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Abstract

We provide the first proof of convergence for normalized error feedback algorithms
across a wide range of machine learning problems. Despite their popularity and
efficiency in training deep neural networks, traditional analyses of error feedback
algorithms rely on the smoothness assumption that does not capture the properties
of objective functions in these problems. Rather, these problems have recently
been shown to satisfy generalized smoothness assumptions, and the theoretical un-
derstanding of error feedback algorithms under these assumptions remains largely
unexplored. Moreover, to the best of our knowledge, all existing analyses un-
der generalized smoothness either i) focus on single-node settings or ii) make
unrealistically strong assumptions for distributed settings, such as requiring data
heterogeneity, and almost surely bounded stochastic gradient noise variance. In this
paper, we propose distributed error feedback algorithms that utilize normalization to
achieve the O(1/+/K) convergence rate for nonconvex problems under generalized
smoothness. Our analyses apply for distributed settings without data heterogeneity
conditions, and enable stepsize tuning that is independent of problem parameters.
Additionally, we provide strong convergence guarantees of normalized error feed-
back algorithms for stochastic settings. Finally, we show that due to their larger
allowable stepsizes, our new normalized error feedback algorithms outperform
their non-normalized counterparts on various tasks, including the minimization of
polynomial functions, logistic regression, and ResNet-20 training.

1 Introduction

Machine learning models achieve impressive prediction and classification power by employing
sophisticated architectures, comprising vast numbers of model parameters, and requiring training
on massive datasets. Distributed training has emerged as an important approach, where multiple
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machines with their own local training data collaborate to train a model efficiently within a reasonable
time. Many optimization algorithms can be easily adapted for distributed training frameworks.
For example, stochastic gradient descent (SGD) can be modified into distributed stochastic gradient
descent within a data parallelism framework, and into federated averaging algorithms [1] in a federated
learning framework. However, the communication overhead of running these distributed algorithms
poses a significant barrier to scaling up to large models. For example, training the VGG-16 model [2]
using distributed stochastic gradient descent involves communicating 138.34 million parameters,
thus consuming over 500MB of storage and posing an unmanageable burden on the communication
network between machines.

One approach to mitigate the communication burden is to apply compression. In this approach, the
information, such as gradients or model parameters, is compressed using sparsifiers or quantizers to
be transmitted with much lower communicated bits between machines. However, while this reduces
communication overhead, too coarse compression often brings substantial challenges in maintaining
high training performance due to information loss, and in extreme cases, it may potentially lead to
divergence. Therefore, error feedback mechanisms have been developed to improve the convergence
performance of compression algorithms, while ensuring high communication efficiency. Examples of
error feedback mechanisms include EF14 [3, 4, 5, 6, 7], EF21 [8, 9], EF21-SGDM [10], EF21-P [11],
and EControl [12]. Several studies developing error feedback algorithms often assume the smoothness
of an objective function, i.e., its gradient is Lipschitz continuous.

However, many modern learning problems, such as distributionally robust optimization [13] and
deep neural network training, are often non-smooth. For instance, the gradient of the loss computed
for deep neural networks, such as LSTM [14], ResNet20 [14], and transformer models [15], is not
Lipschitz continuous. These empirical findings highlight the need for a new smoothness assumption.
One such assumption is (Lg, L1 )-smoothness, originally introduced by Zhang et al. [14], for twice
differentiable functions, and later extended to differentiable functions by Chen et al. [16].

To solve generalized smooth problems, clipping and normalization have been widely utilized in
first-order algorithms. Gradient descent with gradient clipping was initially shown by Zhang et al.
[14] to achieve lower iteration complexity, i.e., fewer iterations needed to attain a target solution
accuracy, than classical gradient descent. Subsequent works have further refined the convergence
theory of clipped gradient descent [17], and improved its convergence performance by employing
momentum updates [18], variance reduction techniques [19], and adaptive step sizes [20, 21, 22].
Similar convergence results have been obtained for gradient descent using normalization [23], and its
momentum variants [24], including generalized SignSGD [15]. However, these first-order algorithms
have mostly been explored in training on a single machine. To the best of our knowledge, distributed
algorithms under generalized smoothness have been investigated in only a few works, e.g., by
Crawshaw et al. [25], Liu et al. [26]. Nonetheless, these works rely on assumptions limiting families
of optimization problems, including data heterogeneity, almost sure variance bounds, and symmetric
noise distributions around the mean assumptions. Furthermore, these first-order algorithms under
generalized smoothness do not incorporate compression techniques to improve communication
efficiency. These aspects motivate us to develop distributed communication-efficient algorithms for
solving nonconvex generalized smooth problems.

1.1 Contributions

In this paper, we develop distributed error feedback algorithms for communication-efficient optimiza-
tion under nonconvex, generalized smooth regimes. Our contributions are summarized below.

e Importance of normalization. Just as gradient clipping is crucial for gradient descent, we
empirically demonstrate that normalization stabilizes the convergence of error feedback algorithms
for minimizing nonconvex generalized smooth functions. In this paper, we introduce a variant of
EF21, a widely used error feedback algorithm by Richtérik et al. [8], which incorporates normalization
to guarantee convergence for nonconvex, generalized smooth problems. In a single-node setting, this
new method, which we call ||[EF21-GD||, or more compactly as ||[EF21]|, provides larger stepsize, and
faster convergence rate than its non-normalized counterpart EF21 for minimizing simple nonconvex
polynomial functions that satisfy generalized smoothness, as shown by Figure 1.

o Convergence of normalized error feedback algorithms. We establish an O(1/v/ K) convergence
rate in the gradient norm for ||[EF21|| on nonconvex generalized smooth problems. ||[EF21|| achieves
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Figure 1: The minimization of polynomial functions using EF21 with v = L+L1 T and ||[EF21||
G

with v = %ﬂ’ 4 =1 (blue line) and v = i (green line). Here, we ran both algorithms for (1)
Lo =4,L; =1,and K = 2,000 (left), (2) Lo = 4, L1 = 4, and K = 5,000 (middle), and (3)
Ly =4,L; =8,and K = 16,000 (right).

the same rate as EF21 under L-smoothness by [8]. Our results are derived under standard assumptions,
i.e., generalized smoothness and the existence of lower bounds on the objective function, and are
applicable in distributed settings regardless of any data heterogeneity degree, unlike the results by
Crawshaw et al. [25], Liu et al. [26]. Additionally, our stepsize rules for ||[EF21|| ensure convergence
without requiring knowledge of the generalized smoothness constants Ly or L, in contrast to
Richtarik et al. [8], where the stepsize depends on the smoothness constant L (which is often
inaccessible).

o Extension to stochastic settings. Furthermore, we propose a variant of EF21-SGDM, an error
feedback algorithm with momentum updates by Fatkhullin et al. [10], that employs normalization for
solving nonconvex, stochastic optimization under generalized smoothness. Specifically, we prove
that |[EF21-SGDM|| with suitable stepsize choices attains the same O(1/K v 4) convergence rate in
the gradient norm as EF21-SGDM.

o Numerical evaluation. We implemented ||[EF21|| using the stepsize rules derived from our theory,
and compared its performance against EF21. Both algorithms were evaluated on three learning
tasks: minimizing nonconvex polynomial functions, solving logistic regression with a nonconvex
regularizer, and training ResNet-20 on the CIFAR-10 dataset. Thanks to its larger stepsizes, ||[EF21]|
outperforms EF21, in terms of both convergence speed and solution accuracy across these tasks.

Methods Complexity Smoothness Variance bound Normalization
Richtdrik ot al. (8] O(1/¢) L No No
Fatkii?llr_lsecta Ell.vl[ 10] O(1/e") L expectation No
NEQE?A?Q 1) O(1/€) (Lo, L1) No Yes
|1|\IIEI!3:\2’\1’ (icla; '\9)' O(1/€e*) (Lo, L1) Expectation Yes

Table 1: Comparisons of complexities and assumptions between known and our results for EF21
variants. The complexity is defined by the iteration count K required by the algorithms to attain

. 5111111 KE [|Vf(@*)||] < e (Lo, L1)-smoothness refers to generalized smoothness in Assump-

tion 3. The variance bound in expectation is defined in Assumption 5.

2 Related Works

Error feedback. Error feedback mechanisms have been utilized in various algorithms with com-
munication compression, leading to significant improvements in solution accuracy, while reducing
communication. As the first version of these mechanisms, EF14 was introduced by Seide et al.
[3], and later analyzed for first-order algorithms in both single-node [4, 27] and distributed settings
[5, 6, 28, 29, 7, 30, 31, 32]. Next, EF21 is another error feedback variant proposed by Richtarik
et al. [8], which offers strong convergence guarantees for distributed gradient algorithms with any



contractive compressors, without requiring bounded gradient norm or bounded data heterogeneity
assumptions. EF21 can also be adapted for stochastic optimization through sufficiently large mini-
batches [9] or momentum updates [10]. More recently, EControl was developed by Gao et al. [12]
to guarantee provably superior complexity results for distributed stochastic optimization compared
to prior error feedback mechanisms. To the best of our knowledge, these existing works on error
feedback have focused solely on optimization under traditional L-smoothness. In this paper, we
introduce a normalized variant of the EF21 methods [8] for solving nonconvex generalized smooth
problems. In particular, we prove that ||[EF21|| under generalized smoothness achieves the same
o(1/ VK ) rate as EF21 under traditional smoothness, and demonstrate in experiments that [|[EF21]|
permits larger step sizes, and thus attains faster convergence than EF21.

