MODELLISTICA E CALCOLO SCIENTIFICO

MODELING AND SCIENTIFIC COMPUTING

MOX-Report No. 05/2025

Greedy reconstruction algorithms for function approximation

Buchwald, S.; Ciaramella, G.; Verani, M.

MOX, Dipartimento di Matematica
Politecnico di Milano, Via Bonardi 9 - 20133 Milano (Italy)

mox-dmat@polimi.it https://mox.polimi.it



Greedy Reconstruction Algorithms for Function
Approximation

Simon Buchwald'f, Gabriele Ciaramella®"t, Marco Verani?t

!Department of Mathematics, Universitit Konstanz, Universitétsstr. 10,
Konstanz, 78464, Germany.
2MOX, Dipartimento di Matematica, Politecnico di Milano, Piazza
Leonardo da Vinci 32, Milano, Piazza Leonardo da Vinci 32, Italy
GC and MV are members of the GNCS Indam group.

*Corresponding author(s). E-mail(s): gabriele.ciaramella@polimi.it;
Contributing authors: simon.buchwald@uni-konstanz.de;
marco.verani@polimi.it;

TThese authors contributed equally to this work.

Abstract

Two key elements in any function approximation problem are the selection of
data points and the choice of the structure of the ansatz within a given family
of approximation functions. This paper is devoted to the development and anal-
ysis of greedy reconstruction algorithms that address both aspects to improve
approximation accuracy and efficiency. The general idea of these methods is to
select an optimal set of data points while simultaneously identifying a minimal
structure that is able to accurately approximate the selected data. Theoretical
and numerical studies on polynomial interpolation and function approximation
by neural networks demonstrate the efficiency of the proposed algorithms.

Keywords: Function approximation, polynomial interpolation, data-driven methods,
neural networks, greedy reconstruction algorithms

1 Introduction

When dealing with approximation problems, one needs to consider two main aspects:
the computation (or selection) of the data and the optimization of the structure of the
approximation ansatz, within a given family of approximation functions. For instance,



the first issue is known for polynomial approximation, where one searches for a set
of interpolating nodes that leads to the best approximation quality (see, e.g., [1, 2]).
Here, while the structure of the approximation ansatz is fixed (a polynomial of a given
order), the computation of the data (interpolating nodes) is a crucial aspect that
strongly affects the approximation error. Another prominent field where both aspects
play an important role is machine learning. Before training a neural network (the
approximation ansatz) for a specific task, one must determine its structure (number
and dimensions of the network layers) and choose an appropriate set of training data to
avoid over /underfitting; see, e.g., [3-5]. This paper deals with developing and analyzing
greedy algorithms designed to handle these aspects. More specifically, given the task
of finding an approximation (a surrogate) g, of a function f, the goal of our methods
is to construct a set of data points {(Z;, f(Z;))}/_; while optimizing the structure
of the ansatz set G, within a given family of approximation functions, in which one
searches for g,. Given these two objects, one obtains g, by computing an element in
G that minimizes the distance from f when evaluated at the points {Z;}1_,.

Our new greedy algorithms are inspired by those introduced in [6-10] in the field of
Hamiltonian identification and inverse problems, and can be divided into two classes.
A first class, closer to the methods developed in [6-10], splits the process into online
and offline phases. We call them greedy reconstruction (GR) algorithms. Here, the
evaluation of f is allowed only in an online phase (in which g, is computed) after the
set {Z;}/, and the structure of G (within a given family of approximation functions)
have been designed by a GR algorithm in an offline phase. Note that GR algorithms do
not use f to build {Z;}1,, and the data set {(Z;, f(2;))}, is built only afterwards.
Moreover, we will also introduce an optimized version of GR, called OGR, where the
greedy character of the method is fully exploited and extended to better optimize
the structure of the approximation ansatz. The second class assumes that a (very)
large data set {(z;, f(Z;))};=;, with J > K, is given. We call algorithms in this
second class Data Greedy Reconstruction (DGR) algorithms. These aim to select the
smallest subset of K elements from {(Z;, f(Z;))};—, while simultaneously optimizing
the structure of G. Note that, unlike the first class, DGR strategies use the (available)
data {(Z;, f(2;))}7_,, but select only those that are needed to build g,.

To study the applicability of our new numerical strategies and analyze their per-
formance, we consider two classes of problems: polynomial interpolation and function
approximation by neural networks. Since polynomial interpolation is a well-understood
branch of function approximation problems, it represents a concrete benchmark for
studying our GR, OGR and DGR algorithms and obtaining concrete theoretical
results. In particular, we prove that GR and OGR compute exactly a set of (tensor-
product) Leja points (see, e.g, [11-14] and references therein). Moreover, we show that
for polynomial interpolation, OGR is equivalent to the well-known Empirical Inter-
polation Method (EIM); see, e.g,. [15-20] and references therein. Although the two
methods can be equivalent, GR, OGR and DGR have one main advantage over EIM:
EIM (and also other greedy algorithms used for function approximation, see, e.g., [21])
is limited to linear parametrizations of the ansatz function, while GR, OGR and DGR
can also handle nonlinear parameterizations, such as weights and biases of neural net-
works. This is exactly the second class of problems to which we apply our greedy



algorithms, and where it is possible to see how nicely they can simultaneously select
the data set and optimize the network structure. In particular, we develop a combina-
tion of OGR and DGR tailored for neural network applications, called Network OGR
(NOGR) algorithm. We provide a detailed discussion about the network structure
optimization and illustrate how our algorithms can optimize the depth and number of
neurons of a network. Our paper is organized as follows: in Section 2 we set our nota-
tion. In Section 3, we introduce our GR algorithms in a general setting. In Section
4, the behavior of our GR algorithms for polynomial interpolation (in univariate and
multivariate settings) is studied. In Section 5, we detail our GR algorithms for func-
tion approximation by neural networks and study their behavior through extensive
numerical experiments. Finally, we present our conclusions in Section 6.

2 Notation

We denote by Z; € R and z; = [Zj1,...,2;n5] € RY any interpolation point,
while using x and & = [z1,...,2x]' for general points in R and RY, respectively.
For N,M € N, we let G = G(X,RM) be a class of functions over some closed and
bounded set X C RY. In particular, for M = 1 we denote by P, := P,(X) the
space of polynomials p over X with degree deg(p) < n, meaning that p : X — R,
x — plx) = Zﬁﬂ:o agz?, for coefficients ag € R with B € NV, |8 = Zfil Bi, and

2B = g(PrBN) = xfl a:f\,” For a monomial aﬁxﬂ, we call B = (B1,...,0n) € NV
its componentwise degree.

We denote by Fy, a residual neural network of depth m, with input size N € N,
output size M € N and hidden layers of (the same) width d € N, represented by
weights W = (W, ... Wm) ¢ RN* x ... x R*M and biases b= (blY,...,bl™) ¢
R x -+ x REx RM. We call W(d) := (RV*4 x ... x RM) x (RY x - - x R x RM)
the joint space of the weight matrices W and the bias vectors b.

