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ABSTRACT

Communication is a key bottleneck in federated learning where a large number
of edge devices collaboratively learn a model under the orchestration of a central
server without sharing their own training data. While local SGD has been pro-
posed to reduce the number of FL rounds and become the algorithm of choice
for FL, its total communication cost is still prohibitive when each device needs to
communicate with the remote server repeatedly for many times over bandwidth-
limited networks. In light of both device-to-device (D2D) and device-to-server
(D2S) cooperation opportunities in modern communication networks, this paper
proposes a new federated optimization algorithm dubbed hybrid local SGD (HL-
SGD) in FL settings where devices are grouped into a set of disjoint clusters with
high D2D communication bandwidth. HL-SGD subsumes previous proposed al-
gorithms such as local SGD and gossip SGD and enables us to strike the best
balance between model accuracy and runtime. We analyze the convergence of
HL-SGD in the presence of heterogeneous data for general nonconvex settings.
We also perform extensive experiments and show that the use of hybrid model
aggregation via D2D and D2S communications in HL-SGD can largely speed up
the training time of federated learning.

1 INTRODUCTION

Federated learning (FL) is a distributed machine learning paradigm in which multiple edge devices
or clients cooperate to learn a machine learning model under the orchestration of a central server,
and enables a wide range of applications such as autonomous driving, extended reality, and smart
manufacturing (Kairouz et al., 2021). Communication is a critical bottleneck in FL as the clients are
typically connected to the central server over bandwidth-limited networks. Standard optimization
methods such as distributed SGD are often not suitable in FL and can cause high communication
costs due to the frequent exchange of large-size model parameters or gradients. To tackle this issue,
local SGD, in which clients update their models by running multiple SGD iterations on their local
datasets before communicating with the server, has emerged as the de facto optimization method in
FL and can largely reduce the number of communication rounds required to train a model (McMahan
et al., 2017; Stich, 2019).

However, the communication benefit of local SGD is highly sensitive to non-iid data distribution as
observed in prior work (Rothchild et al., 2020; Karimireddy et al., 2020). Intuitively, taking many
local iterations of SGD on local dataset that is not representative of the overall data distribution will
lead to local over-fitting, which will hinder convergence. In particular, it is shown in (Zhao et al.,
2018) that the convergence of local SGD on non-iid data could slow down as much as proportionally
to the number of local iteration steps taken. Therefore, local SGD with a large aggregation period
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can converge very slow on non-iid data distribution, and this may nullify its communication benefit
(Rothchild et al., 2020).

Local SGD assumes a star network topology where each device connects to the central server for
model aggregation. In modern communication networks, rather than only communicating with the
server over slow communication links, devices are increasingly connected to others over fast com-
munication links. For instance, in 5G-and-beyond mobile networks, mobile devices can directly
communicate with their nearby devices via device-to-device links of high data rate (Asadi et al.,
2014; Yu et al., 2020). Also, edge devices within the same local-area network (LAN) domain can
communicate with each other rapidly without traversing through slow wide-area network (WAN)
(Yuan et al., 2020). This gives the potential to accelerate the FL. convergence under non-iid data
distribution by leveraging fast D2D cooperation so that the total training time can be reduced in FL
over bandwidth-limited networks.

Motivated by the above observation, this paper proposes hybrid local SGD (HL-SGD), a new dis-
tributed learning algorithm for FL with heterogeneous communications, to speed up the learning
process and reduce the training time. HL-SGD extends local SGD with fast gossip-style D2D com-
munication after local iterations to mitigate the local over-fitting issue under non-iid data distribution
and accelerate convergence. A hybrid model aggregation scheme is designed in HL-SGD to inte-
grate both fast device-to-device (D2D) and slow device-to-server (D2S) cooperations. We analyze
the convergence of HL-SGD in the presence of heterogeneous data for general nonconvex settings,
and characterize the relationship between the optimality error bound and algorithm parameters. Our
algorithm and analysis are general enough and subsume previously proposed SGD variations such
as distributed SGD, local SGD and gossip SGD.

Specifically, we consider the FL setting in which all devices are partitioned into disjoint clusters,
each of which includes a group of connected devices capable of communicating with each other
using fast D2D links. The clustering can be a natural result of devices belonging to different LAN
domains so that those devices connected to the same LAN domain are considered as one cluster. In
another example, clustering is based on the geographic locations of mobile devices so that devices
in a cluster are connected to each other through D2D communication links.

In summary, the paper makes the following main contributions:

e We propose a novel distributed learning algorithm for FL called HL-SGD to address the commu-
nication challenge of FL over bandwidth-limited networks by leveraging the availability of fast D2D
links to accelerate convergence under non-iid data distribution and reduce training time.

e We provide the convergence analysis of HL-SGD under general assumptions about the loss func-
tion, data distribution, and network topology, generalizing previous results on distributed SGD, local
SGD, and gossip SGD.

e We conduct extensive empirical experiments on two common benchmarks under realistic network
settings to validate the established theoretical results of HL-SGD. Our experimental results show
that HL-SGD can largely accelerate the learning process and speed up the runtime.

2 BACKGROUND AND RELATED WORK

Large-scale machine learning based on distributed SGD has been well studied in the past decade, but
often suffers from large network delays and bandwidth limits (Bottou et al., 2018). Considering that
communication is a major bottleneck in federated settings, local SGD has been proposed recently to
reduce the communication frequency by running SGD independently in parallel on different devices
and averaging the sequences only once in a while (Stich, 2019; Lin et al., 2019; Haddadpour et al.,
2019; Yu et al., 2019; Wang et al., 2021). However, they all assume the client-server architecture and
do not leverage the fast D2D communication capability in modern communication networks. Some
studies (Liu et al., 2020; Abad et al., 2020; Castiglia et al., 2021) develop hierarchical FL algorithms
that first aggregate client models at local edge servers before aggregating them at the cloud server or
with neighboring edge servers, but they still rely on D2S communication links only and suffer from
the scalability and fault-tolerance issues of centralized setting. On the other hand, while existing
works on decentralized or gossip SGD consider D2D communications (Tsitsiklis, 1984; Boyd et al.,
2006), they assume a connected cluster with homogeneous communication links and will converge
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very slow on the large and sparse network topology that is typically found in FL settings. Unlike
previous works, HL-SGD leverages both D2S and D2D communications in the system.

Some recent studies aim to encapsulate variants of SGD under a unified framework. Specifically,
a cooperative SGD framework is introduced in (Wang & Joshi, 2021) that includes communica-
tion reduction through local SGD steps and decentralized mixing between clients under iid data
distribution. A general framework for topology-changing gossip SGD under both iid and non-iid
data distributions is proposed in (Koloskova et al., 2020). Note that all of the above works assume
undirected network topology for communications in every iteration. In comparison, our proposed
HL-SGD is different: the D2S communication is asymmetric due to the use of device sampling
and model broadcasting in each global aggregation round and cannot be modeled in an undirected
graph. Therefore, the convergence analysis of HL-SGD does not fit into the prior frameworks and
is much more challenging. Moreover, our major focus is on the runtime of the algorithm rather than
its convergence speed in iterations.

3 SYSTEM MODEL

In this section, we introduce the FL system model, problem formulation, and assumptions we made.

Notation. All vectors in this paper are column vectors by default. For convenience, we use 1 to
denote the all-ones vector of appropriate dimension, O to denote the all-zeros vector of appropriate
dimension, and [n] to denote the set of integers {1,2,...,n} with any positive integer n. Let ||-||
denote the £ vector norm and Frobenius matrix norm and ||-||, denote the spectral norm of a matrix.

We consider a FL system consisting of a central server and K disjoint clusters of edge devices.
Devices in each cluster k£ € [K] can communicate with others across an undirected and connected
graph G, = (V, &), where Vj, denotes the set of edge devices in the cluster, and edge (i,5) € &
denotes that the pair of devices ¢, j € V}, can communicate directly using D2D as determined by the
communication range of D2D links. Besides, each device can directly communicate with the central
server using D2S links. Denote the set of all devices in the system as V := | J ke[k] Vi the number

of devices in each cluster k& € [K] as n := |V|, and the total number of devices in the system as
N = ZkE[K] n 1.

The FL goal of the system is to solve an optimization problem of the form:

. 1 1 -
min f(2) = 5 3 file) = 5 3 ful@), )
Y ke[K]
where f;(x) := E,up,[li(x;z)] is the local objective function of device i, fi(z) :=

(1/n) > iy, fi(z) is the local objective function of cluster k, and D; is the data distribution of
device ¢. Here /; is the (non-convex) loss function defined by the learning model and z represents a
data sample from data distribution D;.

When applying local SGD to (1) in FL with heterogeneous communications, the communications
between the server and devices in FL are all through D2S links that are bandwidth-limited, particu-
larly for the uplink transmissions. Therefore, the incurred communication delay is high. Due to the
existing of high-bandwidth D2D links that are much more efficient than low-bandwidth D2S links,
it would be highly beneficial if we can leverage D2D links to reduce the usage of D2S links such
that the total training time can be reduced. This motivates us to design a new learning algorithm for
FL with heterogeneous communications.

4 HYBRID LocAL SGD
In this section, we present our HL-SGD algorithm suitable for the FL setting with heterogeneous
communications. Algorithm 1 provides pseudo-code for our algorithm.

At the beginning of r-th global communication round, the server broadcasts the current global model
2" to all devices in the system via cellular links (Line 4). Note that in typical FL systems, the down-

'For presentation simplicity, we assume each cluster contains the same number of devices here. The results
of this paper can be extended to the case of clusters with different device numbers as well.
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Algorithm 1 HL-SGD: Hybrid Local SGD

Input: initial global model 2°, learning rate 7, communication graph G, and mixing matrix W}, for
all clusters k € [K], and fraction of sampled devices in each cluster p.
Output: final global model =

1: for eachroundr =0,..., R —1do

2 for each cluster k& € [K] in parallel do

3 for each device i € V), in parallel do

4: ap? ="

5: fors=0,...,7—1do

6: Compute a stochastic gradient g; over a mini-batch &; sampled from D;

1
7 a7 = T g (ah®) > local update
1

8 AR ZjEN]c(Wk)i’jx;’é“Fi B> gossip averaging
9: end for '
10: end for
11: end for
12: for each cluster k € [K] do
13: m <+ max(p-n, 1)
14: S; <+ (random set of m clients in V) > device sampling
15: end for
160 ™ = Y k) Saiesy T > global aggregation
17: end for

18: return ¥

link communication is much more efficient than uplink communication due to the larger bandwidth
allocation and higher data rate. Therefore, devices only consume a smaller amount of energy when
receiving data from the server compared with transmitting data to the server.

