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Abstract

Determining whether deep neural network (DNN) models can reliably recover target func-
tions at overparameterization is a critical yet complex issue in the theory of deep learning.
To advance understanding in this area, we introduce a concept we term “local linear re-
covery” (LLR), a weaker form of target function recovery that renders the problem more
amenable to theoretical analysis. In the sense of LLR, we prove that functions expressible
by narrower DNNs are guaranteed to be recoverable from fewer samples than model pa-
rameters. Specifically, we establish upper limits on the optimistic sample sizes, defined as
the smallest sample size necessary to guarantee LLR, for functions in the space of a given
DNN. Furthermore, we prove that these upper bounds are achieved in the case of two-layer
tanh neural networks. Our research lays a solid groundwork for future investigations into
the recovery capabilities of DNNs in overparameterized scenarios.

Keywords: deep learning theory, recovery at overparameterization, local linear recovery
guarantee, optimistic sample size

1. Introduction

Determining the requisite number of data points for a model to recover a target function
is a fundamental problem in regression. This issue is particularly pertinent for deep neural
network (DNN) models, where the question arises: Can these models recover target func-
tions using fewer data points than their parameter count, thereby operating effectively in
an overparameterized regime? Traditional wisdom suggests that a linear model with M
parameters typically needs M data points to reconstruct a linear function. Particularly, in
band-limited signal recovery, the Nyquist-Shannon sampling theorem posits that a periodic
signal with a maximum frequency of f (represented by M = 2f coefficients) can be perfectly
reconstructed from n > 2f uniformly sampled points (Shannon, 1984). These precedents
imply that linear models lack recovery guarantee when overparameterized. In contrast,
nonlinear DNN models have been empirically shown to generalize effectively even when
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overparameterized (Zhang et al., 2017). Subsequent experiments reinforce this observation,
indicating that DNNs can achieve zero generalization error in recovering target functions
under overparameterization (Zhang et al., 2023b). This study delves into the theoretical
underpinnings of target function recovery for DNNs, with the goal of establishing a recovery
guarantee in overparameterized scenarios.

Within the spectrum of recovery guarantees, the global recovery guarantee—ensuring
target recovery through comprehensive training—is the most robust and practically rele-
vant, especially in overparameterized contexts. However, the intricate and highly nonlinear
training dynamics of DNNs render this global guarantee theoretically elusive. To navigate
this complexity, we propose a more attainable goal: establishing a weaker form of recovery
guarantee for DNNs in overparameterized conditions. Specifically, we incorporates two sim-
plifications to achieve a theoretically tractable weaker form of recovery, namely the local
linear recovery (LLR) guarantee: (i) localization: focusing on recovery in the vicinity of
an optimal point within the parameter space; and (ii) linearization: considering the re-
covery of the model linearized at the optimal point. While local linear fitting of data is
not practically feasible in general, the LLR-~guarantee sheds light on the optimistic (i.e.,
best-possible) performance for global recovery of DNNs, suggesting that without an LLR-
guarantee at overparameterization, stronger forms of recovery are unlikely.

Our main contributions are threefold: (i) We introduce the LLR-guarantee and formu-
late its theoretical framework for both differentiable and analytic models, demonstrating
that linear models do not possess an LLR-guarantee when overparameterized. (ii) Employ-
ing the Embedding Principle (Zhang et al., 2021b, 2022), we derive upper bounds for the
optimistic sample sizes—defined as the smallest sample sizes that ensure an LLR guaran-
tee—for general DNNs. These bounds affirm the LLR-guarantee at overparameterization
for all functions expressible by narrower DNNs. (iii) We pinpoint the exact optimistic sam-
ple sizes for two-layer fully-connected and convolutional tanh neural networks, which meet
their respective upper bounds, thereby illustrating the exactitude of our upper bounds.

2. Related Works

In our research, we introduce the concept of optimistic sample size, which quantifies the
minimum number of training samples necessary to recover a target function under the best
possible conditions. This approach differs significantly from traditional sample complexity
analyses, which typically estimate the sample requirements to achieve a specified perfor-
mance level in worst-case scenarios (Shalev-Shwartz and Ben-David, 2014). For example,
Zhong et al. (2017) estimate the sample complexity for recovering a two-layer neural net-
work based on the condition of local strong convexity around the ground truth, which does
not hold under overparameterization. Recognizing that deep neural networks (DNNs) of-
ten perform substantially better in practice than theoretical worst-case predictions suggest
(Zhang et al., 2017, 2021a), our LLR analysis pioneers a framework for estimating sample
sizes under the best possible conditions. Furthermore, our empirical findings reveal that
the practical performance of a finely-tuned DNN can approach this optimistic threshold,
even in scenarios of substantial overparameterization. Moreover, as demonstrated in Zhang
and Xu (2024), techniques such as dropout can further enhance the network’s performance
to recover target functions.
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Our theoretical LLR framework, which is predicated on the linearization of DNNs, stands
in stark contrast to linear analyses based on the NTK/lazy training/linear regime (Jacot
et al., 2018; Arora et al., 2019; Chizat et al., 2019; Luo et al., 2021). The main differences
are as follows: (i) NTK analysis linearizes around a random initial point, whereas LLR
analysis considers linearization around a target point, i.e., a global minimizer with zero
generalization error. (ii) NTK pertains to the linear training behavior of DNNs with large
initial weights, whereas the optimistic sample sizes from LLR analysis are empirically linked
to the performance of nonlinear training dynamics exhibited at small initializations. Ac-
cording to the phase diagrams in Refs. (Luo et al., 2021; Zhou et al., 2022a), NTK analysis
corresponds to the linear regimes, while our LLR results associate to the condensed regimes,
where nonlinear condensation dynamics are instrumental in achieving near-optimism per-
formance.

The discovery of the embedding principle (Zhang et al., 2021b, 2022; Fukumizu et al.,
2019; Simsek et al., 2021; Bai et al., 2024) has shed light on the analysis of critical points
within the loss landscapes of DNNs and has forged connections between the loss landscapes
of networks of varying widths. Notably, Zhang et al. (2022) introduces a comprehensive suite
of critical embedding operators that map the parameter space of a narrower DNN to that of a
wider one while preserving both the output function and the criticality of the network. This
powerful analytical tool further illuminates the hierarchical model rank structure inherent
in DNNs. Leveraging these critical embeddings, which inherently maintain the model rank,
we derive in this work an upper bound for the optimistic sample size applicable to general
DNNs.

Remark that the notion of rank, which is used to capture the intrinsic complexity of a
mapping, plays a fundamental role in linear algebra, differential topology and other areas. In
the study of deep learning, Jacot (2023) introduces notions of rank for nonlinear functions,
i.e., Jacobian rank and bottleneck rank, to study the implicit bias of large depth networks.
These notions characterize the complexity of model outputs varies over the input space,
whereas our model rank characterizes the complexity of model function varies over the
parameter space. Whether these apparently different notions of rank are related to each
other for DNNs remains an interesting problem for the future study.

3. Theory of Local Linear Recovery
3.1 Assumptions and Definitions

Assumption.

(i) We consider differentiable (w.r.t. both inputs and parameters) models with 1-d output
fo(-) = f(;0) : RT x RM — R.

(ii) We consider target functions f* expressible by the model fg, i.e., f* € F :={fo(:)|0 €
RM}. And the training data S = {(z; € RY,y; = f*(x;) € R)}, is sampled from f*.

(iii) The loss function ((-,-) is a continuously differentiable distance function and the em-

pirical loss Lg(0) = Egl(fo(x),y) = %2?21 0(f(xi;0),y;).
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Under the above general assumptions, this work focuses on the recovery of target func-
tion f* for the following regression problem when n < M:

mingegsi > W fo(@:), £ (). 1)
=1

We say f* is successfully recovered when the solution 8* obtained by an algorithm satisfies
fo- = f*. For convenience, we define the target set M s as follows, by which f* is recovered
when 0% € M.

Definition 1 (target set). Suppose we have a model fo(-) = f(;0) : R x RM — R with
model function space F = {fo(-)|0@ € RMY. For any target function f' € F, the target set

My = {6]£(0) = f'}.

We note that analyzing the recovery of f* at overparameterization through global train-
ing presents significant difficulties due to two primary challenges: (i) the optimization chal-
lenge, where it remains uncertain whether the training process can avoid local minima and
saddle points to converge to a global minimum (Sun et al., 2020); (ii) the challenge of
infinite solutions, where the target set M ¢« is embedded within an approximately (M —n)-
dimensional manifold of global minima with complex geometry (Cooper, 2021; Zhang et al.,
2023a), making it difficult to ascertain if global training can precisely reach M s-. To bypass
these obstacles, we introduce a more theoretically tractable variant of recovery as follows.

