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Abstract

Present-day federated learning (FL) systems de-
ployed over edge networks consists of a large
number of workers with high degrees of hetero-
geneity in data and/or computing capabilities,
which call for flexible worker participation in
terms of timing, effort, data heterogeneity, etc.
To satisfy the need for flexible worker partici-
pation, we consider a new FL paradigm called
“Anarchic Federated Learning” (AFL) in this pa-
per. In stark contrast to conventional FL. models,
each worker in AFL has the freedom to choose
1) when to participate in FL, and ii) the number
of local steps to perform in each round based on
its current situation (e.g., battery level, commu-
nication channels, privacy concerns). However,
such chaotic worker behaviors in AFL impose
many new open questions in algorithm design. In
particular, it remains unclear whether one could
develop convergent AFL training algorithms, and
if yes, under what conditions and how fast the
achievable convergence speed is. Toward this
end, we propose two Anarchic Federated Aver-
aging (AFA) algorithms with two-sided learning
rates for both cross-device and cross-silo settings,
which are named AFA-CD and AFA-CS, respec-
tively. Somewhat surprisingly, we show that, un-
der mild anarchic assumptions, both AFL algo-
rithms achieve the best known convergence rate
as the state-of-the-art algorithms for conventional
FL. Moreover, they retain the highly desirable lin-
ear speedup effect with respect of both the num-
ber of workers and local steps in the new AFL
paradigm. We validate the proposed algorithms
with extensive experiments on real-world datasets.
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1. Introduction

Federated Learning (FL) has recently emerged as an impor-
tant distributed learning framework that leverages numerous
workers to collaboratively learn a joint model (Li et al.,
2019a; Yang et al., 2019; Kairouz et al., 2019). Since the
inception, FL systems have become increasingly power-
ful and are able to handle various heterogeneity in data,
network environments, worker computing capabilities, etc.
Furthermore, most of the prevailing FL algorithms (e.g.,
FedAvg (McMabhan et al., 2016) and its variants (Li et al.,
2018; Zhang et al., 2020a; Karimireddy et al., 2020b;a; Acar
et al., 2021)) enjoy a desirable “linear speedup effect,” i.e.,
the convergence time to a first-order stationary point de-
creases linearly as the number of workers and local steps
increases (Stich, 2018; Yu et al., 2019; Wang & Joshi, 2018;
Khaled et al., 2019; Karimireddy et al., 2020b; Yang et al.,
2021; Qu et al., 2020).

However, to achieve these salient features, most of the exist-
ing FL algorithms have adopted a server-centric approach,
i.e., the worker behaviors are tightly “dictated” by the server.
Such dictation is typically manifested in three aspects: i)
determine either all or a subset of workers to participate
in each round of FL update; ii) fully control the timing for
synchronization and whether to accept/reject information
sent from the workers; iii) precisely specify the algorith-
mic operations (e.g., the number of local steps performed
at each worker before communicating with the server). De-
spite achieving strong performance guarantees, these server-
centric FL algorithms often implicitly rely on the following
strong assumptions: (1) each worker is available for train-
ing upon the server’s request and throughout a complete
round; (2) all participating workers are willing to execute
the same number of local updates and communicate with
the server in a synchronous manner following a common
clock. Unfortunately, in edge networks where many FL
systems are deployed, these assumptions are restrictive or
even problematic. First, many requested edge devices on
the worker side may not be available in each round because
of, e.g., communication errors or battery outages. Second,
the use of synchronous communication and an identical
number of local updates across all workers ignores the fact
that worker devices in edge-based FL systems are heteroge-
neous in computation and communication capabilities. As
a result, stragglers (i.e., slow workers) could significantly
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slow down the training process. To mitigate the straggler
effect, various robust FL algorithms have been developed.
For example, the server in FedAvg (McMahan et al., 2016)
can simply ignore and drop the information from the strag-
glers to speedup learning. However, this may lead to other
problems such as wasted computation/energy (Wang et al.,
2019), slower convergence (Li et al., 2018), or biased/unfair
uses of worker data (Kairouz et al., 2019). Moreover, the
synchronous nature of the server-centric approaches im-
plies many networking problems (e.g., interference between
workers, periodic traffic spikes, high complexity in main-
taining a network-wide common clock).

The above limitations of the current server-centric FL ap-
proaches motivate us to propose a new paradigm in FL,
which we call Anarchic Federated Learning (AFL). In
stark contrast to server-centric FL, workers in AFL are com-
pletely free of the “dictation” from the server. Specifically,
each worker has complete freedom to choose when and
how long to participate in FL without following any con-
trol signals from the server. As a result, the information
fed back from workers is inherently asynchronous. Also,
each worker can independently determine the number of
local update steps to perform in each round based on its
current local situation (e.g., battery level, communication
channels, privacy concerns). In other words, the amount of
local computation at each worker is time-varying, device-
dependent, and fully controlled by the worker itself. Clearly,
AFL has a much lower server-worker coordination complex-
ity and avoids the aforementioned pitfalls in server-centric
FL approaches. However, AFL also introduces significant
challenges in algorithmic design on the server-side because
the server needs to work much harder to handle the chaotic
worker behaviors in AFL (e.g., asynchrony, spatial and tem-
poral heterogeneity in computing). Toward this end, several
foundational questions naturally arise: /) Is it possible to
design algorithms that converge under AFL? 2) Under what
condition and how fast could the algorithms converge? 3) If
the answer to 1) is "yes” and 2) can also be resolved, could
such algorithms still achieve the desired “linear speedup
effect” as in conventional FL?

In this paper, our goal is to obtain a fundamental understand-
ing to the above questions. Our main contributions and key
results are summarized as follows:

We consider a new FL paradigm called Anarchic Federated
Learning (AFL), where the workers are allowed to engage
in training at will and choose the number of local update
steps based on their own time-varying situations (computing
resources, energy levels, etc.). This loose worker-server
coupling significantly simplifies the implementations and
renders AFL particularly suitable for FL deployments in
edge computing environments. For any AFL algorithms
under general worker information arrival processes and non-
i.i.d. data across workers, we first establish a fundamental

convergence error lower bound to characterize the effect of
worker participation in the AFL system.

For AFL in the cross-device (CD) setting, we study the
convergence of an anarchic federated averaging algorithm
(AFA-CD), which is a natural counterpart of the popular Fe-
dAvg algorithm (McMahan et al., 2016) for server-centric
FL. Our analysis reveals that, under bounded maximum de-
lay, AFA-CD converges to an error ball whose size matches
the fundamental lower bound, with an O(1/vmKT') con-
vergence rate. Here, m is the number of collected workers
in each round of update, K is the local steps and 7' is the
total number of rounds. We note that this convergence
rate retains the highly desirable “linear speedup effect” in
both worker’s number m and local steps K under AFL.!
Moreover, under the stronger condition of uniform workers’
participation in AFL, AFA-CD converges to a singleton
stationary point at the same convergence rate order that
matches the state-of-the-art of server-centric FL.

For AFL in the cross-silo (CS) setting, we study the con-
vergence of a CS version of AFA (AFA-CS), where the
special features of CS allow one to leverage historical feed-
back information and variance reduction techniques. We
show that AFA-CS achieves an improved convergence rate
of O(1/v/MKT), where M is the total number of work-
ers. This suggests that, not only can “linear speedup” be
achieved under AFA-CS, the speedup factor also depends
on the total number of workers M instead of the number of
collected workers m in each round (M > m).

We validate both AFA algorithms with extensive experi-
ments on CV and NLP tasks and explore the effect of the
asynchrony and local step number in AFL. We also nu-
merically show that AFA can be integrated with various
advanced FL techniques (e.g., FedProx (Li et al., 2018)
and SCAFFOLD (Karimireddy et al., 2020b)) to further
enhance the AFL performance.

The rest of the paper is organized as follows. In Section 2,
we review related work. In Section 3, we introduce AFL
and the AFA algorithms, which are followed by their con-
vergence analysis in Section 4. We present the numerical
results in Section 5 and conclude the work in Section 6.
Due to space limitation, we relegate all proofs and some
experiments to the supplementary material.

2. Related Work

1) Server-Centric FL. Algorithms: To date, one of the
prevailing FL algorithms is Federated Averaging (FedAvg),

'To attain e-accuracy, it takes O (1/€?) steps for an algorithm
with an O(1/+/T) convergence rate, while needing O(1/me?)
steps for another algorithm with an O(1/v/mT) convergence
rate (the hidden constant in Big-O is the same). In this sense,
O(1/v/mT) implies a linear speedup in terms of m.
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which was first proposed in (McMabhan et al., 2016) as a
heuristic to improve communication efficiency and data pri-
vacy for FL. Since then, there have been substantial follow-
ups of FedAvg that focus on non-i.i.d. (heterogeneous)
data (see, e.g., FedProx (Li et al., 2018), FedPD (Zhang
et al., 2020a), SCAFFOLD (Karimireddy et al., 2020b),
FedNova (Wang et al., 2020), FedDyn (Acar et al., 2021),
and MIME (Karimireddy et al., 2020a)), which are closely
related to our work. The main idea for these algorithms is to
control the “model drift” (due to heterogeneous datasets and
the use of multiple local update steps on the worker side).
While achieving various degrees of success in handling data
heterogeneity, these algorithms are all server-centric and
synchronous, which are more restrictive in edge-based set-
tings (see discussions in Section 1).

2) FL with Flexible Worker Participation: To achieve
high concurrency and avoid stragglers, researchers have
proposed various FL methods with flexible worker partici-
pation, which can be roughly categorized into three classes:
The first class utilizes different local steps to accommodate
worker heterogeneity, while maintaining a synchronous com-
munication between the server and workers (Wang et al.,
2020; Ruan et al., 2021; Avdiukhin & Kasiviswanathan,
2021). The second class is based on asynchronous dis-
tributed optimization (Zhang et al., 2015; Lian et al., 2018;
Niu et al., 2011; Agarwal & Duchi, 2012; Paine et al.,
2013; Xie et al., 2019; Zhang et al., 2020b) (with iden-
tical local steps) (Nguyen et al., 2021; Avdiukhin & Ka-
siviswanathan, 2021). Specifically, Xie et al. (2019) pro-
posed an asynchronous FL (FedAsync) method to tackle
stragglers and heterogeneous latency, where the server con-
tinuously triggers one worker for local training. However,
this work did not consider the convergence performance
of non-convex problems that are more relevant to learn-
ing. Nguyen et al. (2021) utilized buffered asynchronous
aggregation and achieved an O( \/%7) convergence rate
for non-convex problems, but it was unclear whether a lin-
ear speedup in terms of m is achievable. Avdiukhin &
Kasiviswanathan (2021) proposed AsyncCommSGD by al-
lowing asynchronous communication, while assuming an
identical computation rate across all workers. This work

achieved an O( \/ﬁ) convergence rate for non-convex

problems under a bounded gradient assumption, matching
the convergence rate of synchronous FedAvg. The third
class considers arbitrary device unavailability, though the
server and workers still communicate in a synchronous fash-
ion (i.e., following a system-wide common clock). In this
class, the algorithms in (Gu et al., 2021) and (Yan et al.,
2020) achieve O(\/ﬁ) and O(\/ﬁ), respectively.
However, Gu et al. (2021) required a Lipschitz Hessian
assumption, where Yan et al. (2020) needed a bounded
stochastic gradient assumption.

