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ABSTRACT
The application of blockchain technology on mobile devices re-
quires significant computing resources. However, the limited ca-
pacity of mobile devices cannot meet the high computing power
requirements of blockchain technology, which limits the develop-
ment of blockchain technology. Mobile Edge Computing (MEC) is
capable of alleviate the limited computing capacity of IoT termi-
nals. This paper introduces an edge computing-enabled blockchain
system consisting of an edge computing allocation center (ECAC),
multiple edge service providers (ESPs), and multiple miners. To
efficiently allocate resources between these miners and ESPs, we
propose a hierarchical computation offloading strategy based on
contract theory and matching game. During contract design phase,
ECAC designs a contribution-reward contract to attract ESPs to join
the trading market, and provide services to miners. By analyzing
the attributes and conditions of feasible contracts of feasible con-
tract, the optimal contract is devised using Lagrange multiplication.
During matching phase, an iterative matching algorithm (IMA) is
proposed to achieve the matching between ESPs and miners by
constructing preference sets for miners and ESPs. Both the stability
and convergence have been proved by theoretical analysis. Finally,
we conduct experiments to validate the feasibility and effectiveness
of the design contract. Experimental results also demonstrate the
stability of IMA matching algorithm.

CCS CONCEPTS
• Networks → Network performance evaluation; Network perfor-
mance analysis.
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1 INTRODUCTION
In recent years, blockchain technology provides a new way of trans-
acting, users can complete simpler and more secure transactions
without the need of a third-party trusted organization. The system’s
security relies on the Proof-of-Work (PoW) mechanism, which re-
quires greater computing power compared to traditional consensus
algorithms [1]. The current challenges faced by most mobile ter-
minal devices, such as small size and limited computing power,
have restricted the application and development of blockchain tech-
nology [2]. To further address the issue of insufficient resources,
Mobile Edge Computing (MEC) has been proposed, which provides
low-latency and low-energy services by deploying edge servers at
the network’s edge [3].

Extensive research has drawn attention to the integration of
MEC and blockchain technology [4]. These works mainly focus on
investigating the security of computation offloading by assuming
that each edge server is willing to provide services. The important
issues such as server competition and the pricing of computing
resources are largely ignored in these literatures. Some works have
studied the computing resource of edge servers pricing problem
using game theory and auctions in a complete information scenario
[5]. However, the miners may retain some private information to
ensure their transaction security, which increases the complexity of
the computing resource pricing problem. Auction algorithms and
game theory are not applicable for analyzing information incom-
pleteness [6], especially when the computing resources are limited,
ESPs might not have sufficient computing power for conducting
auctions and facilitating cooperation. Therefore, how to address the
resource allocation and pricing issues in edge computing-enabled
blockchain systems in the scenarios of incomplete information still
needs further investigation.

Our previous work combined MEC technology and blockchain,
and addressed the computation offloading problem in edge-enable
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blockchain system with single ESP in incomplete information sce-
nario [7]. This paper further investigates the computation offload-
ing problem among multiple ESPs and miners. Compared to single
ESP, the problem posed by the system with multiple ESPs is more
complex and faces the following challenges [8]: Firstly, both the
miners and ECAC don’t know the information about the types
and computing resources of ESPs. Similarly, ESPs are unaware
of the profits they can earn when trading begins. Secondly, ESPs
will compete with each other to provide services to miners when
multiple ESPs join in the ECAC service market. In addition, the
computing resources required for miners to solve PoW puzzles are
uncertain, and the computing capacity and total service time pro-
vided by each ESP are also different. The task completing delay
has a direct relationship with the computing resource allocated.
Thus, different matches between ESP and miner will result in differ-
ent performance. Therefore, how to achieve the optimal matching
between ESPs and miners is the focus of this work.

