,b) +a-x.
Sm xR S xR

Proof. Let g(a,b) = (—a,—b) on 8" x R. Let y == 7+ 70g ! and ag =
— [snygadrog(a,b). Note, o (—z) = o (x) — . It follows

/ o(a-x—>b)—o(=b)dr(a,bd)

—Sn xR

:/ o(—a-z+b)—ob)drog (a,b)
S xR

:/ ola-x—b)—(a-x—b)—o(=b) —bdrog ' (a,b)
S xR

:/ a(a-w—b)—or(—b)dTog*l(a,b)—/ a-xdrog'(a,b).
S xR S xR

Therefore,
/ o(a @ —b) - o(—b)dr (a,b)
S xR
:/ a(a~m—b)—a(—b)d7(a,b)+/ o(a-x—>b)—o(=b)dr(a,bd)
S xR

—S" xR

:/ U(a-cc—b)—a(—b)d(T—FTog*l)(a,b)—/ adrog(a,b)-x
S xR S xR

:/ o(a-x—>b)—oc(=b)du(a,b) +ag - x.

]

To finish the proof of the conjecture (Corollary B, it is necessary to split the
measure into fully atomic and atomless parts and consider them separately. By
first establishing point masses always induce nonaffineness even when dense, we
can deduce the fully atomic and atomless components of the measure must both
give rise to countably piecewise linear functions.
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Lemma 6. Let € M(S" xR) and f(x) = [, 0 (a2 —Db) —o(-b)du(a,b).
Suppose u ({(c,d)}) #0. Then, f(x) is not affine on every open ball in the domain
of f intersecting be,q.

Proof. Rotate the coordinate system of f such that c¢- e, 1 # 0. Define = x V, 1),
and ¢ as in Theorem [Il Let S C R™ be the set in Proposition [II

There exists a unique function ¢ : R — R such that (¢, ¢(€)) € heq for all
¢ eR™.

By way of contradiction, suppose f is affine on an open ball By intersecting b 4.
Then, there is an uncountable set S’ C S such that {(¢,¢(¢)) | ¢ € S’} C Bo.

For ¢ € 8, let P = {(§,v) €eExV [v=6(¢) +&-C}. Now, let P, = {F¢\
[U(bea)} 1€ € 5.

For unique 1, ..., nr1 € S, consider ﬂie[nﬂ] Pe, \ {¢(he,a)}-

It follows any hyperplane in 1~* [ﬂie[nﬂ] P, \ {w(f)qd)}} intersects the points

{(¢1,0(¢1))s -y (Cnt1, &(Cnt1))} in the domain where each ¢; € S. By Corollary
[ these points do not lie on a common n — 1 dimensional affine subspace, so b g

is the only hyperplane intersecting {({1,¢(¢1)),- .., (Cnt1, @(Cnt1))}- It follows
M P\ (8(0e.)} = 2 and 10 0~ Mgy P\ (ilbea)}) = 0.
Therefore, by Lemma [3] there are only countably many PC/ € 73(’:, 4 such that
lpwo 1 (Pé) > 0.
Since S’ is uncountable, there is ¢p € S’ such that [pop ™| (P, \ {¢(be,a)}) = 0.
As ($o, #(Co)) € By, there is € > 0 such that for all 6 < ¢, f is affine on the line

segment, connecting (Co, #(Co) — 8) and (Co, 6(Co) + ).
By Equation [I0] in Theorem [ it follows

=duop™ (&0) =0.

1
/L<0<¢<<o>6,¢(co>+é> V14 €]

Since this holds for all § € (0,¢), by the Dominated Convergence Theorem,

(13) H(,0) =0,

1
—————dpoy”
/E<O<¢<co>> V14 €12

Recall, Le, (¢(Co)) = {(€:v) € Zx V | v = 6(Co) + € - Co}. By Equation [[3

1
0=/ ————dpoyp (&)
Lo (6(¢o) V1 + €12

1 .
5 duow L&)

1
7du0@71(€,v)+/ —
/Pco\{wmc,d)} V14 €17 (e} V1+ €]
—0+ [ aeradn(ab) =p({ed) ().
{(e,d)}
This is a contradiction. O

Corollary 2. Let f : R™! — R be a continuous countably piecewise linear
function. Suppose there is a countable collection C of convex polyhedra covering
R™ 1 such that f is affine on each polyhedron and each polyhedron has non-empty
interior. Suppose there exist ;f € M(S™ X R) and ¢¢ € R such that f(x) =
Jsnygo (@ -x—b) —o(=b)du(a,b)+co.
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Then, there are 19,7 (c,q) € R and a countable set M C S™ x R such that f(x) =
0+ 2 e.dyem Ted)o (e T —d).

Proof. By Lemma[Bl, we can assume f(x) = [q, 50 (@ -z —b) —o(=b)du(a,b) +
ao - T + by for some p € M(S™ x R), ag € R**! and by € R. Decompose u such
that p = pc + Z(c,d)EM T(c,d)0(e,d) Where ¢ is atomless, M is a countable subset
of 8" x R, and 7. q) € R\ {0} for all (¢, d).

Let g : R™*! = R be

g(x) ::/ gla-x—b)—o(-b)d| > reabea | (@b +as z+b
S xR (e,d)eM

= > Tealo(cz—d) —o(-d)+ag-z+b.
(e,d)yeM

Then, g is certainly affine outside of U(C,d)eM he,q. By Lemmal[f] for every C € C
and every (c,d) € M, (int C) Nheq = @. Therefore, for every C € C, g is affine on
C, because g is continuous and int C' = C. Thus, the cover C shows g is countably
piecewise linear.

It follows [,z 0 (@ -x —b)—0o(—b) duc(a,b) is also countably piecewise linear.
By Theorem [0 pc is in fact the zero measure.

Then, f(x) = g(x). Note, ag -« = o(ag - ) — o(—ag - ). Thus,

f(@)=|bo— Z T(e,a)0(—d) | +o(ag-x)—o(—ap-x)+ Z T(e,)0(c-xz—d).

(e,d)eM (e,d)eM

O

Corollary 3. Let f : R*"! — R be a continuous finitely piecewise linear function.
If there exist € M(S™ x R) and ¢g € R such that f(x) = [o, p0(a-x—Db)
— o(=b)du(a,b) + co, then f is representable as a finite-width network as in

Equation [l

Proof. Since f is finitely piecewise linear, by [9], there exists a finite collection C
of convex polyhedra with non-empty interior covering R™*! such that f is affine
on each. By Corollary 2] there are g € R, 74 € R\ {0}, and a countable set
M C 8" x R, such that f(x) =710+ X (caem (eao(c T —d). As f will have a
boundary at b4 for all (¢,d) € M, M is a finite set. O

Corollary 4. Let f(x) = [g, p 0 (a-x—b)—o(=b)dp(a,b)+co with i € M(S™ x
R) and cg € R. If f £ 0, then f is not a compactly supported finitely piecewise
linear function.

Proof. Suppose f # 0. By Corollary [3, there are ro € R, rq4 € R\ {0}, and
a finite set M C S™ x R such that f(z) = ro + > capem Teyolc -z —d). If
M is empty, f(x) = ro # 0. Otherwise, f will not be affine along h. 4 for some
(c,d) € M. Since n > 2, bheq will extend infinitely and f cannot be compactly
supported. ([l
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