3) Key Differences of AFL from Related Works: Compar-

ing to the aforementioned related works, the AFL paradigm
in this paper allows both heterogeneity: i) different local
steps across workers and ii) asynchronous communications
between the server and workers. In other words, the AFL
paradigm subsumes all the above settings as special cases.
Moreover, AFL fundamentally differs from aforementioned
FL algorithms in that the worker’s participation in AFL and
its local optimization process are completely determined
by the workers, and not by the sampling requests from the
server. This is more practical since it allows workers to
participate in FL under drastically different situations in the
network states, charging/idle cycles, etc. Due to the com-
plex couplings between multiple sources of randomness and
layers of heterogeneity in spatial and temporal domains in
AFL, the training algorithm design for AFL and its theoret-
ical analysis is far from a straightforward combination of
existing FL techniques. Interestingly, we show that the AFA
algorithms (counterparts of FedAvg under AFL) achieve
the same convergence rate without strong assumptions (e.g.,
Lipschitz Hessian condition in (Gu et al., 2021)).

3. Anarchic Federated Learning

In this section, we first formally define the notion of AFL.
Then, we will present the AFA algorithmic framework,
which contains two variants called AFA-CD and AFA-CS
for cross-device and cross-silo AFL, respectively.

1) Overview of Anarchic Federated Learning: The
goal of FL is to solve an optimization problem in the
form of min,cga f(2) :== 75 Z?il fi(x), where f;(z) £
E¢,~p,[fi(x,&)] is the local (non-convex) loss function as-
sociated with a local data distribution D; and M is the total
number of workers. For the setting with heterogeneous (non-
ii.d.) datasets at the workers, we have D; # D;,if i # j.
In terms of the assumption on the size of workers, FL can
be classified as cross-device FL and cross-silo FL (Kairouz
etal., 2019; Wang et al., 2021). Cross-device FL is designed
for large-scale FL with a massive number of mobile or [oT
devices (M is large). As a result, the server can only af-
ford to collect information from a subset of workers in each
round of update and is unable to store workers’ informa-
tion across rounds. In comparison, the number of workers
in cross-silo FL is relatively small. Although the server in
cross-silo FL may still have to collect information only from
a subset of workers in each round, it has enough capacity to
store each worker’s most recent information.

The general framework of AFL is illustrated in Algorithm 1.
Here, the server is responsible for: 1) collecting the local
updates returned from workers, and 2) aggregating the ob-
tained updates once certain conditions are satisfied (e.g.,
upon collecting m € (0, M] local updates from workers)
to update the global model. Note that these two threads
are concurrent, so it completely avoids system locking on
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Algorithm 1 The General AFL Framework.
At the Server (Concurrently with Workers):

1. (Concurrent Thread) Collect local updates returned
from the workers.

2. (Concurrent Thread) Aggregate local update returned
from collected workers and update global model fol-
lowing some server-side optimization process.

At Each Worker (Concurrently with Server):

1. Once decided to participate in the training, pull the
global model with current timestamp.

2. Perform (multiple) local update steps following some
worker-side optimization process.

3. Return the result and the associated pulling timestamp
to the server, with extra processing if so desired.

server’s side. Also, idling is allowed at each worker between
each two successive participations in training. Whenever a
worker intends to participate in the training, it first pulls the
current model parameters from the server. Then, upon finish-
ing multiple local update steps (more on this later) by some
worker-side optimization process (e.g., using stochastic gra-
dients or additional information such as variance-reduced
and/or momentum adjustments), the worker reports the re-
sults to the server (potentially with extra processing if so
desired, e.g., compression for communication efficiency).

We remark that AFL is a general computing architecture
that subsumes the conventional FL and asynchronous dis-
tributed optimization as special cases. From an optimization
perspective, the server and the workers may adopt indepen-
dent optimization processes, thus enabling a much richer set
of learning “control knobs” (e.g., separated learning rates,
separated batch sizes). Specifically, each worker is able
to completely take control of its own optimization process,
even using a time-varying number of local update steps
and optimizers, which depend on its local dataset and/or
its device status (e.g., battery level, privacy preference).
More importantly, from the system level, the concurrent pro-
cesses at worker and server side enable loose worker-server
coupling and thus avoiding server-worker interlocking and
reducing synchronization overhead.

2) A Convergence Error Lower Bound for AFL: To thor-
oughly understand AFL, we will first obtain some fundamen-
tal insights on the performance limit of any AFL training
algorithms. Toward this end, we first state several assump-
tions that are needed for our theoretical analysis throughout
the rest of this paper.

Assumption 1. (L-Lipschitz Continuous Gradient) There
exists a constant L > 0, such that ||V f;(x) — V fi(y)]] <
L||x —yl, ¥x,y € RY, and i € [M].

Assumption 2. (Unbiased Local Stochastic Gradient) Let
& be a random local data sample at worker i. The lo-
cal stochastic gradient is unbiased, i.e., B[V f;(x,£%)] =
V fi(x), Yi € [m], where the expectation is taken over the
local data distribution D;.

Assumption 3. (Bounded Local and Global Variances)
There exist two constants o, > 0 and og > 0, such that
the variance of each local stochastic gradient estimator is
bounded by E[||V fi(x,£') — Vfi(x)|]”] < o7,Vi € [M],
and the global variability of local gradient of the cost func-
tion is bounded by ||V f;(x) — V f(x)||> < 02,Vi € [M].

The first two assumptions are standard in the convergence
analysis of non-convex optimization (see, e.g., (Ghadimi
& Lan, 2013; Bottou et al., 2018)). For Assumption 3, the
bounded local variance is also a standard assumption. We
utilize a universal bound o to quantify the data heterogene-
ity among different workers. This assumption is also fre-
quently used in the literature of FL with non-i.i.d. datasets
(Reddi et al., 2020; Wang et al., 2019; Yang et al., 2021) as
well as in decentralized optimization (Kairouz et al., 2019).

To establish a fundamental convergence error lower bound,
we consider the most general case where no assumption on
the arrival processes of the worker information is made, ex-
cept that each worker’s participation in FL is independent of
each other. In such general worker information arrival pro-
cesses, we prove the following lower bound of convergence
error by constructing a worst-case scenario:

Theorem 1 (Convergence Error Lower Bound for AFL with
General Worker Information Arrival Processes). For any
level of heterogeneity characterized by o, there exists loss
functions satisfying Assumptions 1- 3 and a specific worker
participation process for which the output X of any conver-
gent (and potentially random) FL algorithm satisfies:

E[|Vf()]*] = Q(cd).

Remark 1. (Proof in Appendix B.1) The lower bound in
Theorem 1 indicates that no algorithms for AFL could con-
verge to a stationary point under general worker information
arrival processes, due to the significant system heterogeneity
and randomness caused by such general worker information
arrivals. The rationale is that there always exist objective
value drifts owing to general worker information arrival
processes in the worst-case scenario, which further lead to
an inevitable error in convergence. We note that this lower
bound is different from previous optimization lower bounds
in FL (Karimireddy et al., 2020b; Woodworth et al., 2020;
Gu et al., 2021). Our lower bound captures objective devia-
tions due to worker participation while previous bounds fo-
cus on the optimization error with ideal worker participation
(i.e., full worker or uniformly random worker participation).
Considering a worst-case scenario in FL by removing such
assumption of ideal worker participation, our lower bound
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also holds for non-i.i.d. FL including synchronous FedAvg
and its variants, thus also providing insights for conven-
tional FL. To ensure convergence to a stationary point, extra
assumptions for the worker information arrivals need to be
made, e.g., uniformly distributed arrivals (see Theorem 3)
and bounded delays (see Theorem 4).

4. The Anarchic Federated Averaging (AFA)
Algorithms for AFL

Upon obtaining a basic understanding of the training al-
gorithm performance limit from the convergence error in
Theorem 1, in this section, we study convergence conditions
and performance of two anarchic federated averaging (AFA)
algorithms for cross-device (CD) and cross-silo (CS) set-
tings in Section 4.1 and 4.2, respectively, both of which can
be viewed as an extension of FedAvg under AFL.

4.1. The AFA-CD Algorithm for Cross-Device AFL

1) The AFA-CD Algorithm: First, we consider the AFA-
CD algorithm for the cross-device AFL setting. As men-
tioned earlier, cross-device AFL is suitable for cases with a
massive number of edge devices. In each round of global
model update, only a small subset of workers are used in the
training. The server is assumed to have no historical infor-
mation of the workers. As shown in Algorithm 2, AFA-CD
closely follows the AFL architecture shown in Algorithm 1.
Here, we use the standard stochastic gradient descent (SGD)
method as the server- and worker-side optimizer. In each
update t = 0,...,T — 1, the server waits until collecting
m local updates {G;(x;—, ,)} from workers to form a set
M, with | M| = m, where 7; ; represents the random de-
lay of the local update of worker ¢ € M, (Server Code,
Line 1). Once M, is formed, the server aggregates all lo-
cal updates G;(x;—~, ,),7 € M, and updates global model
(Server Code, Line 2). We count each global model up-
date as one communication round for direct comparison
with previous FL results. Meanwhile, for each worker, it
pulls the current global model parameters with time stamp
1 once it decides to participate in training (Worker Code,
Line 1). Each worker can then choose a desired number of
local update steps K ; (could be time-varying and device-
dependent) to perform SGD updates for K, ; times, and
then return the rescaled sum of all stochastic gradients with
timestamp p to the server (Worker Code, Lines 2-3).

2) Convergence Analysis of the AFA-CD Algorithm: We
first analyze the convergence of AFA-CD under general
worker information arrival processes. We use fo = f(xo)
and f, to denote the initial and the optimal objective values,
respectively. We have the following convergence result for
the AFA-CD algorithm (see proof details in Appendix B.2):

Theorem 2 (AFA-CD with General Worker Information Ar-

Algorithm 2 AFA-CD Algorithm for Cross-Device AFL.
At the Server (Concurrently with Workers):

1. In the t—th update round, collect m local updates
{Gi(x¢=r, ;),% € M,} returned from the workers to
form the set M;, where 7 ; represents the random
delay of the worker i’s local update, i € Mj.