Non-smoothness assumptions. Empirical findings suggest that the traditional smoothness used
for analyzing optimization algorithms does not capture the properties of objective functions in
many machine learning problems, especially deep neural network training problems. This motivates
researchers to consider different assumptions to replace this traditional smoothness condition. First
introduced by Zhang et al. [14], the (Lo, L )-smoothness condition on a twice differentiable function
f(x) is defined by | V2 f(2)|| < Lo + L1 ||V f(2)|| for & € R?. This (Lo, L1 )-smoothness has been
extended to differentiable functions without assuming the existence of the Hessian. For instance, the
smoothness with a differentiable function ¢(x) [33], and symmetric generalized smoothness [16] cover
the (Lo, L1)-smoothness when the Hessian exists, and includes many important machine learning
problems, such as phase retrieval problems [16], and distributionally robust optimization [34]. Other
classes of non-smoothness assumptions, which are not related to the generalized smoothness but
capture other optimization problems, include Holder’s continuity of the gradient [35], the relative
smoothness [36], and the polynomial growth of the gradient norm [37]. In this paper, we impose the
generalized smoothness condition to establish the convergence of ||EF21|| for solving deterministic
and stochastic optimization.

Gradient clipping and normalization. Clipping and normalization are commonly employed in
gradient-based methods for solving generalized smooth problems. Clipped (stochastic) gradient
descent has been studied for both nonconvex and convex problems under (Lg, L;)-smoothness
conditions by Zhang et al. [14], Koloskova et al. [17]. Extensions to clipped gradient algorithms have
been proposed, including momentum updates [18], variance reduction methods [19], and adaptive step
sizes [20, 21, 22, 38]. Comparable complexities have been achieved for normalized gradient descent
[23], and its momentum-based variants [24], including SignSGD [15] and its variance-reduction
variants [39]. Convergence properties of gradient-based algorithms have also been explored under
more generalized forms of non-uniform smoothness, extending beyond the (Lg, L )-smoothness
by Zhang et al. [14] to cover a wider range of optimization problems. For example, variants of
(stochastic) gradient descent have been analyzed under c-symmetric generalized smoothness by
Chen et al. [16], and under /-smoothness involving certain differentiable functions £(-) by Li et al.
[33, 21]. However, the majority of these analyses focus on the single-node setting. To the best of our
knowledge, only a limited number of works, such as those by Crawshaw et al. [25], Liu et al. [26],
have examined federated averaging algorithms for nonconvex problems under generalized smoothness.
These works, however, often rely on restrictive assumptions, including data heterogeneity, almost sure
variance bounds, and symmetric noise distributions centered around their means. In this paper, we
develop distributed error feedback algorithms, which eliminate the need for the restrictive assumptions
mentioned above, and rely on standard assumptions on objective functions and compressors.

3 Preliminaries

Notations. We use [n] to denote the set {1,2,...,n}, and E [u] to represent the expectation of a
random variable u. Additionally, ||-|| indicates the Euclidean norm for vectors or the spectral norm
for matrices, and ||-||; is the ¢;-norm for vectors, while (x, y) denotes the inner product between x

and y in R4, Lastly, for a square matrix A € Réxd, Amin (A) refers to its minimum eigenvalue, and
I € R¥*? is the identity matrix.

Problem Formulation. We focus on the following distributed optimization problem:
in {7 =13 ) ()
min x) = — i\L )
z€RE n P
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where n refers to the number of clients, and f;(x) is the loss of a model parameterized by vector
x € R over its local data D; owned by client i € [n].

Assumptions. To facilitate our convergence analysis, we make standard assumptions on objective
functions and compression operators.

Assumption 1 (Lower Boundedness of f). The function f is bounded from below, i.e.,

inf .
= inf > —o00.
f = inf f(z) > —oo
Assumption 2 (Lower Boundedness of f;). For eachi € [n], the function f; is bounded from below,
ie.,

inf :
11 xlerl B f (LL') > —00

Assumptions | and 2 are standard for analyzing optimization algorithms for unconstrained problems.

Assumption 3 (Generalized Smoothness of f;). A function f;(x) is symmetrically generalized smooth
if there exists Lo, L1 > 0 such that for ug = 0x + (1 — )y, and for all x,y € RY,

IVfi(z) = Vfi(y)ll < (Lo + Ly sup ||vfi(U9)||> |z —yll. 2
0€[0,1]

Assumption 3 refers to symmetric generalized smoothness by Chen et al. [16], which covers asym-
metric generalized smoothness [17, 16], and the original (Lg, L1)-smoothness by [14]. Moreover,
Assumption 3 covers the functions with unbounded classical smoothness constant, e.g., exponential
function. Additionally, Assumption 3 with L; = 0 reduces to the traditional Ly-smoothness [40, 41],
under which the convergence of optimization algorithms has been extensively studied.

Assumption 4 (Contractive Compressor). An operator C* : R — R is an a-contractive compressor
if there exists o € (0, 1] such that for k > 0 and v € RY,

B[llch@) -] < = ) o). ®

Furthermore, compressors defined by Assumption 4 cover top-k sparsifiers [5, 4], low-rank approxi-
mation [42, 43], and various other compressors described by Safaryan et al. [44], Beznosikov et al.
[45], Demidovich et al. [46].

Assumption 5 (Bounded Variance). A stochastic gradient V f;(x; ;) with its sample &; ~ D; is an
unbiased estimator of V f;(x) with bounded variance, i.e., for all x € R4,

E[Vfi(@:&)] = V@), and B |[|Vfi(:6) - V@] < o @

Assumption 5 is standard for stochastic optimization [47, 48, 49] that is only imposed on each local
stochastic gradient, and it does not imply data heterogeneity, i.e., the bounded difference between
each component function f;(x) and the global function f(z).

4 Normalized Error Feedback (||[EF21])

For nonconvex deterministic optimization under generalized smoothness, we develop a distributed
error feedback algorithm. One challenge is that the generalized smoothness parameter scales with the
gradient norm HV f(xF) || To resolve this issue, we apply gradient normalization to the algorithms.
In particular, we consider ||[EF21||, the normalized version of EF21 [8] that updates the next iterates
2**1 using the |[EF21|| update. The full description of ||[EF21|| can be found in Algorithm 1.

Our new method ||[EF21||, just like EF21 [8] under traditional smoothness, enjoys the O(1/v K)
convergence in the gradient norm under generalized smoothness, as shown below.



Algorithm 1 Normalized Error Feedback (||[EF21]|)

1: Input: Stepsize 7, > 0 for k = 0, 1,...; starting points z°, g;l € R fori € {1,2,...,n};and
a-contractive compressors C¥ : R? — R? for k =0, 1,. ...

2: for each iteration k = 0,1,..., K do
3:  foreachclienti=1,2,...,nin parallel do
4 Compute local gradient V f;(z*)
5: Transmit A¥ = C¥(V f;(2*) — g5 1)
6: Update g¥ = g"~! + AF
7:  end for
8 Central server computes g* = 1 3% | gF via gF = gF~! + Ak
9:  Central server updates zF+1 = zF — HZ:”
10: end for
11: Output: z%5+1

Theorem 1 (Convergence of ||[EF21||). Consider Problem (1), where Assumption I (lower bound on
f), Assumption 2 (lower bound on f;), Assumption 3 (generalized smoothness of f;), and Assumption 4
(contractive compressor) hold. Then, the iterates {ack} generated by ||[EF21|| (Algorithm 1) with

y

M= TR 1

for K > 0 and ~y > 0 satify

B [va H] VO exp(8c1 L1 exp(L17)7v?) B’YeXp(Ll’y)

mi ,

k=0,1,...,.K WK +1 K+1
where Vk — f( ) flnf 2'Yk 1 Zz L val géc i = 2¢o+ SL;cl E?ZI(finf_fiinf)’
and c; = ( + 27 V\l/i) Liforz =0,1

Theorem 1 establishes the O(1/ VK ) convergence in the expectation of gradient norms for ||[EF21|
on nonconvex deterministic problems under generalized smoothness. This rate is the same as
Theorem 1 of Richtarik et al. [8] for EF21 under traditional smoothness, and does not depend on
data heterogeneity conditions in contrast to Crawshaw et al. [25], Liu et al. [26]. Also, our stepsize
depends on any positive constant g, and total iteration count /', without needing to know smoothness
constants Lo, L; in contrast to Richtérik et al. [8]. Additionally, if we choose o = 1/(8¢L1), then
our convergence bound from Theorem 1 becomes

326L1V0 + LQ/L1 + 2L15inf
K+1

min | E[[[V/(2")]]

k=0,1,...,. K

)

where ¢ = £ + 2 Vb& and §nf = Ly~ (pinf _ pinf)

Comparisons between ||[EF21|| and EF21 under traditional smoothness. For nonconvex, traditional
smooth problems, ||[EF21(| from Theorem 1 with L; = 0 achieves the same O(1/v/K) rate in the
expectation of gradient norms as EF21 analyzed by Richtérik et al. [8], but with a larger convergence
factor of 2v/2. We refer to the derivation and discussion in details in Appendix C.

In the following section, we demonstrate how to integrate normalization into EF21-SGDM [10], an
error feedback algorithm that allows each node to compute its local stochastic gradient, for solving
nonconvex stochastic problems.

5 Normalized Error Feedback with Stochastic Gradients & Momentum
(||EF21—SGDM||)

Having established the convergence of ||[EF21|| for deterministic optimization, we will next develop a
distributed error feedback algorithm that incorporate stochastic gradients and normalization to accom-
modate generalized smoothness conditions. In particular, we focus on ||[EF21-SGDM]|| (Algorithm 2),



Algorithm 2 Normalized Error Feedback with Stochastic Gradients & Momentum (||[EF21-SGDM]||)

1: Input: Stepsizes 7x > 0 and 7y € [0,1] for k = 0,1,...; starting points 2°,g; " € R?
fori € {1,2,...,n}, and v;! = Vf;(2?;¢?) with independent random samples ¢; for i €
{1,2,...,n}; a-contractive compressors C* : R? — R? for k = 0,1,. ..

