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Abstract. In mobile edge computing (MEC), each user chooses and
then offloads the task to an edge server, whereas data security is a con-
cern in MEC due to the lack of trust between users and edge servers.
Blockchain is introduced to provide a reliable environment for MEC.
In blockchain-based MEC, edge servers are used as the nodes in both
MEC and blockchain. After processing the users’ tasks, the edge servers
upload the results and other task-related information to the blockchain.
The edge servers simultaneously execute two kind of tasks, i.e., the tasks
offloaded by the users and the blockchain tasks. Therefore, the user
offloading decision affects the processing latency of MEC tasks, and there
is a trade-off between the resource allocation for MEC and blockchain
tasks. However, most existing studies optimize the resource allocation for
blockchain and MEC individually, which leads to the suboptimal perfor-
mance of blockchain-based MEC. In this paper, we study the problem
of user offloading decision and the computing resource allocation of edge
servers for MEC and blockchain tasks, with the objective to minimize the
total processing delay of MEC and blockchain tasks. We propose an algo-
rithm for joint computing resource allocation for MEC and blockchain
(JMB). Theoretical analysis proves that JMB is a 3.16-approximation
algorithm. Simulation results show that JMB can effectively reduce the
delay in blockchain-based MEC.
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1 Introduction

With the rapid development of computation-intensive mobile applications such
as voice control, face recognition, interactive games, etc., it is difficult for users
with limited resources to obtain satisfactory user experience [17]. In order to
improve the quality of service (QoS) of users, mobile edge computing (MEC)
rises rapidly.

Data security is a concern in MEC due to the lack of trust between users
and edge servers [9], since the edge servers and the network environments are
not fully trusted in MEC. The data may belong to multiple owners, and the
data stored in the edge servers may be modified or misused by unauthorized
users [22]. As a promising solution for data security protection, blockchain is
able to provide a reliable environment for MEC [10], since blockchain has the
characteristics of decentralization, immutability, traceability, transparency, etc.

A blockchain-based MEC system consists of two subsystems, i.e., MEC and
blockchain, as shown in Fig.1. In the MEC subsystem, each user offloads the
computation-intensive task to an edge server through wireless communication,
and the edge server executes the MEC tasks offloaded by the users. A large
number of tasks offloaded to an edge server result in long task execution time.
A large amount of computing resources on an edge server lead to short task
execution time. Therefore, a user needs to choose an appropriate edge server for
offloading the task. In the blockchain subsystem, the edge server uploads the
results and other task-related information to the blockchain. The edge servers
treat the records uploaded from the MEC as transactions, which are verified
and packaged into a block [14]. When the entire blockchain network reaches
consensus, the new block is added to the blockchain.

In blockchain-based MEC, edge servers are used as the nodes in both MEC
and blockchain, executing MEC tasks and blockchain tasks simultaneously. The
execution of both kinds of tasks consumes computing resources, and hence the
rational allocation of edge server computing resources is necessary to reduce
the task processing latency of blockchain-based MEC. The problem of comput-
ing resource allocation in MEC [1,3,6,12] or blockchain [2,8,11,16,19] has been
studied previously. However, the existing methods optimize the resource alloca-
tion for blockchain and MEC individually. That is, the resource allocation for
one subsystem assumes that it exclusively occupies the computing resources of
each edge server, which leads to the imbalance between blockchain and MEC.
On the one hand, when the MEC occupies excessive computing resources, the
execution of MEC tasks on the edge servers is fast. However, the blockchain
shares few computing resources, rendering slow block generation, which results
in the high latency and low throughput of the entire blockchain-based MEC.
On the other hand, when the blockchain uses too many computing resources,
the delay of MEC task execution increases, which leads to the slow generation
of data to be packaged into the blocks. Accordingly, the generation of blocks
becomes slow and the throughput of the whole blockchain-based MEC system
is low. In both of the above two cases, the system throughput decreases, which
will lead to the degradation of QoS of mobile users.



Hybrid Computing Resource Allocation in Blockchain and MEC 189

It is obvious that there is a trade-off between the resource allocation for
MEC and blockchain tasks. Therefore, random resource allocation will lead to
the suboptimal performance of blockchain-based MEC. In this paper, we study
the user offloading decision and the computing resource allocation of edge servers
for both MEC and blockchain tasks to effectively reduce the total latency in
blockchain-based MEC. The main contributions of this paper are as follows:

1. In blockchain-based MEC, we formulate the problem of user offloading deci-
sion and the computing resource allocation of edge servers for MEC and
blockchain tasks, with the aim to minimize the total processing delay of both
MEC and blockchain tasks.

