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I. INTRODUCTION

The increasing demands for intelligent services, such as augmented reality/virtual reality
(AR/VR) and Internet-of-Things (IoT) applications, motivate the integration of machine learning
in future wireless networks [2]. Federated learning (FL) is one of the most promising distributed
learning frameworks to reduce the communication traffic load of intelligent services, which
enables devices to collaboratively train machine learning models by periodically exchanging
model parameters between devices and the parameter server instead of raw user data [3].
However, the model aggregation nature of conventional FL confronts the following two lim-
itations for its implementation in wireless networks: 1) High Communication Overhead: The
uploading of model/gradient parameters is costly for devices since modern deep neural network
(NN) architectures usually possess massive parameters. For instance, the widely used MobileNet
[4], a convolutional NN (CNN) for on-device image processing, has 6.9 million parameters,
corresponding to 27.6 MB. Training such a model requires devices to upload 27.6 MB of data
per round. Considering hundreds of rounds and multiple devices, the communication overhead
is heavy for wireless networks with limited spectrum and energy resources. 2) Heterogeneous
Local Models: In practical wireless networks, devices are usually equipped with different NNs
in terms of architectures and model sizes due to their heterogeneous computing capabilities and
storage resources [5]. In this case, the traditional model aggregation-based FL approaches fail to
coordinate devices to perform the learning process. To break these two limitations, state-of-the-art

studies focus on the designs of communication-efficient FL. and heterogeneous FL.
A. Related Works

To enable communication-efficient FL in resource-limited wireless networks, existing works
mainly focused on device scheduling [6]-[9], model quantization [10]-[13], and model pruning
[14]-[16]. Device scheduling methods select a small subset of devices to participate in the per-
round training process, thus reducing the communication burden and mitigating the straggler
effect when devices have random or heterogeneous computing speed. The device selection and
bandwidth allocation in [6], [7] guaranteed long-term learning performance in bandwidth-limited
wireless networks. The probabilistic scheduling policy for FL proposed in [8] effectively mini-
mized the model uploading latency and improved convergence speed. The co-design of learning
and device selection in [9] reduced convergence time in resource-constrained wireless networks.

Although these device scheduling approaches efficiently alleviate communication burden, trans-
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mitting the entire model is arduous for devices with weak channels and limited energy. To tackle
this issue, the model quantization compresses devices’ model updates before transmitting to the
parameter server, thus reducing the transmitted data volume and communication overhead for
devices [10], [11]. Specifically, the model quantization approach in [12] enabled edge devices to
adjust their quantization proportional according to their communication resources for balancing
training accuracy and communication overhead. The heterogeneous quantization method in [13]
allocated different aggregation weights to clients for efficiently improving convergence speed.
While the model quantization is demonstrably effective, it introduces additional noise during
training, which ultimately degrading the trained model’s performance. The model pruning is
able to simultaneously reduce communication and computation costs by removing less important
weights from the original model. The joint design of the pruning ratio and wireless resource
allocation in [14] significantly improved the convergence rate of FL. In [15], the NN pruning
was integrated into FL to improve learning speed and guarantee training latency. A random
model pruning approach was adopted in [16] to generate several subnets from the global model
to adapt the channel condition of different devices. It reduced both communication overhead and
computation loads. The above three approaches reduce communication overhead while degrading
the final model’s accuracy. Besides these approaches, our previous work [17] enabled devices
to train the feature extractor part of NNs collaboratively, while the predictor part for devices
is localized for personalization. It reduced communication overhead and improved learning
performance in heterogeneous data distribution scenarios. However, these approaches still require
heavy parameter transmission in the learning process.

To allow devices equipped with heterogeneous models in FL, knowledge distillation (KD)-
based FL approaches were developed and attracted much attention. In practical wireless networks,
devices usually possess different computation capabilities and communication resources. Thus,
requiring all the local models to be of the same architecture in many application scenarios
may be ineffective. KD is a teacher-student paradigm which transfers the knowledge distilled
from the teacher model to the student model [18]. Integrating KD into FL allows devices to
independently design their models according to channel conditions and computation capabilities.
Specifically, the federated KD approach in [19] effectively enabled federated training between
heterogeneous models by aggregating local models’ logits on a public dataset. In [20], an
auxiliary distillation dataset generated by mixing local training data was adopted to empower the

FL process, effectively reducing convergence time. In [21], a lightweight generator was deployed
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at the server to ensemble user information and broadcast to devices to regulate their local training
process. By deploying an unlabelled dataset on both the server and devices, a global model was
trained using the averaged outputs of local models on this dataset as the supervision label [22],
[23]. The adaptive mutual KD and dynamic gradient compression approach in [24] significantly
reduced communication costs and achieved competitive results with centralized model learning.
The federated distillation method [25] regularized local models to mitigate overfitting during
training by treating the global model as the teacher and the local models as the students.
Besides enabling devices to design their machine learning models independently, the KD-based
FL substantially reduces the transmitted data volume in the wireless channels because output
logits are required to upload in the learning process instead of heavy model/gradient parameters.
However, these KD-based FL approaches require an extra public dataset to align the student and
teacher models’ outputs, increasing the computation costs. Moreover, their performance may
significantly degrade with the increase in the distribution divergence between the public and

on-device datasets that are usually non-independent and identically distributed (non-IID).

B. Motivations and Contributions

Although the communication-efficient FL. in [6]-[16] can reduce communication overhead,
they degrade the final model accuracy and require heavy parameter transmission in the learning
process. In addition, the KD-based FL in [19]—-[25] allowed devices to ensemble heterogeneous
local models. However, they rely on the public dataset, which may not be practical for many
scenarios. To break these limitations, this work aims to enable collaborative training for devices
equipped with heterogeneous models in a communication-efficient way, avoiding the reliance
on heavy model transmission and extra public datasets. Inspired by the human experience in
discriminating between different objects and its successful application in clustering analysis, the
same class of objects or data usually have similar high-level features, while different objects
have distinct features [26]. In addition, a general insight for modern deep learning models is
that the lower layers (close to the input) are primarily responsible for feature extraction, while
the upper layers (proximate to the output) focus on complex pattern recognition [27]. We aim
to enable devices for collaborative training by aggregating their output of lower layers of the
NNs, namely knowledge, in the per-round training process. This design effectively reduces the
communication overhead since the dimensions of the knowledge are usually much smaller than

that of the model. The main contributions of this paper are summarized as follows:
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o We propose a novel KFL framework in which devices collaboratively train models by

uploading their knowledge of different data classes to the edge server for aggregation.
This design reduces the transmitted data volume in the wireless channels, allowing devices
to design their machine-learning models independently according to their computation
capabilities and communication conditions.

We theoretically analyze the convergence bound of the proposed KFL framework under
the general non-convex loss function setting, which indicates that scheduling more data
samples in each round is able to improve the learning performance. In addition, when the
total number of scheduled data volume during the entire learning course is fixed, more data
volume should be scheduled in the early rounds. Following the experimental investigation of
temporal scheduling policies in [6], this work further theoretically analyzes how the temporal
device scheduling patterns affect the final learning performance through the convergence
analysis.

We formulate a long-term device scheduling, bandwidth allocation, and power control
problem under limited devices’ energy budgets with the aid of the convergence bound. To
deal with unpredicted time-varying wireless channels and enable online device scheduling,
we first transform the original problem into a deterministic problem in each round with the
assistance of the Lyapunov optimization framework. Then, we derive the optimal bandwidth
allocation and power control through convex optimization techniques. Finally, we develop an
efficient polynomial-time algorithm to solve the device scheduling policy with (’)(\/V ,1/V)
energy-learning trade-off guarantee, where V' is an algorithm-specific parameter.

We experimentally verify the correctness of our theoretical results, i.e., more data samples
should be scheduled in the early rounds when the total scheduled data volume in the
entire learning course are fixed. Compared with benchmark FL algorithms, the proposed
KFL framework saves 99% communication overhead and boosts 2.1% and 6.65% accuracy
on MNIST and CIFAR-10 datasets, respectively. In addition, The proposed online device
scheduling algorithm achieves a faster convergence speed than benchmark scheduling ap-

proaches.

C. Organization and Notations

The rest of this paper is organized as follows: In Section II, we introduce the proposed KFL

system and learning cost, then formulate the global loss minimization problem. The convergence
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Fig. 1. The illustrated KFL over wireless networks: (a) Federated learning with knowledge aggregation mechanism, where
devices have different local models; and (b) Local training process with the proposed knowledge-aided loss.

analysis and problem transformation are illustrated in Section III. The joint device scheduling,

bandwidth allocation, and power control algorithm are developed in IV. Section V verifies the

effectiveness of the proposed scheme by simulation. The conclusion is drawn in Section VI. For

. A, . ’ . .
convenience, we use “=" to denote “is defined to be equal to”, |-| denote the size operation of a

set, V(-) denote gradient operator, (-,-) denote inner product operator, and

-||” denote the ¢

norm throughout this paper. The main notations used in this paper are summarized in Table L.