2: for each iteration k = 0,1,..., K do

3:  foreachclient: = 1,2,...,nin parallel do

4: Compute a local stochastic gradient V f; (z¥; £¥)

5: Update a momentum estimator v = (1 — 3, )vF =1 4, V f; (2¥; €F)

6: Transmit A¥ = CF(vf — gF™1)

7: Update g¥ = g%~ ! + AF

8: end for

9:  Central server computes ¢* = L 3™ | gF via gF = gF~! + Ak

k

10:  Central server updates z*+!

11: end for
12: Output: z5+!

_ 2k g
T Tk TR

the normalized version of EF21-SGDM due to Fatkhullin et al. [10]. We also note that ||[EF21-SGDM||
recovers many optimization algorithms of interest in the special cases. For instance, it reduces to

e normalized version of EF21 [8], which we call ||[EF21||, when we let n, = 1 and
Vfi(a®&F) = V fi(ah),
* normalized version of EF21-SGD [9], which we call ||EF21-SGD||, when we let n;, = 1, and

+ normalized version of SGDM [50], which we call ||[SGDM||?, when we let , = 1 — f3;, and
C*(-) is the identity compressor/mapping.

In the next theorem, we demonstrate that ||[EF21-SGDM|| attains the same O(1/K 1/ 4) convergence
rate as both EF21-SGDM and |[SGDM||.

Theorem 2 (Convergence of ||EF21-SGDM||). Consider Problem (1), where Assumption 1 (lower
bound on f), Assumption 2 (lower bound on f;), Assumption 3 (generalized smoothness of f;),
Assumption 4 (contractive compressor), and Assumption 5 (bounded variance) hold. If g; L= 0 for
ie{l,...,n}and

Vw=y = W, with 0 < v < 167, min{(K+1)1/2Ca,1}, and
1
Ne =1 ma

where Cy, := 1 — \/1 — q, then the iterates {x*} generated by ||EF21-SGDM|| (Algorithm 2) satisfy
for K >0

8°/y + o/ym + y(Lo + L36™)
(K +1)Ys

(5 (e )

where 6° := f(2°) — fi*f, and 6™t = %Z?Zl(fi“f — finfy,

From Theorem 2, [[EF21-SGDM|| under generalized smoothness achieves the O(1/K'/4) conver-
gence rate in the expectation of gradient norms. This rate is the same as that of EF21-SGDM,
previously analyzed under traditional smoothness by Fatkhullin et al. [10, Theorem 3]. The result
holds regardless of the data heterogeneity degree and the mini-batch size. We also notice that the
stepsize 7y for |[EF21-SGDM]|| , unlike in the case of ||EF21||, depends on the generalized smoothness
constant Ly, and the compression parameter o. However, the considered choice of stepsizes is
agnostic to o and L.

min BV < o(

+0

3This method is also known as NSGD-M.



Furthermore, Theorem 2 with o = 1 (i.e., C* is the identity compressor) implies the convergence
bound of the distributed version of normalized SGD with momentum (||SGDM]||) [50] using 8 = 1 —mn:

(F@)=F") )y + 0/ i + yLo + mainf)

S ®)

einin BV < 0(

For the single-node SGDM, where n = 1 and 6™f = 0, our convergence bound in (5) with v =

inf
©(1/L,) achieves the O Lif ('TO)(;{’; 1))14/_40#0/ 1) convergence, which matches the rate obtained by

Hiibler et al. [24, Corollary 3]. Unlike the earlier results for single-node SGDM, our result holds for
the multi-node regime. The bound in (5) for multi-node SGDM includes the ¢/,/n-term indicating a
/n-fold reduction in the influence of stochastic variance noise o, and the yL?§™f-term accounting
for the effect of data heterogeneity.

Novel proof techniques for ||[EF21|| and ||[EF21-SGDM)|| under generalized smoothness. Our
analysis demonstrates that ||[EF21|| achieves the convergence rate under generalized smooth-
ness equivalent to EF21 under traditional smoothness. However, our proof techniques differ
significantly from prior work. We employ different Lyapunov functions. For ||[EF21||, we
use VF = f(ab) — ff 4 A5 ||V fi(2F) — gF]|. in constrast to Richtdrik et al. [8] that
uses VF = f(ak) — finf + B0 IV f;(a*) — gF |2. For ||[EF21-SGDM||, we use V¥ =
flak) — finf + €570 |lok — gF|| + 2307, [[oF — V fi(2F)||, unlike Fatkhullin et al. [10] that
uses VF = f(aF) — finf 4 570 ok — ngQ + E5 vk - Vfi(a:k)H?. These new Lya-
punov functions necessitate the Lyapunov- based convergence analysis, distinct from standard tech-
niques for error feedback methods. Our analysis leverages Lemma 2 to handle generalized smooth-
ness. For ||[EF21||, we rely on Lemma 4. For ||[EF21-SGDM]||, we derive a new upper-bound on

E [| b — Vf(aF) ] unlike Fatkhullin et al. [10] to show the /n-speedup for the term proportional
to o, and utilize non-uniform weights to obtain convergence in the gradient norm.

6 Experiments

In this section, we evaluate the performance of ||[EF21||, and compare it against EF21 [8]. We test these
algorithms for three nonconvex, generalized smooth problems: the problem of minimizing polynomial
functions, the logistic regression problem with a nonconvex regularization term over synthetic and
benchmark datasets from LIBSVM [51], and the training of the ResNet-20 [52] model over the
CIFARI0 [53] dataset*. For all experiments, we use a top-k sparsifier, which is a g-contractive
Compressor.

6.1 Logistic Regression with a Nonconvex Regularizer

First, we consider a logistic regression problem with a nonconvex regularizer, i.e., Problem (1) with

d 2

_ T Zj
fi(z) =log(1l + exp(—bsa; z)) + )\; 5.2 x?’

where a; € R? is the i*" feature vector of data matrix A € R"*¢ with its class label b; € {—1,1},
and A > 0 is a regularization parameter. Here, f(x) is nonconvex, and L-smooth with L =
| A||? /(4n) + 2X. Also, each f;(z) is Li-smooth with L; = ||a;||* /4 + 2, and generalized smooth

with Ly = 2\ + A\v/dmax; ||a;|| and L; = max; ||a;||. The derivations of smoothness parameters
can be found in Appendix H.

In this experiment, we initialized 29 € R?, where each coordinate was drawn from a standard normal
distribution A/(0, 1), and set A = 0.1. Here, the condition A > Awin (A" A) /(2n) ensures that f(x)
is nonconvex. We ran ||[EF21|| and EF21 on the following datasets: (1) two from LIBSVM [51]:
Breast Cancer (n = 683, d = 10, and scaled to [—1, 1]), and ala (n = 1605, d = 123); and (2)
a synthetically generated dataset (n = 20, d = 10), where the data matrix A € R"*¢ had entries
drawn from A/(0, 1), and the class label b; was set to either —1 or 1 with equal probability. For

*We implemented EF21 and ||[EF21]| on training the ResNet-20 model by using PyTorch. Our source codes can
be found in the link to error-feedback-generalized-smoothness-paper.
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EF21, we selected the stepsize v, = 1/ (L + L\/,B/Q) with L = /3" | ﬁ?/n, 0=1-+V1-—aq,
and 8 = (1 — «)/(1 — v/1 — ), given by Richtarik et al. [8, Theorem 1]. For ||[EF21||, we chose
vk = v/v K + 1 with v > 0 from Theorem 1, by setting 7o = 1, K = 100 for the generated data
and Breast Cancer, and K = 400 for ala. We choose vy = 1, because ||[EF21|| with v € [1, 10]
converges faster than that with small values of v, (e.g. 0.1), when we run the algorithm on a single
node (n = 1) for minimizing polynomial function and solving logistic regression. We determine K
as the smallest number of iterations required to achieve the desired accuracy by performing a grid
search with a stepsize of 50.

Figure 2 shows that ||[EF21|| outperforms the traditional EF21 on all evaluated datasets, achieving
faster convergence and higher solution accuracy. This improvement results from the fact that the
theoretical stepsize for |[|[EF21]|, as derived in Theorem 1, is larger than the stepsize for EF21 outlined
by Richtérik et al. [8, Theorem 1].
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e EF21] 100 e JEF21]

IvIR
IvRIR

nnnnnnnnnnnnnnn
iter

Figure 2: Logistic regression with a nonconvex regularizer using normalized ||[EF21|| and EF21. We

k 2 . . . . _ 1
reported HV flx )H with respect to iteration count k. We used the constant stepsize v = Ve
for EF21, and v = \/%—H’ 4 = 1 for ||[EF21||. Here, K = 100 for our generated data (left), and
Breast Cancer (middle), while K = 400 for ala (right).

6.2 ResNet20 Training Over CIFAR-10

Next, we trained the ResNet20 [52] model on the CIFAR-10 [53] dataset, which was demonstrated
empirically by Zhang et al. [14] to satisfy the (Lg, L1 )-smoothness condition. In these experiments,
we used a top-k compressor over 50, 000 training images, with evaluation on 10, 000 test images. The
dataset was evenly distributed among 5 clients, each using a mini-batch size of 128. Both algorithms
were run for 100 epochs with a constant stepsize v = 5. Here, one epoch refers to a full pass through
the entire dataset processed by all clients.

From Figure 3, under the same constant stepsize and the top-k sparsifier with £ = 0.01d, ||[EF21]|
outperforms EF21, in terms of convergence speed (in gradient norms and losses) and accuracy,
relative to the number of bits communicated from each client to the server. Specifically, ||[EF21||
achieved accuracy gains of up to 10% over EF21.