2. Aggregate and update: Gy =
% Zie/\/lt Gi(Xt—r,:)s —nGy.
At Each Worker (Concurrently with Server):

Xi+1 = Xt

1. Once decided to participate in the training, retrieve
the parameter x;, from the server and its timestamp,
set the local model: x;, ; = x,.

2. Choose a number of local steps K ;, which can be
tlme varying and device-dependent. Let XM kil =

k — LG, s Where g, = Vfi(x], 1, &, ) k =
o,. K — 1.

3. Sum and rescale the stochastic gradients: G;(x,,) =

1 Kii—1
Rey 2aj=0

giuj' Return G;(x,,).

rival Processes). Suppose that the resultant maximum delay
under AFL is bounded, i.e., T := maxte[T]’ieMt{Tt,i} <
0. Suppose that the server-side and worker-side learn-
ing rates 1 and my, are chosen as such that the follow-
ing conditions are satisfied: 607 (2K7?; — 3K, ; +1)L* <
1,180n; K7, L*T < 1,Vt,iand 2Lnng, + 672 L?n*n7 < 1.
Under Assumptions 1-3, the output sequence {x;} gener-
ated by AFA-CD with general worker information arrival
processes satisfies:

p— — T 4(04,;0% + agaé),

where the constants o, and o are defined as:

Lung 1 3T2L277277L
aL="—"""7 Z Kt Z K,

t=0

1517LL2 Z ,
ag 7+45L277LTZK2
Here,
L1 % 2 .
Kt _miez./\/l:t Ktz K Zg\:/(th“K ZGZMth.

The learning rates conditions imply that nn;, = O(-7) and
77% K2 , which is a natural extension of that in SGD With
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Theorem 2, if we assume a constant local step number and
proper learning rates, we immediately have the following
convergence rate for AFA-CD, which implies the “linear
speedup effect” in both m and K.

Corollary 1 (Linear Speedup to an Error Ball). Suppose a

constant local step K for each worker, by setting n;, = ﬁ,

and n = VmK, the convergence rate of AFA-CD with
general worker information arrival processes is:

1 T2 K? 9
O<m1/2K1/2T1/2> +O<T> +O(T> +O(0G)

Remark 2. Clearly, due to the chaotic worker behaviors
in AFL, one cannot expect that an algorithm for AFL can
converge under any arbitrary condition. Theorem 2 and
Corollary 1 suggest that, as long as the consequence of
the chaotic workers behaviors remains “manageable” in
the sense that i) the maximum delay due to asynchrony is
bounded and ii) the learning rates used by the workers and
server are sufficiently small, then the iterates produced by
AFA-CD can converge to a neighborhood around a station-
ary point. Moreover, if the workers are less “anarchic” in
the sense that they know the 7'-value from the server and are

willing to set ny, = ﬁ accordingly, then the non-vanishing

error term O (0% in Corollary 1 matches the lower bound
in Theorem 1. This implies that the convergence error of
AFL-CD is order-optimal in this setting.

Remark 3. Recall that the non-vanishing convergence error
O(0%) in Corollary 1 is a consequence of objective func-
tion drift under the general worker information arrivals (no
assumption on the arrivals of the worker participation in
each round of update) and is independent of the choices of
learning rates, the number of local update steps, and the
number of global update rounds (more discussion in the
supplementary material). Also, for a sufficiently large 7',
the dominant term O(m) implies that AFA-CD
achieves the linear speedup in terms of m and K before
reaching a constant error neighborhood with size O(c%).

Given the weak convergence result under general workers’
information arrivals, it is important to understand what extra
conditions on the worker information arrivals are needed
under AFL in order to achieve stronger convergence perfor-
mance. Toward this end, we consider a special setting where
the arrivals of worker returned information in each round for
global update is uniformly distributed among the workers.
In this setting, M, can be viewed as a subset with size m
independently and uniformly sampled from [M] without
replacement. It has been empirically found in (McMahan
et al., 2016; Li et al., 2019a) that, for FL systems with a
massive number of workers, the assumption of uniformly
distributed arrivals is a good approximation for worker par-
ticipation in cross-device FL. In what follows, we show that
the convergence performance of AFA-CD in this special

setting can be improved as follows (see proof details in
Appendix B.3):

Theorem 3. Under the same delay condition in Theorem 2
and suppose that the server-side and worker-side learning
rates m and ny, are chosen as such that the following re-
lationships hold: 6n7 (2K7; — 3K,; + 1)L? < 1,Vt,,
Lo, + LPn*nir? < 2}v1’ and 120L2f(t2n%7 < 1,Vt.
Then, under Assumptions 1— 3, the output sequence {x;}
generated by AFA-CD with uniformly distributed worker
information arrivals satisfies:

4(0@0% + agaé),

1= o _ 4lfo— 1)
T;mvm)ug p—r

where af, and o are defined as following:

I 1 w= 1 27202202 1 = 1

m T &~ K, m T = K

oy =

+ 51?2 L21 ZKt,

1T—l
_ 2.2 2
ag = 30L nLT;Kt,

and other parameters are defined the same as in Theorem 2.

The requirement for learning rates could be easily satisfied
as that in Theorem 2. Furthermore, with appropriate server-
and worker-side learning rates, we immediately have the
following linear speedup convergence result for AFA-CD:

Corollary 2 (Linear Speedup to a Stationary Point). Sup-
pose a constant local step K, let ny, = T andn = vVmK,
the convergence rate of AFA-CD with uniformly distributed
worker information arrivals is:

1 2 K?
O(m1/2K1/2T1/2) +O(T> +O< T >

Remark 4. For a sufficiently large 7', the linear speedup
convergence to a stationary point (rather than a constant
error neighborhood) can be achieved under bounded maxi-
mum delay 7, i.e., O(m) Note that this rate
does not depend on the delay 7 after sufficiently many
rounds T (i.e., 7 < min{ m1/41/(41/47 ml?;]/@/z 1), the neg-
ative effect of using outdated information in such an asyn-
chronous setting vanishes asymptotically. Further, for
oc = 0 (i.i.d. data) and K = 1 (single local update step),
AFA-CD can be viewed as an extension of the AsySG-
con algorithm (Lian et al., 2015) in asynchronous paral-
lel distributed optimization. It can be readily verified that
AFA-CD achieves the same rate as that of the AsySG-con
algorithm. Furthermore, AsyncCommSGD (Avdiukhin &
Kasiviswanathan, 2021) achieves O(\/j) for FL by al-

lowing asynchronous communication assuming an identical
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Algorithm 3 The AFA-CS Algorithm for Cross-Silo AFL.
At the Server (Concurrently with Workers):

1. In the t—th update round, collect m local updates.

2. Update worker ¢’s information in the memory using
the returned local update G;.

3. Aggregate and update: G; = % ZiE[M] Gy,
Xi1 = X¢ — NGy,

At Each Worker (Concurrently with Server): Same as

AFA-CD Worker Code.

computation rate across workers and bounded gradients. In-
terestingly, AFA-CD achieves the same convergence rate
while allowing flexible worker participation and without
such assumptions. Surprisingly, this rate even matches
the best known rate for the general non-convex setting in
FL (Karimireddy et al., 2020b; Reddi et al., 2020). It is
worth noting that Nguyen et al. (2021) proposed the Fed-
Buff algorithm for FL, which is akin to AFA-CD and boosts
FL concurrency. However, FedBuff achieves an O( \/%7)
convergence rate, which does not achieve the linear speedup
in terms of m.

4.2. The AFA-CS Algorithm for Cross-Silo AFL

1) The AFA-CS Algorithm: As mentioned earlier, cross-
silo FL is suitable for collaborative learning among a rela-
tively small number of (organizational) workers. Thanks to
the relatively small number of workers, each worker’s feed-
back can be stored at the server. As a result, the server could
reuse the historical information of each specific worker in
each round of global update.

As shown in Algorithm 3, the AFA-CS algorithm also
closely follows the AFL architecture as shown in Algo-
rithm 1. In each round of global model update, a subset
of workers could participate in the training (Server Code,
Line 1). Compared to AFA-CD, the key difference in AFA-
CS is in Line 2 of the Server Code, where the server stores
the collected local updates {G;} for each worker i € M,
into the memory space at the server (Server Code, Line 2).
As a result, whenever a worker ¢ returns a local update to
the server upon finishing its local update steps, the server
will update the memory space corresponding to worker i to
replace the old information with this newly received update
from worker i. Similar to AFA-CD, every m new updates
in the AFA-CS algorithm trigger the server to aggregate all
the G;, ¢ € [M] and update the global model. The Worker
Code in AFA-CS is exactly the same as AFA-CD and its
description is omitted for brevity.

2) Convergence Analysis of the AFA-CS Algorithm: We
divide stochastic gradient returns {G;} into two groups.
One is for those without delay (G;(z¢),7 € My, | M| =

m/) and the other is for those with delay (G;(x;—~, ,),% €

¢ |M§| = M — m'). For cross-silo AFL, the AFA-CS
algorithm achieves the following convergence performance
(see proof details in Appendix C):

Theorem 4. Suppose that the resultant maximum delay in
the system is bounded, i.e., T = maXee (1] icms{Tri} <
0.  Suppose that the server-side and worker-side
learning rates n and mp are chosen as such that
the following relationships hold: 677%(2[(31- — 3K;; +

o \272 2
1)L2 < 1,Vt,i, <”"L(MN}”>“+§> me < L, and

2,2
30LMnLT (ZiG[M] Kfl) < i. Then, under Assumptions I-
3, the output sequence {x;} generated by the AFA-CS algo-
rithm under general worker information arrival processes
satisfies:

T—1
1 2 _ 4f(xo) — f(x7) 2 2
— < .~ 7 N -7
T tE:O [V f(x)I™ < —r +oapor +agog,

where the constants oy, and ag are defined as follows:
T—1
4 1 _
= — [5L%7 — § K
M [ T

2n?n? (M — ml)QLQT2 1241
I3 - -
+ < M2 + nnL T tz:; K )

t

120L272 1 Tzl .
= ——— B
oG 7‘ r T et t

and other parameters are defined the same as in Theorem 2.

With appropriate learning rates, we immediately have
stronger linear speedup convergence:

Corollary 3 (Linear Speedup). Suppose a constant local
step K, and let n;, = %, and n = VMK, the conver-
gence rate of the AFA-CS algorithm under general worker
information arrival processes is:

1 K? 2(M —m')?
O<M1/2K1/2T1/2>+(9(m>+(9( TM2 )
Remark 5. Compared to Corollary 1, we can see that, by
reusing historical data, AFA-CS can eliminate the non-
vanishing O(c,) error term even under general worker
information arrival processes and bounded delay. The
bounded delay implicitly requires each workers at least par-
ticipate in the training process, eliminating the worst-case
scenario in Theorem 1. On the other hand, although the
server only collects m workers’ feedback in each round of
global model update, the server leverages all M workers’

feedback by reusing historical information. Intuitively, this
translates the potential objection function drift originated
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from general worker information arrival process into the
negative effect of delayed returns G(x;_r, ;) from workers.
It can be shown that such a negative effect vanishes asymp-
totically as the number of communication rounds 7" gets
large and in turn diminishes the convergence error. This also
explains the stronger linear speedup O(1/v MT). Specif-
ically, even with partial (m) workers participation in each
round, AFA-CS achieves a speedup with respect to total
number of workers M (M > m). From the lower bound in
FL (Proposition 6.1 in Gu et al. (2021)), Corollary 3 is tight.