2. We propose an algorithm for joint computing resource allocation for MEC and
blockchain (JMB), which consists of 5 steps. First, JMB relaxes the problem
constraints to obtain the relaxed problem. Second, JMB solves the relaxed
problem and obtains the fractional optimal solution. Third, JMB modifies the
fractional optimal solution to obtain the feasible fractional solution. Fourth,
JMB performs the clustering operation on the users and the edge servers
according to the feasible fractional solution to form multiple initial clusters.
Finally, JMB maps the users to the edge servers in each initial cluster and
obtains the feasible integer solution satisfying the relaxed constraints. Theo-
retical analysis proves that JMB is a 3.16-approximation algorithm.

3. We conduct experiments through simulations, and the experimental results
show that JMB can effectively reduce the delay in blockchain-based MEC.

The rest of this paper is organized as follows. Section 2 introduces the related
work. The system model is formulated and analyzed in Sect. 3. Section 4 presents
in detail the proposed algorithm and analyzes the algorithm theoretically. The
experiments are given in Sect. 5, and Sect. 6 concludes the paper.

2 Related Work

In a blockchain-based MEC system, edge servers need to execute both MEC and
blockchain tasks, and both kinds of tasks consume computing resources. There-
fore, it is crucial to allocate the computing resources of edge servers reasonably
to reduce the total system delay.

In terms of computing resource allocation for MEC, Rahma et al. [1] proposed
a blockchain-based distributed MEC framework to support low-latency, secure
and anonymous data communication in on-demand data sharing scenarios. Liu
et al. [12] proposed an adaptive block size based framework, which considers
two offloading modes, namely offloading to a server or a nearby device, and
formulated the issues of resource allocation, scheduling of offloading, and adap-
tive block size as an optimization problem. Cui et al. [3] proposed a blockchain
based containerized edge computing platform for Internet of Vehicles. The plat-
form was integrated with blockchain to improve the security of the network. A
heuristic container scheduling algorithm was developed to schedule computing
tasks to appropriate edge servers to reduce the computing latency. He et al. [7]
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proposed a blockchain based framework for edge computing resource allocation
in Internet of Things (IoT). The framework specifies the step-by-step process of
a single transaction between IoT endpoints and edge servers. Furthermore, the
work designed a smart contract in a private blockchain network that utilizes
a machine learning algorithm, Asynchronous Advantage Actor-Critic (A3C),
to allocate edge computing resources. Fan et al. [6] formulated a Stackelberg
game with the cloud/edge computing service provider (CESP) as the leader and
users as the followers for cloud/edge computing resource management. They also
modeled the resource allocation and pricing at the CESP as a mixed-integer pro-
gramming problem (MIP) with the objective to optimize the CESP’s revenue
and proposed an iterative greedy-and-search based resource allocation and pric-
ing algorithm.

In terms of resource allocation for blockchain, Kang et al. [9] proposed a
reputation-based data sharing scheme in the vehicle edge network, which intro-
duced consortium blockchain and smart contracts to achieve secure data stor-
age and prevent unauthorized data sharing. Liu et al. [11] modeled the joint
optimization problem of mining task offloading and cryptographic hash caching
for blocks, and proposed an alternating direction method of multipliers for the
problem. Sharma et al. [16] proposed a new blockchain-based distributed mobil-
ity management scheme to meet the distributed security requirements of fog
networks. Jiao et al. constructed an auction-based market model to determine
the computing offloading strategy for miners and the allocation of computing
resources to edge servers [8]. Xiao et al. [19] proposed a blockchain edge network
trust mechanism and an edge server computing resource allocation algorithm
based on reinforcement learning. Chang et al. [2] proposed an edge computing
based blockchain incentive mechanism for miners to purchase edge server com-
puting resources, and established a two-stage Stackelberg game between miners
and edge servers.

In a blockchain-based MEC system, the execution of both MEC and
blockchain tasks require computing resources. The random user offloading deci-
sion and the arbitrary resource allocation for MEC and blockchain will lead
to a large system processing delay. Therefore, it is crucial to allocate comput-
ing resources of edge servers reasonably. However, most of the current research
optimizes the resource allocation for blockchain and MEC individually, and lit-
tle literature jointly considers the optimization of blockchain and MEC, which
results in the suboptimal performance of blockchain-based MEC. In this paper,
we study the problem of the user offloading decision and the computing resource
allocation of edge servers for both MEC and blockchain tasks to effectively reduce
the total latency in blockchain-based MEC.

