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Abstract

This paper studies sequences of graphs satisfying the finite-time consensus property (i.e., iterating
through such a finite sequence is equivalent to performing global or exact averaging) and their use in
Gradient Tracking. We provide an explicit weight matrix representation of the studied sequences and
prove their finite-time consensus property. Moreover, we incorporate the studied finite-time consensus
topologies into Gradient Tracking and present a new algorithmic scheme called Gradient Tracking for
Finite-Time Consensus Topologies (GT-FT). We analyze the new scheme for nonconvex problems with
stochastic gradient estimates. Our analysis shows that the convergence rate of GT-FT does not depend
on the heterogeneity of the agents’ functions or the connectivity of any individual graph in the topology
sequence. Furthermore, owing to the sparsity of the graphs, GT-FT requires lower communication costs
than Gradient Tracking using the static counterpart of the topology sequence.

1 Introduction

We study the decentralized solution of optimization problems of the form
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and f;: R? — R is a smooth, possibly nonconvex function, and the symbol E¢, denotes the expected value of
the random variable or data &; associated with the probability space {§2;, F;,P;}. Hence, f; is defined as the
expected value of some loss function F;(-,&;) over &. Solving Problem (1) using traditional gradient descent
methods can incur high computational costs as the gradient oracle must be accessed at each iteration, and
the cost of gradient computation increases with the amount of data (Woodworth et al., 2018). Decentralized
stochastic gradient methods are an alternative approach in which each function f; and probability space
{8, F;,P;} are assigned to be held exclusively and privately by an agent (node), and agents use stochas-
tic gradient estimates of f;. This parallelizes the cost of accessing the gradient oracle across the agents.
Consequently, agents must cooperate and communicate with one another according to a certain network
topology.

Previously, a considerable amount of work in decentralized optimization is tailored to applications such
as wireless communications, power systems, and sensor networks (Cui et al., 2007; Kar and Moura, 2009;
2010; Zhang et al., 2015). Network topologies for these applications are either static, unknown, or defined
beforehand. Moreover, communication might be fragile, and conservative worst-case scenarios must be
considered. We instead focus on the high-performance computing scenario in which agents are abstractions
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of computing resources. Under this scenario, the communication links between agents are robust, and the
network topology can be flexibly and cheaply rearranged (Jouppi et al., 2023).

In view of the flexibility in the design of network structure, careful selection of sparse topologies can
reduce communication costs (Assran et al., 2019; Ding et al., 2023; Lan et al., 2018; Ying et al., 2021). A
simple choice of network structure for communication is to allow global coordination across all agents through
Parameter—Server (Li et al., 2014) or Ring—Allreduce (Patarasuk and Yuan, 2009). Yet, both strategies are
not scalable. Global coordination following the Parameter—Server framework incurs significant bandwidth
costs, while following the Ring—Allreduce protocol incurs high latency. An alternative approach to reduce
communication costs is to use a static, sparse topology such as rings or static exponential graphs. Under this
setup, communication costs are reduced as agents only communicate with their direct neighbors, and only
local information is needed. However, the benefits of reduced communication costs come at a price of slower
convergence when considering their implementation into decentralized algorithms (Nedi¢ et al., 2018).

In this paper, we address the trade-off between communication costs and convergence rate in decentralized
optimization algorithms and propose to use sequences of deterministic topologies that satisfy the finite-time
consensus property. Topology sequences with the finite-time consensus property have the desirable feature
that iterating through the entire graph sequence is equivalent to performing global or exact averaging.
Moreover, each of the individual graphs in such a sequence is typically sparse (Shi et al., 2016; Takezawa
et al., 2023; Ying et al., 2021) and, when used in a decentralized algorithm, requires limited communication
costs at each iteration. We study several classes of topology sequences for which this seemingly restrictive
requirement holds, including the static de Bruijn graph (de Bruijn, 1946; Delvenne et al., 2009), one-peer
hyper-cubes (Shi et al., 2016), one-peer exponential graphs (Ying et al., 2021), and p-peer hyper-cuboids.

Despite the existence of various topology sequences with the finite-time consensus property, directly
incorporating them into decentralized algorithms is not straightforward. Classical analyses of decentralized
optimization algorithms assume, for example, symmetry and strong connectivity of the mixing matrices,
which certain elements in a topology sequence with the finite-time consensus property might violate. The
usefulness of finite-time consensus graphs in decentralized optimization was first examined in Ying et al.
(2021), where the Decentralized Momentum Stochastic Gradient (DmSGD) method is applied with one-
peer exponential graphs. The authors of Ying et al. (2021) show that the convergence rate of DmSGD
using one-peer exponential graphs is the same as that using static exponential graphs. This equivalence
is crucial as the communication cost of using a one-peer exponential graph is significantly lower than that
of using a static exponential graph. Despite the simplicity of Decentralized Stochastic Gradient methods,
their analysis requires making an assumption that bounds the heterogeneity between agents’ local functions
(see; e.g., Ying et al. (2021)). An alternative algorithm class called exact or bias-corrected methods has
been proposed to overcome this limitation so that convergence is achieved independent of the magnitude of
the heterogeneity. Examples of these algorithms include EXTRA (Shi et al., 2015), Exact Diffusion (Yuan
et al., 2019), and Gradient Tracking (GT) methods (Nedi¢ et al., 2017). However, existing analysis for these
methods breaks when finite-time consensus graphs are used in the algorithms. For example, recent tight
analysis on GT methods (Alghunaim and Yuan, 2022; 2023; Koloskova et al., 2021) assumes static, strongly
connected topologies described by a symmetric mixing matrix, which limits the direct extension of their
analysis for the time-varying setting with possibly disconnected instantaneous communications.

Contributions. The contribution of this work is two-fold. First, we study several sequences of graphs that
satisfy the finite-time consensus property. For one-peer exponential graphs presented in Ying et al. (2021),
we present a simplified proof for its finite-time consensus property when the number of agents is a power
of 2. For an arbitrary number of agents, we present the sequence of graphs called p-peer hyper-cuboids, and
establish their finite-time consensus property. We also show that in certain cases, p-peer hyper-cuboids are
permutation equivalent to the well-studied de Bruijn graphs.

Moreover, we incorporate the studied topology sequences into the Gradient Tracking (GT) algorithm and
present a new algorithmic scheme called Gradient Tracking for Finite-Time Consensus Topologies (GT-FT).
We present convergence analysis for GT-FT, with further stepsize tuning and a simple warm-up technique.
The analysis establishes that the convergence rate is independent of the connectivity of any of the individual



graphs used in the algorithm. Furthermore, we show that GT-FT using one-peer exponential graphs has
slightly lower iteration complexity than GT using the static exponential graph. Considering the decentralized
manner of the algorithms, it suggests that GT-FT has significantly lower communication costs compared
with the static counterpart.

Outline. The rest of the paper is organized as follows. Section 2 discusses prior work on decentralized
optimization algorithms and existing sequences of topologies satisfying the finite-time consensus property.
Section 3 formally defines the finite-time consensus property and presents various topology sequences with
this property. Section 4 includes a description of the Time-Varying Gradient Tracking (TV-GT) algorithm
and our modified version: Gradient Tracking for Finite-Time Consensus Graphs (GT-FT). Section 5 presents
convergence analysis of GT-FT under the nonconvex setting where agents only have access to stochastic
gradient estimates. Numerical experiments in Section 6 verify the finite-time consensus property of the
topology sequences studied in Section 3 and the algorithm analysis in Section 5.

2 Related Work

We begin reviewing various decentralized optimization algorithms and describe the scope and settings for
their analysis. We highlight various works analyzing Gradient Tracking methods and detail why their analysis
cannot be trivially extended to sequences of topologies that satisfy the finite-time consensus property. We
then discuss prior work that studied sequences of topologies that satisfy the finite-time consensus property.

Many algorithms have been proposed to solve Problem (1) in a decentralized manner. We focus on
stochastic decentralized algorithms in which agents cannot compute the full gradient of their local objective
function. Among these algorithms, the most famous ones include Decentralized Stochastic Gradient (DSGD)
methods (Cattivelli and Sayed, 2010; Lopes and Sayed, 2007; Sundhar Ram et al., 2010), EXTRA (Shi
et al., 2015), Exact Diffusion/D? /NIDS (Li et al., 2019; Tang et al., 2018; Yuan et al., 2019), and Gradient
Tracking (Di Lorenzo and Scutari, 2016; Nedi¢ et al., 2017; Qu and Li, 2018; Xu et al., 2015). (Accelerated
variants of decentralized algorithms are beyond the scope of this work and left for future work.) Below, we
briefly discuss current analytical findings on these algorithms that motivate our investigation into Gradient
Tracking methods.

DSGD is arguably the most popular and widely studied decentralized algorithm due to its simplicity and
communication efficiency. However, analysis of DSGD has revealed several of the algorithm’s limitations. For
example, DSGD requires a bounded heterogeneity assumption, which bounds the allowed difference between
local functions/data. One typical formulation of the heterogeneity assumption for nonconvex problems used
in recent analyses, such as the analysis done in Koloskova et al. (2020), reads as
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where (P, () € Ry x Rsg are two constants.

The effect of heterogeneity is further magnified by large and sparse topologies, which further degrades
the performance of DSGD. Both phenomena are captured in the work by Koloskova et al. (2020) where for
nonconvex problems in which agents use stochastic gradients, they can, as one special scenario, derive the
iteration complexity
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to find an e-first-order stationary point. The constant p < 1 is one minus the spectral gap of a static, doubly
stochastic, and symmetric mixing matrix W € R™*", which describes the network topology. The constants
&2, M are derived from their assumption on the gradient noise:
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for all {x;}*_, € R%. The constant L is the Lipschitz constant. The notation 2(*) indicates the initial param-
eter of all agents, and f* is the optimal value of Problem (1). It follows from (2) that larger heterogeneity
or a smaller spectral gap will increase the number of iterations required to obtain the desired accuracy. The
iteration complexity of DSGD increases as the amount of heterogeneity CA , P increases or as the connectivity
of the network decreases, i.e., p — 0.

Exact or bias-corrected decentralized algorithms have been proposed to circumvent the negative effects
that heterogeneity has on the convergence of DSGD. Examples of these algorithms include EXTRA (Shi
et al., 2015), Exact Diffusion (Yuan et al., 2019), and Gradient Tracking methods (Nedi¢ et al., 2017).
The aforementioned three algorithms have been studied in a unified framework in Alghunaim et al. (2021)
and Alghunaim and Yuan (2022). The analysis in Alghunaim et al. (2021) and Alghunaim and Yuan (2022)
on EXTRA, Exact Diffusion, and Gradient Tracking reveals that the bounded heterogeneity assumption is
not necessary. Furthermore, the convergence rate of these algorithms is dependent on the heterogeneity at
the initial point.

The convergence of EXTRA and Exact Diffusion has only been established for symmetric and static
mixing matrices (Alghunaim and Yuan, 2022). We specifically choose to focus on Gradient Tracking methods
because GT methods have been shown to converge for various scenarios such as directed graphs (Pu et al.,
2020; Xi et al., 2018) and time-varying graphs (Scutari and Sun, 2019). We note that the recent analyses on
Gradient Tracking methods (Alghunaim and Yuan, 2022; 2023; Koloskova et al., 2021) have comprehensively
covered the static, connected topology case. Their analyses cannot readily be extended to the time-varying
case as they all rely on assuming the symmetry of the mixing matrix. Even if one assumes that every mixing
matrix of a sequence of network topologies is symmetric, it does not necessarily hold that the product of
these matrices is also symmetric.

