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Abstract: A general lack of understanding pertaining to deep feedforward neural networks (DNNs)
can be attributed partly to a lack of tools with which to analyze the composition of non-linear func-
tions, and partly to a lack of mathematical models applicable to the diversity of DNN architectures.
In this study, we analyze DNNs using directed acyclic graphs (DAGs) under a number of basic
assumptions pertaining to activation functions, non-linear transformations, and DNN architectures.
DNN:s that satisfy these assumptions are referred to as general DNNs. Our construction of an analytic
graph was based on an axiomatic method in which DAGs are built from the bottom—up through the
application of atomic operations to basic elements in accordance with regulatory rules. This approach
allowed us to derive the properties of general DNNs via mathematical induction. We demonstrate
that the proposed analysis method enables the derivation of some properties that hold true for all
general DNNs, namely that DNNs “divide up” the input space, “conquer” each partition using a
simple approximating function, and “sparsify” the weight coefficients to enhance robustness against
input perturbations. This analysis provides a systematic approach with which to gain theoretical
insights into a wide range of complex DNN architectures.

Keywords: deep neural network representation; Lipschitz analysis of deep neural networks; directed
acyclic graphs; un-rectifying analysis

1. Introduction

Deep feedforward neural networks (DNNs) have revolutionized the use of machine
learning in many fields, such as computer vision and signal processing, where they have
been used to resolve ill-posed inverse problems and sparse recovery problems [1,2]. Much
of the previous research in the field of deep learning literature describes the construction
of neural networks capable of attaining a desired level of performance for a given task.
However, researchers have yet to elucidate several fundamental issues that are critical to the
function of DNNSs. Predictions that are based on a non-explainable and non-interpretable
models raise trust issues pertaining to the deployment of that neural network in practical
applications [3]. This lack of understanding can be attributed, at least partially, to a lack of
tools with which to analyze the composition of non-linear activation functions in DNNSs,
as well as a lack of mathematical models applicable to the diversity of DNN architectures.
This paper reports on a preliminary study of fundamental issues pertaining to function
approximation and the inherent stability inherent of DNNs.

Simple series-connected DNN models, such as N](x) = ¢ o M o--- 001 0 Mi(x),
have been widely adopted for analysis [4-6]. According to this model, the input domain
is partitioned into a collection of polytopes in a tree-like manner. Each node of the tree
can be associated with a polytope and one affine linear mapping, which gives a local ap-
proximation of an unknown target function with a domain restriction on the polytope [7,8].
We initially considered whether the theoretical results derived in those papers were intrin-
sic/common to all DNNs or unique to this type of network. However, our exploration of
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this issue was hindered by problems encountered in representing a large class of DNN
architectures and in formulating the computation spaces for activation functions and non-
linear transformations. In our current work, we addressed the latter problem by assuming
that all activation functions can be expressed as networks with point-wise continuous piece-
wise linear (CPWL) activation functions and that all non-linear transforms are Lipschitz
functions. The difficulties involved in covering all possible DNNs prompted us to address
the former problem by associating DNNs with graphs that can be described in a bottom—up
manner using an axiomatic approach, thereby allowing for analysis of each step in the
construction process. This approach made it possible for us to build complex networks
from simple ones and derive their intrinsic properties via mathematical induction.

In the current study, we sought to avoid the generation of graphs with loops by
describing DNNs using directed acyclic graphs (DAGs). The arcs are associated with
basic elements that correspond to operations applied to the layers of a DNN (e.g., linear
matrix, affine linear matrix, non-linear activation function/transformation), while nodes
that delineate basic elements are used to relay and reshape the dimension of an input
or combine outputs from incoming arcs to outgoing arcs. We refer to DNNs that can be
constructed using the proposed axiomatic approach as general DNNS. It is unclear whether
general DNNs are equivalent to all DNNs that are expressible using DAGs. Nevertheless,
general DNNs include modules widely employed in well-known DNN architectures. The
proposed approach makes it possible to extend the theoretical results for series-connected
DNNs to general DNNS, as follows:

e A DNN DAG divides the input space via partition refinement using either a com-
position of activation functions along a path or a fusion operation combining inputs
from more than one path in the graph. This makes it possible to approximate a target
function in a coarse-to-fine manner by applying a local approximating function to
each partitioning region in the input space. Furthermore, the fusion operation means
that domain partition tends not to be a tree-like process.

*  Under mild assumptions related to point-wise CPWL activation functions and non-
linear transformations, the stability of a DNN against local input perturbations can be
maintained using sparse/compressible weight coefficients associated with incident
arcs to a node.

7

Accordingly, we can conclude that a general DNN “divides” the input space, “conquers”
the target function by applying a simple approximating function over each partition region,
and “sparsifies” weight coefficients to enhance robustness against input perturbations.

In the literature, graphs are commonly used to elucidate the structure of DNNs;
however, they are seldom used to further the analysis of DNNs. Both graph DNNs [9]
and the proposed approach adopt graphs for analysis; however, graph DNNs focus on
the operations of neural networks in order to represent real-world datasets in graphs
(e.g., social networks and molecular structure [10]), whereas our approach focuses on the
construction of analyzable graph representations by which to deduce intrinsic properties
of DNNEs.

The remainder of this paper is organized as follows. In Section 2, we present a review
of related works. Section 3 outlines our bottom—up axiomatic approach to the construction
of DNNSs. Section 4 outlines the function approximation and stability of general DNNSs.
Concluding remarks are presented in Section 5.

Notation 1. Matrices are denoted using bold upper case, and vectors are denoted using bold lower
case. We also use x; to denote the i-th entry of a vector (x € R"), ||x||2 to denote its Euclidean norm,
and diag(x) to denote a diagonal matrix with diagonal x.

2. Related Works

Below, we review analytic methods that are applicable to the derivation of network
properties with the aim of gaining a more complete understanding of DNNS.
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The ordinary differential equation (ODE) approach was originally inspired by a resid-
ual network (ResNet) [11], which is regarded as a discrete implementation of an ODE [12].
The ODE approach can be used to interpret networks by treating them as different dis-
cretizations of different ODEs. Note that the process of developing numerical methods for
ODEs makes it possible to develop new network architectures [13]. The tight connection
between the ODE and dynamic systems [14] makes it possible to study the stability of
forward inference in a DNN and the well-posedness of learning a DNN (i.e., whether a
DNN can be generalized by adding appropriate regularizations or training data), in which
the stability of the DNN is related to initial conditions, while network design is related
to the design of a system of the ODE system. The ODE approach can also be used to
study recurrent networks [15]. Nevertheless, when adopting this approach, one must
bear in mind that the conclusions of an ODE cannot be applied to the corresponding DNN
in a straightforward manner due to the fact that a numerical ODE may undergo several
discretization approximations (e.g., forward/backward Euler approximations), which can
generate inconsistent results [16].

Some researchers have sought to use existing knowledge of signal processing in the
design of DNN-like networks that are more comprehensive without sacrificing performance.
This can often be achieved by replacing non-linear activation functions with interpretable
non-linear operations in the form of non-linear transforms. Representative examples
include the scattering transform [17,18] and Saak transform [19]. Scattering transform takes
advantage of the wavelet transform and scattering operations in physics. Saak transform
employs statistical methods with invertible approximations.

