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Stackelberg Model Based Distributed Pricing and Computation Offloading in Mobile Edge
Computing
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1 College of Computer and Data Science,Fuzhou University, Fuzhou 350108, China

2 Fujian Provincial Key Laboratory of Networking Computing and Intelligent Information Processing, Fuzhou 350108, China

3 College of Physics and Energy,Fujian Normal University, Fuzhou 350117, China

Abstract As a novel computing paradigm.mobile edge computing(MEC) provides low latency and flexible computing and com-
munication services for mobile devices by offloading computing tasks from mobile devices to the physically proximal network
edge. However, because edge servers and mobile devices often belong to different parties, the conflicts of interest between them
present a great challenge for MEC systems. Therefore, it is important to design a pricing and computing offloading scheme for
MEC systems with multiple edge servers and mobile devices to maximize the utility of edge servers and optimize the quality of ex-
perience for mobile devices. Considering the complex interaction between multi-edge servers and mobile devices,the multi-leader
and multi-follower Stackelberg model is used to analyze the interaction between them. The edge server acts as the leader to set the
price for its computing resources,and the mobile device as the follower adjusts the offloading strategy according to the pricing of
the edge server. Based on the Stackelberg model.a distributed iterative algorithm based on subgradient method is proposed.which
can effectively converge to Stackelberg equilibrium. Simulation results show that the proposed scheme can improve the utility of
edge server and guarantee the experience quality of mobile devices.
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1. Initially each edge server setsa random price

2. while at least one edge server adjust its price do

3. for mobile device i do

4. Based on the price set by all edge servers,each mobile device
determines the optimal offloading strategy

end for

for edge server j do

Each edge server stores the current value of the price,poa =p

o NN o G

Each edge server tries to increase or decrease its price with a
small step 8,and calculates its own utility based on the predic-
tion of the followers” optimal strategies

9. if T (potg, +8+pola_, ) =TI (potd, s Pota_, ) and T (poig, 8

Poid_, ) =1L (polg, — 8+ poia_, ) then

10. Pj = Polq, 70

11. else

12. if T Cpota, — 4 Pola, ) =1L (pold, » Pota, ) and IL Cpoig, — 9
Pota_, ) =11 (polg, 8+ poia_, ) then

13. P; = Polg, —0

14. else

15. Pj = Pold,

16. end if

17. end if

18.  end for

19. end while
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6.1 ETWEE
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A DR SAT 55 RN 22 57, Bah i it 84T 45 8
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Table 2 System parameters

R4 Li:1
D/kB 100~500
S/ (cycles/bit) 500~1500
SMP/GHz 1.5~2.5
SEdee /GHz 3.5~4.5
B/MHz 10
P/w 0.1
h/dBm —50~—30
o2 /dBm —174
v 15~20
F/(cycles/slot) 6% 107
4 1%10 11
Crixed 1
8 1%x10—9
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Fig. 3 Comparison of average disutility of mobile devices
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P 5 4t T 3 G R 55 i AV 3 200 R i % A 5 i M0 B
AR, [ E RS i s B D 30, 7 4 R 55 4 1 SF- 2 3K
BB DGR 55 S At g g 2 mimi b . X RF N E 2110 %
IR 55 45 45 18 o 30 % IR 55 4% =22 1) #4) 5 4 O 5 30R S B4 BV 4
X 20 5 AT 5 B3 5 TR 55 45 T 2 BT A1

P 6 4 T T RS Bl B A ST 35 60 0T B i % R A5 A A Y
A . T E S S A RO O 30, 88 B i A% B9 F 38 B3
PR 10 2 B 55 A Bk i 3 2 TR b o 3R YO BB 0 2% ik
55 o B I8 22 L B B B0 58 BT ST AT 55 B A AL AR X B AT