Gradient tracking with time-varying topologies (TV-GT) has been studied in other literature under
various assumptions. Nedié¢ et al. (2017) analyze TV-GT, which they call DIGing, for the strongly-convex
deterministic scenario and with 7-connected graphs. The assumption of 7-connected graphs means that the
union of a sequence of 7-length graphs is connected, and is weaker than assuming that the topology at every
iteration is connected. Another example of TV-GT is the algorithm NEXT (Di Lorenzo and Scutari, 2016)
(and its extension SONATA (Scutari and Sun, 2019)), which are analyzed for the nonconvex multi-agent
composite optimization problems in the deterministic scenario and with 7-connected graphs. We note that
DIGing (Nedi¢ et al., 2017), NEXT (Di Lorenzo and Scutari, 2016), and SONATA (Scutari and Sun, 2019) do
not cover the case in which agents can only have access to stochastic gradient estimates of their local objective
functions. Moreover, Song et al. (2022) provide convergence analysis for TV-GT under the nonconvex and
stochastic setting and make no assumption on the symmetry of the mixing matrices. Nevertheless, they only
consider the graph with the smallest connectivity (in expectation) of the set of all time-varying topologies
used in the algorithm. This does not cover deterministic sequences of topologies that satisfy the finite-time
consensus property where certain elements of the sequence are always disconnected.

Table 1: Summary of analyses for Time-Varying Gradient Tracking for the nonconvex, stochastic case.

Reference Nonconvex  Stochastic Network Class Iteration Complexity®
Gradients
b
Song et al. (2022) v v Strongly Connected 0 (7‘:—:)) +0 (W) +0 <ﬁ>
c
Our Work v v Finite-Time Consensus (@) ( ﬁ:j > + 0 (73:/5”) + 0 (TQTL)

@ These algorithms follow the Adapt-then-Combine update scheme so the computational and communication iteration
complexities are the same.

b The convergence rate in this paper omits the Lipschitz constant from their rate. The constant ) is the mixing rate of
the mixing matrix associated with the graph with the smallest connectivity (in expectation) of the set of all
time-varying topologies used in the algorithm. The constant o is from the bounded variance assumption imposed on
the gradient noise.

¢ The constant 7 is the length of the sequence of topologies with the finite-time consensus property, o is from the bounded
variance assumption imposed on the gradient noise, and L is the Lipschitz constant.



Topologies with the so-called finite-time consensus property have been studied across various works but
have only recently revealed their usefulness for decentralized optimization. Delvenne et al. (2009) prove that a
sequence of static de Bruijn graphs can achieve finite-time convergence. Shi et al. (2016) study (symmetric and
asymmetric) gossip algorithms with finite-time convergence, and they provide hyper-cubes as an example of
finite-time consensus graphs. However, both papers do not study the use of finite-time consensus property in
decentralized optimization algorithms. Assran et al. (2019) first propose to decompose a static exponential
graph into a sequence of directed one-peer exponential graphs, and then the “Push-Sum” communication
protocol (proposed by Nedic¢ et al. (2018)) is leveraged to enable the use of directed graphs in decentralized
algorithms. Yet, Assran et al. (2019) do not prove the finite-time consensus property for the proposed
graphs, and their analysis requires the bounded heterogeneity assumption. Further investigation into the
one-peer exponential graphs is conducted by Ying et al. (2021), where the authors prove that sequences
of one-peer exponential graphs with 27 agents (7 € N>;) satisfy the finite-time consensus property. In
addition, Ying et al. (2021) incorporate the one-peer exponential graphs into the Decentralized Momentum
Stochastic Gradient (DmSGD) method. The authors show that the convergence rate of DmSGD using
one-peer exponential graphs is the same as DmSGD using static exponential graphs. The equivalence of
the convergence rate is significant because the communication cost of a one-peer exponential graph is much
lower than that of a static exponential graph. We note that the final convergence rate derived by Ying
et al. (2021) fails to consider the requirement on stepsizes imposed by their analysis, and thus, their result
is incomparable to ours. Recent work by Takezawa et al. (2023) proposes the k-peer hyper-hypercubes and
base-(k + 1) graphs and claims that both satisfy the finite-time consensus property for an arbitrary number
of nodes. However, Takezawa et al. (2023) only present a constructive approach to building the graphs
and do not give an explicit matrix representation of the corresponding weight/mixing matrices. Although
numerical evidence provided in Takezawa et al. (2023) demonstrates the finite-time consensus property of
their proposed base-(k + 1) graphs, theoretical justification is still lacking and requires further investigation.
Last but not least, we remark that the scenarios studied in Assran et al. (2019); Takezawa et al. (2023); Ying
et al. (2021) all require the bounded heterogeneity assumption due to their choice to study DSGD methods.

3 Finite-Time Consensus

In this section, we formally define the finite-time consensus property, and establish this property for several
sequences of graphs, including the one-peer exponential graphs and the p-peer hyper-cuboids.

Notation. Only in this section, we modify the convention for indexing a matrix W € R™*". In this section,
we start the indexing at 0, i.e., the entries of an n X n matrix W are

W =[w;;] fori,j=0,1,...,n—1
In the rest of the paper, we follow the convention and start the indexing at 1, i.e.,

W = [w;;] fori,j=1,2,...,n.

3.1 Definition of Finite-Time Consensus Property

We formally present the conditions for a sequence of graphs (or topologies) to have the finite-time consensus
(or exact averaging) property.

Definition 3.1 (Graph sequence with Finite-Time Consensus). The sequence of graphs GV = (v, W, £W),
I =0,...,7 =1, has the finite-time consensus property with parameter T € N>1 if and only if the weight
matrices {T/V(Z)}ZT;O1 are doubly stochastic and satisfy

1
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Table 2: Classes of graph sequences that satisfy Definition 3.1.

# of Tterations (1)

Topology Orientation Size n Maximum Degree for Finite-Time Consensts
One-Peer Exponential (Ying et al., 2021)  Directed Power of 2 @ 1 log,(n)
One-Peer Hyper-Cube (Shi et al., 2016)  Undirected Power of 2 1 log,(n)
p-Peer Hyper-Cuboid Undirected AnyneN pP # of Prime Factors ©
de Bruijn (Delvenne et al., 2009) Directed ~ Power of p € N>, p—1 log,, (1)

& When n # 27, one-peer exponential graphs are still well-defined, but the finite-time consensus property no longer holds.

b Consider n = 20 and its prime factors {2,2,5}. The largest prime factor is 5. The maximum degree is then p = 4.

¢ We consider the multiplicity of the prime factors as well. Consider n = 20 and its prime factors {2,2,5}. In this case, the
number of prime factors is 7 = 3.

For a sequence of doubly stochastic matrices {W(l)}[;ol7 the condition (3) is equivalent to

(w0 — LTy (w2 — 1117y ... (w® - L1aTy(w® - 1117) = 0. (4)

The parameter 7 in Definition 3.1 is not arbitrary and might depend on the matrix size n and graph structure.
Examples of graphs with finite-time consensus are provided in Sections 3.2-3.4, and the parameter 7 will be
clear from the context. In Definition 3.1, each matrix W in the sequence is required to be doubly stochastic
but needs not be symmetric or connected. The potential disconnectivity might be a desirable property in the
context of decentralized optimization, because such graphs tend to be sparser and using them in decentralized
algorithms helps reduce the communication overhead at each iteration. Nevertheless, when considered jointly,
a sequence of graphs satisfying Definition 3.1 exhibits the same connectivity properties as the fully connected
graph.

Graph sequences with finite-time consensus have been proposed and analyzed in various contexts. For
example, Delvenne et al. (2009) establish the finite-time property for a sequence of static de Bruijn graphs.
(In Delvenne et al. (2009), the term “deadbeat” consensus is used instead of finite-time consensus.) Later,
Shi et al. (2016) justify the finite-time consensus property for a sequence of one-peer hyper-cubes (when
n = 27 for some 7 € N>;). (As the name suggests, the hyper-cuboids discussed in Section 3.4 reduce to
hyper-cubes when the matrix size n is a power of 2.) Assran et al. (2019) observe in numerical experiments
that one-peer exponential graphs have the finite-time consensus property when n is a power of 2, which is
later theoretically justified in Ying et al. (2021). More recently, Takezawa et al. (2023) claim to build graph
sequences of any node size n € N that satisfy (3), but they do not provide any theoretical justification.
In another line of research, Ding et al. (2023) extend the optimal message passing algorithm developed in
Bar-Noy et al. (1993) and propose a communication-optimal exact consensus algorithm. The algorithm
proposed in Ding et al. (2023) requires an additional copy of the optimization variable at each agent, and
with the help of these auxiliary variables, achieves “finite-time consensus” for an arbitrary number of agents.
The discussion of this approach is out of the scope of this paper, and further investigation is left as future
work. Table 2 presents several of the existing graph sequences for which Definition 3.1 is proven to hold. In
the remainder of this section, we detail the one-peer exponential graphs and the p-peer hyper-cuboids. For
the well-studied de Bruijn graphs, we establish its connection to the p-peer hyper-cuboids and postpone the
details to Appendix A.

3.2 One-Peer Exponential Graphs

We present the weight matrices of one-peer exponential graphs (Ying et al., 2021), listing several properties
we will leverage throughout this paper. In particular, the weight matrices representing one-peer exponential
graphs are asymmetric, doubly stochastic, sparse (potentially disconnected), and when n is a power of 2,
satisfy (3).

As a byproduct, we develop an alternative proof for the finite-time consensus property of one-peer expo-
nential graphs (when n = 27). In comparison, Ying et al. (2021) provided the first theoretical justification,
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Figure 1: The three one-peer exponential graphs {g(”}%:o with n = 8 and 7 = log,(8) = 3. Note that all
nodes have self-loops, although not explicitly shown in the figure.

which we believe was inspired by the use of binary numbers in the proof for hyper-cubes (Shi et al., 2016).
For a given matrix size n € N>o, let 7 = [logy(n)]. Then, the weight matrices representing the one-peer
exponential graphs {G"},cy are defined as

" 1 if mod(j — i,n) = 2med()
wy =93 ifi=j (5)
0 otherwise,

and Figure 1 shows the three one-peer exponential graphs when n = 8 and 7 = 3. By definition, given
n € N>, there exists a number of 7 = [log,(n)] distinct one-peer exponential graphs. All of them are
asymmetric, doubly stochastic, circulant, and some of them are not strongly connected. When one-peer
exponential graphs are used as network topology in decentralized algorithms, each agent only communicates
with one neighbor at each iteration. Thus, the total communication cost per iteration is ©(1). Finally, the
crucial property that makes one-peer exponential graphs useful in decentralized optimization is presented as
follows.

Proposition 3.1. Given n € Nxg, let 7 = [logy(n)], and let {WW} ey € R™™ be the weight matrices de-
fined in (5). Fach matriz W s circulant and doubly stochastic, i.e., W1 =1 and 1TW® = 1T, In addi-
tion, if n is a power of 2 (i.e., n = 27 ) and the index sequence {li}z:_ol satisfies {mod(ly, 7),...,mod(l,_1,7)} =
{0,...,7 — 1}, then the matrices {VV(“)}Z:_O1 satisfy the finite-time consensus property in Definition 3.1.

From Proposition 3.1, given a sequence of one-peer exponential graphs with n = 27, any permutation
of this sequence will still satisfy the finite-time consensus property (3). The properties in Definition 3.1 are
the minimum requirements needed for algorithm analysis in Section 5. Additional properties, such as the
circulant property stated in Proposition 3.1, are desirable but unnecessary in algorithm design.

Our proof of Proposition 3.1 relies on some basic properties of circulant matrices, which are summarized
in the following lemma and can be found in, e.g., in Horn and Johnson (2013, Section 4.7.7).

