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H 60 B Ak F B4R A ik (Discrete Particle Swarm Optimization Algorithm Combined with Genetic Algorithm Operators,
PSO-GA) . =T s RAME B F oAb s m iz 7 ke M AR A KA T 7 % (Greedy Algorithm) . 55 8L T st3t F # 8 &
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Computation Offloading and Deployment Optimization in Multi-UAV-Enabled Mobile Edge
Computing Systems

LIU Zhang-hui"* ,ZHENG Hong-giang'* ,ZHANG Jian-shan'* and CHEN Zhe-yi’

1 College of Mathematics and Computer Science, Fuzhou University, Fuzhou 350116, China

2 Fujian Provincial Key Laboratory of Networking Computing and Intelligent Information Processing, Fuzhou 350116, China
3 Department of Computer Science, University of Exeter, Exeter EX4 4QF, United Kingdom

Abstract The combination of unmanned aerial vehiclesCUAVs) and mobile edge computing( MEC) technology breaks the limita-
tions of traditional terrestrial communications. The effective line-of-sight channel provided by UAVs can greatly improve the
communication quality between edge servers and mobile devices(MDs). To further enhance the quality-of-service(QoS) of MEC
systems,a multi-UAV-enabled MEC system model is designed. In the proposed model, UAVs are regarded as edge servers to of-
fer computing services for MDs, aiming to minimize the average task response time by jointly optimizing UAV deployment and
computation offloading. Based on the problem definition,a two-layer joint optimization method(PSO-GA-G) is proposed. On one
hand, the outer layer of the proposed method utilizes a discrete particle swarm optimization algorithm combined with genetic algo-
rithm operators(PSO-GA) to optimize the UAV deployment. On the other hand, the inner layer of the proposed method adopts a
greedy algorithm to optimize the computation offloading. Extensive simulation experiments verify the feasibility and effectiveness
of the proposed method. The results show that the proposed method can achieve shorter average task response time,compared to
other baseline methods.

Keywords Mobile edge computing, Unmanned aerial vehicle deployment, Computation offloading, Discrete particle swarm optimi-

zation algorithm, Greedy algorithm
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#3131 41155 (Mobile Edge Computing, MEC) # ¥ — Fh fi#t
P |- 3 e A I B R T BESY . MEC i a5 i IR 55 2%
B AE 0 2% 140 Gk CAn e s ) 4 s B W] 482 A ) 19 05 XL i
BT HE G = T AR 88 v 2 3T 5 & 1Y 0 485 1 € [ JL
itk MEC fig % LU /N (9 B 1) 5F 45 g B P 4 g 01 55 R 45t
T A R4 5 AR 55 12 (Quality-of-Service , QoS) .

1 B2 14 B 3h 38 A7 38 K40 b i A SR R O G L (2 A
— B 378 X da U L XAV 9 DA B — 26 5% i 0 Cn 9 X
R 2D R A4 BR v i v 3 15 A 3 T R 2 %t RS BhiE
fEHIRCR = B RAY RS . 6 AL (Unmanned Aerial Ve-
hicles. UAVs) KU R 76 B 5 B 2y M 8 R0 28 i A IR 45 4k o
W W BN Al AE U, UAVs 1 DR 5 3l il 15 3 uh
M T A MDs $2 4138 175 IR 55 o DA T A4) 590 - 25 — {4 14 3 £ )
0 i UAVs 78 24 30 15 3 5 G 40 55 #8) B B A7
WP #. — & UAVs 5 MDs ¥ i 19 & 20 ¥ #E (Line-of-
Sight, LOS) {75 i fE % ¥ 4 15 5 4 25 £ 5 3000 15 5 22 0l Fn 2
BFEN BT T UAVs B8 0 2 15 Hb ke 28 Ho AR R 45 v 346 8
FIHLE 24 MDs B¢ W 46 4R 28 & A2 SR B, UAVSs BE % LTEAIX
B BLAS 5 T A 3 B AT 1 3 N b

