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Abstract

Convergence in high-probability (HP) has at-
tracted increasing interest, due to implying ex-
ponentially decaying tail bounds and strong guar-
antees for individual runs of an algorithm. While
many works study HP guarantees in centralized
settings, much less is understood in the decentral-
ized setup, where existing works require strong
assumptions, like uniformly bounded gradients,
or asymptotically vanishing noise. This results in
a significant gap between the assumptions used
to establish convergence in the HP and the mean-
squared error (MSE) sense, and is also contrary to
centralized settings, where it is known that SGD
converges in HP under the same conditions on
the cost function as needed for MSE convergence.
Motivated by these observations, we study the
HP convergence of Decentralized SGD (DSGD)
in the presence of light-tailed noise, providing
several strong results. First, we show that DSGD
converges in HP under the same conditions on
the cost as in the MSE sense, removing the re-
strictive assumptions used in prior works. Sec-
ond, our sharp analysis yields order-optimal rates
for both non-convex and strongly convex costs.
Third, we establish a linear speed-up in the num-
ber of users, leading to matching or strictly better
transient times than those obtained from MSE
results, further underlining the tightness of our
analysis. To the best of our knowledge, this is
the first work that shows DSGD achieves a linear
speed-up in the HP sense. Our relaxed assump-
tions and sharp rates stem from several technical
results of independent interest, including a result
on the variance-reduction effect of decentralized
methods in the HP sense, as well as a novel bound
on the moment-generating function of strongly
convex costs, of interest even in centralized set-
tings. Numerical experiments validate our theory.

1. Introduction

Modern large-scale machine learning applications and the
abundance of data necessitate alternatives to the centralized
computation framework, giving rise to distributed learning,
a paradigm where multiple users collaborate to jointly train
amodel, e.g., (Sayed, 2014b; McMahan et al., 2017; Vlaski
et al., 2023). The features of distributed learning, such as
storing the data locally and only exchanging smaller updates,
like (quantized) model parameters or gradients, and the lack
of a single point of failure, further make it an attractive
paradigm from a privacy and security perspective (Bonawitz
etal., 2017; Yu & Kar, 2023). Many applications, such as
federated training of models on mobile devices (Konecny
et al., 2016), controlling and coordinating robot swarms
(Bullo et al., 2009), or distributed control and power grids
(Chang et al., 2020), all rely on distributed computation.
From a communication perspective, distributed frameworks
can be client-server (i.e., federated) or decentralized (i.e.,
networked), with the main difference being that in the client-
server setup users communicate with a central server, while
in decentralized settings users communicate directly with
each other.! Noting that, from the model update perspective,
the client-server setup is equivalent to the decentralized
setup with a fully connected communication network, we
focus on the more general, decentralized setup.

The study of convergence guarantees of decentralized op-
timization algorithms has a long history, e.g., (Nedi¢ &
Ozdaglar, 2009; Jakoveti¢ et al., 2014; Shi et al., 2015;
Lorenzo & Scutari, 2016; Yuan et al., 2016; Jakovetié, 2019;
Swenson et al., 2022), with most works focusing on MSE
convergence, e.g., (Jakovetic¢ et al., 2018; Pu & Nedi¢, 2021;
Vlaski & Sayed, 2021a;b; Koloskova et al., 2020; Xin et al.,
2020; 2021; Wang & Joshi, 2021), see also (Sayed, 2014a)
for an extensive treatment of the topic. Another type of
convergence guarantees, namely convergence in HP, has
garnered increasing attention recently. In particular, for a

"'While the client-server setup is often characterized by per-
forming local updates and periodic communication (Stich, 2019),
as well as partial user participation (Cho et al., 2022), we note
that these features can also be incorporated in the decentralized
setup, by modifying the methods to perform multiple local updates
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non-negative stochastic process { X'};en, the goal of HP
convergence is to establish that, for all ¢ € N and any € > 0

IF’(Xt >e) Sexp(fC’t“e”), 1)

where 1, v2, C > 0 are constants. If { X?};c is a measure
of performance, e.g., X! = %Zke[t] |V £(z*)||?, where
{z'}ien is a sequence generated by some algorithm and
f is a non-convex cost, the relation (1) provides strong
guarantees with respect to a single run of that algorithm.
This is particularly important in modern applications like
LLMs, where it is often intractable to perform multiple
runs. Numerous works study HP guarantees of SGD-type
methods in centralized settings, under both light-tailed (Ne-
mirovskii et al., 2009; Ghadimi & Lan, 2013; Li & Orabona,
2020; Harvey et al., 2019; Bajovi¢ et al., 2023; Liu et al.,
2023a) and heavy-tailed noise (Nguyen et al., 2023; Liu
et al., 2023b; Hiibler et al., 2025; Kornilov et al., 2025; Ar-
macki et al., 2025). Comparatively, there have been very
few studies of HP convergence of decentralized methods.

1.1. Literature Review

We now review the literature, focusing on centralized HP
results and decentralized MSE and HP convergence results.

Centralized HP Convergence. Nemirovskif et al. (2009)
show optimal convergence rates of SGD for convex costs
under light-tailed stochastic gradients (see assumption (A4)
ahead for a formal definition of light-tailed noise). Ghadimi
& Lan (2013) establish, among other, the optimal HP con-
vergence rate of SGD for non-convex costs under light-tailed
noise, while Li & Orabona (2020) show the same for mo-
mentum SGD. Harvey et al. (2019) and Bajovi¢ et al. (2023)
respectively provide optimal HP convergence rates for the
last iterate of SGD for non-smooth and smooth strongly
convex costs, while Liu & Zhou (2024) establish unified
HP convergence guarantees for smooth and non-smooth
convex and strongly convex costs. Liu et al. (2023a) gener-
alize the previous works on non-convex and convex costs,
providing unified guarantees for several algorithms, includ-
ing SGD and AdaGrad for smooth and non-smooth costs.
Madden et al. (2024) study HP convergence of SGD under
sub-Weibull noise. Another line of work studies HP con-
vergence under heavy-tailed noise,” e.g., (Gorbunov et al.,
2020; Sadiev et al., 2023; Nguyen et al., 2023; Liu et al.,
2023b; Puchkin et al., 2024; Hiibler et al., 2025; Kornilov
et al., 2025; Armacki et al., 2025; 2026a;b), where it is nec-
essary to introduce algorithmic modifications, e.g., clipping,
normalization, or sign, to ensure concentration of the form
in (1). Crucially, convergence in the HP sense is achieved
under the same conditions on the cost function as in the

2Since heavy-tailed noise is not the focus of our work, we point
the reader to (Nair et al., 2022; Nguyen et al., 2023; Armacki et al.,
2025) for various conditions used to study heavy-tailed noise.

MSE sense, for both light-tailed and heavy-tailed noise.

Decentralized MSE Convergence. MSE guarantees are
typically studied under a variety of bounds on the second
noise moment.> Following one of these settings, Jakoveti¢
et al. (2018) show that DSGD converges at an optimal rate
for strongly convex costs, while Pu & Nedi¢ (2021) show
that DSGD with a fixed step-size and the gradient tracking
(GT) mechanism, e.g., (Lorenzo & Scutari, 2016; Nedi¢
etal., 2017; Qu & Li, 2018), converges to a neighbourhood
of the optimal solution. Vlaski & Sayed (2021a;b) study
MSE guarantees of DSGD for non-convex costs and show
that it escapes saddle points with high probability. Wang
& Joshi (2021) propose a general framework dubbed coop-
erative SGD, showing optimal rates for non-convex costs.
Koloskova et al. (2023) provide unified guarantees for DSGD
with local updates and changing network topology, with op-
timal rates and linear speed-up in the number of users for
non-convex and (strongly) convex costs. Xin et al. (2020)
show DSGD with GT and variance reduction converges at a
linear rate for strongly convex costs, while Xin et al. (2021)
establish optimal rates of DSGD with GT and linear speed-up
in the number of users for non-convex costs and costs satis-
fying the Polyak-Lojasiewicz (PL) condition, e.g., (Karimi
et al., 2016). Yu et al. (2026) show that DSGD with GT,
momentum and normalization achieves optimal rates under
heavy-tailed noise. It is worth mentioning a rich line of
works studying MSE guarantees for decentralized problems
such as estimation, detection, multi-objective and multitask
optimization, see, e.g., (Kar et al., 2012; Chen & Sayed,
2013; Nassif et al., 2020) and references therein.

Decentralized HP Convergence. Compared to MSE guar-
antees, there is a significantly smaller body of work on HP
convergence guarantees of decentralized algorithms. In par-
ticular, Lu et al. (2024) study HP convergence of DSGD for
general non-convex and PL costs under light-tailed noise,
requiring uniformly bounded gradients, as well as asymp-
totically vanishing noise for PL costs (see the discussion
after Theorem 3.7 for details), while showing optimal rates
in both cases. Lu (2024); Xu et al. (2024) study HP con-
vergence of a decentralized mirror descent algorithm under
light-tailed noise, for online noncooperative games and dy-
namic regrets, respectively, requiring bounded gradients and
compact domains. Qin et al. (2025); Yang et al. (2026) study
HP convergence of decentralized algorithms with clipping,
for convex costs under heavy-tailed noise, while (Yang et al.,
2025) also consider general non-convex costs. Finally, Gor-
bunov et al. (2024) study clipped SGD under heavy-tailed
noise, in the distributed client-server (i.e., fully connected
network) setting. It is worth mentioning works like (Bajovi¢
et al., 2011; 2012; Matta et al., 2016a;b; Bajovi¢, 2024),

3See, e.g., (Khaled & Richtarik, 2023) for a good overview of
the various conditions used in the literature.
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where the authors study asymptotic large deviation guar-
antees for decentralized problems such as detection and
inference. A common thread for all these works is the need
for uniformly bounded gradients, or algorithmic modifica-
tions like gradient clipping, which ensure that the gradients
stay bounded, as well as the fact that none of the existing
HP studies achieve linear speed-up in the number of users,
which is a known feature of decentralized algorithms in the
MSE sense in, e.g., (Koloskova et al., 2020; Xin et al., 2021;
Alghunaim & Yuan, 2022). These observations raise the
following important questions: (i) Can decentralized algo-
rithms converge in the HP sense under the same assumptions
on the cost as used for MSE results, where bounded gra-
dients are not required? (ii) Is it possible to achieve linear
speed-up in the number of users in the HP sense, which is a
well-known feature of decentralized algorithms? This is fur-
ther contrasted by the centralized setting, where SGD-type
algorithms converge in both HP and MSE sense under the
same conditions on the cost function, e.g., (Ghadimi & Lan,
2013; Liu & Zhou, 2024).

1.2. Contributions

Motivated by the observed gaps between the existing litera-
ture on HP and MSE convergence in decentralized settings,
we revisit the HP convergence guarantees in decentralized
optimization, by studying a variant of vanilla DSGD in the
presence of light-tailed noise, establishing several strong
results in the process. In particular, we show that DSGD
converges in HP under the same conditions on the cost as re-
quired in the MSE sense, for both non-convex and strongly
convex costs, removing strong conditions like uniformly
bounded gradients and (asymptotically) vanishing noise.
Next, we show that DSGD achieves optimal rates and linear
speed-up in the number of users, for both non-convex and
strongly convex costs, further improving on existing works
and closing the gap between HP and MSE guarantees in
decentralized settings. Our results are established by care-
fully bounding the moment-generating function (MGF) of
the quantity of interest (i.e., average norm-squared of the
gradient for non-convex and optimality gap of the last iterate
for strongly convex costs) and the MGF of the consensus
gap. Compared to (Lu et al., 2024), the work closest to ours,
we provide several improvements. In particular, we remove
the uniformly bounded gradient requirement, as well as the
vanishing noise requirement imposed for PL costs (see the
discussion after Theorem 3.7 ahead), while achieving linear
speed-up in the number of users. Compared to works study-
ing MSE guarantees for DSGD, e.g., (Koloskova et al., 2020;
Jakoveti¢ et al., 2018), our results require directly working
with the MGF and carefully balancing between the MGFs
of the quantity of interest and of the consensus gap. This is
particularly challenging for strongly convex costs, where we
need to show an “almost decreasing” property of the MGF

to get improved rates on the last iterate (see Lemma 3.6 and
the related discussion ahead). Compared to centralized SGD,
e.g., (Harvey et al., 2019; Bajovi¢ et al., 2023; Liu et al.,
2023a; Liu & Zhou, 2024), the main challenge lies in the ad-
ditional consensus gap and simultaneously dealing with its
MGF and that of the quantity of interest. These challenges
are resolved by introducing several novelties, outlined next.

Novelty. Toward establishing our improved HP guarantees,
we faced several challenges requiring novel results. In par-
ticular, to remove uniformly bounded gradients, we provide
Lemma 3.3 and use the “offset trick” for non-convex costs
(see the proof sketch of Theorem 3.4 in Section 4), while
for strongly convex costs we establish a novel bound on
the MGF of the consensus gap, removing the need for both
bounded gradients and heterogeneity, in the form of Lemma
3.5. To achieve linear speed-up, we show that the variance
reduction benefit of decentralized learning is maintained
in the HP sense, in the form of Lemma 3.2, which is of
independent interest when studying HP guarantees of de-
centralized algorithms. Further, we establish a novel result
on the MGF of the optimality gap for strongly convex costs
(more broadly, “almost decreasing” processes, see Section
3.3 ahead), in the form of Lemma 3.6, which is essential in
ensuring linear speed-up, by providing a more fine-grained
bound on the MGF compared to existing centralized results
(Harvey et al., 2019; Bajovi¢ et al., 2023; Liu & Zhou, 2024)
and is of independent interest, even in centralized settings.

Paper Organization. The rest of the paper is organized as
follows. Section 2 outlines the problem and DSGD method,
Section 3 presents the main results, Section 4 provides proof
sketches and discussions, Section 5 presents numerical ex-
periments, while Section 6 concludes the paper. Appendix
contains results omitted from the main body. The remainder
of this section introduces the notation used in the paper.

Notation. We use N, R and R? to denote positive integers,
real numbers and d-dimensional vectors. For m € N, we
use [m] = {1,...,m} to denote positive integers up to and
including m. The notation (-, -) stands for the Euclidean
inner product, while || - || is used for both vector and matrix
induced norms. We use subscripts to denote users and su-
perscripts to denote the iteration counter, e.g., z¢ refers to
the model of user 7 in iteration ¢. The “big O” notation O(-)
hides only global constants, unless stated otherwise.

2. Problem Setup and DSGD

In this section we introduce the problem of interest and the
DSGD algorithm. Consider a network of n. > 2 users who
can communicate with each other and want to jointly train a
model. Formally, the problem can be cast as

arg min{f(x) = % Z fz(x)}, 2)

d
z€R 1€[n]
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Algorithm 1 DSGD

Require: Model initialization z} € R?, i € [n], step-size
schedule {ay }ien;
1: fort=1,2,..., eachuseri € [n] in parallel do
2:  Query the oracle to obtain V/(xt; £F);
3:  Perform the model update:
xith = D ien; Wij (xé — V(2 5;)),
4: end for

where € R? represents model parameters, f; : R? — R
is the cost function of user ¢ € [n], given by f;(z) =
E¢,~p, [l(2;&;)], with & € Z being a random variable gov-
erned by an unknown distribution D;, while £ : R x Z — R
is a loss function. Each user has access to a Stochastic First-
order Oracle (SFQO), which, when queried by user i € [n]
with input z € RY, returns the gradient of ¢ evaluated at a
random sample, i.e., V{(z; ;). The SFO model subsumes:

1. Batch (offline) learning - users have access to a local
dataset {&; 1 }ie(m,]> s0 that f;(z) = mi D iepma (@5 &)
and in each round users choose a random sample &; ;, which
is used to compute V{(x; &, ;) and update the model;

2. Streaming (online) learning - users do not store a local
dataset, but in each round observe a random sample &;,
which is used to compute V£(z; &;) and update the model.