[19A)12

3 2 T 5 3 0 T 5 3

3 T 3 7
#Gbits/n #Gbits/n

Figure 3: ResNet20 training on CIFAR-10 by using EF21 and ||EF21|| under the same stepsize v = 5
and k£ = 0.1d for a top-k sparsifier.

7 Conclusion and Future Works

In this paper, we have demonstrated that normalization can be effectively combined with EF21 to
develop distributed error feedback algorithms for solving nonconvex optimization problems under
generalized smoothness conditions. Specifically, ||[EF21|| and ||[EF21-SGDM|| achieve convergence



rates of O(1/K'/?) in deterministic settings and O(1/K /%) in stochastic settings, respectively.
These convergence rates match those of the vanilla EF21 and EF21-SGDM algorithms. Unlike
previous works on distributed algorithms under generalized smoothness, our analysis does not assume
data heterogeneity or impose smoothness-dependent restrictions on the stepsize (in the deterministic
case). Finally, our experiments confirm that ||[EF21|| exhibits stronger convergence performance
compared to the original EF21, due to its larger allowable stepsizes.

Our work implies many promising research directions. One interesting direction is to extend our
convergence results for [|[EF21|| and ||[EF21-SGDM]|| to accommodate decreasing or adaptive stepsize
schedules, as the constant stepsizes required by our current analysis can become impractically
small when the total number of iterations is large. Another important direction is the development of
distributed and federated algorithms that leverage clipping or normalization for minimizing nonconvex
generalized smooth functions.
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A Lemmas

In this section, we introduce useful lemmas for our analysis. Lemmas 1 and 2 introduce inequalities
by generalized smoothness, while Lemmas 3 and 4 present the descent inequality and convergence
rate, respectively, when the normalized gradient descent update is applied.

Lemma 1. Let each f;(x) be generalized smooth with parameters Ly, L1 > 0, and lower bounded
by finf, and let f(z) = L 37| fi(x). Then, for any z,y € R?

n

IV () = VA < Lo+ L IV F:) ) exp (L 2 = ol ~ ] ©
1) < @)+ (Vda)y =)+ 2 e 0y o =)y =l )
IV £ o
Lo + L VA = O~ F5 o ®
Lo+ &30 IV
F0) < £(@) + (7 1@,y - a) + 2 2 WO o 1, oy y 21 9)

Proof. The first and second statements are derived in Chen et al. [16, Proposition 3.2]. Next, the
third inequality follows from [38, Lemma 2.2]. Finally, averaging (7) for+ = 1,...,n and taking
into account that f(z) = L 3" | fi(z), we get (9). O

Lemma 2. Ler f;(x) be generalized smooth with parameters Ly, L1 > 0, and lower bounded by fii“f,
and let f(x) be lower bounded by f™™. Then, for any x € R?

n

S IV < BLa(F (@) — ) + S S i) 4 Lo/, (10)
=1

n -
g=il

Proof. By the (Lg, L )-smoothness of f;(x),

® _ VE@I* {'Vm' it [V fi(e)] < &

4 \r) — iinf > - i
(fi(z) = £i"™) Lo+ L1 |V fi(2)] W otherwise.
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This condition implies

IV i)l < maX(8L1(fz-() ™), Lo/ Ly)
< 8Li(fi(z) — )+L0/L1
< 8Ly(fi(r) — fmf)+8L1<f‘“f—f3“f>+L0/L1-

Finally, by the fact that f(z) = 2 >°" | fi(z),

LS I @ < 8L (rw) - ) S oy Lo
i=1

=1

O

Lemma 3. Let f(z) = 237" | fi(x), where each fi(x) is generalized smooth with parameters
Lo, Ly > 0. Let x*+1 = ack — "”“ v* for 4, > 0. Then,

F@*Y < f@F) - HVf(x )H + 2k HVf(xk) - ka

2 L <&
—F%’C exp (xL1) (Lo + ;1 ; vai(xk)H) :

Proof. Let each f;(z) be generalized smooth with Lo, Ly > 0, and f(z) = L 3" | fi(z). By (9) of
Lemma 1, and by the fact that z*+! = zF — T v vF for 5, > 0,

2
FEH S N = TRV, o) + T epnl) <L0+Z||Vfl H)

e kH<Vf( Py =" Uk>_7k’|vk||

ﬂ?’? exp(rL1) <L0 +=2 Z |V fi(z* )
F@®) 4 [V F(@*) = oF] = 0"
+’%kexp('ykL1) <L0 + % Zn: HVfi(:ck)H> ,
P
where we reach the last inequality by Cauchy-Schwarz inequality. Next, since

K

IA

trlangle ineq.

= |o*]] — IV f@®)|| + |V F(a*) —o*

we get

)< k) = [V | + 20 [V £) — o]

Howon) (10+ 23 waehl)

i=1

Lemma 4. Let {V*} 150, {W*} >0 be non-negative sequences satisfying
VI < (14 by exp(Liy)y?)VF = byyW* + by exp(L1y)7?
for v,b1,ba,bs > 0. Then,

o k< Voexp(bexp(Lin) (K + 1) | bs
k < 03
P by (K + 1) 4 b exp(L17v)y.
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Proof. Define 8, = o Ben for ko= 0,1,...and S_; = 1. Then, we can show that

14+b1 exp(L1v)7?
=t fork =0,1,..., and that

_ 1
Br = Trbrew @iy
BrVETL < (1 + by exp(L1)y?) BiVE — bayBiW* + bz exp(L17)7 B
= Br_1VF — boyBW* + by exp(L17)7? Br-

Therefore,

k k
BrW
k=0,1,...,K > ng Z
_ _ Vk — B, Vkt1 b
Bico e Ve V) by,
bay Zk:o B 2
B VO — B VL

b3
= + o~ exp(L17)7.
bay ZkK:o B by

By the fact that 5_; = 1, B > 0,and VF+1 >0,

E.
=)
IA

IN

min Wk < ve b eXp(L V)7-
< — 4+ = 1
k=0,1,....K bz’y Zfzo /Bk b2
Next, since
K
K+1
>(K+1 i =
kzzoﬂ 2 A = T by exp(Lan )R
we have
VO(L+byexp(Lin)y?) K+ | b
k:(ﬁmK < by (K £ 1) + by exp(L17)y
Ite<ewm(@)  VOexp(by exp(Liy)y*(K +1)) | b3
> + —exp(L
< bﬂ(K-i-l) by P( W)
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B Convergence Proof for ||[EF21|| (Theorem 1)

In this section, we derive the convergence rate results of || EF21||. We start with the following lemma
technical lemma.

Lemma 5. Let Assumptions 3 and 4 hold. Then, the iterates {xk} generated by ||EF21|| (Algorithm 1)
satisfy

E[|[Vfi@™) —gf '] < VI-aE[|Vfi=") - g|]
+vTI = aexp(Liy) (Lo + LiE [|VAED|]). A

Proof. From the definition of the Euclidean norm, and by taking the expectation conditioned on
x**+1 gk and by the update of g* from Algorithm 1

E [[|Vfi(a"*) = gi || 25, of]
=E[|Vfi(z"") — gF — CH(Vfi(z™F) — gb)||| 2", gF]

< \/E [HVfi(l'kJrl) — gF = C(V fi(ab+1) — g;c)||2’ xk+17gﬂ7

where we use the concavity of the square root function, and Jensen’s inequality for the concave
function, i.e., E[f(x)] < f(E[z]) if f(x) is concave. By the a-contractive property of compressors
in (3), by the fact that ||Vfi(xk+1) — ng is a constant conditioned on x**1, g%, and then by the
triangle inequality, we have

B[V i) = gl a1, g4] < ¢ (1-a)E [waw — g% k1, gt
= VI—a|[VAiE") - gf||
< vl—aHVfi H—l—\/l—aHVf kL sz(xk)H

By the generalized smoothness of f;(x) in (2), and by the fact that z*+1 = 2% — Wk”g—in,

B[V —gf [ gf] < VI—al[Vie") - gf
+v1—a(Lo + L1 ||V fi(z")]]) exp(L1vi) vk

Let 7, > 0 be constants conditioned on z**1, g¥. Then, by the tower property, i.e.,
B[V =g ] = BEVAE — g [« 0]
we have
E[|VA@E) =g ] < VI—aE[|VAi") - o]
+V1 — aexp(Liyk) k(Lo + LiE [[|V fi(=")[[])-
This concludes the proof. O

Next, we present the following descent lemma for ||[EF21]|.

Lemma 6. Let Assumptions 1-4 hold. Then, the iterates {x*} generated by ||EF21|| (Algorithm 1)

satisfy
B[VA1] <E[VH] + e ZE IV £:@)) = wB [ VF ] + o
i=1
where VF := f(zF) — finf 4 27’“ LS |VFi(aF) — gF|, and ¢; = Li 4 Z%for
i=0,1.
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Proof. For brevity, let Ay = 172\}1’17. Then, we have V¥ = f(2¥) — finf 4
Az i [V fila®) =
E[VEI] < Ef(z k)*fmf]*%E[HVf ol

+exp(Livk) ’yk2 ZE Hsz ||] + exp(L1ve)vE

o Lo
2
+2vE [va(fﬂk) - ng] + Ak—o—lﬁ ZE [vaz'(f’?kH) - ngH] .

i=1
Identities V f(2%) = 2 3" | V f;(2*) and g* = L 37" | g% and the triangle inequality imply

E[VM] < Blf@ ’“>*fi“f]*%E[HVf il

+exp(Livk) ’y,€2 ZE Hsz H] + exp(L1ve)v3
i=1

o Lo
2
1 & 1<
+2’Ykﬁ ZE [V £i(z") — g¥||] + AkHﬁ ZE IV £ = g+1)].
i=1 =1

Next, we apply (11):
2
E [V’Hl} < E [f(zk) — finf] —vE [HVf(xk)H] + (fyk + Api1v1— ayk> exp(L1vk) Lo

+ <7k + Ak+1ﬂ’vk> exp(L1k) L1* ZE Hsz )||]

2
i=1

+ (2% + Ap1V1 — @) Z ||vf1(xk)7glk||]

If A, = 172\;’1{7, and ~y, satisfies yx+1 < Yk, then

29, + Ap1vV1l —a <29 + AVl —a = Ap.

