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Abstract

Decentralized learning enables training of deep learning models over large dis-
tributed datasets generated at different locations, without the need for a central
server. However, in practical scenarios, the data distribution across these devices
can be significantly different, leading to a degradation in model performance. In
this paper, we focus on designing a decentralized learning algorithm that is less sus-
ceptible to variations in data distribution across devices. We propose Global Update
Tracking (GUT), a novel tracking-based method that aims to mitigate the impact
of heterogeneous data in decentralized learning without introducing any commu-
nication overhead. We demonstrate the effectiveness of the proposed technique
through an exhaustive set of experiments on various Computer Vision datasets
(CIFAR-10, CIFAR-100, Fashion MNIST, and ImageNette), model architectures,
and network topologies. Our experiments show that the proposed method achieves
state-of-the-art performance for decentralized learning on heterogeneous data via a
1 — 6% improvement in test accuracy compared to other existing techniques.

1 Introduction

Decentralized learning is a branch of distributed optimization which focuses on learning from data
distributed across multiple agents without a central server. It offers many advantages over the
traditional centralized approach in core aspects such as data privacy, fault tolerance, and scalability
[L8]. It has been demonstrated that decentralized learning algorithms [[15] can perform comparable
to centralized algorithms on benchmark vision datasets. Decentralized Parallel Stochastic Gradient
Descent (DSGD) presented in [15] combines SGD with a gossip averaging algorithm [26]]. Further, the
authors analytically show that the convergence rate of DSGD is similar to its centralized counterpart
[5]. A momentum version of DSGD referred to as Decentralized Momentum Stochastic Gradient
Descent (DSGDm) was proposed in [3]. The authors in [2]] introduce Stochastic Gradient Push
(SGP) which extends DSGD to directed and time-varying graphs. Recently, a unified framework for
analyzing gossip-based decentralized SGD methods and the best-known convergence guarantees was
presented in [11]].

One of the key assumptions to achieve state-of-the-art performance by all the above-mentioned
decentralized algorithms is that the data is independently and identically distributed (IID) across the
agents. In particular, the data is assumed to be distributed in a uniform and random manner across the
agents. This assumption does not hold in most real-world settings where the data distributions across
the agents are significantly different (non-IID/heterogeneous) [9]. The effect of heterogeneous data in
a peer-to-peer decentralized setup is a relatively under-studied problem and an active area of research.

Recently, there have been few efforts to bridge the performance gap between IID and non-1ID data
for a decentralized setup [16} 23] 19, [7, [1, [24]. Cross Gradient Aggregation [7]] and Neighborhood
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Gradient Clustering [[L] algorithms utilize the concept of cross-gradients to reduce the impact of
heterogeneous data and show significant improvement in performance (test accuracy). However,
these techniques incur 2 x communication cost than the standard decentralized algorithms such as
DSGD. D? algorithm proposed in [23] is shown to be agnostic to data heterogeneity and can be
employed in deep learning tasks. One of the major limitations of D? is that its convergence requires
mixing topologies with negative eigenvalue bounded from below by — % Additionally, it has been

shown that D? performs worse than DSGD in some cases [16]].

Tracking mechanisms such as Gradient Tracking (GT) [6}[19] and Momentum Tracking (MT) [22]
have been proposed to tackle heterogeneous data in decentralized settings. But these algorithms
improve the performance at the cost of 2x communication overhead. The authors in [[16] intro-
duce Quasi-Global Momentum (QGM), a decentralized learning method that mimics the global
synchronization of momentum buffer to mitigate the difficulties of decentralized learning on hetero-
geneous data. Recently, RelaySGD was presented in [24] that replaces the gossip averaging step
with RelaySum. Since RelaySGD deals with the gossip averaging step, it is orthogonal to the afore-
mentioned algorithms and can be used in synergy with them. QG-DSGDm [16]] which incorporates
QGM into DSGDm sets the current state-of-the-art for decentralized learning on heterogeneous data
without increasing the communication cost. This work investigates the following question: Can we
improve decentralized learning on heterogeneous data through a tracking mechanism without any
communication overhead?

To that effect, we present Global Update Tracking (GUT), a novel decentralized learning algorithm
designed to improve performance under heterogeneous data distribution. Motivated by, yet distinct
from, the gradient tracking mechanism, we propose to track the consensus model (Z*) by tracking
global/average model updates, where z! is the model parameters on agent 7 at time step ¢ and Z is
the averaged model parameters. In the traditional tracking-based methods [19} 22] that track average
gradients, each agent communicates both model parameters z! and the tracking variable y! with its
neighbors resulting in 2x communication overhead. The proposed GUT algorithm overcomes this
bottleneck by allowing agents to store a copy of their neighbors’ model parameters and then tracking
the model updates instead of the gradients. This results in communicating only the tracking variable
y! that yields the model update (z} — xﬁ_l). We demonstrate the effectiveness of the proposed
algorithm through an exhaustive set of experiments on various datasets, model architectures, and
graph topologies. We also provide a detailed convergence analysis showing that the convergence rate
of GUT algorithm is consistent with the state-of-the-art decentralized learning algorithms. Further,
we show that QG-GUTm - Global Update Tracking with Quasi-Global momentum beats the current
state-of-the-art decentralized learning algorithm (i.e., QG-DSGDm) on heterogeneous data under
iso-communication cost.

1.1 Contributions
In summary, we make the following contributions.

* We propose Global Update Tracking (GUT), a novel tracking-based decentralized learning
algorithm to mitigate the impact of heterogeneous data distribution.

* We theoretically establish the non-asymptotic convergence rate of the proposed algorithm to
a first-order solution.

* Through an exhaustive set of experiments on various datasets, model architectures, and
graph topologies, we establish that the proposed Global Update Tracking with Quasi-Global
momentum (QG-GUTm) outperforms the current state-of-the-art decentralized learning
algorithm on a spectrum of heterogeneous data.

2 Background

In this section, we provide the background on the decentralized setup with peer-to-peer connections.

The main goal of decentralized machine learning is to learn a global model using the knowledge ex-
tracted from the locally stored data samples across n agents while maintaining privacy constraints. In
particular, we solve the optimization problem of minimizing the global loss function f(z) distributed
across n agents as given in (I). Note that F; is a local loss function (for example, cross-entropy loss)



defined in terms of the data (d;) sampled from the local dataset D; at agent q.

min f(r) =+ 3" fio),
=1
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where f;(x) = Eq,~p,[Fi(x;d;)], foralli.

The optimization problem is typically solved by combining stochastic gradient descent [4]] with
global consensus-based gossip averaging [26]]. The communication topology is modeled as a graph
G = ([N], E) with edges {4, j} € E if and only if agents ¢ and j are connected by a communication
link exchanging the messages directly. We represent A/ (2) as the neighbors of agent 7 including itself.
It is assumed that the graph G is strongly connected with self-loops i.e., there is a path from every
agent to every other agent. The adjacency matrix of the graph G is referred to as a mixing matrix W
where w;; is the weight associated with the edge {i, j}. Note that, weight 0 indicates the absence
of a direct edge between the agents, and the elements of the Identity matrix are represented by I;;.
Similar to the majority of previous works in decentralized learning, the mixing matrix is assumed to
be doubly stochastic. Further, the initial models and all the hyperparameters are synchronized at the
beginning of the training. The communication among the agents is assumed to be synchronous.
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Traditional decentralized algorithms such as DSGD [15] assume the data across the agents to be
Independent and Identically Distributed (IID). In DSGD, each agent ¢ maintains local parameters
r! € R? and updates them as follows.