The communication pattern between users is modeled as
a static graph G = (V, E), where V' = [n] is the set of
vertices representing users, while £ C V' x V is the set of
edges representing communication links between users. To
solve (2) in decentralized fashion, we consider a version of
Decentralized Stochastic Gradient Descent (DSGD), based
on the Adapt-Then-Combine (i.e., diffusion) approach, e.g.,
(Lopes & Sayed, 2008; Cattivelli & Sayed, 2010; Chen &
Sayed, 2012). The method consists of the following steps.
First, users choose a shared step-size schedule { }+en and
each user ¢ € [n] chooses an arbitrary, but deterministically
selected initial model :L'Zl € R* In iteration ¢ > 1, users
query the SFO with their current model z! and receive
V(s €L). Users then update their models via the rule

xf“ = Z Wij (ac§ — atVZ(;v;;f;)), 3)
JEN;

which consists of a local update, followed by a consensus
step, where V; .= {j € V : {i,j} € E} U {i} is the set of
users (i.e., neighbours) with whom user ¢ can communicate
(including i itself), while w;; > 0 is the weight user ¢
assigns to user j’s model. The method is summarized in
Algorithm 1. The version of DSGD considered in our work
is closely related to the variant based on Combine-Then-
Adapt (i.e., consensus+innovation) approach, e.g., (Nedié

*While initial models can be any real vectors, possibly different
across users, for analysis purposes they need to be deterministic.

& Ozdaglar, 2009; Kar et al., 2012; Kar & Moura, 2013),
whose HP convergence is studied in Lu et al. (2024).

3. Main Results

In this section we present the main results. Subsection
3.1 states the preliminaries, while Subsections 3.2 and 3.3
provide results for non-convex and strongly convex costs.

3.1. Preliminaries

In this subsection we outline the assumptions used in our
work. For any T > 1, let {{! },¢ () be the random samples
observed by user ¢ € [n] up to time T and denote by Fr the
natural filtration with respect to the sequence of user models
up to time 7', i.e., Fr = o ({{z!}icpn)s - {2l Yiepm })-
For ease of notation, let z! = V/(z¢;&!) — V f;(2!) and
W e R™*", where [W]; ; = w;;, denote the stochastic
noise and the network communication matrix, respectively.

(A1) The network communication matrix W € R™*™ ig
primitive and doubly stochastic.

Assumption (A1) is satisfied by connected undirected
graphs, as well as a class of strongly-connected directed
graphs with doubly stochastic weights, e.g., (Xin et al.,
2020).5 Let A == ||W — J|| denote the network connec-
tivity parameter, where J = %lnl;r € R™ " is the ideal
communication matrix. It can be shown that (A1) implies
A €]0,1), see, e.g., (Horn & Johnson, 2012).

(A2) The global cost f is bounded from below, i.e., f* =
inf,cpa f(x) > —o0.

(A3) Each local cost f; has L-Lipschitz gradients, i.e.,
IVfi(x) = Vfi(y)ll < Lz - yl|, for any z,y € R".

Assumptions (A2)-(A3) are standard in smooth non-convex
optimization, e.g., (Ghadimi & Lan, 2013; Xin et al., 2021).
While some works, e.g., (Li et al., 2023), assume gradients
of ¢ are L-Lipschitz continuous, we note that such assump-
tion and (A3) aim to exploit different structural properties.
Further, it is known that under certain regularity conditions,
L-Lipschitz gradients of £ imply L-Lipschitz gradients of
fi, making such condition slightly stronger than (A3).

(A4) The stochastic quantities satisfy the following:

1. The random samples {&} };c[n] 1c[7], are independent
across users and iterations.

2. The stochastic gradients are unbiased, i.e., for any ¢ €
[n], t > 1 and F;-measurable vector x € R%, we have
E[VEe(x; &) | Fi] = Vfi().

3. The gradient noise z! at user ¢ € [n] and time ¢ > 1 is

SOur work can be readily extended to the setting of time-
varying networks, see Appendix K for a detailed discussion.
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o;-sub-Gaussian, i.e., we have

E |:exp (”2;;'2) \]—}} < exp(1).

i

The first condition in (A4) is standard in decentralized
stochastic optimization (Xin et al., 2021; Yu et al., 2026),
while the second and third require noise to be unbiased and
sub-Gaussian (i.e., light-tailed). Light tails are necessary to
achieve exponentially decaying tail bounds of the form in
(1) if the vanilla stochastic gradient estimator is employed
without any modifications (e.g., using clipping operator or
estimators like median-of-means) and are widely used in
centralized settings, e.g., (Nemirovskif et al., 2009; Ghadimi
& Lan, 2013; Li & Orabona, 2020; Harvey et al., 2019; Liu
et al., 2023a; Bajovié et al., 2023).6

(AS) The gradients of users have bounded heterogene-
ity, i.e., for all x € R? and some A,B > 0,7 we have
max;cpn) |V fi(@)|? < A% + B[V f(=)|]%.

A heterogeneity bound of the type in (AS5) is required to
ensure that DSGD converges for non-convex costs (Lian
et al., 2017; Chang et al., 2020; Koloskova et al., 2020;
Wang & Joshi, 2021). Note that (AS) is strictly weaker
than the uniformly bounded gradient assumption used in
(Lu et al., 2024), as it allows users’ gradients to grow with
the global gradient. Compared to (Koloskova et al., 2020),
who analyze the MSE convergence and require a bound
on the average heterogeneity, i.e., Zle[n] IV fi(x)|* <
A% + B?||V f(z)||?, we impose a shghtly stronger condi-
tion. While we believe that (AS) can be relaxed to average
heterogeneity by incorporating a similar analysis technique
to the one in (Koloskova et al., 2020), to keep the proofs
simple and instructive, we will use assumption (AS).

(A6) Each f; is twice continuously differentiable and p-
strongly convex, i.e., for every z,y € RY, we have f;(z) >
fity) +{(Vfily),z —y) + 5z -yl

Assumption (A6) is used for the strongly convex case. It is
well known that DSGD requires (A3) and (A6) to hold for
each f;, e.g., (Jakoveti¢ et al., 2018; Koloskova et al., 2020;
Wang & Joshi, 2021). The heterogeneity bound in (AS)
and strong convexity of each cost in (A6) can be removed
by deploying the GT technique, e.g., (Xin et al., 2021),
however, this is beyond the scope of the current work. Next,
let T o= 53 @G = 5 Yiepn VA Ef) and 2" =
L5, €n] 2! denote the network-average model, stochastic
gradient and noise, respectively. Using (3) and the double
stochasticity of W, it follows that

7t =7 — a7t
SWhile it is possible to achieve concentration of the form in
(1) under, e.g., sub-Weibull noise, see (Madden et al., 2024) and
references therein, the focus of this work is on sub-Gaussian noise.
"With at least one of A, B being strictly positive.

We then have the following result.
Lemma 3.1. Let (A3) hold. If oy < 2L, we have

J@E < f@h) - *tHVf(Tt)HQ —a(Vf(@),7")

— OétL _
+afL|IZ|? + > ek 7).

1€[n]

Lemma 3.1 provides an important deterministic descent-
type inequality for DSGD and is the starting point for our
analysis. The right-hand side of the above inequality con-
sists of terms that arise in centralized SGD plus a consensus
gap term -, |2} — 7'||?, which stems from the decen-
tralized nature of the algorithm and bounding this term is
crucial to ensure convergence. To close the subsection, we
provide an important result on the behaviour of the stochas-
tic noise in the HP sense. Let 0® = 3", 1 07 be the
average noise parameter. We then have the following result.

Lemma 3.2. If (A4) holds, then the following are true for
anyt > 1, i € [n] and Fy-measurable v € R%.

1. Elexp (<U7Zf>) | Fi] < exp (M)

2. Efexp ((v,29) | ] < exp (2511,

3. E [exp ("J;;E) | ]—'t] < 2dexp(1).

Lemma 3.2 provides some properties of noise, importantly

showing that the average noise is O f>-sub Gaussian,

establishing the variance reduction benefit of decentralized
optimization in the HP sense. This result is crucial toward
showing that DSGD achieves a linear speed-up in the number
of users, which we do in the following subsections. We note
that the third property introduces a mild logarithmic depen-
dence on the problem dimension d, with further discussion
on this dependence provided in Section 4 and Appendix L.

3.2. Non-Convex Costs

In this subsection we present results for non-convex costs.
Let Ay == 3 >y 20 — 7'[|? and Ap = f(z') — f*
denote the initial consensus and optimality gap.

Lemma 3.3. If (A1) and (AS) hold, then for anyt > 1

1 t+1 t-l—l 2 2t 4)\2A2 2yt—k

+ ( 5 2 X ’“Z[nz’“n?wzuw £)12].

ke[t] i1€[n]

Lemma 3.3 provides a useful deterministic bound on the
consensus gap. Define & := max;c[, 0;. Building on
Lemmas 3.1 and 3.3, we get the following result.
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Theorem 3.4. Let (A1)-(AS) hold. If for any T > 1, the
step-size is chosen such that ar = o = min {C m/%}

where C > 0 is a problem related constant satisfying

: 1 1—X Vn Ym(1—-1)%/3
¢ = min {ﬂ’ 907 ALBV/48’ 30+/5L’ 52/3X2L2/3 /9 [’
then for any § € (0, 1), with probability at least 1 — §

, oVI(As + log(24/s))
7 X 3 rwstaie - o “HAL

te[T] i€[n]
n Ay +log(1/s) A, L? N nA2L(A% + o?)
CcT (1-X)T a2(1-N2T |’

Theorem 3.4 establishes HP convergence of DSGD to a sta-
tionary point (or a set of stationary points), for general
smooth non-convex costs and a fixed step-size. We now
discuss the bound from a few different perspectives.

Centralized SGD and linear speed-up. Compared to central-
ized SGD, which achieves the rate O + T), e.g., (Liu
et al., 2023a), we can see that the rate in Theorem 3.4 also
consists of two different order terms, namely O (\/% + %) .
Crucially, the leading term achieves a linear speed-up in the
number of users, which is consistent with MSE results, e.g.,

(Koloskova et al., 2020), showing that DSGD retains the
benefits of decentralized learning in the HP sense.

Network effect and transient time. We can see from the
bound in Theorem 3.4 that network connectivity does not

affect the leading term (9( F) but only affects terms
decaying at a faster rate, which is consistent with MSE

results, e.g., (Koloskova et al., 2020). Moreover, the rate
in Theorem 3.4 implies that the transient time of DSGD in

the HP sense is of order O (%) , matching the transient
time of DSGD implied by MSE rates, see, e.g., Table I in

(Alghunaim & Yuan, 2022). For details on the derivation of
the transient time, the reader is referred to Appendix I.

Effects of noise and heterogeneity. The noise (through o, o)
and heterogeneity (through A, B) mainly affect the higher-
order terms,® which is again consistent with MSE results.
Note that, if A = 0, the bound in Theorem 3.4 recovers the
convergence rate of noiseless gradient descent, in the sense
that, when 0 = A = 0, the above bound becomes O ().

Comparison with Lu et al. (2024). The authors in (Lu et al.,
2024) study HP guarantees of DSGD over undirected time-
varying networks, under a time-varying step-size schedule

o = \/% assuming uniformly bounded gradients and
establish the rate O(%). As highlighted next, we pro-

vide several important improvements. First, we remove the

8The effect of noise on the leading term can be eliminated by
NG
VLT }

choosing the step-size & = min {C’,

uniformly bounded gradient assumption, replacing it with
the more general heterogeneity condition (AS5), which is fa-
cilitated by the use of the “offset trick”, see the discussion in
Section 4 for details. Next, Lu et al. (2024) are unable to es-
tablish a linear speed-up, which is a byproduct of both their
step-size choice, as well as their treatment of the noise. In
particular, choosing a time-varying step-size for non-convex
costs results in a loss of linear speed-up, see Appendix F
for a detailed discussion. However, it would be impossible
for Lu et al. (2024) to obtain a linear speed-up even under a
fixed step-size, as they show no variance reduction benefit
of decentralized learning in the HP sense, instead only using
the definition of sub-Gaussianity. On the other hand, the
variance reduction benefits of decentralized learning estab-
lished in Lemma 3.2 allow us to achieve linear speed-up
in the number of users when a fixed step-size is used, see
Appendix J for detailed discussion on the results needed
to achieve linear speed-up.’ Finally, while we consider
static networks, our results can be extended to time-varying
networks, e.g., (Lu et al., 2024), see Appendix K for details.

3.3. Strongly Convex Costs

In this subsection we provide results for the last iterate
of strongly convex costs. Recall that strong convexity im-
plies a unique global minimizer, e.g., (Nesterov, 2018), de-
noted by z* € R?, with f* := f(z*), and let x = % and
[VE*[? = 3 cpn IV fi(2*)]|? be the condition number
and heterogeneity measure, respectively. It is known from
MSE analysis that DSGD does not require a heterogeneity
bound of the form in (AS) for strongly convex costs, e.g.,
(Jakovetic et al., 2018; Koloskova et al., 2020). To show this
is also the case in the HP sense, we next provide a refined
version of Lemma 3.3, which carefully leverages properties
of strong convexity to bound the MGF of the consensus gap.
Lemma 3.5. Let (A1)-(A4) and (A6) hold, let a,ty, K >
0 and the step-size be given by oy ﬁ and let
zt = 1- for all i,5 € [n]. Ifa = Qandto >

7

2880 K 345652A2K 12ALV10
max{fi 0T (1SN 0 p(l=a) } then for K111 =

(t+to+ 2)K and any v < mln{l, it 221(} we have

]E[exp (th+1 3ttt - ft“n?ﬂ

1€[n]
< exp <1/Kt+1( Z NkSL + Z )\tka)>,
ke(t] ke(t]
where Sy, Dy, > 0 are problem related constants.

Lemma 3.5 bounds the MGF of the consensus gap, without
requiring the bounded heterogeneity condition (AS5), with

This is consistent with MSE results, e.g., (Koloskova et al.,
2020; Xin et al., 2021; Alghunaim & Yuan, 2022), where linear
speed-up in non-convex case is achieved only via a fixed step-size.
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Sk, Dy depending on the step-size and other problem pa-
rameters, see Appendix G for explicit forms of Sy, Dy. We
note that the requirement of same model initialization across
users can be removed, at the cost of an additional, geometri-
cally decaying term in the exponent on the RHS, however,
we use same initialization, for ease of exposition. Prior to
stating the main theorem, we provide an important technical
result which facilitates sharper bounds and ensures linear
speed-up in the number of users.

Lemma 3.6. Let {X'}icn be a sequence of random vari-
ables initialized by a deterministic X L'~ 0, such that, for
some M € N, a,ty > 0and everyt > 1

E[exp(X*t1)] < E{GXP((lt ft0>Xt+Z (tfto))]

ie[M]

where C; > 0,1 € [M]. If a € (1,2] and ty > a, we have

(to+1)°X; = 2°C,y
(t+1+tg)® a )
2003 log(t + 1 + to)
(t+1+tp)e )

Efexp(X"1)] < exp (

% e 2“02/(a— 1)
P v

M a43—J
201,77 C;
“Xp(z <j3><t+1+to>a>'

j=4

Lemma 3.6 provides a tight bound on the MGF of an “almost
decreasing” process, with the optimality gap of strongly
convex costs being an instance of such a process. Compared
to bounds used in the centralized setting, e.g., (Harvey et al.,
2019; Bajovic et al., 2023; Liu & Zhou, 2024), Lemma 3.6
is significantly sharper and incorporates higher-order terms,
which are crucial for ensuring linear speed-up, see Section 4
and Appendix J for detailed discussions. We are now ready
to state the main result for strongly convex costs.