AR, %% UAVs B T MEC RSB ETEH 8 2 K.
— D7 TEAE SR MEC REEH 3 5 e 55 i 14 790 28 38 4K it
F b T B FE R E L E 2 UAVs 15 8 14 IR 55 TR B, 75
B R G 0 UAV 38 g, I A% 56 1Y i 2% Al 55 4% 38 28
FEWE LR IE AT UAVs #iBI A MEC 4., UAVs &
BB W MDs 5 UAVs 2 [8) 1938 {3 i 4 #1 fE
FEL UL UAV SERRE B HEE ., 7 — i, 505 6
AN W AR H MDs BB AT 5 4R 4 2 % Ik 5
AT AR UAVs FRIR AT B A5 5 1% 58 301 5 R 55 45 40 24 1
PREBEIR, Ik UA Vs AT RETE 15 S H 35 30 BN I A 19 MDs
PSR S5 o VT R MR B B UAVs T8
RO PR G 5 A) B 00 8 O s AN T ke

El 0 B R PR AR AR SO 2 T AL RERS B30 2T 5 R 5
HR A AR S 3 S T R A ) R R AT . )R A A AR E A
K TE—A LT AN AER MEC R4 i i ft 1k UAVs 1
B RN T B, B/ NE T T BT 55 1 ST 25 e R
AR . AR SCHY FE IR

(DT —F 2T AP RN R S0 %I RGERA,
BT AR L 58 T 55 B 2 BRI - 34 0 N B IR A Ak
fii] 7L,

25X i s SCI Ak 1Al B, 42 1R T — Bl PSO-GA-G X
BEMERA AT L. EIERNANERAT 45 & e a5
T B BB T B AL B 1 (PSO-GAY 13 8] UAV #E T % . N
F R OB E SR R T R, a8 R
1814 7 2R Az AR Ak )

BT T 5885 & B 05 BLERET R HEAT T ik (4 1 L 5T
5 BE T BT AR IR M AT AT R sk . SRR A SRR AL M
S b 5 o Dy 1, T 9k T DL S B e A S 2 4T 45 R R ST T

A SCHS 2 T A OC TAE 5 3 WA IR T £ B AN
BB 975 3 i T8 2R GE B TR L e A O T 11 285 B A Ak 1)
B RE S5 4 TR 8 T AR SCHR Y PSO-GA-G BUZ ik
EWA AT P50 5 WilkAT T 07 B I E 5 4 T s B R B
i,

2 MXTIIE

AR SR, MEC 7E AL A2 R B#Z 8 17 712 1 %
L MEC 3 26 3 A2 IR 55 45 09 1 50 9 U5 T U0 3 9 45 3 4%
W AR T MDs 5 R 45 %% 22 8] (1 38 {5 A 4E . DA T 42
Tina: kN AR

I EEAE R MEC [ 268 R 2 —007 il i & 3L i )
RPN IR A Fl s MDs 13z 17 09 18T 55 H 8 31 i 4 IR
S5 b, R TR TG S 2 00 3 R A A 0 R o8 AR 5 . 1B e
BT 00 B AR R 6 il SR FHRELAE B 1R 38 SORE T BT 55 4
TR 3 B 1 5 MR 55 5 10 B0 R 5 R AT AR B & 43 OF
B HR B % M55 4 L0 . BERE 5G M4 M AR,
HILT —F MEC 1 D2D P[] /9 8 28 H RDS . M7 58 %
B MEC Ay 53 0 28 £ AR 68 95 A 280 b 46 58 1T 55 19 58 1 A
)T AR B A I REAET R RE M R ACH T,