After that, devices in each cluster initialize their local models to be the received global model and
run 7 iterations of gossip-based SGD via D2D links to update their local models in parallel (lines 5—
9). Let x;"° denote the local model of device ¢ at the r-th local iteration of s-th round. Here
each gossip-based SGD iteration consists of two steps: (i) SGD update, performed locally on each
device (lines 6-7), followed by a (ii) gossip averaging, where devices average their models with
their neighbors (line 8). In the gossip averaging protocol, N¥ denotes the neighbors of device 1,
including itself, on the D2D communication graph Gy, of cluster k, and Wy, € [0, 1]"*™ denotes
the mixing matrix of cluster k with each element (W), ; being the weight assigned by device 4 to
device j. Note that (W), ; > 0 only if devices 7 and j are directly connected via D2D links.

Next, a set S}, of m devices are sampled uniformly at random (u.a.r.) with probability p without
replacement from each cluster k € [K] by the server (lines 13-14), and their final updated local
models {z;",Vi € S} } are sent to the server via D2S links. After that, the server updates the global
model 2" by averaging the received local models from all sampled devices (line 16). Note that
only m devices per cluster will upload their models to the server in each round to save the usage of
expensive D2S uplink transmissions. The intuition is that after multiple iterations of gossip-based
SGD, devices have already reached approximate consensus within each cluster, and the sampled
average can well represent the true average. By trading D2D local aggregation for D2S global
aggregation, the total communication cost can be reduced. We will empirically validate such benefits
later in the experiments.

It is worth noting that HL-SGD inherits the privacy benefits of classic FL schemes by keeping the
raw data on device and sharing only model parameters. Moreover, HL-SGD is compatible with
existing privacy-preserving techniques in FL such as secure aggregation (Bonawitz et al., 2017; Guo
& Gong, 2018), differential privacy (McMahan et al., 2018; Hu et al., 2020; 2021), and shuffling
(Girgis et al., 2021) since only the sum rather than individual values is needed for the local and
global model aggregation steps.

Runtime analysis of HL-SGD. We now present a runtime analysis of HL-SGD. Here we ignore
the communication time of downloading models from the server by each device since the download
bandwidth is often much larger than upload bandwidth for the D2S communication in practice (?).
In each round of HL-SGD, we denote the average time taken by a device to compute a local update,
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perform one round of D2D communication and one round of D2S communication as cp, cg2q and
Cds, respectively. Assume the uplink bandwidth between the server and devices is fixed and evenly
shared among the sampled devices in each round, then cqs is linearly proportional to the sampling
ratio p. Similarly, ¢, depends on the D2D network topology G and typically increases with the
maximum node degree A(Gy,). The total runtime of HL-SGD after R communication rounds is

R X [T X (€ep + Cand) + cans] - (2)

The specific values of ccp, ca2q and cgos depend on the system configurations and applications. In
comparison, the total runtime of local SGD after R communication rounds is R X [T X ¢¢p + Cazs)-

Previous algorithms as special cases. When devices do not communicate with each other, i.e.,
Wy = I,Vk € [K], and sampling ratio p = 1, HL-SGD reduces to distributed SGD (when 7 = 1)
or local SGD (when 7 > 1) where each device only directly communicates with the server with D2S
links. Also, when 7 — oo, HL-SGD reduces to gossip SGD where devices only cooperate with their
neighboring devices through a gossip-based communication protocol with D2D links to update their
models without relying on the server. Therefore, HL-SGD subsumes existing algorithms and enables
us to strike the best balance between runtime and model accuracy by tuning 7, Wy, and p. However,
due to the generality of HL-SGD, there exist significantly new challenges in its convergence analysis,
which constitutes one of the main contributions of this paper as elaborated in the following section.

5 CONVERGENCE ANALYSIS OF HL-SGD

In this section, we analyze the convergence of HL-SGD with respect to the gradient norm of the
objective function f(-), specifically highlighting the effects of 7 and p. Before stating our results,
we make the following assumptions:

Assumption 1 (Smoothness). Each local objective function f; : R¢ — R is L-smooth for all i € V),
ie., forall x,y € R,

IV fi(x) =V fily)| < Lz —vyll, VieV.

Assumption 2 (Unbiased Gradient and Bounded Variance). The local mini-batch stochastic gra-
dient in Algorithm 1 is unbiased, i.e., E¢,[g;(x)] = Vfi(x), and has bounded variance, i.e.,
Ee, |lgi(z) — Vfi(2)||? < 02,Va € R4 i € V, where the expectation is over all the local mini-
batches.

Assumption 3 (Mixing Matrix). For any cluster k € [K], the D2D network is strongly connected
and the mixing matrix Wy, € [0,1]"*" satisfies Wyl =1, 1"W), = 17, null(I — W},) = span(1).
We also assume ||Wy, — (1/n)11"||2 < py for some py € [0,1).

Assumption 4 (Bounded Intra-Cluster Dissimilarity). There exists a constant €, > 0 such that
(1/n) > ey, IVfi(z) = Vfe(2)|]> < € for any x € R? and k € [K]. If local functions are
identical to each other within a cluster, then we have €;, = 0.

Assumption 5 (Bounded Inter-Cluster Dissimilarity). There exist constants o > 1, € > 0 such that
(L/K) > ek IV fe(2)]2 < 2 ||V f(z)]” + €2 for any = € R If local functions are identical to
each other across all clusters, then we have o = 1, ¢, = 0.

Assumptions 1-3 are standard in the analysis of SGD and decentralized optimization (Bottou et al.,

2018; Koloskova et al., 2019). Assumptions 4-5 are commonly used in the federated optimization
literature to capture the dissimilarities of local objectives (Koloskova et al., 2020; Wang et al., 2020).

5.1 MAIN RESULTS

We now provide the main theoretical results of the paper in Theorem 1 and Theorem 2. The detailed
proofs are provided in the appendices. Define the following constants:

K
. 1 _ 1
Pmax = ]?elflKX] Pk D; , = min {1_pmax’7} ) 1= Z ei 3)
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and let

g

2
o =807 - £, m =162 (5 ).
1 €]
To = 1601L2T2e§ +16C, L? (Tp?naxDT-,Pgi + 702 (n + p?nax)) .

Theorem 1 (Full device participation). Let Assumptions 1-5 hold, and let L, o, €1, €4, D7 5, pmax
ro, 71, and ro be as defined therein. If the learning rate 1 satisfies

i AL (o) () )
= 4Cia 7L’ \mTR) '\ r2TR '

then for any R > 0, the iterates of Algorithm 1 with full device participation for HL-SGD satisfy

_‘_7

1

722 4+ 1p2axDr s +7 (2 +p2) 0?)F 1

minE||Vf(z"*)|*> = O J +( “ & dibis 3 (5 + inax) o) K (6)
7,8 \/NTR (TR)3

—rs 1 N T8
where T"° = > .1, x;”.

In the following, we analyze the iteration complexity of HL-SGD and compare it with those of
some classic and state-of-the-art algorithms relevant to our setting in Table 1. First, we consider
two extreme cases of HL-SGD where pyax = 0 and p, = 1,Vk € [K], and show that our analysis
recovers the best known rate of local SGD.

Fully Connected D2D networks. In this case, pi,.x = 0, and each cluster can be viewed as a single
device, and thus HL-SGD reduces to local SGD with K devices. Substuting ppax = 0 into (6),

the iteration complexity of HL-SGD reduces to O(o /v NTR+ (72€2 + 7 - (02 /n)) 1/3 J(TR)?/® +
1/R). This coincides with the complexity of local SGD provided in Table 1 with device number K
and stochastic gradient variance o2 /n thanks to the fully intra-cluster averaging.

Disconnected D2D networks. In this case, HL-SGD reduces to local SGD with N devices.
Substituting pmax = 1 into (6), the iteration complexity of HL-SGD becomes O(c/v NTR +

(r2(2 + &) +702)""® J(rR)?/3 4 1/R). This coincides with the complexity of local SGD with
N devices, stochastic gradient variance o2, and gradient heterogeneity of order 63 +é2.

Table 1: Comparison of Iteration Complexity. >

- (72€2+702)§ T
Local SGD 0] 2+ Rt + =
. 53 piod I
G SGD O 4 o z
O%IP VN T Gemiapt | mia-p) | OOR
. c3,p5 33 3 2.2 .p
Gossip PGA (Chen et al., 2021) O \/1\771% + (TT}‘;)%/ + 07(:1:;% S =
1 1
_ . N G R ) L e C R P o LA
HL-SGD (this work) 0 (\/NTR + R + R} + -5

Next, we compare the complexities of HL-SGD, local SGD, gossip SGD and gossip PGA.

Comparison to Local SGD. Comparing (6) and the complexity of local SGD, we can see the intra-
cluster D2D communication provably improves the iteration complexity by reducing the transient
iterations. This is reflected in the smaller coefficient associated with the O((7R)~%/3) term. In par-
ticular, improving D2D communication connectivity will lead to a smaller p,,,x and consequently,
mitigate the impact of both local data heterogeneity and stochastic noise on the convergence rate.

'The convergence rates for gossip SGD and local SGD are from (Koloskova et al. (2020)). The parameters
in the table are given by the following: o2: stochastic gradient variance; p: network connectivity; €2: data
heterogeneity of order €2 + &7; Cr., £ 370 p*, D, ,» = min{1/(1 — p), 7}. Note that D, # D, .



Published as a conference paper at ICLR 2022

Comparison to Gossip SGD. Under the condition that p = ppax, i.€., the connectivity of D2D
network in gossip SGD is the same as that of HL-SGD, Table 1 shows HL-SGD outperforms gossip
SGD when 7/n < p?/(1—p). In other words, HL-SGD is beneficial for weakly connected networks,
which is the case in FL settings where a large number of devices are often loosely connected or
disconnected into several disjoint clusters via D2D communications only.