Theorem 3.7. Let (A1)-(A4) and (A6) hold, the step-

size be given by oy = ﬁ and let z} = acjl for all
;o _ 6 34) 19600k 4325%k>
i, € [n]. Ifa—;,tozmax{(i,l_)\’ IJ«G 5 Zn 7

1260V10 518472221 _ : © I
T-X ° a(l=X) and v = min |1, 3500, =50 1)

then for any § € (0,1) and T > 1, with probability at
least 1 — ¢, it holds that

LS (6T - 1) = O(
i€[n]

N N L(1+ L)(no? + || VE*]|2(+6M)/(1-2))
(1= X)n(T + t9)? ’

v=1og(2/s) + o%k log(2d) /
TL(T + t(])

where O(-) hides some higher-order terms.

Theorem 3.7 establishes HP convergence of DSGD to the
global minimum, for smooth strongly convex costs and time-
varying step-size. In Appendix G we provide the full bound,

containing additional higher-order terms. Next, we discuss
multiple aspects of our results.

Centralized SGD and linear speed-up. Compared to cen-
tralized SGD, which achieves the HP rate O (% + %), e.g.,
(Liu & Zhou, 2024), the rate in Theorem 3.7 also consists
of two terms of different order, namely O (T%T + %) . Sim-
ilarly to non-convex results, the leading term shows a linear

speed-up in the number of users, again matching the corre-
sponding MSE guarantees, e.g., (Koloskova et al., 2020).

Network effect and transient time. We can again see that
network connectivity only affects higher-order terms. More-
over, the rate in Theorem 3.7 implies a transient time of

DSGD in the HP sense, of order O ( max {ﬁ, ﬁ }) )
This is strictly sharper than the transient time of DSGD im-
plied by MSE rates, of order O(ﬁ), see Table II in

(Alghunaim & Yuan, 2022), further highlighting the tight-
ness of our results and improved analysis.

Effects of noise and heterogeneity. While heterogeneity only
affects higher-order terms (through || V£*||? and ||x! —x*||?,
see Appendix G for the full bound), we can see that the noise
affects both the leading and higher-order terms, stemming
from the time-varying step-size schedule and the constant

2,2 . . . .
v 1=0 (% . Similarly to the discussion after Theorem

3.4, the effect of noise on the leading term can be mitigated
by employing a carefully selected fixed step-size. For ease
of exposition, we omit the results using a fixed step-size.

Comparison with Lu et al. (2024). The authors in (Lu
et al., 2024) establish HP convergence of DSGD for the
more general case of PL costs, providing a rate of O(%) ,
using the same time-varying step-size schedule as in The-
orem 3.7. Crucially, the authors require two very strong
assumptions: (i) path-wise uniformly bounded gradients,
ie., [|[Vfi(a)]| < G, for some G > 0 and all t > 1, al-
most surely; (i) asymptotically vanishing noise, i.e., for all
1 € [n] and any ¢ > 1, they require the following

E [exp (gj;) ’ft] < exp(1),

tYe

where a; = ﬁ is the step-size. Both conditions are

difficult to satisfy, as (7) is a path-wise relaxation of the uni-
formly bounded gradient condition (which is not satisfied
for strongly convex costs), while (i7) implies that the noise

is tiio -sub-Gaussian at time ¢, meaning that it vanishes at

rate (’)(ﬁ).'o Crucially, Lu et al. (2024) are unable to

establish linear speed-up, even though they impose much

o
t+to

variable X satisfies IP’(X2 < %) >1-4,forany €

(0,1). Similarly, Jensen’s inequality implies E[X?] <

-sub-Gaussian random

"Markov’s inequality implies that a

-
(t+t0)2 "
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stronger assumptions on the noise and cost. On the other
hand, we show optimal convergence rate with linear speed-
up using standard assumptions, with sharper transient times
compared to MSE results. These improvements stem not
only from a tighter analysis and Lemma 3.2, but also Lem-
mas 3.5 and 3.6, which allow us to remove the bounded
heterogeneity condition (AS) and ensure linear speed-up is
achieved, see Appendix J for a further discussion.

On the step-size. Throughout this section we used the step-
size a; oc t~1, known to be optimal for strongly convex
costs, e.g., (Rakhlin et al., 2012). We extend the analysis in
Appendix M to a general step-size oy x t~7, 1 € (1/2,1],
establishing the HP rate O ( 10%;2?]/ f) +

important insight: for strongly convex costs the rate of decay
in n is always optimal and independent of the step-size. The
reader is referred to Appendix M for details.

T ) , providing an

4. Proof Outlines and Discussion

In this section we briefly outline proof sketches of the main
results and provide further discussions.

Proof sketch of Theorem 3.4. Using Lemma 3.1, rearranging
and summing up the first 7" terms, we get

S Vi@ <A - Y al Vi@, 2
2

te[T) te[T)

+L > a?|lF) + Z‘”Znt 7% @)

te[T] te[T 1€[n]

We use Lemma 3.3 to control the last term on the RHS, while
to deal with 32,7y 0t (V f(Z *),z") and remove the need
for bounded gradients, we use Lemma 3.2 and the “offset
trick”, e.g., (Li & Orabona, 2020; Liu et al., 2023a; Armacki
et al., 2026a), i.e., we subtract Zte[T] W from
both sides of (4), ensuring that the effects of the inner prod-
uct is absorbed by the left-hand side. The rest of the proof
relies on Lemma 3.2, some technical results and a careful
selection of the step-size, see Appendix F for details.

Proof sketch of Theorem 3.7. Using Lemma 3.1, properties

of strongly convex functions, and defining F* = n(t +
to) (f(T") — f*) and A; == oy (t + to + 1), we get
t+t 1
P < (1= agp) S0 E Pt — 49, 2)
t+to
A L?
+ o AL + tT St =32 5)

i€[n]

We use (5), Lemma 3.5, and a careful analysis to show that
the MGF of F'* satisfies the conditions of Lemma 3.6, which
we can then apply. The proof is completed by using these
results to show that both optimality and consensus gaps are
small with high probability, see Appendix G for details.

Comparison with centralized works. Compared to works
studying HP convergence of centralized SGD, e.g., (Harvey
et al., 2019; Bajovi¢ et al., 2023; Liu et al., 2023a; Liu &
Zhou, 2024), we make several contributions. First, we face
the challenge of controlling the MGF of the consensus gap,
stemming from the decentralized nature of the algorithm.
To that end, we provide Lemma 3.3 for non-convex, as
well as the improved Lemma 3.5 for strongly convex costs,
which removes the bounded heterogeneity condition (AS).
Next, we establish Lemma 3.2, which shows the variance
reduction benefits of decentralized methods in the HP sense
and is of independent interest when studying HP guarantees
in decentralized settings. Finally, we provide a novel result
on the MGF of the optimality gap of strongly convex costs
(more broadly, “almost decreasing” processes), in the form
of Lemma 3.6. This result provides a tighter control on
the MGF compared to state-of-the-art bounds in (Harvey
et al., 2019; Bajovi¢ et al., 2023; Liu & Zhou, 2024) and
is, in addition to Lemma 3.2, paramount to ensuring linear
speed-up is achieved for strongly convex costs. In particular,
following the same approach as in (Harvey et al., 2019;
Bajovi¢ et al., 2023), one can show that the MGF of the
quantity of interest is uniformly bounded, i.e., that for some
B>0andallt > 1and v € (0, B]

Elexp(vF")] < exp (3 ), ©)

where F* = n(t+to)(f(z")— f*). Using (6) and Markov’s
inequality, setting v = B, one can show that

log(1/s) + 1

Pl f(@") - f* < >1-6 7

(f(x) f _nB(t—i-tO))_ O
losing the linear speed-up, as B = O(1/n), which we show
in Appendix J. On the other hand, Lemma 3.6 provides a
much sharper bound on the MGF, ensuring that linear speed-
up is achieved. Similar observations hold with respect to

(Liu & Zhou, 2024), see Appendix J for details.

On the dimension dependence. Our bounds contain a factor
of log(d), introducing a mild dependence on the problem
dimension not present in either MSE results in (Koloskova
et al., 2020), or HP bounds in (Lu et al., 2024). This depen-
dence stems from Lemma 3.2, where we show that variance-
reduction is achieved in the HP sense, with log(d) appearing
in the exponent bounding the MGF of z¢. While mild, it
is not clear if the dimension dependence for the average of
sub-Gaussian vectors can be fully removed, noted also by
Jin et al. (2019). For a further discussion on sub-Gaussian
vectors and dimension dependence, see Appendix L.

5. Numerical Experiments

In this section we provide numerical experiments to evaluate
our theoretical results. We consider two sets of experiments,
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Figure 1. Performance of DSGD in the HP sense. The left figure presents performance over a fixed network of n = 30 users, for varying
values of threshold e = {1072,1073,10~}. The right figure presents performance for fixed value of threshold € = 10~ and varying
network size, with n = {25, 50, 100} users. We can see that the empirical tail probability consistently decays exponentially fast, with
faster decay over larger networks, indicating that linear speed-up is achieved.

strongly convex costs on synthetic data and non-convex
costs on real data. For full details on the experimental setup
and additional results, the reader is referred to Appendix H.

Synthetic data. We consider a strongly convex quadratic
problem, where the local cost of each user is given by
filz) = %ITAix + bz, where A; € R?*4 is positive
definite, making each f; strongly convex with unbounded
gradients. The users communicate over an undirected net-
work G corresponding to a random Erd§s—Rényi graph with
connectivity parameter p = 0.8, while the weight matrix
W e R™™ is computed using the Metropolis-Hastings
weight scheme, e.g., (Xiao & Boyd, 2004). When queried
by useri € [n], the SFO returns g! = A;xt+b;+2!, where
2! € R%is a zero-mean Gaussian random vector, making the
noise consistent with assumption (A4). We use the DSGD
method outlined in Algorithm 1, with step-size a; = t_%l
and shared initialization =} = 0, for all i € [n]. We aim
to test two facets of our theory: (i) exponentially decaying
tails - whether the tail probability decays at an exponential
scale and (ii) linear speed-up - whether the tail probability
decays faster as the number of users increases. To measure
the performance, we use the empirical tail probability

1 1
P .= - Z H(n Z lzb" —2*|? > E>7
] i€[n]

re€[R

where xz’r € R is the model of user i in iteration ¢ and
run r, with * = arg min . f(x) being the solution of
the global problem and I(A) being the indicator of event
A. The results are presented in Figure 1. The left plot
presents the tail decay rate for a fixed network of n = 30
users and varying values of accuracy threshold, given by
e = {1072,1073,10*}, while the right plot presents the
tail decay for a fixed value of accuracy threshold e = 1073
and varying number of users n = {25,50,100}. We can

see from the two plots that: (i) the tail probability induced
by DSGD consistently decays at an exponential rate, for all
values of € and (ii) the decay is faster for larger networks
and linear speed-up is achieved, as predicted by our theory.

Real data. We consider a non-convex logistic regres-
sion problem, where the local cost of each user is given

by fi(x) = =Y iy 108 (1 + exp(—yir (hir, x))) +

nzke[d] %, where h;,, € R? and y;, € {+1,—1}
are the feature vector and associated label, n > 01is a user-
specified penalty parameter, while [z]j is the k-th com-
ponent of vector . We use the “mushroom”, “a%9a” and
“ijcnnl” datasets from the LIBSVM library (Chang & Lin,
2011). To measure the performance, we evaluate the em-
pirical tail probability with respect to the averaged gradient
norm-squared, i.e., we compute P, . = 7 3=, 1 1(G}," >
€). where Gl = L5~ S, [V f (@)% Due to
space constraints, the reader is kindly referred to Appendix
H for full results and further details.

6. Conclusion

We studied convergence in HP of a variant of DSGD under
light-tailed noise, showing that it is guaranteed to converge
in the HP sense under the same conditions on the cost as
in the MSE sense, achieving order-optimal rates and linear
speed-up for both non-convex and strongly convex costs.
Compared to existing works, we relax strong assumptions
like uniformly bounded gradients and asymptotically vanish-
ing noise, while simultaneously showing improved rates and
sharper transient times than the ones obtained from MSE
rates. Future work includes extending our results to costs
satisfying the PL condition, incorporating bias-correction
mechanisms like GT and exact diffusion to remove bounded
heterogeneity, and considering heavy-tailed noise.
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A. Introduction

Appendix contains results omitted from the main body. Section B discusses the differences between MSE and HP guarantees,
Section C collects some important facts used in our proofs, Section D provides some technical results, Section E defines
some notions used in the analysis, Sections F and G provide proofs for non-convex and strongly convex costs, respectively,
Section H provides additional numerical results, Section I derives the transient times, Section J provides a discussion on the
novel results needed for achieving linear speed-up, Section K discusses the extension to time-varying networks, Section L
contains further discussion on dimension dependence in our bounds and the notion of sub-Gaussianity used in our work,
while Section M provides additional results for strongly convex costs under a more general step-size schedule.

B. On MSE and HP Results

Although both HP and MSE results establish convergence, the nature of these guarantees is very different. In particular,
MSE results quantify the average behaviour across many runs of an algorithm, while HP results quantify the behaviour of
an individual run. As mentioned briefly in the introduction, this distinction is very important in huge-scale applications like
LLM training, where it is often impossible to perform more than a single training run, both resource- and time-wise. For
example, Narayanan et al. (2021) estimate that the GPT-3 model with 175 billion parameters was trained for 34 days, while
the variant with 1 trillion parameters can be trained for approximately 84 days. This is further exacerbated by phenomena
like heavy-tailed noise, frequently observed during training of deep learning models and transformers, e.g., (Zhang et al.,
2020; Simsekli et al., 2019), which can cause the performance of an individual run to significantly deviate from the average
performance. Hence, strong guarantees with respect to an individual run are very important in such applications. While MSE
results can be used to provide guarantees with respect to an individual run, they can be quite loose compared to HP bounds.
In particular, if we have a MSE bound of the form E[X?] = 1/, Chebyshev’s inequality implies P(X? > 1/5t) < &, which
shows an inversely proportional dependence on the confidence level § € (0,1). On the other hand, HP results establish
guarantees of the type P(X? > log(1/s)/t) < §, having a much milder, logarithmic dependence on 1/§. Equivalently, for
any threshold € > 0, MSE + Chebyshev implies P(X? > €) < 1/te, while HP gives P(X}? > €) < exp(—te), providing
a much sharper bound on the tail probability. Since our goal is to show that X? < € (e.g., if X; = ||a* — 2*|, or if
Xy = minge |V f(2)|), then P(X? > €) represents the probability of failure, with MSE + Chebyshev implying that the
probability of failure decays polynomially in ¢, while HP bound implies that the probability of failure decays exponentially
fast in ¢, giving much stronger guarantees on the convergence of an individual run.

C. Useful Inequalities

In this section we outline some well-known inequalities and results used in our proofs. We start with Jensen’s inequality for
convex/concave functions.

Proposition C.1 (Jensen’s inequality). Let X € R be an integrable random variable. Then, for any convex function
h:R— R, we have
h(E[X]) < E[A(X)].

Moreover, if h is concave, the reverse inequality holds, i.e., we then have
E[r(X)] < h(E[X]).
Proposition C.2 (Cauchy-Schwartz inequality). For any a,b € R?, we have

[{a, )] < lalll[®]].

As a consequence of the Cauchy-Schwartz inequality, we have the following result.

Proposition C.3 (Young’s inequality). For any a,b € R and any € > 0, we have

b < €a’ n b?
a — 4 —.
- 2 2e

Furthermore, for any 0 > 0, we have
(a+b)* < (1+0)a®+(1+6"1)p2
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Young’s inequality is also known as the Peter-Paul inequality.

Proposition C.4 (Holder’s inequality). For any random variables X,Y € R and any p,q € [1, 00|, such that % + % =1,

we have
E|XY| < {/E|X|P¢/E|Y]a.

The coefficients p, g € [1, 00| are known as Holder coefficients. Note that Holder’s inequality recovers Cauchy-Schwartz
inequality for p = ¢ = 2. We have the following useful consequence of Holder’s inequality.