3 Greedy algorithms for function approximation

For a (finite-dimensional) function space G over X C R¥ the interpolant of a function
f: X — RM for a set of points {Z; }f(:l C X is the element g, € G such that
9«(x;) = f(x;),j=1,..., K. A general approach of finding this interpolant is to solve
the least-squares problem

K
rgnelgz 1£ @) — 9(;)]13. 1)

The overall goal is to find a g, that approximates f well at all other points & €
X \{Z1,...,Zx}. In other words, the interpolant g, must ideally solve

. _ 2
min mae (@) — @)



Algorithm 1 GR for function approximation

Require: A set B = {g1,...,9x} C G with corresponding parameterizations
{&1,...,&K} c R¥ with K, K € Nwith K < K and such that g, =gge fork=1,... K.
1: Set k =1 and find Z; that solves

max g ( z)13. 2)
2: while k< K —1 do
3: Fitting step: Find an a” that solves
k
~ ~ \12
min Y ga(®;) — g1 (&5)]2- 3)
acspan(a;)F_ 11
4: Splitting step: Find an j41 that solves
2
max |gor (@) — gr1(@)]2- (4)

5: Update k < k + 1.
6: end while

In that regard, the choice of the points {xj} * ; plays a crucial role. One reasonable

assumption is that for an increasing number of interpolation points K, the approxi-

mation error max |lf(x) — g«(x)||3 decreases. However, depending on the application,
EAS

the evaluation of the function f at a large number of points might be very expen-
sive or create an imbalance in the approximation properties of the interpolant g, with
respect to X. Thus, our goal is to find an efficient set of points {Z; }1 j=1, 1.e., the fewest
number of points such that the approximation error is still reasonably small.

For this purpose, we introduce adapted versions of the so-called greedy reconstruc-
tion (GR) algorithms (compare [6-10]). These methods compute the inputs {Z;}5,
in an ofﬂine phase, i.e., without having access to the outputs of f (namely the data
{f(@;)}I<,), but they require a set (or basis) B := {g1,...,g9x} C G.

In order to handle different function spaces G, we assume that the set B can be
parameterized, i.e., there exists K < K, a closed and convex subspace A C R¥, and an
isomorphism g : A — G, a — g(a) := gq-. In this way, we can identify B = {g1,...,9x}
with a set {a1,...,ax} C A such that g5 := gz for k=1,..., K. A simple example
for such a parameterlzatlon is the case where B is a hnear ba31s of G. Then we can
choose K = K, A=RK and a" = e, the canonical vectors in RX. For a general
a € RX we obtain go = Yr, arg-

Now, we can formulate the standard version of GR as described in [7-10]. GR
applied to the setting of problem (1) is stated in Algorithm 1. GR builds the set
{Z;}1<, recursively. Assume that after k iterations a set {Z;}/<, has been computed.
The new point Zx1 is obtained in two substeps. First, one solves the interpolation
problem (3), which attempts to find a parameterization a* such that the function
gar (Z;) fits gr+1(Z;) in all previously computed points {z; }?:1- Second, T4 is com-
puted as the solution to (4) by maximizing the difference between gur(Zxy1) and
Gr+1(Tot1)-



Algorithm 2 OGR for function approximation

Require: A set B = {g1,...,9x} C G with parameterizations A = {al, . ,&K} c RE
with K, K € N, K < K and such that gy = g5&, k= 1,..., K, and a tolerance tol > 0.

1: Find T and ¢; that solve )
ma ma z)||2- 5
Ze{l,_'ffK}ngng( )2 (5)
2: Swap g1 and gy, in B, a' and @’ in A, and set fsplit = llg1(@1)||% and k = 1.
3: while k¥ < K —1 and fg,;4 > tol do
4: for{=k+1,...,K do

5: Fitting step: Find a’ that solves
k
. ~ ~ \2
min Y |lga(®;) — 90(;)|l3- (6)
acspan(a’)k_| =
6: end for
7: Splitting step: Find €1 and €51 that solve
2
max max x) — go(x)]2. 7
e g @) = ar (@)l )
8: Swap gj+1 and gy, ,, in B, &' and @ in A.
9o:  Update fpiit < l|gar @rt1) — got1(@ns1)l3 and k + k+ 1.

10: end while

Notice that GR performs a sweep over the set B, computing a new input z for
each element in B. Hence, the choice and order of the elements g1, ..., gk can have a
large impact on the selection of {Z;},. Since it is usually not clear a-priori which
set B yields the inputs {z; }JK:1 with the best approximation features, we would like to
remove or at least reduce the dependence of the algorithm on the functions {gk}ff:l.
For this purpose, in Algorithm 2 we introduce a strategy that has also been discussed
in [7-10], called optimized GR algorithm (OGR). The main novelty of OGR over
the standard GR algorithm is that it considers all remaining elements in the set B
simultaneously at each iteration. In the spirit of greedy procedures, the new splitting
step (7) selects simultaneously the next input and element of B as the ones that return
the largest overall cost function value. Additionally, the second condition for the while
loop in line 3 allows stopping OGR when a specific error tolerance is reached. This can
be particularly useful if the error between f and any function in G is a priori expected
to be of a certain order, meaning that further decreasing the “internal” error within
G does not decrease the overall approximation error.

Both GR and OGR are data-free methods, in the sense that they do not require
evaluations of the function f (outputs). However, there are many applications, espe-
cially in the field of machine learning, where output data are already available. A
common issue in these data-driven settings is that the data is imbalanced, which can
lead to biased models (see, e.g., [5, Section 5.3.1]) and thereby a lack of robustness.
With the goal of selecting optimal data points that represent well the whole data set
and avoid biased models, we introduce a data-driven version of GR (DGR) in Algo-
rithm 3. Notice that the termination criterion, that is ||gar (Trt1) — Ypq |3 < tol,



Algorithm 3 DGR for function approximation

Require: A set of data points Z := {(xj,yj)}le C X x RM with y; == f(z;) and J € N,
a set of functions B = {¢1,...,9x} C G and a tolerance tol > 0.
1: Find (21,y1) that solves

2
ma . 8
eyl ®)

2: Update Z < Z\ (Z1,¥y1) and set fspe = g, l13, k= 1.
3: while k < J — 1 and fg,;;+ > tol do
4: Fitting step: Find an a” that solves

k
. ~ ~ 12
min g xi)—vy.||5. 9
aespan{a; }, T 16a(23) =5 2 ©)
5: Splitting step: Find (Zj41,Yg41) that solves

X g () — ylI3- (10)

6:  Update Z < Z\ (@41, Urt1): Foplit < 9ok @rs1) —Yry1ll3 and k « k+ 1.
7. end while

is similar to that of OGR where the evaluation gp41(Zr4+1) is replaced by the data
Ys.41- This ensures that DGR terminates when the function g, is a sufficiently good
approximation of the full data set {(z;, yj)}le. In general, it is also possible to mod-
ify DGR by using other features of OGR to DGR like, for example, the automatic
selection of the next element gi1 from B. However, we omit this discussion here, since
the resulting method is very similar to the NOGR strategy introduced in Section 5.1.

4 GR algorithms for polynomial approximation

In this section, we apply our methods to the well-known case of function approximation
by polynomials, i.e., M =1 and G = P,(X), and study the corresponding behavior.
For a set of linearly independent polynomials B = {p1,...,px} C P,, we consider
the simple linear parameterization p, = Zle aipy for o € RE. This implies that, at
the k-th GR iteration, the fitting step is interpolating the new polynomial pyy1 by a
linear combination of the polynomials pi,...,px. GR for polynomial interpolation is
detailed in Algorithm 4. Now, we analyze the behavior of this algorithm in sections
4.1 and 4.2. Finally, in section 4.3 we discuss practical implementation aspects.