3 Problem Definition

3.1 System Model of MEC and Blockchain Task Execution

In a blockchain-based MEC system, there are multiple users (IoT devices, sen-
sors, wearables, etc.) and multiple edge servers. Each user needs to run a
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computation-intensive task. The user chooses and then offloads the task to an
edge server. The edge servers process the tasks offloaded by the users and simul-
taneously act as blockchain nodes communicating in a P2P manner [4] to form a
blockchain. After executing the task offloaded by the user, the edge server treats
the task execution result and other task-related information as a “transaction”
to be recorded in the blockchain [14]. Multiple transactions are packaged into a
block, and the edge server broadcasts the generated block to all the blockchain
nodes which verify the received block. We generally call block generation and

‘Blockchain ) N

(«g») / Ty

A -
»
Consensus Block
process

Fig. 1. System model.
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consensus as blockchain tasks. Therefore, each edge server needs to complete two
kinds of tasks: the offloaded tasks from the users in the MEC and the blockchain
tasks, as shown in Fig. 1. The symbols used in this paper are shown in Table 1.

Table 1. Table of symbols and notations

Notation Definition

u User u

m Edge servers m
U User set
M

Edge servers set

lu The size of the computing task of user u

fm CPU clock cycles required by edge server m to process 1 bit of
data in user computing tasks

Tu,m User u’s offloading decision regarding edge server m (0: the task
of w is not offload to edge server m, 1: otherwise)

By, Bandwidth allocated by edge server m to the connected users

Du,m Transmission power from user u to edge server m

Gu,m Channel gain between user u and edge server m

0? Noise power

Ym Proportion of computing resources obtained by the MEC task
on edge server m (value 0 to 1)

F CPU cycle frequency of edge server

Sh Size of the blocks in the blockchain

C Transfer rate of the link in the blockchain network

w Correlation coefficient of sizes of user tasks and blockchain
transactions

K Total number of blocks generated by the blockchain

Tum Total latency of MEC tasks

Tlf,m Transmission delay of user u sending the task to edge server m

T5 m Execution time of the computing task of user v on edge server
m

Ty Total latency of blockchain tasks

T, Block generation time

T Block transmission time

MEC Task Execution. A large number of tasks offloaded to an edge server
result in long task execution time. Therefore, a user needs to choose an appro-
priate edge server for task offloading. Assuming that user u offloads the task
with size [, to server m, the task execution delay is calculated as
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Tu,m = xu,m(Ti,m + Taf,m) (1)

where T .m represents the transmission delay of user u sending data to edge
server m, and Ty, denotes the execution time of the task offloaded by user u
to edge server m.

We use py,m to denote the transmission power from user u to edge server m,
and use g, to represent the channel gain between user u and edge server m.
The transmission rate from user u to edge server m is calculated by (2) [20]:

Tum = BmIOgQ( + B mg'u. m) (2)
where B,, is the network bandwidth between edge server m and user u, and 62
is the noise power. The transmission delay of user u sending data to edge server
m is:

Tim = 77 (3)

Tu,m
A large amount of computing resources on an edge server lead to short task
execution time. The execution time of the offloaded task by user u on edge server
m is calculated as [20]:

TS, = win (4)

u,m Ym F'

where F' is the CPU cycle frequency of the edge server, f,, is the CPU clock
cycles required by edge server m to process 1 bit of data in the tasks, and y,,
is the proportion of computing resources allocated to the MEC tasks on edge
server m. A large y,, leads to fast MEC task processing.

Blockchain Task Execution. The total delay of data processing in the
blockchain includes the delay of block generation and block transmission, which
is as follows:

Tk:TgJFTt (5)

where T} is the time required for the blockchain to generate a new block and T}
is the block transmission time during the consensus process.
The time for the blockchain to generate a new block is calculated as:

T=% X 3 (6)
meM ueU
where w is the correlation coefficient between the MEC tasks and the blockchain
tasks. More tasks offloaded to an edge server leads to larger MEC task processing
latency and more blockchain transactions. A large y,, results in slow blockchain
task processing, although it can reduce the MEC task running time.
In the blockchain, we assume that the time of data transmission during con-
sensus is:
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where Sy is the size of a block, and C denotes the data transmission rate on the
link between the edge servers.