Definition 2 (local linear recovery (LLR) guarantee). Suppose we have a differentiable
model fo(-) with M parameters, a target function f* € F = {fo(:)} and training data
S={(zi f* (i) Hy -

(a) LLR-guarantee: We say f* has local linear recovery (LLR) guarantee (by model fg
from S) if the following condition holds: There exists @' € Mg« such that

() = argmin 7. = 3" (), £ (@) e)
=1

where Tor = {f(:0") +a"Vof(-;0")|a € RM} is the tangent function hyperplane at '. If
the above condition holds, we say f* has LLR-quarantee at 8’ (by model fg from S).

(b) n-sample LLR-guarantee: We say a function f* € F has n-sample LLR-guarantee
if there erists a n-sample data set S = {(z; € R?, f*(x;) € R)}"_, such that f* has LLR-
guarantee. Furthermore, if n < M, then we say f* has LLR-guarantee at overparameteri-
zation.

(c) n-sample LLR-guarantee a.e.: We say a function f* € F has n-sample LLR-
guarantee a.e. (almost everywhere) if the following condition holds: For inputs X =
[1,---,x,] € R>™ a.e. with respect to L™ Lebesque measure, f* has LLR-guarantee

from S = {(z;, f*(xi)) } 7.

Remark 1 (LLR-guarantee vs. LLR-guarantee a.e.). (i) If a certain result holds for inputs
X almost everywhere (a.e.) with respect to the Lebesque measure L™, then it holds with
probability 1 for any probability measure that is absolutely continuous with respect to L¥*™,
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e.g., a non-degenerate gaussian probability measure (See Remark 3 for more detailed discus-
sion). (i) Although n-sample LLR-guarantee seems to be significantly weaker than n-sample
LLR-guarantee a.e., we will show later that any n-sample LLR-guarantee automatically up-
grades to n-sample LLR-gquarantee a.e. for analytic models, e.g., neural networks with tanh,
sigmoid or GELU activation. For the pursuit of generality, we mainly focus on the n-sample
LLR-guarantee in this work. (iii) In general, n-sample LLR-guarantee informs the potential
of recovering the target from n samples in practice, whereas no n-sample LLR-guarantee is
a strong indication that n samples are not sufficient to recover the target.

Proposition 1. Suppose we have a differentiable model fg(-) with M parameters. For
any target function f* € F, if it has n-sample LLR-guarantee, then it has n’'-sample LLR-
guarantee for any n’ > n.

Proof When f* has n-sample LLR-guarantee, there exists S = {(x;, f*(x;))}.; and
0* € M- such that the solution set

¢§ = argminfei"e*]E(w,y)esg(f(w)a y) = {f*}v

where g pyesf(/(),4) = L S, 0 (@), (@), For § = 8§ U {(@ f* ()} sy with
any x; € RM for i € [n+1:n/], let

O = argminfe%g* E(w’y)eslﬁ(f(a:), Y).

Obviously, f* € ¢¥%,, by which the empirical loss attains 0 on S’. Then, any global minimizer
f € ¢% also attains 0 empirical loss on S’, thus 0 empirical loss on S. Therefore, ¢%, C
¢& = {f*}, which yields

¢s = ¢s ={/"}

By Definition 2, f* has n’-sample LLR-guarantee. |

Proposition. 1 signifies the importance of understanding the minimum sample size with
LLR-guarantee for a target function, which is rigorously defined below as an optimistic
sample size.

Definition 3 (optimistic sample size). Suppose we have a differentiable model fg(-). For
any function f* € F, if f* has LLR-guarantee from n samples but not n — 1 samples, then
its optimistic sample size

Ofo(f7) = 1.

3.2 General LLR Theory

In this section, we present the theoretical results of LLR for the regression problem of
general differentiable models. In particular, we establish the quantitative relation between
the LLR~guarantee and the model rank, by which estimating the optimistic sample size of
a target converts to an estimation of its model rank.
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Definition 4 (model rank). Given any differentiable (in parameters) model fg, the model
rank for any 0* € RM is defined as

rank s, (6%) := dim (Span {09, (- 9*)}5\11) ) (3)

where span {¢;() 1M, = {XM a;i()a1,- - ,ap € R} and dim(-) returns the dimension
of a linear function space.

Remark 2 (significance of model rank in neural networks). Quantifying the extent of con-
densation in neural networks—a phenomenon where neurons tend to cluster together (Luo
et al., 2021; Zhou et al., 2022b) (also known as weight quantization (Maennel et al., 2018)
and weight clustering (Brutzkus and Globerson, 2019))—is crucial for understanding non-
linear training dynamics and the implicit bias of neural networks. We demonstrate through
a simple example that the model rank effectively quantifies condensation: lower model rank
indicates stronger condensation. Consider a simple two-neuron neural network defined as
fo(x) = aj tanh(wyx) + ag tanh(wex). The model rank is given by

ranky,(0) = dim (span {tanh(wlx), ay tanh’(wyx)x, tanh(wex), as tanh’(ng)x}) .

Intuitively, condensation occurs when we = w1, allowing the two neurons to be effectively
combined into one. Under this condition, the model rank satisfies rankfe(e) < 2. Con-
versely, when wy # +wi # 0 and a1,as # 0, condensation does not occur since the two
neurons cannot be combined into one, and the model rank is rankys,(0) = 4. Therefore,
the phenomenon of condensation implies that neural networks tend to learn functions with
lower model rank via nonlinear training.

Definition 5 (empirical tangent matrix and empirical model rank). Given any differentiable
model fg and training data S = {(x;,yi)}1—1, at any parameter point 6*, Vo f(X;0*) =
[Vof(x1;0%), - ,Vof(xn;0)] is referred to as the empirical tangent matriz. Then the
empirical model rank is defined as follows

rankg(0*) = rank(Ve f(X;0%)).

Lemma 1 (LLR condition). f* has local linear recovery guarantee at 0* by model fo from
S if and only if rankg(6*) = ranky, (6*).

Proof Define
- 1 &
R == U(f(x;, 0" T 50%), ¥ (x)).
s(a) n;(f(w ) +a Vof(xi;0%), [ (xi))
First assume that f* has LLR guarantee at 8* by model fg from S. Then f(-;0%) = f*

by Definition 2, and this function is unique. This uniqueness implies that for any a €
ker Vg f(X; 0*) we must have

f(50%) +a'Vef(56%) = f*.

Equivalently, a € ker Vg f(-;8*). This shows ker Vg f(X;0*) C ker Vg f(-;0%). But clearly
ker Vo f(+;0%) C ker Vo f(X;0%), so the two kernels are equal. It follows that

rankg(0*) = rank (Vo f(X;0")) = ranky, (6%)
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Conversely, assume that rankg(0*) = ranky,(6*). Then, similar as above, we have
ker Vg f(-;0%) = ker Vo f(X;6"). Because £ is a distance function, for any a € RM with
Rs(a) = Rs(0*) = 0, we must have

aTng(a:i;O*) =0, Vi<i<n.

Equivalently, a € ker Vo f(X;0*) and thus a® f(-;0*) = 0. This shows
* * : 1 . *
{f"}={f(+6")} = argmin 7 — z;ﬁ(g(svi%f (i)

is well-defined, i.e., f* has LLR guarantee at 0*.

Corollary 1 (phase transition of LLR-guarantee at a target point). For any 6’ € M-, if
training data size n < ranky, (6’), f* has no local linear recovery guarantee at @'. Otherwise,
if n > ranky, (0"), f* has n-sample LLR-guarantee, i.e., there exists an n-sample data set
S" = {(z;, f*(xi))}_ such that f* has local linear recovery guarantee at 6’.

Proof For n < ranky, (), rankg(60’) < n < rankys,(6’). By Lemma 1, f* has no local
linear recovery guarantee at 8. On the other hand, for n > ranky, (0"), we claim that there
exist X = (@1, ..., ,) with rank (Vg f(X;0*)) = ranky,(-;0’). Suppose this is not true.
Let
M = k (Vof(X;0
ax rank (Vo f(X:6'))

and let x1,...,x ) be such that
rank [Vof((x1,...,xa);0')] = M.