Lemma 3.2. The n x n circulant matriz associated with an n-vector ¢ = (co,¢1,...,cn—1) s defined by
Co Cp—1 T C2 C1
C1 Co Cn—1 C2
e 2 : c c LT
C = Circ(cg, €1, .., Cn—1) = 1 0 . (6)
Cn—2 S
[Cn—1 Cn—2 ‘- C1 Co |

The eigenvalue decomposition of C' (6) is given by

C = (ZF) - (diag(Fo) - (LHF),



where F is the n x n DFT matriz, T denotes the Hermitian (conjugate transpose), and the diag operator
transforms an n-vector into an n X n diagonal matriz. Moreover, the eigenvalues of C' (6) are given by

Mo = o+ awf + w4+ Hop ™V E=0,1,...,n—1,

27j
n

where w = exp( ) is a primitive n-th root of unity and j is the imaginary number (i.e., 3> = —1).

Now we present the proof for Proposition 3.1.

Proof of Proposition 3.1. Note that the mixing matrices of one-peer exponential graphs defined in (5) are
circulant. Thus, if we consider the sequence {W(®}7_ !, we can find
wr=b . w0 = (ﬁ}“) . (A(Tfl) . ..A(l)A(O)) . (ﬁ]ﬂ)’

where AW = diag(FcW) and ¢® is the first column of W®, for I = 0,1,...,7 — 1. For simplicity, we denote
AL AC=D L AMAWO),

For each [ = 0,1,...,7 — 1, the first element in Fc( is 1 because the first row of F is an all-one vector.
This implies that the first element in A is also 1. Similarly, the k-th diagonal element in A (A[k]) can be
found by expanding the definition A®) = diag(Fec®):

L

5= (AT -+ (AP [ AR (A k)]

- QLT [(1 w20 (1 4 DR (] g (DR (1 4 w(n—n(m)]
- QLT [(1 42T (1 DB (1 4 D1 4 w(_l)(k))}
n—1 .
_1 kg L (LowTEy
Tyl Ty (m) -
q=0

where in the first equation we use the assumption that n = 27 for some 7 € N>;. Hence, we have
r—1 1117 (0 -1 1) A (0
W=D OO = (ﬁ}‘)/\( ) AMAC )(L}-T)

= (= 7F) (diag(1,0,0,...,0)) (= F")

=111T,
which establishes the desirable identity (3). To show (4), we consider the product of the following two terms

(WD I Myw® — 1117 = wHDw® — L1317 for any 1 =0,...,7 — 2.
This equality holds due to the doubly stochastic property of W(®). We can then repeat this process to obtain
(W(Tq) — %]l]lT) (W(l) — %]l]lT) (W(O) _ %]l]lT) —we=b. .. wOw© _ %]l]lT =0,

where in the last step we use (3). Combining this result with the fact that one-peer exponential graphs are
periodic, and all instances of one-peer exponential graphs are commutative, we obtain that any permutation
of any sequence of W) of length larger than 7 has the finite-time consensus property as well. O

Despite the desirable finite-time consensus property, incorporating one-peer exponential graphs into de-
centralized optimization algorithms is not straightforward. To see this, consider a simple example where
n =8 (and 7 = logy(8) = 3). Figure 1 shows the three one-peer exponential graphs with n = 8. None of
these three graphs has symmetric weight matrices; the last two are not connected. As a result, the weight
matrices of the last two graphs in Figure 1 have p £ |[W —1117||; = 1 while current analyses of decentralized
algorithms often assume p < 1. Therefore, new analysis techniques are needed to exploit the properties of
one-peer exponential graphs in decentralized algorithms (especially exact or bias-corrected methods), and a
similar discussion also holds for the graph sequences studied in Sections 3.3-3.4.



3.3 One-Peer Hyper-Cube

Another example of graph sequences that satisfy Definition 3.1 is one-peer hyper-cubes (Shi et al., 2016)
(with n a power of 2). Hyper-cubes have been extensively studied in theoretical computer science (see,
e.g., Harary et al. (1988) for a survey). Still, the specialization to one-peer hyper-cubes with finite-time
consensus was first, to the best of our knowledge, discussed in Shi et al. (2016). The formal definition of
one-peer hyper-cubes is presented here to keep our work self-contained and, more importantly, to motivate
the extension to p-peer hyper-cuboids for any n € N>, in Section 3.4.

Given an integer 7 € N>; and n £ 27 the weight matrices {W () },cy € R™*" representing the one-peer
hyper-cube {GW},cy are defined by

if (Z /\]) _ 2mod(l,7’)’
if 1 = j, (7)

otherwise,

1
o_ )3
Wi =92

0

where the notation i A j represents the bit-wise XOR operation between integers i and j. The difference in
the definition of one-peer hyper-cubes (7) and that of one-peer exponential graphs (5) is minor yet critical:
The operation (i A j) is used in (7) while mod(j — 4,n) in (5). Since (i A j) = (j A i), it immediately follows
that the mixing matrices of one-peer hyper-cubes are symmetric. To see the connection between one-peer
hyper-cubes (7) and the static hyper-cubes, we represent the integer ¢ in its binary form (i;_1i,—2 - o).
Then, the first if-condition in (7) can be rewritten as

(tr—18r—2--+10)2 A (Jr—1jr—2---J0o)2=(0---01 0 --- 0);
mod(l,7)

that is, only the (mod(l, ) + 1)-th digit in i’s and j’s binary representation is different, and the rest of the
digits are the same. To construct one-peer hyper-cubes, we first index the vertices as 7-digit binary numbers,
and then an edge is created between two distinct vertices if their binary representations differ by a single
digit. Finally, the finite-time consensus property proof for one-peer hyper-cubes is postponed to Section 3.4,
since one-peer hyper-cubes will be covered as a special case of the p-peer hyper-cuboids.

3.4 p-Peer Hyper-Cuboids

Both one-peer hyper-cubes and one-peer exponential graphs enjoy the finite-time consensus property when
the number of agents is a power of 2. One natural extension of hyper-cubes to admit an arbitrary number
of agents is the hyper-cuboid, which has many different names (e.g., hyper-box, orthotope) and has been
well studied in, e.g., Coxeter (1973). So, borrowing the idea behind the one-peer hyper-cubes, we present
a family of sparse graphs that achieves finite-time consensus for any integer n € N>3. Recently, Takezawa
et al. (2023) present a constructive approach to build the so-called k-peer hyper-hypercubes. Yet, the authors
do not present an explicit matrix representation for the proposed graphs, nor do they prove the finite-time
consensus property.

Recall that one-peer hyper-cubes (7) are defined via the binary representation of integers. Then, the
extension to arbitrary matrix size n relies on a multi-base representation of integers (Krenn et al., 2015). To
be specific, the (pr—1,pr—2,...,po)-based representation of an integer is an element in the group N, | x
Ny, , x - x Ny, where N,,, is the group of nonnegative integers modulo p; € N>5. Any natural integer
smaller than p,_1 X p;_2 X -+ X pg finds a one-to-one mapping in this group. For example, a (2,2,...,2)-
based representation is equivalent to the binary representation of an integer. An informative example is the
(2, 3)-based representation. In this case, we can map the integer in {0,1,...,5} according to the following
rule:

0— {0}2 x {0}3, 1—{0}2x{1}3, 2— {0}2 x{2}s,
3 — {1}2 X {0}37 4 — {1}2 X {1}3, 5— {1}2 X {2}3
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Figure 2: The three 2-peer hyper-cuboids {Q(l)}?zo with n = 12, (p2,p1,po) = (2,2,3), and 7 = 3. Note that
all nodes have self-loops, although not explicitly shown in the figure.

To shorten the notation, we overload binary representation and denote the (p,_1,pr—a,...,pg)-based repre-
sentation of ¢ € N as (ip, ;- ip,ipy)pr_1....p1,p0+ SO that we can also re-write {a},, X {b}p, as (a,b)p, po-
Now, we are ready to construct p-peer hyper-cuboids with n agents. Suppose the prime factorization
of n is given by n = p;_1 - - - p1po, where all the p; are prime numbers. (It is possible that p; = p; for ¢ # j,
and the order of {p;} does not matter.) For example, the prime factor set of n = 12 is (p2, p1,p0) = (2,2, 3).

Then, the weight matrices of p-peer hyper-cuboids, with p = max{py,...,pr—1} — 1, are defined by
pmoj(l,r) i (i Ap,_yeeepripo J) = (0,++50,1,0,-+,0)p 1 py o
a _ mod(l,7)
Wiy = 1 if i = j, (8)
Pmod(l,7)
0 otherwise.
where ¢ Ap__ | 5, po J denotes the bit-wise XOR operation between the (p-—_1,...,p1, po)-based representa-

tions of ¢ and j; that is, if the p; € N, element of ¢’s multi-base representations is the same as that of j,
then return {0},,, and otherwise return {1},,. Figure 2 shows all three distinct 2-peer hyper-cuboids with
12 agents. In this example, n = 12, (p2,p1,p0) = (2,2,3), and 7 = 3. To illustrate the definition (7), take
the edge (i,7) = (8,11) in GV as an example; see Figure 2b. The two integers i = 8 and j = 11 are mapped
in the (2,2, 3)-based representation as

8 {1}a x {0}a x {2}5, 11— {1}s x {1} x {2}5.

These two representations differ only at the second sub-group N,,, = Ny, and thus when [ = 1, agents ¢ = 8

and j = 11 are connected with weight wl(;) = wgil = p% =1

The definition of p-peer hyper-cuboids (8) is clear as an extension from binary numbers to multi-base
integer representations. Yet, the original definition (8) is less intuitive when we try to establish the properties
of p-peer hyper-cuboids. It turns out that the weight matrix W of p-peer hyper-cuboids defined in (7) also
has an elegant representation in terms of Kronecker products:

WO =wOp,_)e...e W (p) oW (p), (9)

where each p, x p, matrix W (p,) is defined by

I if mod(l,7) #r
W (p,) =P ’ 10
(pr) {plTJUlT if mod(l,7) =r. (10)

The equivalence between (8) and (9) can be established as follows.

n—1n—1

w® = Z Z wg)eie}

i=0 j=0

10



Do Z @P” zplip()),(jpT,l---jpljm)(éipﬂ®"'®éipo)(éjp7,1®~--®éjpo)T

ip,_y ipg Jpr_1 Jpo
1 . U .
= Z Z Z D o Cine_ 1elTpT 1)®'“®(elz’reﬂTp )®"'®(elpoe;l;o) (11a)
ip 4 ipg Jpy s T=mod(l,T)
= (X &, . )e (ZZ b, )@ e (e, (11D)
ip,_q iy Jpr ipg
=WO(p_1) @ @ W (p1) @ W (po). (11c)

Here, the notation e; is a base unit vector of length n, i.e., all entries are 0 except that the i-th entry is 1.
(Recall that the index starts with 0.) The notation é;, is a base unit vector of length p,., where all entries
are 0 except for the (i), )-th entry, and recall p, is a prime factor of n. Step (11la) removes the terms that
are 0 using definition (8), and then we apply the transpose and mixed-product properties of the Kronecker
product. Step (11b) distributes each summation into the corresponding Kronecker product, and (11c¢) uses
the definition of W " (p,.) in (10).

Now, we are ready to establish the finite-time consensus property of p-peer hyper-cuboids.

Proposition 3.3. Givenn € N>y, let {W O}y C R™¥™ be the weight matrices defined in (8). Each matriz
WO is symmetric and doubly stochastic. For an index sequence {l,;};;o1 with {mod(lp, 7),...,mod(l,_1,7)} =
{0,...,7 — 1}, the matrices {W ) Z;()l satisfy the finite-time consensus property in Definition 3.1.