Comparison to Gossip PGA. Gossip PGA improves local SGD by integrating gossiping among all
devices in one round using a connected network. Compared to gossip SGD, gossip PGA has one
extra full averaging step with period 7. The complexity of gossip PGA improves both by reduc-
ing the transient iterations. HL-SGD (full participation) differs from gossip PGA in the sense that
gossiping is performed within multiple clusters instead of a single one. The benefit comes from the
fact that for many commonly used D2D network topologies, the spectral gap 1 — p decreases as the
network size decreases, see Table 2. Therefore, when employing the same D2D network topology,
HL-SGD enjoys a smaller connectivity number py,,x than p. Considering the scenario where 7 and
n are fixed while the cluster number K grows, the total device number N = nK grows and hence
p — 1 for gossip PGA. In the case when 7 = D, , ~ C ,, the fastest decaying O(1/7R) terms
are comparable for both algorithms. However, the O((7R)~2/3) term of gossip GPA can be larger
than that of HL-SGD since p increases with N. This observation shows for large-scale networks,
it is advantageous to use HL-SGD with multiple connected clusters instead of gossip GPA with a
single cluster under the D2D network topology.

Our next result shows the iteration complexity of HL-SGD with partial device participation. We
assume the devices participate in synchronizing their models at the end of each FL round following
the sampling rule given by Assumption 6.

Assumption 6 (Sampling strategy). Each S}, contains a subset of m indices uniformly sampled from
{1,...,n} without replacement. Furthermore, Sj, is independent of S};: Sorall (k,r) # (K',r").

Theorem 2 (Partial device participation). Let Assumptions 1-6 hold, and let L, o, €1, €4, D
Pmax> T0» T1, and ro be as defined therein. If the network connectivity satisfies

pmax S ]- - 1/7—7 (7)
then for suitably chosen learning rate n, the iterates of Algorithm 1 with partial device participation

for HL-SGD satisfy
minE(|V f(z")|

P

1
=0 o+ 5(697 EL» g, pmax) + (T26§ + Tp?naxDT,pE%"_T (% + p?nax) 02) 3 + max{l, GpDT,ppmax}
VNTR (TR)3 R ’
®

=r,s _ 1 N T8
where T"° = N Zi:l z

i

1
E%(€g,€L, 0, prax) = (€D, + prmax D p€% + 02) - Go Dy ppinaxN + — - =pho® (9)
m T
and
n—m 1
G = ——— G =G —. 10
P mn - 1)’ p pt T2 (10)

Compared to Theorem 1, Theorem 2 shows partial device participation deteriorates the rate

by O(E(eg, €L, 0, pmax)/VINTR). From the expression of £, we observe that as ppax — 0,
E(€g, €L, 0, pmax) vanishes, which indicates that the loss caused by device sampling can be com-
pensated by increasing network connectivity uniformly for all clusters.

The next corollary finds the critial py,ayx S0 that £2 = O(1), and the order of convergence rate of
partial device participation matches that of the full participation case.
Corollary 1. Under the same assumptions as Theorem 2, if the network connectivity satisfies

1
Pmax < v min{m, 7 — 1}. (11)

then

ol

o+ ey ten | (76 T Drpfl +7 (5 + Pma) 08)* 1Y
N (rR)3 k)

minE||V f(z"*)|* = O (
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Corollary 1 reveals the tradeoff between sampling intensity and network connectivity. More con-
nected D2D networks result in smaller pi,ax, and thus (11) can be satisfied by a smaller m. This
means we can sample fewer devices at the end of each round and reduce the D2S communication
delay when the D2D network is more connected.

6 EXPERIMENTAL EVALUATION

6.1 EXPERIMENTAL SETTINGS

We use two common datasets in FL literature (McMahan et al., 2017; Reddi et al., 2021; Wang et al.,
2020): Federated Extended MNIST (Caldas et al., 2019) (FEMNIST) and CIFAR-10 (Krizhevsky
et al., 2009). The 62-class FEMNIST is built by partitioning the data in Extended MNIST (Cohen
et al., 2017) based on the writer of the digit/character and has a naturally-arising device partition-
ing. CIFAR-10 is partitioned across all devices using a Dirichlet distribution Dir(0.1) as done in
(Hsu et al., 2019; Yurochkin et al., 2019; Reddi et al., 2021; Wang et al., 2020). We evaluate our
algorithms by training CNNs on both datasets, and the CNN models for FEMNIST and CIFAR-10
were taken from (Caldas et al., 2019) and (McMabhan et al., 2017) with around 6.5 and 1 million
parameters, respectively. For each dataset, the original testing set (without partitioning) is used to
evaluate the generalization performances of the trained global model.

We consider a FL system consisting of a central server and 32 devices. The devices are evenly
divided into four clusters, and each cluster has a ring topology by default, which provides a con-
servative estimation for the cluster connectivity and convergence speed. In our experiments, the
mixing matrix of each cluster Wy, is set according to the Metropolis-Hastings weights (Nedi¢ et al.,
2018). According to the real-world measurements in (Yuan et al., 2020; Yang et al., 2021), we set
the average time for a device to perform a local update, a round of D2D communication under ring
topology, and a round of D2S communication with one device sampled per cluster to be ¢¢, = 0.01h,
capd(A = 2) = 0.005h and cgrs(p = 1/8) = 0.05h, respectively, in the runtime model (2). For ar-
bitrary device sampling ratio and D2D network topology, we consider a linear-scaling rule (Wang
etal., 2019) and let cgpq(A) = (A/2) x 0.005h and cqp5(p) = 8p x 0.05h.

We compare HL-SGD with local SGD in the experiments. For local SGD, devices will only com-
municate with the central server periodically. In all experiments, we let the local iteration period
7 to be the same for both local SGD and HL-SGD to have a fair comparison. On the FEMNIST
dataset, we fix the batch size as 30 and tune the learning rate 7 from {0.005, 0.01,0.02,0.05,0.08}
for each algorithm separately. On the CIFAR-10 dataset, we fix the batch size as 50 and tune 7 from
{0.01,0.02,0.05,0.08,0.1} for each algorithm separately. We run each experiment with 3 random
seeds and report the average. All experiments in this paper are conducted on a Linux server with 4
NVIDIA RTX 8000 GPUs. The algorithms are implemented by PyTorch. More details are provided
in Appendix F.

6.2 EXPERIMENTAL RESULTS
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Figure 1: Convergence rate and runtime comparisons of HL-SGD and local SGD under ring topology when
7 = 50 and p = 1 for FEMNIST and CIFAR-10 datasets. (a) and (c) show how the accuracy changes over
communication round; (b) and (d) show how the accuracy changes over runtime.

We first compare the convergence speed and runtime of HL-SGD and local SGD while fixing 7 = 50
and p = 1. We measure the best test accuracy of the global model on the server in every FL round.
Figure 1 shows the convergence process. From the figure, we can observe that HL-SGD can largely
accelerate the model convergence while improving model accuracy in FL. On FEMNIST, the best
accuracy of HL-SGD achieved over 100 rounds is 4.78% higher than that of local SGD (i.e., 83.76%
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vs. 79.94%), and its runtime necessary to achieve a target test accuracy of 75% is only 17.64% of
that of the baseline (i.e., 5.67x speedup). On CIFAR-10, the best accuracy of HL-SGD achieved
over 100 rounds is 9.32% higher than that of local SGD (i.e., 68.71% vs. 63.68%), and its runtime
necessary to achieve a target test accuracy of 60% is 15.67% less than that of local SGD (i.e., 1.186 x
speedup).

(=2}
o

HL-SGD (t=5)
HL-SGD (7=10)

HL-SGD (T=15)
-B- HL-SGD (t=10)

Test Accuracy
w
o

HL-SGD (7= 20) HL-SGD (t=20)
—¥- HL-SGD (t=50) HL-SGD (t=50)
—4— Local SGD (T=5) Local SGD (t=5)
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—+~ Local SGD (Tt =50) Local SGD (T =50)
0 50 100 150 200 30 0 50 100 150 200 250
Round Number Runtime (Hour)

Figure 2: Convergence rate (left) and runtime (right) comparisons of HL-SGD and local SGD on CIFAR-10
under different 7 and ring topology when p = 1.

Next, to give a more comprehensive analysis on the runtime benefits of HL-SGD, we vary 7 from
{5, 10, 20, 50} and compare the performances of HL-SGD and local SGD on CIFAR-10 in Figure 2.
From the figure, we can observe that HL-SGD can consistently outperform local SGD across a wide
range of 7. In particular, on CIFAR-10, the best accuracy of HL-SGD achieved over 100 rounds is
2.49%, 3.99%, 4.05%, and 7% higher than that of local SGD, respectively, as 7 increases from 5 to
50. At the same time, the runtime of HL-SGD needed to achieve a target test accuracy of 60% is
9.66%, 19.76%, 33.46%, and 45.88% less than that of local SGD, respectively.
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Figure 3: Effect of sampling ratio p on the convergence rate and runtime of HL-SGD under ring topology when
7 = 50 for FEMNIST and CIFAR-10 datasets. (a) and (c) show how the accuracy changes over communication
round in HL-SGD; (b) and (d) show how the accuracy changes over runtime.

Finally, we investigate how the sampling ratio p affects the performance of HL-SGD. We select
p from {0.125,0.25,0.5,1}, corresponding to sampling {1, 2,4, 8} devices from each cluster to
upload models to the server. Figure 3 depicts the best value of test accuracy achieved over all prior
rounds. As can be observed from the figures, sampling one device per cluster only results in slightly
lower model accuracy, e.g., neligible and 1.92% drop compared to full participation on FEMNIST
and CIFAR-10, respectively. This matches the theoretical result in Corollary 1 that device sampling
does not affect the order of convergence rate under certain conditions. However, decreasing p can
lead to faster training speed due to its shorter D2S communication delay as observed in Figures 3b
and 3d. In practice, the optimal value of p needs to be tuned to strike a good balance between model
accuracy and runtime.