4.1 Analysis of GR algorithms

In this section, we investigate the points selected by Algorithm 4 for one-dimensional
and multivariate polynomial interpolation. First, we consider the standard case of one-
dimensional polynomials in Section 4.1.1, since it is well understood and the notation
is simple. This allows us to formulate the main arguments of our analysis in a compre-
hensible way. Afterwards, we build the analysis for multivariate polynomials in Section
4.1.2 on top of the one-dimensional foundation.



Algorithm 4 GR for polynomial interpolation

Require: A set of linearly independent polynomials B = {p1,...,px} C Pn.
1: Set k£ = 1 and find z; that solves

2
. 11
may [p1 ()| (11)
2: while k< K —1 do
3: Fitting step: Find an aF that solves
~ 2
afrel%}c Z [pa(Z;) — Pr+1(Z5)|, (12)
where pa(z) = Eéﬂ:l a;pi(z).
4: Splitting step: Find an £ that solves
2
max [por (€) — pr41(2)[” (13)

zeX

5: Update k < k+ 1.
6: end while

4.1.1 One-dimensional polynomial interpolation

We begin with the one-dimensional setting N = 1 with X C R a closed interval. We
also consider the standard assumption that the number of selected points matches the
degree of the polynomials in B, i.e., K =n + 1.

Recall (e.g., from [2, Theorem 8.2]) that for any set of points {z; ;Lill and the
polynomial p, € P,, interpolating a (n + 1)-times continuously differentiable function
f at these points, there exists for each x € X a £ € X such that

(n+1 ntl
@) = pulo)] = e Il (19
Thus, to minimize the error |f(z) — p. ()|, the points {Z;}] "1 should be chosen such

that they minimize max H?:ll |z —Z;|. One popular set of pomts that can be derived
z€

directly from this goal, are the so-called Leja points. This class of interpolation points
was first introduced by Edrei [12] and later studied by Leja [11]. Starting from any

Z1 € X the corresponding Leja sequence (xj);lill is generated iteratively by the update
k
§k+1:argmaXH\x—5j|, k=1...,n (15)
x€ .
Jj=1

The update formula (15) has two main advantages. First, the update formula allows
one to incorporate any preexisting set of points {Z; };?:1. This property is of particular
interest in applications, where some preliminary data is already available. Second, the



computation of the new point Zj. 1 allows one to evaluate the term max H?:l le—z;| =
e

H?:l |Zk4+1 — Z;|, which corresponds to the a-priori interpolation error given in (14).
As main result of this section, we show that GR computes exactly a sequence of

Leja points if B is a polynomial basis of increasing order.

Theorem 1 (GR computes the Leja points). Let B = {p1,...,pn+1} C Ppn be such

that span{p1,...,px} = Px—1 for allk =1,... ,n. Then the points {EJ}?;I computed

Algorithm 4 form a Leja sequence.

Proof. We begin by constructing the coefficients a® € R* that solve the fitting step
problem (12) at iteration k. Let us define pp(z) := —ag41 H?Zl(x —T;), where agt1
is the leading coefficient of pgy1 € Pg. Then pr + pr+1 is a polynomial in Py_;. Since
{p1,...,pK} form a basis of Pj_1, there exists a* € R* such that por = pr + Dry1-
Thus par (Z;) — pr+1(Z;) = pr(Z;) = 0 for all j = 1,...,k, which implies that a* =
arg mkin Z?Zl |pa(Z;) — pr+1(Z;)|. The uniqueness follows by the fact that the points
acRF
Z1,...,2 are distinct (which can be shown by a simple iterative argument), meaning
that the polynomial pyr and therefore also a* are unique.
Now, using the polynomial p,x constructed above and solving (12), we obtain

k
Par () = prr1 (@) P = [Bi(@) > = |ansa [ [ lo — 75
j=1

Since ap4+1 does not depend on z, the splitting-step problem (13) can be written as

max H?Zl |z—2;|?, which is equivalent to the Leja update (15). Thus, the splitting step
fAS
of Algorithm 4 at iteration & computes exactly the point Zj41 in the Leja sequence. [

Notice that p; € Py implies that p; = ¢ for some ¢ € R. Thus, any z € X is a
solution to the initialization problem (11). Together with the result from Theorem 1,
this implies that one may choose any initial point z; € X and GR will compute the
corresponding Leja sequence {Z; };Lill

4.1.2 Multivariate polynomial interpolation

Let us turn to the multivariate setting, i.e., N > 1 and X = X; X --- x Xy with X, a
closed and bounded subinterval of R for 7 = 1,..., N. As in the one-dimensional case,
we denote by B a basis of P,, = P,(X). Notice that dim(P,,) = (N]J\;”) (see, e.g., [22,
Theorem 2.5]), which implies that GR will compute K = (N ]J\;”) points.

To relate the points selected by GR to tensor products of Leja points, we introduce

some additional notation. For an initial point £; € X, we denote by {yjZ ?ill C X;, y;

the Leja sequence initialized by Z;; for i = 1,..., N, i.e., y} = 71, and
j—1
Y; :argmaXH|x—yg\, i=1,....,N, j=2,...,n+ 1. (16)
zeX; =1



Now, we define the m-first tensor-product Leja points for m € N as

N
Vo= (bt Loy €NF st 3 < N 4, (17)

i=1

with cardinality #Y,, = (N ;m) Let us give an example of V.
Example 1 (on the set V,,). Let N =n =2, X = [-1,1)2 and 1 = [-1,—1]". Then

yi =y = —1, ys = y3 = argmax|z — (-1)| = 1 and
xe[—1,1]

ys = y3 = argmax |z + 1|jz — 1| = 0.
ze[—1,1]

Thus, the two Leja sequences {y] _, and {y] _, are given by {—1,1,0}. Since
Vi = Vim—1 U{ly;,,u5] " | jo € NY st ji + jo = 2 +m}
form > 1, we obtain

Yo = {lyl,vil"

Vi =You{lut, w3l ", [wa v3] "
Vo=V U{lyi 3l " lys, w31 (w3, 03] T} =

Vs =Y U{lys,43] " w3, 93] "} = Y2 U{[L,
Vi=YsU{[ys3,53]" } =

MA_I_.

}
) yOU{[_lvl]Tv[la_l]T}
yl U {[_170]T7 [15 I]T’ [07 _l]T}'
[1.0]",[0,1]"}
[

These sets are represented in Figure 1. Notice that for m > 5 we have YV, = V4.

Remark 1 (on the set ), and the full tensor product of Leja points). Notice that
the set Y, = Yo in Ezample 1 still contains the full Leja tensor product {yi,yi} ®
{2,923} = {-1,1} ® {—1,1}. However, this is not the case for general n, N € N since
a full Leja tensor product {yi,...,yl} ® - ® {y{v, ..., yNY of order m < n contains
all points [yjll, . ,yﬁv]T with j1,...,jN € {1 .,m}. Thus, in order for the set Y, to
contain this point, we require n to satisfy Z —1m < N+n, namely that Nm < N +n.

The main result of this section (Theorem 2) is that the points computed by GR
coincide with },,. To prove it, two assumptions are needed. To clarify their meanings,
we sketch the idea of the proof of Theorem 2 in what follows.

The main part of the result is proven by induction on the degree m of the poly-
nomials in the basis B = {p1,...,px }. For the induction step, we follow the same
idea of the proof for Theorem 1 and thus require that the basis elements are ordered
according to their polynomial order and the appearing monomials. For this purpose,
we introduce the following assumption on the order of B.