Proof. First, the symmetry of W follows directly from its definition. To see the row stochastic property,
we have

whq = (W(l)(p‘rfl) WD, o) ® - ® W(l)(po)) Ly, ® - ®1,)

= (WO, ) 8 (WO,
1

)

where we use the mixed-product property of the Kronecker product. The column stochastic property follows
from symmetry and row stochasticity. Hence, W® is doubly stochastic. Next, we show that the sequence
{W(l)}fz_ol has the finite-time consensus property. Utilizing the Kronecker product property, we establish
that

THW( H( Dewod (p7_2)®...®w<z>(p0)>

(ﬁ D (prs ) ® (ﬁW(l)(prz)) @ ® (ﬁ W(l)(po))
1=0 1=0 1=0

= (prl_l]lpr 1]1; 1) Q- ( ]lpo]l;o>

=2111T,

where we again use the mixed-product property. Combining this result with the fact that p-peer hyper-
cuboids are periodic, and all instances of p-peer hyper-cuboids are commutative, we obtain that any permu-
tation of any sequence of W) of length larger than 7 has the finite-time consensus property as well. O

Proposition 3.4. For any n = 27 with 7 € N1, the weight matrices of one-peer hyper-cubes defined in (7)
are symmetric, double-stochastic, and have the finite-time consensus property (3).

Proof. When the number of agents is n = 27, the one-peer hyper-cube is just a special case of p-peer hyper-
cuboids (with p = 1). Decomposition of n into its (2,2,...,2)-base representation (or equivalently, binary
representation) yields the desired properties. O

11



Connection with de Bruijn graphs. The de Bruijn graph was first studied in de Bruijn (1946) and its
finite-time consensus property has been studied in Delvenne et al. (2009). Here, we present a formulation of
de Bruijn graphs closely related to p-peer hyper-cuboids (8). With this definition of de Bruijn graphs, we
show that de Bruijn graphs are just permutations of p-peer hyper-cuboids.

Let n = p™ with (p,7) € N>o x N>;, and define the p-based representation of ¢ € {0,1,...,n — 1} as
(i7—19r—2...70)p. Then, the n x n weight matrix of the de Bruijn graph is defined by

Wi = % if (7’.7*27;7'73 ce iO)p = (jrflj‘er e 'jl)P (12)
i :
0 otherwise.

The following proposition presents the connection between de Bruijn graphs and p-peer hyper-cuboids when
the matrix size n is a power of p € N>o.

Proposition 3.5. Given n = p™ with (p,7) € N>o x N>y, let Wa, € R™*™ be the weight matriz of the

de Bruijn matriz defined in (12) and {W}Elc)}leN be the weight matrices of the p-peer hyper-cuboids defined
in (8). Then for any l € N, there exist n x n permutation matrices PW and QW such that

Wi = POWan (QV)T.

Proof. See Appendix A. O

4 Algorithm Description

This section presents Gradient Tracking with time-varying topologies (TV-GT) and our modified version,
Gradient Tracking with Finite-Time Consensus Topologies (GT-FT). Henceforth, we will refer to each algo-
rithm as TV-GT and GT-FT, respectively.

4.1 Gradient Tracking with Time-Varying Topologies

Gradient Tracking (GT) (Di Lorenzo and Scutari, 2016; Nedié¢ et al., 2017) is a well-studied decentralized
algorithm for solving Problem (1), and various formulations of TV-GT exist in the literature. The presented
form follows from Di Lorenzo and Scutari (2016) (called Semi-ATC-TV-GT), and its implementation involves
a sequence of graphs G¥) = \Z w® g (k)) which models the connections between the group of n agents.
Here, V is the set of n nodes and £€*) C {(4,5) | (i,4) € V x V} describes the set of connections between
(k)
ij

in the matrix W) applies a weighting factor to the parameters sent from agent i to agent j. If wl(]k) =0

agents. The set of agents V remains static while the set of edges £*) can be time-varying. The entry w

that means agent 4 is not a neighbor of agent j in G¥); i.e., (i,5) ¢ E®).
Given an initial point {xEO)} C R? and stepsizes o € Ry, set ggo) = VFi(xEO),ﬁgo)) fori = 1,...,n.
Then, TV-GT takes the following iterations for k = 0,1,2,...

k+1 k), (k k
Parameter: :cg ) — Z wj(l)(xﬁ ) Ofgj(‘ ))
i (5)€E® (13)
Tracking Variable: g§k+1) = Z w§f)g§k) + VFi(xng); Efk“)) - VFi(xz('k);fi(k))~
ji (i) e€®

Very often, the TV-GT iterations are written in a more compact form, which relies on the following augmented
quantities

x(F) & col{:rgk), zPY e R

g 2 col{g?,. .. g} € R,

12



D S AC)
i=1

VE(x) 2 col{Vfi(z1),..., Vn(zn)} € R
VF(x;€) 2 col{VFi(z1;61), ..., VE,(zn; &)} € R,
W(k) ey W(k) ®1; € Rdnxdn.

With the augmented quantities, TV-GT (13) can be written compactly in the network form:
1) = W) () _ qg(h)
gttt = wkgk) | gF(x(*+1), e* Dy _ v (x®), 5(’6)).

The choice of the matrix sequence {W(k)} is critical yet challenging. One focus of this work is to analyze TV-
GT in which the network topologies are restricted to topology sequences that satisfy Definition 3.1, and in
particular, we focus on the nonconvex, stochastic setting. We have detailed the finite-time consensus property
in Section 3 and motivated its usefulness in decentralized optimization algorithms. However, the existing
analysis for TV-GT cannot handle the graphs described in Section 3. For example, work by Alghunaim
and Yuan (2022; 2023); Koloskova et al. (2021) provide tight bounds for the convergence rate of Gradient
Tracking with static topology (W(k) = W for all £k € N). Yet, their work cannot be readily extended to
handle time-varying topologies as they all assume the symmetry of the mixing matrix. Even if every mixing
matrix in the topology sequence is symmetric, the product of these matrices does not necessarily remain
symmetric. Moreover, prior work focusing exclusively on TV-GT either fails to consider the setting in which
agents use stochastic gradients or assumes the connectivity of the topology at every iteration. See Table 1
and Section 2 for an in-depth discussion.

4.2 Gradient Tracking with Finite-Time Consensus Topologies

Algorithm 1 (GT-FT) presents our modified version of the TV-GT algorithm with sequences of topologies
that satisfy Definition 3.1. In step (15b), the (1) update involves a gradient descent step with the tracking
variable ¢(*) as the update direction, and also a communication step with its neighbors to obtain a weighted
average. In step (15c¢), the tracking variable update involves a weighted averaging step, subtracting the old
local gradient, and adding the newly calculated local gradient. The update rules in GT-FT are known in
GT literature. However, we are the first, to our knowledge, to propose and analyze this new scheme in
which TV-GT is restricted to topology sequences that satisfy Definition 3.1. TV-GT, as presented in other
works (e.g., Nedi¢ et al. (2017); Scutari and Sun (2019)), aims to be as general as possible when considering
network topologies. In contrast, motivated by the useful finite-time consensus property (Definition 3.1) and
the existence of such sparse graphs (see Section 3.2-3.4), we aim to specialize the analysis of GT to topology
sequences that satisfy Definition 3.1, and to leverage the largely unexploited finite-time consensus property
in decentralized optimization algorithms. To differentiate between the two approaches, we give our scheme
the name GT-FT.

The analysis of GT-FT is presented in Section 5, and extensively uses the compact, networked form of
Algorithm 1 (with the help of the augmented quantities):

W) — pymedk.n) o 1. (15a)
x(EFD — W) (x(B) _ qgh)) (15b)
g+ = Wg® 4 VRt £0)) — VF(x®: ™). (15¢)

5 Algorithm Analysis

This section presents the theoretical analysis of Algorithm 1. The assumptions needed for the analysis are
listed in Section 5.1. In particular, we do not assume convexity, and we only have access to stochastic
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Algorithm 1 Gradient Tracking for Finite-Time Consensus Topologies (GT-FT)

1: Agent ¢ Input: xz(-o) € R? and stepsizes a € Ryg.
Global Input: The parameter 7 € Nx; for finite-time consensus, and the sequence of matrices {W(l)}
that satisfies Definition 3.1.

»

3: Initialize gl(o) = VFZ-(xEO),fl(O)) € R4
4: for k=0,1,... do
5: for i =1,...n (in parallel) do
6: Deciding the combination coefficients:
wi) = Wmed®BD)G 510 forall j=1,...,n. (14a)
7 Parameter update:
k+1 k), (k k
xz( D _ Z wﬁz)(xg ) —ag](. )). (14b)
i (G)eE®
8: Tracking variable update:
gt = 3wl g+ VEEY ) - VR ;). (14c)
i (G)€EW®
9: end for
10: end for

gradient estimates of each local function f;. In addition, we present in Section 5.1 a reformulation of the
updates (14b)—(14c), which will be used extensively in the analysis. The convergence results are presented
in Section 5.2, with detailed proofs postponed to Appendix B.

5.1 Assumptions and Transformation of Algorithm 1

In this subsection, we list all the assumptions needed for analysis. Our analysis does not need convexity of
the objective function and holds for general nonconvex problems in the form of (1). In addition, we present
the key transformation of Algorithm 1 presented by (Song et al., 2022) which is critical to our analysis.

We make the following assumption on Problem (1).

Assumption 5.1. Each function fi: R* - R, i=1,...,n is continuously differentiable with an L-Lipschitz
continuous gradient; i.e., there exists a constant L € R~ such that

I\Vii(z) =Vl <Lllz—vyl|l, forallz,y€intdom f;, and for alli=1,...,n.

In addition, the objective function f: RY — R is bounded below, and the optimal value of Problem (1) is
denoted by f* € R.

At each iteration of Algorithm 1, a stochastic gradient estimator of each component function f; is com-
puted, based on the random variable fi(k) in the probability space (€;,F;,P;). Given initial conditions,
let F(© denote the o-algebra corresponding to the initial conditions and, for all k € N>y, let F (k) denote the
o-algebra defined by the initial conditions and the random variables {x(l), . ,x(k)}. Then, the following
assumption is made on the stochastic gradient estimator.

Assumption 5.2. For all k € N and for alli=1,...,n, the random variables §i(k) are independent of each
other. The stochastic gradient estimator satisfies

EVE (2" | 7F®) = V@), foralli=1,... n.

14



In addition, there exists 0 € R~q such that for all k € N and for alli=1,...,n, it holds that

E[|VE (=" &) = Vi) | FP) < 0.
Besides Assumptions 5.1 and 5.2, our analysis of Algorithm 1 uses the following reformulation of (14b)—
(14c). (The same reformulation has been used in the literature; see, e.g., Song et al. (2022).)