DSGD: #*' = Y wy(ah —ngl);  gi = VFj(x},d}).
JEN(3)

@

We focus on a decentralized setup with non-IID/heterogeneous data. In particular, the heterogeneity in
the data distribution comes in the form of skewed label partition similar to [9]. Decentralized learning
with the DSGD algorithm on heterogeneous data distribution results in performance degradation due
to huge variations in the local gradients across the agents. To tackle this, authors in [16] propose a
momentum-based optimization technique (QG-DSGDm) introducing Quasi-Global momentum as
shown in (3).

t—1 t
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QG-DSGDm: z!™ = > wy;[ah —n(gh + Ami )] mb = pml ™ + (1 p)

JEN (i) K
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QG-DSGDm improves the performance of decentralized learning on heterogeneous data without any
communication overhead and is used as a baseline for comparison in this work.

Gradient Tracking (GT) mechanisms [19,[22] are also known to improve decentralized learning on
heterogeneous data by reducing the variance between the local gradient and the averaged (global)
gradient. To achieve this, the gradient tracking algorithm introduces a tracking variable y! that
approximates the total gradient and is used to update the local parameters z! (refer to (@)).

1 -1 t—1
GT: o™ = > wij(al —myl); wi= > wyyi =g 44l @
JEN(4) JEN (1)
The update rule of tracking variable is such that it recursively adds a correction term
(Zje N wijy§_1 - gf_l) to the local gradient g!, pushing y! to be closer to the global gradi-
ents (% Z?Zl gﬁ). This requires each agent 7 to communicate two sets of parameters z! and y! with

its neighbors. Thus, the gradient tracking algorithm improves the decentralized learning on non-IID
data at the cost of 2x communication overhead.

3 Global Update Tracking

We present Global Update Tracking (GUT), a novel algorithm for decentralized deep learning on
non-IID data distribution. GUT is a communication-free tracking mechanism that aims to mitigate
the difficulties of decentralized training when the data distributed across the agents is heterogeneous.

In order to attain the benefits of gradient tracking without communication overhead, we propose to
apply the tracking mechanism with respect to the model updates z! — 27! instead of the gradients

i



Algorithm 1 Global Update Tracking (GUT)

Input: Each agent i € [1,7n] initializes model parameters z) and neighbors’ copy 339, step size 7,
GUT scaling factor p1, mixing matrix W' = [wy;]; je[1,n]s N (i) represents neighbors of ¢ including
itself, and note &} = z..

Each agent simultaneously implements the TRAIN( ) procedure
1. procedure TrRAIN( )

2. fort=0,1,...,T—1do
3. dt ~ D;
4. g9; = VmFi(Zje/\/(i) wi; &5 dy)
5. o = gf — %Zje/\/(i) wij(fﬁﬁ' - af)
6. yi=dl+tu] ¥ wylyt - 3@ - ) - o]
JEN(3)

7. SENDRECEIVE(y?)
8. ot = gt — oyt

NS A . N
9. 7 =2 -yt ¥ j e N(i)\i
10. end

T

1 n
11. return - > " | x;

gt. Firstly, to design a tracking mechanism without additional communication cost, each agent i
communicates model updates instead of model parameters to its neighbors. An agent i stores a
copy of its neighbor’s parameters as £; and updates it using the received model updates to retrieve
the current version of the neighbor’s parameters as shown in line-9 of Algorithm[I] A memory-
efficient implementation of the algorithm (Algorithm ] in Appendix [B) requires each agent to
store s; = Y JEN() Wij Z; instead of storing each neighbor’s copy separately requiring only O(1)
additional memory [12].

Now, we define a variable 6! on each agent 4 that accumulates the local gradient update g} and the
gossip averaging update j(wij — Iij)s?:z- as shown in line-5 of Algorithm (I} Note that we can

recover the DSGD update defined in (2) by using ¢ in the update rule i.e., zi™' = 2! — nst. We
then proceed to compute the tracking variable !, as described in line-6 of Algorithm using the
combined model update (local gradient part and gossip averaging part) reflected by d¢. The gossip

averaging part of the update for each agent 7 i.e., > ; Wij (:%3 — ) is computed with respect to its

own model weights. To account for this in the computation of tracking variable y!, the agents have to
adjust the information received from the neighbors (i.e., y;’s) to change the reference to itself. This is

reflected as an additional term 1 (&% — 2%) in the update rule given by line-6 of Algorithm Further,
n\"j i

we scale the correction term of the tracking variable by a factor y, a hyper-parameter, which is tuned
to extract the maximum benefits of the proposed algorithm.

In summary, the update scheme of GUT can be re-formulated in the following matrix form where
X = [z1,...,7,] € R¥™ are the model parameters and G = [g1, ..., gn] € RY*™ are stochastic
gradients.

Xt+1 _ Xt _ nyt

)

1 1 5
Yt = gttt — 5(W — DX 4 pwyt - Gt - ;(W — (X - XY ©)

Finally, we show that integrating the proposed GUT algorithm with Quasi-Global Momentum
improves the current state-of-the-art significantly without any communication overhead. The pseudo-
code for the momentum version of our algorithm (QG-GUTm) is presented in Appendix

4 Convergence Guarantees

This section provides the convergence analysis for the proposed GUT Algorithm. We assume that the
following standard assumptions hold:



Assumption 1 (Lipschitz Gradients). Each function f;(x) is L-smooth i.e., ||V f;(y) — V fi(z)|] <
Llly — |l

Assumption 2 (Bounded Variance). The stochastic gradients are unbiased and their variance is
assumed to be bounded.

Ea~p,||VF;(z;d) — Vf;(2)|* < 0? Vi € [1,n], (6)
2 DIIVAE) - VTGP < ¢ )

Assumption 3 (Doubly Stochastic Mixing Matrix). The mixing matrix W is a real doubly stochastic
matrix with \y (W) = 1 and

max {[A(W)], [An(W)[} <1—p <1, ®)
where \;(W) is the it" largest eigenvalue of W and p is the spectral gap.

The above assumptions are commonly used in most decentralized learning setups. Theorem|[T|presents
the convergence of the proposed GUT algorithm and the proof is detailed in Appendix [A]

Theorem 1. (Convergence of GUT algorithm) Given Assumpttonsl E] and|3 I let step size n <
and the scaling factor $+— o <4 f5. Forall T > 1, we have

T—

LS Bv s < rAUCORYORY

t=0

4Lo2 124812
TP e 20 ) )

where f(z°) — f* is the sub-optimality gap, T is the average/consensus model parameters.

The result of the Theorem [I] shows that the averaged gradient of the averaged model is upper-
bounded by the sub-optimality gap (the difference between the initial objective function value and
the optimal value), the sampling variance (o), and gradient variations across the agents representing
data heterogeneity (¢). Further, we present a corollary to show the convergence rate of GUT in terms
of the number of iterations.

Corollary 1. Suppose that the step size satisfies n = O (ﬁ ) For a sufficiently large T we have,

T—-1 1
TZEHW |2<O<F T) (10)

Corollary [[indicates that the GUT algorithm achieves linear speedup with a convergence rate of
O( ﬁ) when T is sufficiently large and is independent of communication topology. In other words,

the communication complexity to find an e-first order solution, i.e., |V f(2)||* < eis O(:Z3 ) This
convergence rate is similar to the well-known best result for decentralized SGD algorlthms [L5] in
the literature.