Network design was also inspired by the methods used in optimization algorithms
to solve ill-posed inverse problems [20]. The unrolling approach involves the systematic
transformation of an iterative algorithm (for an ill-posed inverse problem) into a DNN. The
number of iterations becomes the number of layers, and the matrix in any given iteration is
relaxed through the use of affine linear operations and activation functions. This makes it
possible to infer the solution of the inverse problem by using a DNN. This is an efficient
approach to deriving a network for an inverse problem and often achieves performance
exceeding the theoretical guarantees for conventional methods [21,22]; however, it does
not provide sufficient insight into the properties of DNNs that are capable of solving the
inverse problem. A thorough review of this topic can be found in [2].

The un-rectifying method is closely tied to the problem-solving method used in piece-
wise functions, wherein the domain is partitioned into intervals to be analyzed separately.
This approach takes advantage of the fact that a piecewise function is generally difficult to
analyze as a whole but is a tractable function when the domain is restricted to a partitioned
interval. When applying the un-rectifying method, a point-wise CPWL activation function
is replaced with a finite number of data-dependent linear mappings. This makes it possible
to associate different inputs with different functions. The method replaces the point-wise
CPWL activation function as a data-dependent linear mapping, as follows:

p(x) = DE(x), 1)

where DY, is the un-rectifying matrix for p at x. If p is the ReLU, then DYisa diagonal matrix
with diagonal entries {0, 1}. The un-rectifying variables in the matrix provide crucial clues
according to which to characterize the function of the DNN. For example, comparing the
following un-rectifying representation of M, o Nj with inputs x and y yields

My o NF(x) = MaD g, xMj (x) ()
Mz o N (y) = MaD gy My (y). 3)

Note that the sole difference between (2) and (3) lies in the un-rectifying matrices
(Dar,x and Dyy,y, respectively). This is illustrated in the following example involving the
application of the un-rectifying method to the analysis of domain partitioning in a neural
network. Refer to [5] for more examples of the approach.
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Un-Rectifying Analysis

Consider a simple regression model comprising a sequence of composition operations:
Ry = Mp(ReLUp_1)Mp_; - - - (ReLU; )My = My N1 4 4)

where {M;} denotes affine linear mappings and ReLU; : R% — Rl. Theoretical re-
sults for this network were derived using affine spline insights [4] and the un-rectifying
method [5,23].

When considering an input space partitioned using (4), it is important to consider the
ReLU activation functions due to the fact that affine linear mappings are global continuous
functions. Let Py denote the finest input domain partition generated by Ny. Appending an
additional layer ((ReLUy, 1) My, 1) to N refines partition P, which results in Py, ; C Py
(i.e., every partitioning region in P, is contained in one of the partitioning regions in
Py) [5]. Below, we demonstrate that partitioning regions can be expressed via induction
using an un-rectifying representation of ReLUs.

Consider the basic case of a single ReLU layer:

(ReLUl)Mlx = D1 Mix =51 © Mx, (5)

where state vector s; € {0,1}" lists diagonal entries in Dy, the values of which depend
on Mix. Input space y is partitioned by hyperplanes derived from the rows of M; into no
more than 2" partitioning regions. Let S; denote the collection of all possible s; vectors,
and let |S;| denote its size. The fact that each partitioning region in IP; can be associated
with precisely one element in S; means that partitioning regions can be treated as indices
using vector s1. The partitioning region indexed by vector s; as Rg, for x € R, can be
characterized as an intersection of half-spaces:

{(Mlx)i > 0if (s1); = 1 (the i-th element of vector s7) ©)

(Mlx)i < 0if (Sl)i =0.

Thus, regression function R, comprises |S1| partitioning regions. When restricted to
region R, the function is Mps; ® M. Figure 1 illustrates the input domain partitioning of
Rl = Ml = (ReLUl)Ml, where

ily=faf <[5 2] ?

‘R1 consists of two hyperplanes (h; = x +y = 0 and hy = y — x = 0), which divide
R? into partition Py comprising regions I, I, I1I, and IV. Region I is characterized by
hi(x) > 0 and hy(x) > 0, while region I is characterized by h1(x) < 0 and hy(x) > 0, etc.

Now, consider two layers of ReLUs: N, = (ReLU,)M;(ReLU;)M; = DyM;D1 My,
where the finest partition of N, as Py; |S;| indicates the size of Sy, and S, refers to a
collection of all possibles vectors (s = [s) s{ ||, where s, € {0,1}2). Each partitioning
region of P, can be associated with precisely one element in S, and one affine linear
mapping. Given that s € Sy, the partitioning region indexed by s is denoted as Rs, where
any x € Rs can be characterized as an intersection of half-space as follows:

(M2D1M1x)i = (M3s1 ® Myx); > 0if (52)1‘ =1

(M2D1M1X)l' = (MzS1 © Mlx),’ <0 if (52)1‘ =0 (8)
(Mlx)]‘ > 0if (Sl)j =1

(Myx); < 0if (s1); = 0.
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Figure 1. Partitioning regions of regression function R; = M are indexed by the lists of diagonal

T T T T
entries of un-rectifying matrices [1 1} , [O 1} , [O O] ,and [1 0] corresponding to I, I1, I11, and
IV, respectively.

The last two inequalities in (8) are equivalent to x € Rs,, such that

(MoD1Mix); = (Masy © Myx); > 0if (sp); = 1
Rs = ¢ (MaD1Mx); = (Mzs1 © M1x); < 0if (s2); =0 ©)
X € Rg,.

The first two inequalities in (9) divide Rs, according to the value of s,. This means
that Rs C Rs,, which allows us to express S, = {[s{ s, | "|s; € S}, where vector s; is
dependent/conditional on s;. Regression function R3 comprises |S;| partitioning regions.
When restricted to Rs with s = [s{'s) || € S, the function is M3s, ® Mas; ® M;.

Example 1. Given Ry = My = (ReLUy) My (ReLUy) My, where My is given in (7) and

X —4 1 03] [x
i) =[5+ [ TIL) a
Let sy = [s1 s3] " be the list of diagonal entries in Dy. Then,
mrasmn((J]) = [ <[ 65 TRGTH 0 w

In region I, where s = [1 1]T, we obtain

x|y —4 4 0.7x + 1.3y
Ral M ) = (RelLlz) [—3 —13x+ 0.73/] (12)
In region 11, where sy = [0 1], we obtain
x| —4+03(y—x)
Ra[]) = (et [ 7410200, 13
the components of which are parallel to hy =y —x = 0.
In region IV, where s; = [1 O]T, we obtain
x|y —4+y+x

the components of which are parallel to hy = y 4+ x = 0.
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In region 111, where s; = [00] T,

Ra B] ) = (ReLly) [:ﬂ 0. 1)

All points in this region are mapped to the zero vector. Figure 2 shows input domain partition
P2 OfRz.

