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Abstract—The issue of potential privacy leakage during centralized AI’s model training has drawn intensive concern from the

public. A Parallel and Distributed Computing (or PDC) scheme, termed Federated Learning (FL), has emerged as a new paradigm

to cope with the privacy issue by allowing clients to perform model training locally, without the necessity to upload their personal

sensitive data. In FL, the number of clients could be sufficiently large, but the bandwidth available for model distribution and

re-upload is quite limited, making it sensible to only involve part of the volunteers to participate in the training process. The client

selection policy is critical to an FL process in terms of training efficiency, the final model’s quality as well as fairness. In this article,

we will model the fairness guaranteed client selection as a Lyapunov optimization problem and then a C2MAB-based method is

proposed for estimation of the model exchange time between each client and the server, based on which we design a fairness

guaranteed algorithm termed RBCS-F for problem-solving. The regret of RBCS-F is strictly bounded by a finite constant, justifying

its theoretical feasibility. Barring the theoretical results, more empirical data can be derived from our real training experiments on

public datasets.

Index Terms—Client selection, contextual combinatorial multi-arm bandit, fairness scheduling, federated learning, lyapunov optimization

Ç

1 INTRODUCTION

1.1 Background

FEDERATED Learning (FL) has been esteemed as one of the
most promising solutions to the crisis known as isolated

“data island”. It helps break down the obstacles between
parties or entities, allowing a greater extent of data sharing.
All the entities being involved could benefit from such a
new paradigm, in which model owners could build a more
robust and comprehensive model with more data being
accessible. Meanwhile, data owners might either receive
substantial rewards or services that match their interests in
return. More importantly, the privacy of the data owners
would not risk being intruded since their raw data simply
does not necessarily need to leave the local devices, as all
the training is only performed locally.

1.2 Motivations

Within such a novel paradigm, new challenges co-exist with
opportunities. Unlike the traditional model training process,
not all the data within the system could be accessed over
every round of training. Owing to the limited bandwidth
and the dynamic status of the training clients, only a frac-
tion of them could be picked to perform training on behalf
of the model owner. From the perspective of a model owner,
the selection decision in each round could have a profound
impact on the model’s training time, convergence speed,
training stability, as well as the final achieved accuracy.
Some studies in the literature have made iconic contribu-
tions to this problem. To illustrate, in [1], when making a
selection, Nishio et al. concentrate on the evaluation of com-
munication time, which accounts for a considerable portion
of time for a training round. In another study [2], the
authors consider more. They further take the energy con-
sumption factor into consideration. Barring an intelligent
decision on participant selection, an efficient bandwidth
allocation scheme was also given by them. However, the
current line of research evades two important factors. For
one thing, both of them assume a pre-known local training
time to the scheduler, which may not be realistic in all cir-
cumstances. For another, indicated by Theorem 2 in [2],
devices with higher performance are more favored by their
proposed methods. Indeed, always selecting the “fast” devi-
ces somehow boost the training process. But clients with
low priority are simply being deprived of chances to partici-
pate at the same time, which we refer to it as an unfair selec-
tion among clients. In fact, such an extreme selection
scheme might bring undesirable side effects by neutralizing
some portions of data. Conceivably, with a smaller amount
of data involved, data diversity can not be guaranteed,
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thereby hurting the performance of model training to some
extent. This motivates us to develop an algorithm that
strikes a good balance between training efficiency and fair-
ness. Also, the algorithm is supposed to be intelligent
enough to predict the training time of the clients based on
their reputation (or their historical performance), rather
than assuming it to be known a priori.

1.3 Contributions

The main contributions of this paper are listed as follows:

1) We investigate the client selection in FL from the per-
spective of minimizing average model exchange
time when subjecting to a relatively flexible long-
term fairness guarantee, as well as a few rigid system
constraints. At the same time, more factors, involv-
ing the clients’ availability, unknown and stochastic
training time, as well as the dynamic communication
status, are taken into account.

2) Inspired by [3], we transform the original offline
problem into an online Lyapunov optimization prob-
lem where the long-term guarantee of client partici-
pating rate is quantified using dynamic queues.

3) We build a Contextual Combinatorial Multi Arm
Bandit (C2MAB) model for estimation of the model
exchange time of each client based on their contex-
tual properties and historical performance (or their
reputation).

4) A fairness guaranteed selection algorithm RBCS-F is
proposed for efficiently resolving the proposed opti-
mization problem in FL. Theoretical evaluation and
real data-based experiments show that RBCS-F can
ensure no violation in the long-term fairness con-
straint. Besides, the training efficiency has been sig-
nificantly enhanced, while the final model accuracy
remains close, in a comparison with random, i.e., the
vanilla client selection scheme of FL.

To the best knowledge of the authors, this is the first track-
able practice that combines Lyapunov optimization and
C2MAB for a long-term constrained online scheduling prob-
lem.Also, we shall remind the readers that the proposed com-
bination does not confine to the application of our current
proposedproblem, but it has the potential to extend to awider
range of selection problems. (e.g., worker selection in crowd-
sensing, channel selection in thewireless network, etc.)

2 RELATED WORKS

In recent years, we are experiencing a great surge of Edge
Intelligence (see in [4], [5], [6]). Numerous attempts have
been made to combine AI techniques and edge, tapping the
profound potential of the ubiquitous deployed edge devi-
ces. Among these, one of the most iconic studies could be
neurosurgeon [7]. Its basic idea is to partition an intact
DNN (Deep Neural Networks) into several smaller parts
and disseminate them to the edge devices. Owing to a low
latency between edge and users, inference speed could be
significantly improved.

Besides, edge coordinated Federated Learning is another
promising combination. Federated Learning [8], which allows
data to be trained in local rather than being transmitted to the

cloud, is now known as a more secure paradigm for AI’s
model training. We have witnessed the surge of some plausi-
ble applications of FL within these years (e.g., keyboard and
emoji prediction in [9], [10], visual object detection in [11],
etc). Despite the potential advantages aswell as the promising
applications of FL, the communication overhead between
cloud and users renders as a bottleneck for it. A lengthy
communication round during training might significantly
degrade FL’s training performance. Although more advance
training schemes, such as federated distillation (FD, originally
proposed in [12]), promise us a more desirable, reduced size
information exchange between users and model aggregator,
the latency between cloud and edge alone is inevitable. Such a
defect could be better addressed by making edge the model’s
aggregator or at least an intermediate one (see in [13]). In this
way, the data don’t have to bear an outstanding communica-
tion length to the cloud. Another open problem of FL we
would like to mention here is the client selection problem,
originally proposed in [1] and followed by some related
works (e.g., [2], [14], [15], [16]). Many of them see the problem
from a communication perspective, focusing on building an
efficient selection or bandwidth allocation scheme that helps
shorten the communication length. In this paper, we will see
the problem from a different angle, namely, to investigate
how the fairness factor affects the training performance. We
couldn’t check out any specialized studies on this topic yet
and we hope our research could bring some new insights in
the field. Last but not least, we also want to note, FL itself is
now far from its maturity, many important issues worth our
study. Some of which might involve asynchronous or semi-
asynchronous aggregation protocol [17], [18], incentive mech-
anism [19], [20] and security issues [21], etc. We look forward
tomore insightful and dedicated research into FL.