To achieve this, this paper considers an edge computing-enabled
blockchain system involving multiple ESPs and miners, and pro-
poses a hierarchical computation offloading strategy using contract
and matching theory to efficiently allocate resources between min-
ers and ESPs. In contract design phase, ECAC sets a contribution-
reward contract to attract ESPs to participate in cooperation after
receiving resource requests from miners. By analyzing the individ-
ual rationality (IR) and incentive compatibility (IC) conditions of
feasible contracts, the optimal contract is obtained. In matching
phase, the miners prefer to choose ESPs with higher computing
power, while ESPs prefer miners who require less service time. The
optimal matching is achieved by designing an iterative matching
algorithm (IMA) based on the preference sets for ESPs and min-
ers. The effectiveness of the optimal contract and the stability of
the matching results for the proposed IMA algorithm are verified
through experimental results.

2 SYSTEM MODEL
We consider a edge computing-enabled blockchain system com-
prising an ECAC, multiple ESPs, and multiple miners, as shown
in Figure 1. Let M = {1, 2, . . . , "} be the set of ESPs, and
N = {1, 2, . . . , # } is the set of miners. Due to limited comput-
ing resources, the miners need to purchase resources from ECAC to
solve the PoW problem. ECAC acts as a resource information dis-
semination center, it can receive requests from miners but lacks the
service resources to meet these demands. On the other hand, ESPs
have some under-utilized free resources, ECAC will attract ESPs to
join the trading market and share resources with miners. Once the
miners achieve cooperation intention with ESPs via ECAC, miners
can offload their computing tasks to the corresponding ESPs for
processing.

However, since both ESPs and miners have some private infor-
mation, this incomplete information scenario makes the resource
allocation problem in the transaction market of high challenge. This
work proposes a hierarchical computation offloading strategy based
on contract and matching theory to solve the resource allocation
problem between ESPs and miners in incomplete information. On
contract phase, ECAC encourages ESPs to join resource trading
market by creating a service-reward contract. On matching phase,

Figure 1: Edge Computing-Enabled Blockchain System

an optimal matching is achieved based on the preference sets. Once
the two parties reach agreement, ESPs who have signed the contract
need to provide computing resources to the miners. We assume
that one miner can only associate with a ESP, while one ESP can
serve multiple miners.

2.1 Interaction of ECAC and ESPs
Based on the computing power and service time that ESP 8 can
provide, the concept of type W8 is introduced to indicate ESP’s
willingness to join ECAC. The larger the value of W8 , the higher the
ESP type, the stronger the willingness to join ECAC. We assume
that ESP types are arranged in ascending order:

W1 < W2 < . . . < W8 < . . . < W"

ECAC only knows information about the distribution of ESP
types. We assume that the probability of ESP belonging to type W8

is denoted as ?8 , where 0 ≤ ?8 ≤ 1 and
"∑
8=1

?8 = 1. In the context

below, we will refer to an ESP of type W8 as ESP 8 . Based on contract
theory, ECAC designs a contribution-reward contract for the ESPs,
denoted as ()8 , '8 ). Here, )8 represents the computing service time
that ESP 8 can provide, and '8 denotes the corresponding reward
paid to ESP 8 by ECAC, 0 ≤ '8 ≤ '8,<0G . Contract is established
by ECAC for different types of ESPs, and ESPs decide whether to
accept the contract.

ECAC utility model: when ESP 8 agrees to provide service
to the miners under a contract, the utility function of ECAC is
formulated as follows:

/8 = �8 − '8 (1)

where �8 = V8)
2
8

denotes the expected revenue that ECAC can get
by providing service time)8 , and V8 is a service valuation related to
the contract price. However, since ECAC is unaware of the specific
types of ESPs and the exact service time allocated to miners, the
expected utility of ECAC can be expressed as follows:

/ =

"∑
8=1

?8

(
V8)

2
8 − '8

)
(2)
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ESPs utility model: the utility function of ESP 8 is defined as
follows:

+8 = W86 ('8 ) − 2) 2
8 (3)

where6('8 ) = : ln(1 + '8 ) is the valuation function of rewards paid
to ESP 8 by ECAC.