TABLE 1
NOTATION SUMMARY

Notation Definition Notation Definition

K; K; Set of devices; size of IC C; C, Set of classes; size of C

Dy Dy Local dataset of device k; size of Dy, D; D Overall dataset in the system; size of D

Di.c; Di.c Local dataset of c class; size of D, . wg; uk; vi; | Local model; local feature extractor; local predictor of

1% device k; all local models

Fr(ug,vg); Local empirical loss function of device k; global | ny; 1w Learning rate for feature extractor and predictor

F(W) empirical loss function

Ly (ug) Local knowledge loss function A Knowledge loss weight

Qp s O Device k’s knowledge about class c¢; device k’s knowl- | Q.; © Global knowledge about class c¢; global knowledge
edge for all classes about all classes

Si; T Scheduling policy in round ¢, i.e., the set of scheduled | fx; C CPU frequency of device k; Computation workload of
devices; local iteration number one data sample at device k

Dkt Pk, max Transmit power of device k£ in round ¢; maximum | Cg; Q Computation workload of one data sample at device
transmit power of device k k; Data size of local knowledge

B; 6, Wireless bandwidth; the proportion of B allocated to | Ex; Tmax Total energy budget of device k; Maximum completion
devices in round ¢ time for each round

II. SYSTEM MODEL AND LEARNING MECHANISM

In the considered KFL system, as shown in Fig. 1, an edge server coordinates K different
devices to train machine learning models for classification or recognition tasks. Unlike the
conventional FL that requires all devices’ models to be of the same architecture, the KFL in
this work allows devices to be equipped with heterogeneous models. The devices are indexed
by K = {1,2,---, K'}. For the dataset at devices, the number of data classes in the classification
or recognition task is C, indexed by C = {1,2,---,C}. Each device k (k € K) has a local
dataset Dy, with Dy, = |Dy| data samples, in which the data samples belong to c-th class (¢ € C)
is denoted as Dy, with Dy, = |Dy .| data samples. Thus, D, = U{Dkﬁ}f:l. Without loss
of generality, we assume there is no overlapping between datasets from different devices, i.e.,

D, NDy, = 0, Vk,h € K. Thus, the entire dataset, D = U{Dk}szl, is with total number
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of samples D = Zszl Dy. For ease of presentation, we use D, to represent all data samples

belonging to class ¢ in D. That is, D, = U {Dk,c}f;l with D, = Zle Dy, . data samples.
A. Knowledge-aided Loss Function for Local Training

Let ¢ = (x,y) denote a data sample in D, where € R? is the d-dimensional input feature
vector, y € R is the corresponding ground-truth label. Let z € R” be the latent feature vector.
As shown in Fig. 1(b), the machine learning model parameterized by w = [u, v] consists of two
components: a feature extractor h : * — z parameterized by wu, and a label predictor g : z — ¢
parameterized by wv. Before discussing the knowledge-aided loss function, we introduce two
fundamental loss functions, i.e., empirical loss and knowledge loss. The empirical loss supervises
the local models’ training to minimize the prediction error, while the knowledge loss achieves

knowledge sharing among devices.

1) Empirical loss function for local model update: Let f(x,y;w) denote the sample-wise
empirical loss function, which quantifies the error between the ground-truth label, y, and the
predicted output, y, based on model w. Thus, the local empirical loss function at device k, which
measures the model error on its local dataset Dy, is defined as

a1

Fi(wy) = F(uy, v) = D, Z(m e, S, y;wy), ey

where w; denotes the machine learning model of device k; wu; and v, correspond to its

feature extractor and label predictor parts, respectively. For ease of presentation, we use W =

(wq,ws, -, wk) to denote all the devices’ models throughout this paper. The global loss
function associated with all distributed local datasets is given by
A1 K
F(W) = Fwy,wy, -+ wi) = 5 Zkil Dy Fy(wy,). 2)
The federated learning process is done by solving the following problem:
min F(W). 3)

W=(wi,w2, -, wk)
To preserve the data privacy of devices, the devices collaboratively learn W without transmitting

the raw training data. Note that the conventional FL algorithms, e.g., FedAvg [28], aim to find
an optimal shared global model w* = wj = --- = wj; to minimize the global loss F'(W).
However, this work aims to develop a personalized FL algorithm which trains personalized
models for each device to solve the problem (3), where different local models are used to fit
user-specific data and capture the common knowledge distilled from data of other devices.

2) Knowledge loss function for local feature extractor update: When devices are equipped

with heterogeneous models, the conventional FL algorithms fail to coordinate devices to train
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models collaboratively. To tackle this issue, we introduce the knowledge loss function to regu-
larize devices’ feature extractors in the training process, achieving knowledge sharing between
devices. It is worth mentioning that the knowledge of different devices and classes has the same
dimensionality that equals the dimension of feature extractors’ output, i.e., p. Let €2, . denote
device k’s knowledge about data class ¢, which is defined as the average output of its feature

extractor based on the data samples in Dy, ., that is

1
Qe = Drs Z(w,y)EDk,c P (@ W), “4)

where A (-) denote the feature extractor of device k. Let §2. denote the global knowledge about

class c that aggregates all devices’ knowledge of class c, i.e.,
1 K
Q=752 Decc )
We use 2 = (024, Qy, - -+, Q) to denote the aggregated global knowledge. For each data sample
(x,y) € Dy (Vk € IC,c € C), we define the knowledge loss of device k’s feature extractor as

le(; wi) = 5|5 wg) — €2 ?, which quantifies the difference between the extracted feature

of device k on data sample (x,y) and the global feature of class c. Thus, the knowledge loss

of device k is
1 c 1 9
Le(we) = 5> D eny, 3l e(@s ) = Qe (©)

which measures the difference between local knowledge and global knowledge. According to (6),
devices only learn the knowledge of their local data types instead of all the data types. However,
it fits devices’ local models to their specific data and improves the learning performance on
heterogeneous local data scenarios. In addition, devices can use global knowledge to regularize
the local training process when new data classes are generated and rapidly adapt their local
models to these new class data.

In this work, we define a knowledge-aided loss function based on the empirical and knowl-
edge loss functions, i.e., Fj(ug, vg) + AL (uy), to guide the feature extractor training for device
k (Vk € K), where X is a hyperparameter to balance the empirical loss and knowledge loss for
device k. For the label predictor, we still use the conventional empirical loss function.

B. Knowledge-aided Federated Learning Mechanism

The conventional FL approaches rely on aggregating devices’ model/gradient parameters in
each round, which induces remarkable communication overhead for wireless networks and
requires all the local models to be of the same architecture. To tackle these issues, we propose

a novel KFL algorithm to enable collaborative training between heterogeneous local models.
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1

; Specifically, devices upload their lightweight knowledge to the server for aggregation in the
g per-round training process instead of the heavy model/gradient parameters. The learning process
g repeats the following steps until the devices’ models converge, as shown in Fig. 1(a).

8 1) Device selection: The edge server selects a subset of devices from K to participate in the
?o training process in the current round. Let a: € {0,1} denote the scheduling indicator of
:; device k in round ¢, where a4, = 1 indicates that device £ is scheduled in round ¢, o3, = 0
1 i otherwise. Thus, the scheduled device set in round ¢ is S; = {k : a;, = 1,Vk € K}.

15 2) Knowledge broadcast: In each round ¢, the edge server broadcasts the latest global knowl-
1? edge, i.e., Q = (214, Qoy, -+, Qcy), to all scheduled devices to regularize their local
:g training process, where €., is the c-th class knowledge in round ¢ that is computed in (5).
;‘1) 3) Local training: All scheduled devices update their local models after receiving the global
22 knowledge, €2;, by performing 7 steps gradient descent on its local dataset, as shown in
;i Fig. 1(b). For device £, its local feature extractor in ¢-th round is updated as

;2 'l{'k,t,lJrl = ukz,t.,l — <quk(uk,t,l> Vi) + )\VLk(Uk,t,z)>,W e{0,1,---, 71}, (D
27 and its predictor is updated by

28 Vktit1 = Ukt — Mo VoFr(Wer, Vke), V€ {0,1,- -+ 7 — 1}, (8)
gg where 7, and 7, are the learning rate of feature extractor and predictor, respectively, A\ is
31 a hyperparameter to balance the empirical loss and knowledge loss for devices k.

gg 4) Knowledge computing: After finishing the local iterations, all scheduled devices compute
g;’ their knowledge for each class ¢ (¢ € C) as Qo111 = i Z(&y)epm hi(ug 415 ). The
g? knowledge of device k for all classes is denoted by Q. ;1 = (k14515 Lre2iv1, - QLecar1)-
38 5) Knowledge aggregation: After finishing the local knowledge computing, all scheduled
23 devices upload their knowledge to the edge server through wireless channels for aggregation.
2; Specifically, the edge server computes the global shared knowledge of c-th class as

ji Qi = Zkezst Dk,cgk,c,tJrl )
45 keS; ke

46 The aggregated global knowledge in round (¢ + 1) is Qi1 = (21441, Lottty -+, Logg1)-
j; To better illustrate the proposed KFL, we summarize the detailed steps of its training process
gg in Algorithm 1. It is worth mentioning that the proposed KFL requires devices to upload the
51 knowledge to the edge server for aggregation instead of the entire local models. Devices’
?g knowledge is generated by averaging the output of their local feature extractor on the data
gg samples from the same class, and the process is irreversible [29]. Thus, KFL is more beneficial for
g? privacy preservation than the model aggregation-based FL algorithms exchanging local models
58

59
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between devices and the edge server. The reason is that the local models are updated according
to the devices’ private data, whose pattern is encoded into the model parameters. Therefore, if
a corresponding decoder could be constructed, the private data or statistics would be recovered

inversely [30].