So in particular M’ < ranky,(;0') < M. Given a € RM such that Vgf(z;;0) = 0 for all
1 <4< M’', we must have a € ker Vg f(60';-). Therefore,

ker Vo f(0';-) Cker Vo f((x1,...,xp);0") Cker Vo f(6's).
This means
dimker Vo f(0';-) = dimker Vo f(X;0') = M — M’

and thus rankys, (6') = M’, a contradiction. So there must exist X = (x1,...,%;,) with
rank (Vg f(X;60%)) = ranky, (;0'). By Lemma 1, f* has n-sample guarantee.
|

We address above the LLR-guarantee at a target point. In the following, we further
address the LLR~guarantee for recovering a target function.

Definition 6 (model rank for function). The model rank for any function f* € F is defined

as

rank s, (f*) == elglj/rllf* rank, (0"). (4)

7
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Theorem 1 (optimistic sample size estimate). Suppose we have a differentiable model fg.
For any function f* € F, we have

Ofe (f") = rankfe (f")

Proof When the sample size n < ranky, (f*), for any 6’ € M+, n < ranky, (6’). By
Corollary 1, f* has no LLR-guarantee at 8’. Therefore, f* has no n-sample LLR-guarantee.
When the sample size n > ranky, (f*), there exists 8" € M+, such that n > ranky, (f*) =
ranky, (6’). By Corollary 1, f* has n-sample LLR-guarantee. By Definition 3, we have

Ofe (f") = rank s, (f*)-

The subsequent two corollaries provide a rigorous formulation of two intuitive assertions
about the best-possible cases of regression problem (1): (i) M samples are sufficient for
recovery; (ii) linear models generally cannot be recovered at overparameterization.

Corollary 2 (generic upper bound for optimistic sample size). Suppose we have a differ-
entiable model fg. For any function f* € F, we have

Ofe(f*) <M.

Proof Because ranky,(0) < M for any 8 € RM, ranky, (f*) < M for any f* € F. There-
fore, by Theorem 1, Oy, (f*) = ranky, (f*) < M. [ |

Corollary 3 (no LLR-guarantee for linear models at overparameterization). For a linear
model fo(x) = M, 0ii(x) with @ = [61,---,00]7T, if its basis functions are linearly
independent, i.e., dim(span{¢;(-)}}1,) = M, then

Oro([7) = M,

i.e., none of the functions in the model function space F has LLR-guarantee at overparam-
eterization.

Proof For any 8* € RM, we have
rank s, (6*) = dim (Span {09, f(-;0 )}i:1> = dim (span{d)i(a:)}i:l) =M.

Therefore, Oy, (f*) = ranky, (f*) = M for any f* € F. [ |

3.3 LLR-Guarantee for Analytic Models

In this subsection, we exploit the characteristics of analytic functions to enhance the LLR
guarantee, extending it to an almost everywhere (a.e.) guarantee for analytic models.
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Lemma 2. Given m linearly independent analytic functions ¢1(x),- -, dm(x) with ¢; :
RY — R for all i € [m], rank(®(X)) = m almost everywhere (a.e.) with respect to LIX™
Lebesgue measure, where

¢1($1) ¢m($1)
P(X):= : ‘ :

61 (@) o ()

Proof Clearly, det(®(-)) : R™ — R is an analytic function over R¥™. In addition,
because {¢;}", are linearly independent, there exists X € R¥™ such that det(®(-)) # 0,
i.e., det(®(-)) is not constant zero. By the property of real analytic function (Mityagin,
2020), rank(®(X)) = m a.e. with respect to L2 Lebesgue measure. [ |

Remark 3 (zero set of a real analytic function). In the above proof, we utilize the fact
that the zero set of a nontrivial real analytic function on R% has Lebesque measure zero
(Mityagin, 2020). Specifically, a set C C R? has Lebesgue measure zero if, for any € > 0,
there exists a countable collection of balls whose total volume is less than € that covers C.
This property is significant because it implies that C' occupies no volume in the space, despite
potentially being infinite or uncountable. Furthermore, this result has important implications
in probability theory. If a set has Lebesgue measure zero, then any probability measure that
is absolutely continuous with respect to the Lebesque measure will assign a probability of
zero to that set. For example, if we consider a non-degenerate gaussian measure, the zero
set of a real analytic function will have probability zero.

Corollary 4. Given m analytic functions ¢1(x), - , ¢m(x) with ¢; : R — R for alli € [m)]
and dim(span({¢;(-)},)) = r, rank(®(X)) = min{n,r} a.e. with respect to L™ Lebesgue
measure.

Proof It is obvious that rank(®(X)) < min{n,r}. For n < r, we can always pick n inde-
pendent functions from {¢;(-)}”;. By Lemma 2, ®(X) has a rank-n submatrix of ®(X)
a.e. with respect to Lebesgue measure. For n > r, we have that the submatrix of the first r
rows of ®(X) has rank r a.e. by Lemma 2. Therefore, rank(® (X)) = min{n,r} a.e. with
respect to £L3*™ Lebesgue measure. |

Proposition 2 (LLR-guarantee a.e. for analytic models). Given any analytic model fg
(w.r.t. both inputs and parameters), if target function f* € F has n-sample LLR-guarantee,
then f* has n-sample LLR-guarantee a.e.

Proof If target function f* € F has n-sample LLR-guarantee, by Definition 3, n > Oy, (f*).
In addition, there exists 8* € My« such that ranks, (0*) = Oy, (f*). Then by Corol-

lary 4, for X = [x1, -+ ,@,] a.e. with respect to L4 Lebesgue measure with data set
S = {(z;, f*(x:))}iy, rankg(0*) = min{ranky, (6*),n} = ranks,(6*). By the LLR condi-
tion Lemma 1, f* has n-sample LLR~guarantee a.e. |
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4. Upper Bounds of Optimistic Sample Sizes for DNNs

Building on the LLR theory, the task of estimating optimistic sample sizes for target func-
tions necessitates the elucidation of the model rank across the space of functions. This
task is notably challenging, particularly for DNNs with three or more layers, due to the
complexity inherent in disentangling the linear dependencies among the compositional tan-
gent functions. Fortunately, we observe that the critical embedding operators introduced
in Refs. (Zhang et al., 2021b, 2022) can preserve the tangent function space and the model
rank when transitioning from a parameter point in a narrower DNN to one in a wider DNN.
This observation allows us to constrain the model rank of a target function within a wide
DNN by referencing the smallest DNN capable of representing it regardless of the depth.
The formal mathematical exposition of these results is provided below.

4.1 DNNs and the Embedding Principle

In this subsection, we briefly recapitulate the key elements of Embedding Principle in Refs.
(Zhang et al., 2021b, 2022). Consider L-layer (L > 2) fully-connected DNNs with a general
differentiable activation function. We regard the input as the 0-th layer and the output as
the L-th layer. Let m; be the number of neurons in the [-th layer. In particular, mg = d and
my =d'. For any i,k € N and i < k, we denote [ : k] = {i,i+ 1,...,k}. In particular, we
denote [k] := {1,2,...,k}. Given weights W € R"™>*"-1 and bias bl € R™ for | € [L],
we define the collection of parameters 6 as a 2L-tuple (an ordered list of 2L elements) whose
elements are matrices or vectors

6 — (9\1,--- ,o\L) - (W[”,b[”,...,W[L},bm) (5)

where the [-th layer parameters of 0 is the ordered pair 8|; = (WU], bm), le[L]. We

may misuse the notation and identify @ with its vectorization vec(§) € RM with M =
Lo (ma+ Dmyy .
Given 8 € RM | the neural network function fg(-) is defined recursively. First, we
write f(go] (x) = x for all z € R% Then for | € [L — 1], fg] is defined recursively as

fe[)”(m) =og(Wll fg_l] () + blY). Finally, we denote
fo(x) = f(x,0) = f3(x) = WIH £V () + bl (6)

For notational simplicity, we may drop the subscript € in 6[,”, lel0: L]
We formally define the notion of wider/narrower as follows.