1
1 1
0 1
1
1
Ly 0
! v

o= o O

Ly=0
177 h1 =0

Figure 2. Partitioning regions of P, where L and L corresponds to the first and second components
in (12), (13) and (14), respectively. The second component of R, does not fall within region IV. Each
region is indexed by [s, s{ | . Note that p denotes region [1 11 1]" of iy >0, h, > 0and Ly > 0,
and Ly > 0 (the expression is not optimal because /i, > 0 is irrelevant to the region). We adopted the
conventional notation in which the values obtained by substituting points in the half-space above a
hyperplane are positive, while the values obtained below the hyperplane are negative. Thus, points
inregion (101 0]" satisfy hy > 0;hp < 0;L1 > 0and L, <0.

3. DNNs and DAG Representations

The class of DNNs addressed in this study is defined by specific activation functions,
non-linear transformations, and its underlying architecture. Note that legitimate activation
functions, non-linear transformations, and architectures should be analyzable and provide
sufficient generalizability to cover all DNNSs in common use.

Activation functions and non-linear transformations are both considered functions;
however, we differentiate between them due to differences in the way they are treated under
un-rectifying analysis. A non-linear transformation is a function in the conventional sense
when mapping R” to R™, in which different inputs are evaluated using the same function.
This differs from activation functions, in which different inputs can be associated with
different functions. For example, for ReLU R — R, un-rectifying considers ReLUx = dx
where d € {0,1} as two functions depending on whether x > 0 whered = 1 orx <0
where d = 0.
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3.1. Activation Functions and Non-Linear Transformations

In this paper, we focus on activation functions that can be expressed as networks of
point-wise CPWL activation functions (p). Based on this assumption and the following
lemma, we assert that the activation functions of concern are ReLU networks.

Lemma 1 ([24]). Any point-wise CPWL activation function (o : R — R) of m pieces can be
expressed as follows:

p(x) = Y_riReLU(x — a;) + LiReLU(t; — x)
i=1
= ) riReLU(x —a;) + ) LiReLU(t; — x) (16)

ielt iel~

where I; and r; indicate the slopes of segments and a; and t; are breakpoints of the corresponding
segments.

Note that the max-pooling operation (arguably the most popular non-linear pool-
ing operation), which outputs the largest value in the block and maintains the selected
location [25], is also a ReLU network. The max pooling of a block of any size can be
recursively derived by max pooling a block of size 2. For example, let max4 and maxp
denote the max pooling of blocks of sizes 4 and 2, respectively. Then, maxy(x1, x2, X3, X4) =
maxp (maxz (xl, Xz), maXjp (X3, X4)) and maXs (xl, X2,X3,X4, X5) = maxXp (maX4 (xl, X2, X3, X4),
x5). The max pooling of a block of size 2 can be expressed as follows:

maxa(x = [y ] T) = T2 A

M11g] 1 —1|x, (17)

where p € R¥3 is

1 0 0
p= [0 ReLU 0
0 0 ReLU

In this paper, we make two assumptions pertaining to activation function p:
(A1) p: R — R can be expressed as (16).

This assumption guarantees that for any input (x), the layer of p : Rl — R/ can be
associated with diagonal un-rectifying matrix D} with real-valued diagonal entries, where
the value of the [-th diagonal entry is }_,; oy + Z]. el l;,j, while I 1+ and I;” denote the sets

in which ReLUs are active.

(A2) There exists a bound that d, > 0 for any activation function (p) regardless of input (x).
This corresponds to the assumption that

ID&]l2 < max Yo il + Y 0l < dp (18)
iel” jel”

This assumption is used to establish the stability of a network against input perturbations.

The outputs of a non-linear transformation layer can be interpreted as coefficient
vectors related to that domain of the transformation. We make the following assumption
pertaining to non-linear transformation (¢) addressed in the current paper.
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(A3) There exists a uniform Lipschitz constant bound (d, > 0) with respect to ¢, norm for
any non-linear transformation function (¢) and any inputs (x and y) in R":

lo(x) = (y)ll2 < dellx = yll2: (19)

This assumption is used to establish the stability of a network against input perturba-
tions. Sigmoid and tanh functions are 1-Lipschitz [26]. The softmax layer from R” to R" is
Ax . . .
%, where A is the inverse temperature constant. The output is the
j=1€XP
estimated probability distribution of the input vector in the simplexof R" andi =1, -+ ,n.

Softmax function Softmax, persists as A-Lipschitz [27], as follows:

defined as x; —

||Softmax, (x) — Softmax, (y)||2 < Al|x — y|l2.

3.2. Proposed Axiomatic Method

Let K denote the class of DNNs that can be constructed using the following axiomatic
method with activation functions that satisfy (A1) and (A2) and non-linear transformations
that satisfy (A3). This axiomatic method employs three atomic operations (O1-O3), the
basic set B C K, and a regulatory rule (R) describing a legitimate method by which to
apply an atomic operation to elements in K in order to yield another element in K.

Basis set B comprises the following operations:

B = {I/L/M/rp/pM/rUIUM}/ (20)

where I denotes the identify operation; L denotes any finite dimensional linear mapping
with bounded spectral norms; M = (L, b) denotes any affine linear mapping, where L and
b refer to the linear and bias terms, respectively; I';, denotes activation functions satisfying
(A1) and (A2); pM denotes functions with p € I'y; I’y denotes non-linear transformations
satisfying (A3); and oM denotes functions with o € I';.

Assumptions pertaining to I';, and I'; are combined to obtain the following:

(A) The assumption of uniform bounding is based on the existence of a uniform bound,
where co > d > 0 for any activation function (p € I'y), any input (x), and any non-linear
transformation (o € I'y), such that

d > max{d,, d,}. (21)

Let x denote the input space for any elements in B. The results of the following atomic
operations belong to K. The corresponding DAG representations are depicted in Figure 3
(a reshaping of input or output vectors is implicitly applied at nodes to validate these
operations).

<—k2<—o—k1<— <€ P —

(a) A series-connection (b) Concatenation (c) Duplication

Figure 3. Graphical representation of atomic operations O1-O3, where functions attached to arcs of
concatenation and duplication are identify operation I (omitted for brevity).
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O1. Series connection (0): We combine B and K by letting the output of k; € K be the
input of k, € B, where

BokK: k20k1 T X —>k2(k1x).
02. Concatenation: We combine multichannel inputs x; € x into a vector as follows:

concatenation : {xy,---,Xm} — [X{ ---Xp] .

03. Duplication: We duplicate an input to generate m copies of itself as follows:

I
duplication: x € x — |:|x.
I

From the basic set and O1-O3, regulatory rule R generates other elements in X by
regulating the application of atomic operations on K. The aim of R is to obtain DNNs that
can be represented as DAGs; therefore, this rule precludes the generation of graphs that
contain loops.

R.  DAG closure: We apply O1-O3 to K in accordance with

R: K- K.