¥ UAVs #l MEC AHZ5 6, A SRt — Fh 5 v] 5 i & o
ERRN 7 5 Y PR B T 6 R 45T T A S MEC 4303 i) —
WA . YATE Xt UAVs flifg 1) MEC R % iF o7 T 248
TS EIE T . Chen 50T 5] AT HEBA IS h 1Y S 0k Je ik
% (First Come First Served, FCFS) 8.9 , 31 ¥t Ak 7] 1 5 X
g A (T2 R B S e . 1 4 A 7 o = W |
AL, Zhang UV BT T — R pE 1 O RN B R S 4
) UAVs fliie MEC R4, Jf 88 T — Al 3k TR e 19
fiff T 7 28 SR UE B 9 A1 34 B B A HE . Kim ZF0POV T — Al A
THLER 2% S W TS 07 i ST R 2R G5 RERE AN B A 1 4R
1k, Wang S50V 42 1 T — Al 3k F 38 46 2 3T 19 4T &5 3 20
UAVs Bl Be AL S IR fE KRB seh R ILIE T R
U AP AEREIR . Seid S5 HY T 3 T J0 R B IR B 9 Ak )
R I 3 B30 S5 2B R O R G T 8 W O R T LA o R 1 Bh
YR 23 ) o 40 ER A 37 3 e X 45 Hp 2% 20 78 35 A0 S0 38 SR s, T 3
3t Jain 2P H8 BOR A T LIRS .

Ak, BT UAVs fl MDs 22 [8] (9 #0057 B 6 2 422 5% i
P (5 AR A TE M UAVSs #8258 7 R e85 3 32 T R 2% 119
W AF T Uk UAVs #8840 R UAVSs 35 ST 55 — 1~
WFIEHE . Yao %550 0040 T UAVs BYSMG 54k 4R I T —Fb
W AL S5 P 7 525 92 S i e UAV's 388 ) 150, B b7 J2 Bt /Mk &
GiBEFE. Yang PRI T —F T £ UAVs #ii B MEC
BB M (Internet-of-Things, ToT) 28 44, 3 32 11 T — Fh 2 T
LIRS UAVs #B5Rm SE3L T 24 UAVs Z[a) 1
TR . Zhang ST 4R T — b 3 B HOR T RS R W
UAVs 3B 8, LIS B UAVs 2 3% i B 19 & K 4k, Huang
GUTHR T — RS UAVs B Ry
P A UAVs 455 &0 0 80 R B R i /IME R SR

25 ik, UAVs [ g MEC &858 W R DF 98 A s, 4%
T 24 i 1 A 3 22 4 vh 7E R S8 REFE I A Ak D T X T 2R 4 e
B S PR A AR R A R IR AT 9E . b, 24 R X6 B JE 1) A 53 0
2 MGk 2R G5 11 5 R i R s SiE ik — £ BEF R . 5 Bk T
R A CHFSE T — A% UAVs flifigny MEC 248, 76 fif % )&
B BB Py 3 S B A P AL UA Vs 135 7 5 MDs 19 8 2%
SRS, S BN ZR 58 P 4% TP 1 T 2 B A £ £ Ak o DA T3 31 0 &
SRR R R Y AL .
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3 REEBIFEEE X

mE 1 iR, ZE—1hZE UAVs BB MEC R4,
HEZRGE T, W AR S M T m A~ MDs, id Ry M=
{MD, ,MD ,+++,MD,, } , % B n 5 UAVs, i h A =
{(UAV, ,UAV, -, UAV, } , T L # MDs 424635 iRk 55 .
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Jal i Py
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Fig. 1 Multi-UAV-Enabled MEC system

B MD, A — i %5 AT 1545 % . iE N Task, = (D, ,
SO i DR AR AT % i A B0 B K/ (LA bit B
S, 2R IZAE 55 B bit AR & T 75 3 H B IR & (UL CPU 19
THE RN A . A, MDs 5§ UAVSs 2 ] 5 it B2k 1%
TH EATH0HE 22 8 . MDs 1] LUK 0334T 45 &3 I 2 3 UAVs
EHAT. R R RS RIE LR 1T,