Assumption 1. Let m € {0,...,n}, k = (N]J\r,m) and K, = (NJF]’V'LH). Then the
first k elements p1,...,pr in B form a basis of Pp,. Additionally, for all ¢ € {k +
1,..., K} the polynomial py € B introduces exactly one new monomial with respect
to all monomials appearing in the polynomials p1,...,pr. In other words, there exists



Yo M1

1 1%
< 0 < 0
-1lis : -1i% »®
-1 0 1 -1 0 1
X1 X1
V3 N
1% X R 1% R R
<0 < 0
-1 -1
-1 0 1 -1 0 1
X1 X1

Fig. 1: All tensor-product points (gray crosses) corresponding to the two Leja
sequences {y} }3_, = {y7}3_, = {~1,1,0} from Example 1, and points & = [z1,22] " €
[~1,1]? (red crosses) contained in the sets )y (top left), Vi (top middle), Vs (top
right), Vs (bottom left) and V4 (bottom right) as defined in (17).

a (unique) polynomial p € span(pi,...,pr) such that p, = ad?”_,dfvz(df"“’d?") + p,
where age g € R\ {0} and (df,...,d%) denotes the componentwise degree of the

new monomial (@148 introduced by pe.

Let us clarify Assumption 1 by the following example.
Example 2. Let N = n = 2 and consider a basis B = {p1,...,px} with K = (N]J\;") =
6 such that Assumption 1 holds. Then py must be the constant polynomial, i.e., p1 = a
for some a € R. Now, there are two possible choices for ps:

p2(x) = a121 + ao or p2(z) = a122 + ao,
for ay € R\ {0}, ap € R. Let us assume that pa(x) = ayx1 + ag. Then
p3(x) = biza + bo,
for by € R\ {0}, by € R. Now, we have three choices for py:

asz? + asws + a1y + ag,
_ 2
pa(x) = { azx3 + azxs + a121 + ao,

as3ri1x2 + a2rs + a1x1 + ag,

10



for az € R\ {0}, as,a1,a0 € R. Depending on the choice of ps, the polynomials ps
and pg will be of the remaining two forms and thereby introduce the other monomials
of degree 2.

Assumption 1 allows us to uniquely identify the basis elements in B by the com-
ponentwise degree of the monomials introduced by the basis elements. For example,
if we choose py = aszri1xs + asxs + a1z + ag in Example 2, then we can identify py
by the componentwise degree (1,1) that corresponds to the monomial aszixs. Let us
conclude the discussion on Assumption 1 with the following remark, relating the space
of polynomials Py, 1 \ P, with the set of Leja points V41 \ Vi, for m=0,...,n
Remark 2 (on the sets P, and V,,). Let m € {0,...,n}, k = (N;m) and K, =
(N+]7\7;“+1), Then Assumption 1 implies that the polynomials {pg}fz*’,;H form a basis of
Pus1 \ Pm. Thus, the componentwise degrees (dY, ..., d%) of the monomials z(didy)
introduced by the polynomials py, for £ = k+ 1,..., K,,, coincide with all possible
combinations (dy, . ..,dx) € NV that satisfy Zf\;l d; = m—+1. Moreover, we can write

N
y’m+1\ym = {[yjllavyjl\j\;}-r ‘jlv'-ij €N+ s.t. ij :N+m+1}
i=1

N
=Wl 08T (@ dy) €NV st Y di=m 1)
i=1

Hence, there exists a one-to-one relation between the componentwise degrees of the
monomials introduced by the polynomials {pz}f:";ﬂJ and the Leja points YVm+1 \ Vim.-

The next step in the proof of our main result is to show that the splitting-step
problem (13) is equivalent to a multivariate version of the Leja update (16). However,
notice that maximization problems involving multivariate polynomials in general do
not have a unique solution. Consider, for example, the maximization problem

et s (o) (e 9). (e 0) <=

j=1

Then any & = [21,...,zy]" € X with z; € argmax|z; — y}|? is a solution to (18).
reXy
Notice that 1 does not has to be unique. Thus, we introduce the following assumption

that sets all components to the next entry of the corresponding Leja sequence.
Assumption 2. At iteration k € {1,..., K—1} of Algorithm /, let (d]fH, e ,dﬁc\,ﬂ) €
N¥ be the componentwise degree of the unique monomial that pyr1 € B introduces,
according to the second part of Assumption 1. If the splitting-step problem (13) is given
by max [par () — pr1(2)|* with

b+l k!
Par (Z) = Pry1(T) = a(H(m—y}))-~~<H($N—y§V)>y (19)

j=1

11



for some a € R, then Algorithm 4 selects the point Ty = [yd’f“ﬂ’ e ’yd’}\,“ﬂ]

Notice that, if the polynomial pyr (®) — pr+1(z) is given as in (19), then

df+1 diil
_ 2 _ H 2] ... H _ N2
glg(dpak(w) Pht1(T)] a(fflea?l 11 21 — 5] ) (mlrvnglv 11 lzn —u;' | )
J= J=

(20)
Thus, by the Leja update (16), [ycll’f“H’ ... ,yi\{;vHH] is always a solution to (20) and
hence to the splitting-step problem (13). We can now state our main result.
Theorem 2 (multivariate GR computes tensor product Leja points). Let n, N €
N, K = (N;"), B = {pi}< | a basis of P, and T € X the solution to (11). If
Assumptions 1 and 2 hold, then the points computed by Algorithm 4 coincide with Yy, .

Proof. We prove the result by induction on the degree m of the polynomials in B. The
case m = 0 is trivial since Yy = {[y},...,42V]"} = {Z1}. Let us now assume that for
some m € {1,...,n} and k = (NJ"\’,’”) the set {Ej}?zl coincides with ). Then the
result follows if we can show that the set {z; }]K:““i for K, = (N +]V"+1) coincides with
YVma+1. To do so, recalling Remark 2, it is sufficient to show that Algorithm 4 computes
exactly the point [y(ll{H, .. ,ygl\gvﬂ]T at iteration ¢ € {k+1,..., K,,}. We prove this
result by a second induction argument on the index £.
Let us begin with the base case £ = k + 1. By Assumption 1, we have

k+1 k+1
Pk+1 = ad}erl ..... d);\;rlm(dl ""7dN ) + D,
for some p € span{py,...,px }. Now, we define the polynomial
ar+t i+l
P®) = —ag, ( [I G- yﬁ) ( [Ty~ yJ]-V)) € Pyt (21)
j=1 j=1

where y; are the Leja points defined in (16). By the definition of the polynomial degree
given in Section 2, we can write p(z) = Z\%:o agx? —pj11(x), for some ag € R. Thus,
since the polynomials {p1,...,px} form a basis of P,,, (by Assumption 1), there exists
a unique a® € R* such that

k
D(x) = par (&) — prt1(z) = Zafpi(x) — prt1(x), for all z € X.
i=1

Recalling (17), we have for any y € ), that y = [yjl-l, . 73/]]‘\1[\;]1— for some indices
J1s---,jn € NT with Zf\il ji = N +m. Since Zf\il df“ = m+1, there exists at least
one j; such that 1 < j; < df“.l Together with (21), this implies that p(y) = 0 for all

1This follows by a contradiction argument: assume that all j; > d;CJrl for all « € {1,..., N}, then
Zﬁ\;l Ji > Zi\](drrl + 1) = N + m + 1, contradicting Ef\;lji =N+ m.
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Y € V. Since we assume that the set (Z;)%_; coincides with V,,, we obtain p(Z;) =0

for all j € {1,...,k}. Thus, &” is the unique solution to the fitting-step problem (12),

and the splitting-step problem (13) can be written as max |p(z)|?. By Assumption 2,
xE