Definition 7 (wider/narrower DNN). We write NN({m;} ) for a fully-connected neural
network with width (mo,...,mr). Given two L-layer (L > 2) fully-connected neural net-
works NN({my}_y) and NN'({m},), if m{, = mo, m}, = my, and for any | € [L — 1],
my; > my and K = ZZL:_ll(m; —my) > 0, then we say that NN'({m]}£ ) is wider or K-
neuron wider than NN({m;}l_,) and NN({my}l,) is narrower or K-neuron narrower than
NN'({m}{,)-

Theorem 2 (Embedding Principle, Theorem 4.2 in Ref. (Zhang et al., 2022)). Given any
NN and any K-neuron wider NN, there exists a K-step composition embedding P satisfying

10
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- -

’ - split
(1-a)\
one-step
embedding
™

copy

Figure 1: (Figure 2 in Zhang et al. (2021b)) Illustration of one-step splitting embedding.
The black neuron in the left network is split into the blue and purple neurons
in the right network. The red (green) output weight of the black neuron in the
left net is splitted into two red (green) weights in the right net with ratio av and
(1 — ), respectively.

that: For any given data S, loss function ((-,-), activation function o(-), given any critical
point 0%, of the narrower NN, 0., := P(0%,,,) is still a critical point of the K-neuron

narr wide
wider NN with the same output function, i.e., foc, = foc. -

w

The cornerstone of the Embedding Principle’s proof lies in constructing a series of crit-
ical embeddings that map any given DNN to a wider one. Figure 1 illustrates a typical
type of critical embedding, specifically the ’splitting’ embedding. This process involves di-
viding a single neuron into two, while simultaneously preserving both the neural network’s
output function and its criticality. It is readily apparent that this splitting embedding can
be seamlessly adapted to Convolutional Neural Networks (CNNs) and Residual Networks
(ResNets), suggesting that the Embedding Principle is applicable to these architectures as
well. Consequently, it is reasonable to infer that all subsequent results that depend on
the presence of critical embeddings for fully-connected neural networks can be extended to
CNNs and ResNets. Additionally, Zhang et al. (2022) describes other varieties of critical
embeddings, such as the null embedding and the general compatible embedding.

4.2 Upper Bounding Optimistic Sample Size via Critical Mappings

In this subsection, we first provide a general definition of critical mappings, by which the
previously proposed critical embeddings (see Zhang et al. (2022) Definition 4.2 for details)
are special cases. Then, we prove Lemma 3, showing that uncovering critical mappings is
an important means for obtaining an upper bound estimate of the optimistic sample size.
This general result combined with the embedding principle of DNNs directly provides an
upper bound estimate of optimistic sample sizes for general DNNs in Theorem 3. We also
illustrate the upper bounds for a general depth-L DNN without bias terms in Table 1.

Definition 8 (critical mapping). Given differentiable model A fg, = f(-;604) with 64 €
RMa and differentiable model B go, = g(-;0p) with O € RMe_ P . RMa — RMB j5 ¢4
critical mapping from model A to B if given any @ € RMA | we have

(i) output preserving: fo = gp(g);

(1) criticality preserving: for any data S = {(z;,y;)}!, with mean-squared error (MSE)

11



ZHANG, ZHANG, ZHANG, AND Bal

empirical risk function Rg(h) = %Z?:l(h(wi)—yi)Q, if VoRs(fg) = 0, then Vo Rs(gps)) =
0.

Lemma 3 (upper bound of optimistic sample size). Given two models fg, = f(-;04) with
04 € RMa and gg, = g(;05) with O € RMB_ if there exists a critical mapping P from
model A to B, then the optimistic sample size Ogy(f*) < Of(f*) < My for any f* € Fa.

Remark 4. If Mp > My, this upper bound estimate is highly informative, indicating
target recovery capability at heavy overparameterization for model B. Importantly, this
lemma establishes the relation between our rank stratification and previous studies about the
critical embedding for the DNN loss landscape analysis. As a result, the critical embedding
intrinsic to the DNN architecture not only benefits optimization as studied in previous works,
but also profoundly benefits the recovery/generalization performance.

Proof By Definition 6, for any f* € Fy, there exists 8* RMA such that ranky, (0%) =
ranky, (f*). Then, gpg«) = for = f*. Because Rs(8) = 30 (fo(mi) — yi)?, we have

n

VoRs(for) = Y (i — £*(:))Vo- for (:)

i=1

and Vpg)Rs(gpe+)) = 2 ie1(yi — [*(2i))Vp9)9p@6+)(Ti). Because P is criticality pre-
serving for arbitrary data S, we have ker(Vg fo« (X)) C ker(Vpg)gpg-)(X)) for any X :=
[®1, -+ ,@x,]. Here, Vofe«(X) = [Vofo-(x1), -+ ,Vafo-(x,)]. Because rankg(P(60*)) +
dim(ker(Vp(gygp(e+)(X))) = rankg(0*) + dim(ker(Vgfg+)) = n, we have rankg(P(8*)) <
rankg(0*) for any data S (See Definition 5 for rankg(-)). Taking the infinite data limit, we
obtain ranky(P(0*)) < rank;(6*) < M4. Therefore, rank,(f*) < rank(f*) < My for any
f* € Fy. By Theorem 1, O,(f*) < O4(f*) < Ma. m

As a direct consequence of Lemma 3 and Theorem 2, we obtain the following theorem.

Theorem 3 (upper bound of optimistic sample size for DNNs). Given any NN with My;qe
parameters, for any function in the function space of a narrower NN with My, parameters
and for any f* € Fnarr, we have Oy, (f*) < Oy, (f") < Mpan-

Proof By Theorem 2, there exists a critical mapping P : RMnarr — RMwide from the nar-

rower NN to the given NN. Then, by Lemma 3, Oy, . (f*) < Ofenm(f*) < Mparr. [ |

It should be noted that while Theorem 3 is proven here for fully-connected DNNs, the
results are readily extendable to CNNs and ResNets by employing their respective critical
embeddings, such as the splitting embedding. Theorem 3 provides a significantly more
precise upper bound for optimistic sample sizes than the generic upper bound presented in
Corollary 2, as demonstrated for an L-layer DNN in Table 1.

In Table 1, it’s noteworthy that all function sets, except for F, fmiy ! in the last row,
where Theorem 3’s bound significantly improves upon Corollary 2, have measure zero in
F (miyL Nonetheless, estimating their optimistic sample sizes remains crucial as these
values indicate the likelihood of a large DNN overfitting simple target functions. The generic

12
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bound suggests that for a simple target function, the risk of overfitting increases with model
size. However, this fails to account for the widely observed good generalization performance
of DNNs under overparameterization (Zhang et al., 2017). In contrast, Theorem 3’s bound
indicates that one can employ very large DNNs to fit simple targets without significant
concern for overfitting, as the bound on the optimistic sample size remains independent of
the parameter size M. The qualitative difference between these suggestions demonstrates
the significance of Theorem 3 for understanding DNN generalization.

model: fo(x) = WHo (- o(Wlllg)...), Wl = Rmxm-1 ) =1, mg=d
f* gen(e(rjl(;:rbg;md our bound (Thm. 3)
Fiiam 1 M d+L—1
Fmrylmii 1 < m} < m; M dmy +mimh + -+ mp_omh_ +mh_,

Table 1: Upper bound of optimistic sample size for a general L-layer fully-connected DNN
with Width—{mi}f;ll. For the simplicity of presentation, we consider the DNN
without bias terms. Its total number of parameters M = dmi + mimo + -+ +
mrp_omp_1+mp_1. F, m}! denotes the function space of the L-layer DNN with

width-{m;}-=! for hidden layers.

Corollary 5 (LLR-guarantee at overparameterization for DNNs). For a DNN model, all
functions expressible by any narrower DNNs have LLR-guarantee at overparameterization.

Proof We denote fg_,,. as the DNN model and My;q4 as its total parameter size. For any
narrower DNN fg  (see Definition 7), its parameter size Mparr < Myide. For any f* €
Frarr, by Theorem 3, the optimistic sample size O fo. (f*) < Oy, () < Mparr < Myjige-
By the Definition 3 of the optimistic sample size and Definition 2 of the LLR-guarantee, f*
has LLR-guarantee at overparameterization. |

As far as we know, this is the first recovery guarantee at overparameterization for general
DNNs. Though LLR-guarantee is a relatively weak form of recovery guarantee, it sets a
solid ground for further improving the guarantee to stronger types of recovery, e.g., local or
even global recovery. In particular, we reasonably conjecture that having LLR-guarantee
at overparameterization is a necessary condition for having any stronger type of recovery
guarantee.

Corollary 6 (free expressiveness in width). The optimistic sample size of a target function
expressible by any DNN never increases as the DNN gets wider.

13
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Proof For any DNN fg ., any wider DNN fg .~ and a target function f* € Fuam, by
Theorem 3, the optimistic sample size Oy, g (f*) < Oy, (f"). [ |

Corollary 6 ensures that the potential for recovery in the sense of LLR is not compro-
mised when employing wider neural networks. This provides theoretical justification for the
application of large DNNs in modeling even simple target functions.