2.2 Interaction of ESPs and miners
After contract phase, ECAC knows information of ESPs, including
the overall service time )8 , and the services amount provided per
unit time, denoted as 08 . Then, the total service volume that ESP 8

can provide is calculated as 08 ×)8 . During matching phase, miners
will retain private information. The service requirement for each
miner is denoted as G 9 . Let C8 9 be the service time allocated to miner
9 by ESP 8 , the conditions for miner 9 to accept ESP 8 is C8 9 ×08 ≥ G 9 .
Additionally, compared to the overall computing power, the relative
computing power of miner 9 ∈ N is expressed as ℓ8 9

ℓ8 9 =
08 × C8 9∑
9∈N G 9

(4)

Miners compete with each other to solve the PoW puzzle in
order to receive payment. The first miner who successfully mines
and reaches a consensus receive reward. The reward for the first
successful miner is A×< 9 , where A represents the designated reward
factor. < 9 is the block size indicating the number of transactions
contained in the blocks mined by miner 9 . Let � denote the fixed
cost incurred by miners during mining operations, then the utility
of miner 9 , aligned with ESP 8 , denoted as *8 9 , can be defined as
follows:

*8 9 = A< 9%
(
ℓ8 9 ,< 9

)
−�8 9 −� (5)

where �8 9 = V8C
2
8 9

denotes the cost that miner 9 needs to pay for
getting service time from ESP 8 . Same as [3], we assume % (ℓ8 9 ,< 9 )
represents the probability of successful mining for miner 9 and can
be formulated as:

%
(
ℓ8 9 ,< 9

)
= ℓ8 94

−_I< 9 (6)

By substituting Eq. (6) into Eq. (5), we have:

*8 9 =
A< 908C8 94

−_I< 9∑
9∈N G 9

−�8 9 −� (7)

Let \ 9 =
A< 94

−_I<9∑
9 ∈N G 9

represent the type of miner 9 , which involves
all the private information of miner 9 . We assume that there are
total # types of miners, denoted as \1, \2, . . . , \ 9 , . . . , \# . Further-
more, the utility function for a miner belonging to type \ 9 can be
formulated as follows:

*8 9 = \ 908C8 9 − V8C
2
8 9 −� (8)

3 CONTRACT DESIGN BETWEEN ECAC AND
ESP

3.1 Optimal contract design problem
A feasible contract {()8 , '8 ),∀8 ∈ M} must satisfy the IR and IC
conditions [9]. From IC constraint, it can be seen that ESP belong-
ing to type W8 will choose the contract item designed for its type.
Thus, the contract-based incentive mechanism is a truth-telling
mechanism, ECAC can know the type information of ESPs after
signing the contract. With the goal of maximizing ECAC’s utility

while satisfying both IR and IC constraints, and keeping the reward
bound hold, the optimal contract design problem can be expressed
as follows:

P1 : <0G
{)8 ,'8 }

"∑
8=1

?8
(
V8)

2
8
− '8

)
B .C . 0 ≤ '8 ≤ '8,<0G ,

W86 ('8 ) − 2) 2
8
≥ 0,∀8 ∈ M,

W86 ('8 ) − 2) 2
8
≥ W86

(
'8′

)
− 2) 2

8
′ ,∀8, 8

′ ∈ M, 8 ≠ 8
′
.

The optimization problem in P1 involves " IR constraints and
"2 IC constraints. It will bring great complexity to solve this
optimization problem directly.

3.2 Feasible contract
Based on the definitions of IR constraint and IC constraint, we can
obtain crucial attributes of a feasible contract. The first characteris-
tic of a feasible contract is denoted by Lemma 1.

Lemma 1 For any feasible contract {()8 , '8 ),∀8 ∈ M}, '8 > '8′

if and only if W8 > W8′ ,∀8, 8
′ ∈ M, 8 ≠ 8

′
.

From Lemma 1, higher-type ESPs will obtain higher rewards. In
other words, if two ESPs belong to the same type, then the reward
they can receive must be the same. In this case, the reward strictly
increases with type, i.e., higher-type ESPs are more willing to sign
service contract with ECAC than lower-type ESPs.

Lemma 2 For any feasible contract {()8 , '8 ),∀8 ∈ M}, '8 > '8′

if and only if )8 > )8′ ,∀8, 8
′ ∈ M, 8 ≠ 8

′
.