S Experiments

In this section, we analyze the performance of the proposed GUT and QG-GUTm techniques and
compare them with the baseline DSGD algorithm [[15] and the current state-of-the-art QG-DSGDm
[L6] respectively. The source code is available at https://github.com/aparna-aketi/
global_update_tracking

5.1 Experimental Setup

The efficiency of the proposed method is demonstrated through our experiments on a diverse set
of datasets, model architectures, graph topologies, and graph sizes. We present the analysis on —
(a) Datasets: CIFAR-10, CIFAR-100, Fashion MNIST, and Imagenette. (b) Model architectures:
VGG-11, ResNet-20, LeNet-5 and, MobileNet-V2. All the models use Evonorm [17] as the activation-
normalization layer as it is shown to be better suited for decentralized learning on heterogeneous data.


https://github.com/aparna-aketi/global_update_tracking
https://github.com/aparna-aketi/global_update_tracking

Figure 1: Ring Graph (left), Dyck Graph (center), and Torus Graph (rlght)

(c) Graph topologies: Ring graph with 2 peers per agent, Dyck graph with 3 peers per agent, and
Torus graph with 4 peers per agent (refer Figure[T). (d) Number of agents: 16-40 agents. We use the
Dirichlet distribution to generate disjoint non-IID data across the agents. The created data partition
across the agents is fixed, non-overlapping, and never shuffled across agents during the training. The
degree of heterogeneity is regulated by the value of « — the smaller the « the larger the non-IIDness
across the agents. We report the test accuracy of the consensus model averaged over three randomly
chosen seeds. The details of the decentralized setup and hyperparameters for all the experiments are
presented in Appendix

5.2 Average Consensus Task

We first consider an average consensus task that is isolated from the learning through stochastic
gradient descent. Here the aim is that all the agents should reach a consensus which is the average
value of the initial information each agent holds. The following equations show the simplified version
of GUT (T1)) and QG-GUTm (12)) after removing the gradient update part.

Xt =X 4 vh Yi=(W - DX+ pWY=t — (W - D) (X — XY, (11
Xt+1 — Xt +Mt’ Mt — ﬁMt71 + (1 _ﬁ)(Xt _thl)
Mt =M+ (1 = B)[(W — DXt + p(WM — (W — I)(X = X1))).

Note that setting the hyper-parameter p as 0 in the (TT)), [_1__%] gives s1mple gossip[26] and quasi-global
gossip [16] respectively and all the agents communicate X° — X*~! at iteration ¢ with their neighbors.

(12)

Figure shows the average consensus error i.e., = || X" — X||%, over time for the average consensus
task on the Ring topology with respect to various algorithms. We observe that the gossip averaging
with GUT converges faster than simple gossip averaging. Figure[2(c)]illustrates that for graphs with
a smaller spectral gap (which corresponds to more agents), the proposed QG-GUTm can converge
faster than quasi-global gossip (gossip with QGM) resulting in better decentralized optimization.
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Figure 2: Decentralized average consensus problem on an undirected ring topology

5.3 Decentralized Deep Learning Results

We evaluate the efficiency of GUT and its quasi-global momentum version QG-GUTm with the help
of an exhaustive set of experiments. We compare GUT with DSGD and the momentum version QG-
GUTm with QG-DSGDm to show that the proposed method outperforms the current state-of-the-art.



Table. [T|shows the average test accuracy for training ResNet-20 and VGG-11 models on the CIFAR-10
dataset with varying degrees of non-IIDness over ring topology of 16 and 32 agents. We observe that
GUT consistently outperforms DSGD for all models, graph sizes, and degree of heterogeneity with
a significant performance gain varying from 1 — 18%. The quasi-global momentum version of our
algorithm, QG-GUTm, beats QG-DSGDm with 1 — 3.5% improvement in the case of the CIFAR-10
dataset partitioned with a higher degree of heterogeneity (o = 0.1, 0.01).

Table 1: Test accuracy of different decentralized algorithms evaluated on CIFAR-10, distributed with
different degrees of heterogeneity (non-IID) for various models over ring topologies. The results are
averaged over three seeds where the standard deviation is indicated. We also include the results of the

IID baseline as DSGDm (IID) where the local data is randomly partitioned independent of «.

ResNet-20
Agents (n) Method =T =01 =001
DSGDm (IID) 89.75 4+ 0.29
DSGD [15] 84.17 +£0.32 72.21 +£2.37 54.66 + 4.74
16 GUT (ours) 84.72 +0.20 81.86 +1.99 70.16 +4.94
QG-DSGDm [16] 88.23 + 0.51 84.21 £ 2.12 79.85 £ 2.11
OG-GUTm (ours) 88.22 + 0.36 86.44 + 0.36 81.04 + 1.66
DSGDm (IID) 88.52 +0.23
DSGD [15] 78.25 +£0.42 62.97 +£1.90 42.58 +1.84
32 GUT (ours) 79.24 +£0.33 76.07 £ 0.23 60.72 +1.03
QG-DSGDm [16] 87.15 4+ 0.33 83.50 £ 1.04 69.99 £+ 0.60
OG-GUTm (ours) 87.48 +0.33 84.94 + 0.60 72.04 + 3.18
VGG-11
Agents (n)  Method a=T =01 =001
DSGDm (IID) 85.76 4+ 0.28
DSGD [15] 81.78 +0.29 76.20 £ 0.81 68.93 £ 1.23
16 GUT (ours) 82.12 +0.09 81.24 +£0.95 76.62 £ 1.37
QG-DSGDm [16] 84.23 £+ 0.47 81.70 £0.79 77.08 + 3.19
OG-GUTm (ours) 84.46 + 0.33 83.05 + 0.48 78.32 £ 1.03
DSGDm (IID) 84.75 4+ 0.30
DSGD [15] 79.75 + 0.56 73.37 £ 1.02 59.93 £+ 1.60
32 GUT (ours) 80.37 +0.33 79.55 4+ 1.00 73.59 +1.26
QG-DSGDm [16] 83.67 +0.28 80.82 £ 0.19 74.25 £ 2.02
OG-GUTm (ours) 84.32 +0.11 83.39 +0.38 77.41 £+ 3.44

Table 2: Average test accuracy of different decentralized algorithms evaluated on CIFAR-10 dataset
trained on ResNet-20 over various graph topologies

Dyck Graph (32 agents) Torus (32 agents)
Method a=01 @ = 0.0 a=01 o =0.01
DSGDm [13] 77.31+1.72 51.27+2.51 75.37 £3.11  49.324+2.88

QG-DSGDm [16] 86.49+0.81 81.32+1.50
OG-GUTm (ours) 86.93 +0.53 84.80 + 0.47

86.88 £20.30  85.20 £ 0.56
87.75+ 042 86.20£0.82

Table 3: Average test accuracy of different decentralized algorithms evaluated on various datasets,
distributed with different degrees of heterogeneity over 16 agents ring topology

Method Fashion MNIST (LeNet-5) CIFAR-100 (ResNet-20) Imagenette (MobileNet-V?2)
a=0.1 a = 0.01 a=0.1 a = 0.01 a=0.1 a = 0.01
DSGDm [15] 86.59 +0.92  77.00£3.53 47.93+1.69 42.56+2.71 66.02+4.59 38.69 +11.8
QG-DSGDm [16] 89.94 +£0.44 83.434+0.94 53.19+£1.68 44.17+3.64 63.60+£4.50 39.49 +4.57
0G-GUTm 90.11 +0.02 84.60+1.00 53.40+1.23 50.45+1.30 66.52+3.68 43.85+8.24

We present the experimental results on various graph topologies and datasets to demonstrate the
scalability and generalizability of QG-GUTm. We train the CIFAR-10 dataset on ResNet-20 over the
Dyck graph and Torus graph to exemplify the impact of connectivity on the proposed technique. As
shown in Table. we obtain 0.5 —3.5% performance gains with varying connectivity (or spectral gap).



