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Abstract

Deep equilibrium models (DEQs), as typical im-
plicit neural networks, have demonstrated remark-
able success on various tasks. There is, however,
a lack of theoretical understanding of the con-
nections and differences between implicit DEQs
and explicit neural network models. In this pa-
per, leveraging recent advances in random matrix
theory (RMT), we perform an in-depth analysis
of the conjugate kernel (CK) and neural tangent
kernel (NTK) matrices for implicit DEQs, when
the input data are drawn from a high-dimensional
Gaussian mixture. We prove that, in this setting,
the spectral behavior of these Implicit-CKs and
NTKSs depend on the DEQ activation function
and initial weight variances, but only via a system
of four nonlinear equations. As a direct conse-
quence of this theoretical result, we demonstrate
that a shallow explicit network can be carefully
designed to produce the same CK or NTK as a
given DEQ. Despite derived here for Gaussian
mixture data, empirical results show that the pro-
posed theory and design principles also apply to
popular real-world datasets.

1. Introduction

Recently, a novel approach in neural network (NN) design
has gained prominence in the form of Implicit Neural Net-
works (Bai et al., 2019; El Ghaoui et al., 2021). As typical
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implicit NNs, deep equilibrium models (DEQs) introduce
a paradigm shift by resembling an infinite-depth weight-
shared model with input-injection. In contrast to traditional
explicit NNs such as multi-layer perceptrons, recurrent neu-
ral networks, and residual networks, DEQs derive features
by directly solving for fixed points. These fixed points repre-
sent equilibrium states in the NN’s computation, bypassing
conventional layer-by-layer forward propagation.

DEQs have demonstrated remarkable performance across a
variety of applications, including computer vision (Bai et al.,
2020; Xie et al., 2022), natural language processing (Bai
et al., 2019), neural rendering (Huang et al., 2021), and
solving inverse problems (Gilton et al., 2021). Despite the
empirical success achieved by DEQs, our theoretical under-
standing of these implicit models is still limited. As a telling
example, it remains unclear whether the training and/or gen-
eralization properties of implicit DEQs can be connected
to those of explicit NN models. Bai et al. (2019) show that
any deep explicit NN can be reformulated as an implicit
DEQ with carefully-designed weight re-parameterization.
Nonetheless, questions such as

* whether general DEQs have advantages over explicit
networks, or

* whether an equivalent explicit NN exists for a given
implicit DEQ,

remain largely open. Novel insights into these questions
are strongly desired, since implicit DEQs incur significantly
higher computational costs than explicit NNs during training
and inference, as a consequence of their reliance on iterative
solutions to fixed points (Micaelli et al., 2023; Fung et al.,
2022; Ramzi et al., 2021; Bai et al., 2021).

In this paper, we provide affirmative answers to the two
open questions above, by considering input data following
a Gaussian mixture model; refer to Remark 3.9 in Sec-
tion 3 for a precise statement. Building upon recent ad-
vances in random matrix theory (RMT), we investigate the
high-dimensional behavior of DEQs by focusing on their
conjugate kernel (CK) and neural tangent kernel (NTK) ma-
trices. These matrices offers an analytical assessment of the
convergence and generalization properties for both implicit
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and explicit NNs, when the networks are wide, see Jacot
et al. (2018) and Remark 2.5 below for a detailed discussion.
For input data drawn a K-class Gaussian mixture model
(GMM), we show, in the high-dimensional regime where
the data dimension p and their size n are both large and
comparable, that the Implicit-CKs and NTKs of DEQs can
be evaluated via more accessible random matrix models that
only depend on the variance parameter and the activation
function via a system of four equations. Possibly more sur-
prisingly, these high-dimensional “proxies” of Implicit-CKs
and NTKSs have consistent forms with those of explicit NNs
recently established in Ali et al. (2022); Gu et al. (2022).

Inspired by this observation, we establish the high-
dimensional equivalence (in the sense of the CK and/or
NTK) between implicit DEQs and explicit models, by
matching their determining equations derived above. In
particular, our results reveal that a shallow explicit NN with
carefully designed activations is destined to exhibit identical
CK or NTK eigenspectral behavior as a given implicit DEQ,
the depth of the latter being essentially infinite. This implies,
at least for GMM data, that an equivalent shallow explicit
NN (with the same amount of memory) can be designed,
so as to avoid the significant computational overhead of im-
plicit DEQs. Despite our theoretical results are derived for
GMM data, we observe an unexpected close match between
our theory and the empirical results on real-world datasets.

1.1. Our Contributions

Our contributions are summarized as follows.

(1) We provide, by considering high-dimensional GMM
data, in Theorems 3.3 and 3.4, precise characteriza-
tions of CK and NTK matrices of implicit DEQs; we
particularly show that the Implicit-CKs and NTKs only
depend on the DEQ variance parameter and activation
function via a system of four nonlinear equations.

(2) We present, in Section 3.2, a comprehensive methodol-
ogy for crafting “equivalent” shallow NNs that emulate
a given implicit DEQ. This involves determining the ex-
plicit NN activations through the system of equations
derived in Theorems 3.3 and 3.4. We further illus-
trate the versatility of this framework in Examples 3.10
and 3.11, showcasing its applications to widely-used
ReLU and Tanh DEQs.

(3) We provide empirical evidence on GMM and real-
world datasets such as MNIST, Fashion-MNIST, and
CIFAR-10. Our numerical results demonstrate that the
carefully-designed explicit NNs exhibit performance
on par with the given implicit DEQs. This parity in
performance is observed across both GMM and diverse
realistic datasets, affirming the broad applicability and
effectiveness of the proposed framework.

1.2. Related Works

Here, we provide a brief review of related previous efforts.

Neural tangent kernels. Neural Tangent Kernel (NTK),
initially proposed by Jacot et al. (2018), examines the be-
havior of wide and deep NNs when trained using gradient
descent with small steps. Originally developed for fully-
connected NNs, the NTK framework has since then been
expanded to convolutional (Arora et al., 2019), graph (Du
et al., 2019), and recurrent (Alemohammad et al., 2020)
settings. See also Remark 2.5 below for the use of NTK in
the analysis of DNNs.

Over-parameterized DEQs. Feng & Kolter (2020) ex-
tend previous NTK studies to implicit DEQs and derive
the exact expressions of the CK and NTK of ReLU DEQs.
Agarwala & Schoenholz (2022) investigate the NTK of
DEQs under different random initializations. These studies
particularly asserts that (i) the Implicit-NTKs of DEQs are
equivalent to the corresponding weight-untied models in
the infinitely wide regime and (ii) implicit DEQs have non-
degenerate NTKSs even in the infinite depth limit. These ob-
servations align with our findings. The connections between
Implicit-CKs/NTKs and Explicit-CKs/NTKs, however, re-
main unexplored. Here we perform a fine-grained analysis
on the Implicit-CKs and NTKs of DEQs and establish their
equivalence to explicit NN model. Also, while training
dynamics (and global convergence) of over-parameterized
DEQs have been investigated in previous works (Gao et al.,
2022; Gao & Gao, 2022; Ling et al., 2023; Truong, 2023) in
the NTK regime, it remain unclear how these DEQ training
dynamics distinguishes from those of explicit models.

Random matrix theory and NNs. Random matrix theory
(RMT) has emerged as a versatile and potent tool for evalu-
ating the behavior of large-scale systems characterized by
a substantial “degree of freedom.” Its application has been
increasingly embraced in the realm of NN analysis, span-
ning shallow (Pennington & Worah, 2017; Liao & Couillet,
2018b;a) and deep (Benigni & Péché, 2019; Fan & Wang,
2020; Pastur, 2022; Pastur & Slavin, 2023) models, homoge-
neous (e.g., standard normal) (Pennington & Worah, 2017;
Mei & Montanari, 2022) and mixture-type datasets (Liao &
Couillet, 2018b; Ali et al., 2022; Gu et al., 2022). From a
technical perspective, the most relevant papers are Ali et al.
(2022) and Gu et al. (2022), in which the eigenspectra of CK
and NTK were evaluated, for explicit single-hidden-layer
NN in Ali et al. (2022) and explicit deep NNs with multi-
ple (but finite) layers in Gu et al. (2022). Here, we extend
previous analysis to implicit DEQs with an effectively infi-
nite number of layers, and establish an equivalence between
implicit and explicit NN models.
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2. Preliminaries

Notations. We use N(0, I) to denote standard multivari-
ate Gaussian distribution. For a vector v, ||v| is the Eu-
clidean norm of v. For a matrix A, we use A;; to denote
its (7, j)-th entry, || A|| » to denote its Frobenius norm, and
||A|| to denote its spectral norm. We use © to denote the
Hadamard product between matrices of the same size. We
let O(+), ©(+) and Q(-) denote standard Big-O, Big-Theta,
and Big-Omega notations, respectively.

In this paper, we focus on the DEQ model introduced in Bai
et al. (2019), defined as follows.

Definition 2.1 (Deep equilibrium model, DEQ). Let X =
[€1, - ,x,] € RP*™ denote the input data, consider a
vanilla DEQ with output f(x;) given by

flx) =a'z], (1
(*

where a € R™ and z; )2 limy_y o zlgl) € R™ with

zl-(l) = %qﬁ (aaAzglfl) + obBaci) € R™, forl > 1,

@)
for some appropriate initialization zl-(o). Here, A € R™*™
and B € R™*P are the DEQ weight parameters, o, 0, € R
are constants, and ¢ is an element-wise activation. Note that
z; can also be determined as the equilibrium point of

1
5l = 70 (0uAz] +Ba). 3
We position ourselves under the following assumptions on
the weights and activation functions of the DEQ.

Assumption 2.2 (Weights initialization). For the DEQ
model in Definition 2.1, the weight parameters a € R™,
A € R™*™ and B € R"*P? are initialized as independent
random vector or matrices having i.i.d. entries of zero mean,
unit variance, and finite fourth-order moment.

Assumption 2.3 (Activation function). For the DEQ
model in Definition 2.1, the activation function ¢ is
L;-Lipschitz, and at least four-times weakly differen-
tiable with respect to standard normal measure, i.e.,
maxXge{0,1,2,3,4} [E[¢™)(¢)]] < oo for & ~ N(0,1).