284 Computer Science FHEHLFI2:  Vol. 50,No. 7, July 2023
16
L 5 % X #
B 12
i 10 [1] LIU Y,PENG M, SHOU G, et al. Toward Edge Intelligence:
8/ 4
;ﬁ Z 1 Multiaccess Edge Computing for 5G and Internet of Things[]].
§ 4 TIEEE Internet of Things Journal,2020,7(8):6722-6747.
oz [2] GUO H.LIU J,QIN H. Collaborative Mobile Edge Computation
0l
3 4 5 6 7 8 9 10 Offloading for IoT over Fiber-Wireless Networks[ ] ]. IEEE Net-
&R B
work,2018,32(1) :66-71.
B 5 SR Ss 197 2580 B 1 2% IR 55 2 it 19 A8 Ak fa 9 [3] HU H,SONG W,WANG Q.et al. Energy Efficiency and Delay
Fig. 5 Trend of average utility of edge servers varies with the Tradeoff in an MEC-Enabled Mobile IoT Network[]]. IEEE In-
number of edge servers ternet of Things Journal,2022,9(17) :15942-15956.
25 - [4] SHI W,CAO J,ZHANG Q.et al. Edge Computing: Vision and
m 20 Challenges[ J]. IEEE Internet of Things Journal, 2016,3(5):
B 637-646.
§ 15
ol [5] MACH P,BECVAR Z. Mobile Edge Computing: A Survey on
' d
§ 10 Architecture and Computation Offloading[ ]J]. IEEE Communi-
g 05 cations Surveys Tutorials,2017,19(3) :1628-1656.
04 [6] PAN J,MCELHANNON J. Future Edge Cloud and Edge Com-
5 6 7 8
BEREBHE puting for Internet of Things Applications[]]. IEEE Internet of
. N e e e i , Things 1,2018.5(1) :439-449.
6 iR A T 1 1 KL 5 T 5 T 07 4 ings Journa o
Fig. 6 Trend of average disutility of mobile devices varies with the (7] SEO H,OH H,CHOIJ K,et al. Differential Pricing-based Task
Offloading for Delay-Sensitive IoT Applications in Mobile Edge
number of edge servers
Computing System[ ] ]. IEEE Internet of Things Journal, 2022,
L 7 2t T R 50 i A 1 - B4 6 PR B RS 50 % K ik 1 2 0(10) 1011610131,
e, 18 E LG M55 s B BCE 0 3. B B R IR 1A% [8] ZHANG K.GUI X,REN D, et al. Optimal pricing based compu-
HIBEE R shik &5 3 mm 12 8 m . 456 & 4 nl 15, b tation offloading and resource allocation for blockchain-enabled
EREIRFSEE N 5 G E 50 G .0 %R 2695 beyond 5G networks [ J ]. Computer Networks, 2022, 203:
FIHEIN T 42 A% 10 F 3 % & 59 F 2 SO8ORAOB8 N T 1. 75 4% 108674.
ﬁiﬁtﬁﬂiiﬁﬁﬂ[J?’Fﬁﬁlﬁﬂlﬁgiﬂﬁﬁﬁi%ﬁﬁﬁﬁgWﬁﬂt, [9] LI Y.YANG B,WU H.,et al. Joint ()[Hoadmg Decision and Re-
. e N source Allocation for Vehicular Fog-Edge Computing Net-
RS i 5 i 31 % I 55 2% 9 BT g putmg
5 works: A Contract-Stackelberg Approach[]]. IEEE Internet of
Things Journal,2022,9(17) :15969-15982.
B
§ [10] LI F,YAO H,DU J,et al. Stackelberg Game-Based Computa-
§ tion Offloading in Social and Cognitive Industrial Internet of
i Things[J]. IEEE Transactions on Industrial Informatics, 2020,
=
g 16(8) :5444-5455.
[11] BAEK B,LEE J,PENG Y.et al. Three Dynamic Pricing
5 10 15 20 2 30 35 40 45 50
B R ERE Schemes for Resource Allocation of Edge Computing for IoT
. N . N ) Environment[ ] ]. IEEE Internet of Things Journal,2020,7(5)
B 7 Bl &0 T2 5 A B 80 1% 4 B0 i A8 A i 3 1209-4303
Fig. 7 Trend of average disutility of mobile devices varies with ' ’
[12] MAO Y,YOU C,ZHANG J,et al. A Survey on Mobile Edge
the number of mobile devices
Computing: The Communication Perspective[ J]. IEEE Commu-
BRIEF AXMRTEZHNGRSHEZHNREG TN nications Surveys Tutorials,2017,19(4) :2322-2358.
5 MR 55 4 BB UR E M RS Bh IR A BT SR B Bk ) A I R S5 [13] ABBAS N,ZHANG Y, TAHERKORDI A, et al. Mobile Edge
%%5 *zﬁ]l}x"%' 2 [6] 1Y 32 | ¥k }%*ﬁ g — A 40 g £ 3B Fﬁ%& Computing: A Survey [ ] ]. IEEE Internet of Things Journal,
N . N [~ A50-
Stackelberg Hze Hh i IRS kRS HE. . B3k &k 2018,5(1):450-465.
N e vi b R Y . S 14] SPINELLI F,MANCUSO V. Toward Enabled Industrial Verti-
BB . ACSCHE T BT OB R R fe sy oward Enabled Industrial Vert
. o . e cals in 5G: A Survey on MEC-Based Approaches to Provisioning
L T A S AS Stackelberg 1258 19 Y 67 i, SCue4h /%
. I N R and Flexibility[J]. IEEE Communications Surveys Tutorials.
W, AR 35 %8 AT LATE B0 35 32 08 i % IR 55 4 28070 1 [ B (R IE S 2021.23(1) 596630
’ 10 - .
S RIRIG R, % ET MEC & 4089 5 Aii X 2R 85 7T g - )
SNV AR IR FRE . 250 R) MEC AR 2 9 53 i 55 55 T g [15] CHEN X,ZHANG J.LIN B.et al. Energy-Efficient Offloading