5. Optimistic Sample Sizes for Two-Layer Tanh NNs

Theorem 3 prompts the investigation of two pertinent questions: (i) the tightness of the
established upper bound, and (ii) the methodology for determining the precise value of the
optimistic sample size. In the subsequent analysis, we specifically address these issues for
two-layer NNs with tanh activation functions. We provide exact estimates of the optimistic
sample sizes that reach the upper limits as delineated by Theorem 3, with the results
detailed in Table 2. Furthermore, we extend our estimation to the optimistic sample sizes
for two-layer tanh-CNNs, both with and without the implementation of weight-sharing. A
comparative analysis of the optimistic sample sizes for fully-connected NNs versus CNNs
reveals that superfluous connections among neurons lead to an increase in the optimistic
sample size, which in turn adversely affects the fitting performance in terms of LLR.

model: fo(z) = >0, a;tanh(wlz),z € RY, 0 = (a;, w;)™,
fr generic bound (Cor. 2) | upper bound (Thm. 3) | Oy, (f*) (Thm. 4)
{0()} 0 0 0
FNN\{o(-)} m(d+ 1) d+1 d+1
FRN\FNN m(d+1) k(d+1) k(d+1)
FNN\ FNN m(d+1) m(d+1) m(d+1)

Table 2: Results of the optimistic sample sizes for two-layer width-m tanh-NN. Here F; }:N =
{Zle afo(wTz)|a; € R,w; € RY} denotes the function space of the width-k
tanh-NN.
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5.1 Theoretical Preparation

The exact estimation of model rank hinges on unraveling the linear dependencies among
tangent functions. The subsequent results concerning linear independence form the bedrock
for estimating the model rank in two-layer neural networks.

Proposition 3 (linear independence of neurons). Let o : R — R be any analytic function
such that 0™ (0) # 0 for an infinite sequence of distinct indices {n;}32,. Givend € N and
m distinct weights wy, ..., w,, € RN\{0}, such that wy # tw; foralll1 <k <j<m. Then

{o(wlz), o’ (wlz)r,...,0' (wlx)ry} ™| is a linearly independent function set.

Proof For z sufficiently close to 0 € R, we can write o(z) = 372, cjz?, where ¢; =
o) (0)/(5!). Then, o'(x) = P je;jxi™1 . Suppose that the set is not linearly independent.
Choose not-all-zero constants {o;}i" and {81, ..., Bia}i~, such that

mHZ(% 'szar: +Zﬁlta 'wZTa:) >
i=1

is a zero map on R, where x; denotes the t-th component of input. For k, j,i € [d], define
the sets

A ={x e Rd| (x, wy = w;) =0}
B; := {x € RY| (@, w;) = 0}.

Clearly, each Ay ; is the union of two linear subspaces of dimension (d — 1), while each B;
is a possibly empty affine subspace of dimension (d — 1). Thus,

E= (UickjemAk,j) U (Ufllez')
has £? Lebesgue measure zero. Let e € R?\E. Denote p; := (w;, e) for each i € [m]. Since

pi # pj and p; + p; # 0 whenever ¢ # j, we can, without loss of generality, assume that
Ip1| > |p2| > ... > |pm| > 0. For any sufficiently small £ and any i, ¢ we have

0o
§ C]pl 7
]=0

o' (w] (ce))(ce); = etz jcgpZ el

7j=1
Thus, for sufficiently small e,
m d m 00 m
Z(aia(wiT(se)) + ZﬁitU/(wz‘T(5e))(5e)t) = Z Q;Co + ch Z aj + — Z]/thet pﬁj
i=1 t=1 i=1 j=1 =1

= 0.
(7)
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We have ¢; >, (ozi + z% Zle jﬁitet) pZ = 0 for all j € N. In particular, for any j > 2,
since nj > 1 and ¢,; # 0, we have S (ai + 1% Zfil njﬁitet) p?j = 0, which yields

1 d m 1 d pnj
ap + — Zn]ﬂltet =- Z Qi+ — Z njBirer | —n; -
Pz i—2 pi 3 Dy

If m = 1, by taking limits j — oo, we have a; = Zle Brier = 0.
Otherwise, since |p1| > |p;| for any 2 < i < m, it follows that, by taking limits j — oo,

n;

d m d
1 1 p.J
lim | a1 + — E n;Bie; | = lim — g o+ — E n;Bier | %= = 0.
jﬁoo< p = oo =\ T

Thus, we also have a; = Zle Biter = 0. For m > 2, we may rewrite Equation (7) as

1 d m 1 d pnj
g+ — Z n;Parer = — Z o+ — Z n;Biter | =z
P2 3 i=3 pi i3 D2

for each j > 2, and take limits as we do above to deduce that as + p% Zle n;Bate; = 0. By
repeating this procedure for at most m times, we conclude that o; + 1% Zle n;Biter = 0

for all ¢ € [m]. Then, a; = Zle Biter = 0 for any ¢ € [m]. For each 1, Zle Bite; is a linear
function of €’ on the open set Rd\E which vanishes on a neighborhood of e, we must have
a; = By = 0 for any i € [m],t € [d]. Therefore, {o(w}x),o’ (wlx)r1,...,0' (wlx)rs} ",

must be a linearly independent set. |

Corollary 7 (model rank estimate for two-layer tanh-NNs). Let o = tanh. Given d € N,
weights wy, ..., wm, € R, ay, ..., am € R, we have

dim(span{o(w/ ), a;o’ (wlx)x, ..., a;0" (W T)xa} ™)) = My + Mad,

where My = 5|{w;, —w;|w; # 0,i € [m]}| indicating the number of independent neurons,
me = ${wi, —w;|w; # 0,a; # 0,i € [m]} + [{w;|w; = 0,a; # 0,i € [m]}| indicating the
number of independent effective neurons. Here, |- | is the cardinality of a set, i.e., number
of different elements in a set.

Proof Note that ¢ = tanh is analytic and o"*1(0) # 0 for all n. Because tanh is an

odd function, we have tanh(z) = — tanh(—x) and tanh(0) = 0. Therefore, given w;, w; # 0

with w; = +w;, span{o(wlz)} = Span{a(ija:)} and span{o’(wlz)x1,...,0' (wlz)ry} =

span{cr’(ijx)xl, o U’('ijx)xd}. Since there are m,, different non-zero weights, by Propo-
sition 3 we have

dim (span{a('w?x) ™) = M.
Furthermore, note that

span{a;o’ (wlz)zy, ..., a;0" (W] ¥)zg}™, = span{o’(w} z)xy, ..., 0’ (wlz)zy : a; #0,i € [m]}.
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Thus, by Proposition 3,
dim (span{o’(w; z)z1, ..., 0’ (W} x)zq : w; # 0,a; # 0,7 € [m]})
1 )
= §|{’UJZ, —'wi\'wi 7& 0,a; 75 0,7 € [m]}| - d.

Now suppose that w; = 0 € R? for some j € [m]. Since o/ (wTx) = ¢/(0) # 0 for all x € RY,

span{o’(w;f:c)xl, - al(w;fx)a:d} = span{zy,...,xq}

which consists only of linear functions. By the nonlinearity of tanh, we conclude that

dim (span{o’(w; z)z1, ..., o’ (w; 2)z4}) = mad
and thus dim (span{c(w;z), o' (w] z)z1, ..., o' (Wl z)z4}) = My + Mmad as desired. |

Next we consider the estimate of the model rank for CNNs which are widely used in
practice. Here we consider the case where the input has two-dimensional indices, which is
the most general case for the image input. The following two propositions can be directly
generalized to the model rank estimate of CNNs with an input of one index dimension.

Definition 9 (ineffective neurons/kernels). For two-layer tanh NNs, we say a neuron/kernel
is output-ineffective if its output weight array is zero but input weight array is nonzero. We
say a neuron/kernel is input-ineffective if its input weight array is zero but output weight
array is nonzero. We say a neuron/kernel is null if both input and out weight arrays are
zero. All these neurons/kernels are ineffective. Neurons/kernels that are not ineffective are
effective.

Remark 5. Estimating the model rank at parameter points with input-ineffective neurons
is complicated for CNNs. Luckily, we notice that model rank of a target function f* € F
can be obtained by considering only 8’ € Mg« with no input-ineffective neurons. This is
because any @' € Mg« with input-ineffective neurons associates to a 8" € M+ such that (i)
input-ineffective neurons at @' are replaced by null neurons (i) rankg, (0"”) < ranky,(6').
Therefore, we only estimate the model rank for CNNs at the parameter points with mno
input-ineffective neurons in the following propositions.