Algorithm 1 Knowledge-aided Federated Learning Algorithm

1: Initialization: ¢ = 0, training round 7', and each device initials its local model wy ;;

2: Server side:

3: fort=0,1,---,7 — 1 do

4: Select a subset of devices (St) and broadcasts the latest global knowledge, i.e., €2¢, to them.
S: if Receive the knowledge from the selected devices then

6: Aggregate the global knowledge according to (9).

7: end if

8: end for

9: Device side:

10: if Device k is scheduled then

11: Receive the global knowledge, €2, from the edge server;

12: for(=0,1,---,7—1do

13: Update the local feature extractor, wg ¢ 141, based on (7);

14: Update the local predictor, vy ¢ ;41, based on (8);

15: end for

16: Compute their knowledge for each class ¢ (c € C) as Q¢ 141 = i Z(w,y)EDk . hi (Wi, 415 ).
17: Upload the local knowledge Q2 ;41 = (Qk, 1,041, L2641, Qk‘,C,t-‘—l) to theyedge Server.

18: end if

C. Knowledge-aided Federated Learning Cost Model

In the following, we characterize the learning cost model in each KFL round, including
computation cost and communication cost.

1) Computation Cost: We consider the central processing unit (CPU) adopted to perform
training on each device. Denote the CPU clock frequency of device k by fi (cycles per second).
The number of float-point operations (FLOPs) per cycle is represented by n;. Let C) denote
the required number of FLOPs to process one data sample at device k. Consequently, the local

training latency of device k is given by

To: = 7DpCr/ (frn). (10)
The corresponding energy consumption of device k is
Ey = kT DRCyfi [, (1)

where x is the power coefficient, depending on the chip architecture.

2) Communication Cost: We consider that the frequency division multiple access is employed
for devices to upload their knowledge. The total available wireless bandwidth is BHz. Let py,
denote the transmit power of device k, its maximum value is pi max. The channel gain between
device k and the edge server is represented by hy;, which considers the path loss and Rayleigh
fading. In addition, the channel remains unchangeable within one round but varies independently
over rounds. Let 6, € [0, 1] denote the proportion of the overall bandwidth allocated to device

k in round ¢, and 6; = (614,024, -,0k:). The uplink rate of device k& can be described as
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Tkt = Ok Blogy(1 + 5 b ig’jvt ), where N is the power density of noise. Note that the proposed

KFL requires that the knowledge of different devices and classes has the same dimensionality.
Thus, the number of parameters in the knowledge of different devices is the same, denoted as
(2. Each parameter is quantized by ¢ bits. Thus, the local knowledge uploading latency of device
k is

77“[:; Qq Qq Pr,tPhi,e \ (12)
Tkt HktB log, (1 + B BN0>
The corresponding energy consumption is 0. BTUN
EY, = pp, TG = k0 o . (2"“”“ -1). (13)
it

According to above modes, the energy consumption of device k in round ¢ is Fj; = E,I;7t+E,Et
Note that we ignore the global knowledge broadcasting and aggregation latency in the above
discussion because the broadcasting process occupies the entire bandwidth. The edge server has
large transmit power, so the broadcasting latency is negligible. Moreover, the edge server is
usually computationally powerful, and the global knowledge aggregation latency can be ignored

compared to the above computation and communication latencies.
D. Problem Formulation

In this work, we aim to improve the learning performance by minimizing the global loss
after 7' rounds, i.e., F'(Wr), under the energy budget constraint of devices, where W denote
the local models in 7-th round. Towards this end, we jointly optimize the device scheduling,

bandwidth allocation, and power control policies. The optimization problem is given by

P min F(Wry) (14)
{Stvzzf){}tfiol

5. t. Z Ep: < By, Vk e K, (14a)

T + '77” < Trax, Yk € KC, VE, (14b)

Zk_l Oy < 1,V (14c)

0 <60, <1,Vk e K,Vt, (14d)

ait € {0,1},Vk € K, Vi, (14e)

0 S Pk S pk,ma)n\v/k e K. (14f)

In problem P, (14a) imposes restrictions on the energy consumption of each device k cannot
exceed its budget E). (14b) stipulates that the completion time of each round cannot exceed its
maximum allowable delay. (14c) indicates that the wireless bandwidth allocated to all devices
cannot exceed the total available bandwidth resource. (14d) restricts the wireless bandwidth

resource allocated to each device. (14e) indicates which devices are scheduled in each round.
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Solving problem P requires the explicit form about how device scheduling policy affects the
final global loss function. Since it is almost impossible to find an exact analytical expression of
F(Wy) with respect to S; (t € {0,1,---,7 —1}), we turn to find an upper bound of F(W7)
and minimize it for the global loss minimization in Section III-A. Moreover, the optimal solution
to problem P requires the system state information of all rounds at the beginning of training.
However, such information is unavailable in the practical systems due to the unpredictable time-
varying channel condition. To enable online device scheduling, the device scheduling decision
should be made at the beginning of each round with only the current state. To this end, we
transform the long-term decision problem into a deterministic one with the assistance of the

Lyapunov optimization approach in Section III-B.

III. CONVERGENCE ANALYSIS AND PROBLEM FORMULATION

In this section, we theoretically analyze the convergence bound of the proposed KFL under
a non-convex loss function setting. The convergence bound reveals that the scheduled data
volume in each round and different learning rounds significantly affect the learning performance.
Motivated by this, we define a new metric, i.e., the weighted scheduled data volume, to guide
the device scheduling design. Then, we transfer the original problem to maximize this metric for
minimizing the gap between the global loss function and the optimal loss. To enable the online
dynamic device scheduling under long-term energy budgets constraint, we further transform
the problem into a deterministic problem in each round with the assistance of the Lyapunov

optimization approach.
A. Convergence Analysis

In this subsection, we investigate the convergence behavior of the proposed KFL algorithm.

To facilitate the analysis, we make the following assumptions on each local loss function Fj(-).

Assumption 1. All empirical loss functions Fj(ux,vy) (k € K) are continuously differentiable
with respect to w; and vg, and there exist constants L., L,, L,,, and L,, such that for each

Fr.(ug, vg):
o VuFi(uy,vy) is L,-Lipschitz continuous with u, and L,,-Lipschitz continuous with vy,
that is, IV Fi(ur, vp) — Vo Fi(uy, vp)|| < Ly ||Jur—uy |, (15)

and
|V (wh, vg) = Vo By (wg, 03) || < Lo, [Jop —vi ]| - (16)

o VuFy(ug,vy) is L,-Lipschitz continuous with v, and L,,-Lipschitz continuous with .
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Assumption 2. The squared norm of gradients is uniformly bounded, i.e., |V Fi(wy s, vi4)]|*<

G? and ||V, Fi(up s, vp)||°< G2

Assumption 3. For each local feature extractor iy (-) (Vk € K), its gradient norm is bounded by 92,

i.e., || Vhr(ug)||>< 92, and the squared norm of its output vector is bounded by ||y (uy; z)||*< ¢2.

Assumption 1 is satisfied by most deep NNs. The modern NNs are usually composed of
multiple layers. Based on [31], a deep NN defined by a composition of functions is a Lipschitz
NN if the functions in all layers are Lipschitz. It has been proved in [31], [32] that the convolution
layer, linear layer, and some nonlinear activation functions (e.g., Sigmoid and tanh) are Lipschitz
functions. Thus, most deep NNs have Lipschitz continuous gradients. For a Lipschitz NN in
which all layers are Lipschitz functions, both the feature extractor and predictor composed of
Lipschitz layers are Lipschitz functions. Thus, Assumption 1 is satisfied by assuming the whole
NN to be Lipschitz continuous. In addition, according to Proposition 1 in [31], one can derive
that Fy(ug, vy) is (L, x L,)-smooth based on Assumption 1. Assumption 2 is widely used in the
existing convergence analysis works, e.g., [13]-[15], [17]. Assumption 3 is inherently satisfied
by Assumption 2 since the gradient of a NN is a function of its output vector. To begin with,

we first derive a key lemma to assist our analysis as follows:
Lemma 1. Let Assumption 1 holds, we have

1+
Fi(uy, vp) — Fi(ug, vi) < (Vo Fr(ug, vg), uw), — ug) + TXLu ), — wa]|?
1+
+ (Vo Fl(ug,v0), v — o) + —~ Lo o = wel[*, (17)

where x = max { L, Lyy} /\/LyL,, which measures the relative cross-sensitivity of V, F.(uy, vy,)
with respect to vy, and YV, Fy(ug, vy) with respect to uy.