Further, we evaluate QG-GUTm on various image datasets such as Fashion MNIST, and Imagenette
and on challenging datasets such as CIFAR-100. Table. [3]shows that QG-GUTm outperforms QG-
DSGDm by 0.2 — 6.2% across various datasets. Therefore, in a decentralized deep learning setup, the
proposed GUT and QG-GUTm algorithms are more robust to heterogeneity in the data distribution
and can outperform all the comparison methods with an average improvement of 2%.

5.4 Ablation Study

First, we analyze different ways of utilizing or tracking model update information as shown in Table.
We present two different update rules apart from GUT and DSGD|15]] and also compare them with
gradient tracking [[19]]. Rule-a applies the proposed tracking mechanism on model updates but does
not change the reference of tracking variable y; received from the neighbors to itself (refer sec. 3]
for details on changing the reference). In the case of Rule-b, each agent computes the difference
between the averaged neighborhood model update (W (X* — X*~1)) along with its own model update
(X! — X*1) and adds the difference between the two as a bias correction. Table. [4|shows that such
naive ways of tracking or bias correction update rules (rule-a,b) do not improve the performance of
decentralized learning on heterogeneous data. This confirms our findings that the GUT technique is
an effective and provable way to track the consensus model and can outperform the gradient tracking
mechanism without any communication overhead.

Table 4: Analyzing the different variations of model updates. Evaluating test accuracy on CIFAR-10
dataset trained on ResNet-20 over a 16 agent ring topology with o = 0.1

Update Communication Test

Method Rule Parameters (Cost) accuracy

t+1_ ot _ t

psGp X, %™ , Xt (1%) 72.21 +2.37
vt =a'-lw-nx
Xt+1:Xt7,nyt |

Rule-a ¥t —G' LW DX Wyl (Gt wonxioL) vt (1x) 72.78 £0.80
Xf,+1:Xt7T,Yt, ,

Rule-b ¥t =Gt LW DXt Lot xtL) vt (1x) 72.62 +1.16
XH'I:Xt—nYt .

GUT Y1 Gt LW DXt WYt G LW (xtox L) Yt (1x) 81.86 +1.99

3 t+1_ ot t_ 1 — 3
Gradient xt+tl=xt_p[y L(w-nxt Xt (25 80.61 + 2.41

Tracking v! =gt+wyt-!-gt-!

Table 5: Evaluating Global Update Tracking (GUT) with various versions of momentum using
CIFAR-10 dataset trained on ResNet-20 architecture over 16 agents ring topology

Local Quasi-Global ~ Global Update  Test Accurac,
Method Momentum Nesterov Momentum Trackiflg a=0.1 Y
DSGD X X X X 72.21 +2.37
DSGDm v X X X 79.87+1.73
DSGDm-N v v X X 81.31 £ 0.51
QG-DSGDm X X v X 84.21 £ 2.12
QG-DSGDm-N X v v X 85.12+1.11
GUT X X X v 81.86 +£1.99
GUTm v X X v 79.95 + 1.67
GUTm-N v v X v 82.08 +1.74
QG-GUTm X X v v 86.44 £ 0.36
QG-GUTm-N X v v v 86.55 + 0.49

We then proceed to investigate the effect of different variants of momentum with GUT. From Table. [3]
(refer to Appendix D for more results), we can conclude that the quasi-global variant of Global
Update Tracking always surpasses the other methods. This indicates that the proposed GUT algorithm
accelerates decentralized optimization and can be used in synergy with quasi-global momentum to
achieve maximal performance gains.

Furthermore, Figure [3(a)]illustrates the effect of scaling 1 on the test accuracy with QG-GUTm and
note that ¢ = 0 shows the test accuracy for QG-DSGDm. Figure [3(b)l showcase the scalability



of QG-GUTm on different graph sizes and model sizes. QG-GUTm outperforms QG-DSGDm by
~ 1.7% over different graph sizes and ~ 1.4% over different model sizes.
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Figure 3: Ablation study on the hyper-parameter x, number of agents n and model size. The test
accuracy is reported for the CIFAR-10 dataset trained on ResNet architecture over ring topology.

6 Discussion and Limitations

We demonstrated the superiority of the Global Update Tracking (GUT) algorithm through an elaborate
set of experiments and ablation studies. In our experiments, we focused on doubly-stochastic and
symmetric graph structures. The proposed GUT algorithm can be easily extended to directed and
time-varying graphs by combining it with stochastic gradient push (SGP) [2]. Further, the additional
terms added by GUT can also be interpreted as a bias correction mechanism where the added bias
pushes the local model towards the consensus (averaged) model. The matrix representation of this
interpretation of GUT is given by (I3). and analyzed in Lemmal[]

Xt+1 :WXt *n(Gt+,U,Bt), Bt+1 _ *%[(2W*[)(Xt+1 *Xt)+’l7Gt] (13)

Lemma 1. Given assumptions 3, we define bt = Bt%]lILT, where 1 is a vector of all ones. For all t,
we have: bt = pbt~1.

A complete proof for Lemma|[T]can be found in Appendix[A.2] Lemma[I]highlights that the average
bias added by GUT is zero as b is zero. Hence, the GUT algorithm crucially preserves the average
value of the decentralized system. A feature we leverage to establish Theorem

There are two potential limitations of the GUT algorithm - a) memory overhead and b) introduction
of an additional hyper-parameter. GUT requires the agents to keep a copy of the averaged model
parameters of their neighbors which adds an extra memory buffer of the size of model parameters.
The storage of the tracking variable also adds to the memory overhead, requiring additional memory
equivalent to the size of model parameters. We also introduce a new hyper-parameter 1 which has to be
tuned similarly to the learning rate or momentum coefficient tuning. Besides, the theoretical analysis
presented for the GUT algorithm does not consider momentum and assumes the communication to be
synchronous. We leave the theoretical analysis of QG-GUTm and formulation of the asynchronous
version of GUT as a future research direction.

7 Conclusion

Decentralized learning on heterogeneous data is the key to launching ML training on edge devices
and thereby efficiently leveraging the humongous amounts of user-generated private data. In this
paper, we propose Global Update Tracking (GUT), a novel decentralized algorithm designed to
improve learning over heterogeneous data distributions. The convergence analysis presented in the
paper shows that the proposed algorithm matches the best-known rate for decentralized algorithms.
Additionally, the paper introduces a quasi-global momentum version of the algorithm, QG-GUTm, to
further enhance the performance gains. The empirical evidence from experiments on different model
architectures, datasets, and topologies demonstrates the superior performance of both algorithms.
In summary, the proposed algorithm and its quasi-global momentum version have the potential to
facilitate more scalable and efficient decentralized learning on edge devices.
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A Convergence Rate Proof

In this work, we solve the optimization problem of minimizing global loss function f(x) distributed
across n agents as given below. Note that F; is a local loss function (for example, cross-entropy loss)
defined in terms of the data sampled (d;) from the local dataset D; at agent i.