Now we would like to talk more about a classical prob-
lem, termedmulti-arm bandit (MAB). In a classical MAB set-
ting, arms are characterized by different unknown reward
distribution. In each round of play, the player selects one of
the arms from the possible options and gains a reward sam-
pling from the selected arm’s reward distribution. As there
exists a tradeoff between exploration and exploitation for the
player, how to maximize her obtained reward is the main
concern. Several solutions, such as the well-known Upper
Confidence Bound (UCB), Thompson Sampling (TS) could
be applied to the problems. In addition, MAB has several
variations. Those include combinatorial MAB, where players
are allowed to select more than one arms in every round,
contextual MAB [22], [23], where the reward of an arm fol-
lows a linear stochastic formulation, and a much newer one,
contextual combinatorial MAB (C2MAB) [24], [25], which is
the combination of the above two. We found that C2MAB
could be well applied to the client selection problem in FL, as
each client could be regarded as an arm and our task for each
round is to choose a combination of which for participation,
thus, in this paper, such a prototype will be used for our
model establishment.

3 PRELIMINARY INTRODUCTION ON FL

In this paper, we consider an edge-coordinated federated
learning system, in which edge is functioning as a model
aggregator, and the clients (mostly mobile devices) are
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responsible for doing local training over their private data
on behalf of the model’s owner. We adopt in our system the
most-accepted synchronous scheme for federated learning,
which is characterized by training in iterations. For clear-
ness, now we will explicitly explain the workflow of our
synchronized scheme by giving four sequential stages of
training, as follows:

1) At the very beginning of a new iteration, the clients
first report their willingness to participate in the
training as well as a few client-side information,
which will be used for the client selection in the next
stage.

2) In the second step, the scheduler conducts client
selection to choose a portion of participants among
the volunteers in light of the provided information.

3) Global model is distributed to the selected clients.
After receiving the model, the clients conduct local
training using their private data and update their
local model. Once the training of all the selected cli-
ents is finished, the local model will be returned to
the MEC server. The time span of this round is
known as model exchange time.

4) The collected local models are aggregated by the
server, substituting the original global model that
once being distributed, and then it proceeds to step
1) to start a new iteration.

For a more vivid presentation of the training process, we
refer the readers to Fig. 1.

4 PROBLEM FORMULATION

Our main concern focuses on the selection phase, in which
the server makes a decision on the involved clients. Before
our formal introduction of the selection problem, we first
derive a high-level description of the content of this section.
In the first sub-section, we formulate the client selection
problem into an offline problem with a long-term fairness
constraint. The formulated problem is simple in form but
indeed unsolvable due to the time coupling effect as well as
the unknown model exchange time persisting in the objec-
tive. To resolve the time coupling effect, we transform the

problem into an online mode using Lyapunov optimization
technique, the online transformation of which gains us a
fighting chance to derive an estimated model exchange time
before each round scheduling, which might help resolve
another obstacle (i.e., the unknown parameter in the objec-
tive function). Specifically, targeting the transformed online
problem, a C2MAB setting could come in handy for online
learning of the exchange time, and being enlightened by
which, we are able to further transform the problem into the
ultimate form, which concludes the whole section.

Then we need to explain some key notations that are con-
sistently used throughout the paper, among which, a set
T , f1; 2; . . .g, indexed by t, is used to capture the federated
rounds (namely, the iterations in FL’s model update pro-
cess). The set N , f1; 2; . . .Ng captures all the clients (each
indexed by n) in the system. Besides, we assume that the
maximum number of selected clients each round is fixed in
advance to m. Another important notation is St, which we
use to capture the selected clients in round t and it serves as
the representation of the selection policy that we aim to
optimize.

4.1 Basic Assumption on System Model

4.1.1 Model Exchange Time

In a client selection problem, an important metric we shall
evaluate is the long-term average model exchange time. We
refer to the model exchange time as the time span between
the instant the scheduler made the selection decision and
that when all the re-upload models have been gathered.
This model exchange time might involve time for model
distribution, model training and model upload. Intuitively,
a client selection scheme that is able to achieve a shorter
span of each federated round is of interest, since a shorter
period of each round explicitly marks shorter time for fix
rounds of training. Recall that the server could step into the
next phase (model aggregation) only after all the models
have been gathered when adopting a synchronous feder-
ated training protocol. The time for model exchange is
explicitly determined by the participated clients, or more
precisely, by the one among them who spends the most
time in training and model uploading. Mathematically, we
have the following equation to capture the time span for a
federated round:

fðSt; tttÞ ¼ max
n2St
ftt;ng; (1)

where we use a set St to capture the selected clients in
round t. Besides, tt;n is used to represent the time span
between the very beginning of model distribution and the
instant when the model from client n being gathered. Here
ttt , ftt;ngn2N in round t is unknown to the scheduler until
the end of this round.

4.1.2 Long-Term Fairness Constraint

Another metric that might have a significant impact on FL’s
performance is fairness. Assume an ideal case that the
server is fully aware of the exact model exchange time of
each client for the incoming federated round. Then is it
incontrovertibly optimized when always choosing the
m-fastest clients, making the time span for each round of

Fig. 1. Illustration of FL.
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training minimized? We must note, however, that the
answer may not be such apparent. We acknowledge that
the time span of each round could be somehow minimized
by adopting such a greedy selection scheme, but we must
argue that if we always choose the fastest clients, small
chance could become available for their slower counter-
parts, implicitly implying that little contribution could be
obtained from the slowers’ local data. Very likely, along
with the selection bias, the global model would suffer a deg-
radation on its capability to generalize. In this regard, a
greedy selection may not trivially be the best scheme, and
fairness in selection is another factor that we need to take
into account. To model such a critical fairness concern, we
introduce a long-term fairness constraint, as follows:

lim
T!1

1

T

XT
t¼1

E½xt;n� � b 8n 2 N ; (2)

where b models the expected guaranteed chosen rate of cli-
ents. xt;n is used to indicate whether client n is involved in
the federated round t or not. In other words, xt;n ¼ 1 for n 2
St; otherwise, xt;n ¼ 0. The constraint is set to make sure the
long-term average chosen rate of every client at least greater
than b, which somehow helps maintain some degrees of
fairness for the system.

4.1.3 Availability of Clients

As we are investigating a client selection problem under a
highly dynamic real-world system, it is unrealistic to
assume clients are always ready to provide training serv-
ices. In fact, clients are free to join and leave the loose
“federation” at any time they want. With this consideration,
we use an indicator function It;n to capture the status of a
client, indicating whether the client is willing to engage or
not. Such information could be given by the availability
report from the clients before scheduling. Formally, we
introduce a strict constraint to prevent futile participation:

It;n ¼ 1 8n 2 St; (3)

4.1.4 Selection Fraction

Recall that the maximum number of clients that could be
selected is fixed tom in our setting. However, as the number
of volunteers may not be able to reach m if the activated
number is smaller than m, we have to use a “min” function
to constraint the selection fraction, as follows:

jStj ¼ min m;
X
n2N

It;n

( )
; (4)

where jStjmeans the number of elements in St. Intuitively, in
the casewhen the total number of availability could not over-
take the maximum selection fraction, we simply involve all
the active clients for the incoming round of training.

4.2 An Offline Long-Term Optimization Problem

Based on the above discussion, we are ready to introduce
our client selection problem, as follows:

ðP1Þ : min
fS1;S2;...;S1g

lim
T!1

1

T

XT
t¼1

fðSt; tttÞ

s.t. ð2Þ; ð3Þ; ð4Þ;
(5)

where St captures the selected clients in each round, which
is our optimized target. Intuitively, our aim is to minimize
the long-term model exchange time while subjecting to a
“soft” long-term fairness constraint (2), which tolerates
short-term violation, as well as two extra “hard” constraints
(3), (4), which bear no compromise.