Proof. Please see Appendix A. [

Lemma 1 reveals the gradient relationships of a NN between its feature extractor and label
predictor part. According to Lemma 1, we derive the one-round convergence bound of any device
k (k € K) in Lemma 2, in which devices utilize the proposed knowledge-aided loss to update

their local models.

Lemma 2. Let Assumption 1, 2, and 3 hold. The learning rates satisfy 1, < and

Ny < m the one-round convergence bound of device k (k € K) is given by
Fr(Wp i1, Vigr1) — Fr(Uny, Uiy) < (2(1 + X)Lu7712ﬁ2 - %UuT) |V o F (e 'Uk,t)H2
(0 0L = S ) IV Fit, oI+ v+ 2 S 9 L)
2R B0, LE 4 L) Y (7= 1) [V L) [P, (18)
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where Ay = 7(1 +1)(27 + 1) (S GLE, + 33 G3 LY + (3muGT + 510G3)nun X Lu Ly ).
Proof. Please see Appendix B. 0

Based on Lemma 2, we further analyze the convergence behaviour of the proposed KFL
algorithm after 7' rounds in Theorem 1, which takes into account the knowledge aggregation

between devices.

Theorem 1. Let Assumption 1, 2, and 3 hold, n, <

1
S Ht0Ia the gap

1
and 1, < 27 (1)L

between the global loss function after ' rounds and the optimal loss is bounded by
F(Wr) — F(W?) < A5 (F(Wy) — F(W"))
Dy

1— AT CK T—2 K
A ST ey S e s

1 1 -2 K 2
— Ay ( AT 2t 2 : D ) 19
*DK(T — 1) maxy<<x Dy Zt 0 ooy Wt D) (19)
where Ay = 10, \79%% + 8220262 (30, L2 + 20X LuLy) 7(7 + 1), Az = 1+ (AL2n2 +

2Lv77v)(1 + X)T — (NuLy + 1o Ly)T.

Proof. Please see Appendix C. 0

Theorem 1 reveals how the device scheduling policy affects the convergence bound of KFL
without characterizing the impact of non-IID degrees on the convergence bound. In general,
the non-I1ID degree is characterized by the difference between the optimal global loss and
the weighted summation of optimal local losses [33]. However, the proposed KFL is a per-
sonalized FL algorithm which trains a personalized model for each device. Thus, one cannot
characterize the impacts of non-IID degree on the convergence bound in this way due to
F(W*) — & S DyFy(w}) = 0. However, how to characterize non-IID degrees’ effects on
the convergence bound of personalized FL algorithms is a promising research direction, which
will be studied in our future works.

According to Theorem 1, the gap between the global loss after 7" rounds and the optimal loss
is bounded by four terms, 1) the gap in the initial round, 2) two terms related to hyperparameters
of the learning system, 3) the scheduled data volume in all rounds. It is noted that A3 < 1 due
to n, < W and n, < m As T increases, Ag approaches to 0. Hence, the first
term converges to 0, and the second and the third terms converge to a constant. The first three
terms decided by the system hyperparameters and initial models of devices are not related to
the device scheduling policies. The last term is an explicit form related to device scheduling.

For the last term, we have the following remark:
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Remark 1. Increasing the scheduled data samples in each round is able to narrow the gap between
global loss and optimal loss. In addition, as ¢ increases, A3T’1’t also increases due to Az < 1.
This indicates that more devices should be scheduled in early rounds when the total number of

scheduled devices in the learning process is fixed.

Note that, it has been experimentally observed in [6] that scheduling more devices in the
later rounds is beneficial for the learning performance of the federated averaging algorithm.
However, the proposed KFL that only aggregates devices’ knowledge in each round achieves
better learning performance when scheduling more devices in the earlier rounds, which is verified

by the theoretical analysis in Remark 1 and experimental results in Section V.

B. Problem Transformation via Lyapunov Optimization Framework

According to Theorem 1, the gap between the global loss and the optimal loss can be narrowed
by minimizing the last term on the right-hand-side (RHS) of (19). However, it is tractable
to directly minimize this term since it involves some unknown parameters, e.g., the Lipschitz
constant L, and L,. Based on [32], the exact computation of the Lipschitz constant of deep
learning architectures is intractable, even for two-layer NNs. Inspired by Remark 1, to enable
tractable device scheduling design, we introduce a variable v (t = 0,1,---,7 — 1) as the
weight of scheduled data samples in round ¢ to capture the varying significance of scheduling
devices in different rounds. Based on this, we define the weighted scheduled data volume as
Zz:ol Vi Zszl ay Dy, and maximize it for the global loss minimization. Thus, we transform

problem P as the following problem:
~ T-1 K
P max tho Ve Zk:l o Dy, (20)

{St,ez,Pz}?zﬁl
s.t. (14a), (14b), (14¢), (14d), (14¢).

Problem 7 involves multi-dimension discrete and continuous variables is a typical mixed-integer
programming problem, which is generally NP-Hard. In addition, solving the optimal solution
of problem P offline requires optimally dividing the energy of all devices in each round due
to the long-term energy constraints, which is intractable. The most critical challenge of directly
solving problem P is that it requires channel information of all devices over all rounds at the
beginning of the FL process, which may unfeasible in practical systems. To enable the online
dynamic device scheduling, we utilize the Lyapunov optimization framework to deal with the
correlations among rounds. To this end, we construct a virtual queue ¢x(t) for each device k

(k € K), which evolves as
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E
q(t + 1) = max {Qk(t) + Qg By — ?k» 0}7 @D

with the initial value gx(¢) = 0 for all devices. Inspired by the drift-plus-penalty algorithm in

[34], we transform problem P as the following problem to enable online device scheduling

oo mn VY Dt Y o (22)
s. t. (14b), (14c), (144d), (14e).

In problem P,V >0isa weight factor that balances the energy consumption of devices

and learning performance. A large V' emphasises the learning performance improvement by

sacrificing the devices’” energy and vice versa. In addition, from the objective function (22), the

unscheduled devices in the former rounds have smaller g;(¢). These devices are encouraged to

participate in the current round of training for minimizing (22). Thus, problem P contributes to

a fair scheduling scheme between devices.

IV. ONLINE DEVICE SCHEDULING AND WIRELESS RESOURCE ALLOCATION

In this section, we propose an energy-aware device scheduling, bandwidth allocation, and
power control algorithm that solves problem P in an online fashion. We first derive the optimal
bandwidth allocation and power control policies using convex optimization techniques. Then, we
propose a polynomial-time algorithm to solve the device scheduling decision with a O(\/V ,1/V)

energy-learning trade-off guarantee, where V' is an algorithm-related parameter.

A. Optimal Power Control and Bandwidth Allocation

For any given scheduled device set S; € K, we decompose the bandwidth allocation and

power control problem from P as follows:

P : min Zkest G (t) B (23)

{6:.,pt}
s. t. (14b), (14c), (14d).

For problem P, we have the following proposition:

Proposition 1. The optimal solution of problem Py satisfies 7;2 = Toax — TiZ, and the optimal
transmit power of device k satisfies
Q
OB (s ). o
Pt

Sketch of proof: By proving that the first-order derivatives of the objective function (23) are

Pkt =

great than 0, (23) is an non-increasing function with respect to the communication time T,5.
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Thus, the optimal completion time of device k is 77CUt = Tmax — T Based on (13), the proposition

is proved. We have the detailed proof in Section I of the technical report [35].

According to Proposition 1, we substitute (24) into problem P, the optimal bandwidth

allocation problem can be formulated as
Z 0r.t BNoqi(t)(Tomax — T
keSS

)
™ Z(0rs) (25)

Po - min
0,

s. t. (14c), (14d),

Pk maxhk t Qq
6, Blo @+—’ ’>> , 25a
kB8 (15 BN ) = T — 70 (2
where Qqln2
n
T(0hs) = exp () — 1 (26)
7 (7;11ax - 7;; )ek tB
For problem P,, we obtain its optimal solution by using the following lemma.
Lemma 3. The optimal bandwidth allocation of problem ‘P, satisfies
01 = max {0 (1), 0" } 27)
where In2
s (1) = © (28)

(T = T B (W (et — 1) + 1)
and O} satisfies constraint (14¢), i is the Lagrange multiplier which satisfies Zszl Ope(p) = 1.
W(-) is the principal branch of the Lambert function, defined as the solution of W(x)e"V®) = z,
in which e is the Euler’s number.

Sketch of proof: The problem Py is a convex problem. By solving the KKT conditions of Ps,

the lemma is proved. We have the detailed proof in Section II of the technical report [35].