Proposition 4 (model rank estimate for CNNs (with weight sharing)). Given m € N,
de N and s € [d]. For anyl € [m], let K; be a (s x s) matriz. Consider CNNs with stride
= 1. For a tanh-CNN fg with weight sharing,

m d+1—s
fo(I) = Z Z ayij tanh Z Livs—ajrs—pEiap | I € RdXda
=1 ij=1 a,B

its model rank at @ = (alij, Kl)l,i,j with no input-ineffective neurons is given by

ranky, (0) = mgs® + mg(d+ 1 — s)?,
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where my = 3|{K;,—K;|l € [m],K;, # 0}| indicating the number of independent ker-
nels, mg = %ZKGK dim(span{a;,. . }ien(k)) indicating the number of independent effective
neurons. Here K = {K;,—K;|l € [m],K; # 0}, h is a function over K s.t. for each
K € K,h(K) = {l|l € [m],K; = £K}. || is the cardinality of a set, i.e., number of
different elements in a set, and a;.. denotes the (d+ 1 —s) x (d + 1 — s) matriz whose
entries are aj;;’s.

Proof Let o = tanh. We first consider the case in which there is no ineffective neuron (i.e.,
aij # 0 for all 1,4, j) and K; + Ky # 0 for any distinct {,!’ € [m]. In this case the model
rank is the dimension of the following function space (with respect to variable I € R%*9)

span Ofg  Ofe
8(11@']" 8Kl;a75

= span§ o E IiJrsfo/,jJrsf,B’Kl;a/,,B’ )

a/”B/
d+1-s
2 : / 2 :
Q51 0 Ii’—i—s—a’,j’—l—s—ﬂ’Kl;a’,B’ Ii’—l—s—a,j’—l—s—ﬁ ’
i,5'=1 o

l7i7j?a7/3

where [ € [m] and «, 8 € [s]. Next, we prove by contradiction that the set of functions

d+1-—s
/
5 Q350 § Ii—l—s—a’,j—l—s—ﬁ’Kl;a’,B’ Ii+s—a,j+5—5
1,j=1 o B

le[m],a,B€]s]

are linearly independent. If they are not linearly independent, there exist not all zero
constants (11, ..., (ss for I € [m], such that

m s d+1—s
/
=1 a,p=1 1,5=1 o B

which implies that the set of functions

alijU/ Z Ii—l—s—oz’,j—l—s—B’Kl;a’,B’ IiJrsfa,jJrsf,B
o L,
are linearly dependent, contradicting Proposition 3.
In presence of null neurons and output-ineffective neurons, if a;;; = 0 for certain [ € [m]

and all 4,5 € {1,...,d+ 1 — s},

d+1—s

/
Z ij o ZIiJrs—athrs—ﬂ’Kl;ah,B’ lits—a,jts—p =0
ij=1 o B
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for all o, B € [s]. If K; = 0 for certain [ € [m], then by Definition 9 a;;; = 0 must hold for
all 4, 5. Thus, we have

o | D livs-arjrs 5 Kiar g | Tivs—ajrss =0,

06,75/
d+1-s

/
Z aij o ZIHS*Q’JH*/B’KZWW Iits—aj+s—p = 0.
1,7=1 o, B

Moreover, notice that two kernels with K; = + K can be reduced to one while main-
taining model rank if and only if the corresponding output weights a;.. and ay .. are
linearly dependent. Then, similar to Proposition 3, we conclude that the model rank is
mas® +mg(d+1—s)2. [ |

Proposition 5 (model rank estimate for CNN-NS). Given m € N, d € N and s € [d]. For
anyl € [m] and i,j € [d+1—s], let Kj;; be a (s x s) matrices. Consider CNNs with stride
= 1. For a tanh CNN-NS fg,

m d+1—s
fo(I)=> " " ayjtanh | Y Lisajrs—sKijiap | T € R,
=1 ij=1 Y

its model rank at 8 = (alij, Klij)lm with no input-ineffective neuron is given by
ranky, (0) = mgs® + m,

where mi = $|{p(Ky;), —p(Ky;j)|l € [m],i,7 € [d+1—s], Ky;; # 0}| indicating the number
of independent kernels, mq = £[{p(Ky;), —p(Kuj)|l € [m],i,j € [d+ 1 — s],ai; # 0}
indicating the number of independent effective neurons. Here p is the padding function over
kernels, i.e., for each (s x s) kernel Ky;, p(Ky;) € R st p(Ky;)[i +i+s—1,5:
Jj+s—1] = Ky and the other elements of p(K;;) are zero. |- | is the cardinality of a set,
i.e., number of different elements in a set.

Proof Let 0 = tanh. The model rank is the dimension of the following function space

span {5’fe %}
daij’ OKiijia,p Li,j,a.B

=span{ o ZIi-‘,—s—a’,j-‘rs—ﬁ/Klij%Oé,vﬁ/ )
a/”B/

/
Qli; o Z Ii+sfa’,j+sf,8’Klij;a/,,8’ Ii+s—o¢,j+s—ﬁ )

a/ / ..
B Ligon3
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where [ € [m], 1 <i,j <d+1—s,and o, 3 € [s]. Also note that if a;;; = 0 for some | € [m]
and i,j € {1,...,d + 1 — s}, then

aijo' | Y Livs—at jrs—p Kiijar g | Tis—ars—p =0
a/,/@/
for all o, 8 € [s]. If Kj;; = 0 for some [ € [m] and i,j € {1,...,d + 1 — s}, because there is
no input-ineffective neurons, we must have aj;; = 0. Then

Z Iz'—i—s—o/,j—i—s—ﬁ’Klij;a’,ﬁ’ Ii—l—s—a,j—l—s—ﬁ =0,
a/7ﬁ/

/
wijo' | Y Tivs-arjrs-o Kiijarpr | livs-agrs— = 0.
a/”Bl

It follows from Proposition 3 that this space has dimension mqs? + mg. |

5.2 Optimistic Sample Size Estimates

Theorem 4 (optimistic sample sizes for two-layer tanh-NN). Given a two-layer NN fg(x) =
S aitanh(wlz), z € RY, 0 = (a;,w;),, for any target function f* € FaN\FNN with
0 < k < m, the optimistic sample size

Oy (f*) = k(d+1).

Here FYN = {38 ato(wiTz)|a; € R,w; € RY} fork € N, F3N := {0(-)} and FNN := 0.

i=1""

Proof Given any target function f* € FAN\F N, for k = 0, f* = 0(-) and Oy, (f*) =
rankys, (f*) =0=k(d+1). For 0 < k < m, we have

k
FAN\FNN = {Z a; tanh(w; @), a; # 0, w; # 0,w; # +w;}.
i=1
Therefore, there exists 8* = (af,w})¥_; with af # 0, w} # 0, and w} # Tw; for i # j,
such that f* = fg« := Zl Laf tanh(w;Tx). By the upper bound estimate Theorem 3,
Oy (f) < H(d+1).

By definition, the model rank of f* is the minimal model rank among all parameters
recovering f* in the target set My-. For any 0’ = (a,w)); € My, by Corollary 7,
ranky, (6') = ml, +m/d, where m,, = 3|{w}, —wl|w} # 0,i € [m]}|, mq = §|{w}, —w|w} #

a;, # 0,1 € [m]}| + {w}|w] = 0,a} # 0,i € [m]}|. Because

m k
Z a; tanh(nga:) = Z a; tanh(wacc) = f*(x),
i=1 i=1
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by the linear independence of neurons Proposition 3, m,, > k and m) > k. Then
ranky, (0") > k(d + 1), which yields Oy, (f*) = ranky, (f*) > k(d +1). Therefore Oy, (f*) =
k(d+1).

|

Theorem 5 (optimistic sample sizes for two-layer tanh-CNN). Given a m-kernel two-layer
CNN with weight sharing with 2-d input I € R%? s x s kernel and stride 1

m d+1—s
fo(I) = Z Z ay;j tanh Z Livs—ajts—pKrap |, 1€ RdXda
=1 i,j=1 a,B

for any target function f* € .FCNN\}"CNN with 0 < k < m, the optimistic sample size
O (f*) = k(s* + (d+ 1 —s5)?).

Here f,SNN indicates the function space of k-kernel CNN for k € N7, .7-"OCNN :={0(-)} and
FONN .= 0.

Proof Let 0 = tanh. The above theorem obviously holds for k = 0. For any target function
fre ]:,SNN\F,CC_NlN with 0 < k < m, there exists 0* = (afij’Kf)le[k],z‘,je[dﬂ—s} satisfying (i)
K} # K, for any | # I" and (ii) VI € [k], Jaj;; # 0, such that

k d+1-s
RURTSUED I SRR Do ue
=1 j:l

a7/8

By the upper bound estimate Theorem 3, Oy, (f*) < k(s® + (d +1 — 5)?) *.