As stated in Lemma 2, ESPs who contribute more service time to
ECAC will receive more rewards, while ESPs will receive the same
reward by providing the same service time.

Lemma 3 For any feasible contract {()8 , '8 ),∀8 ∈ M}, if W8 > W8′ ,
then the utility of ESPs must satisfy +8 > +8′ ,∀8, 8

′ ∈ M, 8 ≠ 8
′
.

From Lemma 3, it is clear that the lowest type of ESPs has the
lowest utility. Thus, when the IR conditions for the lowest type of
ESPs hold, all higher types of ESPs also satisfy the IR constraints.
Thus, the IR constraints can be simplified as

W16 ('1) − 2) 2
1 ≥ 0 (9)

Since the utility of ECAC increases with)8 and decreases with '8 ,
if there exists a contract item ('8 ,)8 ) such that+8 = W86('8 ) −2) 2

8
>

0, then ECAC can adjust the contract by decreasing '8 to raise its
utility until+8 = W86('8 ) − 2) 2

8
= 0. Thus, to maximize the expected

utility of ECAC, the rewards given by ECAC to ESPs should be as
small as possible, so Eq. (13) can be further replaced by

W16 ('1) − 2) 2
1 = 0 (10)

Lemma 4The IC constraint can be reduced to the Local Downward
Incentive Compatible (LDIC) condition

W86 ('8 ) − 2) 2
8 ≥ W86 ('8−1) − 2) 2

8−1,∀8 ∈ {2, 3, . . . , "}

and Local Upward Incentive Compatible (LUIC)

W86 ('8 ) − 2) 2
8 ≥ W86 ('8+1) − 2) 2

8+1,∀8 ∈ {1, 2, . . . , " − 1}

3.3 Optimal contract
According to the attributes of feasible contract and the simplifica-
tion of IR and IC constraints, the original optimization problem P1
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can be converted as P2:

P2 : <0G
{)8 ,'8 }

"∑
8=1

?8
(
V8)

2
8
− '8

)
B .C . 0 ≤ '8 ≤ '8,<0G ,

W16 ('1) − 2) 2
1 = 0,

2) 2
8
= 2) 2

8−1 + W8 (6 ('8 ) − 6 ('8−1)) , 8 = 2, ..., ".

Theorem 1 Given contract incentives '8 , with 0 ≤ '1 < . . . <

'8 < . . . < '" , the optimal service time is given by

() ∗
8 )

2
=

{
() ∗
8−1)

2 + W8
2 (6 ('8 ) − 6 ('8−1)) , 8 = 2, 3, . . . , "

W8
2 6 ('8 ) , 8 = 1

(11)

All proofs can refer to our technical report in [10].
Substituting) ∗

8
into P2, we can obtain a relaxed optimal problem

with '8 , as follows:

P3 : <0G
'8

"∑
8=1

� ('8 )

B .C . 0 ≤ '8 ≤ '8,<0G

where � ('8 ) = ?8 (V8 (W12 6('1) +
8∑

B=1
B ) − '8 ) and B =

{ 0, B = 1
WB
2 (6('B ) − 6('B−1)), 1 < B ≤ 8

.

P3 is the optimization problem with single variable. In this case,
the computational complexity can be effectively reduced. By using
Lagrange multiplication, we can get the solution of P3, i.e., '∗

8
, given

by

'∗
8
=

2'8,<0G−~−2+
√
(~−2 )2+2'8,<0G

(
22−2~+2'8,<0G

)
22 ,

∀8 ∈ M
(12)

where ~ = ?8V8W8 − ?8+1V8+1W8+1.
The expressions of service time and reward given in Eq. (11) and

Eq. (12) form the optimal contract, denoted as {() ∗
8
, '∗

8
),∀8 ∈ M}.

In the following matching stage, the specific types of ESPs are
known, but the specific types of miners remain unknown.