One could notice that P1 is a time-coupling scheduling
problem, regarding the long-term objective and the fairness
constraint in (2). But we note here that such an optimization
problem is challenging or even impossible to be solved off-
line. There are mainly three concerns about this. First, ran-
dom events, such as clients’ availability, are not known to
the scheduler until the very beginning of a particular round.
This implies that an offline strategy, which is not given
access to this particular information, can hardly guarantee
the qualifications of constraints (3) and (4). Our second con-
cern is derived from the time-coupling constraint (2), which
is quite difficult for the offline solution to deal with. The
final concern is that the information on model exchange
time can only be observed after actually involving the cli-
ents in training. Nevertheless, the scheduler is supposed to
make a scheduling decision before the real training process,
when the actual model exchange time is unachievable. The
lack of this crucial information precludes any feasible
attempts to achieve an optimal offline solution. Therefore,
for an alternative sub-optimal problem-solving, in the fol-
lowing section, we will elaborate on our transformation of
the offline problem to a step-by-step online scheduling
problem by Lyapunov optimization to cope with the first
two proposed concern. Later, we will display our estimation
of model exchange time based on clients’ reputation, by
which we leverage to deal with our third concern.

4.3 Problem Transformation Under Lyapunov
Framework

In this sub-section, we first take advantage of Lyapunov
optimization framework to transform the offline problem
P1 to an online one.

First, we introduce a virtual queue for each client, whose
backlog1 is denoted by Zt;n

2, to transform the long-term fair-
ness constraint. Specifically, Zt;n evolves across the FL pro-
cess complying the following rule:

Ztþ1;n ¼ Zt;n þ b� xt;n

� �þ
; (6)

where b is the expected guaranteed selection rate in (2) and
½. . .�þ is equivalent tomaxð. . .; 0Þ.

Now we present Theorem 1 to justify the rationale for
this transformation.

1. We use the term “backlogs” and “queue length” interchangeably
throughout the paper but actually, they share the same meaning.

2. The subscripts t and n here correspond to a federated round and a
client, respectively. A similar form of subscript definition will be
adopted throughout the paper.
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Theorem 1. Long-term time average constraint (2) holds if all
the virtual queues (whose backlogs denoted by Zt;n) remain
mean rate stable across the FL process.

Proof. According to the queue theory (see in Theorem 2.5,
[26]), if all the virtual queues Zt;n remain mean rate stable
across the FL process (or formally, limT!1 E½ZT;n�=T ¼ 0),
the time average arrival rates of the queue will be smaller
than the service rates, namely, we have:

1

T
lim
T!1

XT
t¼1

E½b� jStj� � 0: (7)

Through basic mathematics operations, we can recon-
struct the above inequality into the form of (2) with ease.
This completes the proof. tu

Remark. Intuitively, the length of the queue will soar
towards infinity if the long-term fairness constraint is vio-
lated, (i.e., when the real chosen rate could not match up
with the expected guaranteed selection rate), which is for-
mally justified by Theorem 1. To guarantee the fairness
constraint, the queue has to remain mean rate stable and a
qualified algorithm is supposed to achieve this goal.
Apart from this conclusion, we shall note that the stabi-
lized queue length could also reflect the degree of fair-
ness. For example, if a client never being selected in the
first few limited round, its corresponding queue length
will soar to a positive value. After that, if its real selection
rate basically flats with the expected guaranteed selection
rate, its queue still remains mean rate stable and the queue
length will slightly fluctuate over the same positive value.
Intuitively, the bigger this value is, the unfairer the selec-
tion policy could be, as it demonstrates more violation of
the fairness constraint in the initial stage. This conclusion
could also be derived from the results in our experiments,
which will be presented later.

With Theorem 1, now we have transformed the trouble-
some time-coupling constraint into the goal of ensuring the
virtual queues mean rate stable across the FL process. To
reach this end, a straightforward approach is to bound
every increase of queues so that they could not grow to
infinity. Under this motivation, we shall leverage Lyapunov
optimization technique to bound the growth of virtual
queues while simultaneously minimizing the objective in
P1. First, we establish the quadratic Lyapunov function,
with the following form:

LðQQðtÞÞ ¼ 1

2

X
n2N

Z2
t;n; (8)

where QQðtÞ , fZt;ngn2N contains the backlogs of all the vir-
tual queues.

Aiming at bounding the expected increase of LðQQðtÞÞ for
one single round, we first formulate the Lyapunov drift to
measure it, basically, we have:

DðQQðtÞÞ ¼ E½LðQQðtþ 1ÞÞ � LðQQðtÞÞjQQðtÞ�: (9)

As the backlogs of queuesQQðtÞ can be known to the scheduler
when being scheduled in an online manner, we take it as the
condition in the Lyapunov drift. It is notable that the

conditional expectation here is with respect to the availability
of clients (which is a stochastic variable) aswell as the possibly
random selection policy. For ease of later interpretation,we let
vt , fIt;ngn2N to capture the stochastic availability.

Recall that the objective of P1 is to minimize the model
exchange time while satisfying the given constraints. This
motivates us to combine the objective function into the drift
function. Formally, we term such a combination as drift-
plus-cost function, with the following form:

DðQQðtÞÞ þ VE½fðSt; tttÞjQQðtÞ�; (10)

where V � 0 is a penalty factor set for the purpose of balanc-
ing the tradeoff between minimizing the objective and satis-
fying the fairness constraint. Such a parameter is crucial for
the algorithm’s performance and we will conduct a specific
analysis to it in the next section. Note that the conditioned
expectation being taken here is also with respect to stochastic
events vðtÞ and the possibly random policy as well. Now we
are going to introduce a potential upper bound for the drift-
plus-cost function.We show the result by Theorem 2.

Theorem 2. Conditioning on the queues’ backlogs QQðtÞ, the
drift-plus-cost function for our system model could be bounded
into the following form, where G ¼ N 1þ b2

� �
=2 is a constant.

DðQQðtÞÞ þ VE½fðSt; tttÞjQðtÞQðtÞ�
� Gþ

X
n2N

Zt;nE½b� xt;njQQðtÞ� þ VE½fðSt; tttÞjQQðtÞÞ�:

(11)

Proof. The complete proof is given in Appendix A, which
can be found on the Computer Society Digital Library at
http://doi.ieeecomputersociety.org/10.1109/
TPDS.2020.3040887. tu

Intuitively, if we minimize the Right Hand Side (R.H.S)
of (11), the fairness virtual queues could be somehow main-
tained stable, while the objective function is also being mini-
mized. Now shall introduce our step-by-step online
scheduling problem by giving P2:

ðP2Þ : min
xxt

Gþ
X
n2N

Zt;nðb� xt;nÞ þ V _fðxxt; tttÞ

s:t:
X
n2N

xt;n ¼ min m;
X
n2N

It;n

( )

xt;n � It;n

xt;n 2 f0; 1g;

(12)

we first have to make it clear that we use xxt to substitute all
the St in P1, making it a clearer form. Here _fðxxt; tttÞ ¼
maxn2N fxt;ntt;ng is an equivalent form to fðSt; tttÞ. While
solving P2 on every round, the R.H.S of (11) can be mini-
mized. The rationale behind is quite evident. As we have
done the minimization under every round (alternatively,
under every vt, since vt is an independent sampling for
each round), then the expectation with respect to vt is also
being minimized. Note here that vt is indeed observable for
an online algorithm since an online algorithm makes sched-
uling after the stage of availability report, making it accessi-
ble to this particular information.

1556 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 32, NO. 7, JULY 2021

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on February 21,2021 at 23:36:25 UTC from IEEE Xplore.  Restrictions apply. 

http://doi.ieeecomputersociety.org/10.1109/TPDS.2020.3040887.
http://doi.ieeecomputersociety.org/10.1109/TPDS.2020.3040887.