Here, we consider the weak differentiability of a func-
tion, which generalizes the notation of derivative for non-
differentiable (but integrable) functions. Specifically, us-
ing the Gaussian integration by parts formula, one has
E[¢'(§)] = E[£¢(&)] for & ~ N(0,1), as long as the right-
hand side expectation exists. It can be checked that Assump-
tion 2.3 holds for commonly-used smooth, e.g., Tanh, and
piecewise linear activations, e.g., ReLU and Leaky ReL.U.

For the stability of training and inference of DEQs, it is of
crucial significance to guarantee the existence and unique-
ness of the equilibrium point in Eq. (3) (Winston & Kolter,

2020; El Ghaoui et al., 2021). To that end, we introduce the
following assumption on the variance parameter o,.

Assumption 2.4 (Variance parameter). For the DEQ model
in Definition 2.1, the variance parameter o, in Eq. (3) sat-
isfies 02 < 1/(4L?), with L; the Lipschitz constant of the
activation function ¢ as demanded in Assumption 2.3.

It follows from Assumption 2.2 and standard singular
value bounds of random matrices (Vershynin, 2018) that
|A|| < 24/m with high probability. Then, by noting that
@(+) is Ly-Lipschitz, one has, under Assumption 2.4, that
the transformation in Eq. (2) is a contractive mapping. This
thus ensures the existence of the unique fixed point z*.

We are interested in the conjugate kernel and the neural
tangent kernel (Implicit-CK and Implicit-NTK, for short) of
the implicit DEQ in Definition 2.1.

Remark 2.5 (On CKs and NTKSs). Conjugate kernels (CKs)
and neural tangent kernels (NTKSs) are closely related ker-
nels useful in the analysis of NNs (Fan & Wang, 2020).
During gradient descent training, the network parameters
change and the NTK also evolves over time. It has been
shown in Jacot et al. (2018) and follow-up works that for suf-
ficiently wide DNNss trained on gradient descent with small
learning rate: (i) the NTK is approximately constant after
initialization; and (ii) running gradient descent to update the
network parameters is equivalent to kernel gradient descent
with the NTK. This duality allows one to assess the training
dynamics, generalization, and predictions of wide DNNs
as closed-form expressions involving NTK eigenvalues and
eigenvectors, see Bartlett et al. (2021, Section 6).

For Implicit-CKs and NTKs, we recall the following result.
Proposition 2.6 (Implicit-CKs and NTKs of DEQ, (Feng &
Kolter, 2020; Gao et al., 2023)). Under Assumptions 2.2-2.4,
the Implicit-CK of the DEQ model in Definition 2.1 takes
the following form:

G* = lim GV, )

l—o0

where the (i, §)-th entry of G\ is defined recursively as'
G =E[(z") 72" ie, G = (=) T2 ana
ij ) g b e My 4 J

G =B ()o(v)), 5)
AL AD

with (u,vi)) ~ N0, |6 ") and A =
Aji A

03G£;71)+J§w;'—mj,forl > 1. The corresponding Implicit-
NTK takes the form K* = lim;_, o, K'Y whose the (i, j)-th
entry is defined as

I+1 1+1 ) ,
KD=%" (Gf;f‘” G )> : ©6)
h=1 h'/=h

!"Note that the expectation is conditioned on the input data, and
is taken with respect to the random weights.
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oA
with ng) = UgE(ul,vl)NN(O,AE?) (¢ (u;)¢ (v1)] so that
K}, =G;/(1-G};). @)

The existence and uniqueness of the DEQ Implicit-
CK and NTK expressions given in Proposition 2.6 are guar-
anteed under Assumptions 2.2-2.4, see Gao et al. (2023) for
a detailed proof using a Gaussian process argument.

For the purpose of our theoretical analysis, we consider in-
put data drawn from the following high-dimensional Gaus-
sian mixture model.

Assumption 2.7 (High-dimensional Gaussian mixture
model, GMM). Consider n data vectors 1, -+ , &, € RP
independently drawn from one of the K-class Gaussian
mixtures Cq, - -+ ,Ck, i.e., for x; € C,, we have

\/ﬁwi ~ N(Nm Ca)7

We assume, for n, p both large that (i) p = ©(n) and n,
the cardinality of class C, satisfies n, = ©(n); (ii) || o] =
O(1); (i) for C° = 28 | " C, and C2 = C, — C°,
we have [|C, || = O(1), tr C = O(,/p) and tr(C,Cy) =
O(p) fora,be {1,---,K}.

Remark 2.8 (On GMM in Assumption 2.7). The normal-
ization by /p of the GMM in Eq. (8) is commonly used
in the literature of high-dimensional statistics and over-
parameterized DNNs and ensures that the data vectors have
bounded Euclidean norms | ;|| = O(1) with high proba-
bility for n, p large. The assumptions on the scaling of the
means and covariances in Assumption 2.7, despite being
technical at first sight, ensure the GMM classification in
Eq. (8) remains non-trivial for n, p large, and have been
extensively studied in the literature for various ML meth-
ods ranging from LDA, spectral clustering, SVM, to shal-
low and deep neural networks, see for example (Couillet &
Benaych-Georges, 2016; Louart et al., 2018; Dobriban &
Wager, 2018; Liao & Couillet, 2019; Elkhalil et al., 2020;
Couillet & Liao, 2022; Gu et al., 2022) as well as (Blum
et al., 2020, Section 2). On the other hand, it is known
that GMM is a universal approximator, in that given a data
distribution, there exists a GMM (with possibly a large num-
ber of components) that can approximate that distribution
to an arbitrary error, see for example (Goodfellow et al.,
2016). In the high-dimensional regime under study where
the data dimension p and sample size n are both large and
comparable, theoretical and empirical evidences have been
provided to support the modeling of realistic image data
using high-dimensional GMM, see (Seddik et al., 2020).

ae{l,--,K}. 8)

3. Main Results

In this section, we present in Section 3.1 our main technical
results on the high-dimensional characterization of CK and

NTK matrices of implicit DEQs, in Theorems 3.3 and 3.4,
respectively. We then show in Section 3.2 that the proposed
theoretical analysis allows to construct, for a given implicit
DEQ model, an equivalent and shallow explicit NN model
that shares the same CK eigenspectra as the implicit DEQ.

3.1. High-dimensional Characterization of
Implicit-CK and NTK Matrices

Let us start by introducing some notations that will be used

in the remainder of this paper. For GMM data in Assump-

tion 2.7, denote
JE[jla"'ajK]ERnXKv jaeRn7

with [ja]; = 1s,ec, of class Cy, a € {1,..., K} (note that
the rows of J are standard one-hot-encoded label vectors in
R¥). We define the second-order data fluctuation vector as

¥ = {|lz; — Elz]||* — Ef|lz; - E[=][”]}, € R™,
and use
T = {tr C’aC’b/p}ff’b:l e REXKE ¢ — {trC;/\/p} € RE,
to denote the GMM second-order statistics. Also, let
To = \/tr C°/p, C)
K

for C° =3, "= C, as in Assumption 2.7, and 7, be the
fixed point to the following equation

ro = \JORE[2(nO)] + o3, E~N(0,1),  (10)

the existence and uniqueness of which is ensured under
Assumption 3.1 as follows.

Assumption 3.1. For the DEQ model in Definition 2.1, the
variance parameter o, satisfies o2 < 2/(E[(¢?(7¢))"]) for
7>0and ¢ ~ N(0,1).

Remark 3.2 (Existence and uniqueness of 7,). It can be
checked that for any given 7o > 0 and variance parameter
0, satisfying Assumption 3.1, the right-hand side of Eq. (10)
constitutes a contractive mapping. This ensures the exis-
tence of a unique fixed point 7, in Eq. (10). See Lemma A.2
in Appendix A for a detailed proof of this fact.

With these notations, we are ready to present our first result
on the high-dimensional characterization of CK matrices for
implicit DEQs, the proof of which is given in Appendix B.

Theorem 3.3 (High-dimensional approximation of Implic-
it-CKSs). For the DEQ model in Definition 2.1 with GMM
input as in Assumption 2.7, let Assumptions 2.2 and 2.3 hold,
and let the activation ¢ be centered such that E[¢p(7.£)] = 0
for & ~ N(0,1) and 7, in Eq. (10). Further assume
that the variance parameter o, satisfies both Assump-
tions 2.4 and 3.1. Then, the Implicit-CK matrix G* defined



DEQs are Almost Equivalent to Not-so-deep Explicit Models for High-dimensional Gaussian Mixtures

in Eq. (4) of Proposition 2.6 can be well approximated, in
a spectral norm sense with HG* — G|| = O(n’l/z), by a
random matrix G explicitly given by

G=a, , X' X+VC. V' + (2 —da.1),, (1)

where V = [J /\/p, ] € R K+,

ottt + ay 3T auot
*2 %3 2t | U)X (K+1),

C, =
T
Qi 2t Q2

and non-negative scalars s, 0, 1, 0 2, 0 3 > 0 are de-

fined, for & ~ N(0,1), as
THE[¢ (1))

T VRO e = T e
_ E[(b”(T*g)]z 2
G2 T U1 — 02E[¢ (r6)]2) (12)
Oy 3 = E[QbI/(T*g)F (0_(2104*71 + 0,5)2

2(1 — oZE[¢' (1:8)]?)
with o g = (1 — %EE[(QSQ(T*g))H])ilUI?'

Theorem 3.3 reveals the surprising fact that, for high-
dimensional GMM input in Assumption 2.7, the Implicit-
CK G*, despite its mathematically involved form (as the
fixed point of the recursion) in Eq. (4), is close to a much
simpler random matrix G. This “equivalent” CK matrix G,

(1) depends, as expected, on the input GMM data (X)),
their class structure (J) and higher-order statistics (¢
and T), but in a rather explicit fashion; and

(2) is independent of the distribution of the (randomly
initialized) weight matrices A and B; and

(3) depends on 02, o7, and the activation ¢ only via four
scalars a1, Qx 2, (3, Y« explicitly given in Eq. (12).

A similar result can be derived for the Implicit-NTK matri-
ces and is given as follows, proven in Appendix C.