3.2 Problem Model

Each edge server in the system is not only an entity that runs tasks in the MEC,
but also a node in the blockchain. There is a trade-off between the resource
allocation for MEC and blockchain tasks, and the user offloading decision also
affects the processing latency of MEC tasks. In this paper, we minimize the
total processing delay of offloaded tasks in the MEC and blockchain tasks by
deciding the offloading choices of computing tasks for users and the allocation
of computing resource of edge servers for MEC and blockchain tasks. That is,
our objective is to

x,in,nigm ( Z Z Tu,m + Z Tk)

meM uelU ke K
s.t.
(C: Y @um =1,YVuelU (8)
meM

(C2):xym €{0,1},Yu e Uyme M
(C3):0<ym<1l,Vme M

Constraint (C1) requires that the computing task of each user is offloaded to
one and only one edge server. Constraint (C2) dictates the mapping relationship
between user u and edge server m, where 1 means that the task of user w is
offloaded to edge server m and 0 otherwise. Constraint (C3) demands that the
proportion of computing resource of each edge server allocated for MEC is in
the range of (0, 1).

4 Algorithm for Joint Computing Resource Allocation
for MEC and Blockchain

It is known that the problem of user offloading decision and computing resource
allocation of edge servers in MEC is N P-hard. The problem in this paper needs
to consider the resource allocation for both MEC and blockchain. Therefore, the
problem in this paper is also N P-hard.

In this section, we propose JMB for the problem of user offloading decision
and the computing resource allocation of edge servers for MEC and blockchain
tasks. JMB consists of 5 steps. First, JMB relaxes the problem constraints to
obtain the relaxed problem. Second, JMB solves the relaxed problem and obtains
the fractional optimal solution. Third, JMB modifies the fractional optimal solu-
tion to obtain the feasible fractional solution. Fourth, JMB performs the clus-
tering operation on the users and the edge servers according to the feasible
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fractional solution to form multiple initial clusters. Finally, JMB maps the users
to the edge servers in each initial cluster and obtains the feasible integer solution
satisfying the relaxed constraints.

4.1 User’s Offloading Decision and Edge Server’s Computing
Resource Allocation Algorithm

We take (1) and (5) into (8), and rewrite the problem model (8) as (9).

luZou,m l wfm@um Ly fmwTym Sy
iy 33 (St g )k
s.t.
(C1: Y @y = LVuelU )
meM
(C2):xym € {0,1},Yu e Uyme M
(C3:0<ym <1l,VmeM

The objective function (9) includes both integer variables x,, ,, and continu-
ous variables y,,. Therefore, the problem is a mixed integer nonlinear program-
ming problem, which is difficult to solve. We introduce a new variable z,,, and
let

Yo Tumly Y Tumluw

2 = €Y 4 uev NueUVmeM (10)
Ym 1- Ym

The problem defined by (9) can then be transformed into:

lum fmm
min Y Y e Z : =

Ty,msZm meM uelU Tu ,m
s.t.
(C1): Z Tym = 1,VueU
meM
(C2):xym € {0,1},Yu e Uyme M

We obtain z,, =0, if and only if > zy ml, =0. We can get > zymly >0

uelU uelU
and > zy mluw > 0 because x,, , € {0,1}, w € (0,1] and I, > 0 (Vu € U,m €
uelU
M), when Y @y ml, # 0. We can obtain z,, > (yw + 1)2 >~ Tymly because
uelU uelU

0<ym<1,Yme M, and w € (0,1]. Without loss of generality, let w = 1 and

we can obtain z,, >4 > Zymly.
uelU
Taking the value range of z,, into (11), and we can obtain the mixed-integer

linear programming problem defined as (12).
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min ( Z Zd“,mfu,er Z amzm+6>
Tu,msZm \ meM u€U meM
s.t.
(C1): > wym=1YueU
meM (12)

uclU
(C3):xym € {0,1},Yu e Uyme M
(C4):zm > 0,Ym € M

where a,, = %, duy,m = # and e = K%.
We relax the integer variable x,, ,, to obtain the linear programming prob-
lem (13).

min ( Z Z du,mxu,m + Z AmZm + 6)

Tu,msZm \ meM ueU meM
s.t.
M
(C1): Z Tym =1,YVueU (13)
m=1
(C2):4 Z Tumly < Zm
uelU
(C3):xym > 0,2, >0,VuecUmeM

Given a feasible fractional solution (z,z) to the linear programming prob-
lem (13) and a parameter o € (0,1), we define d,(a) for any user v as fol-
lows: Consider the ordering 7 such that dr(1)y < dru < o < dr(uyu,

m
du(a) : =dr(m+yu, where m* := min{m : > 2., > a}. If edge server m
i=1
and user u satisfy 0 < z,,, < 1 in the fractional solution (z, z), edge server m
is fractionally connected to user wu.
The edge servers are sorted in the non-ascending order of the distance to user

m
u, and 7(i*) is the first edge server satisfying > ¢y, > a.
i=1

We denote F,s as the edge server fractionally connected with user «’, and
G, (including u') as the set of users fractionally connected with the edge server
in Fu/.