[x<k+1>] B {Woc) _aw(k)} {Xoe) 0

1
g(k+1) 0 W) g(k)] + |:VF(X(k+1);£(k+1)) _ VF(X(k);S(k)). (16)

We now introduce the notation

J
Hw(i) 2 WwWOWE=1) . .W(J’)7
i=t

for all ¢t > j > 0. Then, one can observe that

wW®  _ow® w0 —aW®] Hz:tw(i) —a(t—j+1) g:tw(i)
0 wW®) 0 wu | 0 ngtw(i)

Consequently, it holds for all £ € N>, that

0
<(F) — ( 11
AL

Y2

k—1 J
W(i)) <0 _ 4 (k- 7) ( W(z‘)) (VF(x(j),é'(j)) _ VF(x(j’l),ﬁ(j_l)D . (17)
i=0 i=k—1

1 J

2

5.2 Convergence Analysis for Algorithm 1

This section presents the convergence results of Algorithm 1, which relies on two important inequalities. The

descent inequality establishes the convergence of the averaged iterates z(%) £ %Z?:l :zzgk) to a first-order

stationary point of (1). The consensus inequality reveals the per-iteration behavior of the consensus error
(k)

%) & x(F) _x(#) where x*) £ 1,, %", and will be used to show that each agent’s parameter x;

to the average z(%).

converges

Lemma 5.1 (Descent Inequality). Let Assumptions 5.1 and 5.2 hold, let the miring matrices {WW} )}
R™ ™ satisfy Definition 3.1, and let the stepsize o satisfy a € (0, i} Then, the sequence generated by
Algorithm 1 satisfies

212

— B+
n

2aLo?
_ 18
oy

BT (=) + EIVF ) < (EfE®) - B Fa4)) +

for all k € N.

The left-hand side of (18) is the (expected) gradient norm, which aligns with our main convergence result
(see Theorem 5.3). Such a convergence result is common in stochastic unconstrained optimization; see, e.g.,
Bertsekas and Tsitsiklis (2000), which analyzes (centralized) Stochastic Gradient methods (SGD).

The second lemma is on the consensus inequality and establishes that all agents’ parameters converge to
their average.

Lemma 5.2 (Consensus Inequality). Let Assumptions 5.1 and 5.2 hold, let the mizing matrices {W(l)}[;01 -
R™ "™ satisfy Definition 3.1, and let the stepsizes satisfy o € ( Then, for T' € N>, the sequence
generated by Algorithm 1 satisfies

1 I
P

O’ 4\/5172L:| .

T T
W2 < 2 NTRg®ze " NTRIV (02 1 n_\ 2
x| _T+lkz:0 I +96(T+1)T4L2kZ:0 IVFEII+\ Ssgmiz + 612 ) 7

(19)

15



Note that the first summation term on the right-hand side of (19) relies on the first 7+ 1 iterates of x(¥),
and recall that 7 is a prescribed constant for Algorithm 1. Hence, the term TLH S o EIIX®)]|2 can be
viewed as a constant when we study the asymptotic behavior of the consensus error.

The consensus inequality (19) is used in tandem with the descent inequality (18) to show that the
consensus error in (18) vanishes asymptotically. Hence, not only does the averaged parameter asymptotically
reach a stationary point of (1), but all the agents’ parameters also converge (because they reach a consensus).
Theorem 5.3 formally presents this result.

Theorem 5.3. Let Assumptions 5.1 and 5.2 hold, let the mizving matrices {W 1} 2} € R"*" satisfy Defi-
nition 3.1, and let the stepsizes satisfy a € (0, m] Then, for T € Nx., the sequence {x(k)} generated
by Algorithm 1 satisfies

LS (BITT)? + VS ) < DL | 2% 0
T+1 pars - T T T2’

with some constants (v1,7y2,73) € Rsog X Rso X Rp.

After further tuning the stepsize a, we can derive the final rate of convergence. (The stepsize tuning
technique is common in the literature (Alghunaim, 2023; Karimireddy et al., 2020; Koloskova et al., 2020;
Stich, 2019).)

Corollary 5.4. Let Assumptions 5.1 and 5.2 hold, let the mizxing matrices {W(l)}~lT:_O1 C R™*™ satisfy
» . N e\ L o

Definition 3.1, and let a = mln{(cloT) 2 (CQOT) 37ﬁ, m}, where cg = L?, ¢; = LT, and ¢y = T3 L202.

Then, for T' € N>, the sequence {x(k)} generated by Algorithm 1 satisfies

T
3 (BIVFO)? + BV ) < W o

Wur?L?  ~sTL?0% L30?\?
1 < 5 T )
T+1 = T T3

for some constants (v4,75,%) € Rso X Rsg X Rsp.

Similarly to Ying et al. (2021), we weaken the rate’s dependence on L by imposing a warm-up strategy
(e.g., AllReduce (Assran et al., 2019)) to force all agents’ parameters and tracking variables in the 7+ 1 to
be the same. This leads us to the following corollary.

Corollary 5.5. Let Assumptions 5.1 and 5.2 hold, let the mizxing matrices {I/V(Z)}ZT:_O1 C R™*™ satisfy

1 1 2
Definition 3.1, and let o = mln{(ci"TV7 (C‘;OT)3, i,m}, where cg = 1, ¢ = L%, and ¢y = T3L%02.

Suppose a warm-up strategy (e.g., AllReduce) is applied to force all agents’ parameters and tracking variables
in the first period to be the same:

> E[x® — W12 = 0.
k=0

Then, for T' € N>, the sequence {X(k)} generated by Algorithm 1 satisfies

T 2 1
1 — 2L Lo\3 Lo?\?
- E N2 LR 2Ry 2) < 7T =2 ki
THk}_Oj( V)2 + BNV @)?) < T2+ asr () +90 ()

for some constants (y7,7s,79) € Rsg X Rso X Rsg.
Discussion and comparison with other analyses for TV-GT. We note that our rate depends on
the finite-time consensus parameter 7, and, remarkably, is independent of the connectivity of any of the

individual elements of the finite-time consensus graphs. This contrasts, for example, the rate derived in
Song et al. (2022), which depends on the smallest connectivity (in expectation) of the set of all time-varying
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topologies used in the algorithm. Thus, their analysis cannot handle finite-time consensus graphs because
some elements in such a deterministic topology sequence can be disconnected. The underlying reason for
the incapability is that their analysis examines the “worst” topology in the sequence but fails to consider the
joint effect of the entire topology sequence.

Moreover, the superiority of GT-FT can be demonstrated via comparison with TV-GT restricted to the
static exponential graphs. Without loss of generality, we assume the number of agents is n = 27 for some
7 € N>1, and a number of 7 one-peer exponential graphs (satisfying Definition 3.1) are used in GT-FT.
In this case, the best existing rate (to our knowledge) (Song et al., 2022) depends on the spectral gap
1—p=2/(1+7) of the static exponential graph with node size n = 27 (Ying et al., 2021), and reads as

(i) w0 ) o 22).

where the Lipschitz constant L is omitted in Song et al. (2022). In comparison, it follows from Corollary 5.5
that the iteration complexity of GT-FT using a sequence of 7 one-peer exponential graphs is given by

Lo? T3 Lo 2L
o(1) vo () vo 7).
ne €2 €
Ignoring the Lipschitz constants as in Song et al. (2022), we find that this implementation of GT-FT has a
similar iteration complexity than TV-GT using a static exponential graph. Remarkably, this slight improve-
ment in convergence rate comes with a significant decrease in communication cost: The maximum degree

of a static exponential graph is ©(log, n) while that of a single one-peer exponential graph is ©(1). Similar
comparisons can also be performed for p-peer hyper-cuboids and static hyper-cuboids.

ol +

™l

6 Numerical Experiments

In this section, we present numerical results to verify our theoretical findings. The purpose of the numerical
experiments is two-fold. First, numerical evidence is provided to verify that the graph sequences studied
in Section 3 satisfy the finite-time consensus property. Moreover, we conduct numerical experiments that
incorporate the studied graph sequences into decentralized optimization algorithms. The numerical results
demonstrate that GT-FT using graph sequences with finite-time consensus property converges at the same
rate as TV-GT using the static counterparts.

6.1 Finite-Time Consensus Property

In this section, we verify in numerical experiments that the presented topology sequences satisfy the exact
averaging property within a finite number of iterations. To do so, we simulate an average consensus problem.

Each agent is initialized with a random vector :vz(»o) ~ N(0,%) drawn from a Gaussian distribution (with

Y e Sle_). The iterates xgk) evolve according to the recursion xEkH) = W(k)xgk) for i =1,...,n, and the
consensus error at each iteration is defined as

1 n
=0 2 237 2 02
— n gt ||Iz €z || 9

where we define z(®) £ 1 57" | 20,

Besides illustrating the exact averaging property of the studied time-varying topologies, we compare these
dynamic graphs with their corresponding static variant. Given a sequence of graphs G0 = (V, W®, £W)
with [ =0,1,...,7 — 1, its static variant G@tatc) = (Y, Wstatic) g(static)) ig defined by

gltatic) _ £(0) e y...ygl-b,
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Figure 3: Consensus error versus the number of iterations. The legend is composed of three parts. The first part
is either “Static”, “1-P”, or “p-P”, standing for static graphs, one-peer time-varying graphs, and p-peer time-varying
graphs, respectively. The second part of the legend describes the graph type: exponential, hyper-cube, de Bruijn,

or hyper-cuboid. The third part is for the number of agents. All graphs satisfying Definition 3.1 are plotted with
dashed lines, while others are plotted with a solid line.

and the weight matrix W (tati) is normalized to be doubly stochastic. (More discussion on the static variants
of a sequence of (dynamic) graphs can be found in de Bruijn (1946); Harary et al. (1988); Shi et al. (2016);
Ying et al. (2021).)

Figure 3 presents the simulation results. In Figure 3, the topology sequences satisfying Definition 3.1 have
a steep drop in the consensus error (see dashed lines), indicating the vanishing of the consensus error. For

topologies that do not satisfy Definition 3.1, we observe that the consensus error decreases asymptotically
(at an exponential rate).

6.2 Gradient Tracking with Finite-Time Consensus Topologies

The simulation in Section 6.1 demonstrates the usefulness of some topology sequences in solving the average
consensus problem in a few iterations. However, the benefits of using these topology sequences may not
necessarily translate when we use decentralized optimization algorithms. In this section, we provide numerical
evidence to verify the theoretical guarantees established in Section 5 and to demonstrate the potential benefits
of the finite-time consensus property in decentralized optimization algorithms.

We apply GT-FT to solve the least squares problem with a nonconvex regularization term:

L ¢ ~ ali)?
minimize - ZHAZ‘.Z‘ —bi|)* + '“Z =ik
i=1 j=1 J

where the optimization variable is z € R%, z[j] denotes the jth component of x, and the data {A;,b;} is held
exclusively by agent ¢. This problem instance is used extensively when studying decentralized algorithms for
nonconvex problems, and we follow existing conventions to construct the problem data (see, e.g., Alghunaim
and Yuan (2022); Xin et al. (2021)). The entries in each data matrix A; € R™*? are drawn IID from
the distribution A/(0,1), and so are the vectors {#;}!" , C R?. The vector b; € R? is then computed by
b; = A;@; + 0z, where § € Ry is a prescribed constant and z; € R? is random noise with entries drawn 11D
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Figure 4: Comparison of the use of one-peer exponential graphs and static exponential graphs in decentralized
optimization algorithms. One-peer exponential graphs are used in GT-FT and DGD, and static exponential
graphs are used in TV-GT and DGD.

from A(0,1). In all the experiments, we set m = 500, d = 20, and § = 10. The number of agents (n) might
vary in the experiments and will be specified later.

6.2.1 One-Peer Exponential Graphs

We first analyze the use of one-peer exponential graphs in decentralized optimization algorithms. We consider
a sequence of one-peer exponential graphs of size n = 64 and its static counterpart. The sequence of one-peer
exponential graphs is incorporated into GT-FT and DGD, while the static exponential graph is incorporated
into TV-GT and DGD. For GT-FT and TV-GT, we use the stepsize & = 10~* while for DGD, we use the
stepsize a = 10~%. Furthermore, we consider the case where agents have access to the true gradients and the
case where agents only have access to the stochast/i\c gradient estimates. The stochastic gradient is formed by
adding Gaussian noise to the true gradient, i.e., Vf,(z) = Vfi(z) + s; with s; ~ N(0,021;). The magnitude
of the gradient noise can be controlled by the constant o2, and we set 02 = 10~ in the experiments.