Although Lemma 3 provides the optimal condition of bandwidth allocation, there is still an

unknown variable p. Below we develop a binary search method to solve the optimal w. Since

Hhit 1S 1 M .
’ - = —=. Moreover, W(x) is a
eBNqu(t)(ﬁnax*nL) e — e ° ( )

monotonically increasing function when = > —é. Thus, 6,(x) is a monotonically decreasing

the Lagrange multiplier ;1 > 0, we have

function with respect to p. To deploy the binary search method, we derive the lower and upper

bound of . Since p > 0, the lower bound of u is uy, = 0. For the upper bound, we have

maxg, {0k (1)} > ﬁ Let ¢ = %. Based on the definition of Lambert function, we
v max = k
have BNoqi: () (Tonax — T,X — 1)e¥r 4+ 1
keS; hkﬂg

Based on the lower bound py;, and upper bound ji,;,, the optimal Lagrange multiplier can be
obtained by the binary search method. For clarity, we summarize the detailed steps for solving

the optimal bandwidth allocation policy in Algorithm 2. The binary search method halves the
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search region at every iteration and terminate when the given precision (i.e., €) requirement is

satisfied. Thus, the time complexity of this method is O (10g2 W)

Algorithm 2 Optimal Wireless Bandwidth Allocation

1: Initialize S¢, the precision requirement € > 0.

2: Initialize the upper bound of Lagrange multiplier 1,1, based on (29), set the lower bound to 1, = 0.
3: repeat

4 Set n= (,U,]b + ,u'ub)/Q'

5: For each device k € Sy, compute the required bandwidth allocation ratio 6}, (1) based on (28).
6: Compute the summation of required bandwidth allocation ratio 3, c g, Ok, (1t)-
7.

8

9

i3 e, Oke(n) > 1 then
Halve the searching region by setting 11, = p and pyh = fub-
else if 0 <>7, g, O,e(p) < 1—e then

10: Halve the searching region by setting pp, = 1, and pyp = p.
11: else

12: Break the circulation.

13: end if

14: until |pyp — ppl< e

15: Substituting p into (28) for get 6, ¢ (1), then compute the optimal bandwidth allocation policy based on (27).
16: Substitute the optimal bandwidth allocation policy into (24) for obtaining the optimal power control policy.
17: return The optimal bandwith allocation policy @, the optimal power control policy p¢.

B. Device Scheduling

Based on the above analysis, the optimal bandwidth allocation and power control policy for
any device scheduling set S; can be obtained by using Algorithm 2. For device scheduling design,
an intuitive method is to compute the objective function value for all possible device scheduling
decisions, and select the one with minimal objective function as the final scheduling decision.
However, this intuitive method is infeasible in its implementation since there are ZTIL{:O Cr =2K
possible scheduling decisions, inducing an exponential time complexity with O (2K log, @)
In the following part, we develop an efficient algorithm to solve the device scheduling policy.

According to the objective function (22), it is desirable to select devices with small gy(¢)
and L, as well as large data samples. The small £}, ; is achieved by strong channels and low
computation energy consumption. To identify these devices, we first allocate equal bandwidth
to all devices (i.e., 8 = 1/K), and then substitute 7;Ut = Tmax — T into (13) to compute the
estimated energy consumption Ej; = Ey, + E},. Based on the estimated energy consumption
for all devices, we sort devices based on A ; = —V%Dk,c%—qk(t)Em (VE € K) in the ascending
order. Denote K as the sorted device set. Many sorting algorithms, such as Heapsort or Mergesort,
can be used, with a worst-case complexity O(K log K'). Then, we solve the device scheduling
policy by incrementally adding devices into the selection set S from the sorted device set
K. For each possible device scheduling set S, we perform Algorithm 2 to obtain the optimal
wireless bandwidth allocation 6;(S), power control decisions p;(S), as well as the optimal
energy consumption E;(S). Substituting F;(S) into (22), the drift-plus-penalty value of device
scheduling set S can be obtained, denoted as Y(.S). Let H denote the set of all possible device

|IEEE Transactions on Communications

Page 28 of 42



Page 29 of 42

oNOYTULT B WN =

Under review for possible publication in

scheduling set S. Finally, we obtain the optimal device scheduling policy through comparing the
drift-plus-penalty value of all possible device scheduling set S € H, i.e., S} = arg ming.y, V(.5).
Note that, the energy consumption of devices with g (¢) = 0 does not affect the objective function
value, the minimal required bandwidth should be allocated to them for saving more bandwidth
for other users with ¢x(t) > 0. For clarity, we summarize the detail steps of device scheduling

algorithm in Algorithm 3, which obtains the device scheduling policy by performing at most K

times Algorithm 2 and has a polynomial time complexity O (K log, ““b;“‘b).

For Algorithm 3, we analyze its performance by comparing it with its optimal offline counter-
part which is in fact problem P. The offline algorithm has the channel information of all rounds.
Let o, be the offline optimal device scheduling decision obtained by solving the problem P with
pre-known device information. The performance guarantee of the proposed device scheduling

algorithm is shown in Proposition 2.

Algorithm 3 Energy-aware online Device scheduling

1: Input the virtual queue length g (¢) (k € K) and ¢, initialize V.
2: Substituting 6y, ; = 1/K and 7;Ut = Tmax — EL into (13) to compute the estimated energy consumption of device k (Vk € K), i.e.,

B, = E,I;,t + E}iz.

3: Sort devices based on Ak7t =—VyDy c+qx (t)E‘k,t in the ascending order to obtain the sorted device set .
4: for k = K(1),K(2),---,K(K) do

5: Update S = S U {k}

6: Solve the optimal bandwidth allocation and power control policy by Algorithm 2, i.e., 0 (S) and pj(S).
7: Compute the drift-plus-penalty of S, i.e., V(S) = Vv 3 pcg Dk + 2 pes () Er e

8: if —VDy + Qk(t)Ek,t > 0 then

9: Break the circulation

10: else

11: Add S into H, e, H=HUS

12: end if

13: end for

14: Find the optimal device scheduling set S} = arg mingc4, Y(S).
15: return The device scheduling set S}, wireless bandwidth allocation 8; (S;), and power control policy p; (S;).

Proposition 2. Compared to the offline optimal solution, the cumulative loss of Algorithm 3 is

bounded by
T-1 K T¢ T(T—1) =K , -1 K
tho Yt Zkz:l o Dyec > — v 2V Zk’:l G + tho Yt Zk:1 akj,tDk’,Ca 30)

and the total energy consumption of Algorithm 3 is bounded by

T-1 K K -1
Yoo >, awBu<y Bt \/ 2K (TG +V Y. WD), (31)
where (o = 131, (2 and (= max, { oy, By, — 25|}

Proof. Please see Appendix D [

Proposition 2 characterizes the performance of the proposed device scheduling algorithm,
which shows that 1) the energy constraints of devices are approximately satisfied with the

O(v/V)-bounded factor, and 2) the proposed device algorithm is O(1/V")-optimal with respect to
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the performance of its optimal offline counterpart solution. Thus, the proposed device scheduling
algorithm demonstrates an (’)(\/V , 1/V) energy-learning trade-off. The worst-case performance
of Algorithm 3 can be improved by reducing the upper bound of energy usage bias (y. In
addition, adjusting the weight parameter V' is able to achieve the balance between the learning
performance and energy consumption of devices. Specifically, with larger V', more emphasis is
put on the scheduled data samples to improve the learning performance while more energy is
consumed at devices, and vice versa. In practical systems, one should carefully select the value
of V' to optimize the learning performance with energy limits and use the energy in a balanced

manner to avoid large (.
V. NUMERICAL RESULTS

In this section, we verify the effectiveness of the proposed KFL algorithm. If not specified,
we consider ' = 100 devices randomly distributed in a cell with a radius of 500m, and the
server is located at the centre of the cell. The total bandwidth is set to B = bMHz. Similar
to [36], the channel gain is modelled as hy; = hopy(t)(do/dy)", where hy = —30dBm is the
path loss constant; dj, is the distance between device k and the edge server; dy = 1m is the
reference distance; py(t) ~ Exp(1) is exponentially distributed with unit mean, which represents
the small-scale fading channel power gain from the device k to the edge server in round t;
do/dy, represents the large-scale path loss with v = 2 being the path loss exponent. The channel
noise power spectral density /Vy is set to —174 dBm. For all devices in the system, we set their
maximal transmit power t0 py max = 30dBm, and their CPU frequency are randomly selected
from {0.85, 1.12, 1.2, 1.3}GHz [37], [38].

We evaluate the proposed KFL algorithm on two image classification tasks using MNIST and
CIFAR-10 datasets, both of them have 10 classes of data samples. For the MNIST dataset, we
train five-layer multilayer perceptron (MLP) models with the following architecture: four fully
connected layers with 784, 512, dyp, 64 units, each of these layers is activated by the ReLU
function; and a 10-unit softmax output layer. For the CIFAR-10 dataset, we train five-layer CNN
models with the following structure: two 5 x5 convolution layers followed by a 2 x 2 max-pooling
layer, in which the first convolution layer possesses 6 channels and the second layer with 16
channels; three fully connected layers with 400, dcnn, and 64 units, respectively; and a 10-unit
softmax output layer. The ReLU function activates each convolution or fully connected layer.
When devices are equipped with homogeneous models, we set dyrp = 256 and denny = 128.