Theorem 3.4 (High-dimensional approximation of Implic-
it-NTKSs). Under the same settings and notations of Theo-
rem 3.3, we have, that the Implicit-NTK matrix K* defined
in Eq. (7) of Proposition 2.6 can be well approximated, in
a spectral norm sense with HK* — f“ = O(n_l/Q), bya
random matrix K explicitly given by

K=3.,.X"X+VD. V" + (k2 -126.1)I,, (13)
where V. € RM(KE+1) g g5 defined in Theorem 3.3, and

_ ﬂ>k,2tt—r + 6*73T B*,Qt

(K+1)x (K+1)
B*,Qt—r 6*,2 €R ’

D,

as well as non-negative scalars k., B« 1, Bx,2, Bs,3 > 0,

Ko = T« B _ 05*,1
V1R (e 1B (o)
6 _ Oy 2
YT T oZE[ (RO
5y = Qe+ Bea(GRE (RO + o)

1 — oZE[¢ (1.8))?
for & ~ N(0,1), with a1, v 2, v 3 as defined in Eq. (12).

Theorem 3.4 tells us that the NTK matrices of implicit DEQs
take a similar form as their CKs, and (approximately for
n, p large) depend on o, 0, and the activation via the key
parameters f3, 1, B+ 2, Bx,3 and K.

Remark 3.5 (On centered activation). Given any activa-
tion function ¢(-) that satisfies Assumption 2.3, a cen-
tered activation ¢ can be obtained by simplify subtract-
ing a constant as ¢(z) = ¢(x) — E[¢(,x)] with 7, =

VORE((B(r6) — E[B(n.6))?] + ofrd.

3.2. High-dimensional Equivalence between DEQs and
Shallow Explicit Networks

Implicit DEQs are known, per Definition 2.1, to be formally
equivalent to infinitely deep explicit NN models (Bai et al.,
2020; Xie et al., 2022). In the sequel, we show how our
theoretical analyses in Theorems 3.3 and 3.4 provide a gen-
eral recipe to construct shallow explicit NN models that are
“equivalent” to a given implicit DEQ model, in the sense that
the CK and/or NTK matrices of the two networks are close
in spectral norm. We first review previous results on explicit
NN models in Section 3.2.1, and present, in Section 3.2.2,
guidelines to construct a shallow explicit NN equivalent to
a given DEQ.

3.2.1. A BRIEF REVIEW OF EXPLICIT CKS AND NTKS

We consider the following L-layer explicit NN model.
Definition 3.6 (Fully-connected explicit NN model). Let
X =[xy, -+ ,x,] € RPX™ denote the input data, consider
an L-layer fully-connected explicit NN model with output
given by aTacEL) fora € R™~, a:l(.o) = x; and

2P =_1,

(3 \/ﬁl l

where W, € R™*™i-1 are weight matrices and 0;: R —
R are element-wise activation functions.

(Wil™V), forl=1,---,L, (14)

As in Assumptions 2.2 and 2.3 for implicit DEQs, we also
assume that the weights W;s in Definition 3.6 have i.i.d.
entries of zero mean, unit variance, and finite fourth-order
moment; and the activations o; are four-times weakly differ-
entiable with respect to standard Gaussian measure.
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For fully-connected explicit NNs in Definition 3.6, we recall
the following result on their Explicit-CKs and NTKs.
Proposition 3.7 (Explicit-CKs and NTKs, (Jacot et al.,
2018; Fan & Wang, 2020)). For a fully-connected L-layer
NN model in Definition 3.6, its Explicit-CK matrix ¥ at
layerl € {1,---, L} is defined as

Ez(';') = Eu,v[Ul(ul)O'l(Vl)]a E(O) = )(T)(7 (15)

E(l.fl) E(l_fl)
with (u,v;) ~ N(O,[ -1 (-1 }) And the
Eji Ejj

Explicit-NTK matrix ©1" at layer | is defined as
00 =x010tVex® 6®=xTx, (16
with 3 = By, y, [0} (w)o] (v)):

The Explicit-CK and NTK matrices in Proposition 3.7 for
the fully-connected explicit NN model in Definition 3.6
have been recently studied in Gu et al. (2022).

Theorem 3.8 (High-dimensional approximation of Explic-
it-CKs, (Gu et al., 2022, Theorem 1)).  For fully-connected
NN model in Definition 3.6 with GMM input in Assump-
tion 2.7, let 79 = 19 as defined in Eq. (9) and 71, - -7, > 0
be a sequence of non-negative scalars satisfying 7, =
VE[6?(Ti—18)], for § ~ N(0,1) and 1 € {1,--- , L}. Fur-
ther assume that the activation functions oy(-) are centered
such that E[o;(7,-1&)] = 0. Then, for the Explicit-CK ma-
trix XU defined in Eq. (15) of Proposition 3.7, it holds
that | =0 — s | = O(n~Y/?) for a random matrix s
explicitly given by

SV e XTX +VOVT + (72 - 21, (17)
with V- € R™(KE+Y) g defined in Theorem 3.3,

=~ &LgttT —+ &l}gT &l’gt

_ (K+1)x(K+1)
C Qpat’ a2 €R ’

and non-negative scalars &y 1, &y 2, & 3 defined recursively
as g1 = 0p4 =1, a2 = g3 =0, and

= E[Uf(ﬂ—lﬁ)]zal—l,l,

~ ~ ~ 1 ~ ~

Qp2 = E[Ul/<7-l71€>]2al71,2 + ZE[UZH(Tlflf)Palel,zp

~ ~ ~ 1 ~ ~

a1 = E[oy(7-1)qi—1,3 + 51[*3[01'/(7'1_15)]2&12_1)1,
with &174 = ]E[(of(ﬁ_lf))”]&l_l,4, for{ ~ N(O, 1)

In the following, we establish, by combining Theo-
rems 3.3 and 3.8, explicit connections between the CK matri-
ces of implicit DEQs and fully-connected explicit NNs. Ex-
ploiting this connection, we further provide a recipe to con-
struct an explicit network “equivalent” to any given DEQ,
with approximately the same CK. Results for NTK can be
similarly obtained by combining our Theorem 3.4 with Gu
et al. (2022, Theorem 2) and is omitted here.

3.2.2. DESIGNING EQUIVALENT EXPLICIT NNS VIA CK
MATCHING

Comparing Theorem 3.3 to Theorem 3.8, we see that
the high-dimensional approximation G of the Implicit-CK

in Eq. (11) takes a consistent form with that (f(l)) of the
Explicit-CK in Eq. (17), with coefficients c,s and as deter-
mined by the corresponding activation ¢ and o;, respectively.
Inspired by this observation, our idea is to design activa-
tions of an L-layer explicit NN such that its Explicit-CK
(L) shares the same coefficients as the Implicit-CK G* of
a given implicit DEQ of interest. Specifically, for a given
implicit DEQ as in Definition 2.1,

(1) we first compute the four key parameters
QUi 1,y 2,0 3 and 7, of the implicit DEQ ac-
cording to Eq. (12) of Theorem 3.3;

(2) we then select activations o; with undetermined param-
eters for the L-layer explicit NN in Definition 3.6, and
use Theorem 3.8 to represent oy, 1, p 1, &r,1, 7L as
functions of the activation parameters;

(3) we determine the activations o; of the explicit NN by
solving the following set of equations,

%L = Y, &L,i = Qlx 4, 1€ {1,2,3}. (18)

This gives the desired fully-connected explicit NN model
that shares the same CK as the given DEQ.

It remains to determine the depth of the equivalent explicit
NN model. Note, by comparing Theorem 3.8 to Theo-
rem 3.3, that for a given implicit DEQ, it is not always
possible to determine a single-hidden-layer explicit NN hav-
ing the same CK. This is discussed in the following remark.

Remark 3.9 (Implicit- versus Explicit-CK). It fol-
lows from Theorem 3.8 that, for the single-hidden-
layer explicit NN (with L = 1 in Definition 3.6),
one must have o9 = %&173, regardless of the
choice of activation. On the contrast, o, 2 = %a*73
does not necessarily hold for the Implicit-CK of all

DEQs. As such, for a given DEQ,

s if a2 = a3, then a single-hidden-layer
explicit NN suffices to match the given DEQ;

* otherwise if v, » # F v, 3, then an explicit NN
with (at least) two hidden layers is required.

. J

As a consequence of Remark 3.9, we discuss, in the follow-
ing, the two instances of commonly used implicit DEQ with
ReLU and Tanh activations, and illustrate how to construct
equivalent shallow explicit NNs in both cases. The detailed
expressions and proofs are given in Appendix D.
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Figure 1. Evolution of relative spectral norm error |G* —
G||/||G*|| w.rt. sample size n, for DEQs in Definition 2.1
with different activations and ag = 0.2, on two-class GMM,
p/n = 0.8, Mo = [Og(afl); 8; 0p—8a+7}, and C, = (1 +4 S(CL —
1)/vp)Ip,a € {1,2}.

Example 3.10 (DEQ with Tanh activation). For a given
implicit DEQ (denoted Tanh-DEQ) in Definition 2.1 with
Tanh activation, i.e., ¢(x) = Tanh(x), a single-hidden-
layer equivalent explicit NN (denoted H-Tanh-ENN) as
in Definition 3.6, with Hard-Tanh-type activation:

UH—Tanh($> =axr- lfcgwgc +ac- (1IZC - lwgfc)a (19)

with undetermined parameters a > 0,c > 0, can be con-
structed so that their CKs, denoted as G},

1
anh and EI(—I—2l"anh’
satisfy || G — S| = O(n~1/2), by solving a system

of nonlinear equations induced from Eq. (18).

Example 3.11 (DEQ with ReLU activation). For a given im-
plicit DEQ (denoted ReLU-DEQ) as in Definition 2.1 with
centered ReLLU activation, i.e., ¢(z) = ReLU(x)—7./v/27,
a two-hidden-layer equivalent explicit NN (denoted L-
ReLU-ENN) with Leaky-ReLU-type activation:

—b
o£l_)ReLU(x) = max(qx, bjx) — Mﬁ, [=1,2, 20)

V2r

with undetermined parameters a; > b; > 0, can be con-
structed so that their CKs, denoted as Gz, ; and ES})%LU,
satisfy |Gy — B %yl = O(n=1/2), by solving a sys-
tem of polynomial equations induced from Eq. (18).