The DAGs of K comprise nodes and arcs, each of which belongs to one of operations
01-03. Rule R mandates that any member in K can be represented as a DAG, in which arcs
are associated with members in 5 and nodes coordinate the inlets and outlets of arcs. The
rule pertaining to the retention of DAGs after operations on DAGs is crucial to our analysis
based on the fact that nodes in a DAG can then be ordered (see Section 4). To achieve a more
comprehensive understanding, we use figures to express DAGs. Nevertheless, a formal
definition of a DAG must comprise triplets of nodes, arcs, and functions associated with
arcs. An arc can be described as (v;, k, v,), where v; and v, refer to the input and output
nodes of the arc, respectively, and k € B is the function associated with the arc.

We provide the following definition for the class of DNNSs considered in this paper.

Definition 1. General DNNs (denoted as K) are DNNs constructed using the axiomatic method
involving point-wise CPWL activation functions and non-linear transformations, which, together,
satisfy assumption (A).

Note that DNNs comprise hidden layers and an output layer. For the remainder of this
paper, we do not consider the output layers in DNNs because adding a layer of continuous
output functions does not alter our conclusion.

3.3. Useful Modules

Generally, the construction of a DNN network is based on modules. Below, we
illustrate some useful modules in pragmatic applications of general DNNs.

(1) MaxLU module: Pooling is an operation that reduces the dimensionality of an
input block. The operation can be linear or non-linear. For example, average pooling is
linear (outputs the average of the block), whereas max pooling is non-linear. Max pooling
is usually implemented in conjunction with the ReLU layer (i.e., maxpooling o ReLU) [28]
to obtain a MaxLU module. The following analysis is based on the MaxLU function of
block size 2 using un-rectification, where the MaxLU function of another block size can be
recurrently derived using the MaxLU of block size 2 and analyzed in a similar manner [5].
The MaxLU, : R?> — R is a CPWL activation function that partitions R? into three polygons.
By representing the MaxLU layer with un-rectifying, we obtain the following;:
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MaxLUj(x = [x1 x2]T) = [1 1]DIx.
where D{ € R?*? is a diagonal matrix with entries {0,1} and

[10]" when x; > xpand x; >0
diag(D%) = ¢ [01]" when x, > 0and x; > x;
[00] " otherwise.

Figure 4 compares the domain partition of max pooling, ReLU, and MaxLUy.

| |:1:|
O
X, > >
X2 T [0:|
/
/7 ’ ’
. // k /x]l/ ’ . 0 B
Fror S S G 1 il 1
’ ’X/I ;o ;o I' ’ ,/ //
K ,/ Y14 RV > C
A ’ I/ II /’ ’
K . Xy L / ].
,l A
’ ’ ’
(@) (b)

Figure 4. Comparisons of max pooling, ReLU, and MaxLUj partitioning of R?, where vectors in
(b,c) are diagonal vectors of the un-rectifying matrices of ReLU and MAXLU layers and dashed lines
denote open region boundaries: (a) max; partitions R? into two regions; (b) ReLU partitions R? into
four polygons; (¢) MaxLUj partitions R? into three polygons. Note that the region boundary in the
third quadrant of (a) is removed in (c).

(2) Series module: This module is a composition of K and XC (denoted as K o K), which
differs from operation O1 (B o K).

The series-connected network (N7 (x) = o, o Mp o - - - 0 91 o My(x)) is derived using a
sequence of series modules. We consider that p; is a ReLU. The theoretical underpinnings
of this module involving MaxLU activation functions can be found in [5]. We first present
an illustrative example of N, then extend our analysis to AJ. Note that input space x
is partitioned into a finite number of regions using (ReLU;)M;, where M; is an affine
mapping. The partition is denoted as IP;. The composition of (ReLU,)M; and (ReLU;)M;
(i.e., ReLUyM; o ReLU; M) refines P; such that the resulting partition can be denoted as
PP,. Figure 5 presents a tree partition of R? using (ReLU,) M, (ReLUj) : R?> — R!, where
Mox = wix1 + wyxo + b, in which x = [x1 x2] T, wy, w, > 0, and b < 0. The affine linear
functions over PP, can be expressed as D>?M,;D'R?, where D! and D? indicate un-rectifying
matrices of ReLU; and ReLU, using x and M;ReLUjx as inputs, respectively.

For a series-connected network (./\/is), we let (P;, A;) denote the partition and corre-
sponding functions. The relationship between (P, A ) and (P;_1, A;_1) is presented as
follows.

Lemma 2 ([5]). Let (P; = {P;x},A; = {A;x}) denote the partition of input space x and the
collection of affine linear functions of N?. Furthermore, let the domain of the affine linear function
(Ai,k) be Pi,k- Then,

(i) Pp refines Py _q (any partition region in Pr can be subsumed to one and only one partition
region in Pp_1).

(ii)  Theaffine linear mappings of N = ReLU M[N _ can be expressedas Apx = DEMpAL_1x,
where D is an un-rectifying matrix of ReLUy. This means that if Ay ; € Ay, then there
must be a j in which Py; C Pp_q, such that Ap;Pp; = DL'iMLAL,LjPL,,-, where the
un-rectifying matrix ( DLA) depends on M AL 1P ;.
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P, refines P;_; (i.e., P, € Pr_;), which means that if a directed graph is based on the
partition refinement in the leftmost subfigure of Figure 6, then the node corresponding to
P} is the only child node of node PP} _1, as well as the only parent node of node ;. The
graph of this module is a tree with precisely one child at each node.

px 2

1 e 1 R
I THTE 0 bk

Figure 5. (Top-left) R? partitioned using ReLU; and (bottom-left) refined using ReLU,;M;.
(Right) Tree partition on R? from composition of ReLUs, where the function with domain over
aregion is indicated beneath the leaf and regions are named according to vectors obtained by stacking
diagonal elements of the un-rectifying matrix of ReLU; over the un-rectifying matrix of ReLUj.

g}

P

Figure 6. Graph based on partition refinement in which nodes denote partitions and arca — b
denotes that the partition of node b is a refinement of the partition of node a. (Left) Graph of a serial
module; (middle) graph of a parallel module; (right) graph of a fusion module.

(3) Parallel module (Figure 7a): This module is a composition comprising an element
in K to each output of the duplication operation, denoted as follows:

(parallel) = /C o (duplication).
When expressed in matrix form, we obtain the following;:

I kq
X— [x—= | |x (22)

In the literature on DNN, this module is also referred to as a multifilter (k; is typically a
filtering operation followed by an activation function) or multichannel module. If partition
P is associated with the input (i.e., x) in (22) and partition IP; is associated with the output
of the i-th channel (i.e., k;x), then IP; is a refinement of P in accordance with (2). As shown
in the middle subgraph of Figure 6, the node corresponding to IP; is a child node of the



Electronics 2023, 12, 3858

12 of 25

node corresponding to P. This graph is a tree in which the node of P has m child nodes
corresponding to partitions Py, - - -, [Py,.

<« ke
«—k,<e
? é(_ «—],

ke

(a) Parallel module (b) Fusion module

Figure 7. Graphical representations of (a) a parallel module (which becomes a duplication operation
when k; = I) and (b) a fusion module (which becomes a concatenation operation when L = I and
ki =1).