Therefore,
E [Vk“] < E [Vk] + c1 exp(L1vk)y ZE Hsz
—wE [||V£(®)][] + o eXp(Ll’Yk>’Yk7
wherf:cif——i—2v1 abi L fori =0,1. O

1—vI-
B.1 Proof of Theorem 1

Now, we are ready to prove Theorem 1. From Lemma 6 and 2, and by the fact that ¢; Lo/ L1 = ¢y,
we have

E [Vk+1] < E [Vk] + 8¢1 Ly exp(Liyi)ViE [ f fz®) — fi“f}
~WE [[[VF(@")||] + B exp(Liyi)is
where B = 2¢ + 3k 571 (finf — finf) Using the fact that f(z*) — ff < V¥, we derive
E [VkH] < (1 4+ 8¢1 Ly exp(Liyi )i )E [Vk} v E [HVf H] + Bexp(Liyk)7i-

Applying Lemma 4 with V¥ = E [Vk] wvf }, by = 8c1L1, by = 1, and by = B,
we get
i < V0expbrexp(Liyy* (K +1)) | bs
. k < 03 L
=0l K byy(K +1) 3, SRy

Finally, if v = \/7 with vy > 0, then exp(L;17;) < exp(L170), and thus

min k< Voexp(brep(Livo)d) | bs yoexp(Lio)
k=0,1,..K boyovK +1 ba K+1

18



C Discussion on Theorem 1

In this section, we compare the convergence bound between ||[EF21|| and EF21 under traditional
smoothness. For nonconvex, traditional smooth problems, ||[EF21|| from Theorem 1 with L1 = 0
achieves the same O(1/ VK ) rate in the expectation of gradient norms as EF21 analyzed by Richtarik
et al. [8], but with a larger convergence factor. We prove this by assuming V f;(2°) = ¢ for all 4.
That is, Theorem | with Ly = L, Ly = 0,30 = /(f(2%) = f*T)/(2b), and b = & + 2/ 2L
implies that ||[EF21]|| achieves

1’0 __ pinf
Elvahl s = [T

- K+1 0

2\/ (1+3m)(1+M) F(0) — fint

K+1
a>0 L f.’IJO flnf
< 4
- V2 \/ K+1

On the other hand, EF21 attains from Theorem 1 of [8] with L; = =L=1L (i.e., fz( has the same

b O + 2b’}/0:|

IN

smoothness constant as f(x)), and 2% being chosen from the iterates z°, 2%, ...,z uniformly at
random
: k < LK
puin B[Vr@E]] < E[[[VFEO)]]
< E [nwmfﬂnﬂ
2L(1++/B fmf
<
- * K +1

W<2/a 1 \/f f fmf

K—|—1

In conclusion, the convergence bound of [|[EF21]| is slower by a factor of 2+/2 than the original EF21
for nonconvex, L-smooth problems.
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D Convergence of |[EF21|| for a Single-node Case

In this section, we provide the convergence of ||[EF21|| for a single-node case. In particular, the
algorithm enjoys the O(1/K) convergence up to the error of %. In contrast to Theorem 1
for multi-node ||[EF21||, the next result for single-node ||[EF21|| applies for any v, =~ € (0,1/(8¢1))

with 3 > 2,¢; = & +2f1\/ﬂ and a € (0,1].

Theorem 3. Let Assumptions 1-4 hold. Then, the iterates {xk} generated by ||[EF21|| (Algorithm 1)
withn =1, v, = v = 1/(Bc1) and 8 > 2 satisfy

E [VO] —-E [VKH] coY
v < )
in EUVIEON < S T ® 7D T aee@n

wherer:f(mk)—finf—Fl_Q\/izfa |Vf(a:k — k},andci— Z—|—2vl O‘L =L fori=0,1.

Proof. In the single-node case, Lemma 5 implies
B[V —g" ] < VI-aE[|[Vf@E") "]
+VT—aexp(Liye) (Lo + LE [[VFEH)|]). (12
Next, for brevity, let A, = —2% . Then, we have V* := f(z*) — finf +
Ay Ziea [IVfila?) = gt

2 2
E [VkJrl} < E [f(xk) - finf} — <’Yk — '7k2Ll exp(Llfyk)> E [va(xk)m 4 FYkTLOeXp(Ll’yk)
+2%E [||[VF(2*) = g"[|] + Appa B [[|[ V£ = "]
(12)

< E[f(e") = M + 2 + Ar1vVI— ) E[||Vf(2") — "]
2
- (’Vk - kaLl exp(L1vk) — Akr1V1 — aLliyy GXP(LWk)) E[||Vf(h)]]

27,
+% exp(Livk) + Ar+1V1 — aLoyg exp(Liyg).

If A, = 1_2\;{“_7 and -y, satisfies yx4+1 < 7Yk, then
29, + Ag1vV1l —a <29 + AVl —a = Ap.
Therefore,

E[V*] <E [VF] = (v — cr exp(Lay)yi) E [[| V£ (2")]|] + co exp(Lim)is

where ¢; = % + 217% fori =0,1.

Finally, taking v = v = Y(Ba) for 8 > 2, we get ciexp(Liy)y = exp(li/(Ber))/g <
exp(2/8)/B8 < 0.7 < 1, and

E[V*] < E[VF] —y(1 = crexp(Liy)7) E [||[Vf(@")]|]] + cov®.
Rearranging the terms, we derive

K

_min B[[Vih)]] < Z V1"
k
EVI-EVA] e
V(1 —crexp(Lay)) (K +1) - 1—crexp(liv)y
Noticing that V* > 0, we complete the proof. O



E Convergence of ||[EF21-SGDM|| (Theorem 2)

In this section, we derive the convergence rate results of ||[EF21-SGDM|| . We first introduce auxiliary
lemmas in Section E.1, and later prove the convergence theorem (Theorem 2) in Section E.2.

E.1 Auxiliary Lemmas

Now, we provide useful lemmas for analyzing ||EF21-SGDM]||. First, Lemma 7 shows the descent
inequality of the normalized gradient descent update under Assumption 3 (generalized smoothness of
f:). Second, Lemmas 8 and 9 provide the upper-bound of the Euclidean distance between v¥ and gF,

and of the Euclidean distance between v¥ and V f;(z"), respectively.

Lemma 7. Consider the iterates {x*} generated by Algorithm 2. If Assumption 3 holds, then for any
Vi > Ou Nk € [07 1])

FE) < @) = | VFER)|| 4 29 |V (@) = oF || + 29 ||oF = 6F|
+Lovi exp(veL1) + 4L37; exp(veL1) (f(z*) — f™)

+4L1’Yk EXp(’YkLl) Z (finf _ félnf) .

n

i=1

Proof. Applying the triangle inequality in Lemma 3, i.e.,
H,Uk — g

[VI@R) = g*|| < [[V1@*) = ot +

F < f@R) = [ V)| + 2 [V F@F) = o8|+ 29 [|oF = ¥
2 n
+ék exp (vrL1) (LO + %Z HVfi(xk)H>
i=1
(10) :
<R = V)| 2 ||V R) = o8]+ 2 [[oF — g¥]|

+Lovi exp(yiL1) + 4Lm exp(yL1) (f(z%) — f)

+4L17k exp(’ykLl) Z (finf _ fiinf) ,

n

=1

which concludes the proof. O

Lemma 8. Consider the iterates {x*} generated by Algorithm 2. If Assumptions 3, 4, and 5 hold,
then for v, > 0,mx € [0,1], and k > 0,

n

1 w/ 1
=~ B[l - g < ZE [llof — gfll] + nkHZE [[|vF = v £:i=M)]]]
1=1
+8L2v1—ank+mexp<v L )E[f( by o
SLQMnkaykexp zn: fmf fmf
1=1

n

+2Lov1 — angr1ve exp (veL1) + V1 — angyi0.
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Proof. Taking conditional expectation with fixed Fj 1 = {vF™! 251 gF}, using the concavity of

the squared root of the function, and applying the definition of g¥ in Algorithm 2, we have

E [vaﬂ _gf+1|||]—'k+1] < \/E :H”?H B ngH?‘ ]__kﬂ}

_ \/E lot+ = gt = 0 (o5 = )| Fi

(3) r
L N ]

Next, let v = v > 0, and g, = n € [0, 1]. By the fact that vf“ , g¥ are constants being conditioned
on Fj1, and by the triangle inequality,

E[lloi™ =g | Fena] < Vi—afol —gfl +vVI—aoi™ —of|
VI—allvf =g ||+ V1= amq [V ) —of.