The simulation results are presented in Figure 4 and match the theoretical findings in Section 5.2. We
observe from Figure 4 that when true gradients are used, the convergence rate of decentralized algorithms
using one-peer exponential graphs is similar to that using static exponential graphs. For example, the con-
vergence rate of GT-FT using one-peer exponential graphs matches that of TV-GT using static exponential
graphs. Similar performance is observed for DGD, but DGD using one-peer exponential graphs converges
to a slightly worse solution than DGD using static exponential graphs. The same observations translate
when stochastic gradients are used. In view of this similar rate of convergence, using one-peer exponential
graphs in decentralized algorithms shows another advantage (besides the finite-time consensus property).
Recall that the maximum degree of a static exponential graph is ©(log, n) while that of a single one-peer
exponential graph is ©(1). Thus, the mixing matrices {VV(Z)}ZT:_O1 of one-peer exponential graphs are much
sparser than the weight matrix W(tto) of the static exponential graph. In the context of decentralized
algorithms, it means that using one-peer exponential graphs would reduce communication costs compared
with using the static counterpart.

6.2.2 p-Peer Hyper-Cuboids

Next, we analyze the use of p-peer hyper-cuboids in decentralized optimization algorithms. We consider a
sequence of p-peer hyper-cuboids of size n = 72 and its static counterpart, the static hyper-cuboid. The
sequence of p-peer hyper-cuboids is incorporated into GT-FT and DGD, while the static hyper-cuboid is
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Figure 5: Comparison of the use of p-peer hyper-cuboids and static hyper-cuboids in decentralized optimiza-
tion algorithms. p-peer hyper-cuboids are used in GT-FT and DGD, and static hyper-cuboids are used in
TV-GT and DGD.

incorporated into TV-GT and DGD. For GT-FT and TV-GT, we use the stepsize o = 1074 while for DGD,
we use the stepsize @ = 107%4. Again, we consider the case where agents have access to the true gradients
and the case where stochastic gradients are used. The stochastic gradients are formed just as in the one-peer
exponential experiment, and we again use o2 = 1074

The simulation results are presented in Figure 5 and match the theoretical findings in Section 5.2. It is
observed from Figure 5 that p-peer hyper-cuboids exhibit the same behavior as one-peer exponential graphs.
When true gradients are available, the convergence rate of decentralized algorithms using p-peer hyper-
cuboids is similar to that using static hyper-cuboids. For example, the convergence rate of GT-FT using
p-peer hyper-cuboids matches that of TV-GT using static hyper-cuboids. Similar performance is observed
for DGD, but DGD using p-peer hyper-cuboids converges to a slightly worse solution. The same observations
translate when agents only have access to the stochastic gradients. Again, this matching convergence rate
indicates that using p-peer hyper-cuboids reduces the per-iteration communication cost as each p-peer hyper-
cuboid is much sparser than its static counterpart. Note that the maximum degree of a p-peer hyper-cuboid
is the largest prime factor of n minus one, while the maximum degree of a static hyper-cuboid is equal to
the sum of the prime factors of n minus the number of prime factors plus one.

6.2.3 Discussion on GT-FT and DGD

We conclude this section with a short discussion on the performance of GT-FT and DGD. When true
gradients are used (and a constant stepsize is applied), GT-FT converges to a significantly better solution than
DGD. The theoretical rationale for the better performance of GT methods over DGD has been thoroughly
studied in the literature (Alghunaim and Yuan, 2022; Alghunaim et al., 2021; Koloskova et al., 2020; Yuan
et al., 2016). With a constant stepsize, DGD converges to a sub-optimal solution biased proportionally to
the magnitude of heterogeneity between agents (Koloskova et al., 2020; Yuan et al., 2016). In comparison,
as a GT method, GT-FT is able to correct this bias caused by heterogeneity, and converges to a better
solution (Alghunaim and Yuan, 2022; Alghunaim et al., 2021). However, when agents can only use stochastic
gradients, our experiments indicate that the difference in the quality of the solutions returned by GT-FT and
DGD is much smaller. This is because both the gradient noise and the heterogeneity bias affect the computed
solution returned by GT-FT and DGD. This phenomenon has already been observed for GT methods and
DGD using a static topology (Alghunaim and Yuan, 2022).
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7 Conclusions

We study several sequences of graphs that satisfy the finite-time consensus property, including the one-
peer exponential graphs, one-peer hyper-cubes, p-peer hyper-cuboids, and de Bruijn graphs. For each class
of graphs, we present an explicit weight matrix representation and theoretically justify their finite-time
consensus property. In particular, to the best of our knowledge, p-peer hyper-cuboids are the only available
class of sparse graphs with arbitrary node sizes for which the finite-time consensus property is proven
to hold. Moreover, we incorporate the studied topology sequences into the Gradient Tracking methods
for decentralized optimization. Our analysis shows that the convergence rate of the proposed algorithmic
scheme does not depend on the connectivity of any individual graph in the topology sequence, and the new
scheme requires significantly lower communication costs compared with Gradient Tracking using the static
counterpart of the topology sequence.

Although incorporating graph sequences with finite-time consensus in decentralized optimization algo-
rithms has shown to be successful, several open questions remain. Despite the various graph sequences
studied in Section 3, it is still unclear how to formulate sufficient and necessary conditions for the finite-time
consensus property. Besides, the incorporation of finite-time consensus topologies into other decentralized
algorithms, such as EXTRA or Exact Diffusion, is not straightforward and is left for future work.
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A More Details for de Bruijn Graphs

This section includes more details of the de Bruijn graphs. Section A.1 presents the Kronecker representation
of de Bruijn graphs. Section A.2 describes the connection between de Bruijn graphs and p-peer hyper-cuboids
and presents the proof of Proposition 3.5. In Section A.3, we apply Algorithm 1 with de Bruijn graphs and
present the numerical results.

A.1 Definition and Kronecker representation

A de Bruijn graph has n = p™ nodes with (p,7) € N>2 x N>q, and the construction of its edges relies on
a p-based representation of integers. Such a representation is an element in the group sz_ol N,,, where N,,
is the group of nonnegative integers modulo p. As before, we shorten the notation by overloading binary
representation and denote the p-based representation of ¢ € {0,1,...,n—1} as (i;_1i,—2...1%0)p, so that we
can also re-write {a} x {b} as (a,b),. Then, recall from (12) that the mixing matrix of a de Bruijn graph
with node size n = p” is defined by

Wi = % if (iT*QiT*S cee Z'0)}7 = (j‘rflj'er .. 'jl)p
Y 0 otherwise.

The above connection condition is equivalent to that a (directed) edge exists from node i to node j if the
p-based representation of i is shifted to the left and a new bit is added to the end of the representation that
equals j. As an example, consider the de Bruijn graph with node size n = 23. The vertex ¢ = 3 has a 2-based
representation of (011),. Shifting to the left and adding a new bit to the end of the representation leads us
to find (110)2 and (111)2. So this means an edge exists from ¢ = 3 to j = 6, 7.

Furthermore, similar to the p-peer hyper-cuboids, we show that the mixing matrix of a de Bruijn graph
also has a concise Kronecker product form (with minor modifications). To do so, we need the following
lemma on the properties of Kronecker products.

Lemma A.1. Forn = p™ with (p,7) € N>o X N>1 and for all vectors {al}[;(}, there exists a permutation
matriz P, € R™*™ such that

Piar—1®a; 2® - ®ag) =ag®a,_1 - @ ay.

Moreoever, it holds that PT = I,,.
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Proof. The first result follows directly from Horn and Johnson (2013, Section 12.3). The second result follows
by repeatedly applying the first one:

P;(a771®a772®-~-®a0):PST_l(a0®aT,1®---®a1):~-~:a771®a772®-~-®a0. O

This permutation matrix Pj is called the perfect shuffle matriz (Horn and Johnson, 2013, Section 12.3),
hence the subscript “s” in P;. We then present the matrix form of de Bruijn graphs:

n—1n—1
W = ZZwijeie]T»
i=0 j=0
= Z Z ZZ Z Z "'ZZw(iﬂ—fl”'i1i0),(j1—71"'j1j0)(éinl - ®éio)(é]}71 @ ®éjo)T
1r—1%7-2 1 0 Jr—1J7-2 Jir  Jo
7 J
:ZZZZZ Z“.Zzwij(éir—l®"'®éi0)(éj0®"'®éj1)TPsT
ir—1ir—2 i1 G0 Jr—1Jr—2 Ji Jo
= ZZZ ZZ( 6“’ 1 Jo ®(éiT72é172)®---®(éilé1)®(elo 10)> PT
ir—1 Jo fr—2 1 0
(T sed) o (Xad ) oo (Tad) e (Tad) | 7
ir—1 jo ir_o i1 )
= (eI - @IRI)P], (20)

where .J, £ %]lp]lg and the above derivation uses the same properties as in (11a)—(11c).

Compared with the topology sequences studied in Section 3, de Bruijn graphs achieve finite-time consensus
without varying the instance; W7 = %]I]IT for W € R™*™ defined in (12). Delvenne et al. (2009) has already
proved this result, and here we provide an alternative proof using the Kronecker representation (20).

Proposition A.2. Given n = p” with (p,7) € N>o X N>1, let W € R™*™ be the weight matriz defined
n (12). The matriz W is symmetric and doubly stochastic. In addition, it holds that

Wr=Ww.. -W=1=11"=Jj,;

T times

i.e., the finite-time consensus property (3.1) holds with WO =...=wl-b .=,

Proof. The key step to prove the finite-time consensus of de Bruijn graph is the following identity
P(Ar1®A; 0@ 0 A @A) P = (Ao ®A_1® @A ® Al), (21)

where {Ai}zz_ol are any arbitrary p X p matrices. The above identity is straightforward to see because left-
multiplying Ps is equivalent to shifting the rows of the matrix and right-multiplying Ps]T is equivalent to
shift the columns of the matrix. Using this property, it follows that
W?=(J,®I® - @IxI)P/(J,9I® - -@I®I)Pf
= (PP, 01® - @IxI)(P)P(J,2I® - ®I’I)P] (22)
=PY(IeIo),e ) (I0J,® - 0Ix])
=PI l,el, oI,

where (22) uses PJ P, = I.
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Figure 6: The de Bruijn graph of with node size n =8, p =2 and 7 = 3.

Continuing the above step 7-times, we establish

Wi=W3Lele Il ) (PPl l)

=P (@@ )& - ®J,) = Jn,

where the last equality uses (Ps)™ = I.
The doubly stochastic property follows by definition of the de Bruijn graph, and can also be verified
using the same approach as done for the hyper-cuboids. O

A.2 Connection between de Bruijn Graphs and p-Peer Hyper-Cuboids

In this section, we establish the connection between de Bruijn graphs and p-peer hyper-cuboids (when
n =p"). In particular, we restate and prove Proposition 3.5.