BUL GRS 45 58 2l 5 2 0] B 58 B AT AR 4 A R Y 1) AL 7R
R A 1 AR L FRAT TR S 1A DX B A R SR R AIE 7 2 IR 55
5 8w Z 8 B IR B 1 2 A Pk AT OB B4

for DNN-Based Smart IoT Systems in Cloud-Edge Environments
[J]. IEEE Transactions on Parallel and Distributed Systems.,
2022,33(3):683-697.



M R, 45 B 330 G T 5T v 35 Stackelberg 15 R 43 A 28 M 5 15T EI 2R

285

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

LYU L,ZENG F,XIAO Z,et al. Computation Bits Maximization
in UAV-Enabled Mobile Edge Computing System[]]. IEEE In-
ternet of Things Journal,2021,9(13):10640-10651.

GUO M,WANG W,HUANG X.,et al. Lyapunov-Based Partial
Computation Offloading for Multiple Mobile Devices Enabled by
Harvested Energy in MEC[]]. IEEE Internet of Things Jour-
nal,2022,9(11):9025-9035.

WANG Z.,LV T.CHANG Z. Computation offloading and re-
source allocation based on distributed deep learning and software
defined mobile edge computing[J]. Computer Networks, 2022,
205:108732.

ZHOU H,JIANG K, LIU X, et al. Deep Reinforcement Learning
for Energy-Efficient Computation Offloading in Mobile-Edge
Computing[ J]. IEEE Internet of Things Journal, 2022,9(2);
1517-1530.

NIE Y.ZHAO J.GAO F,et al. Semi-Distributed Resource Ma-
nagement in UAV-Aided MEC Systems: A Multi-Agent Federa-
ted Reinforcement Learning Approach[]]. IEEE Transactions
on Vehicular Technology,2021,70(12):13162-13173.

LU W,ZHANG X. Computation Offloading for Partitionable
Applications in Dense Networks: An Evolutionary Game Ap-
proach[ J ]. IEEE Internet of Things Journal, 2022, 9 (21):
20985-20996.

SUN W, LIU J,YUE Y,et al. Double Auction-Based Resource
Allocation for Mobile Edge Computing in Industrial Internet of
Things[J]. IEEE Transactions on Industrial Informatics, 2018,
14(10) :4692-4701.

DU J,CHENG W,LU G,et al. Resource Pricing and Allocation
in MEC Enabled Blockchain Systems: An A3C Deep Reinforce-
ment Learning Approach[]J]. IEEE Transactions on Network
Science and Engineering,2022,9(1) :33-44.