T

Algorithm 4 will now choose exactly Ty = ycll"‘+1+1’ . ,yi\,ﬁﬂﬂ
1 N

Next, consider the induction step £ — ¢+ 1. Let us denote by (.'}?j)gz wq1 the set of
points computed by Algorithm 4 from the base case until iteration ¢. By the induction
hypothesis, we have (5j)§:k+1 € Ym+1- Now, the induction step £ — £ + 1 follows
analogously to the base case above. We only have to show that the new polynomial

d§+1 df\,+1
P®) = —agee g < I G- y})) ( I (=n - y]N)> € Pm+1 (22)

j=1 j=1

satisfies p(z;) = 0 also for all j € {k +1,...,¢}. This can be shown by the following
contradiction. Assume that p(z;) # 0 for some j € {k+1,...,¢}. By the assumption

of the induction step, we have Z; € Vi1 \ Y and T; = [y;{H, . .,y(%’-vﬂ]T with
Zi]\il dg = m+1. On the other hand, since py11 € Piyy1\Pr, we also have Zf;l df“ =

m + 1. Thus, p(Z;) # 0 together with (22) imply that d/ + 1 > d**! for all i €
{1,...,N}. Since Y & = "N d*t, we obtain & = d‘*! for alli € {1,...,N}.2
Since j < £+ 1, this is a contradiction to the second part of Assumption 1. O

Notice that the full grid of tensor-product Leja points of order n is given by

Vo= ()i xox () =yl oyl T Ly €41, n+ 13

Clearly, we have ),, € ), meaning that GR applied to a basis B of P,, only computes
a subset of the tensor-product Leja points. However, analogously to Theorem 2, one
can also show that if we use a basis B that spans the same space as the monomials up
to componentwise degree n”Y, then GR computes the full tensor product Y.

4.2 OGR and equivalence with EIM

As in Section 3, we can formulate an OGR for polynomial interpolation problems.
The resulting method is stated in Algorithm 5. This algorithm looks similar to a pop-
ular greedy algorithm introduced in [15]: the empirical interpolation method (EIM).
While EIM is mostly used in the context of reduced-basis applications for parameter-
dependent PDEs, it has also been studied for polynomial interpolation (see, e.g.,
[17, Section 3]). The version of EIM used for the setting of polynomial interpolation
(compare [17, Section 2]), adapted to our notation, is stated in Algorithm 6.
Although the two methods are very similar, OGR has one main advantage over
EIM: the parameterization discussed in Section 3. While EIM only considers linear

2This follows by a contradiction argument: assume that there exists i € {1,...,N} with d] # df*l. Then,
since vazl d] = 25\7:1 df+1, there exists 7 € {1,..., N} with d% < d?rl. This implies that d% +1< d§+1,
which contradicts d{ +1> derl for all i € {1,...,N}.
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Algorithm 5 OGR for polynomial interpolation

Require: A set Bogr = {p1,-.-,Px} C Pn for K,n, N € N and a tolerance tol > 0.
1: Find Z1 and ¢; that solve

2
. 23
max e [py (7)) (23)

2: Swap p1 and py, in Bogr, and set fop;¢ = [p1(Z1)| and k = 1.
3: while k¥ < K —1 and fg,;4 > tol do
4: for{=k+1,...,K do

5: Fitting step: Find a’ that solves
k k 9
min 373 aini@)) - po(@))| (24)
acRk < ‘
Jj=1 =1
6: end for
7: Splitting step: Find Zj1 and {51 that solve
k . 2
max max a;pi(x) — pe(T 25
ee{k+1,4..,K}zeX‘; ipi(@) = e )‘ (25)
. k 4

8: Swap pg41 and py, in Bogr, and sef po = S s
9. Update fopiit < |Pok (Tpt1) — Pht1(Tr41)| and k «— k+ 1.

10: end while

combinations of the elements in Bgras, OGR can handle also nonlinear parameteri-
zations, for example a set Boggr of neural networks where the parameterizations are
given by the weights and biases. We will discuss this example in more detail in Section
5.

Let us now compare OGR (Algorithm 5) and EIM (Algorithm 6) in more detail.
The initializations of OGR (line 1 in Algorithm 5) and EIM (lines 1-2 in Algorithm
6) are obviously equivalent, since ||p[|z~(x) = max Ip(z)| for any p € P,. A similar

analogy also holds for the maximization problems inside the while loops (line 7 in
OGR and lines 8-9 in EIM). The difference here is that, while OGR selects elements
pi directly from the set Bogr, EIM generates a new basis of polynomials {qk}ng”
(see also line 10 in EIM). If we neglect this difference between p; and ¢; for a moment,
we notice that the fitting step (line 5 in OGR) solves the strictly convex problem (24),
whose optimality system coincides with the linear system (26). On the other hand, if
at iteration k the polynomials {p;}*_; computed by EIM coincide with the set {p; }*_,
selected by OGR, then we also have span{p;}¥_, = span{g; }*_,. This is because ¢ is a
rescaled version of p; (see line 3 in EIM) and the g; for & > 2 are linear combinations
of p1,..., Dk (see line 10 in EIM).
To prove the equivalence of OGR and EIM, we need the following results [17]:
Pl If Koo < (N;") then problem (26) is uniquely solvable (see [17, Thm 1]).
P2 For all k € {l,...,Kpna} and all p € span{g;}r, we have p —
Zle[a(p)]iqi =0 (see [17, Lemma 1]).

Theorem 3 (Equivalence of OGR and EIM). Assume that Bogr = Berm =: B. Let
{Ej}fZOlGR, {pi}E9er and {ﬂj}JKz”iw, {qi}fSmas e the points and polynomials selected

14



Algorithm 6 EIM for polynomial interpolation

Require: A set of polynomials Bgryr = {p1,...,Px} C Pnfor K,n, N € N, and a maximum
number of iterations Kmqr < K.
1: Compute p1 = arg max ||p|| o (x)-
PEBEIM

2: Compute y; = argmax |p1 (y)|-

yeX

— _P1 —

3: Set q1 = M) and k = 1.
4: while k£ < Kpar —1 do
5 for p € Bgrpy do
6 Find a(p) € R¥ that solves the interpolation problem

k
Z[Q(P)]iqz‘@j) =py;), j=1...,k (26)
i=1
: end for .
8:  Compute P41 = argmax [|p — > 7 [@(p)]igill Lo (x)-
PEBEIM
- N k .
9. Compute g1 = arg max Pr+1(Y) — i1 [@(Pr+1)]iai (¥)]-
ye
- k .

10: Set gpy1 = %7 where 7j, 11 () = Pr1(¥) — 21 [@(Prt1))igi (¥)-

11: Update k < k+ 1.
12: end while

by OGR and EIM, respectively. Then for any K € N, K < min{ Kogr, Kmaz}, it
holds that z; =y; for j=1,..., K and span{p; }X | = span{q; } X ;.
Proof. Notice that EIM considers all elements of B in each iteration and does not
reorder the set B. Thus, we may assume that the polynomials in the set B are ordered
as OGR selects them, i.e. the {pi}fi‘ic’% selected by OGR are exactly the first Kogr
polynomials in B.

We now prove the result by induction. Since ||p|| = (x) = max |p(x)| for any p € Py,

OGR and EIM choose the same first point ; = y; and corresponding polynomial
pe, = P1. By the definition of ¢; in line 3, we obtain span(pg, ) = span(qi).