Proposition C.5. For any n € N and random variables X; € R, i € [n], we have

B[ IT x| < IT vEXT

i€[n] i€[n]

Next, we state a useful result from (Xin et al., 2021).
Proposition C.6 ((Xin et al., 2021), Lemma 21). For any c,ty > 0and 0 < a < b, we have

b

c (a+to)°
kl:[a(l_ I<:+to) = (b+1+to)e

The following result states some important consequences of conditions (A2) and (A3), see, e.g., (Bertsekas & Tsitsiklis,
2000; Nesterov, 2018).

Proposition C.7. Let (A3) hold. Then, for any i € [n] and x,y € R?, the following statements are true.

L filx) < fily) + (Vfily),z —y) + 5z —yl*.

2. f has L-Lipschitz continuous gradients.

3. f(a) < fy) +(Vf(y)a—y) + §llz —yl*

4. Ifin addition (A2) holds, then for any x € R, we have |V f(x)||? < 2L(f(z) — f*).
Next, we state some important consequences of (A6), see, e.g., (Nesterov, 2018).
Proposition C.8. Let (A6) hold. Then, the following are true, for all i € [n] and x € R%.

1. V2 fi(x) = plg.

2. fis u-strongly convex.

3 VE@)IP > 2u(f(2) — f*).

4. f(z) = f* = §llz — 2™

Finally, we provide a useful martingale concentration result from (Jin et al., 2019).

Proposition C.9. Ler X1,..., X, € R4 be random vectors and denote by F, = J({X Tyeo ,Xn}) the corresponding
filtration. If for all i € [n), the vector X; satisfies E[X; | F;—1] = 0 and

t2
P(”XZ” > € ‘ ‘Fi_l) S 2€Xp (— %‘12>7
Sfor some F;_1-measurable o; > 0 and all € > 0, then for any 6 € (0, 1), we have
P(I Y Xl > 2v2 Y oflog(24s)) <.
i€[n] i€[n]
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D. Technical Results

In this section we prove Lemmas 3.2, 3.6 and provide another technical result used in the proofs. For the reader’s convenience,
we restate Lemmas 3.2 and 3.6 below.

Lemma 3.2. If (A3) holds, then the following are true for any t > 1, i € [n] and Fi-measurable v € R%.
1. Elexp (v, 2)) | 7] < exp (2210,
2 F [eXp (< >) |]:t] < exp (30 ||v\|2)

3 E [exp (”") ]ft] < 2dexp(1).

Proof. 1. To prove the first property, we follow steps similar to those from Lemma 1 in (Li & Orabona, 2020). Let y; = ;

and note that E [exp ([|y;[|?) | 7] < exp(1), from (A3). Assume first that v € RY i
inequality exp(a) < a + exp(92”/16), which holds for any a € R, we then have

%. Using the

B lexp (v.0) 17 < (o) + exp (2500 | 7] 2 o (12007 | 7]
2 o (HEBE) ] ety 7

@ 9[Jv|? 3]v]?
< exp 16 < exp 1 )

where (a ) follows from (A3) and since v is F;-measurable, (b) follows from Proposition C.2, (¢) follows from the fact
that 9“”” < 1 and Proposition C.1, while (d) follows from E[exp(||y;[|?) | 7¢] < exp(1). Next, if ||v|| > %, we have

Blex(() | 70 < exp (2L & fenp (L) | ]

(2 sl 3l
< exp 3+ 3 < exp 1 )

where the first inequality follows by applying Proposition C.3 with € = % and the fact that v is F;-measurable, the second

follows from Proposition C.1 and E[exp(||y;||?) | F:] < exp(1), while the third inequality follows from the fact that

2 3l 3)lv]”
3 < 8 4

, since [|v]| > 3. Combining both cases, we get E[exp ((v, ;) | 7] < exp ( ), for any JF;-measurable

vector v € R%. The proof is completed by applying this inequality to (v, z¢) = (o;v, y;).
2. Recall that 2" = & 37,1 2f and 0 = L 37, 07 We then have, for any F;-measurable v € R

Efexp((0. )] = ]E[exp (i ¥ <U,zg>>} @ 1T E[exp (<Zzt>>}

i€[n] i€[n]
<
| I exp ( =exp|{— — |,

where (a) follows from the fact that, conditioned on F3, the noise across users is independent according to (A3), ()
follows from the first part of the proof, while (c) follows from the definition of o2

3. From (A4) we know that conditioned on F, the vectors z¢, ..., z! are independent and zero-mean. Moreover, for each
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i € [n] and any € > 0, we have

¢ A& @ ¢ | t||2
P(||z{|| >e| F¢) =P( exp 202 > exp Fi) <exp| — 27 E| exp ’ Fi
1/2
®) €2 [| 252 (c) 1 &\ @ €?
<exp(‘203)(E{e’“’( o )W oo (3 5) <2exp<_205>’

where (a) follows from Markov’s inequality, (b) follows from Proposition C.1, in (c¢) we use (A4), while (d) follows
form the fact that exp(1/2) < 2. Therefore, vectors z}, ..., z!, satisfy the conditions of Proposition C.9 with respect to
Fi, and it follows that, for any 6 € (0, 1)

2 2d
P<||Zt||2 > 2\@0 rg( /5)) <$

)

or equivalently, for any € > 0, we have

=t |2 < ne < _ ne
P(||IZ]* > €) 2dexp< 02\/5) < 2dexp< 352 ) 8)

—t
Next, define Y = % Using the layer-cake formula for the expectation of a non-negative random variable, we then
have, for any integer p > 1

E[|Y|>] = / B(IY]> > y)dy @ p / SIB([Y|? > 5)ds

0o 2 (b) 0 (e)
:p/ sp_lP(Hthz > 30 8>ds < 2dp/ st~ exp(—s)ds < 2dpPt, )
0 n 0

where (a) follows by introducing the substitution y = s?, (b) follows from (8), while (¢) follows from the definition of T’
function and the fact that I'(p) < pP. For any ¢ > 0, we then have

t]|2 *© FE Y % (1) i k k (n) 1
E[exp (cn:|3|22| )} :1+Z [” | Z (c ( EZ )’
k=1 k= ! k=1

where (%) follows from (9), whlle (i) follows from k! > e(k /e)*. Next, note that the sequence Y -, kp* converges if
p < 1, with Zk 1 kpk = (1 T2 therefore, choosing ¢ < = 1n the relation above, we get

enl|Zt)|? ¢

e—

It can be verified that e )2 < e —1forany c < 1. Choosing c = and plugging into (10) completes the proof.

O

We next restate Lemma 3.6.

Lemma 3.6. Let {X'};>5 be a sequence of random variables initialized by a deterministic X* > 0, such that, for some
M eN, a,ty,C; >0, i € [M] and everyt > 1

Efexp(X*+1)] SE[exp((l—tft()>Xt+ 3 (tf‘to)ﬂ (11)

i€[M]

Ifa € (1,2] and tg > a, we then have

(to + 1)aX1 2°C 20 log(t +1+ to))

E Xt-‘rl <
[exp(XT)] < exp ((t Fltt)® a (t+1+to)"
M

X exp (QGCQ/(G —1) + Z:: G 2“t§‘j0j )

t+ 1+t «(J=3)(t+1+1t0)*

18
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Proof. Starting from (11), taking the logarithm, defining Y; := log E[exp(X*)] and by = 1 — =2~ 75> we then have

yitl < ie%ﬂ (t~t—C’1€) + log Elexp(b; X*)] < %} (t—|—CtO) + log {(E[exp(Xt)Dbt]

C;
=bY'+ Y —— (12)
ie[M) (t+to)"”

where the second inequality follows from the fact that b, € (0, 1) and Proposition C.1. Unrolling the recursion (12) and
noting that Y7 = X, since X; > 0 is deterministic, we get

Yt < XlﬂbHZcZ Hb

ke(t] i€[M] ke[t] s=k+1

t0+1)aX (k+1+t0)a
1 C;
t+1+tp)® % kez[:t] k+t0 SR AT

—~

<

—_—

to+1)° X" 2¢C; _.
St Y e N (k) (13)
t+1+4tp)® i) (t+1+to) nell

—~

where the second inequality follows from Proposition C.6, while the third inequality follows from the fact that (k+J1r+0to ) <
2. We now proceed to analyze > kel (k + to)2~¢, for different values of i € [M]. Using Darboux sums and the fact that

a € (1,2], it can be readily verified that

(t+1410)*

o) i=1
‘ (t414+t0)" " i—=9
k )2 < a—1 ’ . 14
2 (k4 to)™" < In(t+to+1), i=3 (1
kelt] 3—i
7 i>4
Plugging (14) into (13), we get
pr1 < (ot 12X 220y 20, 2'Cslog(t + 1o +1) | i 2039,
T (t+ 141 a (a—1D(Et+to+1) (t+1+tg)" (G—=3)(t+14+to)*

Jj=

Taking the exponent on both sides completes the proof. O

To complete this section, we provide a useful technical result.
Lemma D.3. Let A € [0,1) and oy = where a,tg > 0and ¢ > /2. If tg > %, then for any t > 1, we have

3a
} : t—k t
ke(t]

_a
(t+to)e’

Proof. Using the definition of o, we note that

t+1t\° t—k\°
t—k _ t—k _ t—k _ t—k
E R o E ,)\ oy E A (k to) —atké[t])\ ( 3 to).

ke(t) ke(t]

Next, denote by N=1-\e¢ (0, 1] and use the substitution s = ¢t — k, to get
t
Z ak)\t_k =y

— c t—1
~ s ~ cs
1-A)°114+—— ) < E - A P EE—
ket s:O( )( +t5+t0> _Ott_exp( S+ts+t0)

t—1
< —s(X— < 15
<o p( ( 1+t0)> atzexp< ) (15)

s=

—
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where we used 1 = < exp(=x) in the first, the fact that ¢ — s > 1 in the second and the choice of ¢, in the third inequality.
Next, we use Darboux sums, to get

t—1 T t—1 oY t—1 oY
As As As 2 3
SEZOGXP(2>—1+ngleXp<2>§1+/0 exp(_Q)d8§1+X§X (16)
Plugging (16) into (15) completes the proof. O

E. Analysis Setup

In this section we define some notation useful for the analysis. To begin, let g := V{(z!; £!) denote the stochastic gradient
of user ¢ at time . We can then represent the update rule (3) as

zith = Z wij (@} — argp). (17)
JEN;:

It can immediately be seen that z! = g! — V f;(!). Next, define the network average stochastic gradient g* := 1 3~ €] gl
and Vf; = % > e Y fi(xl), which represents the network average of user’s gradients evaluated at their local models. It
can then be seen that g* = V f, + z'. Combining the definition of the network average model, the fact that the weight matrix
is doubly stochastic and (17), it follows that Z*1 = Z — o, g".

We now introduce some notation useful for the analysis of decentralized methods, see, e.g., (Nedi¢ & Ozdaglar, 2009;
Jakoveti¢, 2019; Xin et al., 2021). Let x* == col(z, ..., z,) € R™? denote the column vector stacking users’ local models.
Using this notation, we can then represent the update rule (17) compactly as

xitl = W(x! — atgt), (18)

where W = W ® I; € R"*"? & denotes the Kronecker product and I; € R%*¢ denotes the d-dimensional identity
matrix, while g* = col(g},...,g!). Next, define the matrix J = %1n11 € R™" where 1,, € R" is the vector of
all ones. The matrix J represent the “ideal” consensus matrix, where all users can communicate with each other.!! The
interaction between matrices W and J represents an important part of any decentralized algorithm and we now list some
known properties, see, e.g., (Jakoveti¢, 2019; Xin et al., 2021) and references therein.

Proposition E.1. Letr (A1) hold. Then, the following are true.
1. Wi, =J1, =1,.
2. A=W —-J|| €][0,1).
3 WI=JW =J.

Next, define X' := 1, ® " € R", J := J ® I; € R"¥*"? and note that X = Jx'. Combined with (18), it follows that
%t =x! — a,g'. Denoting by W := W — J it follows from (18) that

xT % = W(x! - ag') - J(x' — aug’) = W(x! —ag') = W(x' — X' — agh). (19)

Finally, recall that we denote the unique global minima of strongly convex costs by z* € R¢. We define two related concepts,
namely the column stacking of z*, i.e., x* := 1,, ® z* and the stacking of users’ gradients evaluated at the global optima,
ie., V* := col(Vfi(z*),...,Vfn(z*)). Note that | VE*||? = Yicm 1V fi(z™) ||? is a useful measure of heterogeneity.
F. Proofs for Non-convex Costs

In this section we prove Lemmas 3.1 and 3.3, as well as Theorem 3.4. For the reader’s convenience, we restate the results
below, starting with Lemma 3.1.

""This is equivalent to the client-server setup in terms of the update rule, as the server averages models from all clients in each iteration.
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we have
7t ”2 )

Lemma 3.1. Let (A3) hold. If oy < 5%,
FE) < 1)~ LIV - adVHE),F) + oL + O 3t -
i€[n]

Proof. The proof follows similar steps as in, e.g., Lemma 3 from (Xin et al., 2021). Starting from Proposition C.7 and
(20)

averaging across all costs i € [n], it readily follows that, for all z,y € R?
L
F(@) < f@) + (VW) z —y) + Sz =yl

and y = T in (20), we get

Settingx =T
£ < 56 (V12,30 + g
(a) —
< F@) — ol VI@), Vo) — a(VI@E),2) + G LIV + o LI
Y r@) = GIVIEIE - (1 = 20, D) SV Sl 1)
V@)~ (V@) 7)) + o? LI
(22)

Ot =
LIV F, —
B+ a?L)Z?,

V@) — a(VF(@),Z
= 5 (lall®+ o] = lla—b]1*).

) o oy —
< f@) = SIVFEIP + S IV E -
where (a) follows by applying Proposition C.3 with § = 1, (b) follows from the identity (a, b)

Recalling the definition of V f;, we get
(23)

while (c) follows from the fact that «;
— . 1 .
IS5 - V@) = | 3 Ve - va@)] [ < & Z ot - |1,
i€[n]
O

where we used Proposition C.1 and (A3) in the last inequality. Plugging (23) in (21) gives the desired result

Next, we restate Lemma 3.3.
Lemma 3.3. Let (A1) and (AS) hold. We then have, for any t > 1
Z QGNP

1
et Z ||l,§+1 *leHz < 2NZA, Jr
n
i€[n] i€[n]
4N2 A2 _ 4)\? B2
T D> AN T L N A TR Y V(@
n(l —X)
kelt] i€[n]

1—
ke(t]
x"T1|2. Next, starting from (19) and unrolling the

DI

Proof. We start by noting that 3=, (., 2ttt — T2 = ||t -

recurswn we get

_ Z akWHl*kgk,

kelt]

Using Proposition E.1, it follows that
e+ = < W =X+ Y an[WHRR < NIt =X+ A D ard gkl
ke(t]

L =Wi(x! —x1)

X" =W -%') -y Wg' =

ke(t]

where we used the fact that |[W*|| = |[W||¥, for any integer k > 0. This readily implies

” t+1 7it+1H2 < 2>\2t||xl 7i1H2+2>‘2 Z ak}\tkang
ke(t]

ilH2+2)\2 Z )\t—s Z ai)\t—kllngQ’

S 2/\2t ||X1 _
s€E(t] ke(t]
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where in the second inequality we use Proposition C.2, with a = [ay,...,a;]" and b= [by,...,b;] ", setting ap, = A(E—k)/2
and by = o \#=%)/2||g¥||. Next, consider the quantity ||g¥||?. Using the fact that ||g*||?> = el ng |2, we get

eI = > llgflI” <y > IR+ 2 Z IV £

1€[n] 1€[n]

<y DI +204% 4282 Y |V f ()P, (25)

i€[n] i€[n]

where (a) follows from g¥ = V f;(2¥) + 2¥ and using Proposition C.3 with 6 = 1, while (b) follows from (A5). Plugging
(25) into (24), using the fact that 3",y A% = 37,7( AF < {15, the desired result follows. O

We are now ready to prove Theorem 3.4, which we restate next, for convenience.