: 1

min f(z) = -~ ; filw),
and fi(x) =Eg,ep,[Fi(x;d;)] Vi.

We reiterate the update scheme of GUT presented in Algorithm. [1|in a matrix form:

XtJrl — Xt _ T]Yt

Yi=Al+ pwy*t — l(W - X' - A"
n

(14)
t ¢ 1 t
At=G - —-(W-1)X",
Ui
where W is the mixing matrix, I is the identity matrix, X = [x1, X2, ..., x,] € R4%" is the matrix
containing model parameters, ; € R? is model parameters of agent i, Y = [y1, 2, ..., yn] € R¥X"
is the matrix containing tracking variables, G = [g1, g2, - - -, gn] € R?*™ is the matrix containing

local gradients, p is the GUT scaling factor, 7 is the learning rate. Now, we rewrite the above equation
in the form of a bias correction update,

Xt+1 _ WXt _ W(Gt +,uBt)

Bt = 7%[(2W _ I)(Xt _ thl) + nthl}' (15)

A.1 Assumptions

We assume that the following statements hold:

Assumption 1 - Lipschitz Gradients: Each function f;(x) is L-smooth i.e., ||V f;(y) — V fi(z)]| <
Li||y — z||. Equivalently,

fiw) < (&) + (Vfile)yy = 2) + olly 2l (16)

Assumption 2 - Bounded Variance: The variance of the stochastic gradients is assumed to be
bounded.

Egp,|[VEi(z;d) = Vfi(2)[]* < 0 Vi€ [1,n]

1 n
- Vfi(x) -V 2<¢?
. ; IVfi(z) = Vf(@)|" <¢
Assumption 3 - Doubly Stochastic Mixing Matrix: The mixing matrix W is a real doubly stochastic
matrix with A; (W) = 1 and
maz{ A (W)[, [An(W)[} <1—-p <1

where \; (W) is the i*" largest eigenvalue of W and p is the spectral gap. The mixing matrix satisfies
Ewl||ZW — Z||% < (1 = p)|[|ZW — Z||%, where Z = Z1117. We also have W1 = 1 and
w1l =1.

Further, we define the average gradients g' = 1 >°" | VF; (2!, d!) where d! is sampled mini-batch
of data on node ¢
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A.2  Proof of Lemmalll

Lemma Given assumptions 3, we define bt = B! % 117, where 1 is a vector of all ones. For all t,
we have: bt = pbt~1.
Proof. Starting from the definition of B*
1
Bt = ——[(2W — I)(X' - XY 4Gt Y
n
1
multiply —117 on both sides
n
_ 1 ¢

b =—=[z' -z +ng" (W -1)1=1)
n
1
now, multlplymg —117 to X' = WX — 5(G" 4 puBY)
1 _ =t —t

' —ng *Wibt = ' -2 g = b

Ny
O

Given that b° = 0, the average bias is zero at each iteration. This indicates that the proposed algorithm
GUT preserves the average of the system in an average consensus task.

A.3 Proof of Theorem [l

This section presents the detailed proof of the convergence bounds of GUT algorithm given by

Theoremm Flrstly, we analyze the one-step progress of the averaged model parameters . Note that,
Xt =[zt,7,...,7] € R¥*" and z* = 121 L@t

Lemma 2. Given assumptions 1-3 and n < I L, we have
n 20_2 2 —
Ef(z!) <Ef(2') — 4E||Vf(@")|* - JE||I: X0, VF())]]? + 255 + 20| X - XH3.

Proof. From the definition of X**!, we have
Xt+1 — WXt - n[Gt + ’[LBt]
= 7' =z" —ng" (. b" = Ofrom Lemmal[l)

using L-smoothness assumption given by (T6)
L
Ef(@) <Ef(3") + E(Vf(@"), 24" - 3") + JE[la" - 2|
_t _t —t an —t112
=Ef(z) + E(Vf(@), —ng") + —-Ellg']]

— Ef(z') — nE(Vf(@"), E[g"]) + ”EH—ZVF )2

- ZE (V). Ve >>+%"E\@Zwm:ﬁ)ivmz)m?

=1
(a) 202
< Ef(z') - nE(Vf(z ZVfL Lo lEIIfZsz )P+ =
(b) _ Ln?0? Ln? _
2 Ef(@) + =+ = EH*ZVJ‘Z P - SEIV @I

TE|l sz NP + 2B S aeh - v

=1
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(¢) Ln?0?

SEf@E + Lo?

+ (5 -1 EH— sz )P = JEIV (&P

RN .
+ 5 ;Eum(azﬁ) = V)P

(d) Ln?
< Bfa) 4 L

<— . Enf Zm P = JEIV £

L277 i B
EE:IEH s

( ) n _ Ln?0?
') EH{)W 2= TV £l + =22
3L & .
+ =N EIX - X%
i=1
(a) uses assumption-2 ((6)). (b) uses the fact that —2(a,b) = —||a||* — |[b]|* + |la — b]|*. (c)
uses Jensen’s inequality. (d) uses L-smoothness condition. (e) follows from the assumption that

1< g 0

Now, we proceed to bound the consensus error through Lemma 3]

Lemma 3. Given assumptions 1-3 and n < #=, we have

LE||I X — X2 < AR X - X3 + 22C 4 4?0 + SR BY 3.
Proof. Starting from the update step[13]
CEIX X = TB|WX — glG 4 uBY) — (X~ G}

= LE|WX Xt (G~ G — B

slﬁnth — X' = n(E[G"] — E[GY]) — nuB|[} + 4n%0?

1+p2 _ n(1+2/p / _ /
/ R - K3+ T2 ey~ mi) -

—|—477
®) (1 — 1 2 — 2 _
s(”)ﬁl—ﬂ’”EHXf - X+ 2Ll - B - w'
+ 4n?0?

1—p)(1+p/2 - 6n°2 _
<C00E g — 21+ o + LLplIElc) - B

61 1i? 2
+ —" E|B

1—p/2 - 61> _
<E=Bgxt - X+ a7® + S| EG) - Vi
6n1® oty 2
—E||B
+ Ty
1— 2 _ 2,2
<MEW - X+ ar0? + L

- n

ZEHW ) £ V(@) = V@)%
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©1—p/2 _
ULyt g o 1

12n2¢2 *p?
12076 | ST gy e

p np

1202 & .
+ v ZEHVﬁ(If) — V£i(@)|[5
=1

() (1— p/2 . 129¢ | 6n*p?
S(np/)E||XtXt|%+4n202+7;C+ZL5E|Bt||§?

12202 &
Ellzt — 7t||2

1—p/2  129°L? - 12n%¢?
:( r/ + n )EHXt _Xt||%_~_4n20_2_~_ n-¢
n np P

6n2u® o
UM T
+ np ||B"||%
©1— p/4 _ 1202C2 60242
ginp/ 1E\|Xt—Xt||?p+4n%2+—”pC +77Zl:)‘ E||B!||%

(a) follows from the fact that ||a + b||> < (14 a)||al|* + (1 + 2)][b]|* Va > 0 andleta = 5. (b)
uses By ||[ZW — Z||2 < (1 — p)||ZW — Z||% and 1 + % < %. (c) uses assumption-2 (7). (d) uses
L-smoothness condition. (e) follows from the assumption that n < 7% L]

The next step is to find an upper bound for the bias term E|| B ||3..