For briefness, we eliminate all the constants (i.e., G, Zt;nb)
in the objective of P2 and transform it to P3:

ðP3Þ : min
xt

V max
n2N
fxt;ntt;ng �

X
n2N

Zt;nxt;n

s:t:
X
n2N

xt;n ¼ min m;
X
n2N

It;n

( )

xt;n � It;n

xt;n 2 f0; 1g:
(13)

But note that such a problem remains unsolvable yet
since the real model exchange time of all the clients (or tt;n)
is not known to us before real scheduling. In the next sub-
section, we will present a C2MAB estimation to conquer
such a barrier.

4.4 Estimation of Model Exchange Time With
C2MAB

4.4.1 Background Knowledge on C2MAB and UCB

Each round selection in a Contextual Combinatorial Multi
Arm Bandit (C2MAB) is characterized by a tuple
N ;St; fuu�ngn2N ; fcct;ngn2N ; f�t;ngn2N ; fð�Þ
� �

, in whichN repre-
sents the arm set and St is another set that catpures all the
possible combination of arms. cct;n and uu�n represents the con-
textual vector and coefficient vector respectively, among
which, cct;n is known before each round scheduling but
dynamic between rounds, while uu�n is unknown but station-
ary. After each round of scheduling, a combination of arms
(often being called as a super arm) St 	 St is put into play.
Then loss drawn from each selected arm, formulated by
lt;n ¼ cc>t;nuu

�
n þ �t;n; n 2 St is revealed to the scheduler, and

meanwhile, a collective loss fðfrn;tgn2StÞ is imposed. Our
ultimate aim in the C2MAB setting is to minimize the
expected cumulative penalty 1

T

PT
t¼1 E fð�Þ½ � as far as possible

by a careful selection on St.
Now we shall give a high-level description of a plausible

solution for C2MAB, i.e., a UCB algorithm. The UCB algo-
rithm takes the upper confidence bound as the optimistic
estimation of the expected loss in each round. As the histori-
cal data accumulated, (i.e., lt;n in the previous rounds), the
bound could be narrowed and eventually converges to the
real value, and thereby gaining more precision for our
scheduling. By this means, the expected cumulative penalty
could be minimized to the full extent with the increase of
rounds of play.

4.4.2 Application

Recall that the information of model exchange time, or at
least an estimated one, is supposed to be fetched before real
client selection. One can take advantage of a MAB based
technique to predict the model exchange time for all clients
based on their historical performance (or to say, their repu-
tation). In particular, each client can be regarded as an arm3.
in a bandit setting and a combination of them (i.e., a super
arm) is put into training, after which, the model exchange
time for the selected arm, namely, ftt;ngn2St can be observed
by the scheduler.

Normally, the model exchange time is associated with the
client’s computation capacity, running status as well as the
bandwidth allocation for the model update. In this regard,
we consider introducing linear contextual bandit into our
estimation. Formally, we let cct;n , ½1=mt;n; st;n;M=Bt;n�>
denote the contextual feature vectors that are collected by
the scheduler before the scheduling phase. More explicitly,
mt;n is the ratio of available computation capacity of client n
over round t. We can simply comprehend mt;n as the avail-
able CPU ratio of the client.4 A binary indicator st;n indicates
if client n has participated in training in the last round. M is
the size of themodel’s parameters (measured by bit) andBt;n

indicates the allocated bandwidth. Barring the available
computation capacity of clients (i.e., mt;n), which have to be
proactively reported by the clients, all the other information
could be fetched by the servers with ease. Therefore, here we
can just comprehend the contextual feature cct;n as some prior
information known by us before we do the scheduling.
Given the contextual features, we assume that the sampling
value of tt;n complies with the following equation:

tt;n ¼ cc>t;nuu
�
n þ �t;n; (14)

where uu�n , ½tbn; tsn; 1=h�
> captures the static coefficient factors

that are presumed to be unknown to the scheduler as they
are hard to be detected by the server or even by the clients
themselves. More explicitly, tbn is the local training time for
100 percent computation capacity. Multiplying it with the
first element in cct;n, we get the approximated local training
time under the computation capacity provided by clients. tsn
denotes the cold start time, multiplying which with the sec-
ond element st;n in contexts yields the real data preparation
time. This formulation is derived from the fact that clients
who did not undertake the previous round of training need
to spend extra time for data preparation, say, loading the
data into memory. Likewise, we let h , log ð1þ SNRÞ and
multiplying which with Bt;n yields the Shannon formula
that we use to calculate the uploading data rate. Here SNR
is an abbreviation of Signal-to-Noise Ratio, which is associ-
ated with the client profile (e.g., transmission power and
channel condition). In this regard, M=ðBt;nhÞ can fully rep-
resent the model uploading time for client n. In light of our
formulation, cc>t;nuu

�
n yields the approximation of the expected

model exchange time.
In addition, acknowledging some deviation, we admit a

noise factor �t;n in our estimation, which is assumed to be a
zero-mean random variable, conditionally sampling from
an unknown distribution with left-bounded support, i.e.,
Suppð�t;njcc>t;nÞ ¼ ða; b� where a > �cc>t;nuu�n and b is arbitrary.
This assumption is made to ensure that tt;n must be always
positive. Also, we have to make sure that �t;n is condition-
ally R-sub-Gaussian where R � 0 is a fixed constant. For-
mally, we need:

8L 2 R E eL�t;n j cc1:t;n; �1:t�1;n
� �

� exp
L2R2

2

� �
: (15)

3. We use an arm to represent a specific client in our later analysis
4. Note that mt;n could exceed 100 percent since a client could have

more than 1 CPUs, say, mt;n ¼ 200%when 2 CPUs are free.
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This assumption is necessary for the regret analysis of a lin-
ear bandit, which is also adopted by [23]. Though we admit
some loss of generality for the noise assumption, we argue
that a great number of distribution families in nature corre-
sponds to R-sub-Gaussian (e.g., any distributions with zero
mean bounded support, zero-mean Gaussian distribution,
etc), so the assumption would not compromise the objectiv-
ity of this paper.

Now we let t�t;n ¼ E½tt;n� ¼ cc>t;nuu
�
n. If t

�
t;n is clearly known

to us, we can safely substitute tt;n in P3 with it. Recall that
uu�n is an inherent feature of each arm (or client) that is sup-
posed to be static, unchangeable over time. With this
assumption, although the scheduler has no access to the
real value of uu�n, which creates a barrier in the calculation of
t�t;n, this value can be predicted using the historical informa-
tion (or the reputation of an arm). For such a linear formula-
tion, ridge regression could suit well. Now we let ðDt;n; yt;nÞ
to represent p pieces of client n’s historical performance
(i.e., the previous model exchange time and the contexts)
that are obtained before round t. Formally, we have:

Dt;n ¼
cð1Þn

..

.

cðpÞn

2
64

3
75
m
3

yt;n ¼
tð1Þn

..

.

tðpÞn

0
B@

1
CA (16)

where cðpÞn and tðpÞn respectively represent the context and the
real model exchange time of the pth play of the arm n. With
ridge regression, we can empirically estimate uu�n with ûut;n:

ûut;n ¼ D>t;nDt;n þ �I3

� 	�1
D>n yt;n: (17)

For ease of algorithm’s design, we then transform ûut;n
into an equivalent form, as follows:

ûut;n ¼ H�1t�1;nbt�1;n; (18)

whereHT;n ¼ Hþ
PT

t¼1 xt;nct;nc
>
t;n and bT;n ¼

PT
t¼1 xt;ntt;nct;n.

Amongwhich,H ¼ �I.
As we are going to take advantage of the UCB algorithm

we previously discussed as our solution, we resort to �tt;n as
the optimistic estimation of tt;n, which has the following form:

�tt;n , max cc>t;nûut;n � at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c>t;nH

�1
t�1;nct;n

q
; 0

n o
; (19)

where at is an exploration parameter.
Now we show in Lemma 1 the validity of the given confi-

dence bound (i.e., to demonstrate that the real expected
exchange time does not deviate much from the confidence
bound with a high probability).