Theorem 3.4. Let (A1)-(AS) hold. If for any T > 1, the step-size is chosen such that op = o = min {C’, m/%},

NtV
where C > 0 is a problem related constant satisfying C' < min {i, o, )\LlB*j/\E, 30%, 53;7&12;/)555} then for any
0 € (0,1), with probability at least 1 — §

) oV L(Af +log(24/s))  Af + log(1/s) A, L? nA2L(A? + o?)
T Z 2 Ivs@EDIP = ( JnT TTor  tuowrt eEa et )

te [T]i€[n]

Proof. Using Lemma 3.1, rearranging and summing up the first 7" terms, we get

> SIVIEIE <A - Y aViE) )+ LY a WW+—Z%§Nx 7|

te(T) te[T) te(T) te[T) i€[n]
Next, to offset the effect of the inner product term, we subtract 22 Zf e @ a?||V£(x")||? from both sides of the above
2 2
inequality and note that, choosing a;; < &7’ we have & G = go:ma 2 %. Therefore, we obtain
Qg — —
DL IVIEIP <A+ LY ol + Z a Z Il — 7)1
te[T] te[T] te [T] i€[n]
QOz o2
= > (Vi@ 2) + SV 2). (26)
te[T)

Using Proposition C.3 with 6 = 1 and Lipschitz continuity of gradients of f, it readily follows that
IVf@)I? < 2| VF@E)I? +2L2||z" - %,

implying
1,2
IVF@)|* > Z IVF@@))? ~ Z Iz — . 27
;e[n] ie[n]

Plugging (27) into (26) and rearranging, we get

—ZZMW <Ay Y o (96,2 + 25 v @) )

te[T] i€[n te[T]

I I S

te[T) te[T] i€[n]
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Using Lemma 3.3, we then have

S Sl €Ay Y (95 7) + 2T e ) + LY ol

t€[T i€[n] te[T] te[T]
3L2 _ 4\2 1
+ =y at(2)\2(t DA+ e N agatt R S {Hzf“?+A2+B2||Vf(x§)H2D. (28)
4 te[T) n(l=A) kelt—1] ic[n]

Next, note that, for any sequence {a; }+c|7), the following identity holds
DI DIRTLRED SPHS S
te[T) kelt—1] te[T] ke[T—t]

implying that 3¢ (7 > e A1k < >_teqr) s if {at}ie(r) is non-negative. Since the step-size is non-

increasing, applying the previous identity to 3=, ¢y @ Yopeppq) OGA T TR [[[2F17 + A% + B2V £ (2)]|?], we get
Sar Y N TR + A% + BV )]

te[T] kelt—1]

<Y X TP + 424 B VAP

tG[T]kG[t 1]
<= 2 af [l1? + 42+ B2V )] (29)
te[T]

Plugging (29) into (28), it follows that

S S VIR <A~ Y (V5@ 7) + 2 v ) + LY ol

te[T) i€[n] te([T] te[T]
3A,L? _ 3N2L2
FE Y e b e 3 ad 3 [P+ A7 BV AP
te[T] te[T]  i€[n]
Rearranging and choosing a; < ﬁ, we have
— Vi < A — Vi), QO‘UV L 2||7|2
Z ZatH f)ll f Zat (Vf(E"),z") + IVf(@ + Z 112"l
te [T]i€[n te[T] te(T]
3AxL se_1) | BAZAPL? - -
FE e T Yk s Y Z HER (30)

te(T)

Define the process My = 75— D ote) 2oicln) o[V f(@)))? -
consider its” MGF. Using (30), we then get

e (3 —au((9a.2) + SO Yoy (3 a2

te(T) te[T) i€ln

2(t—1) _ 3A%A%L?
(7P ESYE Zte[T a3 and

Elexp(M7)] <E

te[T) - te[T] 2.t
303 \2 L .
X exp ( Z n( Pt A 2 Z ” t|2)] < \/]E[exp(BLT)}E[exp(BQ’T)]]E[eXp(Bg,T)}, (31)
te(T) i€[n]
bs,¢

where By, r =33, eqr) b1t and By = O forall k € [3], while the last step follows by applying Proposition C.5. We now
analyze each quantity separately, starting with E[exp(B; r)]. To that end, we have

2702.0%||V f(z"
Bir_1— in

Efexp(By.1)] = E )l )E fexp (—3ar (V). 27)) | Fi]
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Noting that V f(Z7) is Fr-measurable and applying Lemma 3.2, we get

2722V7T2 2722v7T2
Elexp(Bi,7)] < E| exp (Bl,T—l aza V@)l 4 209rg V@) )

in an = ]E[exp(BLT_l)].

Unrolling the recursion, it follows that Ejexp(B; 7)] < 1. Next, consider E[exp(Ba,r)]. To that end, we have
Elexp(Bs,1)] = E [eXp(BZT_l)]E [exp (3&%L||ET||2) | F H

450%.0%L _ n|z"|?
=E |:eXp(BQ,T1)E [exp ( Z x LUll ) ’ ]:TH

450302 L/p
n|lz" |
<E |exp(B2r-1) | E |exp 1552 ’}-T ,

where the last inequality follows from a; < 3 ‘\Fﬁ and Proposition C.1. From the third property in Lemma 3.2 we get

450%.0%L
n

Elexp(Ba,r)] < exp ( (1+ log(2d))> E [exp(B2,7-1)] -

Unrolling the recursion, it follows that E[exp(Bz )] < exp (%(1 + log(2d)) D telm) af). Finally, to bound

E[exp(Bs, )], we can proceed in the same way, using the conditional independence of noise across agents from (A4) to

Yn(1-n)>2/

note that, if a; < 52/322/312/3 9"

then E[exp(Bs,1)] < exp ( = /\ L Zte[T ozt) Combining everything, we get

1502L 302X\2 L2
Elexp(Mr)] < exp < 7 (1 +log(2d)) Z a? + 5_7)\)2 a?) (32)
te[T] te[T]
Using Markov’s inequality and (32), we get, for any € > 0
150%L Z\2L? .
P (M7 > €) < exp(—e€)E[exp(Mr)] <exp| —e—+ 50 (1 +log(2d)) Z a? + 30TA°L” o
te[T) (1=4) te[T)

or equivalently, for any § € (0, 1), with probability at least 1 — &

2 2y272
L(1+log(2d))2a2 3U>\L Zat

te[T) te(T)

My < log(1/s) +

Using the definition of M7 and that the sequence of step-sizes is non-increasing, we get with probability at least 1 — &
3A,L?
Z Z IV f(x ||2 < Ay 4+ log( 1/s) + — Z at)\2(t—1)
tG [T]i€[n] ferm

1502L o 3NZL2(0? + A?) 3
+ (1 + IOg(Qd)) Z Olt + (1_—)\)2 Z Oét.
te[T] te[T)

Dividing both sides by alTGT, it follows that, with probability at least 1 — §

_ 16(As +log(? A 2

tE[T] i€ln] arT te T]

24002L 48)\2L2(U + A2) >

1+ log(2 2 )
7 (L los( d))tez[;] RN NGRSV '

no
T te[T)

Next, consider two regimes with respect to the time horizon 7T'.
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High-Probability Convergence Guarantees of Decentralized SGD

1. Known time horizon. In this case, we choose a fixed step-size a; = «, for all ¢ € [T']. Noticing that > teiT] O t/\2(t71) <
175z, we then have, with probability at least 1 — &

il Z Z IV f(z ||2 G(Af +10g(1/6)) 24N, L? 24Oaa2L(1 —l—log(Qd)) 48(12)\2L2(0-2 —|—A2)

T TEY n T Aoy
t€ [T]i€[n]
If the step-size satisfies o < \/‘gﬁ, then with probability at least 1 —

- Z Zva ”2 G(Af +10g(1/5)) 24N, L2 160’\/157(1—&—10g(2d)) 4”)\2L(02+A2)

+ 2 + + 3 3
T oo ol 1- )T /nT o2(1 — N)2T

Setting C' = min{ ” 1A v/ Vn(1-0)* } and o = min {C, D } guarantees that all the step-

2L7 9027 ALBV48’ 30\/5L’ 2/3X2L2/3 /9 oV15LT
size conditions are satisfied and it readily follows that =~ = max {%, ”7%} < % + L\%LT, implying that

1< Fvlm + &7 Therefore, for any 6 € (0,1), with probablhty atleast 1 — 4, we finally have

LS S sty < MoYISLA) tosC) 1 1) | 168y + los(h)) AL AnLio” + AY)

+ +
—\2 2 _ 2
Sh 5 JnT CT (1=X)T " o2(1—\2T

2. Unknown time horizon. In this case, we choose a time-varying step-size oy = forall t > 1 and C’ = v/2C, where

VvV t+1 ’
. 2/3 . . . .. .
C = min { o o, /\LlB \/\ﬁ 30% U;{E;L;\)S f}’ again guaranteeing that all the step-size conditions are satisfied.

Noting that a; < C, we get 3, 7y A 2(t-1) < (17/\2), hence, with probability at least 1 — §

2 . 16v2(Ay + log(1/s)) 242, L?
2 DIV s S e

te[T] 1€[n]
N 240v20%LC log(T + 1) (1 + log(2d)) N 384N\2L? (0% + A?)C?
nvT +1 (1-X2/T+1
Note that in the unknown time horizon we lose linear speed-up, as even when C' = ff’ we get
LS Y Vst o WAL OE) | oA (e A
tE[T] i€[n] n(T + 1) (1 - /\2) n(T + 1) 0—2(1 - )‘)2\/m

since the term which does not attain linear speed-up is no longer of higher order. We note that linear speed-up in the MSE
sense is also achieved under a known time horizon and fixed step-size, e.g., (Koloskova et al., 2020; Xin et al., 2021).

O

G. Proofs for Strongly Convex Costs

In this section we prove Lemma 3.5 and Theorem 3.7. To do so, we follow a similar strategy to the one in, e.g., (Jakoveti¢
et al., 2018), where it is shown that the sequence of iterates generated by DSGD is bounded in the MSE sense. However, to
establish HP guarantees we instead work with the MGF of the iterates and have the following result.

Lemma G.1. Ler assumptions (A1)-(A4) and (A6) hold and let a,tg, K > 0 and v € (0, 1] be positive constants. If for all

t > 1 the step-size satisfies a; < min L 1 } with v < min {1, o EZK} and Ki11 = (t +to + 2)K, then

T/2(t+to+2) K H

4 2 £* 2 1 to)aH 1 _ *|2
Elexp(v Ky 1[|x T — x*||?)] < exp (I/Kt+1< L Ve (1 + o)™ ]x_ = x7] ))

ap — 1 u? (t+ 1+ to)w
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Proof. Consider the update rule (18). We then have
Xt o x* = W(x - x* — agr) = W' — x* — o V! — ayz), (33)

where in the first equality we used Wx* = x*. Using Taylor’s expansion, for each i € [n] and = € R?, we have

1
Vfi(x) =V fi(z*)+ /0 Vin(z* +7(x —x%))dr(x — 2*) = Vfi(«*) + Hiy(z)(x — z*). (34)

Denote by H' = diag(Hy(z!),...,Hy(zt)) € R">"d the block diagonal matrix and recall that Vf* =
col(V f1(z*), ...,V f.(x*)) € R™, Using (34), we can readily see that Vf* = Vf* + H(x! — x*), therefore, plugging
in (33), we get

x - x* = W(I — o H)(x' — x*) — oy WVF* — o, Wz = C; + o, Wz!,
where C; == W(I — o, H")(x! — x*) — oy WVF*. Therefore, we have
I = x*[? = | Cell* = 20:(WCy, 2°) + of [ W' [|* < [|Ce]]* — 200 (W, 2") + af[12"]]*

i

< A+ )W = o H)(x" = x)|* + (1 +07)af [WVE|? - 20¢(WCy, 2") + o |2"||*

—~
a2

—~
<
a2

< (1401 = ap)?[lx" = <P + (1 + 07 )aF[[VE*|* = 20¢(WCy, 2") + of 2" )%,

where in (7) we used Proposition C.3, for some 6 > 0 (to be specified later), while (i7) follows from Proposition E.1 and
the fact that ||T — a;H?|| < (1 — ayu) (as a consequence of Proposition C.8). Define Dy == (1 + 0)(1 — azp)?||x? —
x*)|2 + (1 + 67 1)a?||VE*||? and consider the MGF of vK;1||x!*! — x*||? conditioned on F;, where we recall that
Kiy1 = (t+1to+ 2)K for some K > 0 and v € (0,1]. We then have

(a)
Et[exp(vKii1 ||x"’+1 — X*HZ)} < exp(vKiy1Dy)Ey {exp (Z/KH_1( — 20, (W4, Zt> + ozt2||th2)>]

()
< exp(vKi41Dy) \/Et [exp(—dav K11 (WCy, zt))Ei[exp(202v K1 1||2t]|2))

(e)
< exp(VKt_HDt)\/exp(12afﬁzy2K3+1||WC't||2 +2a?no?vKy1)

(d)
< exp(vKiy1 D + 607522 K7 ||Ce||® + afno®vK i)

(e)
< exp(VKi11(1 4 6a77°v K1) Dy + aino*vKi 1), (35)

where (a) follows from the fact that D; is F;-measurable, in (b) we used Proposition C.4, (¢) follows from Lemma 3.2
and a; < E\/ﬁ, in (d) we used Proposition E.1, while (e) follows from the definition of D; and the fact that

|C4]|? < D¢. We now analyze (1 + 6a70°vK,11)D;. To that end, if we choose § = %4 it follows that

1+ 6af§2uKt+1)Dt =1+ 60[?521/1(}“) [(1 + ain/2)(1 — atu)2||xt — X*||2 +(1+ Q/atu)a?HVf*Hﬂ
(i)
< (14 60;5%v K1) [(1 — ce/2) (1 — agp)||x" — x*|1? + (o + 2/u)on | VE*]?]
(i)
< (1= app)|Ix = x| + 9 | VE*|12 /21, (36)

where in (i) we used the fact that (1 + §)(1 —a) < (1 — §) for any a > 0, while (77) follows by setting v < 5-E> and

from the step-size choice a; < % Plugging (36) in (35), using the shorthand E; = a?no? + 9a,||VE*||? /2u and taking
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the full expectation, we get

Elexp(vK1]|x"" — x*||?)] < exp(vK41E)Elexp((1 — aup)v Ky [|x" — x*||?)]

thtg+2
(1 tﬂ) TFtg+1

< exp(meEt)(E[exp(umnxt . x*|\2)])

t+tg+2
tig+1L

(1—06t#)
< exp (VKt+1 (Et +(1- at,u)Et,l)) (]E[exp((l — ) vK||xe—1 — x*HQ)])
t t

- Jito+2
S...gexp(vKH_lZEk H (1 — agp) + vK||x' — ||2H 1— agp) T 3_2 )
k=1 s=k+1

—e (v (B ] (- + - x*||2kl:Il<1 - ) )

k=1 s=k-+1

where the second inequality follows from Proposition C.1 and the fact that 0 < (1 — apu)&tet2 < 1, for any t > 1,

t+to+1 —
whenever 0 < o < -=. Next, we use Proposition C.6, to get
t
. (k4 1+ tp)®
ZEk H (1—asp) < Z (ai”UQ + 9ay || VE ||2/2H)m
k=1  s=ktl k=1 0
(1) 1 ¢ 9a||VE*]|2
< (4a2n02(/€—|—1—|—t0)“”*2+ aH ” (k+t0—|—1)a‘u71>
(t+ to + D)o 2~
(i1) 4a*no? 9||VE*|2
- (au—l)(t+to+1) p?o

where (i) follows from the choice ay, < <4 -, while in (i) we use the lower Darboux sum. Combining everything, we get

dano?ayiq n 9IVEr||2 (14 to)™||x! —x*|?
ap—1 p? (t+to +1)or

Elexp(vKos [ — x*2)] < exp (umﬂ(

Lemma G.1 is an important building block for bounding the consensus gap. We next restate and prove Lemma 3.5.