4. Experiments

In this section, we provide numerical experiments to validate
our theoretical results. We consider both Gaussian mixture
data and samples drawn from commonly used real-world
datasets such as MNIST (LeCun et al., 1998), Fashion-
MNIST (Xiao et al., 2017), and CIFAR-10 (Krizhevsky,
2009). The experiments are conducted with a repetition
of five trials, and we report both the average performance
and accompanying error bars. Due to space limitation,

-- -TanhT H-Tanh

—a (1)
‘GTanh Y'S' EH-‘Tanh

©
=
[}

=3
(=}
—_
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Figure 2. Left: Visualization of activations of DEQs (dashed)
and those of equivalent explicit NNs (solid). Right: Evolution
of relative spectral norm errors |Gy, — Zg_%anh” /|| GTann || and
|GReLy — ESIZSLU||/||G;{5LU|| w.r.t. sample size n on GMM as
in Figure 1 for Example 3.10 (red) and Example 3.11 (blue),
respectively.

we refer the readers to Appendix E for additional exper-
iments. The code to reproduce the results in this section is
available at https://github.com/StephenLi24/
INN_eqgvi_ENN.

High-dimensional approximations of Implicit-CKs and
NTKs. Figure 1 compares the difference between Implicit-
CKs G* and their high-dimensional approximations G
given in Theorem 3.3, on binary Gaussian mixture data,
for DEQs as Definition 2.1 with four commonly-used acti-
vations: ReLU, Tanh, Swish, and Leaky-ReL.U (L-ReLU).
The computation of G follows from its definition in The-
orem 3.3. For the Implicit-CK G*, we take an estimation
approach similar to that in Gao et al. (2023): each element
G, is estimated as (z;‘)Tz;‘ using a high-dimensional DEQ
defined in Eq. (3) with m = 2!? and 2z} estimated through
a large number [ of fixed-point iterations defined in Eq. (2).
See Gao et al. (2023) for a convergence analysis of this
estimation (to G*) w.r.t. the width m and the number [ of
fixed-point iterations. We refer the interested readers to Cho
& Saul (2009); Tsuchida et al. (2018); Novak et al. (2019)
for fast and efficient estimation/computation of CKs and
NTKs.

We observe from Figure 1 that, for different activations,
as n, p increase, the relative errors consistently and signifi-
cantly decrease, as in line with our Theorem 3.3. The exper-
imental observations regarding NTKs and Theorem 3.4 are
similar and are placed in Appendix E.1. Possibly surpris-
ingly, the high-dimensional approximations of Implicit-CKs
and Implicit-NTKs, despite derived here for GMM in Theo-
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Figure 3. Classification accuracies of implicit DEQs and explicit models trained with SGD. Top: Evolution of classification accuracies
w.r.t. the width m of Tanh-DEQ (green), the corresponding equivalent explicit H-Tanh-ENN (blue), and Tanh-ENN (red). Bottom:
Evolution of classification accuracies w.r.t. the width m of ReLU-DEQ (green), the corresponding equivalent explicit L-ReLU-ENN
(blue), and ReLU-ENN (red). For MNIST (left) and Fashion-MNIST datasets (middle), raw data are taken as the network input; for
CIFAR-10 dataset (right) , flattened output of the 16th convolutional layer of VGG-19 are used.

rems 3.3 and 3.4, exhibits unexpected similar behavior on
realistic MNIST data, see Appendix E.2 for detailed results.

Equivalent Explicit-CKs and NTKs. In Figure 2, we
testify the results in Examples 3.10 and 3.11 by constructing
shallow explicit networks with Hard Tanh-type (H-Tanh-
ENN) and Leaky ReLU-type (L-ReLU-ENN) activation
equivalent to implicit DEQs with Tanh (Tanh-DEQ) and
ReLU (ReLU-DEQ) activation, respectively. We see that,
while the two types of NN models are different in that (i)
DEQs are implicitly defined while ENNs are explicitly
defined, and (ii) ENNs use different activations from DEQs,
their CK matrices are close in spectral norm, as long as
the activation of ENNs are carefully chosen according to
our Examples 3.10 and 3.11. This observation is again
consistent on synthetic GMM, and possibly surprisingly,
realistic MNIST data. We conjecture that this is due to a
high-dimensional universal phenomenon and that our results
hold more generally beyond GMM for, say, data drawn from
the family of concentrated random vectors (Ledoux, 2005).
We refer the interested readers to Couillet & Liao (2022,
Chapter 8) for more discussions on this point.

Test performance of explicit NNs on realistic data. To
explore the extent of the proposed high-dimensional equiv-
alence between implicit DEQs and shallow explicit NN
models across various realistic datasets, we conduct a com-

prehensive comparison of the classification accuracies using
both implicit and explicit models. The results of this compar-
ison, depicted in Figure 3, provide insights into the perfor-
mance of DEQs against carefully (or not) designed explicit
NNs. Following Examples 3.10 and 3.11, we construct a
single-hidden-layer H-Tanh-ENN and a two-hidden-layer L-
ReLU-ENN to match Tanh-DEQ and ReLU-DEQ, respec-
tively. The undetermined parameters a, ¢ and a;, b; of the
activations H-Tanh-ENN and L-ReLU-ENN are determined
by solving the system of equations induced from Eq. (18).
For comparison, we also construct a single-hidden-layer
explicit NN with Tanh activation (denoted Tanh-ENN) and
a two-hidden-layer explicit NN with ReLU activation (de-
noted ReLU-ENN). Models are trained using SGD opti-
mizer with learning rates of 10~* for MNIST and Fashion-
MNIST, and 102 for CIFAR-10. The batch size is set to
128 with a maximum training epoch of 100. To ensure a
fair comparison, the hidden layer of explicit NNs share the
same width, m € 25712 as the implicit DEQs. As m in-
creases, the performance of L-ReLU-ENN closely matches
that of ReLU-DEQ, while a noticeable performance gap ex-
ists between ReLU-ENN and ReLU-DEQ. A similar result
is observed in the case of H-Tanh-ENN and Tanh-DEQ.
These trends are in line with the theoretical guaranteed of-
fered by our analysis, that focuses on CKs and NTKs and
formally holds in the m — oo limit. Experiments are also
conducted using the Adam optimizer, where similar trends
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can be observed. Please refer to Appendix E.4 for these
results. Moreover, we observe the remarkable advantage of
ENN over DEQs on the time costs of inference and train-
ing, see Appendix E.5 for detailed results. This observation
substantiates our theory and underscores the practical ad-
vantages of our approach by, e.g., enabling the design of
memory-efficient explicit NNs that achieve the performance
of implicit DEQs without the computational overhead asso-
ciated with fixed-point iterations.

5. Conclusion

In this paper, we investigate the connections and differences
between implicit DEQs and explicit NNs. We employ RMT
to analyze the eigenspectra of the NTKs and CKs of implicit
DEQs. For high-dimensional Gaussian mixture data, we
establish high-dimensional approximations for the NTK and
CK of implicit DEQs. Notably, we reveal that the eigenspec-
tra of the NTK and CK of implicit DEQs are determined
solely by the variance parameter and the activation function.
Based on this observation, we establish the equivalence be-
tween implicit DEQs and explicit NNs in high dimensions.
We propose a method for designing activation functions
for explicit neural networks to match the spectral behavior
of the CK (or NTK) of implicit DEQs. Results on GMM
data and real-world data demonstrate that shallow explicit
NN using our theoretically designed activation functions
achieve comparable performance to implicit DEQs, with
significantly reduced computational overhead.
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consequences of our work, none of which we feel must be
specifically highlighted here.

Acknowledgements

Z. Liao is partially supported by the National Natural Sci-
ence Foundation of China (via NSFC-62206101) and the
Fundamental Research Funds for the Central Universities
of China (2021XXJS110). Z. Liao and Z. Ling are par-
tially supported by the Guangdong Provincial Key Labora-
tory of Mathematical Foundations for Artificial Intelligence
(2023B1212010001). R. C. Qiu and Z. Liao would like to
acknowledge the National Natural Science Foundation of
China (via NSFC-12141107), the Interdisciplinary Research
Program of HUST (2023JCYJ012), the Key Research and
Development Program of Guangxi (GuiKe-AB21196034).
F. Zhou was supported by the National Natural Science
Foundation of China Project (via NSFC-62106121) and the
MOE Project of Key Research Institute of Humanities and
Social Sciences (22JJD110001).

References

Agarwala, A. and Schoenholz, S. S. Deep equilibrium
networks are sensitive to initialization statistics. In Inter-
national Conference on Machine Learning, pp. 136—160.
PMLR, 2022.

Alemohammad, S., Wang, Z., Balestriero, R., and Baraniuk,
R. The recurrent neural tangent kernel. arXiv preprint
arXiv:2006.10246, 2020.

Ali, H. T., Liao, Z., and Couillet, R. Random matrices in
service of ml footprint: ternary random features with no
performance loss. ICLR, 2022.

Arora, S., Du, S. S., Hu, W., Li, Z., Salakhutdinov, R. R.,
and Wang, R. On exact computation with an infinitely
wide neural net. In Advances in Neural Information Pro-
cessing Systems, pp. 8141-8150, 2019.

Bai, S., Kolter, J. Z., and Koltun, V. Deep equilibrium
models. In Advances in Neural Information Processing
Systems, volume 32. Curran Associates, Inc., 2019.

Bai, S., Koltun, V., and Kolter, J. Z. Multiscale deep equilib-
rium models. Advances in Neural Information Processing
Systems, 2020.

Bai, S., Koltun, V., and Kolter, J. Z. Neural deep equilib-
rium solvers. In International Conference on Learning
Representations, 2021.

Bartlett, P. L., Montanari, A., and Rakhlin, A. Deep learn-
ing: A statistical viewpoint. Acta Numerica, 30:87—
201, May 2021. ISSN 0962-4929, 1474-0508. doi:
10.1017/50962492921000027.

Benigni, L. and Péché, S. Eigenvalue distribution of
nonlinear models of random matrices. arXiv preprint
arXiv:1904.03090, 2019.