7 CONCLUSION

In this paper, we have proposed a new optimization algorithm called HL-SGD for FL with heteroge-
neous communications. Our algorithm leverages the D2D communication capabilities among edge
device to accelerate the model convergence while improving model accuracy in FL. We have pro-
vided the theoretical convergence analysis of HL-SGD and conducted experiments to demonstrate
the benefits of HL-SGD. In the future, we plan to extend HL-SGD to handle straggler issues under
device heterogeneity and provide rigorous privacy protection for HL-SGD.
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A PRELIMINARIES

Intra-cluster dynamics. To facilitate the analysis, we introduce matrices X;, € R"*?% and G, €
R™*4 constructed by stacking respectively x; and g; for i € V;, row-wise. Similarly, we define
the pseudo-gradient V F,(X) € R™*9 associated to cluster k by stacking V fi(x;) for i € Vj
row-wise. In addition, define the following intra-cluster averages for each cluster &:

1 1
7, A E ) = A~ E .
Tk = n - £ and 9k = n 9i- (13)
1€Vg 1€V

The update within each cluster then can be written compactly in matrix form as
X = W (X0 —nGY),  VE=1,...,K. (14)
Since each W, is bi-stochastic, we obtain the following update of the intra-cluster average
T = g (15)
We proceed to derive the update of the intra-cluster consensus error. Define the averaging matrix

1
J==-1-1T with 1=1[1,...,1]. (16)
n N——

n

Multiplying both sides of (14) from the left by (I —J) leads to the following update of the consensus
error:

(I - DX = (I = N)Wi(X)° —nGp®)

————
Xt
Y T8 T8 (17)
= (Wi = (X" —nGy7)
= (Wi = I)(X7 = nG”).
Global average dynamics. Define the global average among all z;’s as
1
— A )
T2 2—31 ;. (18)

12
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Then accordingly to (15) we have the following update of Z forall s =0,...,7 — 1:

=rs+l 77" s+1

8
=
Mx

k - 77@2 S)
- . (19)

|Mx

o
Il
_

r,8

B 1
(27" —ng;”) = 3"° — s ng’s
=1

I
2| =
M-

N
Il
—

Filtration. Let G = [G1;. ..; G k] € RV*? be the matrix constructed by stacking all the stochastic
gradients. We introduce the following filtration

Frs=0 (G, ... ,GY1 5, GY0, . GV L8, 0, G0 GT) 0)
Fr=0 (G, ... GO 5, G, G T LS.

Therefore we have xro =2a" € Fforr > 1,and z;° € F, ,_q for 1 < s < 7. For simplicity

the conditional expectatlon E(-|Fs) is denoted as E,. ;, and we define the noise in the stochastic
gradient as

€0 2 g7t Z V). en

Since at the end of round r all nodes are picked with equal probability, the sampling procedure
preserves average in expectation:

Er,'erxTJrl = E( ( T+1|~FT 7'71)|Jrr 7'72)

- ( KZ Z$TT|]:17'1 “FTTQ

k=1 €Sy,

K
1 1 . N\ TT
=E (E (K 2 o E I(i € Sp)z; ‘7:7“,7—1> |]:r,'r—2>

=1 1€V

(22)

where the last equality holds since P(i € Sy|i € V) = 2.

B CONVERGENCE ANALYSIS

To prove the convergence we first establish in Sec. B.1 that the objective value Ef(x") is descending
at each round r, up to some consensus error terms. Subsequently, bounds on the error terms are
provided in Sec. B.2-B.4. Based on these results, the proof of convergence of Algorithm 1 with full
and partial device participation are given in Sec. B.5 and B.6, respectively. The proofs of the main
propositions are given in Sec. C and that of the supporting lemmas are deferred to Sec. D.

13
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B.1 OBIJECTIVE DESCENT

Lemma 1. Let {z."°} be the sequence generated by Algorithm I under Assumptions 1-6. If 1 > 0,
then the following inequality holds for all r € N :

Ef(a"")

<Ef(") ZJEIIVf @2 - Z HNZW )

" T—1 1 K ~ 2
s=0 k=1
T—1 T—1 K
N rs n . 1 a2 (23
= E i i EH S\ _ s ‘
+ Z:; > VS +5 Z:; ViE™) - & k:1ka<wk )
nT—l 1 N 1 K B 2
T2 E szﬁ(% ) — Ezvfk(fk ) ’
s=0 =1 k=1
T—2
L, ., . L
+ ZE <2|x7,5+1 _ mr,aHQ) +E (2||xr+1 _ xr,7—1|2) ]
s=0

Proof. The proof is a standard application of the descent lemma and the sampling rule applied at
iteration 7 to obtain "1, See Appendix D.]1. O

Lemma 1 shows the objective value f(z") is descending in expectation up to the following error
terms:

2 1 &
Ty = EHVf(a’c“s) - = D VR(E)

k=1

N
T = B[V - 5 D VAGl)
=1

(24)

1o 1 &
T5 = ]EH? kz::lvfk(fgs) N ;Vfi(x?s)

T4 — E||jr,s+l _ J—jr,s

T5 —_ E”.’L‘T—’_l _ jr,‘r—1”2.

In the sequel, we will show these quantities can be bounded by the optimality gap measured in terms
. —r.s K F (=TS N S

of the gradient norms ||V £ (z")[|, [|(1/K) 325y V fi(z") 1% and [|(1/N) 3252, Vi) |1

B.2 BOUNDING T3, T5 AND T53.

Define

ax = . 2
Pmax kfnilaXK Pk ( 5)

FRRE)

Therefore it holds 0 < ppax < 1 by Assumption 3.

14
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Since each f; is L-smooth by Assumption 1, we have f; and f are also L-smooth. Using this fact
and the convexity of || - |2 we can bound T, Ty and T3 as
‘2

<2—ZL2E||‘”7‘”||2+22 > LPElzp® — 2%,

= 1€V
2 1
’S?ZLQ
)| Z > |7y - op0

= ’Levk

1 & 1
= EHVf(fT’S) + e ; Vfk(T,") — N Z Vfilx®)

(26)

T, = E|[vf@) - % Z V(@)
k=1

1 & 1 Y
T :EH— Vi) - —S'v
3 K; fe(@,°) N;

Clearly, in order to bound T 5 3 we first need to bound the inter-cluster consensus error ||Z"* — 5:2’8
and the intra-cluster consensus error ||Z,* — 2;"°||

Lemma 2 (Inter-Cluster Consensus Error Bound). Let {x"°} be the sequence generated by Algo-
rithm 1 under Assumptions 1, 2, 3, and 5. If the learning rate n > 0 satisfies

I 27
VP VE Yk @7)
then forall s =0,...,7 — 1 it holds
1 & 1 &
_r.s _r,s+1 =TS =158
= S Ean - g < O Y Bl — P
k=1 k=1
12 2L2 1 X Ell xms 2 12 2 2E \VA Tt 2 2 2K7]‘ 2 28
+ 127 NKZ_l v ) e ((PEIVE)IP + )+t ot (28)
where
3 1
Cre21+= 29
2 47 -1 29
Proof. See Appendix D.2. O

Lemma 3 (Intra-Cluster Consensus Error Bound). Let {z.**} be the sequence generated by Algo-
rithm 1 under Assumptions 1-5. Ifn > 0, then forall s =0, ..., 7 — 1 it holds

K
1
=) EIXpE < 2+ Y +n?pn 4L ) =S EIXT0 1P
Z I 17 < ( mae pR(L+ G 40 N; [Re|

1 rs - a ~
oLl g SO — 2+ 4r7pn PRIV + ) + A0 + o
kf

(30)
where pmax IS defined in (25) and
K
PLéklx {(PA+G), &2 — kz (31)
with (i, > 0 being a free parameter to be chosen properly forallk =1, ... K.
Proof. See Appendix D.3. [
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Combining Lemma 2 and 3 we can obtain the following bound on the sum of intra- and inter-

consensus errors using gradient |V f(z"*)||%.

Proposition 1. Ler {z"°} be the sequence generated by Algorithm 1 under Assumptions 1-5. If the

learning rate n > 0 satisfies

2 <« ;
=4 (ar — )12

then forall s =0,...,7 — 1 it holds
1 XK
rs+1 —7 ;84112 75-&-1 2
% LBl n+;ﬁw [

<Y O (7 + PraxDrp) (PEIVF(E)? + €2) + C10°Tplay Dr o7,
=0

_ 1
+ O hax0” + Ci(7 + D2 7 pras I 0
where

1
L%pémm{ﬂ}
1- Pmax

and C1 > 0 is some universal constant.

Proof. See Appendix C.1.

Notice that according to (26) the gradient difference terms in Lemma 1 can be bounded as

N K
{e[vser) - 5 o vaar| + jefvsen - £ Y vace

1 K

N
+ ZEH% ;Vfi(w?s) K kzvfk(f;s)

=1

Z<K§Zﬁwu“—’ﬂﬁ+§j > 12E|ap” in>

’ 2

1€V
N1 &
2 =TS _T,s 2 —7,8
+4<KZLE‘x — +Z S LRz - )
k=1 k=1 zEVk

K
1 rs —rs L ors
<nL? (K Z]EHCET’& o Z NXk,J_HZ)
k=1 k=1

forall s =1,..., 7. Therefore Proposition 1 immediately leads to the following result.
Corollary 2. Under the same setting as Proposition 1, it holds

+Z”EHW 7") ——Zm
)|

ZZEHVJC@M —*vaz )

s=0

+Z ZWNZWﬁ”*K

T—

?Mw

s=0

0.2

+ 0172L2n3p1211ax02 + CILQ(TQ + D?—,ppgnax)n:a;'

16

1
<Y L (77 4 Tphax D) (PE|VF(Z7°)|° + €5) + CL L 7% p e D €7

(32)

(33)

(34)

(35)

(36)
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We conclude this section by providing a separate bound on the consensus error
~ SO E||X57T Y| that will be useful in bounding T.

Proposition 2. Under the same setting as Proposition 1, if pmax < 1 — %, then we have

T—2

*EZ IXETP <2C2 - D2 ppras® (@3 V£ (7)) + €;)

s=0
2 2 2.2 1D-p 2 2 2
+ C2 D7 T Piaxt €1, + C2 i + 1) poax™Dr %0, (37)
for some universal constant Co > 0.

Proof. See Appendix C.2. O

r,T— 1”2

Proposition 2 shows that the average intra-cluster consensus error +; Z b1 ||X decreases as

the network connectivity improves, and vanishes if py,.x goes to zero.

B.3 BOUNDING Ty

Proposition 3. Under the same setting as Lemma 1, we have

N
1 o?
=rs+1l _ =rs|2 - (TS 2Y
E|z z ¥ Zl VAE)| + Py (38)
fors=0,...,7—1landr € N;.
Proof. Recall the algorithmic update at iteration s forall s =0,...,7 — 1:
X5 = W X0 — gWaGY*
_r,s+1 _r,s _7r,s (39)
z, =, —ng, -
Therefore, it holds under Assumption 2 that
EHE,T,S«H o jnsHQ
N 2 N 2 2 (40)
n n s g
— *+Vfi — Vi —
N 20 E VA N2V N
O

B.4 BOUNDING T5

We provide the bound on 75 separately for the full device participation and partial participation
cases.

Full participation.