Algorithm 1 shows the process of JMB. First, JMB solves the relaxed problem
(Lines 1-2). JMB randomly chooses o which is uniformly distributed in (8, 1),
and solves the linear programming problem (11) (such as the simplex method)
to obtain the optimal solution (z*,z*). Second, JMB modifies the fractional
optimal solution (Lines 3-16). For each user u, JMB computes d,(a), where

du(@) 1 =g (mx)y and mx := min{m : ; Tr(iyu > @}, and then computes 35 for
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Algorithm 1. JMB

Input: Parameter 8 € (0,1).
Output Integer feasible solution (&, 2).
: Randomly choose a that follows a uniform distribution on (3, 1);
Solve problem (13) to obtain (z*, 2*);
for w € U do
Calculate d,(a);
end for
for u € U do

.
Compute 47 i= 3 @k, =
=1

for m € M do
if dum < du(a) then

x =
u,m ﬁg )
else

,_.
=4

—_
N =

ju,m = O;
end if
end for
: end for

— =

D Zm = 2
for u € U do
F,:={m &€ M : Ty,m > 0};
: end for
U= o
: while U # @ do
u' := argmin {d,(a)}, where v’ is the cluster center;
U =U"u{u};
Gy ={ueU:F,NF, # 2},
U:=U\Gy;
: end while
for v € U’ do
for u € G do
Connect u to the nearest edge server, and the corresponding integer feasible
solution is denoted as (%, 2);
30:  end for
31: end for
32: return (&,2).

DD N NN e
©RXADE YO0

each user u based on 5 := Z zr o, = a. JMB modifies the fractional optimal

solution (a*,z*) by comparmg du m and dy (), and obtains the corresponding
feasible fractional solution (%, z). Third, JMB forms the initial clusters (Lines
17-26). For each user u, JMB computes the set F, of edge servers fractionally
connected with u. In the unassigned user set U, JMB selects user «' with the
smallest d,, («) as the cluster center. JMB works out the set G, of users fraction-
ally connected with the edge server in F,,, and removes the users in set G, from
U. We call ({u'}, Fyy, G,) the initial cluster centered on u’. The process of the
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third stage is repeated until U is empty (each node is put into an initial cluster).
Finally, JMB maps the users to the edge servers (Lines 27-31). For each cluster,
JMB connects the users in each initial cluster to the nearest edge server in the
cluster to obtain a feasible integer solution that satisfies the relaxed constraints.

4.2 Algorithm Analysis
Based on the feasible solution obtained by Algorithm 1, we denote the total

computing latency of edge servers as Z (Z = Y. amZ,) and the total network
meM
delay caused by task offloading as X (X = > > dumZum)-
meM ueU

Lemma 1. In the computing resource allocation scheme obtained by Algo-
rithm 1, the total computing latency of edge servers satisfies:

1
Z < = E *
~ a amzm (14)
meM

Proof. From Algorithm 1, it can be concluded that {Fy/}, . is mutually dis-
joint. Each edge server exists independently, and (Z, Z) is feasible. Therefore,

Z = Zamg Z Z AT’ m < Z Z A Zm

u' €U’ u' €U’ meF,, u' €U meF,,
1 1 . (15)
< > E E AmZy, < > E Am 2o,
uw' €U’ meF,, meM

The lemma is proven.

It can be seen from Algorithm 1 that the number of edge servers is always
no less than the number of clusters, and each cluster has users offloading the
computing tasks to the edge servers. The number of edge servers in a cluster is
no less than 1, and always less than the number of users.

1
Lemma 2. du(a) < 1—a Aot m .
meM

Proof. From the definition of d,(«), we obtain:

M

Yo e zl-a (16)

i=m*

Therefore,

l—« T 1l-«

i=m*

1
*
= 1—a § : du,mwu’m
meM

1 M 1 M
i=1 (17)

The lemma is proven.
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Lemma 3. In the computing resource allocation scheme obtained by Algo-
rithm 1, the total network delay caused by task offloading satisfies

Xﬁfzzdum%m (18)

meM uelU

Proof. For any user u € U, we consider the following two cases.

(1) Case 1: uw € U’. We connect u to the edge server with the least network
delay, and hence the network delay incurred by the task offloading decision of u
does not exceed d, ().