Lemma 4. Given assumptions 1-3 and ﬁ < 45, we have

622 1112 622 622 12 t 112 242 7720'2P(17H«)
S SEN B3 < (GUEE - STV BY S + SEIIX - XY+ T 4 Lol

Proof. starting from the update step [T3]

Bl = _ %[(2W — DX - XY +GY
=- %[(2W —D(WX" =G —nuB" — X*) +nG"|
=— %[W(2W — 1) = IX'+2(W — G + un(2W — I)B*.
Now,
CB|IBE =Bl SOV (W — 1) = DX+ 208 — )G+ u(2W — DB}
:%]EH - %(W(?W ) - DX 4 2W - I)(G' = G") + u(2W — I)BY||%
1 1

:ﬁEH - H(W(QW — ) - DX"+2(W — DE[G" — G'] + n(2W — I)BY||%

+ %EIIQ(W - I)(G' ~E[G"] - (G' —E[GD)IIF

S%EH%(I —~WEW - D)X +2(W - DE[G" — G + u(2W — I)B||%

+ 802
@1 L—p £)12 2
< — - _
_n(1+ . )EHM(QW I)BY|% + 80
+l(1+L)E||1(I—W(2W—I))Xt+2(W—1)1E[Gt—ét]||2
n\" " 1—p/ My r
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o _
<LB||B|3 + 80° + ———E|IE[G' - G)lI3

(1—p)

N ml{ﬂ”([ —WEQW - I)X'|%

:#EHB% HS e
_Wﬁgjmmmw+mu—wﬂﬂi

(%)#EHB'&H% +802 + n(%u)EHE[Gt il
+E?é§;BEm1—W0XW%

:#EIIBW% +802 + ﬁEHE[Gt sl
‘Wﬁg2§MW_W%W_XM%

<SRBI 80 + o BlX - DI
n ﬁEHE[Gt} +Vf(z') - E[GY][}

g 4807 4 %EW - X3
+ 1852u * n(ZLL—QM)EHXt ~ 2l

=t w8+ ST R - Dl £

Multiplying both sides with Z2-4

6n°p” 6’ 6P 24(9 + P L) ? -
PR B F < (s - TR B+ SR X - X))
np(l— p) np(l—p)  np np(l— p)
48772#20.2 48772#242
p(L—p)  p(l—p)?
©¢ 6n°u®  6nPp? P >
< (= PR BY I + LB X - Xl
np(l—p)  np 8n
npo*(l—p)  n*p¢?

- 8 T

Note that W —I < I, I-W <2I, (W—I1)X*=0and (W —I)G' = 0. (a) follows from the
fact that ||a + b||> < (1 + a)||a|[* + (1 + 2)[[b||* Va > 0andleta = 1_7” (b) uses the fact that
||[AB||% < 02,,.(A)||B||% where A =2W + I, B = (I — W)X" and 02, (A) = 9. (c) uses the

max max
24(94n>L?)p?

2
assumption ﬁ < £ and ) < . This implies that i < £ and pé{# <£ O

We present the proof for Theorem [T using Lemmas. 2 B} and @ Adding Lemmas. [3] and [ and
simplifying, we get
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2417 144 L2032 24172 L? -
2 gy x4 T g g < (2 Sy e g
n np*(1 — p) n n (17)
144 L2703 2 312L%p3
— — L= E|BY|% + =" (4 0%(2—p
20— 1) 1B"[[% e ( (2 p)
Finally, define a function ®! as shown below
¢ 24L%n t t 144 L% 1i? ¢ *
¢ =——E|X" - —- X%+ WEHB |5 +E[f(z") — f'] (18)

Now adding Lemma[2]and (T7), we have the following

n n _ Ln?c?  312L%9°
P <Ot — ElPZVfZ WP = ZEIVIEIP + ==+ =5 + "2~ )

n _ Ln?c?  312L%°
<o’ = BV + ZLE + FEE (4022 - )

Ln?o? 312L2 3
- +

(¢* +0%(2 = p))

n ;
= JEIVFE* < (@' — o) +

Summing over t

1 ZEHW P < f(f@O )

- @G+ @) (19)

This concludes the proof of the Theorem I}

A4 Proof of Corollary. 1]

In the proof of Theorem [I] we assumed the following the following constraints on learning rate 7 and
scaling factor p:

We assume that the step size 7 is (’)(f ), where n is the total number of agents and 7' is the number
of iterations. Given this assumption, we have the following order of each term in (I9) of Theorem [I]

(=) = 0( =),

For the remaining terms we have,
774L02 :O< 1 )7 21248L
vnT

n
Therefore, by omitting the constant n in this context of higher order terms, there exists a constant
C > 0 such that the overall convergence rate is as follows:

*ZEIIW ”2<C<F })

which suggests when T is sufficiently large, GUT enables the convergence rate of O(

(+o*2-mw)=0(F).

ﬁ)_‘
S
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B Algorithmic details

In this section, we present the pseudo-code for QG-GUTm which combines the proposed GUT
algorithm with quasi-global momentum as Algorithm [2] and its PyTorch implementation version
is shown in Algorithm [3 We also summarize the memory-efficient implementation of GUT in
Algorithm 4]

Algorithm 2 Global Update Tracking with momentum (QG-GUTm)
(0)

i

(0)

Input: Each agent ¢ € [1, n] initializes model weights z; ' and neighbors’ copy & ;» momentum

buffer ml(-o), step size 7, momentum coefficient 3, mixing matrix W = [wj;]; je[1,n), GUT scaling

factor 1, I;; are elements of n x n identity matrix, /(i) represents neighbors of i including itself,
and note &! = z!.

Each agent simultaneously implements the TRAIN( ) procedure

1. procedure TRAIN( )

2. fort=0,1,...,7 —1do

3. dt ~ D;
5. 6 =90y DjentnyWis — i) % &

6. yzt = 5f + M[ > wij(m?l — %(i‘g — xi)) — 5;71]
JEN (1)

7. mt = Bmtt + (1 - Byt

8 SENDRECEIVE(n!)

9. ait = 2t — pm?

10. P =35 —ngmt V¥ j e N(i)\i

11. end

12. return

Algorithm 3 Global Update Tracking with momentum (QG-GUTm) — Pytorch Implementation

Input: Each agent i € [1, n] initializes model weights xEO) and neighbors’ copy i;o), momentum

buffer mz(-o), step size ), momentum coefficient /3, mixing matrix W = [w”]l jeli,n]>, GUT scaling

factor 1, I;; are elements of n x n identity matrix, A/ (i) represents neighbors of i including itself,

and note #! = z!.

Each agent simultaneously implements the TRAIN( ) procedure
1. procedure TRAIN( )
2. fort=0,1,..., 7 —1do

3. d~D;
4. g; = Varfi(ld§§ DN () Wi * )
_ ot -
5 0; =9 — v Xjene (Wi — Iij) * &5
6. yi=0t+pl X wy(mih = EE(E —al)) - 671
JEN(3)

7. mi = pmit + ot
8 SENDRECEIVE(n!)
9. o =2t —pmt

Sir1 - v . N
10. i =at —ngml vV j e N(i)\i
11.  end
12. return
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Algorithm 4 Global Update Tracking (Memory Efficient Implementation)

Input: Each agent i € [1,n] initializes model parameters z) and weighted model parameters
of neighborhood s, step size 7, GUT scaling factor y, mixing matrix W = [wi;]; jep1,n]» N (7)
represents neighbors of ¢ including itself.