When the sampling probability p = 1, we have

N
1 r,T
E T =TT
= N T, =T .
i=1

In this case, it follows from Proposition 3 that

1 N
2 - ) 7?,7'71
E N;vjz(xl )

Bl — 212 = +PL 1)

Partial participation.
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We proceed to bound 75 for
1<m<n-—1. (42)
Define p = m/n. Recall the algorithmic update at iteration 7 — 1:
XpT =W X7 - g GRT (43)
and
1 &1 1 &
r+1 _ - T o r,T
T _szz,xi —sz.z.xi . (44)
k=1 i€S), k=14i€S]
Therefore, with (Wk)1 ; being the 7j-th element of matrix W;, we have under Assumption 2:

EHCUTJ'_I _ i‘T’T_l ”2

2

—-E 1 iz T =r7—1
= N—p xz, —X

k=14€S]

=k Nip Z Z ( Z (Wk)m(m;’“l — gl ™) — gL

k=14i€ST jEVy

24y
K
! ] r r,T— or— o
=B Np Z Z I(i € Sp)( Z (Wk)ij(z L 0V f (2 1) — gt
k=11€Vy JEVk
Az,l
K 2
! ] r rT— o —
+772E No Z Z I(i € Sk)( Z (Wk)i,j(vfj(xj' 1) — g7 1))
Y k=11€W JEVk
A2.2

Proposition 4. Let {z"°} be the sequence generated by Algorithm 1 under Assumptions 1-6. If the
learning rate n > 0 satisfies

1

- 46
=50 (4r — DI (46)

then we have the following bounds on Az ;:

2

K K
1 - 1 1
2 —_r,7—1 r7—112 ] .
Ap1 <2°E || = S OVEEETY|| +8 (Gp + ﬂ) (N S EIXET ) SN )
k=1 k=1
where
n—m
G, 2 ——. 48
P m(n - 1) (“48)
Proof. See Appendix C.3.
O
Proposition 5. Under the same setting as Proposition 4, As o can be bounded as
o2 n
Ago < — (2 — - p? ) : 4
22 S 5 + m Pmax (49)
Proof. See Appendix C.4 [
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B.5 PROOF OF THEOREM 1 (FULL PARTICIPATION)

We first prove the descent of the objective value under suitable choice of 7.
Proposition 6. If the learning rate satisfies
1 1

< L
= 4Cia0 7L’ (50)
then we have
T—1
Ef(@) SEf@) - § S EIVIE)IP + Raa(n), (51
s=0

where

1
Rfull(n) 201L2773T2 (T + pilaxDﬂp) 652] + 201[’2773 (TQpIZnaXDT,pei + 7—20'2 (n + p?nax))

2

212
+n LT N
(52)
C1 > 0 is some universal constant.
Proof. See Appendix C.5. O
To attain the expression of the convergence rate, we sum (51) overr =0,..., R:
. . EIV =7r,s\||2
ggpﬂgg;lﬂ f@"?)]
<8(f($0) — f(@*)) n 8Runn (1)
- nr(R+1) nT
8(f(2%) — f(z*)) o
= 16nL—
nrR+1) o OEN (53)

centralized SGD

1
+ 16ClL27'277263 +16C, L*n? (Tp?naXDT,pei + 707 ( + pfnax)> .
n

network effect

The first two terms of (53) corresponds to the impact of stochastic noise and is of the same order
as the centralized SGD algorithm. The last term is of order n? and corresponds to the deterioration
of convergence rate due to the fact that we are not computing the average gradients of all devices at
each iteration.

Denote

2
o = 807"~ £, ra =162 (5 ).
1 (54
ry = 1601[/2726!2] +16C, L? (TprznaxDT,pe% + 702 (n + p?nax)) .

The rest of the proof follows the same argument as (?, Appendix B.5) and thus we omit the details.

B.6 PROOF OF THEOREM 2 AND COROLLARY 1 (PARTIAL PARTICIPATION)

Proposition 7. Let {x]°} be the sequence generated by Algorithm 1 under Assumption 1-5. If the
learning rate 1) and the network connectivity satisfies

1 1 1
< ‘mindl,— — d poe <1— =, 55
~ CsatlL mm{ " aGpDy ) pmax } anap T (53)
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then
T—1
Ef) SEf@T) ~ 1S BIVAE)I? + Ryb(0) + Rize () 60

with

1
R;L)rt( ) ClL27737'2 (T + p?naxDT,P) 652] + 201‘[’2773 (TQP?naxDT’PG% + TQJQ (TL + p?nax))
2
g
Lrn*—
AT
(57

R (1) = (8C2GLLD? j7p2..) nPe

[

1D L/n
+ 402LG;)772 ( Tprrnxe% + (n;—’p =+ 1) p?naxTDTaPU2> + 5 (mpilax) n N
C4, C3 > 0 are some universal constants, and
n—m

1
Gy =Gyt =5, with Gyp= —r. (58)

m(n — 1)

Proof. See Appendix C.6 O

Comparing (56) to (51) we can see that R (n) is of the same order as Rgl)l( ), while R}()a)rt( ) is

part
an extra loss term introduced by sampling.

Following the same steps as the proof of Theorem 1 gives

: : EIV f(z"* 2
min _min V(@)

1
O(O' + 8(69, €L7 ag, pmax) + (T2652] + Tp?naxD‘BPg% +7 (% =+ p?nax) 02) 3

59
VNTR (TR)? >9)
1
+ = max{1, GpDT’ppmax}> ,
where
1
82(697 EL? g, pmax) = (652]D7"P + DT’PE% + 02) : G;D‘fﬁpp?‘naxN + % Tpr2nax02‘ (60)
Our last step simplifies the overall conditions on pp,ax so that £2 (€9, €L, 0, Pmax) = O(1):
1 1 m
max<1_7 G/D2 < = max<7'- 61
p = 7_7 ‘rp max — N) p = n T ( )
We claim to fulfill (61) it suffices to require
1
Pmax < N min{m, 7 — 1}. (62)

When 7 = 1, the condition trivially requires pmax = 0. We then consider the case for 7 > 2. By
definition, it can be verified that

1 1
G, <—+=. 63
P=m + 72 (©3)
First notice that
m 1 1 T m
— < -<] - - d —< — .7, 64
AN=1= T M aN =R T ©4)
Therefore, it remains to prove (62) implies
1
! 12
G,D ppmax =¥ (65)
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Using the fact that under (62) pmax < 1/4 we have

1
G/pD72- ppmax - G;pmax T T o
’ (1 - PmaX) (66)
<16 1+1 <16 1+1 1 { }<1
—fPmax | —+ =5 | < — | —+ =5 | —/—cminym,7; < —.
=Tg Pmax 0, T2 9 \m "2y =y
This proves the claim.
C PROOF OF MAIN PROPOSITIONS
C.1 PROOF OF PROPOSITION 1
Denote for short
X
N > EX)P
M™s & ' (67)

k=1
1 K
7y 7,52
& 2Bl =2
k=1

Invoking Lemma 2 and Lemma 3 we obtain that under the condition that the learning rate > 0
satisfies

" S ST (68)
the following inequality is satisfied forall s =0,...,7 — 1:
ML < G- M™S + BT, (69)
where
G- (maxke[K] pi(i;ééllngrnQpL <412 nszC.T4L2> a0)
e _ (4an2(a2Elljf(fE“)ll2 +e) et + g%%naxcr?) o
12 (@?E|V £ (@"*)|1” + €5) + n*% .
The inequality in (69) is defined elementwise.
Unrolling (69) yields
M7+ < i G'Brst, (72)

£=0

where we have used the fact that M™% = 0 due to full synchronization of the z;’s at the beginning
of each round r.

We first provide a bound on the sum of the two elements of G* B™*~¢. For simplicity we omit the
round index 7 in the superscript for the rest of this section.

Lemma 4. Let bTZ and b;fﬁ be the first and second element of B*~%, respectively. Suppose the
learning rate n > 0 then

MM e
A2 — N\
where A1 < Ag are the eigenvalues of G; and py, is defined in (31).

(LGB < As(b3~* + 0575 +

(12rL°b7 " + 4pL L7b57) (73)

Proof. See Appendix D.4. [
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From Lemma 4 we immediately get

S

> (,1)-6¢'B"

£=0
S )\K o )\Z
<M (Ag(b;—f +b57) + P’ (120 L% +4pLL2b;—‘*)) :
—0 27— /M

Since Ay > C, > 1, we have

A§ =M ¢ 1671 A -1 A2 ¢ 1
- A e < .
o A Ay ;(AQ) <A mln{b)\176}_)\2mln{>\2)\1,€}
and thus

S

> -6t

£=0

SV T I . . 1 . _
S;/\g(bi 4+b‘2 f)+§()émm{)@_/\fg}> 772~(127L2b‘1 €+4pLL2b‘2 g)'

Recall the definition of py, given by (31):
2
= 1 .
pr=, max pi(l+C)

By the Gershgorin’s theorem, since 17 > 0, we can upperbound A5 as

Ao < max {gnmex] pi(l + Ck_l) +n?pr, - 8L%, C; + 127-772[,2}
€

2
< 2(14 ¢t PL 1
—max{ig%pk( MR v e g

where the last inequality is due to the bound on 7:

2 < v
T =% — L

1
D, :min{T,}.
’ ]-*pmax

Define constant

‘We consider two cases.

e Case 1:
1 1
pmaxgl_fi 7ST-
T 1_pmax

Thus D, , = 1/(1 — pmax). We let ( = pr/(1 — pi) and it gives

2 2
2 -1 P Pmax 2
1 = N — = = D. .
1?61%{)(] o1+ Ce ) = Pmax, PL k:Hll,E.%.}fK { } 1= ponmx Pmax1,p

Substituting into the bound of Ay [cf. (78)] gives

pr 2
>\ < max max 71
2 = max {p + (1 = pmax)37(47 — 1) * 4T — 1}

1\2
k) N 20 G
3(4r - 1)’ 4r —1 4r — 1’

<max<<1l—-—+
.
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where in the second inequality we used the condition (81).

Since s < 7 and Ao > 1, we obtain the following bound

gxébi‘ < <<1+4T3_1>T) . (;S()%) <3. (;%).