Proposition A.3. Given n = p™ with (p,7) € N>o x N>q, let Wy, € R"*™ be the weight matriz of the

de Bruijn matriz defined in (12) and {W}E?}lEN be the weight matrices of the p-peer hyper-cuboids defined
in (8). Then for anyl € {0,1,...,7 — 1}, it holds that

Wit = (1) Way P

Proof. Tt follows from the definition of p-peer hyper-cuboids (8) that

Wlﬁj”zwwp@l---@f (23a)
I—1 times

=PH(J,@I® - ®IxI)P! (23b)

=(PNH'PIP(J, @12 - @I®I)P (23¢)

= PJ(PTY'Wy,PL. (23d)

Step (23a) uses the definition of the hyper-cuboid presented in (1lc). Step (23b) applies the property
described in (21) I times to shift J, to the beginning. Step (23c) uses the fact that PP, = I. Step (23d)
uses the definition of de Bruijn graphs in (20). O

Proposition A.3 implies that de Bruijn graphs and hyper-cuboids are permutation equivalent. Moreover,
note that the similarity transformation (PJ)!Wqp, P! is merely relabeling the nodes.
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A.3 Numerical Experiments

We analyze the performance of de Bruijn graphs in decentralized optimization algorithms. We consider
a de Bruijn graph of size n = 64 and consider its performance in GT-FT and DGD. We use the stepsizes
a = 10"%in GT-FT and the stepsize a = 10~* in DGD. We again consider the case where agents have access
to true gradients and the case where agents only have access to stochastic gradients. The stochastic gradients
are formed as in the one-peer exponential experiment, and we set 02 = 107%. The simulation results are
presented in Figure 7, and the performance is similar to the experiments performed in Section 6.2.
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Figure 7: Results of using de Bruijn graphs in GT-FT and DGD.

B Supplementary Materials for Section 5

This section includes the missing proofs from Section 5. To begin with, we introduce a list of notations that
will be used extensively in the analysis of Algorithm 1:

W2y gz, gwal 3, (24a)
n =1
_ i} a1l
g 21,050, ghe-3" g, (24b)
i=1
£®) 2 x(k) _ x(®), (24c)
_ 1 <
Ry s 2 (zF) 24d
V") £ i:Zle%(acz ) (24d)
VEx®) 2 Vi) @ 14, (24e)
s 2 gR(x® 0y vex®)), (24f)
I k), ok k
0 2 =S (VEE: M) - V), (24g)
=1
_ 1
W) 2wk _ ﬁlnﬂl ® Iq, (24h)
- 1
121, — Ennnl ® 1. (24i)
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B.1 Proof of Descent Inequality

The following lemma describes the updates on the centroid recursion z*) and will be used in the proof of
the descent inequality (Lemma 5.1.

Lemma B.1 (Centroid Recursion). The sequence {x*)} generated by Algorithm 1 satisfies
FEHD — 30 _ o (T (™) 4 500).
Proof. Multiplying (15b) with %]ln]ll ® I yields
ZHD) Z 50 _ oa (k) (25)
Similarly, multiplying (15c) with 11,1} ® I; yields

g*) =gk 4 Z VFi(:cEk’; 5Z{(k)) _ Z VFi(xZ('k_l); fzgk_l))
i=1 i=1

= %D+ (TF) +509) — (TFxD) + 501) (26)
= TFx®) + 50, (27)

where the second equality follows by definition (24d) and (24g), and the third equality follows from the
following induction. Considering the initialization g(®) = VF(x(®); £9)), the base case is §© = Vf(x(©) +
59 For the inductive step, we assume that g*—1) = Vf(x(kfl)) + 51 Now, we need to show

g(k) — W(X(k)) + g(k)’

which holds by substituting the induction hypothesis g*=1 = V f(x*~1) 4 5=1) into (26). Consequently,
the desired result follows by combing (25) and (27). O

Proof of Lemma 5.1. The L-smoothness of f in Assumption 5.1 implies that for all y, z € int dom f,
L 2
Fly) = f(2) +(Vf(z)y = 2) + S lly — 2]

Setting y = 2kt z = z(*) | and using Lemma B.1 yields

FEEH) < F(@9) a9 FE0), TFE®) +59) + L TF0) + 5092

Taking the conditional expectation on the filtration F*) gives

E[f @) | FW] < f(z") — B[V f(@®), VI (xW) +50) | FV
+ L7 ) 4 50 | 7O (28)
The unbiasedness of the stochastic gradient estimator in Assumption 5.2 implies
B[V f(z®),s®) | FO = (v f(z), E[s*) | 7)) = 0. (29)

Similarly, one has from Assumption 5.2 that

E[[VF(x™®) + 5@ | F®)
=E[[VFx™)? | FOT+E[IsW]* | FO) + E(VF(x®),5®) | 7O

= E[[VFE)P | FOT+E[s®)? | 7O+ E(V ), 50) | FO
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FEENP | FO] + E[H 21 FO+ (V) EEW | FO)

FEENP | FO] + (30)
Substituting (29) and (30) into (28) gives

E[f(@*+Y) | FW] < f(z®) — aE[(Vf(z™), VF(xM)) | F®)]

2L 7 2L 2
+ SEE(VF®) | FO] 4 (31)
It follows from the identity 2(a, b) = ||al|? + ||b]|*> — ||a — b]|?* that
— (V1(@8), VT
1 1 — —
= IVFEO) — JITFEH)I? + SV ") - TF)?
1 & 2
= S IVFE®)? ~ SITF®)I? + HfZsz )= S (320)
1 1 —
< 3 IVFEONP ~ LITFEO) + 5 Z |v5:®) - V)| (32b)
1
< 5 IVFEI? ~ S ITF®))? + Z 2 — o] (320)
1 1 —
= —2IVHEO)E - ST + L. (324)

n (32a), we apply the definitions in (1) and (24d), and (32b) uses Jensen’s inequality. In (32c), we use
Assumption 5.1, and finally in (32d), we use the definition (24c).
Substituting (32d) into (31) and taking total expectation, one finds that

£ /(@) <B5(®) - Q0D ggre) - L gjv o)

o?Lo?

al?
= Elx® 2
5 EIIX" + ——

It then follows from the stepsize condition a < 57 that
—(k+1) — (k) QX T F (k)N )12 ®)y)2 4 (B2 4 a*Lo?
Ef(@™) sEf@™) - JEIVAT)IT - IEI\Vf( M=+ EII P+ —,—

Forming a looser bound by replacing —% E[|V f(z*)[|? with —¢ ]E||Vf(§3k)|\27 rearranging, and then adding
and subtracting f* on the right-hand 51de one finally obtains that

S 4 ~ = 2L2 20Lo?
BITF) 2 + BV @®))? < = (Ef@®) - Efat)) + 2Bl + 22,

n

where f £ f — f*. This completes the proof. O

B.2 Proof of Consensus Inequality

The following lemma is a restatement of Lemma 11 in Song et al. (2022). The result follows directly as
GT-FT satisfies all the assumptions listed in Song et al. (2022, Lemma 11), and will be used in the proof of
Lemma 5.2.
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Lemma B.2. Let Assumptions 5.1 and 5.2 hold. If a < £, it holds for j > 1 that
, , 2
E [HVf(xU)) —Vf(x@—D)H ‘]—‘(’“)}
< 6a’nL’E [||Vf( G=1)y|2| F } +9L°E {||>z<j—1>||2|f<’€)} 4 30°E {Hx(ﬂn?\f(k)} +3a2L%02,

Now, we present the proof of Lemma 5.2.

Proof of Lemma 5.2. Recall from (17) that for all k > 1, the iterates x(*) satisfies that

0 k-1 j
k) _ <H W(i)) <0 _O‘Z — ) ( H wii ) (VF( ), @y — VF(X(jfl),g(j—l)))’ (33)

=k—1 i=k—1

where for convenience we set VF(x(~1,¢(=1) = s(-1) = Vf(x(-1)) = 0. Recall the finite-time consensus
parameter 7 € N> from Definition 3.1, and assume k —1 > 7. Thus, at least one pass through the topology
sequence satisfying Definition 3.1 has been performed. Then, (33) can be rewritten as

x(*) = ( f[ w<i>> %(0) akif < ﬁ W(i)) (VF(X(j)7€(j)) _VF(X(J'—I)f(jfl)))

=k—1 =0 i=k—1
-1

— o (k— %) ( Ii[ W(i)> (VF(X(j)’E(j)) _ VF(X(J’*l)’E(j—l))) (34)

=k—1

?ru

j=k—T
where we split the summation. Multiplying by T defined in (24i) on both sides of (34) yields

0 k—1—71 J
%) = ( H W(i)> %O — o Z (k—17) ( H \/7\\/'(1')> (VF(X(J')7£(]')) _ VF(X(j—1)7£(j*1)))

=k—1 j
k— J
—a (k—%) < H {fv(@) (VF(x(j),E(j)) _ VF(X(jfl)’g(j—l))) )

From Definition 3, each W is doubly stochastic, and the topology sequence satisfies the finite-time con-
sensus property. Algorithm 1 cycles through a topology sequence satisfying Definition 3 repeatedly in the
same order. Using these facts, we further simplify the above equation as follows

k—1
k) = _q Z -7 ( H W(l) (VF( (1), £y — VF(xU—D, ¢u—1 )) (35)
-7 i=k—1

since by assumption k — 1 > 7. Splitting (35) via the definition (24f) gives

1
(H W(’)> (VE (x()y — Vf(x(j—l)))

i=k—1

k

x®) = _q

%M

J T

E
—

_ (k — 7) ( ]i[ W(@) (s9) —sli=D).

j i=k—1

I
™

Rearranging the second term on the right-hand side gives

k—1 J
—a Y (k_j)( 11 VT;(i))(Vf(X(j))_vf(xu—l)))_aVAV(k—nS(k—l)

j=k—7 i=k—1
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—a kf ((k—j)( ﬂ W) — (k= j—1)( ﬁ VTN')))S(J)
j=k—7 =k

i=k—1 i=k—1

Then, the expectation of ||%*)||? conditioned on F*) is bounded by

B[R] #)
k—1 j
<2£[|-a 3 G- [T %)) - vr) ]
8[| oW s o 3 (- ( [T W)~ e—g-n( TT 7))o #]., o0
j=k—r - i=k—1 ’ i=k—1 7

where we use Jensen’s inequality. We now bound the two terms on the right-hand side of (36) one by one.
The second term on the right-hand side of (36) can be bounded as

qwmwwwﬁ§ammﬁwmwﬂqmﬁwmmmﬂ
j= i=k i=k—1

j=k—1 i=k—1
= [HW““ R \f““)}

1 a? Z [H( ( W(z)) _(k_j_l)(.jﬁ W(@))S(j)H?‘}-(k)] (37a)

Jj= i=k 1=k—1
J gt 2
< a?no? + a2 E H W) (k—j—1) W))W ‘]—'(k) (37b)
5 2]Je- <J;L v e
k—2 J
< a’no’ +2a° Y E[( H ]_[ k—j—1) H )||s<j>||2]f<k>} (37¢)
j=k—T1 i=k—
’ k—2
< a?no’ + 4a’7r? Z E{Hs(j)\\z‘f(k)} (37d)
j=k—71
< o®’no? + 40272 Z no? (37e)
j=k—1
< 4a273no?. (371)

In (37a) we use the independence of the gradient noise, and (37b) follows because the doubly stochastic matrix
W) satisfies H\/if(i) 2 < 1 and the gradient estimate error s'*) has bounded variance from Assumption 5.2.
Then, (37c) uses the properties of matrix norms, and in (37d) we use the fact that k —j -1 <k —j <7
and that ||\/7\\7(i) l2 < 1. In (37e) we use the bounded variance assumption (Assumption 5.2) and finally (37f)
uses the fact that 7 > 1.

We then bound the first term on the right-hand side of (36) as follows.