(2) Case 2: u ¢ U'. It can be obtained from Step 4 of Algorithm 1 that there
exists u € U', m € Ny NN, and u € G,. We connect u to m’. According to the
triangle inequality and Lemma 2, we can know that the network delay incurred
by the task offloading decision of u, i.e., dy, 4, satisfies

dm’,u é dm’,u’ + dﬁz,u’ + dﬁL,u S 2du’(a) + du(a) é 3du(a)
Z dum (19)

meM

T l-a
The lemma is proven from the above two cases.

From Lemma 1 and Lemma 3, we can derive:
Z+X+e<—2amz tet szummum (20)
meM mGM uelU

Lemma 4. For any user u, we have

1 M
/ dy(a)doe =" dyms,,, (21)
0

m=1

Proof. Without loss of generality, we assume d,,; < dy2 < ... < dy nm, and let
my < mg < ... < m; be all the edge servers satisfying the condition of z, ., > 0.
Let x} ,,, = 0, and then function d,(«) is a step function.

k—1 k
d(0) = duygm 0 € (Y2l Y @l k=1, (22)
s=0 s=1

We verify (22) through the following two value ranges of .

First, we assume that the value of « satisfies o € (O T According to the

uml}

definitions dy(a) : =dx(ms)u and mx := min{m : Z Tr(iye > af of dy(a), we

know my = min{m : Z Tr(iyu > }. Therefore, the value of dy () is dy,m, and

the value of k is 1, batlsfymg (22).
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Second, we assume that the value of « satisfies a € (z ml,xu my T Tonm, -

According to the definitions of d,(a), we know mg = min{m : Z Tr(iyu > O}

Therefore, the value of d, () is dy, m, and the value of k is 2, satlsfymg (22).
The analysis of the other values of o within (0,1) is blmllal“ to that above,
and we omit the analysis.

According to the geometric meaning of definite integral, we derive

1 % M
/ dy(@)do = " dum, @y = D D@y (23)
0 k=1 m=1

The lemma is proven.

Theorem 1. Let 3 = e~ 3, and the expected delay of the feasible solution
obtained by Algorithm 1 does not exceed 3.16 times the optimal solution to the
problem defined as (12).

Proof. For a given « from Lemma 1 and Lemma 3, we know that the delay of the

solution obtained by Algorithm 1 dose not exceed 1 Z amz, +3 > dy(a).

uclU
Therefore, the expectation of the delay of the bOhlthIl obtained by Algo-

rithm 1 does not exceed

E[é > amz, +3) ) du(a)]

meM uelU
1
—] Z Az + 3 Z Eld,(a)]
meM uelU
[ty *+3z</11d<>d>
= —— —da AmZ, w(o)doa
g 1-Pa meM uel VP 1-8
(24)
/D) 5 5 /
a 1_ﬁ meM mm 1_ﬁueU
n(1
- /5 Z amzt, + ZZdumxum
ueUmeM
< max{ hi(l/ﬂ 3 Z mZm + Z Z du mzu m
meM ueU meM
When 3 = e~3, we have
mA/B) _ 3 _ 3 g (25)

1-8 1—-p 1—e3
For any user u, d, () is a step function. By examining the function values at

all segment points, a can be chosen such that > amzi,+3 > dy(a) reaches
mEM uelU
the minimum value, and we obtain
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é Z mzr, + 3 Z dy (@)

meM uelU

< E% > amz +3) du(@)] <3.16( D amzn+ Y D dumd )

meM uelU meM meM uelU
(26)
The theorem is proven.

Theorem 2. Algorithm 1 is a 3.16-approximation algorithm for the problem of
user offloading decision and the computing resource allocation of edge servers

for MEC and blockchain tasks.

Proof. According to the feasible integer solution (&, 2) obtained by Algorithm 1,
the values of all z,, ,, and z, can be known. We can calculate the value of y,,
by taking z, into (10). In the interval (0,1), one z,, value may correspond to
two y,,, values at the same time. If and only if y,, has two values in the interval
(0,1), without loss of generality, we choose to take the larger number of the two,
since taking either of the two corresponding values of y,, has no influence on
the feasible solution (&, ). Therefore, we can obtain the feasible solution to the
problem defined as (8). That is, Algorithm 1 is a 3.16-Approximate algorithm
for the problem of user offloading decision and the computing resource allocation
of edge servers for MEC and blockchain tasks.
The theorem is proven.

5 Performance Evaluation

5.1 Experimental Setup

In the experiments, we consider a blockchain-based MEC system, which includes
40 users and 5 edge servers. The parameters of the system are shown in Table 2.
We evaluate the performance of JMB by using the following 2 benchmark algo-
rithms: FMB and RMB.