Next, we assume that at iteration k < K we have zj =y; for j =1,...,k and
p; = p; in EIM for i = 1,...,k, implying that span{p;}*_, = span{g;}*_,. From P1
we obtain that (26) has a unique solution a%,, for £ =0, ..., K. Since span{p;}¥_, =
span{g; }*_,, the optimality system of (25) coincides with (26). Thus, also (25) has a
unique solution aeoGR for { = k+1,..., K with Zle [aéGR]i+1pi = Zle (% ar)is1Gi-
From P2 we know that pe(z) — Zle ot 1qi(x) = 0 for £ = 1,...,k. On the other
hand, the polynomials pj41,...,px are linearly independent from {p;}%_,. Thus, the
splitting step (25) of OGR is equivalent to the two maximization problems of EIM
in lines 8-9, meaning that we obtain Zj41 = Y41 and py, ., = Dr+1. Finally, by the

definition of g1 we obtain span{p;}X, = span{q;} £ ,. O
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Algorithm 7 DGR for approximation by polynomials

Require: A data set Z = {(xj,yj)}le for J € N and a tolerance tol > 0.
1: Find (z1,71) that solves
2
Shax ly|”. (27)
2: Update Z <= Z\ (Z1,%1) and set fopi¢ = |71, k = 1.
3: while k¥ < J —1and f,p;; > tol do
4: Fitting step: Find A= ‘Pi_1 that interpolates {(Ej,ﬂj)};?:l.
5: Splitting step: Find (Zy1,Yx+1) that solves
2

k
max_ |p®(z) —y|”.

28
(z,y)€Z ( )

6:  Update Z < Z\ Fps1,Uhs1)s foplit < [P"@py1) — Jrs1| and k  k + 1.
7. end while

4.3 Practical implementation aspects

To solve the initialization problems (11) and (23), and the splitting-step problems (13)
and (25) numerically, we consider a strategy used for both the Leja points (see, e.g.,
[23]) and EIM (see, e.g., [15, 17]). The idea is to replace the input space X by a finite
approximation (e.g., a grid), which we denote by X}, compute the value of the cost
function at every £ € X}, and select the point Z corresponding to the maximum value.
Notice that the computational effort of this approach grows exponentially with
respect to the dimension of X (increasing with NV and n). A possible solution, based on
the so-called Fast Leja points (see [24]), is to adaptively enlarge the discrete set X}, in
each iteration. A similar strategy can also be applied to our GR algorithms. However,
the discussion of these implementation details goes beyond the scope of this work.

4.4 Data approximation GR for polynomial interpolation

Following the idea described in Section 4.3 and replacing the space X by X, =

{:l:j}j:l, J € N, the evaluations of the polynomials p1,...,pg on X}, can be precom-
puted, resulting in a discrete set Z := {(x;,pi(;))}icf1,...,n},- In this way, we can
je{1,..,J}

provide GR directly with Z, instead of the set of polynomials B. On the other hand,
this approach can also be interpreted as GR trying to approximate the “data” Z by
polynomial functions.

This motivates the application of DGR (Algorithm 3 in Section 3) to the setting
of polynomial interpolation. The idea is to consider a data set Z = {(z;, f(z;)) 3-]:1 C
X X R and find the smallest number of data points ;]v e N, J < J, such that the
polynomial of degree J—1 interpolating {(z;, f(Z,)) le also approximates well the
remaining data Z\{(Z;, f(;))}7_,. For brevity, let us denote y; := f(x;),j =1,...,J.
The new version of DGR is stated in Algorithm 7. Notice that the fitting step in line 4
is no longer formulated as a least squares problem, since the interpolation of k points
by a polynomial of degree k — 1 is exact.
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Fig. 2: Interpolation error (30) for the Runge function (29), using the barycentric
Lagrange interpolation for the points computed by DGR at iteration k for a data set
of size J = 100 (blue crosses) and J = 1000 (orange crosses), and for Chebyshev nodes
(green triangles), Fast Leja points (red circles) and equidistant points (purple squares)
of degree k.

Let us now test the performance of DGR to interpolate the famous Runge function

1

We provide DGR with a tolerance tol = 10710 and a data set {(z;, f(z;)) 37:1 with
equidistant points z; = —1 + 2%, j=1,...,J. To solve the interpolation problem
in the fitting step (line 4 of DGR), we use the barycentric Lagrange interpolation (see
[25]). To test the performance of DGR, we evaluate the interpolation error

k
max | f(z) - p" ()] (30)
at each iteration k of DGR on a fine grid X; C [—1, 1] of 100000 equidistant points. We
then compare the result to the interpolation error for the same amount of Chebyshev
nodes (compare, e.g., [2, (10.20)]) and Fast Leja points (see [24]). The results for data
sets of sizes J = 100 and J = 1000 are shown in Figure 2.

We observe that DGR for a data set of size J = 1000 terminates after k = 124
iterations (by reaching the required tolerance tol = 1071°) and is able to match the
convergence rate of the Chebyshev nodes and Fast Leja points. If we only provide
DGR with J = 100 data points, it begins to diverge after 40 iterations. However, this
is to be expected since the data {(z;, f(x;))}7_, provided to DGR are produced using
equidistant points x;, which are known to have a divergent interpolation error for the
Runge function (compare, e.g., [2, Example 8.1]). However, the interpolation error for
pure equidistant points in Figure 2 already starts to diverge at 10 interpolation points.
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Obviously, the computational effort of DGR is larger than that in computing the
Chebyshev nodes or Fast Leja points. Nevertheless, our investigations serve as a proof-
of-concept that this data GR framework can perform well for polynomials, with the
advantage that it can be extended to other frameworks.

5 A greedy algorithm for function approximation by
residual neural networks

The advantage of our class of greedy algorithms is that the approximation ansatz
does not have to be linear with respect to the coefficients a. This allows us to extend
them to the field of deep learning, where a neural network depends nonlinearly on
parameters, like weights and biases as in the following example.

We consider the following class of residual neural networks. For a network Fyy; of

depth m with activation function ¢ and input z =: 20, we let
i o(Whi=lgi=1 4 pli—1l) for i € {1, m},
2 oW L gl else.

In other words, the input of each hidden layer is summed directly to its output.
That automatically implies that the widths of all hidden layers are equal. Thus, the
architecture of any such network Fyy; is determined by its depth m and the widths
of all hidden layers d.
For inputs (Ej)f:l,
can be formulated as

the problem of approximating a function f by a neural network

i (B @), (@), o

where L is a loss function, for example, the mean squared error

<

1

L((Fwo@))ir (F@]= ) = 20 I @) = Fwal@)) 3 (32)

In Section 5.1, we formulate a combination of OGR and DGR that is able to simul-
taneously select a minimal network architecture (namely m and d) and an optimal
subset of training data for a given data set. Afterwards, in Section 5.3, we test the
performance of our new method, using residual neural networks to learn the Runge
function and a spiral data set.