(4) Fusion module (Figure 7b): This type of module can be used to combine different
parts of a DNN and uses linear operations to fuse inputs. The module is denoted as follows:

(fusion) = L o (concatenation). (23)
In matrix form, we obtain the following:

k1xq
x = {kixq, -+ kmXm} — L

KX

Note that a non-linear fusion can be obtained by applying a composition of pM/p to
the fusion module in which L = I.

We denote the domain partition of x associated with the i-th channel as IP; = {Rz’]‘,- lii =
1,---n;}, where n; is the number of partition regions. Partition P of x generated by the
fusion module can be expressed as the union of non-empty intersections of partition regions
in P; for all i, as follows:

P=PiNP,N---NPy, (24)
= Ujlr"'rjm (lel N R2f2 <N ijm 7é @)

Any partition region in [P is contained in precisely one region in any IP;. In other
words, P is a refinement of P; fori = 1, - - - ,m. An obvious bound for partition regions of
Pis [T, n;. Welet {A;;|j; = 1---n;} denote the affine mappings associated with the i-th
channel and A;;; be the affine mapping with the domain restricted to partition region R;;;.
The affine mapping of the fusion module over partition region Ryj, N Ryj, N+ N Ry, # @
is derived as follows:

Ajy
lel N szz n---N ijm #@0 — L . (25)
A

mjm

For the sake of convenience, (24) and (25) are summarized in the following lemma.
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Lemma 3. Suppose that a fusion module comprises m channels. Let P; denote the partition
associated with the i-th channel of the module and let P denote the partition of the fusion module.
Then, P is a refinement of P; fori =1, - - -, m. Moreover, let A denote the collection of affine linear
mappings over P. Thus, the affine linear mapping over a partition region of P can be obtained in
accordance with (25).

As shown in the rightmost subfigure of Figure 6, P is a refinement of any IP;, which
means that the node corresponding to partition IP is a child node of the node corresponding
to partition ;. The fact that the node associated with partition [P has more than one parent
node means that the graph for this module is not a tree.

Example 2. Figure 8 illustrates the fusion of two channels, as follows:

M
M:R2—>L[pl 1},
2 M>

where My, My : R? — R?, and py and p, are ReLUs. The partition induced by M comprises eight
polytopes, each of which is associated with an affine linear mapping.

Ri3 N Ry
Ry Ry3
Ry, RisNR
Ryy 0 Ry 13 N Ry
R13 N Ry S
Ryq Ry N Ry 3
Rz Rax Ra0 Ri1 N Ry CN
Rio Rip N RZOQ=
(@) P, (b) P, (0P

Figure 8. Fusion of two channels in which each channel partitions R? into four regions: (a) P; is the
partition due to p; M1, where M; : R2 — RZ; (b) P, is the partition due to pp M, where Mj : RZ - R%;
(c) P is a refinement of P; and PP,.

Figure 9 illustrates the refinement of partitions in the network in Figure 9a, which
involved a series connection of five fusion layers. Each fusion layer includes a fusion
module derived by a concatenation of inputs (ReLUM; (top) and ReLUM; (bottom)). The
result of the concatenation is subsequently input into linear function L = [I 1] (fusion).
The curves in Figure 9b—d top-bottom respectively) and fusion channels are consistent with
the assertion of Lemma 3, wherein the partitions of the top and bottom channels are refined
by the fusion channel. The fusion channel is the refinement of top and bottom channels,
which means that the maximum number of vectors in a given partition region and the
maximum distance between pairs of points in the same partition region are smaller than
in the top and bottom channels, as shown in Figure 9b,c. On the other hand, the number
of partition regions in the fusion channel is larger than in the top and bottom channels, as
shown in Figures 8 and 9d.

(5) The following DNN networks were derived by applying the DAG closure rule (R)
to the modules.
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Figure 9. Simulation of partition refinement using fusion modules with 50,000 random points (14 x 1)
as inputs with entries sampled independently and identically distributed (i.i.d.) from standard normal
distribution. (a) Network comprising five layers of fusion modules, each of which comprises three
channels (top, bottom, and fusion). The dimensions of weight matrix and bias of M; in the top
and bottom channels are 14 x 14 and 14 x 1, respectively, with coefficients in M; sampled i.i.d.
from standard normal distribution and L = [I I] . (b) The number of points in partition regions
containing at least two elements versus fusion layers. (c) The maximum distance between pairs of
points located in the same partition region versus fusion layers. (d) The number of partition regions
versus fusion layers. The fact that in (b,c), the curves corresponding to fusion channels are beneath
those of the other channels and that in (d), the curve of fusion channel is above the other channels is
consistent with the analysis that the partitions at fusion channels is finer than those at the bottom and
top channels.

Example 3. As shown in Figure 10, the ResNet module [11] comprises ReLU and a fusion module:
(ResNet) = p o (fusion).

Using matrix notation, we obtain the following:
. I
x — p[I I] diag(I, —MppM;) [I] x = p(I — MapM;y)x, (26)

where My and My are affine mappings. The unique feature of ResNet is the direct link, which
enhances resistance to the gradient vanishing problem in back-propagation algorithms [29]. It is a
fact that direct linking and batch normalization [30,31] have become indispensable elements in the
learning of very deep neural networks using back-propagation algorithms.

- p b 5> P _MZle [

Figure 10. ResNet module featuring direct link and the same domain partitions at points 2 and b. In
DenseNet, the addition node is replace with the concatenation node.

Let M, denote an L-layer DNN. A residual network [11] extends M| from L layers to
L + 2 layers as follows: (ResNet) o M. Repetition of this extension allows a residual network to
maintain an arbitrary number of layers. As noted in the caption of Figure 10, domain partitioning
is the same at a and b. This can be derived in accordance with the following analysis. Let Py denote
the domain partitioning of x at the input of the module. The top channel of the parallel module
retains the partition, whereas in the bottom channel, the partition is refined as Py using MppM;.
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In accordance with (24), the domain of the fusion function is P; NPy (i.e., P1). Thus, the domain
partitions at a and b are equivalent. Note that the DenseNet module [32] replaces the addition node
in Figure 10 with the concatenation node. The partitions of DenseNet at b and a are the same, as in
the ResNet case.

Example 4. Transformers are used to deal with sequence-to-sequence conversions, wherein the
derivation of long-term correlations between tokens in a sequence is based on the attention
module [33,34]. A schematic illustration of a self-attention module is presented in Figure 11a,
where the input vectors are al, a2, a3, and a* and outputs vectors are bl, b2, b3, and b*. The
query, key, and value vectors for a' are generated from matrix W1, WX, and W¥, respectively, where
g = Widl, k' = Wkal, and v' = W@a' for all i. Attention score w; j indicates the inner product
between the normalized vectors of qi and kI, The vector of attention scores [&;1, &; 5, %; 3, and oc,-,4]T
are input into the soft-max layer to obtain probability distribution [&;1, &;2, &;3, &,',4]T, where
e 1
Yje
combination of value vectors with coefficients derived from the probability distribution. Figure 11b
presents a graphical representation of (a), wherein non-linear transformation o is the soft-max
function. Dictionary V of value vectors can be obtained by performing a concatenation operation,
which implicitly involves reshaping the dimensions of the resulting vector to the matrix (see dashed
box in the figure).