Each agent simultaneously implements the TRAIN( ) procedure
1. procedure TRAIN( )

2. fort=0,1,...,7T—1do

3. dt D;

4. glfv Fi(st;d)

5. 55*927%(5575@)

6. yl=oltp] 3wyl A(st—at) - ol
JEN(3)

7. SENDRECEIVE(yf)

8. ot = 2t — pyt

9. H'l =s!— 17Z:]eN(z Wi Y

10. end

11. return 2 37" 2T

C Decentralized Learning Setup

For the decentralized setup, we use an undirected ring, undirected Dyck graph, and undirected torus
graph topologies with a uniform mixing matrix. The undirected ring topology for any graph size has
3 peers per agent including itself and each edge has a weight of % The undirected Dyck topology
with 32 agents has 4 peers per agent including itself and each edge has a weight of 3 L The undirected
torus topology with 32 agents has 5 peers per agent including itself and each edge has a weight of 1 -
All our experiments were conducted on a system with Nvidia GTX 1080ti card with 4 GPUs except
for ImageNette simulations. We used NVIDIA A40 card with 4 GPUs for ImageNette simulations.

C.1 Datasets

In this section, we give a brief description of the datasets used in our experiments. We use a diverse
set of datasets each originating from a different distribution of images to show the generalizability of
the proposed techniques.

CIFAR-10: CIFAR-10 [13] is an image classification dataset with 10 classes. The image samples are
colored (3 input channels) and have a resolution of 32 x 32. There are 50, 000 training samples with
5000 samples per class and 10, 000 test samples with 1000 samples per class.

CIFAR-100: CIFAR-100 [13] is an image classification dataset with 100 classes. The image
samples are colored (3 input channels) and have a resolution of 32 x 32. There are 50, 000 training
samples with 500 samples per class and 10, 000 test samples with 100 samples per class. CIFAR-100
classification is a harder task compared to CIFAR-10 as it has 100 classes with very few samples per
class to learn from.

Fashion MNIST: Fashion MNIST [25] is an image classification dataset with 10 classes. The image
samples are in greyscale (1 input channel) and have a resolution of 28 x 28. There are 60, 000 training
samples with 6000 samples per class and 10, 000 test samples with 1000 samples per class.

Imagenette: Imagenette [10] is a 10-class subset of the ImageNet dataset. The image samples are
colored (3 input channels) and have a resolution of 224 x 224. There are 9469 training samples with
roughly 950 samples per class and 3925 test samples.

C.2 Network Architecture

We replace ReLU+BatchNorm layers of all the model architectures with EvoNorm-SO0 as it was
shown to be better suited for decentralized learning over non-IID distributions.
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VGG-11: We modify the standard VGG-11 [21] architecture by reducing the number of filters in each
convolutional layer by 4x and using only one dense layer with 128 units. Each convolutional layer
is followed by EvoNorm-SO0 as the activation-normalization layer. VGG-11 has 0.58 M trainable
parameters.

ResNet-20: For ResNet-20 [8]], we use the standard architecture with 0.27M trainable parameters
except that BatchNorm+ReLU layers are replaced by EvoNorm-S0.

LeNet-5: For LeNet-5 [14], we use the standard architecture with 61, 706 trainable parameters.

MobileNet-V2: We use the the standard MobileNet-V2 [20]] architecture used for CIFAR dataset
with 2.3 M parameters except that BatchNorm+ReLU layers are replaced by EvoNorm-S0.

C.3 Hyper-parameters

This section presents a detailed description of the hyper-parameters used in our experiments. All the
experiments were run for three randomly chosen seeds. We decay the step size by 10x after 50%
and 75% of the training, unless mentioned otherwise. The hyper-parameter p is set to 0.9 for all
the experiments using GUT optimizer. We used grid search to choose the hyper-parameter p for
0G-GUTm.

Hyper-parameters for experiments in Table [T} All the experiments have the stopping criteria set to
200 epochs. The initial learning rate is set to 0.1. We decay the step size by 10x in multiple steps at
100%" and 150" epoch. Table |6/ presents values of the scaling factor 4 used in the experiments. For
all the experiments, we use a mini-batch size of 32 per agent. The stopping criteria is a fixed number
of epochs. We have used a momentum of 0.9 for all QG-DSDm and QG-GUTm experiments.

Table 6: The value of scaling factor s used for training CIFAR-10 with non-IID data using ResNet-20
and VGG-11 model architectures presented in Table

Agents () Method = aRiSI\(I)e;_ZO =]
DSGD 0.0 0.0 0.0
GUT (ours) 0.9 0.9 0.9
16 QG-DSGDm 0.0 0.0 0.0
OG-GUTm (ours) 0.04 0.06 0.04
DSGD 0.0 0.0 0.0
GUT (ours) 0.9 0.9 0.9
32 QG-DSGDm 0.0 0.0 0.0
OG-GUTm (ours) 0.04 0.04 0.04

Agents (n) Method a=T aV:(}g-lll =001
DSGD 0.0 0.0 0.0
GUT (ours) 0.9 0.9 0.9
16 QG-DSGDm 0.0 0.0 0.0
OG-GUTm (ours) 0.06 0.08 0.09
DSGD 0.0 0.0 0.0
GUT (ours) 0.9 0.9 0.9
32 QG-DSGDm 0.0 0.0 0.0
OG-GUTm (ours) 0.08 0.08 0.08

Hyper-parameters for experiments in Table[2; All the experiments have the stopping criteria set to
200 epochs. The initial learning rate is set to 0.1. We decay the step size by 10x in multiple steps
at 100" and 150" epoch. Table presents values of the scaling factor p used in the experiments.
For all the experiments, we use a mini-batch size of 32 per agent. The stopping criteria is a fixed
number of epochs. For all QG-DSDm and QG-GUTm experiments, we have used a momentum of
0.9 and Nesterov is set to False. We did not use any regularization in our experiments on non-I1ID
data i.e., weight decay is set to zero. We set the weight decay to be 1e~* for experiments on IID data
(DSGDm case in Table. [T).

Hyper-parameters for experiments in Table |3 All the experiments with Fashion-MNIST and
Imagenette datasets have the stopping criteria set to 100 epochs where as CIFAR-100 experiments
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Table 7: The value of scaling factor 1 used for training CIFAR-10 with non-IID data using ResNet-20
model architecture over varies graph topologies presented in Table 2]

Dyck Graph (32 agents) Torus (32 agents)
Method =51 o =001 a=01 a=00I
QG-DSGDm 0.0 0.0 0.0 0.0
QG-GUTm 0.05 0.05 0.05 0.05

have the stopping criteria as 200 epochs. The initial learning rate is set to 0.1 for experiments on
CIFAR-100 and Fashion MNIST datasets. The initial learning rate is set to 0.01 for experiments
on the Imagenette dataset. We decay the step size by 10x in multiple steps at 50¢" and 75" epoch.
Table [§] presents values of the scaling factor i used in the experiments. For all the experiments, we
use a mini-batch size of 32 per agent. The stopping criteria is a fixed number of epochs. We have
used a momentum of 0.9 for all QG-DSDm and QG-GUTm experiments.