5.1 OGR for minimal neural network structures

In many machine learning applications the training data is already available. However,
the choice of an appropriate/optimal neural network structure for the specific data
is often only based on heuristics, experience, or determined by trial and error. This
leaves open the possibility of choosing a suboptimal network size, which can lead to
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Algorithm 8 NOGR for deep neural networks

Require: A set of networks {F‘}Vl bi}iKzl with depths {m;}X; and widths {d;} £, for K € N,
maximum network depth mm(;z and maximum hidden layer width dmaz, a set of training
data Z = {(mj,yj)}le for J € N, a maximum number of iterations K;; < J and two
tolerances tol s, tolspsy > 0.
Set L.={1,...,K}.
((517 '-;]1)7 fsplitv FJIVOGR) — Splittinngtep(E’ {Fl}[/z,bg }ZGK’Z)'
Update Z < Z\ {(Z1,y;)} and set k = 1.
while k& < K;; and f,p4; > tolgps do

{(Fi]/c[/—:_lb}szlv L) + ﬁtting—SteP({F{fm,b%}{iu (Ejagj)§:1vt01fit)

((ik+17 ngrl)a fsplit7 F]]\C/'BlGR) A splittingjtep(ﬁ, {FII/CV-Zlbz}’fEE? Z)

Update Z <= Z\ {(Zp41,Yg+1)} and bk k+1
end while
return: Training points {(Ej,ﬂj)};?:l and the (trained) network Fyogr = F]]\C,OGR with
smallest validation loss fgps¢-

© o P gy

Algorithm 9 splitting_step

Require: A set of indices £, the corresponding networks {Fyy, , }rcc, and a set of points
Z ={(zj,y;)}]=1, with J € N.

1: for £ € L do
2: Splitting step: Find (Z,,y,) that solve
L(F z),y). 33
s L, (@).) (33)
3: Set fg B L(FWz,bg (:/t\(),fj\é).
4: end for
5: Compute ¢ = arg min fj.

el
6: Set (z,Y) = (T5,Yp), [spiit = f7, and FNoGr = Fw ;-
7: return: The training point (Z,y) with validation loss f,,;;; and the corresponding
network FNOGR-

under /overfitting (see, e.g., [26, Section 5.2]). Moreover, even if a “good” network
structure is found, it is a common issue that the data is imbalanced, leading to biased
models (see, e.g., [5, Section 5.3.1]) and thereby lack of robustness.

To address these issues, we introduce a new method, called Network OGR (NOGR),
which combines the ideas of OGR (Algorithm 2) and DGR (Algorithm 3). The main
idea of this new greedy algorithm is to select simultaneously a subset of optimal
training data points and the smallest network (trained on the selected data) capable
of well representing the non-selected data. NOGR is stated in Algorithm 8, while its
splitting and fitting steps are detailed in Algorithms 9 and 10. For a better overview,
we summarize the role of some variables in Table 1.

Let us describe the first iteration of NOGR in more detail. First, NOGR applies
the splitting step (Algorithm 9) to the full set of networks {F{}Vbb,-}szl' In this step,
for each network a training point (Z,y) € Z is computed by maximizing the validation
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Algorithm 10 fitting_step

Require: A set of networks { Fiy, 5, }/~; with depths {m;}/~; and widths {d;}/*, for K € N,
a set of points {(ij,gjj)}?:l for k € N, and tolerances tolys € R, Mmag and dmaz-
: Set K = @
while £ = 0 do
for/=1,...,K do o
Fitting step: Train Fyy, 5, on {(Ej,ﬂj)};?:l, i.e., find (Wy,by) that solve

{Fwo @)} =1 {F}j=1) (34)

oW

min L(

(W,b)EW(d?)
and set Fyy, 5, = FW[ B
end for o

5

6: Set K={le{l,....,K}| L({ng,bz(ij)}§:1y {?7]‘}?:1) < tolgs}

7: forie{l,..., K}\ K do

8: Increase m; and/or d; (not beyond mimaz, dmaz), and update Fw, b, accordingly.
9

end for
10: if min  (my,d;) = (m ,d then
ie{l,...,K}( % 2) ( max mam)
11: STOP with message: “Was not able to fit the data, stopping NOGR!”
12: end if

13: end while
14: return: A set of trained networks {Fyy, }le and a set of indices K.

Variable name Description/Role

Mmazs dmaz Bounds on the depth and hidden layer width of the networks (ij,b]- )JK:1

tolyit Tolerance used in the fitting step to decide whether the training of a network
was successful or not.
tolsprit Tolerance used to terminate NOGR if the validation error of a network is
sufficiently small.
K Set of indices computed during the fitting step, indicating which networks
were successfully trained.
L Set of indices deciding which networks are considered in the splitting step.
At iterations k > 2 we have £ = K.
Z Set of training points not selected by NOGR at a certain iteration.

Table 1: Description for some variables used in Algorithms 8, 9, and 10.

error in (33). Among all these training points, the one that corresponds to the network
FYocr with the smallest validation error fyp: is selected and denoted by (Z1,¥,).
Next, NOGR checks whether the network Fj,.p already represents well enough all
the training data, namely the validation error fg,;;+ is below the tolerance tolgps:. If
that is not the case, NOGR continues with the fitting step (Algorithm 10). Here, all
networks are trained on (Z1,y;). If the training of some networks is unsuccessful, i.e.,
the final loss of the corresponding training problems is larger than the tolerance tol s,
then the depths and/or widths of these networks are increased. The fitting step is
repeated until one training was successful or the maximum network depth 1,4, and
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maximum width of the hidden layers d,,., are reached. In the latter case, the process
is stopped because none of the admissible network architecture was able to represent
the selected data. Otherwise, if the training was successful for one or more of the
networks, these (trained) networks are registered in the set £ for the next splitting
step.

5.2 Practical implementation aspects

The main advantage of the particular class of residual neural networks that we intro-
duced at the beginning of Section 5 is that it limits the amount of choices when
upgrading the network. One can either add a new hidden layer with the same width
as all the other hidden layers or increase the width of all existing hidden layers by 1.

Let us explain this upgrade strategy in more detail. We initialize NOGR with a set
of networks {Fyy, 5, } X, that have no hidden layers (i.e., m; = d; = 0), but different
weights and biases that are randomly chosen in [—1, 1]. In the first architecture update
in lines 7-9 of the fitting step (Algorithm 10), we replace all {Fy, », }ic1,.... k}\k With
random networks that have exactly one hidden layer of width 1, i.e., m; = d; = 1.
For all further updates, we use the smallest (successfully trained) network as reference
size and add either a new hidden layer, or increase the width of all hidden layers by
1. More precisely, by defining # Fyy, as the total number of weights and biases in the

network Fyyp, we compute the index of the smallest (successfully trained) network 7 as

argmin#Fw,,, K #0,
Z: Lerx
argmin #Fw,p, else.
Le{1,...,.K}

Then we set (g, dy) = (mg;+1,d;) and (Mg, da) = (mgp,d;+ 1), and replace the set
hidden layers of width d;, and the other half have depth my and hidden layers of width
ds.

Remark 3. NOGR can also be extended to other classes of neural networks. The main
challenge here is to design an appropriate strategy to update the network architecture
(lines 7-9 in Algorithm 10). For general feedforward neural networks, for example,
the number of possible incremental upgrades (by one node) grows proportionally to the
number of hidden layers.

5.3 Numerical experiments

We test the performance of NOGR, using the residual network structure and upgrade
strategy discussed in Section 5.2. In Section 5.3.1, we consider again the Runge func-
tion. Afterwards, in Section 5.3.2, we apply NOGR to a two-dimensional spiral data
set. Our implementations use PYTORCH [27].
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Fig. 3: Left: Runge function (blue line), inputs (7;);L; of the data points selected

by NOGR (green crosses), for tolerances tolt;; = tolspiir = 10~®, and output of the
network Fyoggr on an equidistant grid X5, of 100000 points (orange dash-dotted line).
Right: Same as left, but for smaller tolerances toly;; = tolsyr = 107,

5.3.1 An optimal residual network for the Runge function

Our goal is to find the smallest residual network that is able to learn the Runge function
(29). Similar to Section 4.4, we consider a data set {(xj,f(xj))}'j]:l for J = 100
equidistant points z; € [—1,1].