The number of FLOPs and parameters of these machine learning models can be estimated
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using the method in [27]. Specifically, the MLP with dyyp = 256 possesses 553406 parameters
which equal the FLOPs required to process one data sample. The CNN with dcny = 128 has
63106 parameters and requires 1245834 FLOPs to process one data sample. When devices have
heterogeneous models, the value of dyypp and deny for all devices are randomly selected from
{128,192, 256, 320, 384}. For both MLP and CNN, the learning rates, i.e., 1, and 7,, are set
to 0.05, a momentum of 0.9 is adopted, and the number of local iterations is set to 7 = 5,
and cross-entropy is adopted as the loss function. In addition, we first classify the training data
samples according to their labels, then split each class of data samples into m K /10 shards, and
finally randomly distribute two shards of data samples to each device. That is, each client has
a data distribution corresponding to at most m classes. The data distributions among devices
are more skewed for smaller m. Due to page limits, we only show results based on m = 2
in the following experiments. The results based on m = 3 are presented in Section III of our
technical report [35], showing similar results with m = 2. For the MNIST dataset, we set the
energy budgets Fp, = 0.1 x T'J (Vk € K) and T,,.x = 1s. For CIFAR-10, we set £, = 0.5 x T
J Vk € K) and T,,,,x = 2s. In the simulations, each device first computes the number of correct
predicted data samples on its test dataset by its local model. Note that the deployed trained
models on devices are the same in FedAvg, while each device has a personalized local model in
the proposed KFL. Then, the test accuracy is computed as the total number of correct predicted
test data samples on all devices divided by the total number of test data samples on all devices.

In the following sections, we verify the theoretical results in Remark 1 on MNIST and CIFAR-
10 datasets by comparing the learning performance of the following three temporal device
scheduling patterns. 1) Uniform Scheduling: Ten devices are randomly scheduled in each round
to participate in the learning process. 2) Ascend Scheduling: The number of scheduled devices
increases from 1 to 20, with an average number of 10 devices scheduled in each round. 3)
Descend Scheduling: The number of scheduled devices decreases from 20 to 1, with an average
number of 10 devices per round.
A. Performance Evaluation with Homogeneous Models

We evaluate the performance of the proposed KFL algorithm by comparing it with the
following benchmarks. Note that, devices are equipped with homogeneous local models, and we
do not consider the energy and bandwidth limitation in this subsection. 1) FedAvg [28]: In each
round, the scheduled devices upload their model parameters to the edge server for aggregation. 2)

FedRep [39]: The scheduled devices sequentially train the feature extractor and label predictor
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Fig. 2. Comparison of learning performance under homogeneous models (a) different algorithms on the MNIST dataset; (b)
different algorithms on the CIFAR-10 dataset; (c) different scheduling patterns on MNIST and CIFAR-10 datasets.

parts of their models in each round. Particularly, the scheduled devices only upload feature
extractor part of their models to the edge server for aggregation. 3) APFL [40]: In each round,
each scheduled device trains its own local model and the received global model from the edge
server. Then APFL incorporates the devices’ locally trained model and the updated global model
to achieve a device-specific model. It is worth mentioning that the proposed KFL algorithm
requires fewer parameters transmission in each round than the benchmarks and thus reduces the
communication cost. Specifically, for the MNIST dataset, the proposed algorithm only requires
devices to upload the knowledge of 10 classes, including 64 x 10 = 640 parameters, accounting
for 0.12% of the transmitted parameters by FedAvg or by FedRep. For the CIFAR-10 dataset,
the KFL algorithm only requires devices to upload 640 parameters in each round, comprising
1.01% of the total model parameters.

Fig. 2 shows the learning performance of the proposed KFL algorithm and two benchmarks
on MNIST and CIFAR-10 datasets. From Fig. 2(a), compared to the state-of-art FedRep, it is
observed that the proposed algorithm achieves 0.96% accuracy improvement when 50 devices
participate in each round learning process and obtains a 2.1% accuracy gain when scheduling 10
devices in each round. In addition, the proposed algorithm converges faster than the benchmarks.
A similar experiment conducted on the CIFAR-10 dataset is shown in Fig. 2(b). Similar to the
results on the MINIST dataset, the proposed algorithm outperforms the benchmarks. Specifically,
it improves 6.65% accuracy when 10 devices are scheduled in each round. Although the proposed
algorithm has similar accuracy to the FedRep when scheduling 50 devices in each round, it
converges faster than the latter.

Fig. 2(c) presents the test accuracy of the proposed KFL algorithm with different device
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scheduling patterns on MNIST and CIFAR-10 datasets. It is observed that the descend scheduling
pattern converges faster than the other two scheduling patterns on these two datasets. This exper-
imental result verifies the theoretical results in Remark 1, which indicates that more scheduled
data volume should bias to the early rounds if the entire scheduled data volume are fixed.

B. Performance Evaluation with Heterogeneous Models

In this subsection, we verify the effectiveness of the proposed KFL algorithm by comparing
it with the FedKD [41], which is a knowledge distillation-based FL algorithm. Note that in
this subsection, devices are equipped with heterogeneous local models, and do not consider the
energy and bandwidth limitations. Since the knowledge distillation process requires aggregating
devices’ model output logits on an additional proxy dataset, we sample 50 data samples from
each class (for both MNIST and CIFAR-10) to construct the proxy dataset with 500 data samples.
Note that as stated in the experimental setting, our proposed algorithm only requires devices to
upload 640 parameters in each round, reducing 87% of transmission costs compared with the
knowledge distillation-based algorithm because the latter requires devices to upload 500 x 10 =
5000 parameters in each round.

Fig. 3 presents the test accuracy of the proposed KFL algorithm and the knowledge distillation-
based FL algorithm under heterogeneous devices’ models. Fig. 3(a) shows the results of the
MNIST dataset. Compared to the FedKD algorithm, the proposed KFL algorithm achieves a
slight test accuracy improvement, i.e., 0.61% when 10 devices and 0.59% when 50 devices
participate in the per-round training. In addition, the proposed KFL algorithm convergences
faster than the FedKD algorithm. Fig. 3(b) presents the results of the CIFAR-10 dataset which
is more complex than the MNIST dataset. The proposed KFL algorithm obtains a more distinct
learning performance gain on the CIFAR-10 dataset, i.e., compared to FedKD, improving 4% and
9.35% accuracy when 10 and 50 devices participate in per-round training, respectively. In fact,
the learning performance of FedKD or other knowledge distillation-based FL algorithms heavily
relies on the quality of the proxy dataset. In practical applications, the additional proxy dataset
may not always be available, and its quality is usually not very high. Thus, the proposed KFL
algorithm is flexible for practical scenarios. Fig. 3(c) shows a similar result to the experiment
under homogeneous models, indicating that more data sample volume should be scheduled in

the earlier rounds when the total scheduled data volume in the entire learning course are fixed.
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Fig. 3. Comparison of learning performance under heterogeneous models (a) different algorithms on the MNIST dataset; (b)
different algorithms on the CIFAR-10 dataset; (c) different scheduling patterns on MNIST and CIFAR-10 datasets.
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Fig. 4. Comparison of learning performance in different device scheduling algorithms on the MNIST and CIFAR-10 datasets.

C. Performance of the Proposed Device Scheduling Algorithm
This subsection evaluates the proposed device scheduling algorithm in the wireless network

by comparing it with two benchmarks. Note that devices in this subsection are equipped with
heterogeneous models. 1) Round Robin Scheduling Policy [42]: In each round, the round robin
policy selects a set of devices with the size of 5 (for both MNIST and CIFAR-10 dataset) that
have sufficient energy to support its current local training and knowledge uploading to participate
in the training process. This policy contributes a fairness scheduling among devices. The size
of the scheduled device set of the round robin is determined by the maximum overall scheduled
devices of other scheduling algorithms divided by the number of rounds. 2) Myopic Scheduling

Policy [7]: For each device k, the available energy in round ¢ is given by the remaining energy

Ek—Zﬁ;lo g By g
T—t+1

divided by the remaining number of rounds, i.e., . Note that, in this subsection,

devices are equipped with heterogeneous models. For the proposed algorithm, we set 7, = %
(vt € {0,1,---,T—1}). Fig. 4(a) and Fig. 4(b) compare the test accuracy and cumulative energy

usage of the scheduling algorithms on the MNIST dataset. It is observed from Fig. 4(a) that
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the proposed algorithm obtains a faster convergence speed and higher test accuracy than the
benchmarks. From Fig. 4(b), we can see that the proposed scheduling algorithm with V' = 0.01
and V' = 0.1 have higher energy usage in the beginning 30 rounds than benchmarks. This induces
a faster convergence speed of the proposed algorithm. Particularly, the proposed algorithm with
V' = 0.01 has the same energy usage as the Adaptive Myopic algorithm. Both satisfy the energy
constraints of devices (at the end of the training process, the unified energy usage is smaller
than 1). However, the proposed algorithm with V' = 0.01 achieves better learning performance.
This performance gain comes from the proposed algorithm enabling devices to use energy more
flexibly, thus improving the training performance.