(1) FMB [18]: The edge servers allocate computing resources to MEC and
blockchain tasks at a fixed ratio, i.e., (0.7:0.3), and FMB uses the users’
offloading decision obtained by JMB.

(2) RMB [20]: Each user randomly selects an edge server to offload the task and
the edge servers allocate computing resources in the same way as JMB.

5.2 Total Processing Latency of MEC and Blockchain Tasks

Figure2 shows the impact of different numbers of users on the total system
latency caused by each algorithm, when the number of users varies from 20 to
100. It can be observed that the total delay incurred by JMB, FMB and RMB
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Table 2. Table of simulation parameters

Simulation Parameters Ranges

Bandwidth B, 179 KHz - 180 KHz [5]
Computing task size [, 200 KB-1000 KB [13]
Noise power 62 —174 dBm/Hz [15]

The transmission rate of the link | 15 x 10° bit/s [15]
in the blockchain network C'

The number of CPU cycles|995 cycle/bit - 1000 cycle/bit [13]
required for 1 bit fr,

Block size, Sy 8 MB [13]
The CPU cycle frequency of edge | 16 GHz [21]
server, F'

increases with the increase of the number of users. More computing tasks need
to be run with more users. Therefore, each edge server needs to execute more
computing tasks, resulting in an increase in the total system latency.

In Fig. 2, both FMB and RMB incur a higher total latency than JMB at a
given number of users. The total system latency obtained by JMB is approxi-
mately 92% of that by FMB and 93% of that by RMB. As the number of users
increases, the number of computing tasks each edge server needs to process
increases. RMB uses a random policy to make the user offloading decisions, and
does not make a reasonable offloading decision based on the network latency
between the users and the edge servers. Each edge server in FMB does not allo-
cate the computing resources appropriately based on the processing capability of
the edge servers and the task sizes. Therefore, as the number of computing tasks
in the system increases, JMB can always execute more tasks in a given amount
of time. Figure 3 shows the impact of the number of edge servers on the total
latency in blockchain-based MEC, where the number of edge servers increases
from 3 to 7. The results show the total latency of JMB and FMB decreases as the
number of edge servers increases. The total computing power within the system

[ i
220 | I M8 q 125 1| I s
Crus 120 | IE=1RME

Total delay (s)
Total delay (s)
8

U=20 U=40 U=60 U=80 U=100 M=3 M=4 M=5 M=6 M=7
Number of users Number of edge servers

Fig.2. The impact of the number of Fig. 3. The impact of the number of
users on the total latency. edge servers on total latency.
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increases with the increasing number of the edge servers, and hence the system
can execute more user tasks. Therefore, the total latency of the system decreases
as the number of edge servers increases. However, as the number of edge servers
continues to increase, the total latency decreases slowly, since the users have
a limited resource requirement from the edge servers. Therefore, the reduce in
the total latency is not significant with the continuous increase of the number
of edge servers. RMB randomly selects the edge servers for the users, and the
computing tasks are not necessarily offloaded to the newly added edge servers
with the increasing number of edge servers. Therefore, the total system latency
of RMB does not always decrease as the number of edge servers increases.

In Fig.3, JMB always obtains the lowest total system delay. In addition,
the total latency of JMB is about 9% and 8% lower than that of RMB and
FMB, respectively. As the number of edge servers increases, the number of task
offloading options available to the users in the system increases. Compared with
the other two algorithms, JMB can offload the tasks to the edge servers that
are appropriate for the whole system according to the users’ tasks and network
latency. For each edge server, a reasonable proportion of computing resources is
allocated to the MEC and the blockchain tasks, respectively, according to the
processing rate of the edge servers and the task sizes. Therefore, JMB can make
better use of the edge servers than FMB and RMB. As a result, JMB obtains the
lowest total system latency. Figure4 shows the impact of users’ computational
tasks on the total latency incurred by each algorithm. It can be seen that the
total delay of the three algorithms increases with the increase of users’ computing
task sizes. The edge servers need more time to process the users’ tasks, when
the sizes of users’ tasks increase. As a result, the total latency also increases.