&= ,;]l.j . Output vector b = X &,',jvf is derived via multiplications and additions as a linear

Example 5. Figure 12 illustrates the well-known LeNet-5 network [35]. Figure 12a presents a block
diagram of the network in which the input is an image (28 x 28 px) and the output is ten classes
of characters (0 to 9). CNN block number 1 is a convolution layer with the following parameters:
filter size, 5 x 5; stride, 1; padding, 2; and six-channel output, six 28 x 28 images. Block numbers
2 and 3 indicate MaxLU operations and six-channel output (six 14 x 14 images). Black circle 4
indicates a concatenation operation (O2), the output of which is an image. Block number 5 indicates
a convolution layer with the following parameters: filter size, 5 x 5; stride, 1; and padding, 0. This
layer outputs sixteen 10 x 10 images. Block numbers 6 and 7 indicate MaxLU operations, the output
of which is sixteen 5 x 5 images. Black circle 8 indicates a concatenation operation (O2), the output
of which is a vector. Block number 9 indicates a fully connected network with input dimensions of
400 and output dimensions of 120. Block number 10 indicates a ReLU activation function. Block
number 11 is a fully connected network with an input dimension of 120 and an output dimension
of 84. Block number 12 indicates a ReLU activation function. Block number 13 indicates a fully
connected network with an input dimension of 84, where the output is a prediction that includes 1
of the 10 classes. Figure 12b presents a graphical representation of (a), and (c) presents a simplified
graphical representation of (a). In Figure 12c, we can see that LeNet-5 begins with a sequence of
compositions of modules (featuring a parallel module followed by a fusion module), then a sequence
of MaxLU layers. Here, we apply the LeNet-5 network to the MNIST dataset (not limited to other
datasets) with 60,000 images. This is a simple implementation illustrating the proposed approach.
Figure 13 illustrates the properties of partitions at the outputs of levels 3, 4, 7, and 8 in Figure 12b.
The curves in Figure 13a—c are consistent with the assertion of Lemma 3, which indicates that the
partitions of the previous channels are refined by the fusion channel. The results are similar to those
in Figure 9.
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Figure 11. Self-attention module: (a) network; (b) graph in which the highlighted dashed box repre-

sents the graph used to obtain dictionary V from value vectors. The different color is corresponding

to different input a’.

28%28x1 28X28%X6 14x14%x6 10x10x16 5x5x16
input 1 : 3 5 3 7
. - CNN —{ ReLU |—{MaxPooll@4 CNN — RelLU —jMaxPool
Image (5,5,6,1,2) 4 1is,5,16,1,0)

*E
predicted 13 12 11 10 2
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(a)

/ MaxPool *O'p_cl / MaxPool ‘ p- Cl
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(b)

Figure 12. LeNet-5: (a) network; (b) graph in which the numbers beneath the nodes and arcs

correspond to block numbers in (a) and solid nodes indicate fusion module/concatenation; (c) sim-

plification of (b) illustrating composition of modules, where I and O denote input and output,

respectively.
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Figure 13. Illustrations of partition refinements in LeNet-5 at output levels 3, 4, 7, and 8 (as shown in
Figure 12b), where the input is 60,000 images from the MNIST dataset (note that levels 3 and 7 are
parallel connections linking several channels; therefore, only the maximum values of all channels at
those levels are plotted): (a) maximum number of images in a given partition region; (b) maximum
distance between pairs of images located in the same partition region (distance at level 8 is zero,
which means that each partitioning region contains no more than one image); (¢) maximum number
of partition regions in a channel (note that as the level increases, the curves in (a,b) decrease, while
the curve in (c) increases, which is consistent with our assertion that the partitions of the previous
channels are refined by the fusion channel).

Remark 1. Graphs corresponding to partitions generated by series and parallel modules are trees.
Accordingly, the partitions created by a network comprising only series and parallel modules also
from a tree. According to [36], trees learned for regression or classification purposes suffer from
overfitting due to the bias—variance tradeoff dilemma. However, in [37,38], it was reported that this
tradeoff is not an over-riding concern (referred to as benign overfitting) when learning a deep neural
network in which the number of parameters exceeds the training data by a sufficient margin. This
suggests that benign overfitting is relevant to the fusion module, considering that the graph for the
module is not a tree.

4. Properties of General DNNs

In accordance with the axiomatic approach, we define general DNNSs (i.e., ) as those
that can be represented using DAGs. In the following, we outline the properties belonging
to all members in the class.

4.1. Function Approximation via Partition Refinement

We define the computable subgraph of node a as the subgraph of the DAG containing
precisely all the paths from the input node of the DAG to node a. Clearly, the computable
subgraph defines a general DNN, the output node of which is a, such that it computes
a CPWL function. In Figure 14a, the computable subgraph of node a (highlighted in
light blue) contains node numbers 0, 1, 2, 3, and 4. The computable subgraph of node c
(highlighted in light green) is contained in the subgraph of a.

In the following, we outline the domain refinement of a general DNN. Specifically, if
node b is contained in a computable subgraph of 4, then the domain partition imposed by
that subgraph is a refinement of the partition imposed by the computable subgraph of b.

Theorem 1. The domain partitions imposed by computable subgraphs G* (at node a) and G (at
node b) of a general DNN are denoted as P, and Py, respectively. Suppose that node b is contained
in subgraph G°. This means that P, refines P,.
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(a) (b)

Figure 14. DAG representation of a DNN illustrating the computable subgraphs and levels of nodes
(solid nodes denote fusion/concatenation nodes, and I and O denote input and output, respectively).
(a) Computable subgraph associated with each node. Light blue denotes the computable subgraph
of node a, wherein the longest path from the input node to node a contains four arcs (i.e., [(a) = 4).
Light green denotes the computable subgraph of ¢, wherein the longest path from the input node to
node ¢ contains one arc (i.e., [(c) = 1). (b) Nodes in (a) are partially ordered in accordance with levels
(e.g., level 1 has four nodes, and level 2 has one node).

Proof. Without a loss of generality, we suppose that arcs in the general DNN are atomic
operations and that the functions applied to arcs are included in base set B. Furthermore,
we suppose that p is a path from the input node to node a, which also passes through node
b. p’ denotes the subpath of p fromnode btonodea (p' : b =cy = c1--- = a=cp). P,
denotes the partition of input space x defined using the computable subgraph at node
¢;. In the following, we demonstrate that if ¢; — ¢;;1, then P, is refined by P, ;. Note
that arc ¢; — c; 1 belongs to one of the three atomic operations. If it is a series-connection
operation (O1), then the refinement can be obtained by referring to Lemma 2. If itis a
concatenation operation (O2), then the refinement is obtained by referring to Lemma 3. If it
is a duplication operation (O3), then the partitions for nodes c¢; and c; 1 are the same. Thus,
P, is a refinement of P,. [

Figure 14a presents the DAG representation of a DNN. Node b is contained in the
computable subgraph of node a, whereas node c is contained in the computable sub-graph
of b such that the domain partition of 4 is a refinement of the partition of b, and the domain
partition of b is a refinement of the partition of c. Thus, the domain partition of node a is a
refinement of the domain partition of node c.