Remark 6. AFA-CS generalizes the lazy aggregation strat-
egy in distributed learning (e.g., LAG (Chen et al., 2018))
by setting K = 1 (single local update), 7 = 0 (synchronous
setting) and o7, = 0 (using full gradient descents instead
of stochastic gradients) and further improve the rate of
LSAG (Chen et al., 2020) from O(1/v/T) to O(1/v/MT).
We note that Gu et al. (2021) and Yan et al. (2020) achieved
O(\/ﬁ) and O(ﬁ) for FL, respectively, by using
historical information, which is similar to AFA-CS. How-
ever, they both requires additional assumptions. Specifically,
Gu et al. (2021) required a Lipschitz Hessian assumption
and Yan et al. (2020) needed bounded stochastic gradient as-
sumption. By contrast, AFA-CS achieves the same optimal
rate without such assumptions.

5. Numerical results

In this section, we conduct experiments to verify our theoret-
ical results. We use i) logistic regression (LR) on manually
partitioned non-i.i.d. MNIST dataset (LeCun et al., 1998),
ii) convolutional neural network (CNN) for manually par-
titioned CIFAR-10 (Krizhevsky, 2009), and iii) recurrent
neural network (RNN) on natural non-i.i.d. dataset Shake-
speare (McMabhan et al., 2016). In order to impose data
heterogeneity in MNIST and CIFAR-10 data, we distribute
the data evenly into each worker in label-based partition
following the same process in the literature (e.g., McMahan
et al. (2016); Yang et al. (2021); Li et al. (2019c)). There-
fore, we can use a parameter p to represent the classes of
labels in each worker’s dataset, which signifies data hetero-
geneity: the smaller the p-value, the more heterogeneous
the data across workers (cf. Yang et al. (2021); Li et al.
(2019¢) for details). Due to space limitation, we relegate
the details of models, datasets and hyper-parameters, and
further results of CNN and RNN to the appendix.

In Figure 1, we illustrate the test accuracy for LR on MNIST
with different p-values. We use the classical FedAvg algo-
rithm (McMahan et al., 2016) for conventional FL with
uniform worker sampling as a baseline, since it corresponds
to the most ideal scenario where workers are fully coopera-
tive with the server. We examine the learning performance
degradation of AFA algorithms (due to anarchic worker be-
haviors) compared to this ideal baseline. For our AFA-CD

10 1.0
0.9 0.9
ST, AT
Tos Tos| A :7"‘,(,1( ~NA
o o AN
307 307 N
1} [} 1
<06 <oe6{ |1/
@ | @ v
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Figure 1. Test accuracy for logistic regression on non-i.i.d. MNIST
with different p-values.

and AFA-CS with general worker information arrival pro-
cesses, the test accuracy is comparable to or nearly the same
as that of FedAvg. This confirms our theoretical results and
validates the effectiveness of our AFA algorithms. We fur-
ther evaluate the impacts of various factors in AFL, includ-
ing asynchrony, heterogeneous computing, worker’s arrival
process, and non-i.i.d. datasets, on convergence rate of our
proposed AFA algorithms. Note that AFL subsumes FedAvg
and many variants when the above hyper-parameters are set
as constant. Also, AFL coupled with other FL algorithms
such as FedProx (Li et al., 2018) and SCAFFOLD (Karim-
ireddy et al., 2020b) is tested. Our results show that the
AFA algorithms are robust against all asynchrony and het-
erogeneity factors in AFL. Due to space limitation, we refer
readers to the appendix for all these experimental results.

6. Conclusions

In this paper, we propose a new paradigm in FL called
“Anarchic Federated Learning” (AFL). In stark contrast to
conventional FL models where the server and the worker
are tightly coupled, AFL has a much lower server-worker
coordination complexity, allowing a flexible worker partic-
ipation. We proposed two Anarchic Federated Averaging
algorithms with two-sided learning rates for both cross-
device and cross-silo settings, which are named AFA-CD
and AFA-CS, respectively. We showed that both algorithms
retain the highly desirable linear speedup effect in the new
AFL paradigm. Moreover, we showed that our AFL frame-
work works well numerically by employing advance FL
algorithms FedProx and SCAFFOLD as the optimizer in
worker’s side.
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Appendix

In this supplementary material, we provide the detailed proofs for all theoretical results in this paper. Before presenting
the proofs, we introduce some notations that will be used subsequently.. We assume there exists M workers in total in
the FL systems. In each communication round, we assume a subset M of workers to be used, with |M;| = m. We use
G, (x;) to represent the local update returned from worker 4,7 € [M] given global model parameter x9 = x;. Also, we

define G;(x;) = ﬁ Z]K:to‘ v (x],&:.4), where x] represents the trajectory of the local model in the worker. We use
A, to denote the average of the full gradients long the trajectory of local updates, i.e., A;(x;) = % ZJK;S Y fi(x]).

With the above notations, we are now in a position to present the proofs of the theoretical results in this paper.

A. Proofs of Lemma 1 and Lemma 2

We start with proving two results stated in the following two lemmas, which will be useful in the rest of the proofs.
Lemma 1. E[GL(Xt)] = Ai(Xt), E[HGl(Xt) — Al(Xt)”Q] S ﬁo’%,VZ S [M}

Proof. Taking the expectation of G;(x;), we have:

K i—1

E[Gi(x1)] :E{Klt- Z:; Vfi(xi,fi,i)]

52

Kii—1

> BV, €]

Jj=0

1
- K

= Ai(xt)-
Also, by computing the mean square error between G;(x;) and A;(x;), we have:

K ;—1 K i—1

E[IIGi(xt)—Ai(Xt)Hz]ZE[II% Y Vil &) = Y0 VA
=0 j=0

Kii—1 Kii—1
= 7Bl 3 VAGha) - X VAeDI)
Note {V fi(x], &) — Vf;(x])} forms a martingale difference sequence. This completes the proof of Lemma 1. O
Lemma 2. For a fixed set My with cardinality m, E {H ZieMt Gi(Xt—r,,) ﬂ < QH ZieMt Ai(x¢—7, ;) ’2 + %a%,

11 1
where = = -5 e, R

Proof. By adding and subtracting A;(x;_r, ,), we have:

B[l Y Gilximn ] = 22|l 5 Gulocrss) = Arlxeer )P 420 3 Arter P
iEM;y 1EM,y €My
1
<23 q ot 2 b I
iEM,y ’ €My

2m 2
< Trh el 3 A

Here the updates among clients {G(x;—r, ;) — As(X¢—r, )} are assumed to be independent. O
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B. Proof of the performance of the AFA-CD algorithm

In this section, we provide the proofs of the theoretical results of the AFA-CD algorithm. We consider two cases: i)
general worker information arrival processes and ii) uniformly distributed worker information arrivals. As mentioned
earlier, for general worker information arrival processes, we do not make any assumptions on the worker information arrival
processes except the independence of workers’ participation. For uniformly distributed worker information arrivals, M
can be viewed as a subset with size m independently and uniformly sampled from [M] without replacement. The similar
convergence analysis for independently and uniformly sampling with replacement can be derived in the same way following
the techniques in (Yang et al., 2021; Li et al., 2019c).

B.1. Lower Bound for General Worker Information Arrival Processes

Theorem 1 (Convergence Error Lower Bound for AFL with General Worker Information Arrival Processes). For any
level of heterogeneity characterized by o, there exists loss functions satisfying Assumptions 1- 3 and a specific worker
participation process for which the output X of any convergent (and potentially random) FL algorithm satisfies:

E[|Vf(®)]*] = Qcd).

Proof. We prove the lower bound by considering a worst-case scenario for simple one-dimensional functions. Let the
FL system has two workers with the following loss functions: fi(x) = (x + G)?, fo(x) = (x — G)?, f(x) = 2 (f1(x) +
f2(x)) = x* + G?. Itis easy to verify that |V fi(x) — Vf(x)||?> < 4G? = 02 and ||V f2(x) — Vf(x)|*> < 4G? = 72,
where o is the heterogeneity index. We consider a special case for the general worker arrival process when only the first
one worker participates in the training as the worst-case scenario, equivalent to optimizing f; (x) rather than f(x). In such
case, any convergent (and potentially random) algorithm would return Ex = —G. As aresult, E|Vf(%)[|? = Q(c%). O

B.2. General Worker Information Arrival Processes

Theorem 2 (AFA-CD with General Worker Information Arrival Processes). Suppose that the resultant maximum delay under
AFL is bounded, i.e., T := maXc[7],ic M, {Tt,i} < 00. Suppose that the server-side and worker-side learning rates n and
1, are chosen as such that the following conditions are satisfied: 677%(2[(& — 3Ky +1)L2 < 1, 18077%[(,&2’1-1127' < 1,Vt,i
and 2Lnny, + 672L%n?n? < 1. Under Assumptions 1-3, the output sequence {x;} generated by AFA-CD with general
worker information arrival processes satisfies:

T-1
1 o _ 4(fo— 1) 2 2
T ; EIVf(x)l” < Tl +4(arof +agog),
where the constants o, and o are defined as:
I 1 w= 1 372022 1 = 1
oy, = — —_— _ N
m T P Kt m T P Kt
T—1
15m2 L% 1 _
T T ; v
=
ag =7 + 45L277%? 2
t=0

Here,

1 1 1 1 fo 1 9
O PN NI )
Kt MM, K.i mienm, MM,

Proof. Due to the L-smoothness assumption, taking expectation of f(x;1) over the randomness in communication round
t, we have:

Bf ()] < S0x) + (VF000), Blxir = x]) + Ellerss =i
Aq Az
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First, we bound the term A5 as follows:

Ay = Ellxe1 — x¢|?