For all networks in this section, we fix input and output size to dy = d,, = 1 and
use the hyperbolic tangent as activation function, i.e., o(x) = tanh(z). Since we want
to learn the outputs of a function, we consider the mean squared error loss (32). We
solve the fitting-step problem (34) using a BFGS method with the full gradient to
have good convergence properties. Notice that there is no need to apply any stochastic
optimization approach, since the fitting step at iteration k trains the networks only
on the selected training points {(ij,ﬂj)}é?:l.

We run NOGR for a set of K = 100 networks, a maximum network width and depth
of 20 and tolg;; = tolspiss = 1075, The algorithm stops after 11 iterations, selecting
data points (%, f(Z;))jL, and a network Fyogr of size (1,1,1,1,1,1,1), i.e., 5 hidden
layers of width 1, accumulating to 11 trainable parameters. The loss of Fiyogr on the
full training data set of 100 points is 5.32 - 1077, the loss on a fine grid X, C [~1,1]
of 100000 equidistant points is 5.38 - 10~7. The results are plotted in Figures 3 and 4.

For a fixed network Fyy; the interpolation error in Figure 4 is defined as

max [ f(x) = Fivy(2)]- (35)

To obtain the plots in Figure 4, we train the networks {FIEVi,bt 190 used in the NOGR
fitting step in the iterations k = 3,...,11 on the data points {(z;, f(a:j))}?zl, where
the inputs x; correspond to & Chebyshev nodes, Fast Leja points or equidistant points,
respectively. We then select, for each iteration and each input set, the network F{fm
with the smallest interpolation error (35), and plot this error in the left-hand side plot
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Fig. 4: Left: Interpolation error (35) of Fk.p at iteration k € {3,...,11} (orange
crosses) for tolerances tols;; = tols,;: = 107°, compared to the smallest interpolation
error achieved by one of the networks {Ff, , }i2] trained on k Chebyshev nodes
(green triangles), Fast Leja points (red circles) or equidistant points (purple squares),
respectively. Right: Error (36) for the final network Fxogr = Froar (orange line)
evaluated on a fine grid of 100000 points in [—1, 1], compared to the error for the one
network from the set {Fyy , 112 that achieved the smallest interpolation error when
trained on 11 Chebyshev nodes (green dash-dotted line), Fast Leja points (red dash-

dotted line) or equidistant points (purple dash-dotted line), respectively.

of Figure 4. For the final iteration &k = 11, we additionally plot the absolute difference

[f(x) = Fwap(2)l, =€ X, (36)

for the networks F‘}éb, selected for the different sets of inputs, in the right-hand side
plot of Figure 4. We observe that all input sets perform similarly until iteration k = 8.
Afterwards, NOGR outperforms the other input sets by one order of magnitude. One
possible reason is the fact that NOGR places more inputs towards the center of the
interval, where the Runge function exhibits more rapid changes. Indeed, as we can see
from the right-hand side plot in Figure 4, the networks corresponding to Chebyshev
nodes, Fast Leja points and equidistant points have the largest error in the center area
of the interval. On the other hand, the error peaks for the network Fyogr seem to be
the smallest in the center. This could also explain why the equidistant points perform
better than Chebyshev and Leja points, which tend to accumulate more points towards
the bounds of the interval. However, we also notice that the points, where the error is
dropping very low (i.e., the intersection points between the smooth network functions
Fwp(x) and the Runge function), do not necessarily coincide with the training points.
The reason for this is that there is no guarantee that a trained network will interpolate
the training data exactly, especially since we are dealing with rather small networks.

To better understand the role of the tolerances in NOGR, we repeat our test with
tolg;r = tolgpe = 1077, As expected, the algorithm requires more iterations (13) and a
larger network Fyogr of size (1,2,2,2,2,2,2,1) in order to fit the data in accordance
with the smaller tolerances. This means that Fyogr has one more layer than for
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Fig. 5: Same as Figure 4, but for smaller tolerances toly;; = tolgpir = 107,

the larger tolerances, and the width of all hidden layers is increased by 1. Although
this corresponds to “only” two upgrades of the network structure, the number of
trainable parameters more than triples to a total of 36. On the other hand, we also
obtain a smaller loss on the full training data set (9.48-10?) and on the fine grid X,
(9.56-107%). The results are plotted in Figures 3 and 5. As before, the networks trained
on the data selected by NOGR outperform the ones trained on data corresponding to
other input sets.

5.3.2 Optimal learning of a two-dimensional spiral data set

In this numerical experiment, we apply our NOGR to find the smallest residual neural
network that separates two spirals in R%2. The data set for this example is adapted
from [28], and consists of 600 input vectors z € R? and corresponding labels y €
{(9),(§)} C R? that indicate whether z belongs to the red or blue spiral. We randomly
select J = 450 data points for NOGR and set aside the remaining 150 points to test
the performance of NOGR a posteriori. For all networks in this section, we set input
and output size to dy = d,,, = 2. As activation function, we use again the hyperbolic
tangent, i.e., o(z) = tanh(z). Since we consider a classification problem, we use the
cross entropy loss in both sub-problems of NOGR

Ue) = =3 s ZX"(”) k.

j=1 exp([z];)

We solve the fitting-step problem (34) with a (full gradient) BFGS method.

We run NOGR for a set of K = 100 networks, a maximum network width and
depth of 20 and toly;; = tolgpiir = 10~7. The algorithm stops after 58 iteration with a
network Fyogr of size (2,4,2), i.e., one hidden layer of width 4, accumulating to 20
trainable parameters. The loss of Fyoggr on the full training data set of 450 points is
1.06 - 1072, the loss on the 150 test points is 6.36 - 10~ with a classification accuracy
of 100%. The spiral training data, the outputs of the trained network Fyogr and the
selected data points {(z;, ﬂj)}fil are plotted in Figure 6. As we can see, the relatively
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Fig. 6: Full spiral data set (red and blue curve), inputs {Z;}32, of the data points
selected by NOGR. (orange crosses) and decision output of the network Fnogr for all
points on the domain (dark and light gray areas).
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Fig. 7: Spiral training data (red and blue curve), inputs (5]')?:1 of the data points
selected by NOGR at iterations k = 14, 28,42 (from left to right) and decision output
of the network F&,p for all points on the domain (dark and light gray areas).

small network Fxoggr selected by NOGR is able to separate the two spirals, while
using only ~ 13% of the training data. In fact, the interface drawn by Fyogr between
the dark and light area is almost the best possible linear separation for the fewest
number of vertices. The placement of {(Ej,gj)}?il is also very interesting. Many of
them seem to be chosen close to vertices and edges of the separation interface. To
better understand the interplay of selecting points and training the network during
NOGR, we show in Figure 7 the inputs {z; };?:1 of the data points selected by NOGR,

and the output of the intermediate network F' ]’\“,OG R, at iterations k = 14,28, 42.

6 Conclusions

In this paper, we developed and analyzed two classes of greedy reconstruction algo-
rithms to improve the data selection process while optimizing the structure of the
ansatz within a given family of approximation functions. Theoretical and numerical
studies on polynomial interpolation and function approximation by neural networks
demonstrated the efficiency of the proposed algorithms. Our algorithms appear very
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promising, especially in machine learning applications. In particular, the structure and
optimization features of our NOGR offer significant potential for future research with
a wide range of possible applications.
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