Moreover, since

s 1 (*%)2

2
2 2 pmax
max “4L* < max < 1-—-— B ———
Pmax +1°PL = Pmax G 4 — )67 7T e@Er—n

< Cr,

we can bound Ay — \; as

AQ - )\1 2 Cv‘r — Pmax — 7720L : 4L2

p2
>C'r_ max fs
= (p +(1—pm>(4¢—1>67>
(81)

1-1
> CT - max max * =
= (” P G 1))

1 1
>1 - max max °
R P (p e 47—1>

== (1*pmax) <1+ ) Z 1*pmax~

47 —1

Collecting (84) and (86) we can bound (76) as

S

> 1)-¢'Bt

£=0

N
< Z (B +b5) -3+ Zn (127220 +4p L*3) - 3 (mm { Ao =M })

S

<> +bh) -3+ Z n? - (127L%6] + D, ,p2,.AL%05) - 3D, ,

£=0 £=0
@y (bf+bf)-3+§s:(127bf+D L) R, M —
= . 1 2 ~ 1 T,pFmax*"2 7,0(47_1)247
<ibf+bf 3+Z 12705 + Dy pp2 0 AbS) - 1Dr,
— — ~ pFmax ) 7_2
S (b + b5) - 3+Z (12705 + Dy, pp2axdbl) - 1Dy
1 T,pFPmax 8 72 .

£=0 £=0
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Substituting the expression of b{ and b4 gives

s s 2
s

s D
Z(lv 1) ’ GZB87£ < Z(bg + bg) 5+ Z 7_2,[) : p?naxbg

0 £=0 =0

1
~%5 <4n2(pL +37)(PE|VF(@)|? + €2) + 40 pLet + 11 prax0” + "2n02>

£=0
- DZ,p 2 2/ 2 NS 21l 5
E T e (12 @RIV IE P + ) 47 o
£=0
~C . i C i} (88)
<D 5oL+ 7+ P D2, T @BV EIP + ) + SnProsel
£=0

1 Cq _ 1
+ S T Pax0” + 5 (T D77 lp?nax)n2502

s
S Can (T + pfnax‘DTaP) (a2E||vf(jT7e)||2 + 63) + ClUQTp?naxDﬂpg%
£=0
_ 1
+ OlTn2p121(1ax02 +Ch (T + D72-,p7 1p12nax)772ﬁo'2

where C' is some universal constant. The last inequality holds since py, = pfnaXDﬂ pand D, , < 7.

e Case 2:

1
pmax > 1— == D, , =T (89)
T
In such a case, we let {;, = (47 — 1) and thus
i L+ G 1) = a1+ (4T =17, o1 = 470 = AP Drpe (90)

Substituting into the bound of A2 given in (78), applying again the learning rate condition (79) and
using the fact that D, , = 7:

4p? 2
o gmax{pfnax(1+(47—1)—1)+ . Pmax__ 7 4 }

(47 —1) (47 -1) 1)
<1 .
=1+ 4r —1
Therefore by (76), (79), (84), and the fact that
1
Inin{w,g} ST:DT,p (92)
we obtain
> a1-c'Bt
£=0
<) +05) 34 n? - (120L% + 1607, D+, LbS) - 3D,
SjO Zjo 5 (93)
1D,
S Z(b{i + bg) . 3 + Z (127()? + 16pr2naxDT,Pbg) é 7_27p
=0 (=0
S s 2
<D (B H0E) 5+ 25 b
=0 £=0

Substituting the expression of b; and b, and using the fact that

2 2
PL = 4Tprnax = 4pnlaxD7'7P
we arrive at the same bound as in Case 1, possibly with a different constant C';.
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C.2 PROOF OF PROPOSITION 2

We are in Case 1 described in the proof of Proposition 1. By letting {;, = pi/(1 — pi) we have

pmax 2. 2 @ .m2 . 2
G = (pmax—" T pmme 1 4L T—pmax 4L> (94)

12mn? L2 C;

and the following bound on the difference of the eigenvalues of G:
)\2 - )\1 > 1- Pmax- (95)
Notice that according to (72) and (148)

7‘7'1
2} = 2:

Therefore

K

Z r‘r 1||2
=1
T—2

X ((Cr = M) (N12rn2 L2720 = M (A — C )52 1))
0

T12m2L2(\s — A1)

(=

NJ

1
-~ >\€12 ZLQbT—Q—E AZ A bT—Q—Z 926
+127-772L2()\2—)\1)E:0 = Cr) (M12r" L2070+ X5 (Cr = Ay 7)) (96)
T—2
1
< _)\ )\[ 12 2L2b7' 2—/¢ A _CT b7727€
“1202L27(1 — prnax) ZZ; DA (127 ~ (2 =G )
T—2

1
12772[’27—(1 - pmax)

(A2 — C) XS (122 L2027 + (O — A3 271)).
£=0

+

In the following, we bound A; and A\ — C.- as a function of p,,x. For notation simplicity we omit
the subscript of py,ax in the rest of the proof. Further, we introduce the following shorthand notation
for the elements of (7 :

2 2
flp)=p+ 1p_ o n?- 4L, g(p) = 1p_ n?-4L%, and h(1) = 12r°L%.  (97)
Applying the Gershgorin’s theorem we obtain
A1 > min {p,Cr — 12r9°L*} > p > 0, (98)
and
A2 < max{f(p) + h(p),g(p) + C-}. 99)

Under the learning rate condition (79) we can show

g(p) + Cr — (f(p) + h(p))

4 2 2 272
*,0.77 -4L* —12mn°L (100)

—p—12r7%L% > 0.
ar—1 PR =

Therefore,
)\2 - CT S g(p)
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Substituting the bounds into (96) gives

1 K
r,7—1
= S IR
k=1

T—2
1
< - CTAZ 12 2L2b7'—2—€ — (Mo — OT b‘r—2—€
1 T—2
- Aoy — C‘r )\é 12 2L2b772fé C-,—bT727Z
TP (= p) = (o = )X (2mP L2150+ Crby ™))
1 T—2
P — 14 12 ZLQbT—Q—Z
- 127721/27'(1 - p) 0=0 (CTf(p) ( l 1 ))
- ) (101)
1 —
- )\12 12 2L2b7727f CTbe2ff
+ 127]2L2T(1 - p) =0 (g(p) ’ ( ™ ! + 2 ))
1 T—2 1 T—2
§i0‘r Zbg + fg(p)kg Zb{
P £=0 P £=0

Cr

M T l
QTG i P)AS (Zb)
T—2
<D, ,C, <Z bﬁ) +12D2 L (Z b‘) + —p2D2 (Z b§> :
£=0 £=0

where we have used the bound A\; < f(p) < 1, A2 > 1 and \] < 3.

Plug in the expression of b; and bs and using the fact that C; < 2, p;, = p? D, , gives

1 K
,T—1
NZHX’" I
k=1
T—2
<(2D., +12D2 °L*p?)p* > (40 Dy, (0?|VF(@"*)|* + €) + 47° D €] + n°0”)
s=0

T—2 2

T.pET 2 2/ 2 —7,8\||2 2 20

o 12 V 5 P

= S (2 @I+ )+ )
2 T—2

2p%) > 0% (40 Do (@ |V F(@°)|° + €) + 40° D- €7, +n’0”)
s=0

<(2Dr,p

T 1
T,p 2 2 2 =7,8) |2 2 2 2
2—"p Zo(mn (@ V @I + &) + 07 0%)
T—2
<3D; 0% (477 Dr (2| V(@) + €2) + 47° D & + n*0?)
s=0

T—2

1
+2D2 P71y (12 (2| V(@) + €2) +n2502).
s=0

(102)
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Tidy up the expression gives
T—2

NZHX” U2 < 78D, (4 Dr (02 VFE )P + ) 42D, 7+ o)
s=0

. 1
ZQDTpp T 2 (@[ V@) + €g) + 0 —0®)

s=0

T—2
<Y (D2,0%) P3|V FE")|2 + )
s=0 (103)
1
+ Co(Drp)* 19?18 + Cot Drpp™n’0™ + Co(Dr ) p*n* 0
<20, Z D2 " (2| V(@) + €3) + Ca(D- ) mp 0]
1D,
+Cs (’p + 1) p’1D, ,n*o?
n T
for some Cy > 0.
C.3 PROOF OF PROPOSITION 4
We prove (47) by splitting the terms A, ; follows:
2
(a) rr—1 r7—1 _r7—1
Agl =E Np; EZV ZESk 7€ZV (Wk)77j(117] 7T]ij(mj )71‘k )
K3 k k
(104)
7 VT — 1
<9K Zp nnV fi(z +2EHN ZZ (i € Sp)rinl| »
k 1i€eVy
where
rie 2> (Wa)iy (@] T =27 = (VT = V@), (105)
JEVE
Equality (a) holds since
K
YD) I PURNEED 35 LI DT
k=14€S], j€Vk k=14i€S] k=1
X (106)
DD Il e
=1 i€V
and similarly,
SN W) Vi@ = npV iz ™). (107)

i€S] jEVK

Since samples are taken according to the rule specified by Assumption 6, the following probabilities
hold:

np—1
n—1"
P(i € Sg,j €Sy |i € Vi, j€ Vi, k#E)=p* (109)

Consequently, we can evaluate the second term in (104) and obtain

2
vafk _r,T— 1

P(ieSpli€Ve)=p, PG, j€S;|i,j€WV)=0p (108)

Ag)l =2E
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" pZZanHQ-i-p Lo Z S i

k=1i€Vy k=1i,5€Vs

Np2 pQZZZ e

k#L i€V jEV:

Z?Nf Pl
wij)z(-if_‘fuzzm\ M5 e

k=1i€Vy k=1i€V;

2
=2E

2

(Np)2 n — 1 Z Z Z TikT5e

k#L i€V JEV,

_|_

1 & ?
7‘7’ 1
<2B ?;w( )
+ N2—2 ( np - 1Hsz! ZZ”M”)
( 2 k=1i€Vy k=13i€Vy

2 p(l-p) 1 1
T 1 B\ 2 2 D gl + gl

k#ALi€VE jEV,

2
vaf r¢1
+<zv2p> (np J\ZZ%! — ZZnnkn>

k=1i€Vy k=1i€Vy

2 p(l-p) = )
F O o1 K DY > Ellral” (110)

k=1ieVy

+

<2E

By substituting the expression of r;; we can bound terms || ZkK_l > iev, riel|?> and

K
D k=1 ZiEVk x| as

K 2 K 2
IS ] = |22 Y Wity =2 = (V) = V)|

k=1i€Vy k=1i€Vy jEVk

K
- 772 Z Z Z (Wk)i,j(ij(wg’Tfl) — vfk(f;‘r*l))

k=1i€Vy jEV

=210 Y W)y (V™) = V@)

k=1i€Vy, jEVy

<772NZZ Z Wk JLQHZ,?"T 1 77"7- 1||2

k=1i€Vy jEV)

K
NS S P T = NS KT

k=1i€Vy k=1

(111)

28



Published as a conference paper at ICLR 2022

and

K
> 2 lrael?
k=1i€V}
2

_ZZ Z Wk zj T 1_@277 1 (vfj( rT— 1) vfk(s_c;;ﬂ__l))

k=1i€Vy ||jEVE

S Y Y v

1i€Vy jEV

> (W) (2 ‘

1€V JEVE
2T 1 _7‘7' IH +2772L2ZZ ”er 1 —’I”T 1”2

€V k=1i€V}

IN

2
B T ) - V)

ES
Il

IN

.’ﬂ;’T 17:?27 1” +277 va] ’l"T 1) vfg H >

M= 1M I T

21+ 77 L?)|| X5 (112)

B
Il
—

Tidy up the expression leads to the following bound of Aj ;:

2

K
2 np—1 2
< TT 1 . H S ‘
T WA e ( e Pohors
k=1i€V}
.
—p(1
2
(Np) k 1€V
’ 2 1 K
T— np — rT—
<o S vl |+ g (v 2 v S ET )
k=1

2 N K

+ ~—p(l—p)— 2(1 + 2L2EX7‘7'12

e TP (; (1+7°L*)E]| [
1 &
7 L VI +

k=1 —

4 1-p K
+ —=—— 1+ 2L2E XT’T_l 2

N oo —1) (Q LB XL

é i i rT—12
+N(p(n1) 2) <ZE||XM ||> (113)

Z v f 7‘ T— 1
where the last inequality holds under the learning rate condition

2

2
<R nL? ZEHX” 2

2
<2n°E

1

i 114
=50 (ar — 1)I2 (114)

This completes the proof of (47).
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C.4 PROOF OF PROPOSITION 5

We bound Aj > in following the same rationale as Proposition 4.