2
1
=ik | — Z Gi(Xt—r.;)
1EMy
2
(a<1) 277277% Z A(X ) 277 nL 0_2
= m2 A I\ AL—Ty 5 mK

where (al) is due to Lemma 2. Next, we bound the term A; as follows:
A1 = (Vf(xe),Elxe11 — x4])

:—7777L<Vf Xt l Z G Xt Tt ]>
iEMy
Z A Xt Tt1

zGMt

2

(@2) 1 1 1
= =gl VFx)|” - *UULE +omL BV f(x) - — D Ailxe-n )l

2
1EM;y

Az

where (a2) is due to Lemma 1 and the fact that (x,y) = 3 (||x[|> + [|y[|* — ||x — y[|*) and Lemma 1. To further bound the
term Az, we have:

S COEE SENC

1EMy
1

< — D BV - i, )|

€My
- % Z EHVf(Xt) - vf(xt—n,i) + vf(xt—‘rf,,i) - Vfi(xt—ﬂ,,i) + vfi(xt—‘f't,q‘,) - Ai(xt—ﬂ,,i) |2

€My
(a3)
< i |:3E|vf(xt) - vf(xtf'rt,i) |2 + 3E||vf(xt*‘rt,z‘) - vfi(xt*‘l't,i) 2

€M,

3BV fi(xer,) Ai<xt_n,i>||2}
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where (a3) followings from the inequality ||x; + X2 + - + x,,[|? <n >, ||xi||, and (a4) is due to the L-smoothness
assumption (Assumption 1) and bounded global variance assumption (Assumption 3).

To further bound the term A4, we have:

1
Ay = ~ Z Ellx; — x¢—r, ,||?
i€[m]
(a5) )
< Elx¢ —x¢-r, ,,
2

-1
=E E Xp4+1 — Xk
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t—1 1 2
=E|| EWLZGz’(Xk—m,i)
k=t—T¢,u 1EMy,
_ o
7’]27]2 t—1
2| $ S G
k=t—7¢ 4 1€EMy,
2
(a6) t—1
8Ty 3| Y Gl
k=t—7¢ .y [li€EMy
2
(a?) | n?n2T =1 2m
2t 5 (o] 5 s 20
k=t—Tt v 1EMy,

In the derivations above, we let u := argmax;c(yy [|Xt — X¢—r, , ||2, which yields (a5). Note also that the maximum delay
assumption 7 > 7 ;, Vi € [M] implies (a6). Lastly, (a7) follows from Lemma 2.

To further bound the term As, we have:

= Evai(xt*ﬂ,J - Ai<xt*7t 1) |2
K i—1 2
=E||Vfi(xi—r,,) — Z Vi,
1 K“—l 9
= — EHVL Xi-r,) = Vx|
t,%
) 7=0
K
(aB) L2 bi
fmzZEmnzam2

Ae

< 5Ky iL*ni(0F + 6Ky 08) + 30K7 L*n7 |V f (x¢—r,.,)|I?

)

where (a8) is due to the L-smoothness assumption (Assumption 1), and (a9) follows from the bound of Ag shown below.
Here, we denote maximum number of local steps of all workers as K, i.e., K;; < K,Vt,1. This definition of K implies
(al0).

Now, it remains to bound term Ag in the derivations above. Note that the bounding proof of Ag in what follows is the same
as Lemma 4 in (Reddi et al., 2020). we restate the proof here in order for this paper to be self-contained. For any worker ¢ in
the k-th local step, we have the following results for the norm of parameter changes for one local computation:

As = E[lIx} , — xe [P = E[lI%] 1 — x¢ — 0097 1 [17]
< E[l|x; -1 — %t =09t 1 — VIi(Xg g—1) + Vfi(xt 1) = Vi(xe)
+ V/fi(xe) = Vf(xe) + VI(xe))]?]

1 i 7 7
< (1+ 5 1 )E[th,kq - Xt||2] + E[”??L(Qt,kq - Vfi(xt,kq))”ﬂ
2K;; —1

+ 6K E[|InL (V fi(x) 1) — Vfi(xe) 2]+ 6K Ellnn (V fi(xe) — V f (x0)))]I7]
+ 6KV f (%))

1 i i
5o Bl k1 = %] + niof + 6K inf L*E[l1x} 5y — xe||*]
2K;; —1

+ 6K miog + 6Ky i[nLV f(xe) |

<1+

=1+ + 6K g L)E[|x) ey — xel?] + noi + 6K g o + 6Ke eV f (x))|°

2K, — 1
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(ail) 1 ; E i _ 2 2 2 6K, : 2 2 6K, ; \VA 2
< (I+ Ky — 1) (1%t k1 = xelI”) +mpoz + 6K impoe + 6Ky InnV f(x)) 7,
where (a11) follows from the fact that 57— + 6K, ;nj L* < -if 2 < R ‘731Kt EShya

Unrolling the recursion, we obtain:

k—1

i 1
Elllxi ), — x| <Y (1 + %1 1)’7[77%0% + 6Ky 0% + 6Kt [neV f (%))
p=0 ot
< (K = D[+ 5,1 1)51- —1niot + 6K mios +6KeilneV f(x))]’]
)i

< 5Ky ang (07 4+ 6K408) + 30K m7 |V f (%)%
With the above results of the terms A; through Ay, we have:

E[f (1)) — £(0) < (T (x0), Blers — ) + 5 Ellxes — il

A As
2 2
1 , 1 1 1 1
= =l VFE)IP = smeE||— Y Aixir )| +5mpE|Vx) — = > Ai(xer,,)
2 2 m . 2 m
1EMy iEMy
Az
2
L L 2,2
N T]L]E Z A Xt th _'_4777771,0_%
m
iEMy
1 1 1 ? Ln?n? ? Ln?
2 L n 77L o2
< =5V = gmE *'Z Ailxe—r;)| +— 5E Z Ai(Xe—r,)|| + mk, °L
€My €My
3 3L
+ 27777LUG +3 77%{ > Ellxe — X, } t 5 > EIVit-r.) = Ai(xer, )
iEM; iEMy A-
Ay
2
1 > nnL Lng L*ng o
< _*7]77L||vf(xt)|| Z A Xt Tt1 +?E Z Ai(th'rt'i) + mKt gy,
1EMy P1EMy
2
3 3L2 n’nirt i1
+ oG + o | T D > Aixkn,) +F i
[A— €My, k
37777L 1 5K L2 2 2 6K 2 30[/2 2K2 v 2
+ = (5K L (0} + 6Kii08) + 30LAE KV (i, )]
1EMy
1 1 m
< —57777L||Vf(xt)||2 + 45TITI%LQE ZK@HVf(Xt—n.i)HZ
=1
L Logmpp ’
L T
o[ g PR S A TR S E| S M)
1EM;y k=t—7¢ u 1EM,y
L2 3rDPmids o @ ImELPE Y K 5 | [3 s 51
. 0 2 a5 — ST K
+[mKt + - + 5 oL+ | ML+ 45 naniGZM

Summing the above inequality from ¢ = 0to ¢ =T — 1 yields:

Ef(xr) — f(x0)
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eIV F )2 + 45 L L ZmemmW]

}ﬂ

|
_

| — |
»—l

t=0 2 =1
< [[ mw Ly 77 ’ 3rL2P) o 2
L L
+Z[Mw+ } > Ailxir )| T Y Z&mwﬂ]
t=0 1EM, k=t—T¢ .y iEMy
+7§ [Lnng n 3TL0* ] Y v, Ry N 150m3 L2 0 3, Ko 2
purdl} mK; m 2 L
T—1 -3
2 |5 +45L27777L > Kfz]
t=0 1€Mf
(a12) X 1 3 12 2 2
< - 5777711 + 45n77LKt,m,axL T va(xt)H
t=0
T—1 2. 2 212,33 2
me |, Loty | 3T°Lnng
* 3 | Pt TR | S A
t=0 ieM;y
1 2712,,3,,3 1
LPng | ST°L gz, 157777LKt 272
t A5K2L
+t=0[mKt + — + L+Z nnL+ mi (o
(@3) T20 1
< jnnLHVf(Xt)llz
t=0
T—1 T—
Lz 1 372L2n2ni 1577LL 3 272
— K A5K2L%
tme | S ZK tz% ’ UL+Z7777L S+ ot

Z WLHVf (xo)|I? + T [eno? + ago?],

where (al2) is due to maximum time delay 7 in the system, (al3) holds if 1 < [& — 45n% K? o L?7], e,

2,2 22,33
b 38y "L] < 0,ie., 2L +672L2n*n7 < 1. Note K¢ = - 37,0 0y, Keio

18072 K7 yap LP7 < 1,and [ o

K2=1 >iem, Kii»and Ky o = max{K,;,i € [m]}. Lastly, (a14) follows from the following definitions:

m
T-1

T—1 -
L 1 1 3r2L%% % 1 -
OéL[TmLE F+#T§ — 4 T K|,
t

Rearranging terms, we have:

T 4[OZLO'% —i—ac;aé],

= Z IV f(x

and the proof is complete. O

Corollary 1 (Linear Speedup to an Error Ball). Suppose a constant local step K for each worker, by setting ny, = % and

n = vmlI, the convergence rate of AFA-CD with general worker information arrival processes is:

1 T2 K? 9
O<m1/2K1/2T1/2> +O<T> +O(T> +O(CTG)
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Proof. Suppose a constant local step K for each worker, and let n;, = ﬁ, and 7 = vVmK. It then follows that:

1 72 K
ar = O(ml/gKl/QTl/g) + O(?) + O(?)
K2
ag = 0(0g) + O(T)
This completes the proof. O

B.3. Uniformly Distributed Worker Information Arrivals

Now, we consider the special case that the worker information arrivals are uniformly distributed, i.e., the worker in M
could be regarded as a uniformly random sample without replacement in [M{]. As mentioned earlier, this special case acts as
a widely-used assumption in FL and could deepen our understanding on the AFA-CD algorithm’s performance in large-scale
AFL systems.

Theorem 3. Under the same delay condition in Theorem 2 and suppose that the server-side and worker-side learning rates 7
and ny, are chosen as such that the following relationships hold: 617 (2K7?; —3K;;+1)L* < 1,Yt,i, Ly, + L*n*n; 7% <

ﬁ, and 120L2[A(t277%7' < 1,Vt. Then, under Assumptions 1— 3, the output sequence {x;} generated by AFA-CD with
uniformly distributed worker information arrivals satisfies:

T—1
1 4(f0 - f*)
T ; E[[Vf(x:)]l5 < Tl +4(apo} + agog),
where af, and o are defined as following:
T—1 T—1
L 1 1 272 L%n%n? 1 1
ag = 7777L727jL "777727
m T + m T t
t=0 t=0
=
+ 507 L? t
T
t=0
=
ag =30L% 7 > K7,
t=0
and other parameters are defined the same as in Theorem 2.
Proof. The one-step update can be rewritten as: X¢11 —x; = —nnr Gy. For cross-device FL, G; = % Yic M, Gi(Xt—r, ;)

where 7y ; is the delay for client 7 in terms of the current global communication round ¢. When 7 ; = 0,Vi € M., it
degenerates to synchronous FL with partial worker participation.