Here, the equality comes from the definition of vf“ in Algorithm 2. Next, by the triangle inequality,

IN

3

E [[Joi*t = g7 || Frga] VI—aljof — g || + V1= amep|lof — Vfi(a")]|
+VI = angs1 |V £i(2¥) = Vfi(a" )|

VI = ampp |V (@8 — V£ (@F)|

< Vi—aljvf —gf|| + V1 —amlvf — V(")
VI = anmpr (Lo + Ly [[Vfila®)|) exp (Lo |28 = 2t]]) |28 — 2]
+ 1 — Y ||vf(xk+1;££€+l) _ vf(xk-i-l)H )

1

k
Next, using ¢+ — 2% = —~;, 74+ and taking the expectation, we obtain

E (o =g l] < VI—aB[||of = gf[l] + VI - amnE [[lof - V£i(")|]
+V1 — anrr17k exp (veL1) (Lo + L,E [HVfl(xk)H])
V1 —anen B [[| V(565 = V@]

Finally, since

E[vai(xk-i-l;dwrl)_vfi(xk-‘rl)m < \/E [vai(xk+1;££€+l)_vfi(xk+1)||2:|



we derive

1 n
LS B[ —g) <
=1

3

E ([0 — g7
Yo et ZE (o = Vi)
+V1 — angr1vk exp (e L) <L0+L1ZE [V fi(a® H])
=1
+VI—anio
(10) 1— a
S Sl
VI = a1
—I—#ZE [|vF =V fi(z")]]]
+8LIVT — anpyryk exp (L) E [f(2*) — f™]
L2J1— - :
+ 8 anktll’yk exp (fy ) Z(fmf fz‘mf)
=1
+2LoV1 — angpr1vk exp (Y La) + V1 — angyi0.
This concludes the proof. O

Lemma 9. Consider the iterates {x*} generated by Algorithm 2. If Assumptions 3, and 5 hold, then
forany vy =~ >0, =, and k > 0,

\fcf 2Loyexp (vLq)

Efl* - viEh|] < @-n*E[]° - Vi@E)]] + ;
k—1
+8L3vexp (vL1) Y (1 —n)* "B [f(z') — f™]

~
Il
o

8L1’y exp (vLq)

m (fll’lf fiinf) ) (13)

M:

=1

In addition, for any k > 0,
n

1 < 1-
EE:E[va“—Vfi(x]’“”l)H] < TnZE |[vF = V £i(2")||]] + no + 2Loy exp (vL1)

+8L}yexp(vL1)E [f(z*) — ]
8L%vex i
it M i 4 W 7 1Y p Z fmf flnf (14)
i=1

Proof. We prove the result using the arguments similar to those given in the proof of Theorem 1

from Cutkosky and Mehta [50]. From the definition of vf“, we have the following recursion for any
k>0:

vzl'H_l _ (1 _ n)vf + nv‘fi(mk+1;§£€+l)
VET) + 1 =n)f = Vi) + (1 = n)(Vfila®) = Vi)
+77(Vfi(xk+l; gszrl) _ sz(xk-i-l))

Next, from the recursion of vf“, we obtain the following recursion for k£ > 0:

HIFY = (1—-nHF+ (1 -n)GF+qU, (15)
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where
U = VAEELET) = VHEEY, GF = Vi) = Vi@E), HE = of = Vi),

k+1 k41 k k k k
U —nélUi , G _n_EIGi’ and H —nEIHi.

Unrolling the recursion for H, f, we derive

k
H;ﬁ-‘rl :(1 _ n)k+1HZO 4 Z(l _ k t+1Gt 4 nz k tUt-‘rl
t=0
Averaging the above inequality, we get
k
J 2 Lan - (1*77)kHHO+Z(1* )i tHGtJFTIZ n)F-tUttL,
t=0

Next, taking the Euclidean norm, using the triangle inequality, and then taking the expectation, we
obtain

k
E[J#H] < - E[AE] + > a-n* T E[|c]
t=0
=A
k
+77 E Z k: tUt+1 (] 6)
=0
=:Ay
To bound E [H ] we need to bound the expectation of the last two terms. First, we bound term

Aj. Using the fact that [|G*|| < 2 37 | ||G?||, and the definition of G, we obtain

A < fZZ B[V = Vi)
=1 t=0
(%) 1 ZZ k t+1p Lo exp (L1 thJrl . xt”) ||xt+1 _ xtH]
i=1 t=0
1 n k
+=D > (=) B Ly || Vi) exp (L o+ = o']]) 2" — 2]
i=1 t=0
k n k
L
= Z(l—n)k*tﬂfyexp(’yLl)Lo—i—;122(1—n)kal’yexp('yLl [HVfZ H]
t=0 i=1 t=0
(10)

M=

k
< 2Lgyexp (YL) Y (1 =) " 4 8L yexp (vLa) D (1 —n)* TE [f(af) — f]
t=0

~
I
o

n

8L2'yexp rYLl sz: k t+1 flnf fiinf)

i=1 t=0

Mg

k
< 2Lgyexp (vL1) Y (1 —n)' +8Livexp (vL1) Y (1 — ) "E[f(a') — /™]
t=0 t=0
82 L . R
(RO $ e pury S0
=1 t=0
k
— QL(J’YG);I)(’}/Ll) + 8L1’}/ exp (,)/Ll) Z( n)kftJrlE [f(xt) N finf]

-
Il
=)

_’_SL%V €xp (7L1> En: (finf o fiinf) .

n
N i=1



Next, we bound term .A,. Jensen’s inequality and the tower property of the conditional expectation

imply
Ay < {

Moreover, due to independence of {£!}7_;, we have

k(1= )2kt M o k o2
JZ“;L B[] < JZ o
i=1

t=0 t=0

i 2

Z k tTt+1

t=0

Jzk: n)2—OE [HUH—IH }

9 i(l —n)%t e 7
v\ & == S v

Therefore, plugging the derived upper-bounds for A1, and for A5 into (16), we obtain

/\

B < (- ntE (a0 + 20200
k

+8L3yexp (yL1) Y (1—n)*"E [f(a') — f™]
t=0

SL%’YGXP 7L1 i fmf flnf + \/770—
1=1 \/ﬁ

which is equivalent to (13).

To derive (14), we make a step back to the recursion from (15), which implies

1 n n
Y B[] < E[|[EF] + ZE il
i=1 =1
=:B1
n - k+1
+n;E[HUi I]- (17)

:ZBQ

Next, we derive the upper bounds for B; and Bs. For 31, we have

B = 1‘T’7ZE[|IWZ-<%’“>—sz-<oc’€“>|u
(6)
< "ZE [(Lo + L |V fi(a®)|)) exp (Ly [ — 2 FH]) [J* — 2]
1=1
= (l—n)Lovexp(vLﬁJr(I_W)leeXp(le)Z E [||V fi(z")|]
=1

< 2(1-mn)Loyexp(vLy) +8(1 — )Ly exp(vL1)E [f(z*) — f™]

8 L?~ex (vL1)
+ ( ) 17 p Y Z fmf flnf
i=1

and for Bs, we obtain

B, = ZZ [V A+ €54 — Vb)) <€ o
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Plugging the derived upper bounds for 57 and B; into (17) and using 1 — n < 1, we get

R

IN

1 _ n
TU ZE [1HFI] + 2Loy exp(vL1)

i=1
+8L}yexp(vL1)E [f(z*) — f™]

n

Z flnf f‘ll’lf + no,

i=1

8L1fy exp(y

which is equivalent to (14).

E.2 Proof of Theorem 2

Now, we are ready to prove Theorem 2. For convenience, we introduce new notation:

=B [fF) - M, A ZE |vf —g¥||], Br=E[||v" - Vf(=

— 23 Bl - VGO, 5 %Z(finf g
i=1

i=1

BliE

Using the new notation and noticing that E [||o* — ¢*[|] < Ay, we rewrite the results of Lemmas 7,

8, and 9 as
s < (1 + 4122 exp(Lw)) 6% +2vA, 4+ 2vB, —E H|Vf(xk)|u
+v2 exp(L17y) (Lo +4L76™)
A1 < V1—adp +nvV1—aCy +8L2V1 — anyexp (vLy1) 6F
+2V1 — anyexp (vLy) (Lo + 4L%5mf) + /1 — ano,
(1—n)kBy + \/\/ﬁg + 2y exp (L17) (Lo + 4L%51nf)

k—1

+8Lyexp (L1y) Y (1 —n)*~"d",
t=0

By

IN

Cry1 < (1—n)Cr +8Ljyexp (Lw) 8" +no + 2yexp (vL1) (Lo +4L76™) .

Moreover, since v = W

inequalities can be further simplified as

with g < 2L , we have exp(L17y) < exp(L17) < 2 and the above

S < (14 8L3?) 6F + 29yAL + 2By — AE [||VF@F)|[] + 29% (Lo + 4L36™F) , (18)

A1 < V1 —adp +nV1 = aCy + 16L3V1 — anyd®
+4v1 —any (Lo + 4L%6i“f) + V1 - ano,

By,

IN

4y
(1-n)*By+ \(f + o (L0 +4L36™) + 1617 Z n)k=tst,

Crt1 < (1=n0)Ck + 16L376* +no + 4v (Lo + 4L36™) .
Next, we introduce the Lyapunov function V}, defined for any k£ > 0 as
Vi = 0% + aAy + cCh,
and ¢ := a+/1 — . Then, using (18), (19), (21), we get

where a := - \/—

Vier < (148L37°) 6" + 294, + 2yBi —1E [||V£(2")||] + 29 (Lo + 4L376™)

+a (\/1 — Ay + V1 —aCy + 16L3V1 — anvék)
+a (4\/1 —any (LU + 4L26i“f) +v1 - oma)
+c ((1=n)Ck + 16L3y6" + no + 4y (Lo + 4L35™)) .

26
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(20)
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To proceed, we rearrange the terms:

2
Vier1 < (1+ 8Ly +16aL3V/1 — any + 16¢L3v) 6% + <a7 +v1— a> aAy,

# (S0 1) 20— 2 |97

+ (272 + 4av/1 — any + 4c'y) (Lo + 4Lf(51“f) +n (a\/l —a+ c) o

2
(14 8L1y* +32aLiV1 — ay) 6" + (J +V1- a> aAy + cCy,

+2yB = B [||Vf(")]]]
+(27% +8av1 — a) (Lo + 4L36™) + 2nav/1 — ao.