As hinted in Theorem 1, general DNNs are implemented using a data-driven “divide
and conquer” strategy when performing function approximation. In other words, when
traveling a path from the input node to a node of the DNN, we can envision the progressive
refinement of the input space partition along the path, where each partition region is
associated with an affine linear mapping. Thus, computing a function using a general DNN
is equivalent to approximating the function using local simple mappings over regions in a
partition derived using the DNN. A finer approximation of the function can be obtained by
increasing the lengths of paths from the input node to the output node. Figure 15 illustrates
the conventional and general DNN approaches to the problem of linear regression. The
conventional approach involves fitting “all” of the data to obtain a dashed hyperplane,
whereas the general DNN approach involves dividing the input space into two parts and
fitting each part using hyperplanes.
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Figure 15. Approaches to linear regression. The dashed line indicates the regression derived from all
data (i.e., conventional approach), and the solid lines indicate regressions derived from data of x > a
and data of x < a continuous at x = a (i.e., general DNN approach).

4.2. Stability via Sparse/Compressible Weight Coefficients

We introduce the ! function of node a to denote the number of arcs along the longest
path from input node I to node a of a DAG, where [(a) is referred as the level of node a.
According to this definition, the level of the input node is zero.

Lemma 4. The level is a continuous integer across the nodes in a general DNN. In other words, if
node a is not the output node, then there must exist a node b where 1(b) = 1(a) + 1.

Proof. Clearly, I(I) = 0 for input node I. This lemma can be proven via contradiction.
Suppose that the levels are non-continuous integers. Without a loss of generality, the nodes
can be divided into two groups (A and B), where A includes all of the nodes with level < n
and B includes all of the nodes with level > n + k and k > 1. b € B is assigned the lowest
level in graph B, and I(b) = n + k. Furthermore, p(b) denotes the longest path from the
input node to node b, and a is a node along the path with arc a — b. Thus, [(a) < n +k;
otherwise, I(b) > n + k + 1, which violates the assumption that [(b) = n + k. If [(a) < n,
then I(b) < n + 1 (since a is on the longest path (p(b)) to b and a has a direct link to b). This
violates the assumption that [(b) = n + k with k > 1. Thus, n < I(a) < n + k, according to
which a ¢ A and a ¢ B. This violates the assumption that all nodes can be divided into
two groups (A and B). We obtain a contradiction and, hence, complete the proof. O

The nodes in a DAG can be ordered in accordance with the levels. Assume that there
is only one output node, denoted as O. Clearly, [(O) = L is the highest level associated
with that DAG. The above lemma implies that the nodes can be partitioned into levels from
0 to L. We introduce notation I(n) (referring to the nodes at level 1) to denote the collection
of nodes with levels equal to n and let |/(1)| denote the number of nodes at that level. As
shown in Figure 14b, the nodes in Figure 14a are ordered in accordance with their levels, as
indicated by the number besides the nodes. For any DNN (N, € K), we can define DNN
function NV, (with n < L) by stacking the DNN functions of nodes at level n into a vector
as follows:

N'fl = [Mﬂ)]aef(n) (27)

where N(,) is the function derived using the computable subgraph of node a € I(n). Clearly,
Ny € K because it is formed by the concatenation of NV(,). For example, in Figure 14b,

N3 = [N, (b)] and N5 = [j\\/'/’(s )} . The order of components in N, is irrelevant to subsequent
()
analysis of stability conditions.

The stability of a DNN can be measured as the output perturbation against the input
perturbation such that

INL(x) = NL(y)ll2 < C(L)[[x =y, (28)

where L is the level of the output node for DNN N}. A stable deep architecture implies
that a deep forward inference is well-posed and robust in noisy environments. A sufficient
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condition for the stability of a DNN requires that C(L) be a bounded, non-increasing
function of L when L — co.

Lemma 5. Let d be the uniform bound defined in (21), I, = {b|b — a} (the nodes directly linking
to the node a), and |1,| denote the number of nodes in I,. Further, let N1 € K and N, denote
the restriction of N, over partition region p. Suppose that N,y and N, p denote the CPWL
function associated with the computable subgraph of node a and the restrzctlon of the function over
p, respectively. As defined in (27), Ny, denotes the function derived by nodes at level n < L, and
N,y denotes the restriction of N, on domain partition p; i.e.,

Nn,p = [N(a),p]uel_(n)' (29)
(i) For a given n and p, there exists C(n, p) such that for any x,y € p,

[Nop () = Nup(y)ll2 < C(n,p)lIx = yll2, (30)

where C(n, p) is referred to as the Lipschitz constant in p at level n.
(ii) If there exists level m such that for n > m,

d Yy Y IWgl2<1, (31)

a€l(n) b€la

where Wy, is the weight matrix associated with the atomic operation on arc a <— b, which means
that the Lipschitz constant C(n, p) is a bounded function of n on p.

Proof. See Appendix A for the proof. [

This lemma establishes local stability in a partition region of a DNN. To achieve global
stability in the input space, we invoke the lemma in [5], which indicates that piece-wise
functions that maintain local stability have global stability, provided that the functions are
piece-wise continuous.

Lemma 6 ([5]). Let x = U;P; be a partition and f; with domain P; be I;-Lipschitz continuous
with fi(x) = fj(x) for x € P;NP;. Let f be defined by f(x) := fi(x) for x € P;. Then, f is
(max; I;)-Lipschitz continuous.

Theorem 2. For the sake of stability, we adopted the assumption pertaining to Lemma 5. Let DNN
N1 € K with the domain in input space (x) and let N, denote the function with nodes of N1 up to
level n < L. If there exists level m such that for n > m,

1YY [Wal<1 &S

a€l(n) b€l

where d is the uniform bound defined in (21), and Wy, is the weight matrix associated with arc
a < b; then, for any partitioning region p of x, C(L) = max, C(L, p) is a bounded, non-increasing
function of L on x. Note that C(L) is defined in (28). Hence, N is a stable architecture.

Proof. See Appendix B for the proof. [

This theorem extends the stability of the series-connected DNNSs in [5] to general
DNN . According to ||[W||r > ||[W]|2, the condition determining the stability of an DNN
can be expressed as follows:

d Y, Y IWalr<1 (33)

a€l(n) b€y

This condition holds, regardless of the size of W,;,. Thus, if the matrix is large, then (33)
implies that the weight coefficients are sparse/compressible. Note that (32) is a sufficient
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condition for a DNN to achieve stability; however, it is not a necessary condition. The
example in Figure 16 demonstrates that satisfying (32) is not necessary.

O O O
a b c

Figure 16. Conditions for stability of ResNet module I — W,(ReLU)W1, where I, = {b,c}: If (32)
is satisfied, then ||[W||z = 0 (hence, W = 0) due to the fact that 1 + [|[W3||2 < 1 if and only if
[[W2|l2 = 0. In fact, it is sufficient for the model to achieve stability if W # 0 with ||[I — WoWq |, <1
(all eigenvalues of W, W7 lie within [0, 1]).