4 MATCHING STAGE
The subsequent matching step can be triggered after obtaining the
optimal contract. A binary variable d8 9 is introduced with d8 9 = 1
denoting that miner 9 is served by ESP 8 , otherwise d8 9 = 0. The
matching problem is NP hard due to 0-1 integer variables involving
and the interaction between ESPs and miners. In this paper, we
construct the model following the classical admissions market,
where the miners play as students and the ESPs can be considered
as schools. A student can only choose one school to attend, while
a school can accept multiple students. In this case, the demand
and service relationship between miners and ESPs can be modeled
as a multi-to-one matching problem. The optimization goal is to
maximize the miner’s profit, the matching problem between ESPs
and miners can be formulated as:

<0G
d8 9

"∑
8=1

#∑
9=1

d8 9

(
\ 908C8 9 − V8C

2
8 9 −�

)
(13)

Figure 2: Comparison of service time provided by ESPs

B .C . a) ∑
9∈N

d8 9 C8 9 ≤ )8 ,∀8 ∈ M,

b)08 × d8 9 C8 9 = G 9 ,∀8 ∈ M, 9 ∈ N ,

c) ∑
8∈M

d8 9 ≤ 1,∀9 ∈ N ,

d)d8 9 = {0, 1} ,∀8, 9 .
1) Preferences of miners: From the perspective of miners, each

miner want to choose the ESP that maximizes its utility, the prefer-
ence of miner 9 for ESP 8 denoted as %!"

8 9
, can be defined as:

%!"8 9 =
\ 908

2V8
,∀8, 9 (14)

Sort each row of the preference matrix %!" = [%!"
8 9
]
#×" in

descending order, then the 9Cℎ row %!"
9

represents the preference
of miner 9 for all ESPs.

2) Preferences of ESPs: An ESP always want to associate with a
miner that requires smaller service time. Therefore, the preference
of ESP 8 for miner 9 can be defined as:

%!�8 9 = C8 9 =
G 9

08
,∀8, 9 (15)

Let %!� = [%!�
8 9
]
"×# denote the preference set of ESPs. Simi-

larly, the preference of ESP 8 %!�
8
can be obtained by sorting the

8Cℎ row of %!� in ascending order.
In multi-to-one matching, ECAC aims to seek a stable match

between all miners and ESPs. In two finite and disjoint sets M and
N , when `4B (8) = 9 and `<B ( 9) = 8 do not unilaterally change due
to external factors, the matching {d8 9 }"×# is stable. The multi-to-
one matching model analyzed in this paper is IMA based on the
traditional Gale-Shapley (GS) algorithm, which generates stable
matching results based on the mutual preference sets between
ESPs and miners. The algorithm is executed iteratively when the
preferences of each miner and ESP are known. Then the miners
will update their preferences during the iteration. The multi-to-one
matching algorithm is outlined in detail in Algorithm 1.

5 NUMERICAL RESULTS AND ANALYSIS
In the section, numerical simulation is performed to evaluate the
effective of contract design and matching algorithm. We consider
a single ECAC, ten different types of ESPs, and twenty different
types of miners.
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Algorithm 1 Iterative Matching Algorithm, IMA

Input: " , # , %!" , %!� ;
Output: stable matching results {d8 9 }"×# between ESPs and
miners;
Initialization: set {`4B (8)} = ∅, {`<B ( 9)} = ∅, 5 ;06 = 0,
{d8 9 }"×# = 0;
Construct %!" , %!� according to Eqs. (14) and (15);
while 5 ;06 = 0 do

for miner 9 ∈ N and {`<B ( 9)} = ∅ do
if %!"

9
= ∅ then

Miner 9 exits the match and N = N \ 9 ;
else

Send matching request to the first ESP 8 in %!"
9
, then

move the already requested ESP 8 to
the end of %!"

9
and assign a value 8 to `<B ( 9);

end
end
for ESP 8 ∈ M do

if Miner 9 sends a matching request to ESP 8 then
if

∑
9∈N

d8 9 C8 9 ≤ )8 then

Add miner 9 to {`4B (8)} and sort the miners in {`4B (8)}
according to the preference

list %!�
8
in descending order;

else if 9 � `4B (8) and
∑
9∈N

d8 9 C8 9 ≤ )8 then

Reject the last miner in {`4B (8)} and add miner 9 to
{`4B (8)}, then sort the miners in

{`4B (8)} according to preference list %!�
8
in descending

order;
Set {`<B ( 9)} = ∅ for the rejected miner;

end
end

end
if {`4B (8)} keeps unchanged then

5 ;06 = 1;
if `4B (8) = 9 and `<B ( 9) = 8 then

d8 9 = 1;
end

end
end
return the matching results {d8 9 }"×# .