Similar comparison is made on CIFAR-10 dataset in Fig. 4(c) and Fig. 4(d). It is also observed
that the proposed online device scheduling algorithm outperforms the baselines in accuracy and
convergence speed. From Fig. 4(d), we can see that the proposed algorithm enables devices to
consume more energy in the earlier rounds compared to the baselines, which indicates that the
proposed algorithm schedules more data samples in the early rounds. Thus, based on Remark
1, the proposed algorithm obtains better learning performance than the baselines. Particularly,
the proposed algorithm with V' = 0.1 enables devices to exhaust their energy in the former 100
rounds and achieve the best learning performance. The round robin algorithm enables devices to
consume energy uniformly throughout the process. While for the Adaptive Myopic algorithm,
the energy consumption at the former rounds exceeds the budget, and thus no devices are
scheduled. In fact, the proposed algorithm schedules devices in the descend scheduling pattern,
while Adaptive Myopic schedules devices in the ascend scheduling pattern and Round Robin
schedules devices in the uniform scheduling pattern. Thus, the result in Fig. 4(a) and 4(d) also
verified the correctness of our theoretical analysis in Remark 1, i.e., more data samples should

be scheduled in the early rounds under restricted resources budgets.
VI. CONCLUSION

In this work, we have developed a novel KFL framework which aggregates devices’ knowledge
to enable collaborative training between devices. The benefits of this framework are three folds: 1)
Allowing devices with heterogeneous models to train machine learning models collaboratively.
2) Significantly reducing the communication overhead of devices compared to conventional
model aggregation-based FL approaches. 3) Mitigating the impact of non-I1ID data distribution
among devices on learning performance. Experimental results show that compared to conven-

tional model aggregation-based FL algorithms, the proposed KFL framework is able to reduce
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99% communication load while boosting 2.1% and 6.65% accuracy on MNIST and CIFAR-10

datasets, respectively. In addition, we have theoretically and experimentally revealed that more

scheduled data samples should be biased to the early rounds if the scheduled data samples of the

entire learning process are fixed. With this insight, we have developed an efficient online device

scheduling and resource allocation algorithm to improve learning performance under devices’

limited energy budgets. Experimental results show that the proposed online device scheduling

algorithm converges faster than the benchmark device scheduling algorithms. In the future work,

we will optimize the local models’ design according to the devices’ computing capabilities and

datasets for further improving the learning performance of KFL.

APPENDIX
A. Proof of Lemma 1
Using L, smooth of Fj(-,vy) and L,-smooth of F'(uy,-), we have
Fi (i, vy,) = B (u, vp) < (Vo (ug, v3) sy = w) + o [l — |,

and L,
Ey: (ug, vy,) = Fi(un, or) < (Vo Fr(ur, o), 0 — vi) + 5 [0y, = wg||”.
Summarizing (32) and (33), we have

Ly,
Fiy(wy, v) — Fi(ur, o) < (VL (ug, v), UZ—Uk>+7|\U2—ukH2

L,
+ (Vo Fi(uy, vy), v, — vg) + 5 vy, — ’UkHQ-

We now focus on bounding (V, Fy (ug, v},), u) — uy) as follows:
(VuFr(ug,vy), uﬁc — 'u,k>
?) (Vo Fy(ug, vp), wp, — ug) + (Vo Fr, (ug, vy) — Vo Fi(ug, vg), u), — ug)
ES) (VuFi(wp, vr), wy, — we) + | VaFy (wr, vp) — Vi Fi (g, vg)|] [lug, — wll
{ ( )

)
< (VuFi(up, vi), u + Luy [[vg, — vk [y, — ]

—
g
~

1
X Lullug, — el

1
_XLUHIU]/C - ka + 9

< <quk<uk7'vk)7u;c - uk> + 9

(32)

(33)

(34)

(35)

where (a) is derived by adding and substracting V,, Fj(ug, v;) into V,, Fy(ug, v},), (b) follows

the Cauchy-Schwarz inequality, (c) comes from Assumption 1, (d) is due to the definition of .

Substituting (35) into (34), the proof completes.
B. Proof of Lemma 2

According to Lemma 1, we have

1+
Fro(ug 41, V1) = Fr(Wr, Vg t) < (VaFg(Whp, Vkt), W1 — Up )+ 5 XL
1+
(Vo B (tt, V1), Bt = V) + —5 Lol[ones — vl
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1
2
3 Below we focus on bounding the four terms on the right-hand side (RHS) of (36). Firstly, we
: bound (V. Fi(ugt, V), Uk 41 — Upr) S f_olllows:
6 (Vaur(Upy, V), Weat1 — Uky) = =1 (VauFr (i, Vi), VaFi(Ukg, Vi) + AV L (wgy))
7
8 1=0
(a) T T—1
?O < - 77 IV Fy (e, vg) || 4 o leo IV u P (W0, Ok 0) = Ve Fr (s, Oke) + AV Li(wg) ||
(b) T—1
11 < v 2 2
. < 2 "IV F (g o) 2+ 1) leo ||1VLk(uk,t,Z)H
13 T_ _ 2
1 + 7 leo |V (Wh 0, Vrtt) — VaFi (g, )7, (37)
15 where (a) is derived by adding and substracting V,, Fj.(ug¢, Vg¢) into Vo Fi(w sy, Vi) and
16
17 using the triangle inequality, (b) follows the triangle inequality. For the second term on the RHS
12 of (36), we bound ||ug i1 — uktH as
20 g1 — wis|” = 7 sz (VuFi(Wpg, Vi) + AV L (W) H
21 -
(a) T—1
;g < 77372 |V Fi(wr 1, 0ps0) + AV L (o) ||
;451 < QWZ VaF (wpp1, V)| +2WZ AV L) |2
(o)
;? < 4n7?||Vy, Fk(uk b k) |IP + 200N leo ||VLk("u:k,t,l)||2
28 +477uTZ ||V Fre(Wrp 1, Vk0) — Ve Fy(wn g, vig) |1, (38)
29
30 where (a) is due to Jensen’s mequahty, (b) follows the triangle inequality, (c) is derived by
g; adding and substracting V, Fi(ug ¢, Vg¢) into Vo Fi(wg s, V). We now focus on bounding
2431 > ||V Fr(ug s, V501) — Vi (wp, vi,)||* which appears in both (37) and (38) as
35 szo IV Bk (s, k1) = Ve Fi (W, o) ||
36 -1
(a)
2373 < QZ IV P (W1 Vk0) = VaeF (Wt k) 1”4 | Ve F (W Vk00) — Vo F (i, vie) )
39 T—1
40 < 2 Z g kg — i) + 2 ZI—O X2 Lo Lol 0k — vie*. (39)
41 . . . . .
42 where (a) derlved by adding and substracting V,, £, (w. ., vy,;) and using the triangle inequality,
22 (b) follows Assumption 1 and the definition of y.
45 For the last two terms on the RHS of (36), we have
46 1+ x
47 (Vo Fre(Wrt, Vkt), Vki41 — Vpy) + —— 5 —— Ly ||vp 1 — Ukt”
48 —1 1+ 2
49 = T Zz—o (Vo Fio(wp i, Vi), Vo (W, Ur)) + 5 XLMU Z V w1 (Wh 5 Ok 1)
50 —
(a) T—1 1 —+ X
51 < _mz, (VoFr(urt, Vit), Vo Fie(Wri, Vi) + —Lvm Z ||V F (g, va) ||
52 ®) 1=0 )
gi < (L+2)Lomg7 = 5m7) [ Vo Fi(w, )|
1 T—1
gg + (L4 x) Lompr + 577@) Zz:o IV Fr (w1, O 1) — Vo P (g, 00) |17, (40)
57
58
59
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where (a) is due to Jensen’s inequality, (b) is derived by adding and substracting V, F, (w1, Ug.1)
into V, F,(wy 1, vg¢1) and using the triangle inequality. In (40), we bound ", H Vo Fr (g s, V) +

\Y Fk(uktlavktl)H as

Zz_ Vo Fi(Whta, V1) — Vo Fi(Weg, vie) ||

T—1 T—1

<2 Z Vo F (it O a) = Vo i (wh e, v II” + 2 Z IV o Fo (it Ok 00) = Vo Fi (W, vt ||
1=0

<2Z CLuLo s — weel? +2Z " L2[ops — vpl| (41)
Substltutlng (37), (38), (39), (40), and (41) into (36), and the learning rates satisfy 7, <

and 7, < we have

4T(1+X — 27 (1+X)L >

1
Fk(uk,t+1, Vkit1) — Fr(Wp g, Uy) < (2(1 + x)Lunit® — §ﬁu7> |V o Fi(wg s, ’Uk,t)||2

1 T—1
+ ((1 +X) Loy’ — §mT> IV Fr (g, o) |* + (30 L3 + 210X Lo L) leo [kt — wi)?

T—1 5 T—1
+ (3nuX*LuLy + 20, L7) Z o 1okt = vp||” + Zﬁu)\2 Z IV Li () |*. - (42)

Below we focus on bounding two terms in (42), i.e., Y ;_, Hvk t— vktH and >, Hum,l — Up ¢ H2

Firstly, for >7 0 ||vk.1 — vi4||, we have

T7—1 T—1 -1
Z ||'Uktl_'0kt|| Z Z \Y Fk(“ktm”ktn)‘

(b) (T 4+ 1)(27 + 1)
< S Z (Vo Pt v |2 < 72G3 ; . (43)

where (a) comes from the Jensen’s mequahty, (b) follows the bounded gradient assumption in