Lemma 3.5. Let (A1)-(A4) and (A6) hold, let a,ty, K > 0 and the step-size be given by oy = ﬁ, and let x} = a:Jl

foralli,j € [n]. Ifa = % and ty > max {6 288:2 K. 34526(‘12)‘;)K, 12?{“&} then for K; 11 = (t + tg + 2)K and any

2
v < mm{l, Mfﬁ}’ we have

E{exp (I/Kt_H Z ||:£f+1 fftHHQ)] < exp <1/Kt+1( Z MRS+ Z )\tka)>,

1€[n] ke(t] kelt]

232 2 | SIVEH? — 5aZN°L? (4ano?ay | AVEM® | (I4t0)°fx' —x*|?
where Sy, = ag A (na + 5= and Dy, = ~=F= z + ot DL

Proof. Note that 3=, (,, ottt — 1|2 = ||xtT! — %*T1(|2 and recall W = W — J and the update rule (18). Then
xIT—xtt = W(xt — X' — oy VF! — oyz").

Denote the consensus difference by X! := x*! — x*1 and let C; = W(X; — oy Vf*). Noting that ||X+]|2 =

|CelI? — 20, (W C4, zt) + || Wzt||2, we then consider the MGF of v K, 1||x*"!||? conditioned on F;, where we recall
_ 1

that Ky = (t +to + 2) K, forsome K > 0and v € (0,1]. If oy < W we have

Eulexp(vK o1 [[R[2)] < exp(vK | Cul?)y Be [exp(—4an Ky (W, 7)) | By [ exp(203 A2 K 1 12 2)]

< exp (VKtH ((1 + 6027 N2 UK 1)||Ch||? + af)\Qnag)), (37)
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where the first inequality follows from the fact that C is F;-measurable and using Proposition C.4, while the second follows
from Lemma 3.2. Next, using Proposition E.1 and defining A := 1 — X\ € (0, 1], we get

(1)
[Cell? < N2[Ix¢ — e VE |2 < N1+ 0)[[%¢]1> + af A2 (1 + 67| VE||?
= (1= N1+ ONZ? + a2X2(1 4 61|Vt 2

@)
< (1= M)A + af A2 (1 + /%) | V|2

(i) 6a 2)\2 6a2\2L2
< (1= M)A + = ﬁ

L IVE + e’ = x|, (38)
where (i) follows from Proposition C.3, in (i) we set § = % while (4ii) follows from the fact that || Vf!||? < 2L2||x? —

x*|| + 2||VE*||? (recall Proposition C.7). Choosing a; < P TRy V(Zt)\+2)K and plugging (38) in (37), we get
c 0

X SO
Ey[exp(v K1 [X1]2)] < exp (umﬂ (1+3) P(1=3) Il

4a?)\ 4aZN\2L?

DY 1-A

v+ It =[] + afna%Km)
5a2\? L2

1-A

A\~ 5a
< exp (uKtH(A(l = D)+ 20 e ot = 17 + afnoW)).
Taking the full expectation and introducing the shorthand S; == a? \? (n02 + W), we get

A (e 52 \2L2VK, .
Elexp(v K1 [[KY2)] < exp(SwKps1)E {exp ()\VKtH (1 ) Il + 22 — x ||2>}

1—A
1=%/a 21272 Ma
_ 2002 \2L2VK, X
< exp(SivKiqq) (E[exp()\uKtHthF)]) (IE [exp (ant —-x ||2>}>
=YD ERE 2002\ L2V K. v
< exp(SivKiiq) (E[exp(VKt||)~<t|2)]> <E [exp (Wﬂxt — x*|2)]> , (39)

where the second inequality follows by applying Proposition C.4 with p = (1 — 3/4)~! and ¢ = %, while the third follows

from the fact that AM=e%2 <1 for ¢, > 15 and applying Proposition C.1. If ; < 2/\1?’\5, we get

5af(t+tg+2)A2L2

%4
2002 N2 L2V Ky 4y T (Fo D
(oo (e )] (sowermie )

S exp(VKt+1Dt) y (40)

242712
where we used Proposition C.1 in the first and Lemma G.1 in the second inequality, with D; = 5afi >\L (% +
IIVE |2 | (Atto)*H [l —x" |2

). Similarly, we use (39), to get

u? (t+to)ar
M1=3/4) £ _ A2(1-3/)2 102
(E[exp(uKt|§t||2)]> <exp(A(1 —V4)S; _1vK;yq) <E[exp(1/Kt_1||§t_1||2)])
A1 %/4)X/4
< Ele QOQfAzLQVKtH H2
xp [ ———————||x¢—1 — x .
p (1 _ )\) t—1
41)
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Plugging (40) and (41) into (39), we get
Elexp(v K1 [€+]2)] < exp (va (Si + S 1 A1 — 34)) + Dy + A1 — X/4>DH))

3 t+tog+2
)/\2(1_A/4)2 Hf’to

X (E[QXP(VKt—lnit—l”Z)]

Unrolling the recursion, it follows that

¢ ¢
Elexp(vK 1 ||XHH]?)] < exp (VK”l(Z ARG, 4 Z AFD, + )\t|§1”2))

k=1 k=1
= exp (VKt+1 ( Z At kSk; + Z At ka))
k=1
where the last equality follows from the fact that x} = :c ,forall 4, € [n]. O

We are now ready to prove Theorem 3.7. Prior to that, we restate it, for convenience.

Theorem 3.7. Let (A1)-(A4) and (A6) hold, the step-size be given by o, = t+t and let v} = l’ Jforalli,j € [n]. Ifa = %,

to > max {6, %, 1962"2“, 432Z2“2, 12’;’1@, 51igi’}3”2 } and v = min {1, TooTaT 72—5} then for any § € (0,1) and
T > 1, with probability at least 1 — 6, it holds that
1 Z B O(V_l log(2/s) + o2k(1 + log(2d)) / N kA2(1+ L)(no? + || VE*]|2(1495%)/(1-x))
n e N n(t+to) w(1 = X)n(t+to)?
(241t0)3Ar  K30ZN2(klog(t+to) + 1) K3INZL(1+to)||x! —x*[|*  KZNZL(1 +t)%|x! — x*|)?
IR TIPS VGRS E (= N2nlt + to)? TN +i0 )

Proof. Starting from Lemma 3.1 and using property 3 of Proposition C.8 with z = T', we have

—tH2.

@) < F@) = an(F@) = £) = V@), 7) + af LIz +

i€[n]
Subtracting f* from both sides and defining Fy = n(t + ¢o)(f(T:) — f*), it then follows that

t+to+1

Fipn <(1—ayp) .

Fy —ayn(t +to + V(V (@), Z)

t+to+1)L2
at( + ;+ ) th —itHQ.
Next, consider the MGF of F} conditioned on F;. Let v € (0, 1] be a positive constant, we then have

(@) t+to+1 ouv(t +tg + 1) L2 —
E¢[exp(vFi41)] < exp ((1—at ) t—&-oto vEF, + =t ( 20 ) [x! — X2

+ a2n(t +to + 1)L||Z > +

X By | exp(—amwn(t +to + 1)(Vf(@), %) + avn(t + to + DLz
®) t+to+1 t+tg+1)L?
<(1—Olt ) +to+ apv(t+1to+1) ||Xt_xt||2)

< F
= P trt, T 2

X \/Et [exp —2auvn(t +to + D)(VF(T), Zt))}IEt [exp(?a?un(t +to+ 1)L||Et‘|2)}

(e) t to+1 t+tg+1)L2
< exp + 0t VFt+atV( tiot 1) Ix" = x|
+to 2
to + 1)202 2
Xexp(?)a t+ 0+2> V£ +m?m,z(moH)L(Hlog(gd)))

< exp <I/(tht + e xt — %2 + dt>>
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where in (a) we used the fact that F; and ||x! — X"||? are F;-measurable, (b) follows from Proposition C.4, in (c) we use

Lemma 3.2, Proposition C.1 and impose the condition oy < \/ﬁ, while (d) follows from Proposition C.7 and
o 0

the definition of Fy, with b, = (1 — g+ 32v(t +tg + 1)L) Lkl ¢ = "‘f““g*”LQ and d; = 150202 (t + to +

1)L(1 + log(2d)). Taking the full expectation and applying Proposition C.4, we get

E[exp(vFi11)] < exp (th)E[eXp (Vtht + veg||xt — itHQ)}

< exp (th) Q/E[exp (I/ptht)] </E[exp (chtHXt - it||2)] (42)
for some p, ¢ € [1, 00]. We next analyze the expression pb;. Recalling the definition of b;, we get

_ap 3a’v(t+to+ 1)L t+t0+1< 1_a(u—6a1/L) t+to+1
t+to (t+to)? t+ty t+to t+ty

pby = p(l

Choosing v < - and p = 1 + <4, it follows that

aj t+to+1 ( ap )( 1 )
b <pl1-— < (1= V(14 <1, 43
pt—p( 2(t+tg)> 1ty A(t+ to) ttio) = “43)

where the last inequality follows since az > 4. Next, note that the choice of p = 1 + <% implies that ¢ = 1 + fﬂ. From
the definition of ¢;, we then have

4 t+to+ 1)L2 2 3L2
q0t<1+>at(0)<at+)(t+t0+1)L2§(t+to+l), (44)
Qgf 2 2 p 1%

where the first inequality follows from oy < %L Using (43) and (44) in (42), we get

E[exp(vFi41)] < exp (dv) f/(E[exp(uFt)])pbt (/E[exp (v(t + to + 1)3xL||x* — X*||2)]

= exp (dv) (E[exp(VFt)])bt (/E[exp (v(t + to + 1)3xL||x* — X||2)]. (45)

Using Lemma 3.5 with K = 3xL, we get

t—1 t—1
E[exp (vger[x' — X'[|?)] < E[exp (vh][x" —X'[|*)] < exp (VKt ( Z ANTIRG + Z Atlka)>,
k=1 k=1

o222 o BIVE? _ 5a2X’L? (dancay  OIVETL® | (14t0)™[lx! x|
where we recall that S, = oA (no* + =45 ) and Dy = —F= a1 T Tzt (FFtg)em . To

further bound the above expression, we use Lemma D.3, to get

tixtqfk(s 4 ) < 2N (no? +SIVE I AFor/2) f1-x)
k k) S
e (1= N)(t+to)?
32a*na?\2L? 20a2 N2 L2 (1 + to)°||x* — x*||?

(T —=X)2(t+1t0)3 (1= X)2(t+1to)®

Noting that % = % < £ we finally get
K 3aL?vN,
{/E[exp (cht”Xt —§t||2)] < exp (V ZatuNt) < exp (a21/t>7
242 2 5wt 1214922/ u2) /0y _ 4. 2,272 24272 6151 _qox |2

where N, = leIh e e | gt | WXLOGNSCE Detne Gy =
1080k02 (1+log(2d)) Gy = 12961222 (no? 451 VE* 12 (149+2)/(1_ 1)) Gy = 6480k3 A2 L(1410)%||x* —x*||2 and Gg = 373248nk102 A2

o b2 = H(1=%) (=22 p1-n7

o
and plug into (45), to get

VG,* VG4
2 (E+to) (t+to)8>'

E[exp (vFiy1)] < (E[exp (VFt)])bt eXP(} <
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Recalling the definition of b; and (43), it follows that by < 1 — ‘“;/ Zt L_1- t— therefore we can bound the MGF of
vFy 1 using Lemma 3.6 witha = 2, M =8, C; = G, fori € [3], Cs = G, and C; =0,forj € {4,...,7}, to finally get

3
E[exp (vFry1)] < exp (W)Z’Af e +4”G2)

v
(t+1+19)? t+ 1+t
4vGslog(t+to +1 e
Xex(”sog(+o+) vGy > (46)
(t+1to +1)2 5(to + 1)5(t + 1+ tg)2
Applying Markov’s inequality, we then get, for any € > 0
P(f@*) — f* >€) =P(wFi1 > vn(t+ 1+to)e) <exp(—vn(t+1+to)e) E[(vFiy1)].
Using (46), it can be readily verified that for any ¢ € (0, 1), choosing
fl vl 10g(1/6> + 4G4 4G (to + Q)SAf + 4G5 log(t + tO) + 4G4/5(t0 + 1)5 (47
t n(t + to) n(t + to)? n(t+ to)3 ’

results in P (f(ft) — > e%) < 4. Next, using Proposition C.7 with = z! and y = Z*, we get

Flat) < F@) + (V@) 0t~ ) + ¢ laf — 7|

@ 1 N L
< @)+ 5 IVFEI” + *le =77+ Sl -7

(i)
< f@)+ @) - 1+ L) -7,

where in (7) we used Proposition C.3 with e = L, while (i7) follows from Proposition C.7. Subtracting f* from both sides
and averaging over all users 7 € [n], we get

—Z 1) <2 ~ ) + = @®)

We now consider two events, A; = {w: f(* )— f*>¢€}and By, = {w: £|x* —7'|? > €}. From the previous
analysis, we know that, for any 6 € (0,1) and €} from (47), we have ]P’(A fl) < 5 Similarly, using Markov’s inequality
and Lemma 3.5 with K = L, we have, for any € > 0

L
P(nnx’f —x? > e) =P (vK||x" — X'||* > vn(t +to + 1))

< exp(—evn(t + to + 1))E[ exp (VK |x" — X*||?)]

402X\ (no? + SIVE 2 (1+222/u2) /(1))
< _ t4t 1 K,
< exp ( evn(t +to+ 1)+ t”( (1= X)(t+10)? )

24 22L2 222L21 6 I —
XeXp<KtV((3ana)\ | 208N L2(1+ ty) ||x) x* | ))

1= N)2(t+to)? (1= N)2(t+10)8
Therefore, it can be readily seen that for any 6 € (0, 1), choosing

o v tlog(Ys) | 144kA%(no? + SIVEIIP(1+9+7) /1 y))

T nt+to+1) 11— Nn(t +to)?
n 41472K3 052 \? n 720k2A2L(1 + t)®||x! — x*||? 49)
p(1 = N)2(t +tg)3 (1= X)2n(t + )8 ’

results in P(B, .2) < 4. Finally, let C; =
any ¢ € (0,1/2), we have

f—’h\

Sl ZZG (f(at) = f*) > 2€L + g?} From (48) it readily follows that, for
P(C;) < P(A,, aNB; 2 ) < P(Ate ) +P(B, ft) <20
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Therefore, for any 6 € (0, 1), with probability at least 1 — ¢, we get

% Z (Fah) — £*) = O(l/l log(%/5) + o2k (1 + log(2d))/p n kA2(1 + L)(no? + || VE*]|2(1+96%)/(1-))
]

st n(t+to) w(1 = XN)n(t+to)?

(241t0)3Ar  K30ZN2(klog(t +to) + 1)  K3INZL(1+to)||x! —x*[|*  KZN2L(1 +t)%|x! — x*||?
I T R VeI 0 APl £ 1o 0 APl + 1o

Finally, it can be verified that the conditions on a, g and v in the statement of the theorem ensure that all the step-size
conditions are satisfied, completing the proof. O

We remark that, similarly to the proof of Theorem 3.4, one can analyze the strongly convex case with a fixed step-size,
resulting in the dependence on some terms, e.g., optimality and iterate gaps A ¢ and |[x' — x*||, decaying exponentially
fast, i.e., O(([|x! — x*[|? + Ay)e=CT), for some C > 0, as shown in, e.g., (Koloskova et al., 2020) for MSE guarantees in
decentralized, or (Liu & Zhou, 2024) for HP guarantees in centralized settings. For simplicity, we omit this analysis.

H. Numerical Experiments

In this section we provide some further numerical results and details omitted from the main body. Subsection H.1 presents
results on synthetic data, while Subsection H.2 presents results on real data.