Blum, A., Hopcroft, J., and Kannan, R. Foundations of
Data Science. Cambridge University Press, 2020. ISBN
978-1-108-48506-7. doi: 10.1017/9781108755528.

Cho, Y. and Saul, L. Kernel methods for deep learning.
Advances in neural information processing systems, 22,

2009.

Couillet, R. and Benaych-Georges, F. Kernel spectral clus-
tering of large dimensional data. Electronic Journal of
Statistics, 10(1):1393-1454, 2016. ISSN 1935-7524. doi:
10.1214/16-ejs1144.

Couillet, R. and Liao, Z. Random Matrix Methods for
Machine Learning. Cambridge University Press, 2022.
ISBN 9781009186742.



DEQs are Almost Equivalent to Not-so-deep Explicit Models for High-dimensional Gaussian Mixtures

Dobriban, E. and Wager, S. High-dimensional asymptotics
of prediction: Ridge regression and classification. The
Annals of Statistics, 46(1):247-279, 2018. ISSN 0090-
5364. doi: 10.1214/17-a0s1549.

Du, S. S., Hou, K., Salakhutdinov, R. R., Poczos, B., Wang,
R., and Xu, K. Graph neural tangent kernel: Fusing graph
neural networks with graph kernels. Advances in neural
information processing systems, 32, 2019.

El Ghaoui, L., Gu, F., Travacca, B., Askari, A., and Tsai, A.
Implicit deep learning. SIAM Journal on Mathematics of
Data Science, 3(3):930-958, 2021.

Elkhalil, K., Kammoun, A., Couillet, R., Al-Naffouri, T. Y.,
and Alouini, M.-S. A large dimensional study of regular-
ized discriminant analysis. IEEE Transactions on Signal
Processing, 68:2464-2479, 2020. ISSN 1053-587X. doi:
10.1109/tsp.2020.2984160.

Fan, Z. and Wang, Z. Spectra of the conjugate kernel and
neural tangent kernel for linear-width neural networks.
Advances in neural information processing systems, 33:
7710-7721, 2020.

Feng, Z. and Kolter, J. Z. On the neural tangent kernel of
equilibrium models. arxiv, 2020.

Fung, S. W.,, Heaton, H., Li, Q., McKenzie, D., Osher,
S., and Yin, W. Jfb: Jacobian-free backpropagation for
implicit networks. In Proceedings of the AAAI Conference
on Artificial Intelligence, volume 36, pp. 6648-6656,
2022.

Gao, T. and Gao, H. Gradient descent optimizes infinite-
depth relu implicit networks with linear widths. arxiv,
2022.

Gao, T., Liu, H., Liu, J., Rajan, H., and Gao, H. A global
convergence theory for deep relu implicit networks via
over-parameterization. /ICLR, 2022.

Gao, T., Huo, X., Liu, H., and Gao, H. Wide neural networks
as gaussian processes: Lessons from deep equilibrium
models. NeurIPS, 2023.

Gilton, D., Ongie, G., and Willett, R. Deep equilibrium
architectures for inverse problems in imaging. arXiv
preprint arXiv:2102.07944, 2021.

Goodfellow, 1., Bengio, Y., and Courville, A. Deep learning
mit press (2016). In Conference on information and
communication systems (ICICS), pp. 151-156, 2016.

Gu, L., Du, Y., Yuan, Z., Xie, D., Pu, S., Qiu, R., and Liao, Z.
” lossless” compression of deep neural networks: A high-
dimensional neural tangent kernel approach. Advances in
Neural Information Processing Systems, 35:3774-3787,
2022.

10

Huang, Z., Bai, S., and Kolter, J. Z. (Implicit)?: Implicit
layers for implicit representations. In Advances in Neural
Information Processing Systems, volume 34, pp. 9639—
9650, 2021.

Jacot, A., Gabriel, F.,, and Hongler, C. Neural tangent kernel:
convergence and generalization in neural networks. In
Advances in Neural Information Processing Systems, pp.
8580-8589, 2018.

Krizhevsky, A. Learning multiple layers of fea-
tures from tiny images. pp. 32-33, 2009. URL
https://www.cs.toronto.edu/~kriz/
learning-features-2009-TR.pdf.

LeCun, Y., Bottou, L., Bengio, Y., and Haffner, P. Gradient-
based learning applied to document recognition. Proceed-
ings of the IEEE, 86(11):2278-2324, 1998.

Ledoux, M. The Concentration of Measure Phenomenon.
Mathematical Surveys and Monographs. American Math-
ematical Soc., 2005. ISBN 9780821837924. doi:
10.1090/surv/089.

Liao, Z. and Couillet, R. The dynamics of learning: A
random matrix approach. In International Conference on
Machine Learning, pp. 3072-3081. PMLR, 2018a.

Liao, Z. and Couillet, R. On the spectrum of random features
maps of high dimensional data. In International Con-
ference on Machine Learning, pp. 3063-3071. PMLR,
2018b.

Liao, Z. and Couillet, R. A large dimensional analysis of
least squares support vector machines. IEEE Transactions
on Signal Processing, 67(4):1065-1074, 2019. ISSN
1053-587X. doi: 10.1109/tsp.2018.2889954.

Ling, Z., Xie, X., Wang, Q., Zhang, Z., and Lin, Z.
Global convergence of over-parameterized deep equilib-
rium models. In International Conference on Artificial
Intelligence and Statistics, pp. 767-787. PMLR, 2023.

Louart, C. and Couillet, R. Concentration of Measure and
Large Random Matrices with an application to Sample
Covariance Matrices. arXiv, 2018. URL https://
arxiv.org/pdf/1805.08295.

Louart, C., Liao, Z., and Couillet, R. A random matrix
approach to neural networks. Annals of Applied Prob-
ability, 28(2):1190-1248, 2018. ISSN 1050-5164. doi:
10.1214/17-aap1328.

Mei, S. and Montanari, A. The generalization error of
random features regression: Precise asymptotics and the
double descent curve. Communications on Pure and
Applied Mathematics, 75(4):667-766, 2022.


https://www.cs.toronto.edu/~kriz/learning-features-2009-TR.pdf
https://www.cs.toronto.edu/~kriz/learning-features-2009-TR.pdf
https://arxiv.org/pdf/1805.08295
https://arxiv.org/pdf/1805.08295

DEQs are Almost Equivalent to Not-so-deep Explicit Models for High-dimensional Gaussian Mixtures

Micaelli, P., Vahdat, A., Yin, H., Kautz, J., and Molchanov,
P. Recurrence without recurrence: Stable video landmark
detection with deep equilibrium models. In Proceedings
of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, pp. 22814-22825, 2023.

Novak, R., Xiao, L., Hron, J., Lee, J., Alemi, A. A., Sohl-
Dickstein, J., and Schoenholz, S. S. Neural tangents:
Fast and easy infinite neural networks in python. arXiv
preprint arXiv:1912.02803, 2019.

Pastur, L. Eigenvalue distribution of large random matrices
arising in deep neural networks: Orthogonal case. Journal
of Mathematical Physics, 63(6), 2022.

Pastur, L. and Slavin, V. On random matrices arising in deep
neural networks: General iid case. Random Matrices:
Theory and Applications, 12(01):2250046, 2023.

Pennington, J. and Worah, P. Nonlinear random matrix
theory for deep learning. Advances in neural information
processing systems, 30, 2017.

Ramzi, Z., Mannel, E., Bai, S., Starck, J.-L., Ciuciu, P, and
Moreau, T. Shine: Sharing the inverse estimate from
the forward pass for bi-level optimization and implicit
models. arXiv preprint arXiv:2106.00553, 2021.

Seddik, M. E. A., Louart, C., Tamaazousti, M., and Couil-
let, R. Random matrix theory proves that deep learning
representations of gan-data behave as gaussian mixtures.

In International Conference on Machine Learning, pp.
8573-8582. PMLR, 2020.

Truong, L. V. Global convergence rate of deep equilib-
rium models with general activations. arXiv preprint
arXiv:2302.05797, 2023.

Tsuchida, R., Roosta, F., and Gallagher, M. Invariance
of weight distributions in rectified mlps. In Interna-
tional Conference on Machine Learning, pp. 4995-5004.
PMLR, 2018.

Vershynin, R. High-dimensional probability: An introduc-
tion with applications in data science, volume 47. Cam-
bridge university press, 2018.

Winston, E. and Kolter, J. Z. Monotone operator equilibrium
networks. In Advances in Neural Information Processing
Systems, 2020.

Xiao, H., Rasul, K., and Vollgraf, R. Fashion-MNIST: A
novel image dataset for benchmarking machine learning
algorithms. arXiv, 2017.

Xie, X., Wang, Q., Ling, Z., Li, X., Liu, G., and Lin, Z.
Optimization induced equilibrium networks: An explicit
optimization perspective for understanding equilibrium
models. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 2022.

11



DEQs are Almost Equivalent to Not-so-deep Explicit Models for High-dimensional Gaussian Mixtures

Supplementary Material

Deep Equilibrium Models are Almost Equivalent to Not-so-deep Explicit Models
for High-dimensional Gaussian Mixtures

A. Preliminaries

We are interested in the associated conjugate kernel and the neural tangent kernel (Implicit-CK and Implicit-NTK, for
short) of implicit neural networks defined in Eq. (3). According to the results in (Feng & Kolter, 2020, Theorem 2), the
corresponding Implicit-CK takes the following form

G* = lim GY, (21)

l—o0
where the (i, j)-th entry of G() is defined recursively as G; (©) — 0 ang?