Next we prove that k(s> + (d + 1 — s)?) is also a lower bound of ranky,(6') for 8’ €
M«. Note that, we only need to consider the parameter points with no input-ineffective
neuron. For any 0" = (aj;, K])icm),i.je(d+1-s) € Mg+ with no input-ineffective neuron, by
Proposition 5,

ranky, (0') = m,s® + mi(d+ 1 — s)?,

where my. = §|K|, m, = 3 3 ki dim(span{a .. }ien(x)) with K = {K], —K]|l € [m], K| #
0}. Here h is a functlon over K such that for each K 6 K,h(K)={lll € [m], K] =+K}.
Because

k d+1-—s m d+1—s

* * / /
DD o | D TivsagrssKiag | =D D 0o | X livs-aits-Kias |
=1 i,j=1 a,B =1 1i,j=1 a,B

by the linear independence of neurons Proposition 3, mxg > k and m, > k. Therefore
rankys, (0') > k(s> + (d + 1 — s)?) for 8’ € M-, which yields Oy, (f*) = ranky, (f*) >

*. Although Theorem 3 surely holds for CNNs, we do not prove it in our work because it requires proving the
Embedding Principle for CNNs out of the focus of the current work. For the rigor of our proof, Theorem
3 can be walk around as follows. Considering 8" = (aj;;, K )icim),i,je[d+1-s] With a;; = af;;, K| = K[
for I € [k] and aj;; = 0, K = 0 for | > k, then Oy, (f*) = ranky, (f*) < ranky, (") = k(s> + (d+1—3s)?).
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k(s®> 4+ (d+1—s)?). Then we obtain Oy, (f*) = k(s> + (d + 1 — s)?). -

To compare CNNs with and without weight sharing, we can estimate the optimistic
sample sizes of functions in f,SNN\fkc_l\IlN for both models using m > k kernels. However,
we observe that the optimistic sample size varies within this function set for CNN-NS,
complicating our comparison. To address this issue, we consider a smaller function set
g; C f,SNN\f,Si\IlN defined as follows:

Definition 10 (all-effective k-kernel CNN functions). Let F¢NN = {0}. Fork € Z*, the all-
effective k-kernel CNN function set G, is defined as the set of all functions in ]-"CNN\J-"CNN
that can be represented by a k-kernel CNN where each output weight value is nonzero (i.e.,

aiij # 0 for all l,i,7).

Theorem 6 (optimistic sample sizes of CNN functions in two-layer CNN-NS (no-sharing
CNN, CNN-NS)). We consider a m-kernel two-layer no-sharing CNN (CNN-NS) with 2-d
input I € R4 s x s kernel and stride 1

m d+1-—s

Z Z Alij tanh ZIH-S o, j+s— BKlz] B | o IERdXd.
=1 1i,j=1

For any target function f* € G with 0 < k < m, then the optimistic sample size
Ofo(f*) = k(s> +1)(d + 1 — s)°.

Proof Let 0 = tanh. The above theorem obviously holds for £ = 0. For any target function
f* € G; with 0 < k& < 'm, there is a point 8* of CNN (with sharing) such that

k d+1-—s

f( f@* Z Z alz] Z‘[i"!‘S—a:j‘FS—BH;;a,ﬁ ’

=1 i,j=1 a,fB

where H # +Hj; for any [ # I’ and al # 0 for any [,7,j. Then the target can also be
represented by the following CNN-NS

k d+1l-—s
£ =for (D) =>" > aiiio | D Lits—ajrs—pKijap | »
=1 =1 P

where Kl*ij = Hj for all 1,7, Okg = <a7ij’ K;;‘j)le[k],i,jE[d+lfs]' By Proposition 4, the model
rank at Oq for the k-kernel CNN-NS becomes

rankCNNES (0%5) = mi s + mi,
where
7 L * * * ..
mic = 5 Hp(Kiy), —p(Kiy) | Kii; # 0,1 € [k] i, j € [d+ 1 — s} = k(d + 1 - 52,

my = 5‘{29(1{1@‘): —p(K)|l € [klyi,j € [d+1—s],aj # 0} = k(d+1— 5)2,

22



LocAaL LINEAR RECOVERY GUARANTEE OF DEEP NEURAL NETWORKS AT OVERPARAMETERIZATION

and p is the padding function over kernels, i.e., for each (s x s) kernel Kj;;, p(Kj;;) € R?*?
s.t. p(Kyj)li i +s—1,j:j+s—1] = Kj;; and the other elements of p(Kj;;) are zero.
Similar to the proof of Theorem 5, by the upper bound estimate Theorem 3,

Ocnnys () < Ocnns () < rankeynys (0%s) = k(s* +1)(d +1 - 5)%

Also similar to the proof of Theorem 5, for any O\g = (aj;;, Kj;;)icim)ijejdr1—s € My
with no input-ineffective neuron, by the linear independence of neurons Proposition 3, we
have

1 .
m/K = il{p(Kl,ij)v —p(Kl/ijW €[ml,i,jeld+1— S]aKl/ij #0} > k(d+1- 3)27

1 o
my = §|{p(Kl,¢j)7 —p(Kj;)|l € [m],i,j € [d+1—s],ap; # 0} = k(d+1—s)*.

Therefore rankoyyys (8') > k(s® +1)(d+1 — 5)? for 8’ € M-, which yields Ogynns (f*) =
rankceyns (f) > k(s241)(d+1—5)%. Then we obtain Ocnnns () = k(s?+1)(d+1—5)>. 1

Costly expressiveness in connection for two-layer NNNs. Drawing from the afore-
mentioned findings, we present a comparative analysis of optimistic sample sizes across
various architectures, including CNNs with and without weight sharing, as well as fully-
connected NNs, as depicted in Figure 2. It is important to note that, to ensure an equitable
comparison, the total number of hidden neurons is held constant m(d + 1 — s)? across the
different architectures. As demonstrated in Table 3, for a typical image data with dimen-
sion d = 28, if the target function is recoverable by a CNN with at least k& < m kernels,
then the model rank for different NN architectures exhibits significant variation, ranging
from 685k for a CNN with weight sharing, to 6760k for a CNN-NS, and up to 530660k for
a fully-connected NN. This stark contrast underscores the vast disparities in their target
recovery performance especially when the training data is limited.

thout weight shast
- Weight sh
Fully-connected — without weight sharing — eight sharing
Y ;o

3

Figure 2: Illustration of architectures from fully-connected NN to CNN for comparison.
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f* CNN CNN (no sharing) Fully-connected NN

{0} 0 0 0

Gi 2+ (d+1—s)? (24+1)(d+1—-5)2 | (@+1)(d+1-s5)?

Gr | k(s> +(d+1—5)%) | k(s> +1)(d+1—35)? | k(d®*+1)(d+1-3s)2
Grolm(s?+(d+1-25)2) | m(s>+1)(d+1—5)? | m(d®+1)(d+1—s)?

Table 3: The optimistic sample size for two-layer tanh-CNN with m-kernels of size s x s and
stride 1. The input € R¥?. For functions in each all-effective CNN function set
(see Definition 10), we present their model rank in the corresponding CNN with
and without weight sharing and the corresponding fully-connected NN.

6. Experimental Results

6.1 Optimistic Sample Size Informs Practical Performance

In Figure 3, we conduct experiments to assess the practical significance of the previously
estimated optimistic sample sizes in relation to the actual fitting performance of two-layer
tanh neural networks (NNs) with varying architectures. Our experiments are centered
around the target function defined as:

F*(x) = W tanh (W lg), (8)

where W*Pl = [1,1,1] and

06 08 1 0 0
wl=1 0 06 08 1 0
0 0 06 08 1

We generate both training and test data sets by sampling input data from a standard
normal distribution and computing the output using the target function. We employ two-
layer tanh-NNs, each with a bias term for the hidden neurons, in a variety of architectures
and with different kernels/widths, to fit training data sets of sizes ranging from 1 to 63.

It is noteworthy that for a single-kernel CNN, with or without weight sharing, or a fully-
connected NN with width 3 (denoted as 1x in Figure 3(b-d)), the model rank coincides with
the number of model parameters. Under these conditions, as depicted in Figure 3(a), the
CNN demonstrates a notably earlier transition to almost-0 test error compared to other
architectures. However, this finding is somewhat expected since recoveries occur within the
traditional over-determined /underparameterized regime.