Since a = \/7 we have 27 4++v1—a=1and

641271 —
Vigr < <+8L2 S Y )6k+aAk+ch+273k—'yEH|Vf )]
2 167 \/ ) 2 ¢inf 4777\/ 1—ac
+<27+1 m (Lo +ALi0™) + 5 =a
6412~
< (14 T2 Yk - B [
N 162 (L0 + 4L25mf) 4yn/1 — ao

1-vV1—a 1-Vi—a

Next, we bound By, using (20) and 6% < Vj:

64122 ,
Vigr < (1 + 1) Vi + 32039 Y (1= )" Vi 4+ 29(1 — n)* By = vE [V £(2")]]]

1—-+vV1l—«a P
1672 4ynv/1 — 2
+ <67 & ) (Lo + 4L36™1) + ( Vo2 vf)
1-Vi—-a 17 1-Vi-a n
—(k+1)
Summing up the above inequality with weights By := (1 + 16:15% + 32’:7;72) for k =
0,..., K and denoting Sk := Zf:() Bk and B_1 := 1, we get
64L7y 2 )kt
Zﬂkml < Z < 1) BiVi + 32L2y Zﬁk Z v,
z = t=0
K K
+27Bo Y (1= 0)"Bu =7 D BB [[[Vf ()]
k=0 k=0
16y” 8+ ) 2 sinf (4Wx/1 —a QVW)
+8k | ———+ — ) (Lo +4L}™) + S +
K(l—\/l—a n (Lo +4L30™) + S 1-vVi-a n
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By definition of ), we have 8, < [k_1 and, in particular, 8, < 1 for all & > 0. Using these
inequalities, we continue the derivation as follows:

K K 6412 K k-1
> BV < Z(H%) BV +320392 3" S (1 -8,
k=0 k=0 1 1 k=0 t=0
K K
+2vBy Y (1 - — vZﬁkE IV £(=")|]
k=0
162 S’y ) 9 cinf (4777\/ — 2@/[)
+Sk | ———=+—) (Lo +4L70™) + S
K(l—\/l—a n (Lo 1) + Sk 1-Vi—a n
X 6412~ >
< 1+ ——— ) B Vi, + 32L3y 1—n)t Vi
< kz:< 1_\/17>5k k (Z( U))(Zﬁk k)
=0 t=0 k=0
k . k
+27Bo ;(1 —m)* =Sk, min E[[|Vf(")]]
164* 8+ ) 2 sinf (4”YV7V1 —a 27[)
+S —— + Lo +4L7 oty 4 Sk +
K(l—\/l—oz n (Lo ) 1-Vi—a n
K
64L3~2 3213~
= 1+ — - Vi V("
I;J( - J-a >5k k kB [H f(x )m
:ﬁkfl
1672 872) 2 cinf (4777\/1 —a 27[)
+S + — | (Lo +4Lié"™) + S
K(l—\/l—a n (Lo +4L30™) + S 1-vVi—a n
Rearranging the terms and dividing both sides of the above inequality by Sk, we obtain
1 & 2B,
. k < _ 0
k:r(?}.r.l,KE [IVFE)] < Sk kzzo(ﬂkqvk Bk Vi+1) + 1Sk
16 8 4dny/1 —
+( Y + 7) (L0+4L2(5mf) ( Ul a \/>)
1—-+V1—« n 1—-+vV1—« vn
Vo 2B ( 167y 87) 2 cinf
< + + Lo+ 4L36™
¥Sk = NSk 1-vV1-«o n ( 0 )
4dny/1 —
L (Avize | 2V 22)
1—-+v1—« Vn
where in the last inequality we use Vi1 > 0 and 5_; = 1. Next, we estimate Sk :
K
K+1
Sk = Y B> (K+1)8k = - — RTT
P (1+ 64L2~2 + 32L1'y2)
1—V/I—a n
K+1
> i (23)
64L§»y2(1<+1) 32L2~2(K+1)
exp s gy + m
Since = m and v = (Klﬁ with 7 < g min {(K +1)2(1 = VT —a), 1}, we
2_2 2.2
have mﬂfmﬂ) < 1 and 64];‘”7\/@ < 1. Plugging these inequalities into (23), we get

Sk > (K+1)/exp(1/2) > (K+1)/2. Using this lower bound for Sg and n = m, v = (KJW in
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(22) , we get

i 2V 4B,
kz%l’{l'l’KE VeI = Yo(K + 1)+ " (K 4 1)/
1670 870 2 cinf
* ((1 —V1—a)(K +1)%4 T (K + 1)1/4> (Lo +4L76™)
n ( 4/T=a N 2 )
1-—VI—a)(K+1)"7  n(K+1)/ o

For the convenience, we define C,, := 1 — y/1 — «. Then, by definition of 1}, we have
2Vo 259 240 2(1-C,)Ch

= + :
7(K+1)1/4 E D)7 T CE 1) | Cu(K + 1)

Moreover, since g; - = 0 and v = Vfi(29;€)) foralli = 1,...,n with independent {£}7_;, we
have o0 = V f;(z ?,50) and g = CO(Vf,( 0.¢0)) foralli =1,...,n and

Ay = ;;E[HVfi(a:?;&?)—CO(Vfi@?;f?))m

9 V?émuvm?;a ~VAED| € - Coe
Co = jliE[uvm?;s?) viE)l <o
A S

1 & @ o
- Jng;E{Vﬁ(:ﬂ?;E?)vﬁ( )Il}gﬁ.

Using these inequalities, we get
249 N 240 N 2(1 — Cy)Co 4By
YK+ 1)+ Co(K+1)  Co(K+1) (K +1)Y2

Jmin B[V <

(K +1)% (K +1)Y4
4(1 — Cy)o 20
Co(K+1)2 " /n(K +1)"4

269 4(1 = Cy)o 4o
< +
T K+ Cu(K+1)  n(K+1)Y2

1670 3% 9 cinf
Lo +4L76™
+<Ca(K+1)3/4+(K+1)1/4)( o+ 1 )
4(1 - Cy)o 20
Co(K+1)2 " /n(K +1)"/

250 16’}/0 8’}/0 2 cinf
< Lo +4L76™"
>~ ’YO<K+1)1/4+(CQ(K+1)3/4+(K+1)1/4>( o+ 1 )

8(1 — Cy)o 60
Co(K+1)72 " /n(K+ 1)V
which concludes the proof since % < Li_a and C% < é
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F Extension to Strongly Convex and Convex Problems

Our current analysis for ||[EF21|| and ||[EF21-SGDM||, which are initially developed for minimizing
non-convex functions, can be extended to strongly convex and convex functions.

Strongly convex problems. We can extend the convergence for ||[EF21|| and ||[EF21-SGDM]|| to
minimize strongly convex functions. Applying the u-strong convexity condition of the function f, i.e.

|V f (%) ||2 > 2u(f(x®) — f(z*)), where z* = arg min,cga f(x), into the convergence bounds in
Theorems 1 and 2 yields the convergence results in ming—o 1, x E [ fl@®) = f (x*)} . However,

these results do not imply the standard exponential convergence typically expected in strongly convex
problems. This theoretical gap suggests a need for new analytical techniques, which involves tighter
Lyapunov functions or more refined descent inequalities tailored to strongly convex functions.

Convex problems. We can extend the convergence for minimizing convex functions. This can be
achieved by assuming that there exists the iterates {z*} satisfying ka — x*H < R for some R > 0.
Hence, the convexity of the function f implies that

f@*) = f@*) < [V [o" =] < RV £

Applying the above inequality to Theorems 1 and 2 yields the convergence bounds in
ming—o,1,... .k B [f(z") — f(z*)].
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G Additional Experimental Results

In this section, we provide additional results for minimizing nonconvex polynomial functions, and
for training the ResNet-20 model over the CIFAR-10 dataset.

G.1 Minimization of Nonconvex Polynomial Functions

We ran ||[EF21|| and EF21 in a single-node setting (n = 1) for solving the following problem:

d d 9
. i
mlRI(li{f(.%‘) = Zalx§+AZM}7 (24)
ve i=1 i=1 i
=:g(x) =:h(x)

where a; >0,i=1,...,d, A > 0.

Let us show that f(z) is non-convex (for the specific choice of a;) and (Lg, L1)-smooth. First, we
prove that f(x) is non-convex. Indeed,

V2f(z) = VZg(z) + V?h(x)

1— 32% 1 — 322
:12diag{a1x%,...,adm3}+2)\diag{ ‘:13,,.., de}
(1+27) (14 23)
is not positive definite matrix if we choose a; = ﬁ, r;==x1fori=1,...,d.

Second, we find Lo, L; > 0 such that
[V2f(@)|| < Lo+ L1 |Vf(2)||, VzeR%
This condition is equivalent to Assumption 3 (generalized smoothness) with Lo, L1 [16, Theorem 1].

Let us fix some L; > 0 and choose Ly = 92’\Ld22 + 2. Since V2h(x) < 2M1,
1

IV2f@)]| = [[V2g(@) + V2h(@)|| < [V2g(@)[| + [ V*h()|

< 12\/(1%96‘11—&—...—1—@31‘;%—1—2)\
<12 (ale + ...+ adxfi) + 2.

Also, notice that

A \? 22 \?
IV£ @Il = IVg(w) + V()| = \/ (101884 20 ) bt (s + s ) o

24\/a%x?+...+aflxg
(*) 4
> — (al |x1|3+...—|—ad|:cd|3>,

Vd
where (*) results from the fact that |||, < v/d||z| for z € R%. Our goal is to show that
4L ~
7; (al lz1)* + ... + aq |:cd|3> , Log=Lg—2\.

To show this, we consider two cases: if |z;| < %, and otherwise.