Figure 2 illustrates the relationship between the service time
allocated by ESPs and the types of ESPs under three scenarios:
complete information, incomplete information, and linear pricing.
As depicted in Figure 2, the amount of service time provided by
ESPs increases with their types. This observation is consistent with
the analysis presented in Corollary 4. From Figure 2, we can also
observe that ESPs are capable of providing the highest amount of
service time in complete information scenario. This is because that
ECAC knows comprehensive information about ESPs and can fully
utilize this information to design reasonable pricing strategies to
motivate the ESPs to provide service time furthest. On the other
hand, the linear pricing scheme exhibits the lowest contribution,
as the linear pricing mechanism usually employs a fixed pricing

Figure 3: IR and IC constraint verification

Figure 4: Example of matching results

structure, lacking the ability to dynamically adapt and adjust the
service time of ESPs.

Figure 3 validate the IC and IR constraints. The utilities of types
ESPs {3, 5, 7, 9} are illustrated. It can be observed that ESPs can
maximize their utility by choosing contract items that design for
their respective types. This observation proves that the valid of
IC constraints. Additionally, it is obvious that ESPs can achieve
non-negative utility by selecting different contract items, which
verifies the satisfaction of IR constraints. Consequently, when ESPs
choose contract items designed for their types, ECAC can know the
specific types information of ESPs. The incentive mechanism can
effectively overcome the incomplete information between ECAC
and ESPs. Furthermore, Figure 3 also highlight that the higher-
type ESPs can get higher utility than the lower-type ESPs, thereby
proving the findings of Lemma 1.

5.1 Matching algorithm evaluation
Figure 4 display a matching result of ten ESPs and twenty miners.
The preferences of miners are related to the computing power of
ESPs, and different ESPs have different computing power. However,
a high-type ESPs represent that the ESPs can provide more service
time, rather than have higher computing power. From Figure 4, we
can observe that some ESPs may not be chosen by any miner due
to low preference, such as ESPs indexed as {4, 6, 8, 9, 10} in Figure
4. Furthermore, as illustrated in the figure, a miner can select only
one ESP, whereas an ESP can provide service to multiple miners.
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Figure 5: Computing latency comparison

The comparison of computing latency between GS and IMA
matching algorithm is illustrated in Figure 5. Two scenarios have
been considered. The first scenario involves all types of ESPs to
serve miners. The other scenario removes the highest type of ESP,
i.e., the ESP with greatest computing power does not participate
in matching. It’s obvious that in both cases, the total computing
latency increases as the number of miners grows. Moreover, the re-
sult in Figure 5 also show that the computing latency can be further
reduced by adding the highest type of ESP. Therefore, designing an
incentive mechanism to attract ESPs, especially high-type of ESPs,
to join ECAC has a significant impact on the system’s performance.

6 CONCLUSION
This paper considers the computation offloading problem for an
edge computing-enable blockchain system involving multiple ESPs
and miners. By introducing ECAC, the proposed computation of-
floading strategy can be divided into two phases. In contract design
phase, ECAC formulates contract to attract different types of ESPs
to participate in the matching market. ESPs decide whether to
accept a contract item and provide service to miners. By analyzing
the necessary and sufficient conditions for a feasible contract, the
optimal contract that maximizes ECAC’s utility can be obtained
using Lagrange multiplication under incomplete information. The
objective of matching phase is to maximize the miners’ utility by
optimal matching between ESPs and miners. The paper proposes

an IMA based on GS to determine the demand-service matching
between ESPs and miners by setting the preference sets. The fea-
sibility and optimality of the contract, as well as the stability and
convergence of the IMA matching algorithm have been validated
via simulation results.
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