£1 HEEX
Table 1  Symbol definitions

%5 X

M HHRENES

A AN & A

MD; Bk
UAYV; A G

m ST &

n T ALt BB

pMD Bk A WS
PP Bk A i AT
PUAV T ABLELE B
Py FAM G 4 AR

nr B4 i 8 CPU It S Mm%
i FAHL By CPU i £ %

A T4 B3
Task; Bk i RS

D; HEES I WHEE

S; 4 i PHEIL FENITERRE
H FANL A
Ninex PSS TET S

; T ST 2 T

g0 BEEHTHEEEE

B BHEE

o EE R YR ES

h;. Bk g i AR AL 2
R;.; P T SR P VN NEAE TS
Tovg S AE 4o SRR

3.1 EfEHEE

MDs Fil UAV's BALE R ] =41 R R AR g X Row
MD; I & RR A pM° = (2}, yM .00 UAV, L B R R R
PN = (@Y YPY HD L H H ROR R G UAV /) K AT
R R TR BOE TR T B B B IR UAVs
A B AE [R] — e BT I HLAR IS WAL B RN,

o1 T UAVs B4 59755 B 1 MDs, UA Vs il {5 5 B 59 10
£ 3 B F A £ 3 B R /0N IR 48 R R B R B R ) T Wk

Kt . MD,; 5 UAV, Z [8] 9 JC 4 A7 18 v F H A f 25 ) % 42 4
#E (Free Space Path Loss, FSPL) # 8 JE 47 ¥F 4450, Bl & 411 =2
] TG £k 1 18 5 B 19 T B 38 25 0

_ —2 8
h;.f*godi.,Z*Her I pr‘v[ro)ipmv I D
i j

o, g % B0 25 () 5 1) £ 3 D R 45 . o, o8 MDD,
UAV; 1 23 (8] L

T A B A, MDA ¢ DR B R AR i T R P kAT
O A8 LIBCE 8 R B 5 MR L. L. MDD, 5 UAV,; 2
] £ K040 £ i 3

R.,=Blog (1+P;’§f" ) 2)
Hp o BB EREE TS ARSI E, B RRFEE
W

3.2 itE#ER

FZEF A B UAVs Fl MDs #5 7] 42 L3135 Ik %, MDs
R AT & W B UAVs F AT, T 7E AR H AT
MDs Fl UAVs Z [0] (4 55 S FBE A€ {0, 1) " FoR
mF.

Qa1
A=| i
Qi1 Qpynt 1

Hi,a,€{0.1), 34 MD, ¥ 84T &5 #H# 5 UAV, E#4T
Woa, =1, &M a,; =0, ¥, o, =10 35457
MD; AT,

B T MDs 32k F 5% 4 ®I # ms IR 4 4~ MD L1
AT 45 A W AT 3 04 AT O =K

(DAMIKAT . Y a0 =1 B IHAE S MD, LT,
Mg Task, (052 S, PATIZAT 45 BT 75 19 BT 50 AR 8O S X
D;. W% MD; b HATIES B B i R v] DL R R .
S, X D,
v
Horfr, 0 %8 MDD, § CPU FHEHR,

(OE#HF—H UAV EPAT. B o, =10 ,MD KI5
55 8 UAV, L AT, ok, 38 AT &5 59 58 6B [
3 AN A3 A A0 I B AL it ) T L UAV BUAT AT 45 B 7
HRE ) T8 DL B S5 SR A Bt (] T, e X AN i A2 v, MDD, ]
UAV; 1& i 008 5T 75 1) Bt [

Q1.n+1

T = (3)

tran D'
T =g D
HEAT 55 18 UAV, b 8 $UAT BEE] M

J

Hoh, /N %R UAV, 5 CPU TR

AT 55 AT 58 U POAT 4 2R 05 BB 1l 4 S AR R i
MD F o Tl £ R A Bl /N 1 A e TR T 9
L2 s AT

Zi BRTIR 4 MD K AT 95 M8 3] UAV, EIRAT AT 55 58
JRUERF [ 7T 22 7% 2

=T+ T (6)
3.3 EEEX

BT BRI T B MEZ T AL RE R MEC & 4t
PIT A MDs (%) F- 32 4T 55 Wi 137 16 5] K5 416 40 [ B3R SCA0F
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Pl: min ii(a,_,,\1T}°°+ia;._,T?,“f)y Vie[l,m],
=1