Lemma 1. If we set at ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 log 1þtL2=�

d

� 	r
þ �1=2S, with

probability at least 1� d; we have

0 � t�t;n � �tt;n � 2at ct;n
�� ��

H�1
t�1;n

; (20)

for any round t � 1 and any arm n 2 N

Proof. The complete proof is given in Appendix B, available
in the online supplemental material. tu

We first note here that Lemma 1 will be used in our analy-
sis of regret bound, whichwill be shown in the next section.

As we have decided �tt;n as our estimation of tt;n, we now
transfer P3 to the ultimate form, shown in the following:

ðP4Þ : min
xt

V max
n2N
fxt;n�tt;ng �

X
n2N

Zt;nxt;n

s:t:
X
n2N

xt;n ¼ min m;
X
n2N

It;n

( )

xt;n � It;n

xt;n 2 f0; 1g:
(21)

Then transformed problem is an Integer Linear Programming
(ILP) problem, which is indeed theoretically solvable and for
which we design a divide-and-conquer-based algorithm for
an efficient settlement, shown in the coming section.

5 ALGORITHMS AND ANALYSIS

In this section, we first present the detail of our proposed
algorithm, and then some related analysis is given.

5.1 Algorithms Design

Noticeably, the first term on the objective function of P4 has
only finite possible values, so we can simply iterate these
values and transform them into the constraint in the sub-
problems. By this means, we divide the problem into a few
smaller-scale sub-problems, which are easier to conquer.
Formally, the sub-problem after division is shown in the
following:

ðP4� SUBÞ : min
xt

�
X
n2N

Zt;nxt;n

s:t:
X
n2N

xt;n ¼ min m;
X
n2N

It;n

( )

xt;n�tt;n � �tmax

xt;n � It;n

xt;n 2 f0; 1g; (22)

where �tmax is one of the fixed value among the possible val-
ues of the first term in P4. P4-SUB is much easier to conquer.
First we only need to filter those qualified clients with a
smaller or equal �tt;n to �tmax, and with an active status (or to
say It;n ¼ 1). Trivially, the sub-problem can be solved by
finding k ¼ min m;

P
n2N It;n

� 

clients with the biggest Zt;n

among the qualified clients. After the divide-and-conquer
process, we only need to compare all the objectives obtained
from the sub-problems and select the minimum one as our
final achieved solution. The detail of the above process can
be found in Algorithm 1, which could at least reach a com-
putation complexity of OðN2Þ.

With Algorithm 1 introduced, now we shall discuss our
proposed solution for fairness-aware FL, termed Reputation
Based Client Selection with Fairness (RBCS-F), shown in
Algorithm 2. The working procedure of RBCS-F is quite
intuitive. The algorithm starts with initialization of some
parameters in the first three lines, and then begins to start
iterative federated learning. In every iteration, the scheduler
first observes the contexts and the availability of the arms
(i.e., FL clients), then estimates the model exchange time
with Eqs. (18) and (19) using historical information. Taking
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advantage of the observed context, availability as well as the
estimation, the selection scheme for this round could be
fetched by Algorithm 1. After the decision, the model would
be distributed to the selected clients and gathered after local
training. Before the end of a round, the algorithm records
the exchange time of the selected clients and update the
associated parameters, as shown in lines 14-16.

Algorithm 1. Divide-and-Conquer Solution for P4

Input:
The estimated time for model exchange; f�tt;ngn2N
The expected number of chosen arms;m
Indicator function of arms’ availability; fIt;ngn2N
Length of virtual queue; fZt;ngn2N

Output:
The solution for P4 in round t; fxt;ngn2N

1: Set ZZ�t ¼ fZt;ngIt;n¼1
2: Use At to store arms with an descending order of ZZ�t
3: UseNþt to store all the n that satisfies It;n ¼ 1
4: Set k ¼ minfm;

P
n2N It;ng // # of clients to be picked

5: for nmax 2 Nþt do
6: Initialize an empty set Snmax

7: for n 2 At do
8: if �tt;n � �tt;nmax then
9: Push n into Snmax

10: end if
11: if lengthðSnmax Þ ¼¼ k then
12: Calculate the objective of P4 as Fnmax based on Snmax

13: Break the first loop
14: end if
15: end for
16: end for
17: Set n� the index of minimum Fnmax among those being cal-

culated in line 12.
18: Return fxt;ng that represented by Sn�

5.2 Theoretical Analysis

5.2.1 Regret and Fairness Guarantee

In an MAB model, regret is a key performance metric that
measures the performance gap between a given policy and
the optimal policy. Therefore, for ease of analysis, we first
define the time average regret of RBCS-F.

Definition 1. Time average regret of RBCS-F is defined as:

RðT Þ ,
1

T

XT
t¼1

E fðSt; tttÞ � fðS�t ; tttÞ
� �

; (23)

where we leverage S�t to represent the decision made by the
optimal policy while St captures RBCS-F’s decision.

To proceed, we show a strict upper bound on time aver-
age regret of RBCS-F in Theorem 3.

Theorem 3. Given any control parameter V , with probability at
least ð1� dÞ2, the time average regret achieved by RBCS-F is
upper bounded by:

RðT Þ � N 1þb2ð Þ
2V þ zT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 log ð1þTL2=3�Þ

T

q
; (24)

where S and L are both positive finite constants satisfying
uu�n

�� ��
2
�S and ct;n

�� ��
2
� L for all t � 1 and n 2 N . And:

zT ¼ maxfK; 1g �max 2R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3log 1þTL2=�

d

� 	r
þ �1=2S; 1

� �
whereK is a constant value.

Proof. The complete proof is given in Appendix C, avail-
able in the online supplemental material. tu

Now we give another theorem to ensure that the long-
term fairness constraint would not be violated.

Theorem 4. For RBCS-F, the fairness vitual queues are all mean
rate stable in any setting of V , thus the time average fairness is
being guaranteed.

Proof. The complete proof is given in Appendix D, avail-
able in the online supplemental material. tu

5.2.2 Impact of V

In light of Theorem 3, it seems quite reasonable for us to set
the penalty factor V as large as possible so as to eliminate
the first term in the regret upper bound. Such an extreme
setting seems even more attractive regarding the fact that
the long-term fairness constraint holds under any setting of
V , which is justified by Theorem 4. Although a large value
of V could indeed bring us a more satisfying long-term
model exchange time while satisfying the long-term fairness
constraint, we must claim here that the fairness factor is not
impervious to the setting of V . Note that our long-term fair-
ness constraint is built on the premise that the training
rounds are infinite, but this may not be true in real training.
With a larger V , the fairness queue will have a slower rate
to converge, indicating that fairness could not be well
guaranteed before convergence. When the training rounds
are finite, the number of rounds that need to undergo before
convergence could compromise some degrees of fairness.
Such an analysis could be verified by our experiment results
that we are now going to display.

6 EXPERIMENTS

In this section, we present the detail of our experiments. In
the first sub-section, we would explain the general setting
of our simulation environment and evaluate the numerical
performance of our proposed solutions. The numerical eval-
uation results could well explain the relationship between
the penalty factor (V ), fairness (reflected by the queue
length), and efficiency guarantee (the time span of a feder-
ated round). Then we will move on to the evaluation of the
real training of two iconic public datasets, CIFAR-10 and
fashion-MNIST, both of which are evaluated under different
settings of non-iid extent. The real-data experiment will
show how our proposed RBCS-F impacts the training effi-
ciency and final model performance (i.e., accuracy).