2

Assumption 2. For >7_ " || — wiy]|”, we have
T—1 T—1 -1
Z w1 — uktH Z 77u Z (VP (W tn, U tn) + AV Ly (U i)
< Zl o 77u Z | V3 (W 05 Uk tn) +)\VLk(Uktn)H

ED DI 1) DRI\ TR ) S nuzz 2\|WLkum>H

O (r + 1)(27 + 1) .
< g G +2n5AQZ_ ZZ VL), @4
where (a) is due to the Jensen’s inequality, (b) follows the triangle 1nequ11ty, (c) 1s due to

2

Assumption 2. Substituting (43) and (44) into (42), the proof is completed.
C. Proof of Theorem 1

By substituting (18) into (2), we have the one-round convergence bounded of the global loss

as follows:
K Dy 9 o 1 )
F(Win) = F(W) < 3 A+ X)L = 50ur) [ VuFi(tns, o)
- K T—1
Dy, 1 , 5 D, i
=1 L,?12 — =n,7) |V, F _u/\z Dy V7,
+ ; D (14 x) Loy 277 7) || k(uk,t,’vk,t)H + -=n ; ; |V Ly ()]

F AR URN B+ 200 LuL) Y TS D [V @49)
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Below we bound ||V Ly (uy,)||”. For ease of proof, we introduce an auxiliary variable Q. ; =

Zke}c Dk,cﬂk,c,t
2 kek Dr.c

c
IV L (g || = H Z - Z(m Dy P (wr ;) — Q|| Vi (g )

1
_—% Zc Dee Do i) = Rl Vhe (i)

. 2 92
<—CZ“ ka@,y)GDkﬂcHhk<umm>— SRR

< 2—1920 Z Dk c Z ||hk ’U;k’“; .’IU) — chtH2 + 2_79202 D HQc,t - Qc,t||2 ) (46)
(m»y)EDk,c
where (a) follows Jensen’s inequality, (b) is due to Assumption 3, (c) derived by adding and

, which aggregates all devices’s knowledge about class ¢ (Ve € C).
2

substracting (2, ; into €., and using the triangle inequality.
Below we focus on bounding the two terms on the RHS of (46), where the first term is

bounded as
1 C _
2—192020 1chzzvy)613 Hhk; ’U:k:tum)—QctHQ

2
- 2 . o .
2 19 C’E - Dy E (©5)EDs E - E (@151)eDn s (i (p 15 ) — h(wny; 1)) H

< 8192 g 47)
where the inequality is due to Jensen’s inequality and Assumption 3. For the second term on

the RHS of (46), we h}e{we x
k=1 Z(ﬂﬂhyl)epk,c h (w5 1) . Zk:l Vhet—1 Z(fcl y1)€Dk hy, (w5 ®1) 12

_ 2
Qc,t - Qc,t = H
.- - !
Yore(l=awi—1) > hp(up i) (D Ek 11 Dge) > 1Oékt 1Y hg(wg ) 2
- (21,91)€Dk, ¢ (21,91)€Dk,c
D, D, Ziil pt—1Dp e
S i(l= 1) X (w0l (De=3 "y ki1 D) ittt 3 (w1l 2
(x1,y1)E€Dp ¢ (x1,y1)EDk e
< + 7
Dc Dc Zk::l Oék,tflle,c
(@) De— 30 a1 Dp e 2
< 4g ( . P o ’C> : 48
D. (43)

where (a) is due to Assumption 3. Substituting (46), (47), and (48) into (45), then substracting
F(W*) into both F(W,,,) and F'(W;), we have

1 D
F(Wo)-F(W") < F(VW)—F(W*)+<2(1+X)LU77572— L) S 229 o ) P
k_
1 K
+ (0L - oy )Zk SRV B o) |
D.— S0 i 1Dy
FAE A ALY 2 DDk ZHDM( ) ) @)

where Ay = 100, \279%6% + 8n2\29%6? (31, L2 + 21,X*LyL,) (T + 1).
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By using the L-smooth of loss functions, we have
IV Fi(wre, ve) |I” < 2L0 (Fr(ttns, vee) — Filui, v1). (50)

and
Vo Fi (g, Vi) ||* < 2L (Fi(tpy, Ops) — Fi(u, v))). (51

Substituting (50) and (51) into (49), we have
F(Wi1) — F(W*) < A3(F(Wy) — F(W™)) + A1 + Ay
K 11 ¢y (De=3 4 ane1Dic?
4D 5502 DL D, ). &
where Az = 1+ (4L2n2+2L%n?)(1+x)72 — (ny Ly +n,L,) 7. By telescoping the above inequality,

we have AT
F(Wy) — F(W*) < AJ(F(Wa) — FOW") + 1
C Dk .

=
T=1 r K 11 K 2
Y AT Y T (D=3 akiDie) - (53)

Below we bounding the last term on the RHS of (53) as

2 (A + Ay)

D
WY A S e (D= Y D)’
2
4 ZT QAT 2 tzil %Dikc Zil DD_]Z;(DC — ZZ{ZI Oék,tDk,c>2
@ A,KC Dy
= 21—[7{ t=0 A7 tzk 1Zc—1 D;ﬁ?z ZK (1_ak’t)Dic
A CK ARNCARY oy Dk
2 ZAT 2— tzz kDQZ 2. ZAT 2— tZCZ kDQZOéktka (54)
k=1c=1 = ¢ k=1

where (a) 1s due to Jensen’s 1nequahty and (1 — ay t) =1- ak ‘- For the last term on the RHS

of (54), we have
Dy,

A K =2 T 2t K 9
D t=0 Zk 1 Zc 1 DkDQ Z O‘k,tDk,c
. =2 gr—2- Dy K
Z A2 DK(T — 1) <Zt 0 3 ZC— Zk 1 \/_D Z ak,tDk,c
1 1 T-2 C 2
> A ( AT-2-t D c)
= DK(T — 1) maxj<p<ig Dy, Zt:O 3 Zk:1 Ot Zczl k,

1 1 T—2 K 2
~A ( AT-2- D ) 55
QDK(T _ 1) ma,X]_SkgK Dk tho 3 Zk’:l O[kht k 9 ( )

where (a) follows Jensen’s inequality. Substituting (54) and (55) into (53), the proof is completed.
D. Proof of Proposition 2

2

For the ease of presentation, we define the Lyapunov function as V(t) = Zszl %q,ﬁ?t, the
Lyapunov drift of round ¢ as A;(t) = V(t+ 1) — V(). According to the evolution of the virtual
queue defined in (21), we have qZHI < (th + a1 Ery — —) For A4 (t), we have

1 K K 1 Ey,, 1
Ay(t) = B Zk:1<Qi,t+1 — Giy) < Zk:l (2<th + apiFry — 7 =) - §Qk,t>

)
<G+ 30 ane(oniBr - 2E), (56)
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where (y = %Zszr ¢, ¢ = maxy {}O%,tEk,t — %H By adding —V'; Zszr o+ Dy on both
sides of (56), an upper bound of the one- round drift-plus-penalty function is given by

K Ey
Ay(t) =V Zk: ot D < Qo + Z Qe (Ot B — T EY—Vy Z - ak,tDk- (57)
The drift-plus-penalty algorithm of Lyapunov optrmlzauon aims to minimize the upper bound of

Ay (t) =%V S5 gy Dy.. Define the T-round drift as Ap = V(T —1) = V(0) = Son | S0 1-
Then, the T- round drift -plus-penalty function can be bounded by

K
AT—VZ%Zaka<T<o+Z(ZqMaktEm Ve Y anDy). 68)

k=1

Based on the above analysrs we first prove the feasibility of the proposed algorithm. We use

superscript * to denote the optimal offline solution of problem P, superscript  to represent the

solution of the proposed drift-plus-penalty algorithm. For a feasible solution with «,; = 0 and
K 1 T-1

Epy = 0, we have Ap = Zk:l §q,37T71 <T¢(+V tho vD. (59)

Thus, we have( K

2 K T-1
2
) SKY aie S2K(TG+VY. D), (60)
where the first inequation comes from Jensen’s inequality. According to the evolution of the

virtual queue defined in (21), we have oy Fy; — % < Qkt+1 — Gkt Summing this inequation

over 1" rounds, we have I

ijz ( m——) Zqut+l—qkt)§\/2K(T<0+vzjolytp). 61)

t=0 k=1
By rearranging the above inequation, the energy consumption bound in (31) is derived. Below

we analyze the optimality of the proposed drift-plus-penalty algorithm, which minimize the RHS

in (58) Slnce AT is positive, based on (58), we have

—VZ%ZaMDkCSTchZ v (01 B — ) vzthaktch, (62)
t=0

Next, We bound the second term 1n the RHS of (62) as
T-1 K

ZZ% t(aktEkt > ZZ kit = k0 (Oék 1By — %) < ka (63)

t=0 k=
Substltutrng (63) into (62), the 1nequatron (30) is derived, and the proof is completed
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