Figure 17 illustrates simulations pertaining to Theorem 2 for the network presented in
Figure 9a, which comprises a fusion module with five layers. The simulations illustrate
how the weight coefficients affect the Lipschitz constant. In Figure 17a, the upper bound
for Lipschitz constant C(L), where L =1, - - - ,5 (presented as the maximum gain || Ny x —
Nvryll2/|Ix — y/l2 for all pairs of training data), increases with an increase in the number of
fusion layers if the weight coefficients do not satisfy (32) in terms of stability. If the weight
coefficients were scaled to be compressible in accordance with (32), then the upper bound
would decrease with an increase in the number of fusion layers, as shown in Figure 17b.
This is an indication that the network is stable relative to the input perturbation.
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Figure 17. Stability simulation using the network shown in Figure 9a, in which the maximum
gain (|JNV.x — Npyll2/||x — y||2) for all training pairs is plotted against each fusion layer (j), where
j=1,---,5 (dimensions of the weight matrices and biases in M; in the top, bottom, and fusion
channels of each module are 20 x 20 and 20 x 1, respectively; coefficients in M; are sampled i.i.d.
from standard normal distribution (mean zero and variance of one); inputs are 2000 random vectors
(each of size 20 x 1) with entries sampled ii.d. from the standard normal distribution): (a) maximum
gain increases with an increase in the number of fusion layers; (b) maximum gain remains bounded
when weight coefficients in M; are scaled to meet (33) for Theorem 2. Note that d = 1 for ReLU
activation functions.

5. Conclusions

Using an axiomatic approach, we established a systematic approach to representing
deep feedforward neural networks (DNNSs) as directed acyclic graphs (DAGs). The class
of DNNss constructed using this approach is referred to as general DNNs, which includes
DNNSs with pragmatic modules, activation functions, and non-linear transformations. We
demonstrated that general DNNs approximate a target function in a coarse-to-fine manner
by learning a directed graph (generally not in a tree configuration) through the refinement
of input space partitions. Furthermore, if the weight coefficients become increasingly
sparse along any path of a graph, then the DNN function gains stability with respect to
perturbations in the input space due to a bounded global Lipschitz constant. This study
provides a systematic approach to studying a wide range of DNNs with architectures that
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are more complex than those of simple series-connected DNN models. In the future, we will
explore the analysis and conclusions reported in this paper in terms of their applications.
In this direction, we refer to [39] with respect to network pruning.

Author Contributions: Conceptualization, W.-L.H.; Software, S.-5.T.; Validation, S.-S.T.; Formal
analysis, W.-L.H.; Data curation, S.-5.T.; Writing—original draft, W.-L.H.; Writing—review & editing,
W.-L.H.; Visualization, S.-S.T. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Data Availability Statement: The MNIST dataset can be found at https:/ /www.kaggle.com/datasets/
oddrationale/mnist-in-csv.

Acknowledgments: An error in the original proof of Lemma 5 was corrected by Ming-Yu Chung.
Figures 1 and 2 were designed and drawn by Jinn Ho.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Proof of Lemma 5

Proof. (i) Without a loss of generality, the arcs in AV}, can be treated as atomic operations
associated with functions in basis set B. The base step is on input node I (i.e., [(0)). Clearly,
(30) holds when C(0,p) = 1.

Implementation of the induction step is based on levels. Suppose that (30) holds for
all nodes in levels lower than n. If 2 is a node in level n, then node b € I, must be in level
I(b) < n. Thus, for x € p,

'/v(ﬂ)/r’ = [BﬂbN(b),p(x)]beIa/ (A1)

where B,, € B, in accordance with the fact that functions associated with axiomatic
operations on arcs are members of B. If the atomic operation is a duplication, then
B,y = I, and if the atomic operation is a series connection/concatenation, then B,, €
{L,pL, M, oM, cL,cM}. Furthermore,

HN(a),p(x) - A/(a),p(Y)HZ
=Y 11BNy p(X) = Ny p (7)) 2 (A2)

bel,

Case 1. Consider B, € {I,pL, M,pM}. For x,y € p, the bias term in B, (if any) can
be canceled. Applying the uniform bound assumption on activation functions (18) and
applying (29) and (30) to levels lower than 7 results in the following:

HNn,p(x) _Nn,p(Y)Hz
< Y Y lWapll2llN ) p () = Ny p (912

a€l(n) bela

< Y Y A lWal2CU®),p) X — vl (A3)
acl(n) bel,

Case 2. Consider B, € {I,cL, M,cM}. Similarly, for x,y € p, we can obtain the
following:
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||Nn,p(x) _Nn,p(Y)HZ
= Y Y llo(Map o Ny (%)) = (Mg © Ny () ll2

a€l(n) b€ls

< Y Y dol|May 0 Ny (X) = Moy 0 Ny ()2

a€l(n) bely

< ). Y Aol Wapll2 [N p (%) = Nipy (912

acl(n) bel,
< Y Y delWasl2CU®),p)lIx — I, (Ad)

a€l(n) bEl,

where W, is the linear part of the affine function (M,;), and d,; is the Lipschitz constant
bound defined in (19). Finally, (A3) and (A4) are combined using (21) to yield

C(mp)=d Y. Y [[Wall2C(I(b),p), (A5)

acl(n) b€l

where I(b) < n — 1. This concludes the proof of (i).
(ii) Let C*(m — 1,p) denote the maximal value of C(k, p) for k < m — 1. From (A5) and
(31), we obtain the following;:

Cim,p) <d Y Y [[Wgl2C*(m—1,p) < C*(m—1,p). (A6)
a€l(m) bel,

Hence, C*(m,p) = C*(m —1,p). Considering the fact that (31) holds for n > m,
we obtain

Cnp)<d Y Y [Wu|2C*(n—1,p) <C*(n—1,p) (A7)

a€l(n) b€l,
Thus, C*(n,p) = C*(n — 1,p). Based on (A6) and (A7), we obtain
C*(n,p)=C*(m—1,p), Yn>m. (A8)

The fact that C(n,p) < C*(n,p) leads to the conclusion that C(n,p) is a bounded
sequence of nonp. [

Appendix B. Theorem 2

Proof. In accordance with (32) and Lemma 5, C(n, p) is bounded for any p and n. The
fact that activation functions of N}, satisfy (A1) implies that the total number of partitions
induced by an activation function is finite. Thus, the number of partition regions induced
by N, is finite. Hence,

C(n) = ml?x C(n,p)

is defined and bounded above for any n. In accordance with Lemma 6 and the definition of
C(n), we obtain

[Nu(x) = Nu(y) 2 < C(n)[Ix = yll2. (A9)

We define C*(m) = maxy<,y, max, C(k,p) and, for any L > n > m, obtain

C(n) < C*(m). (A10)

The sequence {C(n)}L. is bounded for any L such that A} is stable as L — co. [

n>m
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