6.1 Numerical Simulation

6.1.1 Simulation Setting

In our simulation, we assume the model exchange time con-
forms to the linear formulation as shown in Eq. (14). To sim-
ulate a heterogeneous system with clients of different
computation and communication capacity, we equally
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divide the total number of 40 clients into 4 classes and
accordingly endow disparate abilities to them. For clear-
ness, one can check Table 1 for the inherent training setting
of different classes of clients.

Algorithm 2. Reputation Based Client Selection with
Fairness (RBCS-F)

Input:
The expected number of involved clients each round;m
Exploration parameter; a0;a1; . . .
The set of clients;N , Parameter for ridge regression; �
The guaranteed participating rate; b
Parameter for objective balance; V

Output:
The control policy p ¼ fxt;ngn2N ;t¼0;1;...

1: for n 2 N do
2: InitializeH0;n  �I3
3;b0;n  0>3 , Z0;n  0
3: end for
4: for t ¼ 1; 2. . . do
5: Observe current contexts fct;ng and arms availability fIt;ng
6: for n 2 N do
7: ûut;n  H�1t�1;nbt�1;n

8: t̂t;n  c>t;nûut;n
9: �tt;n  t̂t;n � at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c>t;nH

�1
t�1;nct;n

q
10: end for
11: // Execute Algorithm 1 for a decision

fxt;ng  Algorithm 1ðf�tt;ng;m; fIt;ng; fZt;ngÞ
12: Distribute model to the selected clients and observe their

model exchange time;ftt;ng
13: for n 2 N do
14: Update Zt;n according to (6)
15: Ht;n  Ht�1;n þ xt;nct;nc

>
t;n

16: bt;n  bt�1;n þ xt;ntt;nct;n
17: end for
18: end for

For the context generation (in order to simulate the per-
round status of clients), we assume the allocated bandwidth
of all clients is sampling from a uniformdistribution between
[2,4] MHz and the model size M is fixed to 20 Mb. Likewise,
the available computation capacity of all clients is also
sampling from the same uniform distribution within ½50%;
200%�. The indicator st;n is set according to the training deci-
sion in the last round. In addition, for the noise in our linear
formulation, we draw � from a conditional uniform distribu-
tion within ð�cc>t;nuu�n; cc>t;nuu�nÞ. The availability of clients follows
the same Bernoulli distribution with parameter 0.8, and the
setting of other algorithm related parameters could be found
in Table 2. In our simulation, we mainly compare RBCS-F
with two baseline selection methods that are commonly
used in the field, i.e., random and FedCS [1]. Note that we

have made an adaption to FedCS in order to accommodate it
to our context, but the basic idea is the same as the vanilla
one, which is to select as much as clients within a fixed dead-
line. More concretely, we allow FedCS to have full access to
both the contextual features and the static coefficient factor.
With the additional information, its strategy is to select all
the clients that possess an expected training time (i.e., cc>t;nuu

�
n)

that shorter than the pre-set deadline.

6.1.2 Numerical Performance Evaluation

In our first evaluation, we show the variation of queue sta-
tus for RBCS-F under different values of penalty factor V .
As shown in Fig. 2, where RBCS-F(x) is abbreviated for
RBCS-F with a penalty of V ¼ x, it is interesting to see that
all the curves with different settings of V flatten after going
through a number of scheduling rounds. This phenomenon
can justify our conclusion of the mean rate stability of the
queues, which indicates that they could not grow to infinity
and break our fairness constraint. Another observation we
can derive here is that the curve with a higher penalty factor
(i.e., V ) seems to have a slower convergence speed and a
higher convergence value. This implies that a large value of
V might sacrifice a few fairness before its convergence,
although it does conform to the long-term fairness con-
straint. Such an observation is consilient with our explana-
tion given in the remark below Theorem 1 and our
theoretical analysis in the last section.

Now we take a look at the evolution of training time
across scheduling rounds. In Fig. 3, we depict the time con-
sumption of our proposed RBCS-F with different V , and
that of the random strategy and FedCS(3) 5. As depicted,
RBCS-F seems to have a satisfying enhancement in reducing
the training time, compared with the random scheme, and
of the same number of federated rounds, RBCS-F with a

TABLE 1
Inherent Setting of Arms (or Clients)

client tbn tsn h

class (cold start time) log ð1þ SNRÞ
1 1s 1s log ð1þ 1000Þ
2 2s 1s log ð1þ 100Þ
3 3s 1s log ð1þ 10Þ
4 4s 1s log ð1þ 1Þ

TABLE 2
Parameters Setting

notation meaning value

b guaranteed participating rate 0.15
m maximum selected clients 8
� parmeters for ridge regression 1
at exploration factor 0.1

Fig. 2. The impact of V on the convergence of queues.

5. For FedCS(3), we set its deadline (one of its key parameter) to 3s.
The specific setting allows us to make the number of its selection clients
approximates to 8, which is exactly the selection number of other strate-
gies (see our setting in Table 2).
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higher V boasts a shorter time consumption. In addition, it
is interesting to see that there is a performance gap between
RBCS-F and FedCS(3). We note that this gap is inevitable
due to our introduction of the fairness factor and the cost of
online learning, but the bound itself is well-defined by our
analysis of the regret.

The variance in training time of different schemes could
be alternatively explained by looking at Fig. 4. This figure
depicts the pull number of different arms (or chosen times
of FL clients) after going through 500 rounds of decision, in
which the clients are sorted in ascending order over their
pull number. The brighter color indicates a heavier pull (or
more times being selected) on the corresponding arm. From
Fig. 4, we notice that the pull number of clients could vary
dramatically when V is set to a high value and the unbal-
anced selection is more intense for FedCS(3). By contrast,
the scheme that is known to be fairer (e.g., random or
RBCF-F with low penalty) boasts an even distribution on
the pull number, based on which we can explain why the
training time of RBCS-F would escalate with a fairer selec-
tion. Clearly, the selection scheme that evenly chooses the
clients shall never match up with those always choosing the
fastest ones. However, is it the faster the better? Does fair-
ness matter in real training? Now we are going to explore
the answers with our real training on two public datasets.

6.2 Training on Public Dataset

6.2.1 Setup

Weset up federated environmentwithPyTorch (version: 1.6.0)
and all the computation is conducted using a high-perfor-
mance workstation (Dell PowerEdge T630 with 2x GTX
1080Ti). We have prepared two tasks for an evaluation pur-
pose. To be specific, we use two different Convolutional Neu-
ral Network (CNN) models to predict the classifying results
from two datasets, fashion-MNIST, and CIFAR-10. For
fashion-MNIST, we adopt a CNN with two 5x5 convolution
layers (the first with 20 channels, the secondwith 50, each fol-
lowed with 2x2 max pooling), a fully-connected layer with
500 units and ReLu activation, and finally a softmax output
layer. For CIFAR-10, which is known to be a harder task, we
use anothermuch heavier CNNmodel with two 5x5 convolu-
tion layers (each with 64 channels), also followed with 2x2
max pooling, two fully connected layers with respective 384
and 192 units, and finally a softmax output layer.

In addition to the general iid setting, we also explore the
training performance on a non-iid one. Here we adopt the
same approach as in [27] to synthesize non-identical client

data. More specifically, we uniformly sample qi 
 500 items
from each of the classifying class, where qq , ðq1; q2; . . .; qiÞ is
drawn from a Dirichlet distribution, i.e., qq � Dirðg1ppÞ. Here
pp is an all-1 10-dimension vector 6 and g1 is a concentration
parameter controlling the extent of identicalness among cli-
ents, say, with g1 ! 0 each client holds only one class cho-
sen at random (i.e., high degree of non-iid), conversely, all
clients have identical access to all classes (i.e., approximates
to iid) if g1 !1.