H.1. Synthetic Data

Methodology. We consider an instance of (2), with f;(z) = f2 " A;z + b/ x, where A; € R™*? is positive definite, making
each f; strongly convex, with unbounded gradients. We consider an undirected communication network G = (V, E),
corresponding to a randomly generated Erd6s—Rényi graph with connectivity parameter p = 0.8, while the weight matrix
W e R™ " is computed using the Metropolis-Hastings weight scheme, e.g., (Xiao & Boyd, 2004). When queried by user
i € [n] in iteration ¢ > 1, the SFO returns a noisy gradient of f; evaluated at 2%, i.e., g! = A;2t + b; + 2!, where 2! € R?
is a zero-mean Gaussian random vector, making the noise consistent with assumption (A4). We use the DSGD method
outlined in Algorithm 1, with the time-varying step-size schedule oy = 15-%1 and shared initializatio x} = 0, for all i € [n].

We are interested in testing the following two facets of our theory.

1. Exponentially decaying tails - we want to verify that the tail probability decays at an exponential scale, as defined in (1)
and predicted in Theorem 3.7.

2. Linear speed-up - we want to verify that the tail probability decays faster as the number of users increases, as predicted
in Theorem 3.7.

To verify these two facets, we measure the performance in terms of the empirical tail probability IF’fl_’ «» computed as follows.

We first run DSGD for T iterations and repeat it over R runs. Next, for each ¢ € [T'], we use Monte-Carlo sampling to create
a set S; of indices from [R], of some fixed length |.S;| = S. For any € > 0, the empirical probability is computed as

1 1 .
Pro= s L 1(5 3 ot -l > ),
i€[n]

reS

where :cﬁ’r € R is the model of user i in iteration ¢ and run 7, with 2* = arg min, g« f(z) being the solution of the global
problem and I(A) being the indicator of event A. The empirical tail probability is a proxy to the true tail probability and is
the main metric in our experiments. To further illustrate our results, we also compute the empirical mean-squared error E;,

which is the optimality gap at time ¢, averaged across all users and runs, i.e., Ef, = -L- 2 ieln] 2orelR] 20" — 2*|%. We
next present the results.

Exponentially decaying tails. To verify that the (empirical) tail probability decays at an exponential rate, we consider
a fixed network of n = 30 users. For local costs, each matrix A; is generated using python’s sklearn library function
make_sparse_spd.matrix, with dimension d = 50 and value alpha = 0.9, while vectors b; are drawn from a
multivariate normal distribution N'(04, 021,), where 0? = 1 fori € {1,...,10}, 02 = 2fori € {11,...,20}, and 0? = 4
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fori € {21,...,30}, ensuring that the data is heterogeneous across users. We run DSGD for 7' = 10000 iterations and
repeat across R = 5000 runs. To compute the empirical probability, in each iteration we draw S = 3000 Monte-Carlo
samples and consider threshold values ¢ = {10_27 1073, 10_4}. The results are presented in Figure 2, where the left
plot shows the MSE behaviour, while the right plot shows the tail probability behaviour. We can see that the empirical
tail probability decays exponentially fast for all values of ¢, as predicted by our theory. Note that for the threshold value
£ = 1074, the tail probability starts decaying exponentially after approximately ¢ = 6000 iterations, which is consistent
with the MSE behaviour on the left plot, where we can see that it takes DSGD around the same number of iterations to reach
the average accuracy Ef, = 107%.

100 4

H
2

1071 4

H
9

Mean-squared error
Empirical tail probability

1073 4

H
2

— £=0.01
— £=0.001
— £=0.0001
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o] 2000 4000 6000 8000 10000 ) 2000 4000 6000 8000 10000
Iteration number t Iteration number t

Figure 2. Performance of DSGD, in the MSE sense (left) and HP sense (right). We can see that DSGD achieves an exponential tail decay
for all values of threshold e. For the threshold € = 10™%, the tail probability starts decaying exponentially after approximately ¢ = 6000
iterations, which is consistent with the MSE behaviour, where we can see that DSGD takes around the same number of iterations to reach
the average accuracy Ef, = 107%.

Linear speed-up. To verify that linear speed-up in the number of users is achieved, we consider three networks, with
n = {25,50, 100} users. In all three cases, we use Erd§s—Rényi communications graphs with Metropolis-Hastings weights
that satisfy A = ||[IW — J|| & 0.6. To ensure that the effect of heterogeneity is consistent across different networks, we fix
the matrices A;, i.e., A; = A+ I, where A € R%*? is generated using sklearn’s make_sparse_spd.matrix, with
d = 50 and alpha = 0.9, while vectors b; are given by b; = 3,14, where 8; € {—2,—1,0, 1, 3} are selected uniformly at
random and in equal proportion across users (i.e., one fifth of users has 3; = —2, one fifth has 3; = —1, etc). Generating
the networks and costs in this manner ensures that both network connectivity and user heterogeneity are constant across all
three network settings, allowing us to properly capture the effect of linear speed-up. We run DSGD for 7" = 3000 iterations
and repeat across R = 1000 runs. To compute the empirical probability, in each iteration we draw S = 600 Monte-Carlo
samples, with thresholds € = {10_2, 1073, 10_4}. The results are presented in Figure 3, where the plots left to right and
top to bottom respectively show the MSE and tail probability behaviours for different values of . We can again see that the
empirical tail probability decays exponentially fast for all values of ¢, with the decay being consistently faster for larger
number of users, demonstrating linear speed-up in the HP sense. Finally, note that in the lower right plot (i.e., threshold
£ = 10~%) the network with n = 25 users has a constant tail probability IE”;,E = 1, while for the network with n = 50 the
tail probability is slowly starting to decrease, which is again consistent with the MSE behaviour on the upper left plot, as the
accuracy B!, = 10~* for these two networks is not reached (on average) in the allocated number of iterations.

n

H.2. Real Data

Methodology. We validate our theory on a non-convex problem, considering a binary logistic regression classification task
with a non-convex regularizer, e.g., (Antoniadis et al., 2011), with users’ local costs given by

filz) = mi Z log (1 + exp(—yi,r(hir, ) + 1 Z T iw

' remi) ke(d]

where h; . € R% and y; . € {+1, —1} are the feature vector and associated label, 7 > 0 is a user-specified penalty parameter,
while [z]; denotes the k-th component of the model vector x. To evaluate the performance, we use the “mushroom”,
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Figure 3. Linear speed-up of DSGD, in the MSE and HP sense. Left to right and top to bottom: MSE performance and tail decay with
threshold ¢ = {1072, 1073, 1074}. We can see that DSGD consistently achieves faster exponential tail decay for larger networks, across
all values of threshold e, illustrating the effect of the linear speed-up in the HP sense.

“a9a” and “ijcnnl” datasets from the LIBSVM library (Chang & Lin, 2011), each providing a varying degree of
heterogeneity. We split the data uniformly across agents, so that all agents have an equal-sized local dataset before training,
i.e., m; = %, where m is the size of the original dataset. Similarly to synthetic data experiments, we use Erd6s-Rényi
graphs with Metropolis-Hastings weights. For each experiment, we fix the following parameters: step-size o = 0.1 and
penalty parameter n = 0.1, giving a large learning rate and a non-trivial effect of the non-convex regularizer. Since
the gap to the global minima is not computable in the non-convex case, we evaluate the performance using the average
gradient norm-squared, i.e., G&" = L Yorely 2iem) IVF (z")||?, so that the empirical tail probability is computed as
Pt = % Do clR] ]I(Gfl”" > e). Similarly to the previous section, we also compute and visualize the average performance

n,e
across all runs, i.e., Ef, = % o c[R) G%". We note that in our experiments on real data, the stochastic noise comes from the
mini-batch choice, hence the resulting noise is not necessarily sub-Gaussian.

Exponentially decaying tails. We start by testing the decay rate of the empirical tail probability. We fix a network of
n = 30 agents communicating over an Erd6s-Rényi graph. We run both methods for 7' = 1000 iterations, repeated across
R = 100 runs. The results are presented in Figure 4, where the top and bottom rows respectively correspond to “a9a” and
“mushroom” datasets, while figures left to right visualizes the average error Ef, and the empirical tail probability IPfhe. The
threshold values are chosen as ¢ = {0.05,0.02,0.008} for “a9a” and € = {0.05,0.03,0.019} for “mushroom” datasets,
based on the achieved average error. As can be seen from the figure, DSGD achieves exponential tail decay across both
datasets and all values of threshold ¢.

Linear speedup. To verify that DSGD achieves linear speed-up, we again consider three networks with n = {10, 30,50}
agents, communicating over Erd6s—Rényi graphs. To ensure that the network connectivity is consistent, we enforce the
condition A = ||WW — J|| ~ 0.6 on the resulting weight matrices, with «, T', R remaining unchanged. We consider the “a9a”
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Figure 4. Exponential tail decay on real data. Left to right: average gradient norm across all runs and its empirical tail probability.
Top to bottom: performance on “a9a” and “mushroom” datasets. For the empirical tail probability, we use threshold values € =
{0.01,0.05,0.01} for the respective datasets. We can see that DSGD consistently achieves exponentially decaying tails, across both
datasets and different threshold values.

and “i jcnnl” datasets, plotting the empirical tail probability versus the number of users for different error thresholds. In
particular, we use the thresholds ¢ = {0.05,0.02,0.01} for “a9a” and ¢ = {0.005,0.0035,0.003} for “i jcnnl” dataset.
The results are presented in Figures 5 and 6, respectively. We can again see that the average gradient norm and empirical tail
probability decay faster with larger n across both datasets and different values of e, with the speed-up effect more evident on
the more heterogeneous “a9a” dataset.

I. Deriving the Transient Time

In this section we provide details on the transient time resulting from our HP bounds. Similarly to Alghunaim & Yuan
(2022), we focus on the dependence on network connectivity and number of users, ignoring other problem related constants.

Transient time for non-convex costs. Recall that the bound in Theorem 3.4 is of the form
1 1 A, n
O —= + =— 50
<.ﬁnT+CT+ a7 " (1—/\)2T)’ (50)

where the problem related constant C' depends on the network connectivity via the expression C' =

O( min { 12 Yna-_x?r Since we are interested in the worst-case transient time (correspondi k
N 2 . - ponding to poor networ

connectivity, i.e., A &~ 1), it follows that C' = O (%) . For simplicity, assume that users have a shared initialization, i.e.,

x} =}, foralli,j € [n], so that A, = 0. In this case, the bound in (50) becomes

1 1 n
O<m+ a7 <1—A>2T)' GD
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Figure 5. Linear speed-up of DSGD on the “a9a” dataset. Left to right and top to bottom: MSE performance and tail decay with threshold
€= {0.057 0.02, 0.01}. We can see that DSGD consistently achieves faster exponential tail decay for larger networks, across all values of
threshold ¢, illustrating the effect of the linear speed-up in the HP sense.

3

. . n n nd . . .
It is now evident that, for any 7" > max { EESVERREESYE } = donr the bound in (51) becomes O(ﬁ) , implying a

transient time of at most O (%) . This matches the transient time of DSGD obtained from the MSE rate in (Koloskova

et al., 2020), see, e.g., Table I in (Alghunaim & Yuan, 2022).

Transient time for strongly convex costs. Recalling the expressions in (47) and (49), it follows that the full bound for
strongly convex costs is of the form

(9< L 1 . 1 L
(T +to) (L= NT +t0)2 ' n(l—N2T +1t0)2 ' n(T +to)?
log(T + to) to to >

+

T \2(T +10)° " nl— 22T 1t T n(l = N2(T + fo)° (52)

. . . . 2 . .
where ¢y depends on the network connectivity via the expression ¢ty = 2 ( max { ﬁ, 1{ T ﬁ }) Since we are again

interested in the worst-case transient time, it follows that ¢ty = 2 (ﬁ), so that the bound in (52) becomes

o 1 1
(n(T i) T A= NT 02 n(l=NET + i)

log(T" + to) 1 n 1 (53)
(1—=N2T +t5)> n(1=XN3(T+t)> n(l-=XN3T+1ty)8)
It can be seen that for 7' > max{m, ﬁ, X m, (171/\)% } = max {ﬁ’ ﬁ}, the bound in (53) becomes
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Figure 6. Linear speed-up of DSGD on the “i jcnnl” dataset. Left to right and top to bottom: MSE performance and tail decay with
threshold ¢ = {0.0057 0.0035, 0.003}. We can see that DSGD consistently achieves faster exponential tail decay for larger networks,
across all values of threshold ¢, illustrating the effect of the linear speed-up in the HP sense.

log(T+to)
O( n(T-‘rtoO)

transient time of DSGD obtained from the MSE rate in (Koloskova et al., 2020), which is of order O (ﬁ), see, e.g.,

Table II in (Alghunaim & Yuan, 2022). As such, our HP analysis provides either matching or strictly sharper transient times
for DSGD compared to the transient times stemming from MSE results, further highlighting the tightness of our analysis.

), implying a transient time of at most ( max { =, ﬁ }) Interestingly, this is strictly sharper than the

J. Achieving Linear Speed-up
In this section we provide further discussions on the main results and techniques needed to obtain linear speed-up.

Linear speed-up for non-convex costs. The crucial result for obtaining linear speed for non-convex costs is Lemma 3.2,
which establishes the variance reduction benefits of decentralized methods in the HP sense. To see why this is the case,
note that using a fixed step-size oz = « and following the same steps as in the proof of Theorem 3.4, while relying only on
assumption (A4) to control the noise, one would get a final bound where the leading term is of the form

1 2
O<w+aa >

It is obvious that no choice of « leading to a linear speed-up is possible, i.e., such that (54) becomes (’)(

(54)

ﬁ) On the

other hand, using Lemma 3.2 to handle the noise, we are able to establish a bound where the leading term is of the form

1 ac?
o= +%),
<04T+ n)
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where it is easy to see that choosing « = © (\/—@) leads to the desired linear speed-up. Works like (Lu et al., 2024; Lu,

2024; Xu et al., 2024) provide no results on the variance reduction benefit of decentralized learning in the HP sense, instead
relying only on the definition of sub—Gaussianity.'2 As such, even if a fixed step-size was used, the authors would be unable
to obtain a bound of the form (55) and achieve linear speed-up. As discussed in Appendix F, using a time-varying step-size
for non-convex costs inevitably leads to a loss of linear speed-up, as all terms decay at the same rate, leading to the bound

o)

On the other hand, using a fixed step-size « = © (%), we get the bound

0 ( L, n)
VT T)’
where the term not achieving linear speed-up is of higher order. This is consistent with MSE guarantees, e.g., (Koloskova
et al., 2020; Xin et al., 2021; Alghunaim & Yuan, 2022), where a fixed step-size is also needed to achieve linear speed-up.

Linear speed-up for strongly convex costs. In addition to Lemma 3.2, a tighter control of the MGF of the process of
interest is required, which is achieved in Lemma 3.6. To see why this is the case, consider the existing techniques in
centralized settings, e.g., (Harvey et al., 2019; Bajovi¢ et al., 2023), where the authors show via induction that the MGF of
the process of interest is uniformly bounded, i.e., that there exists a B > 0, such that, for all ¢ > 1 and v € (0, B|

Elexp(vF*)] < exp (%) (56)

Recalling that F* = n(t + tg) (f(ft) — f*), it then follows from (56) and Markov’s inequality that, for any € > 0

e+ 1

p(f(ﬁ) —fr> n<t+to)) =P(vF" > e+1) < exp(—e).

Choosing v = B, we then get for any 6 € (0, 1), with probability at least 1 — §

log(1/s) +1

nB(t+tg) 7

f@)—fr<

While the above bound seemingly achieves linear speed-up, we now show that the constant B must depend on n, effectively
canceling the linear speed-up. To see that this is the case, we go back to (56) and note that for t = 1, we have

E[exp(vF1)] = exp (Vn(to + 1)(f(§1) — f*)) < exp (%),

where the equality follows from the definition of F'* and the fact that the initial models are chosen deterministically, while
the inequality follows if and only if B < W As such, in order for (56) to hold, the constant B has to decay
with n, canceling the linear speed-up in (57) and resulting in a HP bound of the form

log(t/s) +1

1@ =1 < Fay

where B’ > 0 is independent of n and the linear speed-up is lost. On the other hand, Lemma 3.6 implies that

+4vGy +
(t+1+t0)2 "1+t (t+to+1)2 5(to + 1)2(t 4 1 + tg)?