AD AW

l . i
G\ = Epu)p(v®)), with (a,v?) ~ & (0 Am AD
JJj

>, =1, (22)

where A,Ejl-) = a:;'—wj and A,Eé-) 2G(l b + Uba: x;, Le., AW = agG’(lfl) + agXTX. The Implicit-NTK is defined
as K* = lim;_, o K whose the (z,]) th entry is defined as

( ) I+1 ( ) I+1 )
l h—1 h
Kj =) (Gu I1 &5 ) (23)

h=1 h'=h

where ij) = 2B, vy [¢'(u®)g' (vD)]. The limit of Implicit-NTK is

G*.
Ki*j = Y —. (24)
1-— Gij
We consider n data vectors 1, - - - , x,, € RP independently drawn from one of the K'-class Gaussian mixture Cy,--- ,Cg
and denote X = [x1,- - ,x,] € RP*™, with class C, having cardinality n,, i.e., for &; € C,, we have

i~ N(Na/\/ﬁa Ca/p)

Assumption A.1. We assume that, as n — oo, we have, fora € {1,--- , K} that,

e p/n— c€ (0,00) and ng/n — ¢, € (0,1); and

[[tall = O(1); and

. forCozZa 1
a,be{l,---,K};and

To = /tr C°/p converges in (0, 00).

10, and C° = C, — C°, we have |C|| = O(1), tr C° = (9( %) and tr(C,C,) = O(p) for

Some quantities. We first introduce the following notations. For z;, x; € RP with ¢ # j, let

T = pi/\P+ei/VD, Tji=wi/\p+ei/Vp,

Note that the expectation is conditioned on the input data, and is taken with respect to the random weights.
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so thate; ~ N (0,C;), e; ~ N(0,C}), and

1 1 1
T T T T T
Tixj= —€, &5 +—p; pi+—(p; €5+ i €),
[hadV) P v =7 P i ) P 1 =] j =t
o(p=1/2) O(p~1)

1 1 _ _
P = ];||€i||2 - ];trci = O(P 1/2)7 si = |lwll*/p+2p ei/p=0(p™"),

._1 o _ —1/2 — 1 o —
tz—ptrCl- —O(p ), To—\/pC =0(1),

Xi=ti+v; + 8 = HmiHQ*T?
—— ~—~
O(p-12) O

It can be checked that

1 1 2 1
lill® = = (i + &) T (i + &) = ~||pall> + = e + —ees
p p p p
1 2 1 1
= lwl® + —pleit —rCO 4 Gy
p p p \,—7
~N O —1/2
=s5,=0(p~1) =12=0(1) Eti:o(p—l/Z) (p )
By Taylor-expanding /||z;||? around 7¢, we have
1 1 B
lll =m0+ g ol -+ 207 €3/p -+ b 0) = g 4007 +0(p772). 25)
0

Additionally, we denote S;; terms of the form
1
Sij = Sij(,72) = EEZ-TEj(”rl(ti + i) + 2t +5)),

for random or deterministic scalars 1, v2 = O(1) (with high probability when being random). Note that S,;; = O (p’l)

and more importantly, it leads to, in matrix form, a matrix of spectral norm order O (p’l) (Couillet & Benaych-Georges,
2016).

Moreover, we recursively define 7; as

n = \/02E¢2 (1)) + o}, (26)
for! =1,2,-.-. The following lemma shows that the unique fixed point of Eq. (26) exits under Assumption 3.1.
Lemma A.2. Let Assumption 3.1 hold. As | — oo, T, converges to a fixed point T* such that

limn =7, = \/03]1‘3[9152(7*5)] +opTg-

l—o0

Proof. Lett = 7{ . By taking the derivative with respect to ¢ on the RHS of Eq. (10), we have

O (B[ (s8] + o37d)

2 OB [ (Vi)

202% (/ \/12?f(\/i~x)e_z22dx)
:JZ\/%/f'(\/f'x)Qi\/ie’%dx

2
:% -E[f"(1-1€)], by the Gaussian integration by parts formula,

13
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which implies that the RHS of Eq. (10) is a contractive mapping if

2
2
< JR—
o, Iy

As a result, under Assumption 3.1, the unique fixed point 7, exists. O

The quantity 7, will play a crucial role in our proof.

B. Proof of Theorem 3.3

With loss of generality, we assume that G(©) = E[¢*(7.€)] - I, i.e., G\Y) = E[¢?(7,.€)] and GE?) =0fori # j.

We prove Theorem 3.3 by performing induction on the hypothesis that [|G(~1) — G(-1 || = 0 holds at layer I — 1 with
GV = 11 X" X +VCUIVT 4 (E[¢*(1.8)] — Beu—1,1) I, 27)

-
ap—12tt’ + o1 3T o129t

for cU-1) =
ap_10t’ a_1,2

] , and work on G() at layer /.
Note that A( 2G(l Dy otz xj,ie, AV =c2GU=Y 4+ 62X T X. Thus, it holds that || A() — AD|| = 0 for
AV =0 XX +VCIVT 4 (72 = 2a) L,

)\172ttT + )\173T /\172t

l
for Cj(‘) = [ )\l,gtT Mo

2 2 2 2
:| where )\l,l =o0,01-11 + 0y, )\1’2 =0,01-1,2, and )\1’2 =0,00-1,3.

The following lemma plays an important role in our proof.

Lemma B.1 ( (Gu et al., 2022)). Let Assumptions 2.3-A.1 hold. Given a matrix A € R™*™ such that
Aii =72+ Maxi + As(ti + 1:)° + O(P_3/2>
1 2
Aij = Mz x5+ Na(ti + ) (t; +05) + A3 <ps?sj> + S + O(p*:”/?),

where A\, k = 1,--- .5, and T are arbitrary constants, it holds that

o (VAi-&) o
=E[¢/(r&)]* + E[¢" (6))* - iz, z;

Bl (rE) LS (7€)]- 5 (xi +x) + O™,

iJ
Ay

for independent &;, {; and § ~ N(0, 1). Moreover, if the activation function ¢(-) is “centered”, such that E[¢(7&)] = 0, it
holds that

Ay Ay)?
¢(M'§i>x¢ \/ﬁ'ﬁiﬂL Ajj—(A;) &)

2 2 2
I/ (PAy + LI O (Sele;) + LB GOR(+ v + )

+ Sij + 0(29_3/2)

14
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On the diagonal. By induction hypothesis on the layer [, we have
Az(‘? =72+ Naxi + N5t +10i)? + (9(1)73/2). (28)

Forl =1, AD = 02G'Y + 02||a;||? = o2E[¢*(7%€)] + o2||a;]|2 = 72, and the hypothesis holds with Aj 4 = Ay.5 = 0.
For [ > 1, by Eq. (4), we have

2
AT = o%E M AE?-g) +(1—02)|ai)?,

for & ~ N(0,1).
By Taylor-expanding, one gets

1 47'*2)\175 — )\2 )
Az(é) =Te+ —Naxi + 7317461 + 7/’7)2 + O(p73/2>'
27, 87

For simplicity, we denote the shortcut f(-) = ¢?(-). By Talor-expanding and Eq. (25), one gets

2
Al —ote o (Val )

l
+ o?lwi]l2 = o2E [f ( AD f)} T

2 ’ 1 47’2)\1 5 — )\
=0 E | f(1:&) + f1(1:6)§ 5, A T(t +5)?
29
+ o (708 J 0+ 4 08 0 + 0 (57 22
A
2B [f(r.8)] + o} + (ozf;E[f"(neﬂ rat)
B OV BB e o)
8
where we use the facts that
E[f'(n.6)] = nE[f"(n)),  E[f"(r.)(€* — 1)] = T2E[f"" (1.€)],
for £ ~ N(0,1), as a result of the Gaussian integration by parts formula.
Thus , we prove that A( D _ =72+ Ny1.aXi + Na1s(t + )% + O(p_3/2), where
o2
Al+1,4 = 7“E[f”(7'*§)]>\z,4 + 03,
2 (30)

Oq " 0'2 1 2
)‘l+175 = ?E[f (T*g)]/\lﬁ + gE[f (T*f)p‘l,zl'

By Lemma A.2, under Assumption 3.1, it holds that %ZE[ f"(m—18)] < 1, which implies that, as [ — oo, the iterations
in Eq. (30) converge. Let [ — oo, we obtain that

o2 -1
Aea = lim Ay (1 3“ ( ng)}) of

(3D

-1
Aos = Jim Ny = %2 (1 - Zeg(p( g)}) Ef" (€)%,

15



DEQs are Almost Equivalent to Not-so-deep Explicit Models for High-dimensional Gaussian Mixtures

Off the diagonal. For ¢ # j, by induction hypothesis on the layer [ — 1, we have

1 2 B
AL = Ma Ay + Nalti + )t + ¥5) + Aus (ps?ej) + S5 + O(p 3/2).
Using the Gram-Schmidt orthogonalization for standard Gaussian random variable, we write

AU = 2 |2 ( AD f)} T o2,

AY
ALY = 02E |6 (\/ Al -&) X6 | it +ofx] ;.
A
Using Lemma B.1, we have
A
AE;H) =a;E |6 (\/ A 'fi) X ¢ ”(l) &+ +oje] @
Aji

=o?E[¢ (r.£)]PA)
2

A A
+oy (;Ewmsnz (;ef ej> + B (Rt + i)t + ¢j>>
+ S5 + U%:BZT(BJ' + O(p_3/2)

2
=02R[¢ (1.6)]? (Alyla:;rwj + A2t + )t + ;) + Mia (;sjej> )

2 )‘121 " 2 1 T ? )\124 " 2
+ o (P OF (Geles) + PEW GO+ vl + 0
S ot ay + ().