6.2.2 Impact of Fairness

In order to quantify the fairness factor and investigate how
the factor affects the model accuracy as well as the training
efficiency, we thereby introduce g2 to indicate the extent of
fairness. Analogically to how we quantify the non-iid
extent, we drawqq from a Dirichlet distribution, i.e., qq0 �
Dirðg2p

0p0Þ and then qq0 is serving as the probability vector that
we use to randomly select clients in each round. As we note
before, a smaller value of concentration parameter g2 leads to
a higher variation of qq0 and thereby causing greater unbal-
ance in selection. Fig. 5 show how the model accuracy
evolve with different g2, under different non-iid extent
(given by g1). Among which, subfigures (a), (b), and (c)
depict that of the training for fashionMnist, where we can
see that a higher g2 (a fairer selection) boasts a higher final
model accuracy. Also, a similar observation, or an even
more conspicuous one, can be found in our training for
CIFAR-10, as indicated in subfigures (d), (e), and (f). From
our result, it appears that the fairness factor might have dif-
ferent degrees of influence for the training of different data-
sets. More radically, we are in fact guessing that fairness
factor would play a more critical role in a more complicated
task. Our theory is that training of a harder task might
require more diversified data (in terms of both targets and
features), and corresponding, the relative information that
each piece of data contains would reduce, and thereby, the
training of those tasks should better involve as much avail-
able data as possible (i.e., better to be fair), so as to improve
the model performance (specifically, final accuracy).

On the other hand, although the experimental data does
demonstrate a profound impact of non-iid extent on the
model stability and convergence speed during training
(as we can observe in Fig. 5 that when g1 decreases, more jit-
ters on the curve and more rounds underwent before

Fig. 3. Training time of different client-selection strategies.
Fig. 4. Pull record of arms (or clients) under different client-selection
strategies.

6. Both Cifar and fashion-Mnist have 10 targets (or classes)
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convergence), it does not explicitly show the fairness factor
(as reflected by g2) being more or less influential with the
change of g1, which seems to tell us that our defined non-iid
extent has little or no impact on the effect of fairness.

6.2.3 Accuracy Versus Federated Round

Fig. 6 depicts how our proposed RBCS-F with different set-
tings of V performs in the real training, being compared

with the baselines, random and FedCS(3). The result is con-
sistent with our former conjecture that RBCS-F with a
smaller V , which is known to be fairer, would achieve a
higher final accuracy after rounds of training. Random, a
categorically fair scheme, yields the best performance in
terms of final model accuracy, while the FedCS(3), another
extreme in terms of fairness, does not promise us a com-
mensurate result.

Fig. 5. Fairness impact under fashion-MNIST ( (a), (b), and (c) ) and CIFAR-10 ( (d), (e), and (f)).

Fig. 6. Accuracy versus federated rounds for fashion-MNIST ( ðaÞ; ðbÞ; ðcÞ ) and CIFAR-10 ( ðdÞ; ðeÞ; ðfÞ).
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Another point we are interested in is that RBCS-F with a
higher penalty seems to spend more rounds to reach a cer-
tain accuracy, which we refer to a lower round efficiency.
This phenomenon can be justified by the result from Fig. 2,
which indicates that RBCS-F with a higher penalty tends
only to consider fairness when the queue length is large, or
in other words, only during a big number of training
rounds. Correspondingly, the delay of fairness consider-
ation would make the global model having the chance of
aggregating some seldom access data only when the num-
ber of rounds is large, and thereby, causing postpone on
convergence. Besides, we also found that RBCS-F generally
outperforms FedCS(3) in terms of round efficiency, which is
conspicuously depicted by subfigures (e) and (f).

6.2.4 Accuracy Versus Training Time

Due to space limit, this section is moved to Appendix E,
available in the online supplemental material.

7 CONCLUSION AND FUTURE PROSPECT

In this paper, we have investigated the client selection prob-
lem for federated learning. Our concern mainly focuses on
the tradeoff between fairness factor and training efficiency.
In light of the experiment on our proposed method, we
found that fairness is indeed playing a critical role in the
training process. In particular, we show that a fairer strategy
could promise us a higher final accuracy while inevitably
sacrificing a few training efficiency. In terms of how the fair-
ness factor would affect the final achieved accuracy, as well
as the convergence speed, however, we could not figure out
a rigorous way to quantify their relation. And neither could
we track down from the existing literature any theoretical
analysis of the fairness factor for FL, making this particular
issue quite worthy of investigation. Our future effort would
be mainly on this emerging issue.

ACKNOWLEDGMENTS

This work was supported in part by Key-Area Research and
Development Program of Guangdong Province (2020B010
164003), National Natural Science Foundation of China
(62072187, 61872084, 61772205), Guangdong Major Project of
Basic and Applied Basic Research(2019B030302002), Guangz-
hou Science and Technology Program key projects
(202007040002, 201902010040, 201907010001), and the Funda-
mental Research Funds for the Central Universities, SCUT
(GrantNo. 2019ZD26).

REFERENCES

[1] T. Nishio and R. Yonetani, “Client selection for federated learning
with heterogeneous resources in mobile edge,” in Proc. IEEE Int.
Conf. Commun., 2019, pp. 1–7.

[2] Q. Zeng et al., “Energy-efficient radio resource allocation for feder-
ated Edge learning,” in Proc. IEEE Int. Conf. Commun. Workshops,
2020, pp. 1–6.

[3] F. Li, J. Liu, and B. Ji, “Combinatorial sleeping bandits with fair-
ness constraints,” IEEE Trans. Netw. Sci. Eng., vol. 7, no. 3,
pp. 1799–1813, Third Quarter 2020.

[4] S. Deng, H. Zhao, J. Yin, S. Dustdar, and A. Y. Zomaya, “Edge
intelligence: The confluence of Edge computing and artificial
intelligence,” 2019, arXiv: 1909.00560

[5] X. Wang, Y. Han, C. Wang, Q. Zhao, X. Chen, and M. Chen, “In-
Edge AI: Intelligentizing mobile edge computing, caching and
communication by federated learning,” IEEE Netw., vol. 33, no. 5,
pp. 156–165, Sep./Oct. 2019.

[6] Z. Zhou, X. Chen, E. Li, L. Zeng, K. Luo, and J. Zhang, “Edge intel-
ligence: Paving the last mile of artificial intelligence with Edge
computing,” arXiv: 1905.10083, May 2019. [Online]. Available:
http://arxiv.org/abs/1905.10083

[7] Y. Kang et al., “Neurosurgeon: Collaborative intelligence between
the cloud and mobile edge,” ACM SIGARCH Comput. Archit.
News, vol. 45, no. 1, pp. 615–629, 2017.

[8] B. McMahan et al., “Communication-efficient learning of deep net-
works from decentralized data,” Artif. Intell. Statist., pp. 1273–1282,
2017.

[9] A. Hard et al., “Federated learning for mobile keyboard pre-
diction,” 2018, arXiv: 1811.03604.

[10] S. Ramaswamy, R. Mathews, K. Rao, and F. Beaufays, “Federated
learning for emoji prediction in a mobile keyboard,” 2019, arXiv:
1906.04329.

[11] Y. Liu et al., “Fedvision: An online visual object detection platform
powered by federated learning,” 2020, arXiv: 2001.06202.

[12] E. Jeong, S. Oh, H. Kim, J. Park, M. Bennis, and S.-L. Kim,
“Communication-efficient on-device machine learning: Federated
distillation and augmentation under non-iid private data,” 2018,
arXiv: 1811.11479.