E[exp (vFi11)] < exp <<t0+2)3VAf AvGy 4vGglog(t +to + 1) 4vGy >

for some problem related constants G; > 0, i € [4], providing a tighter and more fine-grained control of the MGF compared
to (56) and crucially allowing for a bound where the leading term achieves linear speed-up in the number of users (as G is

12Lu (2024) consider the problem of online noncooperative games and show HP convergence guarantees in terms of dynamic regret
R;(t), for each individual i € [n]. While this is different from the metrics considered in our work (i.e., user-averaged gradient
norm/optimality gap), the analysis in (Lu, 2024) suffers from the same shortcomings as other decentralized works, i.e., no result showing
variance reduction in the HP sense is provided, making linear speed-up impossible to achieve even if % > eln] R;(t) is considered.
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independent of n). On the other hand, using a different approach to Harvey et al. (2019); Bajovic et al. (2023), Liu & Zhou
(2024) establish the following HP bound for the last iterate of SGD in centralized setting and smooth, strongly convex costs

log(t) log(1/s) 1
t+to +(1&+t0)2>'

fuwf*—o(

While such a result could potentially be leveraged to maintain linear speed-up (provided that the constant growing linearly
with n affects only the higher-order term), it still accrues a factor of log(¢) in the leading term, whereas the log term in our
bound only affects higher-order terms. As such, Lemma 3.6 provides the most fine-grained control of the MGF and is of
independent interest when studying “almost decreasing” type processes, even in centralized settings.

K. Extending to Time-varying Networks

As discussed in the main body, to model the communication network, we use assumption (A1), which subsumes fixed
undirected networks, as well as a class of fixed directed networks. The authors in (Lu et al., 2024) consider a more general
case of directed, time-varying networks, facilitated by the following condition.

(A1") At any time ¢ > 1, the network is given by a time-varying directed graph G* = (V, E*, W), where E* = {(i, ) :
user ¢ can send a message to user j in iteration ¢} and W* € R"*" is such that [W*];; > | > 0if (i,j) € E*, otherwise

Wt,;; = 0, where [ € (0,1). Moreover, W' is row-stochastic and balanced for any ¢t > 1, i.e., W'l,, = 1,, and
J y

2 e (Wt = >iein) [W ]ji» for all ¢ € V. Finally, for some U € N and all ¢ > 1, the graph G}, = (V, E},;), where

Bl = UDY T B s strongly connected. 3

Our work can be readily extended to the setting of time-varying networks, with (A1) replaced by (A1’). To see why this is
the case, note that in our proofs we only use the fact that under (A1), we have A = ||W — J|| € [0,1). Lu et al. (2024) use a
similar result for time-varying in networks (see Lemma 1 in (Lu et al., 2024)), namely that under (A1), for any ¢ > s

[®(t, s)]sj — % < Mp', (58)
where ®(t,5) = W1 x ... x W¥ is the transition matrix from time s to t (with ®(¢,t) = I,), while M > 0 and p € (0, 1)
are graph related constants. As discussed in (Lu et al., 2024), the constant p plays the same role of the network connectivity
parameter, as A does in our work. It can be readily verified that replacing (A1) with (A1’) and using (58) to control the
consensus gap, our results readily go through, with A being replaced by p. As such, our results can be easily extended to the
more general (directed) time-varying network setting considered in (Lu et al., 2024).

L. On Sub-Gaussian Vectors and Dimension Dependence

As mentioned in Section 4 in the main body, our rates in Theorems 3.4 and 3.7 exhibit a mild dependence on the problem
dimension, of order log(d), with the dependence stemming from Lemma 3.2. This is a consequence of working with random
vectors, where we simultaneoulsy need to show a bound on the MGF of the inner product (z',v) for any F;-measurable
vector v € R? (shown in point 2 of Lemma 3.2), as well as on the MGF of the squared norm Hz’ | (shown in point 3 of
Lemma 3.2). While the inner product maintains some desirable properties, such as being zero-mean and linear (in the sense
that (z',v) = L 3~ ien) (%0 2%, v)), this is not the case with the squared norm, which is neither zero-mean, nor linear. Therefore,

trying to dlrectly establish the variance reduction benefit of decentralized learning, i.e., that z* is O ( \F) -sub-Gaussian, in

the sense of condition (A4), fails to yield the desired result. In particular, recalling that o2 = % > icln] 01-2, we then have
t))2 (3) zt (@) 1 H
]E{exp (”Z”> |]:t} < E|exp M ‘]—"f < E[exp < Z I ” ) |]—“t]
o2 n Zle[n] o? n e o?
1 n
(44%) H 75”2 (w)
< IT (E|exp | 7. < H exp ( ~ ) = exp(1), (59)
i€[n] Z

Recall that a directed graph G' = (V, E) is strongly connected if for any two vertices i, j € V/, there exists a path from i to 5 (and
vice versa), see, e.g., (Cvetkovi¢ et al., 1997; Chung, 1997).
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where (i) follows from Proposition C.1, (i¢) follows from Sedrakyan’s inequality, namely that

(PCien @i)” - a?
Zie[n] bi icln] bi
which holds for any n € N, a; € R and b; > 0, in (i44) we used Proposition C.1 and the fact that noise is conditionally
independent across users, while (iv) follows from (A4). Therefore, a direct approach yields that z* is o-sub-Gaussian,
failing to show the variance reduction benefit. To circumvent this issue, we use a different argument, namely that condition
(A4) is equivalent to norm-sub-Gausiannity, i.e., that for any € > 0, we have

2
P(||24|2 > ¢ | Fi) < 2exp <2602)

which, combined with Proposition C.9, implies that
P(||IZ8)?> > €) < 2d e,
(> > ¢) < 2dexp (55

This result can be further leveraged to show the desired bound on the MGF of z*, while introducing the mild log(d)
dependence. Note that when there is no noise, i.e., ¢ = 0, the dimension dependence in our bounds vanishes, highlighting
that this dependence stems from the noise. As mentioned in (Jin et al., 2019), while mild, it is not clear if the dependence on
d can be completely removed. We now highlight three important facts. First, if a different definition of sub-Gaussian vectors
is used, namely the one via inner products, which states that, for any J;-measurable vector v, we have

Blexp ((v:2)) | 7] < exp (2L,

this would inevitably lead to a worse dependence on the problem dimension, as in order to bound the MGF of the squared
norm of the average noise, i.e., ||Z*||%, one would need to use a similar argument as the one for Lemma 1 in (Jin et al.,
2019), via covers of the unit sphere, picking up a factor of d in the final rate, much worse than our log(d) dependence.
Second, while the notion of sub-Gaussian random vectors used in (A4) is equivalent to the notion of norm-sub-Gaussian
vectors in (Jin et al., 2019) and stronger than the notion of sub-Gaussian vectors defined via inner products above, it is in
fact the standard notion of sub-Gaussianity used in almost all HP results, in both centralized and decentralized settings, see
(Nemirovskii et al., 2009; Ghadimi & Lan, 2013; Li & Orabona, 2020; Liu et al., 2023a; Liu & Zhou, 2024; Lu et al., 2024;
Lu, 2024; Xu et al., 2024) and references therein. Finally, we note that in the extreme regime of n < log(d), we can simply
use the argument in (59), to conclude that Z? is o-sub-Gaussian, completely removing the dependence on dimension d, at
the cost of losing linear speed-up in the number of users.

M. General Step-Size for Strongly Convex Costs

In this section we extend the results for strongly convex costs under a more general step-size schedule. To that end, we
consider a time-varying step-size schedule oy o< =", where 7 € (1/2, 1]. We start by providing some technical result. The
first extends Proposition C.6 for a general step-size schedule.

Lemma M.1. Foranyc,to > 0,n € (1/2,1] and 0 < a < b, we have
[0 ) =t
I ('~ i) < o
Proof. Using the inequality 1 — x < e™", it follows that

ﬁ( DL Hexp( k+t>>:exp<_

Next, note that for any k£ > 1

b C
2 Ty ) (60)

1 k+1 1 k+1 1
= ——_ds> — s,
(k + to)" / (k + to)" —/ (s + L)
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therefore, we have
b

b c k1 c
—_— > ———ds.
2 (k+to)” — kz_;l/k (s +to)"

k=a
k+1
(S-‘rto

b b

c k—l—to a+ty
S >Y clog [ o) = clog [ 0,
k_a(k—i—to)"_k_a60g<k+1+to> Cog(b+to+1>

Plugging into (60), we get

~ds = clog ( ktio ), therefore

We now differentiate between two cases: first, if p = 1, then [, you s

b c a—+ ty €
I1 (1_ (k:+to)n) = <b+t0+1) ' e

k=a

ds > cnlog (k”o*l), therefore

Next, if n € (1/2, 1), we use the fact that (SH 7 = srio77s implying fk s

s+t0)’7

b
k+1++tg a+ 1+t
1 = enlog (22700,
kZ:; k+t n—cnzo (k+2+t> < Og(b+2+to

Plugging into (60), we get

b cn
H(1* c >§<a+1+t0) . 62)
Pt (k4 to)n b+2+t
The claim follows by combining (61)-(62) and noting that (5} < (g3t ) O

The next result extends Lemma 3.6 for a general step-size.
Lemma M.2. Let { X'},cn be a sequence of random variables initialized by a deterministic X* > 0, such that, for some
n € (1/2,1], some C1,C2,C3 > 0 and every t > 1
C C C
Xt L 2 _ 4 = )] (63)

(t+t0)”) (t+1t0)?"  (t+to)' ™7 t+to

Elexp(X**1)] < E[exp ((1 -

Ifty > 2, we have

N, G % g
(E+1+1t0)21  (t+1t0)2 1 (t+t) °

Efexp(X**1)] < exp (

Proof. Starting from (63), taking the logarithm, defining Y; := log E[exp(X?)] and b; = 1 — —2—, we then have

i+to°
C C o
t+1 1 2 3 t
Y S G T agao) it T oeElexp(eXT)]
byt O s Cs (64)

(t +tg)2" + (t + to)t+n + t+ty

where the second inequality follows from the fact that b, € (0, 1) and Proposition C.1. Unrolling the recursion (64) and
noting that Y7 = X, since X; > 0 is deterministic, we get

t t

c Oy i

kelt] ke[t] s=k+1 ke[t] =k+1 kel t] s=k+1

2n
Using Lemma M.1, it follows that [T, _, , by < (k+t°) , therefore using Darboux sums, we get

t+to
X! Ch Cs
Yyt < Cs. 65
St Tt Tty ()
Taking the exponent on both sides completes the proof. O

41



High-Probability Convergence Guarantees of Decentralized SGD

The next two results generalize Lemmas G.1 and 3.5. The proofs follow essentially the same steps as those of Lemmas G.1
and 3.5, with Proposition C.6 replaced by Lemma M. 1. For brevity, we omit the details.

Lemma M.3. Let assumptions (A1)-(A4) and (A6) hold and let a,ty, K > 0 and v € (0, 1] be some positive constants.

o . . 1 1 . . n _
If the step-size satisfies oy < min {02(t+to+2)"1K’ u} forallt > 1, with v < min {1, 724(152[(} and Ky =
(t+to + 2)?"" 1K, then
CVl _ Cg
E K 1 x)12)] < K I S t+t NI-n¢ I S
[eXp(V t+1||x X || )] — eXp v t+1 (t + tO + 2)2?771 +( + 0 + ) 2 + (t +t0 + 2)0,;“7 9

for some problem dependent constants C; > 0, i € [3], all independent of n.
Lemma M.4. Let (A1)-(A4) and (A6) hold, let a,ty, K > 0 and the step-size be given by oy = mfor n e (1/2,1],

1
and let xj = x}, forall i,j € [n]. Ifa = % and ty > max {6%, - 77;6(512_)‘;)K, (122\1’:_‘&1)70) ! } then for K; 11 =

(t+to + 2)?"" 1K and any v < min {1, ﬁ}, we have

t

t
E[exp (VKt+1 Z (e 95t+1||2>} <exp (VKt+1(Z MRSy + Z Xf_ka)),

i€[n] k=1 k=1

where Dy = o (% + (t+to+2)171C, + m) and S; = ainC}, for some problem related constants
C! >0, i € [4)], all independent of n.

We are now ready to state the main result.
Theorem M.5. Let (A1)-(A4) and (A6) hold, the step-size be given by o, = mfor n € (1/2,1] and let xll = x},for

1
- _ 6 L 142 233285°k2A%2 97200%k [ 126kAV10 )7 — I B
alli,j € [n]. Ifa = > to > max {6n, 5% 0 T (R and v = min | 1, 55—, 5= ¢, then

forany 6 € (0,1) and T > 1, with probability at least 1 — 0, it holds that

1 o ey log(24/5) 1
" Z (f(xz) —f ) - O(n(t+to)2"1 + (t—l—to)?’”l).

1€[n]

Theorem M.5 extends the results of Theorem 3.7 for the polynomially decaying step-size a; < t~" for n € (1/2,1],
recovering the results of Theorem 3.7 when 1 = 1. Interestingly, it offers the following insight: for strongly convex costs,
the step-size does not determine the rate in the number of users n, but only the rate in time t. In other words, DSGD achieves
the optimal linear speed-up for strongly convex costs independent of the step-size schedule. This is intuitive, as the step-size
in Theorem M.5 does not depend on n, whereas for non-convex costs the step-size needs to be chosen as a oc (nT)~/? to
guarantee linear speed-up. We now provide a proof sketch, highlighting the main differences to the proof of Theorem 3.7.

Proof sketch of Theorem 3.7. The main difference stems from changing the scaling when defining the quantity F'*, which
we now define as F* := n(t + to)?7~*(f(z") — f*). Denoting by Ay := a;(t + to + 1)*7~*, using Lemma 3.1 and the
properties of strongly convex functions, we get

t+ito+1

2n_lFt — AUV (@), 2 + A L|[Z|? + AL >l — 2| (66)
t+to i ’ e 2 ‘ '

1€[n]

FiHl < (1 - OétM)(

Starting from (66), we follow similar steps as in the original proof, with Lemmas 3.5 and 3.6 replaced by Lemmas M.4 and
M.2. To bound the consensus gap, we use Lemma M.4 and additionally proceed as follows

t—1

E[exp (vgei|x' —X|1?)] < E[exp (vKy|x" —X||?)] < exp (I/Kt Z P (Dk + Sk>),
k=1
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where Dy, = ai(% + Ch(k +to +2)177 + W) and S;, = ainC}. To further bound the above
expression, we use Lemma D.3, to get

t—1 t—1
N1k 2 nC| nCf
! N S 1 < 1
" 1; (k + to)2n1 ; (k+ to)™ 1 = (t+to)in 1
-1

C} C}
C /\t 1— k k t 1— n_ )\t 1—-k 2 < 2
22 + Z (k+to)® 1 = (t+to)3n1

k=
t—1 t—
t—1—k a Cs Cs
O3z>\ (k;+t Yaun Z k+t0)(au+2)n < (t + to)n(2+an)
t—1 -
C, nC}
! N1k g2 )\t 1-k_ s 4
O e = N G S

Noting that 27 — 1 > 0 and that ape > 1, it then follows that

E[exp (cht||x —x? )] < exp (VKt( Glf + nGo )),

0T " ()

where G = C4 4+ C% and Gy = Cf + Cj. Since % = ria < “4F, we finally get

. _ viog Ky G4 nGo vy vnGy
\/E[exp(cht||xt_xt||2)] SeXP( 1 ((t—i—to)?’”l + (t+t0)277>> SeXP<(t+t0)2n + G+ )

where the last inequality follows from the definition of K; and the step-size. The rest of the proof follows the same steps as
that of Theorem 3.7 and is omitted, for brevity.
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