Due to the L-smoothness in Assumption 1, taking expectation of f(x;4.1) over the randomness in communication round ¢,
we have:

E[f(xe41)] < f(x0) + (VF(%0), E[xp 41 — %) +§ E[f|xi+1 — x|
Aq Az

We first bound A, as follows:

Ay = Ellx¢1 — x¢||?

% Z Gi (Xt—Tm)

€My

2

=n’niE
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2

(bl) 2
nnLE[ 3 Ailxier,)) +[ﬂ;ai}
iEM, t
®2) 222 &L N
< m2 E ZIH{ZeMt}Ai(Xt*Tt,i) + mK, or,

where (b1) is due to Lemma 2 and (b2) is due to the uniformly independent information arrival assumption.

To bound the term A7, we have:

:<Vf(xt), E[x¢41 — Xt]>

7)77L<vfxf ZG X¢— m]>
'LEMt
b3
(:)—1’}’[’}L <Vf Xt Z A Xt —Tt >
26[1\4]
2
b4 1 1 1
S IVl = G |57 S Adxir,)
1€[M]
L Va0 - = ST A 2
ML Xt) — — i(Xe—r )|
i€[M)]
Az

where (b3) is due to the uniformly independent worker information arrival assumption and Lemma 1, (b4) is due to the fact
that (x,y) = 3([x/1* + lly[I* — x = y[I*).

To further bound the term A3, we have:

Ay = | 950e) = 57 32 Aulxin)

i€[M]

| 2

:i Z ||Vf1(xt) vfl(xt T{l)—"_vfl(xt TH)_Ai(Xt—T,,J)

< 37 {2||Vﬁ(xt) = Vfi(emr, P+ 20V fi (X, ) = Di(Xer, I
ie[M]

(b7) 212
Z th Xt—7t,5

Ay

2

)

9 M
+M Z vai(xt*‘rt,i) - Ai(xtf‘rt,i)
i=1

As

where (b5) is due to the fact that V f(x) = ﬁ Zie[M] V fi(x), (b6) follows from the inequality [|x; + X2 + - - + X, [|? <
nY i, |Ixi||% and (b7) follows from the L-smoothness assumption (Assumption 1).

For A4 and As, we have the same bounds as in the case of general worker information arrival processes:

212 i e — x )
== t — Xt—7y
M Pt Tt,i
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AL2r%n2 1 t—1 -
<E # Z || Z Ai(xk—r,m‘) 2+K70_%
mn ; k
k:t_Tt,u T1EMy
2
ALn’n? T =1 M ‘ m
= TL > Y i€ Mi}Ai(xi—n, )| + EJ%
k=t—T¢ u i=1

As = ||V fi(xt—r,,) = Di(x¢—r, )
<5K;,L*n}

| 2

(07 + 6K¢i08) + 30K, LnL |V f (xe—r, )17,

With the above results of the term A; through Ay, we have:

Ei[f(xe1)] = F(x0) < (VF(x2), EBelxep1 — x]) +§Et[th+1 —x|?

Al AZ

1 1 1 1
—57777L||Vf(xt)||2 = 5mielly; > Ailxir, )P+ oM |[Vf(xe) = o7 > Ai(xir,,)

. M
i€[M] i€[M]
Az
Lt || Sy
L . n 77L
+t— 2 E ;H{ZeMt}Ai(Xt—n,i) Ay ol
2 o 2
< Lol - e | L 5 At )|+ (Y 1 € M AGe, )
= 27777L t 7]77L t— ‘rtl m2 : t R\ R t—T1y
16[1%] i=1
212 & Ln2n2
+ 7777L|: Z”Xt Xt—1y, LH2 MZ”Vfl Xt— Tt'L - i(xt—ﬂ,i)HQ:l + TZI;]tLU%

As
Ay

M
1 1 1 L )
<SG S| YD At )|+ PRSI € M A )

E
2 .
i€[M] i=1
22T t—1 M 2 .
2 L . 2

+nnrL 7 k:tz_; ;H{’L S Mk}Ai(Xk—Tk,i) + K—kgL

3 Lonj
t ey Y [BKe L2 (oF + 6K, i08) + 30K, LP0E |V f (er, )] + — 0}

i=1

mKt

M
1 1
< [‘ Ml VGl + B0nL?ni) 57 > KZlIVF (xier,.)

]

M 2
L Li*ni .
|: 2M2 ZA Xt T 1 + ?E ;H{Z € Mt}Ai(thTt_,i)
L2 3 2
L S RV
k=t—T7¢,, i=1
L*ng 27 L%y Zk o T 1 1 ¢
2 L t,p k 2.3 2.3 2 2
+aL[mKt + — +5nL nLM;Kt,i + |30nL WLM;KM oG
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Summing the above inequality from ¢ = 0tot =T — 1 yields:

IEf(XT) — f(x0)
_ M
-y [— SV A + (300t 37 S K2V P

t=0 =1
T—1 - M Ln?n? M ?
. .
R N R
0 i=1 i=1
2
ol2fnir 2L
L2 SR S e Mu A }
k=t—7., li=1
T-1 2 -
Ln2772 27L 77 Zk t—, K 1
2 L tn Kk 2 03 : ¢
GBI 1 2 25 1 L~ o 2
<y [—2nnL||Vf<xt>|| + @BonLP i) 37 KLV (x| }
t=0 =1
[ || i Ly’ o
. .
i {‘ o7 || 2 Dii=n )|+ T BN Y T € MiFA(xer, I
=0 i=1 =1
2
2L27]3773T2 )
+ = LET R ST i € MAi(xir,,)
i€[M]
_— 9 M M
Ln?n? QTLnnLZktT K 1 g 1
) 2 tu K 2 3 2,3 2| o
Ln; — > Ky, Loy —= ) Kt )
+; UL(mKt + - +51) nLM; ri |+ (30m nLM; hi | oG
GO 1 3
LY [yl VIO + GO RIS
t=0
T-1 - M 2 Lin? M 2
. .
[ g | S e v
t=0 =1 =1
2
2L2’I73’I73T2 )
+TE Z I{i € Mi}A;i(X¢—7, ) }
i€[M]

T-1
L?n? 272020303 1 .
2 L L 2 2,3 2\ 2
+ E + +5nL*n3 K, +( L K) ,
— {UL ( mK, m K, SnLIL B SUnLn iy ) og

where (b8) is due to the fact that the delay in the system is less than 7, (b9) follows from that K? = = Zf\il K7, K =
i K

By letting z; = A;(X;_r, ;) (omitting the communication round index ¢ for notation simplicity), we have that:

IIZZZH2 D Nzl + > (2 z)),

i€[M] i#j
(b10)
=) Mz|? - 5 Z 12 — 2%,
ie[M] i#]

M
E|Y Iie M}zl = Y P{i € Mi}llzi|)* + ) Pli,j € Mi}(zi,2;)
i=1

i€[M] i#£j
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IS ¢ ﬂm‘§2m@>
i?'éj

i€[M]

(v12) m m(
Z 12> — ZIIZL z;]|”,

ZE[M]

where (b10) and (b12) are due to the fact that (x,y) = %[HXH2 + llyll? = llx = yII?] < $[lIx[* + [ly]?], (b11) follows

from the fact that P{i € M} = §; and P{i, j € M} = A"}(M 1)) It then follows that:

2

L2303 72 M _
%E ZH{Z c Mt}zi

i=1

M 2
> i€ Mi}zi| +

i=1

ML | e Lnt
L 2 L
72M2”2zi” T E

L Ln2nL L2 nLT 2, nm 5

< |-+ (e ZII ill* + gllzz |
i#]
[ e annL Ln? 77LT 2 LM 5

< | = XE
<|-o P37 ZII il + =37 — ZII ill
_ __ nrL (L77277L L277377LT ZHZ H2

oM? M :
<0

The last inequality follows from Lnn, + L*n?n3 72 < 51

Using the above results, we finally have:

T-1

B r) ~ xa) £ Y |~ gmeVAGR)IP + (0ntn) K219 501

t=0

T-1
L?n? 220233 1 _ R
+ Z [o% ( i, T & TonlimiK )+ (30@%@1{3) 0%

< Z ﬂ’?L\\Vf (x0)|I> + Tne [anoi + agog]

where (b13) follows from the fact that
1 1
155 —30L2K2n? T

if 120L2K2n? 1 < 1,Vt; ar, and o are defined as followmg:

T-1
1 L 272 L1}
Z [( Ui n L

=_ 5K, Ln?
ar, K, e + oK UL)},

T t=0

and
T—1
== Z {30K§L2n§] .
t=0
Lastly, by rearranging and telescoping, we have

4(f0 B f*)

p— +4[01L0'%+04Gc7é}.

1 T-1
= S BV <
t=0

This completes the proof.
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Corollary 2 (Linear Speedup to a Stationary Point). Suppose a constant local step K, let ny, = ﬁ andn = vVmK, the
convergence rate of AFA-CD with uniformly distributed worker information arrivals is:

1 72 K?
OCerierie) * O(T) * 0( T )

Proof. Suppose a constant local step K, let ny, = ﬁ and n = vmK, then it follows that:

1 72 K
ar = O(m1/2K1/2T1/2) + O(T) + O(?)ﬂ
KQ
ag = O(?)7
and the proof is complete. O

C. Proof of the performance results of the AFA-CS algorithm

Theorem 4. Suppose that the resultant maximum delay in the system is bounded, i.e., T := maXge (1) ic Mg {m,i} < o0
Suppose that the server-side and worker-side learning rates 1 and 1y, are chosen as such that the following relationships

hold: 612 (2K2, — 3K, , + 1)L* < 1,¥t,i, <""L(M‘M)“ + ) i, < 4y and PEIT (S0 KE) < 3 Then,

under Assumptions 1- 3, the output sequence {x;} generated by the AFA-CS algorithm under general worker information
arrival processes satisfies:

7 2 Vst < LB 03 4 aga,

where the constants o, and o are defined as follows:
T-1
4 9 o1 _
oy = M |:5L an tio Kt

/ -1
20?02 (M —m )2L27? 1 1
L Bl E el
+ ( M2 tEML) T 2R, |

t=0

120L2%n?
ag = O 77L Z K

and other parameters are defined the same as in Theorem 2.

Proof. We divide the stochastic gradient returns { G;} into two groups, one is for those without delay (G;(x;),i €
My, |M;| = m') and the other is for those with delay (G;(x;—r, ,),i € M, [IM§| = M —m/).