Consequently, it holds that

1 2
A%H) = Ap1a@] @ 4+ Aot + ) (G +95) + A s (psiTej) + Sij + O(pig/z), (32)

where

Ni11 = 02E[¢ (1.6)]* M1 + of,
2
MNi1o = 02E[¢ (1) 2N + %E[¢"(T*§)]2)\l2’4, a3

2
Al41,3 = UEEW(T*S)]Q)\Z& + %E[¢II(T*§)]2)\12,1~

Assembling in matrix form. By using the fact that | M|l < nmax;; |M;;| for M € R™ ™ and {S;;}i; =
Oy (p~/?) (Couillet & Benaych-Georges, 2016), and by noting the fact that A/+Y) = 62GW + 02X T X, ie,
)\571 = 0'5051_171 + O'g, )\572 = 0'2011_172, and )\172 = 0'3041_173, it holds that

GY =01 XTX +VCOVT + (E[¢*(1.8)] — Tday1) I + Oy (p~2) (34)

where
al72ttT + 06573T O[l72t
T
ot a2

vV =[J/ypy], CV= 35)

16
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with non-negative scalars o 1, oy 2, 0 3, ;4 > 0 defined recursively as

a1 = o B¢ ()P ou—11 + o Bl (€))%,

oz = B[ (&) Pou 12 + GBI (ol s

1 36
o1 = o2ElW (7€) Ponr s + SELS (€ 02our s + o) .
2
Qg = %E[(&(Hﬁ))"]azfl,zx +0j,

Note that it holds that 02E[¢/ (7,£)]? < 1 and 302E[(¢*(7.£))”] < 1 under Assumptions 2.4 and 3.1. This means that, as
I — oo, the iterations in Eq. (36) converge. Let [ — oo, we obtain that

G =1 X X +VCVT + (E[¢*(1.€)] — 18 ) I + O (p72) (37)
where
_ _ a*,ZttT + Oé*’3T Qi 2t
V= [']/\/Z)7 110] ’ C= Oé*th P ) (38)

with non-negative scalars o, 1, vy 2, 4 3, Qs 4 > 0 defined as

o OREI ()P o aEW(OP )
Y 1= 2R (P VA - GZE[ (nE)R)
2 224" 2 2
Qg = (Ua;‘é«l,l + ZIZ)E) = [(b (7';5)] ’ Qyg = - gy . (40)
(1 - oZE[¢' (1.£)]?) 1= FE[(¢*(7:£))"]
C. Proof of Theorem 3.4
C.l. The CK G
Before proving Theorem 3.4, one needs to deal with the CK G.
Recall that
. . AL AW
Gg) = agE(uU),v(l))[¢/(u(l))¢/(v(l))]v with (u(l)v V(Z)) ~N|0, Z) Z(%) ’
A AV
Ji 33
Using the Gram-Schmidt orthogoalizaiton procedure, we have
r 2
GY = 62E | ¢/ ( AWY .§i> ]
[ (41)

. A
a0 ) [ 2

On the diagonal. First, recall that

1 47'*2)\17 Y
VAD =1, + 5, i #(ti F)? + o(p-3/2).
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Denote the shortcut f(t) = (¢/(t))? for simplicity, using Taylor-expand again, we have

) <ot (Va0 ) | = [ (VoD )

472N\ 5 — N2
—o2E [fmg) + P8 (;mxi R PRt W)]
* -1
2

+ 02K {1f (T8¢ } 1 2(t +i)° + (p73/2)

OB [f(r )] + (aEA’;E[f”(T*OD X

52 AN sE[f(1:8)] ‘é‘ AL LE[f"(1.6)] n O(p—B/z)7

Thus, we conclude that

G(l) = 0'2E

(x3

2
o < AE?&) 1 = o2+ O(p ), “2)

with the sequence 7, defined as follows

B[/ (7.8)?]-

Off the diagonal. For i # j, by Lemma B.1, it holds that

2
AD (A@)
(JAD e) o | 2 g, V) e
E ¢< An 5%) X¢ AQ-D El+ Agi) 5]
=E[¢(.6)]* + E[¢" (1.8))* - Mz, @;
+ Bl (OBl (r.8)] - 5 (i +x5) + O (p™")
Thus, we have
2
. AD A
G} = oiE d’( Ay ( SER\L ( AZ@? &
— 2E[¢ ()] + o 2E["( ) el “3)
1,4

+ O2EL (ORI (6] - 22 (i +x;) + O (™)
= Cuo + dyim] @+ duo (i + x5) + O(p™),

with

dy0 = oLE[¢ (1.8))7,
a1 = o B¢ (1.6 Mg = oLE[¢" (1.8 (0hau—11 + 07),
2

g 0'2
1.2 = Y (RO (Mg = ZEY (RO (r.E)lan.s.
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As [ — o0, it holds that

Clap = lim Oél,o = 02E[¢' (1.6)]?,

Gyl = hHl a1 = 0 E[¢" (1.8)]* (071 + 07),

l—o00
2

Za
2

A llim a2
— 00

E[¢/ (e &)IE[@" (m€)]ats 4

C.2. Implicit NTKs

With the above results at hand, we now proceed to the proof of Theorem 3.4. We assume the induction hypothesis holds for
[ — 1, that

Ki(il_l) = K:l2_1 =+ O(p71/2),

2
_ 1
Kz(Jl D _ 51_17133;1:]‘ + 5[-172(% + ¢l)(tl + 1Pz) + 51_1,3 (psiTej) + Sz'j + O(p—3/2>.

On the diagonal. First, using the results of Eq. (29) and Eq. (42), we have
K =G+ K7V G = El*(n.6)] + o2k (B[ (r.9)%) + O(p"/2).
Thus, it holds that
K(l) = K;j +O( 1/2>7
with
= E [¢*(n8)] + 0GEl¢' ()] - iy

Under Assumption 2.4, it holds that 02K [¢/(7..£)?] < 1. Thus, for I — oo, one gets that

K2 = hm ki = (1—0ZE [(b’(T*g)Z])AE [0*(1.8)] - (44)

l—o0
Off the diagonal. For i # j, using the results of Eq. (32) and Eq. (32), we get
) _® (1=1) A (1)
K;j =G;j + Kj; “Gyj
1 2
_ T T
=q1x; T;+ ahg(ti + ¢i)(tj + QZJJ) + a3 (pei Ej)
1 2
+ <51171$I$j + Bi—12(t + i)t + ;) + Bio13 (ps;rtfj) )

x (g0 + duna) @)+ duo (i +x5) +O(p~ 1)) + (_3/2)
=(ag1 + P11 - duo)®] 5 + (ua + Bior2 - duo)(ti + i)t + 1))

2
. . 1 _
+ (us+ Bi-1,3 Qo+ Bi—1,1 - A1) <p€;r€j> + Si; + O(P 3/2>7
so that it holds that

1 2 (
K\ = Bam] @+ ot +0i) (6 + ) + Bua (peﬁej) + Sij + O(p*‘f/?).
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with

B = o+ Bi—1,10u.0,
B2 = a2+ Bi—1,20u.0,
B3 =043+ Bi—1,30u,0+ Bi—1,10.1-

As | — oo, it holds that limy_, oo 71 = T, limyo0 gk = Qv i, and limy o &y 1 = Gy, for k = 1,2, 3. Therefore, for
I — o0, one gets that

2
* 1 —
K;; = Banx, @+ Buolti + i) (tj + ;) + Bas (pe;sj) + S + O(p 3/2)7
where

Bia = Jim Bii= (1= o)t
B = lim Bro = (1= dno) 'ans,

Brg = Jim Big = (1= uo) ™ (O + Buadiea):

Assembling in matrix form: Using the fact that |M|, < nmax;;|M;;| for M € R" ™ and {S;;};; =
Oy (p~1/?) (Couillet & Benaych-Georges, 2016), it holds that

K*=B..X"X+VD.V" + (k2 = 128.1)L, + O (p72), (45)
with
B*.QttT + ﬂ* 3T B* 2t
V=|J D, = ’ ’ ’ , 46
[ /\/f)? ’lb] ) |: ﬁ*,gt—r ﬁ*,Z ( )
and
1 K 1
T:{trCaCb} , t:{trC;’}. 47)
p a,=1 \/]3

D. Proof and discussions of Examples 3.10 and 3.11

Let 7o = 7 as defined in Eq. (9) and 71, - - - T, > 0 be a sequence of non-negative scalars satisfying 7, = 4 /E[a?(ﬁ_lg )]s
for ¢ ~ N(0,1)and € {1,---, L}. It follows from Theorem 3.8 that || X () — f(l)H = O(n~1/2), where

SY G XTX +VEVT + (7 - r2a,, (48)
with V' € R"*(K+1) 44 defined in Theorem 3.3,

~ T ~ ~
G, — Cw,ztz +Tal,3T Cizat € REHDX(K+1)
ay ot Q2

and non-negative scalars ¢ 1, 0y 2, &; 3 defined recursively as a1 = @4 = 1, g2 = .3 = 0, and
a1 = E[oy(7—1)q—1,1,
~ /(= 2~ 1 1"~ 2~2
arg = Eloy(Ti—18)]"au—12 + ZE[Uz (-1 a1 4,
~ ~ ~ 1 ~ -
ars = Eloy(-18)Pa-1,3 + gE[Uf/(Tlflf)]Qaz{Lr
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For a given Tanh-DEQ, we first compute the four key parameters v 1, (v 2, @ 3 and -y, of the implicit DEQ according to
Eq. (12) of Theorem 3.3. For the single-hidden-layer Hard-tanh explicit NN, it can be easily checked that the corresponding
CK matrix is determined by

ary = Eloy(ré)]?, a1z =a13=0.

For H-Tanh-ENN with the activation o Tann(2) = a0z - 1_c<z<e + ac - (1g>c — lz<—c) witha > 0 and ¢ > 0,
aq,1,00,2, 0 3,71 can be represented as functions of the activation parameters by following results

E[(UH-Tanh(Toﬁ))Q] = % <02 +a%+ (02 - a2)67273 - 0267'“?) ,  E[(om-Tann(m0€))'] = aefTOQ/Q,
El(ostaon (10€))") = —ce™ /2, El((0mann(706))?)) = 26727 (a? 4+ 2(e70 ~1)).
To match Tanh-DEQ, we determine the activations of H-Tanh-ENN by solving the system
Q1,1 = i1, 012 =2, O13=0Qx3, TI= Y
For a given ReLU-DEQ, we first compute the four key parameters v, 1, o 2, v 3 and . of the implicit DEQ according to

Eq. (12) of Theorem 3.3. For a two-hidden-layer explicit NN, it can be easily checked that the corresponding CK matrix is
determined by

a1 = E[oy (7€)% a1

~ ~ ~ 1 ~ ~
aa2 = E[oy (7€) a1 2 + ~Elof (716)]?a7 4,

4
- - - 1 - -
Qg3 = E[Jé(ﬁ&)]QaLB + i]E[U/zl(Tlg)Faih

and

&1 =Elol () duz = (Bl RO, dus = SEl GOF, G4 = 3E[0F ()]

For L-ReLU-ENN with the activation Ug_)ReLU(x) = max(qix, bjz) — ”’\l/;ffr’ Ti—1, 2,1, 02,2, 02,3, T2 can be represented as
functions of the activation parameters by following results

(a? +b7)(m — 1) + 2a;b; ar+ by

l
o Tl2—1a ]E[(UIE-)ReLu(Tl—lg))/]: 5

—b 24+ 02)(m— 1)+ 2a;b
Bl (1) P = e, Bl (nag)?)) = AN 2,

To match ReLU-DEQ, we determine the activations of L-ReLU-ENN by solving the system

El(0{ peru(m-18))?] =

Qo1 = Qg 1, Q22 =042, Q23 = Qx3, T2 = Vx.