[13] L. Liu et al., “Client-edge-cloud hierarchical federated learning,” in
Proc. IEEE Int. Conf. Commun., 2020, pp. 1–6.

[14] N. Yoshida et al., “Hybrid-FL for wireless networks: Cooperative
learning mechanism using non-IID data,” in Proc. IEEE Int. Conf.
Commun., 2020, pp. 1–7.

[15] D. Ye, R. Yu, M. Pan, and Z. Han, “Federated learning in vehicular
edge computing: A selective model aggregation approach,” IEEE
Access, vol. 8, pp. 23 920–23 935, 2020.

[16] H. H. Yang, Z. Liu, T. Q. Quek, and H. V. Poor, “Scheduling poli-
cies for federated learning in wireless networks,” IEEE Trans.
Commun., vol. 68, no. 1, pp. 317–333, Jan. 2020.

[17] C. Xie, S. Koyejo, and I. Gupta, “Asynchronous federated opti-
mization,” 2019, arXiv: 1903.03934.

[18] W. Wu, L. He, W. Lin, S. Jarvis, R. Mao, and C. Maple, “SAFA: A
semi-asynchronous protocol for fast federated learning with low
overhead,” 2019, arXiv: 1910.01355.

[19] J. Kang, Z. Xiong, D. Niyato, H. Yu, Y.-C. Liang, and D. I. Kim,
“Incentive design for efficient federated learning in mobile net-
works: A contract theory approach,” in Proc. IEEE VTS Asia Pacific
Wireless Commun. Symp., 2019, pp. 1–5.

[20] L. U. Khan et al., “Federated learning for edge networks: Resource
optimization and incentive mechanism,” IEEE Commun. Mag.,
vol. 58, no. 10, pp. 88–93, 2020.

[21] E. Bagdasaryan et al., “How to backdoor federated learning,” in
Proc. Int. Conf. Artif. Intell. Statist., 2020, pp. 2938–2948.

[22] L. Li, W. Chu, J. Langford, and R. E. Schapire, “A contextual-bandit
approach to personalized news article recommendation,” in Proc.
19th Int. Conf. World Wide Web, 2010, pp. 661–670.

[23] Y. Abbasi-Yadkori, D. P�al, and C. Szepesv�ari, “Improved algo-
rithms for linear stochastic bandits,” in Proc. Advances Neural Inf.
Process. Syst., 2011, pp. 2312–2320.

[24] L. Qin, S. Chen, and X. Zhu, “Contextual combinatorial bandit
and its application on diversified online recommendation,” in
Proc. SIAM Int. Conf. Data Mining, 2014, pp. 461–469.

[25] S. Li, B. Wang, S. Zhang, and W. Chen, “Contextual combinatorial
cascading bandits,” in Proc. 33rd Int. Conf. Int. Conf. Mach. Learn.,
2016, pp. 1245–1253.

[26] M. J. Neely, “Stochastic network optimization with application to
communication and queueing systems,” Synthesis Lectures Com-
mun. Netw., vol. 3, no. 1, pp. 1–211, 2010.

[27] T.-M. H. Hsu, H. Qi, and M. Brown, “Measuring the effects of
non-identical data distribution for federated visual classification,”
2019, arXiv: 1909.06335

HUANG ETAL.: EFFICIENCY-BOOSTING CLIENT SELECTION SCHEME FOR FEDERATED LEARNING WITH FAIRNESS GUARANTEE 1563

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on February 21,2021 at 23:36:25 UTC from IEEE Xplore.  Restrictions apply. 

http://arxiv.org/abs/1905.10083


Tiansheng Huang is currently working toward the
MS degree with the School of Computer Science
and Engineering, South China University of Tech-
nology, China. His research interests include sys-
tem design, distributed computing and optimization
theory.

Weiwei Lin (Member, IEEE) received the BS and
MS degrees from Nanchang University, in 2001
and 2004, respectively, and the PhD degree in
computer application from the South China Uni-
versity of Technology, in 2007. He has been serv-
ing as visiting scholar with Clemson University,
from 2016 to 2017. Currently, he is a professor
with the School of Computer Science and Engi-
neering, South China University of Technology.
His research interests include distributed sys-
tems, cloud computing, big data computing and

AI application technologies. He has published more than 100 papers in
refereed journals and conference proceedings. He has been the
reviewers for many international journals, including IEEE Transactions
on Computers, IEEE Transactions on Services Computing, IEEE Trans-
actions on Cloud Computing, IEEE Transactions on Sustainable Com-
puting, IEEE Information Sciences, IEEE Future Generation Computer
Systems, etc. He is a senior member of CCF.

Wentai Wu received the bachelor’s and master’s
degrees in computer science from the South
China University of Technology, in 2015 and
2018, respectively. Currently, he is working
toward the PhD degree supervised by Dr. Ligang.
He with the Department of Computer Science,
the University of Warwick, United Kingdom. His
research interests include parallel and distributed
computing, distributed machine learning, and
energy-efficient computing.

Ligang He received the PhD degree in com-
puter science from the University of Warwick,
United Kingdom, and worked as a post-doctoral
researcher with the University of Cambridge,
United Kingdom. He is currently a reader with
the Department of Computer Science, the Uni-
versity of Warwick. He has published more than
130 articles in journals and conferences, such
as the IEEE Transactions on Computers, IEEE
Transactions on Parallel and Distributed Sys-
tems, TACO, IPDPS, ICPP, SC, VLDB. His

research interests include parallel and distributed processing, cluster,
high performance computing, and cloud computing.

Keqin Li (Fellow, IEEE) is a SUNY distinguished
professor of computer science with the State Uni-
versity of New York. He is also a distinguished
professor with Hunan University, China. His cur-
rent research interests include cloud computing,
fog computing and mobile edge computing,
energy-efficient computing and communication,
embedded systems and cyber-physical systems,
heterogeneous computing systems, big data
computing, high performance computing, CPU-
GPU hybrid and cooperative computing, com-

puter architectures and systems, computer networking, machine learn-
ing, intelligent and soft computing. He has published more than 640
journal articles, book chapters, and refereed conference papers, and
has received several best paper awards. He is currently or has served
on the editorial boards of the IEEE Transactions on Parallel and Distrib-
uted Systems, IEEE Transactions on Computers, IEEE Transactions on
Cloud Computing, IEEE Transactions on Services Computing, and IEEE
Transactions on Sustainable Computing.

Albert Y. Zomaya (Fellow, IEEE) is currently the
chair professor of High Performance Computing
& Networking with the School of Information
Technologies, The University of Sydney. He is
also the director in the Centre for Distributed and
High Performance Computing, which was estab-
lished in late 2009. He published more than 500
scientific papers and articles and is a author, co-
author or editor of more than 20 books. He served
as the editor-in-chief of the IEEE Transactions on
Computers (2011–2014). He serves as an asso-

ciate editor for 22 leading journals, such as, the ACM Computing Sur-
veys, IEEE Transactions on Computational Social Systems, IEEE
Transactions on Cloud Computing, and Journal of Parallel and Distrib-
uted Computing. He delivered more than 150 keynote addresses, invited
seminars, and media briefings and has been actively involved, in a vari-
ety of capacities, in the organization of more than 600 national and inter-
national conferences. He received the IEEE Technical Committee on
Parallel Processing Outstanding Service Award (2011), the IEEE Techni-
cal Committee on Scalable Computing Medal for Excellence in Scalable
Computing (2011), and the IEEE Computer Society Technical Achieve-
ment Award (2014). He is a chartered engineer, a fellow of AAAS, IEEE,
and IET (United Kingdom). His research interests include areas of paral-
lel and distributed computing and complex systems.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

1564 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 32, NO. 7, JULY 2021

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on February 21,2021 at 23:36:25 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