Then, the update step can be written as follows:
L
Xip1 — X = [ Z Gi(x) Z Gi(xt—rm-):| :
iEM; iEMS§

Due to the L-smoothness assumption, taking expectation of f(x;41) over the randomness in communication round ¢, we
have:

BLS (o) < Jx0) + (VSx0) Blxern = xil) +5 Bllxiss — x|
Ay As
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We first bound A, as follows:

Ao

= E[|[x¢41 — x¢]|’]

2
77 nLE|: Z G Xt Z Gi(xt_n,i) :|
1EM,y ’LeMtL
2,2
= TRE || Y [6ix) = M)l + Y [Gilbkir, ) = il )] + Y Aulx) + D Ailxior, )
ieEM; iGMf
(D) 2n°ng 2n°n
SE( Y Y b 25 ot
— 2 . 2
M iEM; K“ iEMS Kt Tt,i50 M iEM;
2
_ 2’ o, 20

where (c1) follows from the similar result in Lemma 1 and

term A;, we have:

L
K =M (Zze./\/lt o

+ ZzEMC K 1) To bound the

iEME

A1 = E<Vf(xt),xt+1 — Xt>
<Vf Xt nnL Z G’ Xt Z Gi(xt—ﬂ.i)]>
iEM;y ieEMS§
= =L <Vf Xt), ST A+ Y Az‘(Xt—m)]>
iEM;y iEMY
2
= DR IVIOI® - ghs | D2 M)+ Y Ailxior,)
1€EMy i€ Mg
2
[V = 57 | 20 Ak + _Z.Axxt_n,i)]
1EMy 1€EM§
2
~ TRV eI = oo | 20 Bilx) + D Aulxior,)
1EMy ieEMS
+ 277]\77/.;:2 STV = Aix)l + Y [V Keor, ) = Dixeer, )]+ > V() = V(xe-r, )]
€My €M
2
< —TENVIGe P = 557 | D Ailx) + Y Ailxir, )
1€EMy €M
+ 5| 2 VE) = Aux)l + Y [V (ki) = Ailxer, )]
ieEM;y iGM‘;
2
+ T Y [V = Vi, )]
iEMS
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2
nnL nnL
< - IVIe)I - 5 || Y Autx) + D Aitxir,)
1EM;y iEMS
7777L 2 2
STV = M)+ Y Vi) — Aixin,)|
iEM,y ieEM§
M
+77"L m) 3 IVie) = Vixeer,)|)
iEMS
For each worker 7, we have:
Kii—1 2
IV filxe) = i) |2 = ||V filxe) Z Vi)
] K i—1
= > IVfilx) = Vil )
t,2 i—0
J
Ky i—1
L? ¢ 9
Xt — X
Koy & P

c2)
< 5K L*njo7 + 30K;  L°nj o + 30K7 L*n7 ||V f (x:) ||,

where (c2) follows from the same bound of A6 specified in Eq. (1).

IV f(xi) = VI(xir,,) ?

‘2 < L? ||Xt — Xt—Ti4

Te,i—1

L2Tt,i Z ||Xt7u - thquHZ .
u=0

2
A< =TENVIEIP = 355 | D Ak + Y Aixion,)
i€ My ieEMS§
+ D VA = M) P+ 3 [V G ) = Aslxer, )
€My ZGM,L
M
+”"L m) SV = Vi xeen )|
i€ Mg
2
< TR IVFe)I® = Hs || D0 Aiee) + Y Aulxer, )
1EM;y lEMg
+% GL3o3) | S Kt Y Kiora | + (30L%0302) | S0 K2+ Y K2, .
1€EMy 1eEM§ i€EMy i€ M
+ I Gort) | S0 KV + Y K, VG )l

iE€EMy i€ Mg
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M —m')L2 s
DY (Z - 1||>

iEMS u=0

Combining A; abd A,, we have:

BLS Gcera)] = fxe) < (V700 Bl = xil) +5 Elless = il

Aq Az
2
L
< TP IVIGI = g | 20 i)+ 32 Al + Bl =P
iEM;y ’LGME
+% (5L*nj0%) Z K+ Z Ki—r i | + (30L%n7 0%) Z Kl + Z K} o
iEM, ieMS ieM, ieMe
7777L 2 2
i (B0L%n2) | > KL VI + Y. K7 IV xer,) ||
P1EM; iEMC
(M —m')L? =
+TZ thz th w — Xt—u— 1”
ieEMS
Summing from ¢ = 0 to 7" — 1, we have:
2
7777L E 7777L L&
Elf(xr)] — f(x0) < ——= Z IVf(x)lI” = Z Aixe) + D Ailxir)|| + 3 D Elxir —xi?
t=0 ||ieM; 1EME t=0
T—1
S rtd) (X Kt Y K| + 0ttt | Y K2+ Y KL
t=0 ieEM;y iEMf e My iGMf
7777L — 2
30L2 2 Z Z thz ||Vf Xt || + Z t T 1,7,va(xt*7't,z‘)’
t=0 iEMy i€EMS
T— Tei—1
L (M —m L2
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This completes the proof. O

Corollary 3 (Linear Speedup). Suppose a constant local step K, and let n;, = ﬁ and n = vV MK, the convergence rate
of the AFA-CS algorithm under general worker information arrival processes is:

1 K? 2(M —m')?
O<M1/2K1/2T1/2>+O(MT>+O( TM?2 )

Proof. Letny = %, and 7 = vV M K. It then follows that:

’

1 K 72(M —m )2

M1/2K1/2T1/2)+O(MT)+O( T M2 )7

OzL:O(
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This completes the proof. O

D. Discussion

Convergence Error: The case with uniformly distributed worker information arrivals under AFL can be viewed as a
uniformly independent sampling process from total workers [M] under conventional FL. Also, the case with general
worker information arrival processes under AFL can be equivalently mapped to an arbitrarily independent sampling under
conventional FL. In each communication round, the surrogate objection function for partial worker participation in FL is

flx):= ﬁ Y ic M, Ji (z). For uniformly independent sampling, the surrogate object function approximately equals to

f(x) = 57 Zf\il fi(x) in expectation, i.e., E[f(z)] = f(x). However, the surrogate object function f(x) may deviate
from f(x) with arbitrarily independent sampling. More specifically, for uniformly independent sampling, the bound of
|V f(x;) — f(x;)||? is independent of o (As term in B.3). On the other hand, for arbitrarily independent sampling,
[VF(x:) — f(x:)]|?> < O(0%) (A3 term in B.2). This deviation may happen in every communication round, so it is
non-vanishing even with infinity communication rounds. As a result, such deviation is originated from the arbitrary sampling
coupling with non-i.i.d. datasets. In other words, it is irrelevant to the optimization hyper-parameters such as the learning
rate, local steps and others, which is different from the objective inconsistency due to different local steps shown in Wang
et al. (2020). When we set 7 = 0 and K, ; = K,Vt,i, AFA-CD generalizes FedAvg. In such sense, the convergence
error also exists in currently synchronous FL algorithms with such arbitrarily independent sampling and non-i.i.d. dataset.
Moreover, this sampling process coupling with non-i.i.d. dataset not only results in convergence issue but also potentially
induces a new source of bias/unfairness (Mohri et al., 2019; Li et al., 2019b). So how to model the practical worker
participation process in practice and in turn tackle these potential bias are worth further exploration.

Variance Reduction: If we view the derivation between local loss function and global loss function as global variance,
ie., |Vfi(xt) — Vf(x¢)||? < 0Z, Vi € [m],Vt as shown in Assumption 3, the AFA-CS algorithm is indeed a variance
reduction (VR) method, akin to SAG (Le Roux et al., 2012; Schmidt et al., 2017). SAG maintains an estimate stochastic
gradient v;, ¢ € [n] for each data point (n is the size of the dataset). In each iteration, SAG only samples one data point (say,
7) and update the stochastic gradient on latest model (v; = V f;(z;)) stored in the memory space, but then use the average
of all stored stochastic gradients as the estimate of a full gradient to update the model (xy+1 = x; — 7494, g1 = %L 2?:1 V;).
In such way, SAG is able to have a faster convergence rate by reducing the local variance due to the stochastic gradient.
AFA-CS algorithm performs in the similar way. The server in the AFA-CS algorithm maintains a parameter for each worker
as an estimate of the returned stochastic gradient. In each communication round, the server only receives m updates in the
memory space but updates the global model by the average of all the M parameters. As a result, not only can it diminish
the convergence error derived from the non-i.i.d. dataset and general worker information arrival processes (arbitrarily
independent sampling), but also accelerate the convergence rate with a linear speedup factor M. Previous works have
applied VR methods in FL, notably SCAFFOLD (Karimireddy et al., 2020b) and FedSVRG (Konecny et al., 2016). The
key difference is that we apply the VR on the server side to control the global variance while previous works focus on the
worker side in order to tackle the model drift due to local update steps. Applying VR methods on server and worker side are
orthogonal, and thus can be used simultaneously. We believe other variance reduction methods could be similarly extended
on the server side in a similar fashion as what we do in AFA-CD. This will be left for future research.

E. Experiments

In this section, we provide the detailed experiment settings as well as extra experimental results that cannot fit in the page
limit of the main paper.

E.1. Model and Datasets

We run three models on three different datasets, including i) multinomial logistic regression (LR) on manually partitioned non-
i.i.d. MNIST, ii) convolutional neural network (CNN) for manually partitioned non-i.i.d. CIFAR-10, and iii) recurrent neural
network (RNN) on natural non-i.i.d. Shakespeare datasets. These dataset are curated from previous FL papers (McMahan
et al., 2016; Li et al., 2018) and are now widely used as benchmarks in FL studies (Li et al., 2019¢; Yang et al., 2021).
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For MNIST and CIFAR-10, each dataset has ten classes of images. To impose statistical heterogeneity, we split the data
based on the classes (p) of images each worker contains. We distribute the data to A = 10(or 100) workers such that each
worker contains only certain classes with the same number of training/test samples. Specifically, each worker randomly
chooses p classes of labels and evenly samples training/testing data points only with these p classes labels from the overall
dataset without replacement. For example, for p = 2, each worker only has training/testing samples with two classes, which
causes heterogeneity among different workers. For p = 10, each worker has samples with ten classes, which is nearly i.i.d.
case. In this way, we can use the classes (p) in worker’s local dataset to represent the non-i.i.d. degree qualitatively.

The Shakespeare dataset is built from The Complete Works of William Shakespeare (McMahan et al., 2016). We use a
two-layer LSTM classifier containing 100 hidden units with an embedding layer. The learning task is the next-character
prediction, and there are 80 classes of characters in total. The model takes as input a sequence of 80 characters, embeds each
of the characters into a learned 8-dimensional space and outputs one character per training sample after two LSTM layers
and a densely-connected layer. The dataset and model are taken from LEAF (Li et al., 2018).

For MNIST and CIFAR-10, we use global learning rate = 1.0 and local learning rate n;, = 0.1. For MNIST, the batch
size is 64 and the total communication round is 150. For CIFAR-10, the batch size is 500 and the total communication round
is 10000. For the Shakespeare dataset, the global learning rate is n = 50, the local learning rate is n;, = 0.8, batch size is
b = 10, and the total communication round is 300. In the following tables and figure captions, we use “m/M” to denote
that, in each communication round, we randomly choose m workers from [M/] to participate in the training.