Ao —EHN Z Z I(i € Sp) ( Z (Wr)i i (Vi (27%) = g77%)) H2

k=1i€Vy JEVK

€ik

1
- g el +p(1 = p)—" Elle; |2>
(Np) <p n—1 H Z D> ea|| Z > Ellei 115)

k=1i€Vy k 1i€Vy

2
e e PRI

k#L i€V JEV,

1 np—1_ | & 2 n K )
:(Np)g (p- n_lEHZZGik’ +p(1_p)mZZE”eikH >,

k=1i€Vy k=1i€Vy

where the last equality is due to fact that the inter-cluster stochastic noise is zero mean and indepen-
dent.

Recall the definition £)*° £ ¢)*° — V f; (). Using again the independence of the &;’s we get

EHZ 3 elk‘ —EHZ SN (W) _EHZ§” — No?, (116)
k=1i€Vy k=11€V jEVk
and
K K 2 K
SN Bleal =30 ST E| Y Wi =D Iwele®
k=1i€Vx k=1i€Vy JEVK k=1

K

= 2 3 d2
;0 ;1 J (117)

K
< 202<1 + (n— 1),0%) <Ko*+ (n—1)Kp2, 0>
k=1

(1 + (n - 1) pIQnax) KO-Q'

where d; < dy < --- < d,, =1 are the singular values of W} Therefore,

n
A2,2< Np)? ( 5—1 “No® +p(1 — )n_1(1+(n—1)pr2nax)[(02>
np o2 L (1-p 2 2
— — 118
5 (2= ) 5 (32 1+ (- D) o) )
o a*p! 2 o -1,2
< W + F n—1 (1 + (n - 1) pmax) ﬁ (2+p pmax) .

The last inequality is due to p > 1/n.
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C.5 PROOF OF PROPOSITION 6

Invoking the descent inequality Lemma 1 and the error bound for 73-T5 given by Corollary 2,
Proposition 3 and Eq. (41):

Ef(")
1 N
<Ef(x ZEHW S S E L e
s=0 =
n‘r—l 1 K 2 1
35l o]
s=0 k=1

+ ClLQWST (T + p?nax E ||Vf z"° H2 +e€ ) + Clendep?naxDT PE%
s=0
2

g
—+ 017'2[/277 meXU + OlL2(7-2 + D?—,pp?nax)ngz (119)
oy T—1 N 2 2
77 L 7 ‘L o

<Ef(z") — ZJEHW ()2

+ CLL*n T (7 + paasc D Z (QPE[|V ()| + €2) + C1 L2172 p2 1 Dy 83,
s=0

2

0'2 g
+ 01T2L2n3p?nax02 + OlLZ(T2 + D?—,pp?nax)ngz + n2LTW'

The last inequality holds under the condition that

< —. 120
Y (120)
If we further enforce
1
C1 L2 2 D Ya2<? o 2< 121
1 77 T(T+pmax aﬂ)a — 8 77 = 801L27'(7'+,012naXD-,—7p)0627 ( )
then
Ef(z")
<Ef(x ZEHW z%)|?
+ ClL277 T (T + pmaxDTyp) 6g + ClL2773T2p12naxDT,P€%
o? o2
+ 0172L2773p12nax0-2 + 01L2(7—2 + Dz,ppzﬂax)ngz + 772LTW
n T—1
=Ef(z") - ¢ S E|VFE")|? + CLL* P (7 + phaaxDrp) €2 (122)
s=0
o2 o2
oLy (pw # o) 4 (724 D ) ) LT
T—1
<Ef(a") -2 Y E|VFE)|? + n%f
s=0

1
+ ClL2773T2 (T + p12naxDT7P> 63 + 201[’2773 (TQpIQnaxDT,PE% + 7—202 (n + pr2nax>> )

the last inequality is due to D, , < 7 and ppax < 1.
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C.6 PROOF OF PROPOSITION 7

Invoking the descent inequality Lemma 1 and the error bound for 73-T5 given by Corollary 2,
Proposition 3, and 4:

Ef(errl)

T—1 T—1 N
s n =r,s n 1 T,8
<Ef@) - 1> EIVIE)2 - LY Bl Y vAer)
s§= s=0 =1

0
T7—1 K B 2
—g E %Zv L (Z7°)
s=0 k=1
T—1 1 N N n T—1
+gZOE ( —szfz‘(xl’é) +4ZOEHVJ"($H —*vak
s= i=1 s=
77771 1 N 1 K B
+ 3 s:OE v ;Wi(z?) - ;m(azk )

T—2
L L
4 E (Qer s+1 r,s||2) +E <2||$T+1 _ IT’T_1||2)

<Ef(a") ZEHW 7)) - nZEHNZVﬂ )

T—1
+ CLLP 0P (T4 PhaxDrp) D@2V (@) + €2) + CLL* 072 02 Dr €7
s=0
02
+ 017—2[/2773/)12113)(0— + ClL2 (T + D2 ppmax)ngz
L T—2 1 N
2 7,8
1 E ’
72 V i 4,7—1)
k=1
K
]. r,r—12 L 20'2 n 2
( 2> ; 12Xl ) + 50 <2+ %pmax). (123)

Denote for short

2
2

L, o
d —1)—
oty

+ Ln’E

1
G;éGp-l-ﬁ. (124)

Further applying the bounds on the consensus error derived in Proposition 2:

Ef(z"™")

<Ef(c ZEHW (&) - ”ZEHNZW )

- zomuégm )

T—1
+ ClLanT (T + pmdx P Z 2||Vf z"® ||2 + 6 ) + ClL2n3T2p12naxDTaP€%
s=0
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2
+ O L2 000 + CLL? (7% 4 D2
2

+ Z ZVf |+ L%
2! : TTUN
K 2
+L772E Z ’I‘T 1
+4LG, <2 Tpﬂfnaxﬁz(a2llvf(fr’s)||2+€§)>

1D,
+ 4LG/ C T PTpmaXTI EL + 02 (n7—)p + 1) p?naxTDT,Pn20-2>

L o2
2

Lo (5 M ) 129

Rearranging terms and tidy up the expression we have

]Ef( r+1)

1 N
<Ef(") ZEHW ”IILZZEH%ZWJ%‘S)

T’T—l 1 K B 2 L T—2
—48_0E\\K;ka<fk’> Hym R Zw@
1 & ’
r r,7—1
+ Ln*E 7 2 V@)
k=1
T—1
+01L27]3T (T+pmax P Z 2||Vf z"® ||2—’—6 ) (126)
s=0

T—2
+ 8C2G;LD3’ppfnaxn2 (Z(aﬂvf(l‘r’s) 12 + 63))

s=0

2
+ CIL2773 ( 2DT PpmaxeL + T pmax + (T + D2 ppmax)an )

1) pmaxT‘DT PO—2> :

Notice that if the following conditions on the learning rate are satisfied

L o2 L o2
Z(r=1)n2=— f(g )27
+o =D+ 5 (2 pmaXnN

+

1D
4Co LG n? | D2 rp2 . &
+ 2 pTI < T,prmax6L+ n

> L,
(127)

0NI =3

> CLL*0°7 (T + phaxDrp) @2 + 8C2G;LD27ppfﬂaX772a2’
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then the terms associated to the gradients will be negative and
Ef(errl)
T—1
T 7] =T,8
<Ef@") £ > EIVIE))?
s=0
1
+ ClLanTQ (T + p12naxD7'7P) 6!2] + 201[/2773 (T2p12naxD7'7P€% + 7—20-2 (n + p?nax))
20° ' 2 2 2 2
+ Ltn N + (SCQGPLDT7prmaX) ne,

1D, L
+ 4C2LG;1772 (Dzyprilaxei + (n,]_p + 1) p12na,xTD‘r71)0'2) + 5 (apmax) n ﬁ

In the last step we clean the condition on the learning rate 7. Collecting all the conditions on 7:

1
2 128
T = 4r2r(4r — 1) (128)
1=0L, (129)
g > C1L*0°7 (7 + phaxDrp) & +8CoG,LDZ p2 . 0. (130)

Clearly, (128) implies (129). To ensure (130) it suffices to require

17—) > C1L27737' (T + p?naxDﬂp) a?
776 / 2 2 2 2 (131)
16 > 8C2GLLD? ,praxt

Recall the definition of G;:

n—m

1
!
Gp:Gp‘i’ﬁ, and Gp = m (132)
It can be verified that if
1
"= CharrL (139
for some C% > 0 large enough, then
n
Tﬁ Z CIL2773T (T + p?naxDTaﬂ) 042
n 1
33 Z 802 (7_2> L'D72'7Ppr2naxn2a2'
It remains to guarantee
o5 > 8CG,LD2 02 0™, (134)
Rearranging terms gives the condition
< 1 (135)
7= 956C,G, D2, p2a®L

Combining with (133) and using the fact that D, ,pnax < 7 provides the final condition on 7 as

1 1
< -ming 1, ——. 136
— CzarL i { ’ aGpDT,ﬁ Pmax } ( )
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D SUPPORTING LEMMAS

D.1 PROOF OF LEMMA 1

Since the global average of the local copies follows the update [cf. (19)]:

Fhetl = s nNZgjs Vs=0,...,7— 1. (137)
=1

Under Assumption 1, we can apply the descent lemma at points z">5+!

conditioned on F _1:

and z"°* fors =0,...,7—2,
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where (a) is due to Assumption 2, (b) is due to 2ab = ||a||?> + ||b]|* — ||a — b||?
and (c) is due to ||a|| [6]] < %lal|* + 1[[b]|2. Notation a =+ b stands for adding and subtracting, i.e.,
atb=a+0b-

For the pair (27!, 2"*1) we have according to (19) and (22):

N
1
Er,772xr+1 = Er‘r 2( TT) = Er,'er <-7J‘T7T nN TT 1) .
i=1

Applying the descent lemma in the same way as before yields
Er,'erf(wr-’_l)

L
Sf(-’fT’T_l) + Vf(fr’T_l)TET’T,Q(Z‘T-"_l _ jr,r—l) 4+ =
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1 2 1,
<@ = s - 3|5 S vaer| -2 Y VAR
i=1 k=1
nva =TT — 1 vaz T — 1 H nva(xr,T—l)_Il(ivk(xz,Tl
k=1

T] r-rl 17-1 L r—+1 —r,T—
I

Taking expectation, summing over the iterations in round r over s = 0, ..., 7 — 1 and using the fact

7,0

that " = ™" completes the proof.