YAN J,BI S,DUAN L,et al. Pricing-Driven Service Caching and
Task Offloading in Mobile Edge Computing[ ] ]. IEEE Transac-
tions on Wireless Communications,2021,20(7) :4495-4512.

XU H,HUANG W,ZHOU Y,et al. Edge Computing Resource
Allocation for Unmanned Aerial Vehicle Assisted Mobile Net-
work With Blockchain Applications[]J]. IEEE Transactions on
Wireless Communications,2021,20(5) :3107-3121.

WANG Y,SHENG M,WANG X,et al. Mobile-Edge Compu-
ting: Partial Computation Offloading Using Dynamic Voltage
Scaling [ J ]. IEEE Transactions on Communications, 2016,
64(10):4268-4282.

RAZA S,WANG S,AHMED M, et al. Task Offloading and Re-
source Allocation for IoV using 5G NR-V2X Communication
[J7. IEEE Internet of Things Journal. 2021, 9 (13): 10397~
10410,

SHANNON C E. A mathematical theory of communication[]].
The Bell System Technical Journal,1948,27(3) :379-423.
SHAH-MANSOURI H,WONG V W S,SCHOBER R. Joint
Optimal Pricing and Task Scheduling in Mobile Cloud Compu-
ting Systems[ J]. IEEE Transactions on Wireless Communica-

tions,2017,16(8):5218-5232.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

LIU L,CHANG Z,GUO X, et al. Multiobjective Optimization
for Computation Offloading in Fog Computing[ J]. IEEE Inter-
net of Things Journal,2018,5(1) :283-294.

ABBAS N,SHARAFEDDINE S,MOURAD A.et al. Joint com-
puting, communication and cost-aware task offloading in D2D-
enabled Het-MEC[ ] 7. Computer Networks,2022,209:108900.
FANG F,XU Y,DING Z,et al. Optimal Resource Allocation for
Delay Minimization in NOMA-MEC Networks[ ]J]. IEEE Tran-
sactions on Communications,2020,68(12) :7867-7881.

LIU Z,FU J. Resource pricing and offloading decisions in mobile
edge computing based on the Stackelberg game[ J]. The Journal
of Supercomputing,2022,78(6) :7805-7824.

ZHANG H,XIAO Y.CAI L X,et al. A Multi-Leader Multi-Fol-
lower Stackelberg Game for Resource Management in LTE Un-
licensed[ ]J]. IEEE Transactions on Wireless Communications,
2017,16(1):348-361.

BOYD S.BOYD S P. VANDENBERGHE L. Convex Optimiza-
tion[ M]. Cambridge: Cambridge University Press,2004.

XIAO Y,BI G,NIYATO D. A Simple Distributed Power Con-
trol Algorithm for Cognitive Radio Networks[ ]J]. IEEE Tran-
sactions on Wireless Communications,2011,10(11) :3594-3600.
CHEN X, JIAO L,LI W,et al. Efficient Multi-User Computa-
tion Offloading for Mobile-Edge Cloud Computing[]]. IEEE/
ACM Transactions on Networking,2016,24(5) :2795-2808.
TANG X,REN P,HAN Z. Hierarchical Competition as Equilib-
rium Program With Equilibrium Constraints Towards Security-
Enhanced Wireless Networks [ J]. IEEE Journal on Selected
Areas in Communications,2018,36(7):1564-1578.
EBRAHIMZADEH A.MAIER M. Cooperative Computation
Offloading in FiWi Enhanced 4G HetNets Using Self-Organizing
MEC[ ] ]. IEEE Transactions on Wireless Communications.,
2020,19(7) :4480-4493.

ADHIKARI M, MUKHERJEE M, SRIRAMA S N. DPTO: A
Deadline and Priority-Aware Task Offloading in Fog Computing
Framework Leveraging Multilevel Feedback Queueing[ ]J]. IEEE
Internet of Things Journal,2020 7(7):5773-5782.

CHEN Xuzhan, born in 1998, postgra-
duate,is a member of China Computer
Federation. His main research interests
computing and game

include edge

theory.

LIN Bing.born in 1986, Ph.D, associate
professor, postgraduate supervisor, is a

member of China Computer Federation.

His main research interests include
cloud computing and intelligent compu-

ting and its application.

(SEAE S48 - i )