Figure 4 shows that the delay incurred by algorithm JMB is always less than
that by FMB and RMB. The total latency of JMB is less than that of FMB by
5.0%, 7.1%, 8.3%, 9.1%, and 9.6%, and less than that of RMB by 8.0%, 11.5%,
16.4%, 17.2%, and 14.5%, when the task size is 200KB, 400KB, 600KB, 800KB,
and 1000KB, respectively. JMB takes into account the sizes of users’ tasks and
the transmission rate between edge servers, when selecting edge servers for users
to offload computing tasks. Therefore, with the increase of users’ computing task
sizes, JMB significantly reduces the transmission delay of the system compared
with RMB. JMB allocates computing resources according to the sizes of the
users’ tasks processed by edge servers tasks. Compared with FMB, JMB allocates
the computing resources more reasonably and efficiently.

Figure 5 shows the impact of the number of clock cycles that the edge server
takes to process 1 bit of data (f,,) on the total latency of the blockchain-based
MEC system. Figure5 shows that the total delay of each algorithm increases
with the increase of the number of clock cycles that the edge servers process 1
bit data. f,, affects the speed of task processing. A small value of f,, means that
the edge server will spend less CPU cycles on processing users’ and blockchain
tasks. Therefore, the total latency obtained by each algorithm increases with the
increase of the number of clock cycles of the edge servers processing 1 bit data.



204 Y. Fan et al.

Tota deay (5)

= a0 o ss0 1000 s 10 11 12 1 s s
server 1o process 1 bi of data (cyclebi) The CPU cycle frequency of edge servers (GHZ)

Fig. 4. The impact of user Fig.5. The impact of the Fig.6. The impact of CPU
computing task size on total number of clock cycles that cycle frequency on the total
latency. the edge server processes 1 system latency.

bit data on the total delay.

As can be seen from Fig. 5, the total system delay of JMB is lower than that
of FMB and RMB. When f,, is 900 and 1000, the total system latency of JMB
is respectively 8.0% and 8.5% lower than that of FMB. When f,, is 800 and
1000, JMB’s total system latency is respectively 12.8% and 15.8% lower than
RMB’s. JMB makes the user offload decision based on f,, and the transmission
rate of sending the user’s task to the edge server. For each user, JMB arranges
the most reasonable edge servers for task offloading, reducing the total delay of
task transmission and task processing in the system. Therefore, the performance
of RMB is inferior to that of JMB. In addition, JMB adjusts the computing
resource allocation ratio based on f,,. As a result, JMB’s total system latency
is lower than FMB’s.

Figure 6 illustrates the impact of the edge server’s CPU cycle frequency on
the total system delay. Obviously, the total latency of each algorithm decreases
with the increase of the edge server CPU cycle frequency. The higher the CPU
cycle frequency, the stronger the computing power of the edge server, and the
faster the processing of MEC and blockchain tasks. As a result, the latency of
each algorithm decreases as the CPU cycle frequency increases. Therefore, the
total latency of each algorithm decreases with the increase of the edge server
CPU cycle frequency.

Figure 6 demonstrates that the total system latency of JMB is always lower
than that of FMB and RMB. JMB achieves lower total system latency than FMB
by up to 10%. The total system latency of JMB is better than that of RMB by
up to 30%. JMB optimizes users’ offloading decisions and dynamically adjusts
the computing resource allocation for the MEC and the blockchain tasks based
on the processing rate of the edge servers and the transmission delay between the
users and the edge servers. Therefore, JMB can reduce the network delay and
processing latency of users’ tasks in the blockchain-based MEC system, which
makes JMB achieve better performance than RMB and FMB.

6 Conclusions

In this paper, we studied the problem of user offloading decision and the comput-
ing resource allocation of edge servers for MEC and blockchain tasks, with the
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objective to minimize the total processing delay of MEC and blockchain tasks in
blockchain-based MEC. We proposed an algorithm for joint computing resource
allocation for MEC and blockchain (JMB) which consists of 5 steps. First, JMB
relaxes the problem constraints to obtain the relaxed problem. Second, JMB
solves the relaxed problem and obtains the fractional optimal solution. Third,
JMB modifies the fractional optimal solution to obtain the feasible fractional
solution. Fourth, JMB performs the clustering operation on the users and the
edge servers according to the feasible fractional solution to form multiple initial
clusters. Finally, JMB maps the users to the edge servers in each initial clus-
ter and obtains the feasible integer solution satisfying the relaxed constraints.
Theoretical analysis proved that JMB is a 3.16-approximation algorithm. The
simulation results demonstrated that JMB could achieve the favorable balance
between the MEC and the blockchain task processing. JMB obtains superior
performance in terms of total system latency under different parameters of the
number of users, the sizes of user tasks, the number of clock cycles that the
edge server processes 1 bit data, the number of edge servers, and the CPU cycle
frequency of edge servers.
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