IE{H—ajliT(k—j)(i_]gllw(l)ﬂVf( @) — vf(xU-1 H ‘fﬂ
:a21E[H kf (k- ]i[ VA\f“))(Vf(x(j))—Vf(xU—l)))Hz‘f(’“)}
j=k—1 i=k—1

31



k—1 i _ ] 2
<o’ 3 E[|( IT W) (VEY) - vee0)) || F )] (38a)
j=k—71 i=k—1
k—1
<o’ Y E[||[VEY) - VeGP FO] (38D)
j=k—7
k—1
< a?73 (2a2nL2 E[||VF(@9=)|2F®] + 9L?E [||xU-V|2|F®] + 3L2E |9 |2| F®)]
j=k—71
42012, (350)

In (38a) we use Jensen’s inequality and the fact that k — 1 — m7 < 7, and (38b) follows from the sub-
multiplicative property of matrix norms and the fact that |[W® ||y < 1. Then, (38c) uses Lemma B.2.
Substituting (37f) and (38c) into (36) yields

B (K1) < 6atrinl? 3 B[O HFS] 40?50 Y B[R0 R0
j=k—T1 j=k—1
+ 30273172 Z E [[|%D|?|F®] + (3a*r*L? + 4a*73n)o>. (39)
j=k—71

Recall that the above analysis uses the exact averaging property (in (35)), and thus the iteration counter k
must satisfy k¥ — 1 > 7. Thus, one can sum up (39) over iteration & from 7+ 1 to T (T' > 7 + 1) and obtain

T k—1
> E[l <ozt Y S B[V
k=7+1 k=741 j=k—7
—1 T k—1 ‘
+9a27°L% Y N E[IIKUV P E®] 43027502 Y E [||xW]2|F®]
k=1+1j=k—1 k=141 j=k—71
+ (T — 7+ 1)(3a** L% + 40°73n) 0.
Adding Y5 _o E[||x®)||2|F®)] and dividing 7'+ 1 on both sides yields
- 2
s(k k
71 S E [ P17
k=0
6atr3nl? & k2
<o 2 2 ENVAED)PFM] + ZE =& | F O
k=1+4+1j=k—7—-1
90[27'3[42 T k—2 ) 3&27' T k—1 4
E %) 2| £ ) E (1)12| £ k)
T 2 > EIROPIFO]+ S > B[R]
k=7+1j=k—7—-1 k=741 j=k—71
(T—741) 4 ar2 2.3\ 2
T+l (Ba 1t L* + 4a*7°n)o”. (40)

Observe that for any constant T' € N and for any sequence {¢;} C R, there exists a nonnegative sequence
{B;j} C R>g such that §; <27 for j =0,1,...,T and

T k—1 T T T k—2 T-1 T
STO> 0 wi =D Btk <27, S =D Btk <2r Y Uk
k=1+4+1j=k—7 k=1 k=0 k=1+4+1j=k—7—-1 k=0 k=0
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Hence, the following bounds hold

4.3 L2
604TT+n1 Z Z E va

k=7+1j=k—7-—1

1204740 L2 ) _
DRIFR) < =2 S E (195 @9)PIFD),
=0

9027312 T k—2 » 182 AL . A
T Y EIROFFY] < S SR KR,

k=141 j=k—7-—1

3027302 - = 6a 42
PTEY Y R[ROPIFY) < ZE %0 21709).
k=7+1j=k—71
Using these bounds in (40) gives
12047412 & 1
- < 2= 0 E 7BV (121 £ (k) Elll%x® |2 (k)
771 ] < 7 2 ENVIEIPIFD] + 5 DBl | F ]
=0 k=0 k=0
T s ZE[H IIQIF(’”} +7T+1(3 1r4L2 + 4o’ on)o?,

or equivalently,

T

1— 24027412 & 120740 L2 1
o e E[x® 2| gk)] « 222 7 7 F 20y (12] F (k) - ElNlx® 2 | £
a1 S EIROIPIFY] < S SR (IO EO)FY] + o SR )
T—7+1 ., 4 49 2.3 Y2
_ L +4 . 41
TT1 (Ba* T L* + 4a”7°n)o (41)
The stepsize condition
1
< 42
T 4/372L (42)
implies that 1 — 24a274L? > % Substituting this into (41) gives
T
1 240t 4n L2
- E [|x®) 12| £ *) o e IE z(k) (k)
1 L E IRV < =5 §: (MERIREL)
12| F® 4+ (1- T 4 472 2.3\ 2
T—I—lE E[|x® 2 | F®) + <1 T+1)(60¢TL +8a 7t n)o".  (43)

One can further take the total expectation, relax (1 — = +1) to 1, and obtain

T
1 2Uairinl? &
- (k) ant o =(k) 24 (k) 24 4_4712 2 3 2
T+1k_O]E X H S T E E|VF(@Y)]* + T+1 g E||x"™||* + (6" 7L + 8at°n)o” (44)
n 1 n

< E ElV 2 E 2 2

T 96T +1) IV + T+ 1 Z =17 + (384T4L2 * 67’L2> 7
where the second inequality follows again from the stepsize condition (42). O

B.3 Proof of Theorem 5.3
Proof of Theorem 5.3. The result in Lemma 5.1 implies that for all £ € N,
20Lo?

)

212
ZER®2 +
n

EIVT&O)I? +EIV @) < 2 (Bf@®) - BFaE)) +
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where f £ f — f*. Taking the average over k = 0,...,T gives

T
— 4 ~ 2aLo?
- E EN2 | 7 (k) 2) <__ - R *(0) E 24
T+1k_o< VTP + EIVSEO)IP) € s BFE) + oo Z 582 + ==,
where we use the fact f(x) > 0 for any = € dom f. Substituting (44) yields
1 T
- 2T ONE —(k) 2)
77 2 (BIVIM)|? + BNV
k=0
4 48a74 LA 412
E f(z(© E 7|12 Ellx®) |2
T+ 1) F@?) + Tl Z IV @)1+ (T+1)kZ:O =]
120474 L4 f 20L
+ (M + 160273 L% + a) o?
n n
A80ATALA N [ arr
E sar (Ev ®)|2 + E|V f(z*) 2) = _SNOExW)?
(T+1) f@) + T+1 1;) IVFE)I7+EV (@) +n(T+1)kZ:0 (=]
124744 2oL
; (0” 16027 L + )
n n
By grouping similar terms on the left hand side and simplifying, one finds that
1—48airiLt <N .
> (BIVT )P + BV (2 ®))2)
T+1 &~
4 412 < 120474 L , 2aL
<——Ef@O)+ ——— Y E[xW)2 + [ T— +16a*7°L* + == ) o2
S G D) f(z n(T—l—l)kZ:O [|%])= + - + 16a°7°L* 4+ — )

The stepsize condition o < m implies 48a*LAT4 < % Thus, the above bound becomes

T

s 3 (BIVT )2 + BV )
k:
8 . 8L 240474 L 4ol
< — K 7(0) - E o (k)2 32 2 3L2 2. 45
< ST )+n(T+1)]§ 155 1* + —— 432077 L+ —= o (45)

From now on, we use the notation < to hide irrelevant constants. The notation a < b means that there
exists a positive constant v € Ry such that a < vb. In our case, the important quantities that we keep are

a, n, L, and 0. Then, (45) can be written as

T
J— 1 L2 a4T4L402 OéL(T
EITF(x™)12 + BV £(z*) 2) L~ eT Lo 372,2
77 o (BIVTOP + BIVAG)) 5 7 T S ateLie? +
We then apply the stepsize condition o € (0, WEET \/5172 L] and obtain
T
1 — 1 12 atrifis? aLo?
e E|VFf(x")2 + E|Vf(z® 2)<7 L T ro 3722
71 2 (BIVTOOIP + BIVIGOI) $ o o4 S +¥ro020? 4 20
A
~ T ntt T T2n
2212 o2 o2
< oL 0
STt - +72n
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Next, we present the proof of Corollary 5.4.

Proof of Corollary 5.4. From the stepsize condition o € (0, m} , the result in Theorem 5.3 can be further
simplified as

1 L2 oAriLAo? alLo?

T
2 2\« - 2 3r2 2
1}; E[VFGM)P +EIVAEIP) € 5+ o+ ———— +ar’ L% +

ol nT

z n 2ot Lo 4?3202 4+ aLo?
oI n

L? o2 L4o? 9 39 9 aLo?
ﬁ + W + a7 Lo +

L2 2L2 2
— + i +o?m3L%0% 4
oI n n
L2 aLo?

oT

C
< 2 +cia+ o
oI

A

A

aLo?

A

2/\

+ L% +

2

2 .
where ¢g = L?, ¢; = L%, and ¢o = 73L%0%. Now we set the stepsize o as

I R A R S N U
o 1T ’ T ’2L74\/§7'2L '

By definition, this choice of « satisfies the stepsize condition in Theorem 5.3: o < + £ min {i, m}.

Q=

We then discuss the following three cases.

1 1 2 1
1 1 . co \?2 co \? Co 9 _ QcCo coc1\ 3 cgcs
< —_— | — — — < = (7) .
(a) a= mm{?L 4\fTQL} mln{(qK) (CQT) } aT+aCl + 0" S T + T +
1 1
bya=(2) < () s D a2 < O :

T —\eT aT ~ T3 T3

1 1 2 1
co \3 co \?2 Co 5 _ C5cs CoC1\ 3
(¢) (@T) < <c1T) oT +aa+ca” S T2 + T

Combining all three cases yields

W

co ac 1 1
f+010¢+020¢2< 4 S(T) +c?

aT
2LC 1 2 1 /¢ 1
s+ 5’(*°)S+cl (ﬁ)g

Now we present the proof of Corollary 5.5.

Proof of Corollary 5.5. 1f we perform the AllReduce warm-up strategy, it holds that S5 _o (E[%®?) =0
Starting from (45), we can then find

T

1 -
77 2 (BIVFO)|2 + BV @®))?)
k=0
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7Ef(i(0)) +

8 P 24044 L4
n n

+ 3202732 + 4aL) 2.

aLU

o(T
1

§f+7+a 23 %02 +
oT n

We then apply the stepsize condition « € (0, m] and obtain

T
1 4 4L4 2 L 2
o > (BITFO)P + EITSEO)?) § =+ ST + a2 + 20
aT n
k=0
272 2 2
N i+7L 7 a3 ¢ alLo
S~ oT " -
2 2 2
<L o7 o
~ T T T2n
The result in Theorem 5.3 can be further simplified as
d (E 2R 2\ < a’L?o? 2372, aLo?
I;O IVF I +EIVF(@)?) < T 4t L0
2
S i +a?m2L%0% + alo
aT
€o
< =
N aT+010l+C20l )

2 .
where ¢ =1, ¢ = %, and c; = 73L%02. Now we set the stepsize « as

. Co % Co % 1 1
a=min< [ — — | s s T (-
aT ) '\cT 2L 4/372L
By definition this choice of a satisfies the stepsize condition in Theorem 5.3: a <
We then discuss the following three cases.

Q=

S min{i, 4\/5172L}'

1 1 2 1
1 1 . co \2 co \? Co coc1\3 | cies
_— y e _— — < _— (7> .

(a) a = mm{ZL 4\f7'2L} mln{(c1 ) <62T) } aT+aCl + 0’ S T 4 T + e

1 1 11 2 1
o \? co \? co 2 o C0C1 | GC
(b) a (61T> - <02T> aT taat ety Tz + T3
( ) Co % < Co % Co n n 2 < CO%C§ i (COCl)%
C) = e E— —— — C1& CoX — s — .
T ) — \eaT of ™~z T

Combining all three cases yields

2 1
Co [07¢/s} L 7co\3 1 r7co\ 2
—daat e’ S ——+c () +et
C

ol ~ T T T
2Leoy 1c0\ 3 1 3
<t (7)) el (7)
<72L Lo 3 Lo?2 3
NT+T<T> *(n ) -
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