Table 8: The value of scaling factor y used for training different datasets over 16 agents ring topology
presented in Table [3]

Fashion MNIST (LeNet-5) CIFAR-100 (ResNet-20)  Imagenette (MobileNet-V2)

Method - ——47 @ =001 a=01 a=00I a=01 o =0.01
QG-DSGDm 0.0 0.0 0.0 0.0 0.0 0.0
0G-GUTm  0.01 0.005 0.005 0.005 0.03 0.04

D Additional Results

Table. 0] shows that the quasi-global variant of Global Update Tracking surpasses the other existing
methods even for a higher degree of heterogeneity i.e., & = 0.01. We also observe that the Nesterov
momentum hurts the performance when the heterogeneity in the data distribution is high. Table. [I0]
compares the DSGDm baseline with the proposed GUT and QG-GUTm. It shows that for a higher
degree of heterogeneity, GUT outperforms even the momentum version of DSGD. Table. [TT]evaluates
the proposed method on various datasets trained on same model architecture (ResNet-20).

Table 9: Evaluating Global Update Tracking (GUT) with various versions of momentum using
CIFAR-10 dataset trained on ResNet-20 architecture over 16 agents ring topology for av = 0.01.

Local Quasi-Global ~ Global Update  Test Accuracy
Method Momentum Nesterov Momentum Tracking a=0.01
DSGD X X X X 54.66 +4.74
DSGDm v X X X 65.62 + 4.95
DSGDm-N v v X X 63.66 +4.44
QG-DSGDm X X v X 79.85 +2.13
QG-DSGDm-N X v v X 78.64 £2.14
GUT X X X v 70.16 £ 4.94
GUTm v X X v 64.25 + 5.31
GUTm-N v v X v 63.42 £2.74
QG-GUTm X X v v 81.04 + 1.66
QG-GUTm-N X v v v 80.09 £ 3.82

E Hardware Efficiency

In this section, we present the quantitative results on communication, memory, and compute overheads
of the various decentralized algorithms. The communication cost incurred by the proposed GUT
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Table 10: Average test accuracy of different decentralized algorithms evaluated on CIFAR-10,
distributed with different degrees of heterogeneity (non-IID) for various models over ring topologies.

ResNet-20

Agents (n) Method =T =01 =001
GUT (ours) 84.72 +0.20 81.86 4+ 1.99 70.16 +4.94
16 DSGDm [135] 86.60 4+ 0.54 79.87+1.73 65.62 4+ 4.95
OG-GUTm (ours) 88.22 + 0.36 86.44 +0.36 81.04 £+ 1.66
GUT (ours) 79.24 +£0.33 76.07 £0.23 60.72 + 1.03
32 DSGDm [15] 86.12 +0.32 7743 £1.71 52.82 +4.02
QG-GUTm (ours) 87.48 +£0.33 84.94 + 0.60 72.04 + 3.18

VGG-11

Agents (n) Method =T =01 =001
GUT (ours) 82.12 +0.09 81.24 +0.95 76.62 £ 1.37
16 DSGDm [15] 81.77 £ 0.38 74.20 £ 1.89 58.44 4+ 14.58
OG-GUTm (ours) 84.46 +0.33 83.05 £+ 0.48 78.32 +1.03
GUT (ours) 80.37 +0.33 79.55 £ 1.00 73.59 +1.26
32 DSGDm [15] 81.89 +0.29 74.73 £0.73 61.60 4 2.80
OG-GUTm (ours) 84.32+0.11 83.39 £ 0.38 77.41 +3.44

Table 11: Average test accuracy of different decentralized algorithms evaluated with various datasets
trained on ResNet-20 architecture, distributed with different degrees of heterogeneity over 16 agents
ring topology.

Method Fashion MNIST CIFAR-100 Imagenette
a=0.1 a = 0.01 a=0.1 a=0.01 a=0.1 a = 0.01
DSGDm [15] 87.89£2.34 7941+329 4793+1.69 42.57+£271 66.89+£3.12 47.87+4.03

QG-DSGDm [16]  92.21£0.01  90.594+0.92 53.19£1.68 44.17+3.64 73.93£2.01 56.30+5.43
0G-GUTm 9255+0.16 91.70+0.36 53.40+1.23 5045+130 7544+222 57471533

and QG-GUTm methodologies is the same as the DSGD or QG-DSGDm techniques. All the above-
mentioned algorithms communicate a vector with the size same as the model parameters. However,
gradient tracking incurs 2x communication cost in terms of model size. The communication cost
and memory requirements for all the experiments are reported in Table. [T2]and [I3]

We report the numbers for communication, memory, and compute overheads for the memory-efficient
implementation of GUT Algorithm. ]in Table.[I4] Memory overhead is reported as the percentage
of additional memory required per agent during training with a batch size of 32.
Additional memory due to GUT

Total Memory

Memory overhead =

The total memory includes the memory required to store model parameters, activations, gradients,
gossip buffer, tracking variable (y;), and weighted neighbors’ parameters (s;). We observe that for
compact models such as ResNet and MobileNet, the memory overhead is less than 2%. However, for
larger models such as VGG-11, the memory overhead shoots up to 14%. The computational overhead
is reported as the percentage of additional FLOPs required per sample per agent during training.

Additional compute due to GUT
Total Compute

Compute overhead =

The total compute includes the forward pass, backward pass, model updates, gossip averaging,
and tracking variable computation flops. We observe that for compact models such as ResNet and
MobileNet, the compute overhead is around 2%. However, for larger models such as VGG-11, the
compute overhead shoots up to 15%.
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Table 12: Communication cost and memory requirement per agent during training of CIFAR-10
dataset on various model architectures and graph topologies.

Comm. Cost Memory

Model Graph  Graph Size Method (GB) (MB)
Gradient Tracking 83.66 129.60

ResNet-20  Ring 16 QG-DSGDm 41.83 128.56
0G-GUTm 41.83 130.64

Gradient Tracking 41.93 129.60

ResNet-20  Ring 32 QG-DSGDm 20.97 128.56
0G-GUTm 20.97 130.64

Gradient Tracking 83.86 129.60

ResNet-20  Torus 32 QG-DSGDm 41.93 128.56
0G-GUTm 41.93 130.64

Gradient Tracking 62.90 129.60

ResNet-20  Dyck 32 QG-DSGDm 31.45 128.56
0G-GUTm 31.45 130.64

Gradient Tracking 178.02 31.84

VGG-11 Ring 16 QG-DSGDm 89.01 29.63
0G-GUTm 89.01 34.05

Gradient Tracking 89.22 31.84

VGG-11 Ring 32 QG-DSGDm 44.61 29.63
0G-GUTm 44.61 34.05

Table 13: Communication cost and memory requirement incurred per agent during training of various
dataset and model architectures over 16 agents ring topology.

Comm. Cost Memory

Dataset Model Method (GB) (MB)
Gradient Tracking 11.42 4.86
Fashion MNIST LeNet-5 QG-DSGDm 5.71 4.62
0G-GUTm 5.71 5.10
Gradient Tracking 85.46 129.72
CIFAR-100 ResNet-20 QG-DSGDm 42.73 128.66
0G-GUTm 42.73 130.78
Gradient Tracking 68.86 3774
Imagenette MobileNet-V2 QG-DSGDm 34.43 3765
0G-GUTm 34.43 3782

Table 14: Communication, memory, and compute overhead incurred per agent during training of
various datasets and model architectures for the proposed GUT algorithm. Note that the overheads
are independent of the graph topology and graph size.

Dataset Model Communication Overhead Memory Overhead Compute Overhead
Fashion MNIST LeNet-5 0.00 0.099 0.275
CIFAR-10 ResNet-20 0.00 0.016 0.021
CIFAR-10 VGG-11 0.00 0.138 0.149
CIFAR-100 ResNet-20 0.00 0.016 0.022
Imagenette MobileNet-V2 0.00 0.005 0.021
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