D.2 PROOF OF LEMMA 2

Recall the average update of the k-th cluster and that of the global average given by (15) and (19),

respectively, for s =0,...,7 — 1:

_r,s+1 _ -mr;s —T,s

Ly, =Z —n-gy
—T,s+1 —rs
z —n Zg

Taking the difference gives
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where ¢ > 0 is some constant to be chosen.

Averagingover k =1,..., K:
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In (a) we used the fact that

11 1 11 1 <
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k=1 1€Vy i=1 k=1 1€V i=1

and
K K 1 K
—112 2 —112 . =

T, — Z||° = ;|| — K|z with == — T;. 143
;II [ ;II [ 1zl K}; (143)

In (b) we applied the L-smoothness of f; and fj.

Choosing € = 47 7 and using the condition that

2
< -
T = Surar — 1)1

we have

K
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In the last inequality we applied Assumption 5 on the inter-cluster heterogeneity.

D.3 PROOF OF LEMMA 3

We follow the perturbed average consensus analysis. Recall the update equation of the consensus
error given in (17):

Xpth = (Wi = DXL —0GRo). (144)
Squaring both sides and conditioning:
B[ X2 = B (B(|(W — J)(X0L £ 0V E(Xp") = 0GR |PFrs1))
< E|(Wi — D)X —nVE(Xp )P + i pEno?
< oL+ G EIXELP + o (1 + G)nPEIVE(X)|? + n?pino®,

where (;; > 0 is some free parameter to be properly chosen. Next, we bound the norm of the
pseudo-gradient V Fj, (X;”).
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< @IV D) = V@I + 41V ") = V@)1 + 41V (@) = VE))?)
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<AL\ X[ |17 + 402" — 7% + 4n||V i (@7°) || + 4nej,.
The last inequahty is due to Assumption 4 on the intra-cluster heterogeneity.

Averaging overk =1,..., K clusters:
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D.4 PROOF OF LEMMA 4

To simplify the notation we omit the superscript in B™*~¢ in this section.

Let A = diag(\1, A2) and the eigendecomposition of G = TAT !, we can obtain the closed form

expression of T" as
T M—Cr X—-0C:
—\12m?L? 1222

and
41 12r2L? X+ C,
= det(T) (—127772!32 A\ —Cr ) ’
where
det(T) = 12r*L* (A1 — o). (147)
Consequently
det(T) - G'B = det(T) - TA*T'B
(M =Cr A — 0 12r2 L% =X+ Cr\ (b
o <127‘772L2 127772L2> ( )\g) (—127’772L2 A —C; ) (bg)
(M =Cr A — 0\ [1279*L%b; + (—A2 + Cr)bo
- <127n2L2 127-772L2) (0 ,\f) <—12m2L2b1 + (A — CT)b2> (148)
(M -C, MN12712L2%by + X4 (=2 + Cr)bs
- <12m2L2 12T172L2> ( AS12702 L2by 4 A5 (A — CT)bQ>
-(5)
to
with
t1 = (M — Cr) (N[12772L2by + A{ (=X + Cr)ba) (149)
+ (A2 = Cy) (=A51270°LPby + A5(A1 — Cr)ba)
to = 12r>L? ({12702 L?b1 + A{ (= A2 + C;)b2) (150)
+ 122 L? (=A512m0° LPby + A5(A1 — Cr)bo) .
Therefore

det(T)(1, ) TA'T'B =t, + t,
= (A — Cr) (N[ L21277%b1 + A{(= X2 + C;)bo)
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+ L2127 (N{L?1270%b1 + M (= A2 + C;)bo)
+ L21279? (= A5L21270%b + A5 (A1 — Cr)ba)

Substituting the expression of det(7’) and dividing both sides of the equality by 12772(A; — \2) we
have

L*(1,1)TA'T!
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where in the last inequality we used the fact that \; < C'; < Ao,
Note that
(A2 = C-)(Cr = A1)
=—C2% = M2+ (M + A2)C-
=—C? — det(G) + Tr(G)C,
== C7 = (Cr(max pR(1+ () + 1p1 - 4L%) - 48p1n'LY) (153)

+ Cr(max pi(1+ ¢ ") +nPpr - AL? + C,)
ke[K]
=48prmn*L*.

Therefore, we further obtain
L*(1,1)TA'T'B
pYi (154)
71 2. (127L%, + 4pL L*bs)
Ay — )\1

Dividing both sides by L? completes the proof.

<NSL2(by + bo) +

E NETWORK CONNECTIVITY CONDITIONS IN THEOREMS AND COROLLARY

Both Theorem 2 and Corollary 1 impose some sufficient conditions on the network connectivity
Pmax for convergence. This can be satisfied in practice as follows. For Theorem 2, as long as
Pmax < 1, we can choose 7 large enough so that (7) is fulfilled. Corollary 1 strengthens the result of
Theorem 2 by requiring no loss in the order of convergence rate compared to full device participa-
tion. This naturally leads to a more stringent condition on pmax given by (11). For any given D2D
network topology, this can be satisfied by running multiple D2D gossip averaging steps per SGD
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update in Algorithm 1. Since the right hand side of (11) depends only on the algorithmic parame-
ters, we can choose the suitable gossip averaging steps to fulfill this condition before launching the
algorithm.

F MORE EXPERIMENTAL DETAILS

In this section, we provide additional experimental results on CIFAR-10 dataset. We follow the
same CNN model and non-iid data partition strategy as before and run each experiments for 3 times
with different random seeds to report the mean values of best test accuracy. Instead of using a
constant learning rate, we decay the local learning rate 7 by half after finishing 50% and 75% of the
communication rounds and tune the initial learning rate from {0.01,0.02,0.05,0.08,0.1} for each
algorithm.

70 e E R TR 70 e Ya =¥ T Y
60 60 1
0 o
® 50 © 50
3 3
o 40 O 40
< HL-SGD (pmov=0.9304) | <L HL-SGD (pmax = 0.9394)
|q_"} 30 ~B- HL-SGD (pmax = 0.844) |q_"3 30+ ~B- HL-SGD (pmax = 0.844)
HL-SGD (omax = 0.5357) HL-SGD (pmax = 0.5357)
20 —¥— HL-SGD (Pmax = 0) 201 ~¥— HL-SGD (pmax = 0)
10 —4— Local SGD 104 —— Local SGD
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Round Number Runtime (Hour)
(@) (b)

Figure 4: Convergence rate and runtime comparisons of HL-SGD and local SGD on CIFAR-10 under ER
random D2D network topology. The device sampling ratio p = 1/8 and local iteration period 7 = 50.
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Figure 5: Convergence rate and runtime comparisons of HL-SGD and local SGD on CIFAR-10 under ring
topology and multiple SGD updates before gossip averaging. The device sampling ratio p = 1, and the local
iteration period 7 = 50.

First, we evaluate the convergence processes of HL-SGD and local SGD under varying D2D network
topologies in Figure 4. We generate random network topologies by Erdds-Rényi model with edge
probability from {0.2, 0,5, 0.8, 1} and use Metropolis-Hastings weights to set W}, corresponding to
spectral norm ppmax = {0.9394,0.844,0.5357,0}. As observed in Figure 4a, a more connected D2D
network topology (i.e., a smaller value of p,x) generally accelerates the convergence and leads to
a higher model accuracy achieved over 100 communication rounds in HL-SGD. However, in terms
of runtime, a more connected D2D network topology corresponds to a larger D2D communication
delay cgpq per round, and hence the total runtime is larger as well, which can be clearly observed
in Figure 4b. Therefore, to achieve a target level of model accuracy within the shortest time in HL-
SGD, a sparse D2D network topology could work better than the fully connected one in practice.
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Second, we consider an extension of HL-SGD by allowing each device to perform multiple SGD
updates before the gossip averaging step in Algorithm 1 and empirically evaluate its performance.
Specifically, each device performs [ = {1,5,10} steps of SGD update before aggregating models
with their neighbors in the same cluster. Note that [ = 1 corresponds to the original version of HL-
SGD in Algorithm 1. As observed in Figure 5a, when communicating and aggregating models with
neighbors more frequently, HL-SGD with [ = 1 has the best convergence speed and will converge
to the highest level of test accuracy. In terms of runtime, choosing a value of [ > 1 might be
favorable in some cases due to the reduced D2D communication delay per round. For instance, to
achieve a target level of 60% test accuracy, HL-SGD with [ = 5 needs 5.22% less amount of time
than [ = 1. It is an interesting direction to rigorously analyze the convergence properties of HL-
SGD with arbitrary / and find the best hyperparameter tuning method for minimizing the runtime to
achieve a target level of model accuracy in the future.

G RELATIONSHIP BETWEEN SPECTRAL GAP AND NETWORK TOPOLOGY

ring/path 2D-grid 2-D torus  Erdds-Rényi  exponential
1-p O@/n?) O(1/(nlogn)) O(1/n) o) O(1/log(n))

Table 2: Spectral gap of some commonly used graphs, where n denotes the number of nodes. Results are taken
from (Nedi¢ et al. (2018); Ying et al. (2021)).
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