On the numerical determination of Ug_)ReLU and oy Tanh. The system of nonlinear equations mentioned above does
not admit explicit solutions but can be efficiently solved using numerical methods, such as the least squares method
(implemented through the optimize.minimize function in the SciPy library).

E. Additional Experimental Results
E.1. High dimensional equivalents of Implicit-NTKs

Figure 4 compares the difference between Implicit-NTKs K* and their high-dimensional approximation K given in
Theorem 3.4, on two-class Gaussian mixture data, on DEQs as Definition 2.1 with four commonly used activations: ReLU,
Tanh, Swish, and Leaky-ReLLU (L-ReLU). We observe from Figure 4 that, for different activations, as n, p increase, the
relative errors consistently and significantly decrease, as in line with our Theorem 3.4.
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0.25) —e— RelU
— —— Tanh
@0-20* —4— Swish
o —+— L-ReLU

0 300 600 900 1200
p

Figure 4. Evolution of relative spectral norm error || K* — K||/||K*|| w.r.t. sample size n, for DEQs in Definition 2.1 with different
activations and o = 0.2, on two-class GMM, p/n = 0.8, pta = [0g(a—1);8; 0p—sa+7), and Cq = (1 + 8(a — 1)/\/p)Ip,a € {1,2}.
Implicit-NTK matrices K * defined in Eq. (7) are taken with expectation estimated from DEQs with random A and B of width m = 2'2.
The asymptotic equivalent matrices K are obtained by Theorem 3.4.

E.2. Visualization results of the spectrum of Implicit-CKs and those Implicit-NTKs

In Figure 5 and Figure 6, we provide visualization results of the spectral densities of Implicit-CKs and Implicit-NTKs,
respectively, along with their corresponding high-dimensional approximations. We observe from Figure 5 and Figure 6
that the proposed theoretical results, despite derived here for GMM data and in the limit of n, p — oo, provide extremely
accurate prediction of the Implicit-CK eigenspectral behavior (i) for not-so-large n, p and (ii) possibly surprisingly, also on
realistic MNIST data.

E.3. Visualization results of the spectrum of Implicit-CKs and equivalent Explicit-CKs

In Figure 7, we compare the spectral densities of Implicit-CK matrices of given DEQs with those of Explicit-CK matrices
of the corresponding “equivalent” shallow explicit NNs by following Examples 3.10 and 3.11. We observe that the CK
matrices of ENNs are close to those of the corresponding DEQs. This observation is consistent on GMM data and realistic
MNIST data. We conjecture that this is due to a high-dimensional universal phenomenon and that our results (on both CK
and NTK matrices) hold more generally beyond the GMM setting, say, for data drawn from the family of concentrated
random vectors (Ledoux, 2005; Louart & Couillet, 2018).

E.4. Adam Results

We present the classification results of implicit DEQs and explicit models trained with the Adam optimizer in Figure 8.
Each model is trained with the Adam optimizer, using initial learning rates of 10~2 for MNIST and Fashion-MNIST, and
1073 for CIFAR-10. The remaining experimental settings mirror those of the SGD experiment depicted in Figure 3. The
results obtained with the Adam optimizer are similar to those achieved with SGD.

E.5. Time cost comparison

We compare the time costs of the inference and training of DEQs and the corresponding “equivalent” ENNs. As shown in
Tables 1 and 2, the inference time cost of a DEQ is about 2 — 3x that of an ENN with the same dimension. This is due to
the fact that it takes numerous iterations for a DEQ to reach the iteration error threshold. Additionally, we observe that
ENNSs have a remarkable advantage over DEQs in terms of training speed.
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Figure 5. Eigenvalue density of Implicit-CK matrices (blue) Gy of ReLU-DEQ (top) and G7,,, of Tanh-DEQ (bottom) and the
corresponding high dimensional approximation Greru and Grann (red) , on two-class GMM data (left) with p = 1000, n = 800,
Ha = [08((1—1); 8; 0p78a+7]s Ca = (1 +8(a — 1)/\/]3)Ip, fora € {1, 2}, here HGEeLU — GReLUH ~ 0.26 and HG'T'anh — GTanh” ~ 0.81;
and on two-class MNIST data (right) (number 6 versus number 8), with p = 784, n = 3000, for which |Gy — GreLul| = 1.80 and
|G — Grrunn || & 2.02. For the MNIST case, small eigenvalues close to zero are removed for better visualization.
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Figure 6. Eigenvalue density of Implicit-NTK matrices (blue) Kz, y of ReLU-DEQ (top) and Kr,,, of Tanh-DEQ (bottom) and the
corresponding high dimensional approximation Kgery and K (red) , on two-class GMM data (left) with p = 1000, n = 800,
ta = [08(a—1);8;0p—sa+7), Ca = (14+8(a—1)//p)Ip, for a € {1, 2}, here || Kg. y — KreLu|| ~ 0.34 and || Ky, — K rann || = 0.76;
and on two-class MNIST data (right) (number 6 versus number 8), with p = 784, n = 3 000, for which || Ky — Krerv|| ~ 3.93 and
| Ko — K tamn || = 4.82. For the MNIST case, small eigenvalues close to zero are removed for better visualization.
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Figure 7. Eigenvalue density of Implicit-CK matrices (blue) of ReLU-DEQ (top) and Tanh-DEQ (bottom) and Explicit-CK matrices
(red) of the corresponding “equivalent” L-ReLU-ENN and H-Tanh-ENN, on two-class GMM data (left) with p = 1000, n = 800,

fa = [Os(a_1); 8;0p—sa+7], Cu = (148(a—1)//p)Ip, fora € {1,2}, here || Ghey— eyl = 0.32 and || G — S rann || = 0.88;
and on two-class MNIST data (right) (number 6 versus number 8), with p = 784, n = 3 000, for which ||GreLy — Eféew || &~ 2.34 and
|GTanh — 2,(_,1_%&1}1 || = 4.79. For the MNIST case, small eigenvalues close to zero are removed for better visualization.
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Figure 8. Classification accuracies of implicit DEQs and explicit models trained with Adam. Top: Evolution of classification accuracies
w.r.t. the width m of Tanh-DEQ (green), the corresponding equivalent explicit H-Tanh-ENN (blue), and Tanh-ENN (red). Bottom:
Evolution of classification accuracies w.r.t. the width m of ReLU-DEQ (green), the corresponding equivalent explicit L-ReLU-ENN
(blue), and ReLU-ENN (red). For MNIST (left) and Fashion-MNIST datasets (middle), raw data are taken as the network input; for
CIFAR-10 dataset (right) , flattened output of the 16th convolutional layer of VGG-19 are used.
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Dimension 32 64 128 256 512 1024 2048 4096

ReLU-DEQ 026 0.26 0.27 028 027 029 030 0.32
L-ReLU-ENN 0.09 0.11 0.12 0.15 0.14 0.11 0.10 0.16

MINIST
Tanh-DEQ 024 024 027 026 028 026 028 0.29
H-Tanh-ENN 0.12 0.12 0.11 0.11 0.14 0.11 0.10 0.10
ReLU-DEQ 026 0.27 026 026 032 032 031 032
Fashion MINIST L-ReLU-ENN 0.17 0.13 0.14 0.11 0.12 0.13 0.12 0.14
Tanh-DEQ 022 024 025 026 028 027 028 0.30
H-Tanh-ENN 0.13 0.13 0.12 0.12 0.11 0.12 0.10 0.12
ReLU-DEQ 023 022 023 024 027 028 028 031
CIFAR 10 L-ReLU-ENN 0.09 0.08 0.09 0.09 0.09 0.09 0.10 0.10

Tanh-DEQ 020 020 021 022 023 023 026 0.27
H-Tanh-ENN  0.09 0.08 0.09 0.09 0.09 0.08 0.08 0.09

Table 1. Comparison of the inference time for a single input image between DEQs and explicit NNs across different datasets. The
inference time is recorded on a machine with Intel(R) Xeon(R) Gold 6138 CPU @ 2.00GHz with a single 3090 GPU.

Dimension 32 64 128 256 512 1024 2048 4096
ReLU-DEQ 68.76 72.72 82.00 95.52 97.38 93.96 110.04 189.54
MINIST L-ReLU-ENN  3.045 2.67 3.52 3.75 4.12 3.65 3.09 3.97

Tanh-DEQ 65.34 8394 84.72 84.78  85.14 94.14 306.00  322.56
H-Tanh-ENN 2.76 5.32 2.80 2.65 2.96 2.69 6.59 2.64

ReLU-DEQ 5846  81.72 7278 7338 141.72 156.42  169.74  246.42
L-ReLU-ENN  3.53 3.17 3.07 2.70 2.84 3.06 271 3.11

Fashion MINIST
Tanh-DEQ 70.80 80.28 81.48 79.38 91.50 96.00 109.98 113.04
H-Tanh-ENN 2.98 2.78 2.76 2.19 2.71 3.30 2.19 2.47
ReLU-DEQ 225.00 253.26 302.16 172.68 870.00 1167.60 1208.40 1204.20
CIFAR 10 L-ReLU-ENN 2.47 3.21 2.28 3.05 4.65 5.34 471 4.53
Tanh-DEQ 68.60 79.26 89.22 9298 108.00 192.46 254.46 307.56
H-Tanh-ENN 2.24 2.90 291 3.06 2.99 291 3.36 7.17

Table 2. Comparison of the training time for one epoch (batch size 128) between DEQs and explicit NNs across different datasets. The
running time is recorded on a machine with Intel(R) Xeon(R) Gold 6138 CPU @ 2.00GHz with a single 3090 GPU.
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