We emphasis the fact that the goal here is to demonstrate our algorithms give a performance similar to other algorithms.
Note that the baseline FedAvg algorithm is server-centric and under a highly coordinated environment (synchrony, uniformly
worker sampling, identical local update number, etc.). In comparison, our AFL algorithms work in a far more chaotic
environment with asynchrony, arbitrary worker’s arrival process, heterogeneous local steps, non-i.i.d. data, etc. The mere
fact that AFL algorithms in a highly chaotic environment are still able to provide comparable performance to the highly
coordinated FedAvg (as shown in our experiments) is surprising. In other words, our goal is to show that AFL algorithms can
perform nearly as well in a much more chaotic environment, where traditional FL algorithms are not applicable. Furthermore,
we use communication round instead of wall-clock time to measure the model performance. With system parameters, the
wall-clock time could be easily measured. For example, by using random exponential time model A = 1 to simulate the
stragglers (Charles et al., 2021), for LR/MNIST with p = 1, the AFL/FedAvg ratio of communication rounds to achieve 85%
accuracy is 61,/46, while the ratio of wall-clock time is 1/2.6, i.e., AFL only takes 1/2.6-fraction of FedAvg’s wall-clock
time.

We study the asynchrony and heterogeneity factors in AFL, including asynchrony, heterogeneous computing, worker’s
arrival process, and data heterogeneity. To simulate the asynchrony, each participated worker choose one global model from
the last recent five models instead of only using the latest global model for synchronous case. To mimic the heterogeneous
computing, we simulate two cases: constant and dynamic local steps. For constant local steps, each participated worker
performs a fixed c local update steps. In contrast, each worker takes a random local update steps uniformly sampled
from [1,2 X ¢] for dynamic local steps. To emulate the effect of various worker’s arrival processes, we use uniform
sampling without replacement to simulate the uniformly distributed worker information arrivals, and we use biased sampling
with probability [0.19,0.19,0.1,0.1,0.1,0.1,0.1,0.1,0.01, 0.01] without replacement for total 10 workers to investigate
potential biases with general worker information arrival processes. To study the data heterogeneity, we use the value p as a
proxy to represent the non-i.i.d. degree for MNIST and CIFAR-10.

Table 1. CNN Architecture for CIFAR-10.

Layer Type Size
Convolution + ReLu 5 x5 x32
Max Pooling 2x2
Convolution + ReLu 5 X b5 x 64
Max Pooling 2x2

Fully Connected + ReLU 1024 x 512
Fully Connected + ReLU 512 x 128
Fully Connected 128 x 10
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E.2. Further experimental results

Table 2. Test Accuracy for comparison of asynchrony and local steps.

Models/ Non-i.i.d. | Worker | Local Synchrony - Asynchrony -
Dataset index (p) | number | steps Constant | Dynamic | Constant | Dynamic

steps steps Steps Steps

p=1 5/10 5 0.8916 | 0.8915 | 0.8888 | 0.8868

=2 5/10 5 0.8906 | 0.8981 | 0.8901 | 0.8931

p= 5/10 5 0.9072 | 0.9075 | 0.9059 | 0.9048

p=10 5/10 5 0.9114 | 09111 | 09129 | 0.9143

p= 5/10 10 0.8743 | 0.8786 | 0.8701 | 0.8734

LR/ p=2 5/10 10 0.8687 | 0.8813 | 0.8661 | 0.8819

MNIST p= 5/10 10 0.9016 | 0.9050 | 0.9034 | 0.9065

p=10 5/10 10 0.9124 | 09135 | 09112 | 09111

p=1 20/100 5 0.8898 | 0.8973 | 0.8909 | 0.8938

p=2 20/100 5 0.8968 | 0.9007 | 0.8955 | 0.9000

p=>5 20/100 5 0.9088 | 0.9088 | 0.9097 | 0.9078

p=10 | 20/100 5 09111 | 0.9106 | 0.9126 | 0.9125

p=1 5/10 5 0.7474 | 0.7606 | 0.7319 | 0.7350

CNN/ =2 5/10 5 0.7677 | 0.7944 | 0.7662 0.777

CIFAR-10 p= 5/10 5 0.7981 0.802 0.8065 0.799

p=10 5/10 5 0.8081 | 0.8072 | 0.8065 | 0.8119

RNN/ - 72/143 | 50 0.4683 | 0.4831 | 0.4606 | 0.4687

Shakespeare

Effect of asynchrony, local update steps, and non-i.i.d. level. In table 2, we examine three factors by comparing the top-1
test accuracy: synchrony versus asynchrony, constant steps versus dynamic steps and different levels of non-i.i.d. dataset.
The worker sampling process is uniformly random sampling to simulate the uniformly distributed worker information
arrivals. The baseline is synchrony with constant steps. When using asynchrony or/and dynamic local steps, the top-1 test
accuracy shows no obvious differences. This observation can be observed in all these three tasks. Asynchrony and dynamic
local update steps enable each worker to participate flexibly and loosen the coupling between workers and the server. As a
result, asynchrony and dynamic local steps introduce extra heterogeneity factors, but the performance of the model is as
good as that of the synchronous approaches with constant local steps. Instead, the data heterogeneity is an important factor
for the model performance. As the non-i.i.d. level increases (smaller p value), the top-1 test accuracy decreases.

Next, we study convergence speed of the test accuracy for the model training under different settings. Figure 2 illustrates the
test accuracy for LR on MNIST with different non-i.i.d. levels. We can see that asynchrony and dynamic local steps result
in zigzagging convergence curves, but the final accuracy results have negligible differences. The zigzagging phenomenon is
more dramatic as the non-i.i.d. level gets higher. Interestingly, from Figure 3 and Figure 4, we can see that for less non-i.i.d.
settings such as p = 10 and p = 5, the curves of all algorithms are almost identical. Specifically, in Figure 4, the test
accuracy curves of the LSTM model oscillates under asynchrony and dynamic local steps. Another observation is that it
takes more rounds to converge as the non-i.i.d. level of the datasets increases. This trend can be clearly observed in Figure 3.

Utilizing FedProx and SCAFFOLD as the optimizer on the worker-side. Here, we choose FedProx and SCAFFOLD as
two classes of algorithms in existing FL algorithms. FedProx represents these algorithms that modifies the local objective
function. Other algorithms belonging to this category includes FedPD (Zhang et al., 2020a) and FedDyn (Acar et al.,
2021). In such algorithms, no extra information exchange between worker and server is needed. On the other hand,
SCAFFOLD represents VR-based (variance reduction) algorithms. It needs an extra control variate to perform the “variance
reduction” step, so extra parameters are required in each communication round. Other algorithms in this class includes
FedSVRG (Konecny et al., 2016).

In Table 3, we show the effectiveness of utilizing existing FL algorithms, FedProx and SCAFFOLD, in the AFL framework.
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Figure 2. Test accuracy for LR on MNIST with worker number 5/10, local steps 5.
Table 3. Test Accuracy of FedProx and SCAFFOLD.
Models/ Non-i.i.d. | Worker | Local AFL + AFL +
. FedP SCAFFOLD
Dataset index (p) | number | steps edrTox FedProx | SCAFFOLD

p=1 5/10 5 0.8893 0.8928 0.8775 0.8946
p=2 5/10 5 0.8868 0.8970 0.8832 0.8954
p=2> 5/10 5 0.9036 0.9032 0.9004 0.9019

LR/ p=10 5/10 5 0.9075 0.9057 0.9054 0.9022
MNIST p=1 5/10 10 0.8752 0.8789 0.8669 0.8838
p=2 5/10 10 0.8685 0.8967 0.8789 0.8978
p=2>5 5/10 10 0.9019 0.9047 0.8998 0.9029
p =10 5/10 10 0.9072 0.9071 0.9052 0.9038

p=1 5/10 07488 | 0.1641 0.7415 0.3935

CNN/ p=2 5/10 07728 | 0.6315 | 0.7890 0.6971
CIFAR-10 | p=35 5/10 0.7931 | 0.7828 | 0.8031 0.7884
p=10 | 5/10 0.8150 | 0.8083 | 0.8143 0.8051

[V BNV RV, BNV

RNN/

- 72/143 | 50 0.4690 0.4794 0.4550 0.4515
Shakespeare

For FedProx and SCAFFOLD, we examine synchrony and constant local steps settings. When incorporating these two
advanced FL algorithms in the AFL framework, we study the effects of asynchrony and dynamic local steps. We set i = 0.1
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Figure 3. Test accuracy for CNN on CIFAR-10 with worker number 5/10, local steps 5.
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Figure 4. Test accuracy for LSTM on Shakespeare with worker number 72/143, local steps 50.

as default in FedProx algorithm. We can see from Table 3 that FedProx performs as good as FedAvg does (compare with
the results in Table 2). Also, there is no performance degradation in AFL framework by utilizing FedProx as the worker’s
optimizer. However, while SCAFFOLD performs well for LR on MNIST, it dose not work well for CNN on CIFAR-10,
especially in cases with higher non-i.i.d. levels. One possible reason is that the control variates can become stale in partial
worker participation and in turn degrade the performance. Previous work also showed similar results (Acar et al., 2021;
Reddi et al., 2020). If we view the SCAFFOLD ( in synchrony and constant steps setting) as the baseline, no obvious
performance degradation happens under AFL with SCAFFOLD being used as the worker’s optimizer.

Effects of different worker information arrival processes. In order to generate different workers’ arrival processes, we
use uniform sampling without replacement to simulate the uniformly distributed worker information arrivals and use biased
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Figure 5. Test accuracy for LR on MNIST with asynchrony and dynamic local steps.

sampling to simulate the potential bias in general worker information arrival processes. In Figures 5 and 6, we illustrate
the effect of the sampling process for LR on MNIST and CNN on CIFAR-10 with asynchrony and dynamic local steps.
For highly non-i.i.d. datasets (p = 1), the biased sampling process degrades the model performance. This is consistent
with the larger convergence error as shown in our theoretical analysis. On the other hand, for other non-i.i.d. cases with
p = 2,5, 10, such biased sampling dose not lead to significant performance degradation. When applying variance reduction
on such biased sampling process by reusing old gradients as shown in AFA-CS, we can see that AFA-CS performs well on
MNIST, but not on CIFAR-10. We conjecture that AFA-CS, as a variance reduction method, does not always perform well
in practice. This observation is consistent with the previous work (Defazio & Bottou, 2018; Reddi et al., 2020), which also
demonstrated the ineffectiveness of variance reduction methods in deep learning and some cases of FL.
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Figure 6. Test accuracy for CNN on CIFAR-10 with asynchrony and dynamic local steps.