12 (ale +...—|—adz§) < 1~L0—|—

1. If 2] < %%Efbraui =1,...,d, then 12a;2? < 1%¢:¢ Thus, 12 (a123 + ... + aqga?) <
1 1

108)\d> _ 7
2412 = Lo.
2. If |z;] > 3L—\/13 for some j = 1,...,d, then 12a;23 < %aj |xj|3, and the sum of the
remaining terms (such that |z;| < %) in 12 (a123 4 ... 4 aq4x2) can be upper bounded
by I:().
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. . . .. 2
In conclusion, f(z) is (Lo, L1)-smooth, where L; is any positive constant and Ly = 92)‘52 + 2\
1

Additionally, we can show that under certain additional constraints, f(z) is L-smooth with L =
AVADE 4 o\ If |z;| < Dforalli = 1,...,d, then

\WdD?
2
In the experiments, we estimate D based on the initial point 2° € R,

V2 f(@)|| < 12y/adat + ...+ a2zd +2) < +2X =1L,

In the following experiments, we used a top-k sparsifier with £k = 1 and a = k/d, setting d = 4,
L, ={1,4,8}, and Lo = 4 (adjusting A to maintain a constant Lg). The initial values zY were drawn
from a normal distribution, z¥ ~ A/(20, 1) fori = 1,...,d, with D estimated as 20. For EF21, we

_ 1 . _ _ 1_ .
set v, = m, usingd =1—+/1—aand 8 = 17\/1"‘77, according to Theorem 1 of [8]. For
[|[EF21]|, we chose v;, = ﬁ with ¢; = % + 217% from Theorem 3, and 7y, = \/;LH with

Yo > 0, as specified in Theorem 1 with n = 1.

The impact of 75 and K on the convergence of ||[EF21||. First, we investigate the impact of vy and
K on the convergence of ||[EF21||. We evaluated 7, from the set {0.1, 1, 10}, and plotted the histogram

representing the number of iterations required to achieve the target accuracy of ||V f(z)||* < e with

_4 . . . . .
e = 107*, using the stepsize rule v = \/% For each 7y, we determined K as the minimum

number of iterations required to achieve the desired accuracy, found through a grid search with step
sizes of 500 for 7y = 1, 10 and 5000 for 9 = 0.1. From Figure 4, for small values of 7y, such as

= =
o (=]
ES )

Number of iterations for convergence
=
o
%

Lo=4,L1=1 Lo=4,L,=4 Lo=4,L,=8

Figure 4: Number of iterations required to achieve the desired accuracy, ||V f(z) ||2 <ee=107%,

using ||[EF21|| with v = \/17(07—1-1 for different values of Ly and L.

0.1, significantly more iterations are required to reach convergence compared to 7o values of 1 and
10, which show similar performance (with the exception of the Ly = 4, L1 = 1 case, where vy = 10
converges faster). Based on this observation, we use g = 1 in all subsequent experiments and adjust
only K to achieve convergence, identifying the minimum number of iterations needed to reach the
target accuracy through a grid search with a step size of 500.

Comparisons between EF21 and ||[EF21||. Next, we evaluate the performance of EF21 and ||[EF21]|
for a fixed Ly = 4 and varying L, values of {1, 4, 8}. From Figure 1, ||[EF21||, regardless of
the chosen stepsize v, achieves the desired accuracy ||V f(z)||> < e with ¢ = 10~ faster than
EF21. Initially, however, EF21 converges more quickly, likely because ||[EF21|| employs normalized
gradients, which can be slower at the start due to the large gradients when the initial point is far from
the stationary point. Moreover, as L increases, both methods show slower convergence.

G.2 ResNet20 Training over CIFAR-10

We included additional experimental results from running EF21 and ||[EF21|| for training the ResNet20
model over the CIFAR-10 dataset. The parameter details were set to be the same as those in
Section 6.2, with the exception that we vary k = 0.01d, 0.5d for a top-k sparsifier. From Figures 5
and 6, ||[EF21|| attains a higher accuracy improvement than EF21, across different sparsification levels
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Training resne20@CIFAR 10 with k = 001, 7= 128
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Figure 5: ResNet20 training on CIFAR-10 by using EF21 and ||EF21]| under the same stepsize v = 5
and k£ = 0.01d for a top-k sparsifier.

Truining resnet20@CIFARI0 with k = 0.05D, =128
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Figure 6: ResNet20 training on CIFAR-10 by using EF21 and ||EF21|| under the same stepsize v = 5
and k = 0.05d for a top-k sparsifier.
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H Omitted Proof for Smoothness Parameters of Logistic Regression

In this section, we prove the generalized smoothness parameters L, L; for logistic regression
problems with a nonconvex regularizer, which are the following problems

n n d 2
mm{ﬂx) = LS fw) = 3 s+ exp(bala) 42D m}
=1 J

zERC — —

=t =:fi(=) _Jil o
=:h(x)

where a; € R? is the i*! feature vector of matrix A with its class label b; € {—1,1}, A > 0.

First, we can prove that f(z) is L-smooth with L = ;[ A||? + 2, and that each f;(z) is L;-smooth
with L; = Lja;||? + 2.

Next, we show that each f;(z) is generalized smooth with Ly = 2\ + A\V/dmax; ||a;|| and L; =
max; ||a;||, when the Hessian exists. By the fact that

~ exp(—b;al x) 9z exp(—b;al'z) 9 7
Vfi = — L b;a;, d V*f; = L ba;a; ,
fil@) 1+ exp(—b;alx) i, Al fil@) (1 + exp(—bial'z))? i i

we have
b;e{—1,1} exp(—bal'z)
T (A texp(—balw))?
exp(—bal'z)
(14 exp(—b;alz))?

- 1+ ex]|;|)c(1i—”bia?x) HVﬁ(x)H

i)

Amax(aiai

foesc

IN

(25)

Jasl ||V i @)
After adding the nonconvex regularizer h(x), we can show the following inequalities:

IV fit@)]

IN

Hvzﬁ(x)H + || V2h(a))

IN

HVQﬁ(x)H o, (26)

and

Vi@ V@] - Iva@l = [Vie)] - \/(uzjfc)) )
"Vﬁ(m)’f\/)\2+...+/\2
|Vfi@)|| - Ava 27)

v

By combining inequalities (25), (26), and (27), we obtain

V2 @) < [[v3i@)|| +2A
< Jail | V@) +22
< 20 Ao + il [V £:@)]).

In conclusion, ||V2fi(z)|| < Lo + L1 |V f;(z)| with Lo < 2\ + AVd||a;|, and L1 < ||a;|. This
condition is equivalent to Assumption 3 (generalized smoothness) with L, L1 [16, Theorem 1].
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: We develop error feedback algorithms that attain the first convergence guar-
antees under generalized smoothness, suitable for deep neural networks. Unlike existing
works, we do not assume unrealistically strong assumptions for distributed settings. These
claims are stated explicitly in the abstract and the introduction.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: Our results are limited to constant step sizes. In the conclusion, we identify
these as limitations and propose promising future research directions, including extending
our algorithms to incorporate decreasing or adaptive stepsizes.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms

and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to

address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: All assumptions used in this work are detailed in the Preliminaries section.
Complete proofs for all theorems and corollaries are provided in the appendix.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Details of the experimental setups were provided, encompassing the neural
network models employed, the datasets utilized, the partitioning of data into training and
validation sets, the specific hyperparameters chosen, and the computational infrastructure
used.

Guidelines:

» The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

* If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).
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(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: The data and model sources are open and cited. We provide necessary details
for reproducibility.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so &€SNoa€t is an acceptable answer. Papers cannot be rejected simply for
not including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

 The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: Details regarding training and testing procedures, including data splits and
hyperparameter settings, are provided in the appendix.

Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer:

Justification: Error bars are not reported because it would be too computationally expensive
to run all the experiments multiple times.

Guidelines:
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* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

e If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer:

Justification: Our experiments on (1) minimizing simple functions and logistic functions,
and on (2) ResNet20 training can be run on a machine with a single GPU.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: The contribution of this paper is to provide the first convergence guarantee
of error feedback algorithms for problems under generalized smoothness for deep neu-
ral network training. We ensure full reproducibility and fair comparisons by providing
comprehensive experimental details in the appendix.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

10. Broader impacts
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12.

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: This paper introduces distributed error feedback methods for training deep
neural networks. These methods utilize normalization to stabilize convergence under
generalized smoothness conditions, which effectively model the challenges of neural network
training. Crucially, they maintain the convergence rates of their standard smoothness
counterparts without requiring unrealistic assumptions, such as bounded data heterogeneity
or smoothness-dependent stepsize restrictions (in the deterministic setting).

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

« If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [Yes]

Justification: The data and models utilized in this work are publicly available, aligning with
open-access principles.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?
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13.

14.

Answer: [Yes]

Justification: We acknowledge the sources of our datasets, the ResNet models, and the
ResNet training implementation by citing the creators’ respective publications. Furthermore,
any modifications made to the software for our specific research investigation were done in
accordance with the software’s license and terms of use.

Guidelines:

» The answer NA means that the paper does not use existing assets.
 The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of

service of that source should be provided.

If assets are released, the license, copyright information, and terms of use in the

package should be provided. For popular datasets, paperswithcode.com/datasets

has curated licenses for some datasets. Their licensing guide can help determine the

license of a dataset.

For existing datasets that are re-packaged, both the original license and the license of

the derived asset (if it has changed) should be provided.

If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]

Justification: This paper does not introduce entirely new datasets or models as assets.
Instead, we provide a detailed description of our novel algorithms, along with the specific
datasets and model architectures used (which are publicly available). Our comprehensive
implementation details should be sufficient for others to reproduce and modify our algorithms
for implementation and testing.

Guidelines:

* The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: Our paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

40


paperswithcode.com/datasets

15.

16.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: Our paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The core method development in this research does not involve LLMs as any
important, original, or non-standard components.
Guidelines:
* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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