In Figure 3(b-d), we scale up the kernels/widths of the NNs by a factor of N, indicated
by Nx for each architecture. For N = 100, the parameter counts for the models are 700,
1500, and 2100, respectively. According to Table 3, the model rank for the target remains at
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7, 15, and 21 (marked by yellow dashed lines), irrespective of the value of N. In Figure 3(b-
d), we observe a postponement in the transition to accurate target recovery for N > 1,
meaning that the test error decreases to nearly zero at a sample size larger than the model
rank. Notably, the transition to almost-0 test error is much closer to the model rank than
to the parameter count, particularly for large N values.

10° 10°
1x
DNN
3x
CNN without _3 10x _3
sharing 10 10
34x
CNN with
sharing 100x
-6 -6
10 20 30 40 50 60 10 10 20 30 40 10
sample size sample size
(a) different network types (b) DNN
10° 10°
1x 1x
3x 3x
10x 10-3 10x 1073
34x 34x
100x 100x
—6 -6
10 20 30 40 50 10 10 20 30 40 10
sample size sample size
(c) CNN-NS (d) CNN

Figure 3: Average test error (color) for NNs of different architectures (ordinate) and sample
sizes (abscissa) in fitting the target function Equation (8). The yellow dashed line
for each row indicates the model rank of the target in the corresponding NN. (a)
Two-layer 1-kernel tanh-CNN vs. two-layer 1-kernel no-sharing tanh-CNN vs.
two-layer width-3 fully-connected tanh-NN. Note that these NNs are referred to
as 1x for each architecture in (b-d). (b) Two-layer N-kernel tanh-CNN, (c) two-
layer N-kernel no-sharing tanh-CNN, and (d) two-layer width-3N fully-connected
tanh-NN labeled by Nx for N = 1,3,10,34,100. For all experiments, network
parameters are initialized by a normal distribution with mean 0 and variance
10720, and trained by full-batch gradient descent with a fine-tuned learning rate.
For the training data set and the test data set, we construct the input data
through the standard normal distribution and obtain the output values from the
target function. The size of the training data set varies whereas the size of the
test data set is fixed to 1000. The learning rate for the experiments in each setup
is fine-tuned from 0.05 to 0.5 for a better generalization performance.
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6.2 Enabling Earlier Recovery via Stronger Condensation

In practice, achieving recovery as close as possible to the optimistic sample size remains
an important challenge. Fortunately, Remark 2, which details the relation between model
rank and condensation, provides valuable insight. It suggests that facilitating condensation,
which more strongly prioritizes lower model rank solutions, could benefit the recovery of
the target. Based on this insight, dropout—which strongly facilitates condensation (Zhang
and Xu, 2024)—should be an effective means to achieve an earlier recovery.

We verify this experimentally in Figure 4, where we compare the fitting performances
of neural networks (NNs) trained with and without dropout. The target function in our
experiments comprises three tanh functions, defined as:

f*(z) = tanh(x — 7) + tanh(z) + tanh(xz + 7). 9)

Both training and test data sets were generated by sampling input data from an equally
spaced distribution in the interval [—15,14] and computing the corresponding outputs us-
ing the target function. We employ two-layer tanh-NNs with a width of 300 fg(x) =
Zg’g a; tanh(w;x + b;) with and without dropout, to fit training data sets of sizes ranging
from 1 to 50. In the dropout scenario, neurons were randomly deactivated with a probability
of 10% during training.

Figure 4(a) shows that dropout leads to earlier recovery of the target function. To
further investigate the parameter state learned by the network at the optimistic sample
size (9 for the 3-neuron target), we quantified the degree of neuronal condensation using
cosine similarity. The orientation similarity between two neurons was calculated as the
inner product of their normalized input weights

WiW + b,;bj
%ij = 2 122 1 R2)
\/(wi +02) (w? + 02)

Note that we only visualize the absolute value |sij| since both s;; = 1 and s;; = —1 indicate
exact alignment for tanh activation. As illustrated in Figure 4(b-c), at the optimistic sample
size of the target (indicated by the yellow dashed line in Figure 4(a)), the solution obtained
with dropout exhibits stronger condensation compared to the one obtained without dropout.

These results further demonstrate that our estimation of the optimistic sample size of
the target—based on the parameter point with the lowest model rank, which is also the
most condensed one in the target set—well informs the practical performance of deep neural
networks under strong condensation.

7. Conclusion

In this study, we have established a local linear recovery (LLR) guarantee for deep neural
networks (DNNs), demonstrating that all functions expressible by narrower DNNs possess
an LLR~guarantee at overparameterization. Figure 5 presents a schematic overview of our
theoretical results and their interconnections. Our work lays a solid groundwork for advanc-
ing the recovery theory of DNNs. Suggested by our results for two-layer NNs (Section 5), the
linear independence of neurons as in Proposition 3 plays a key role in the exact calculation
of model rank. For future research, three significant challenges remain open: (i) exploring
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E 10° 1- - S
1 ;1071 100 -_ . - | -
‘ ‘ ;10’2 "~ 200 =3
| [10*3 30011 V 0
1 10 20 30 40 50 1

i \ !
100 200 300 1 100 200 300
sample size index index

no dropout

index
index

dropout

(a) performance comparison (b) no dropout (c) dropout

Figure 4: (a) Heatmap depicting average test error (color scale) for width-300 neural net-
works with and without dropout (y-axis) across varying sample sizes (x-axis)
when fitting the target function defined in Equation (9). Yellow dashed lines in-
dicate the model rank of the target for each network configuration. (b-c) Cosine
similarity between input weights of neurons for two-layer tanh neural networks
trained without (b) and with (c¢) dropout. For all experiments, network param-
eters are initialized by Pytorch default initialization, and trained by full-batch
Adam optimizer with a fine-tuned learning rate. For the training data set and
the test data set, we construct the input data through a equally spaced sampling
in [—15, 14] and obtain the output values from the target function. The size of the
training data set varies whereas the size of the test data set is fixed to 1000. The
learning rate for the experiments in each setup is fine-tuned from 1073 to 10~ for
a better generalization performance. Note that, for the dropout experiments, it
is very difficult to achieve less than 1073 test error even with a very large sample
size because of the difficulty in achieving low training error ~ 1074,

training methods for an earlier recovery; (ii) investigating whether DNNs can offer stronger
forms of recovery guarantees at overparameterization. (iii) exploring neuron independence
in deeper networks to exactly estimate their model ranks.

In a more recent work (Zhang et al., 2023a), we make a step further to investigate
a stronger form of recovery guarantee, known as the local recovery guarantee, for two-
layer neural networks (NNs). This approach employs only the simplification of localization,
eschewing linearization. The study of local recovery guarantees demanded a more sophisti-
cated analysis of the geometry and dynamics in the vicinity of global minima. As research in
this area progresses, we anticipate a significant deepening of our theoretical understanding
of target recovery in DNNs in overparameterized regimes.
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linear stability condition
rankg () = rank,(6)

(Lem. 1)

Section 3 Theory of local linear recovery

analytic models:
LLR-guarantee a.e.

(Lem. 2, Cor. 4, Prop. 2)

(Cor.1, Thm. 1)

optimistic sample size estimate

generic upper bound
Op(f) <M

(Cor. 2)

linear models:
no LLR-guarantee at

Oy,(f*) = ranky,(f7)

overparameterization
(Cor. 3)

upper bound estimate of O, (f*)
(Lem. 3)

Section 4 Upper bounds of optimistic sample sizes for DNNs

Embedding Principle
(Thm. 2, Zhang et al., 2022)

Oy,

wide

(Thm. 3)

upper bound for DNNs
(F7) < 0, (f) < M

LLR-guarantee at

—> overparameterization
(Cor. 5)
free expressiveness in width

(Cor. 6)

linear independence of

activations I ——

(Prop. 3)

Section 5 Optimistic sample sizes for two-layer tanh NNs

width-m tanh-NN:
Oy, (f) = k(d+1), f* € FINFN

(Thm. 4)

m-kernel tanh-CNN:

05,(£7) = k(s* + (d+1-9)%), f* € F\FA

(Thm. 5)

~
model rank estimate
—> 2-layer tanh-NN —>
(Cor. 7)
A
y
model rank estimate
—> 2-layer tanh-CNN E—
(Prop. 4)
(.
y
model rank estimate
L——> 2-layer no-sharing tanh-CNN ———— >
(Prop. 5)

m-kernel no-sharing tanh-CNN:

Op,(f) = k(s* + D)(d+1 - 5)%, f* € FONFIN

(Thm. 6)

Figure 5: Schematic overview of our theoretical results and interconnections.
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