PUAY A 0 i=)
Viell.n]

st CL:0< XWX, V€[]
C2.0<Y/"V<Y,...V;€[1.n]
C3:a;,;=1{0,1},Vi€[1,m],Vj€[1,n+1]

nt1
C4:Xa;;=1,Yi€[1,m]
ji=1

C5:0<§1aw<1\1m“ Vi€l1.] N
Hi,Cl A1 C2 R UAVs BB LR AR, C3 BRI XK
FHSE R, C4 KR HAD MD HEEKE 5 s —4
UAV Lol fEAR AT, C5 RaR B S UAV 1] PUAT AR 55 5K
RS M T e RAT 55 IF & 4R

4 WEHREBRSMHRUTE

4.1 [E@maH

R E SR P AR ) R — AR A TR R R I,
i R BRI 2 R 45 A1 C3 B 3R ™ M, 3 {45 3% 1) B ME L o 4
KR . PSO BAE Ry —Fii F A BE T AR 40 R BTE A I o
B Bs AR R . Rk, PSO B3 3 % bR B0 32 22 M A AT 5 ¢
BEOR, AT H TR AR R R, B E 50 PSO Bk
T fife e 3 B v A A DL [

(DA B K UAVs F82 F 1 5 5 205X w5 77 18 1Y 1A
b ARAE G2 1 PSO 553k 0 D SR i ik 25 2 2 50 & 1 R 1k
fi] 1L

(DAL GEH) PSO 55125 5y B A Jm) 8 B A, TR Ik VT 8 G
15 3 B A 58 3 B AR A

T R A ] B, A S i 3 A PSO-GA Bk f gt
BRI T —F PSO-GA-G WEREB AL T, £4
— MR L ANZE i PSO-GA Bk SEH UAVs
B L DAL L 2Kk A PN U e B0 B i S R
TR,
4.2 ETF PSO-GA EiEH UAVs BBEMRAL

PSO-GA J&—fh 5] A 3t 1% 5 9% (Genetic Algorithm, GA)
FUHE T RS R R LA R, AR 4kK T PSO
VL Sy I ORG RE v RSP S R A T R GA B
TR AR 5k R A5 T Gk S R B A DA T 3 A5 T AR
) i o
4.2.1 BF%H5

— g i g 8 7 20T DL D R AT ROR L B R AR S
A 2 i 5 X R ) 24 R i ) AR X X ) B PR T
TR RAR . FERTRRAE A T, UAVSs 30 F 07 B b H o %l
oy SRR S, LR T LA R F i B ML - 4 A4 i F AR
REGTIA UAVs —FEE 7 & R F %A 40 th—
AT AT GRS, R — B UAV KT 5w
PiE . A BFR R A N E TR

X = (Zh s Tho o " + Thy ) (8
Hod, 2 (b=1,2,,n) £ UAV, TE ¢ B 2009 KF A5, &
XWF

xh = (X4, Y4 (9
Hodr, X5 MYy, 4 I FRORFE ¢ B2 UAV, 1 = JiR y Gl Ak AR,

B2 45T — Ak F 4% i 0 F . BTl 6 A s
MR B R T 6 & UAVs BB E ., Hd, 80010

H—A 4w R, KR HE G UAV FEK 7 1) AR b
BIan, 1 S5 RS (123,643) , X %R 1 5 UAV B35 8
{7 F M (123,643, H)

IENENEN
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T T
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Fig. 2 Example of particle coding
4.2.2 &R

LA AR Oyt E SR IR AL R 2 A L Y R AL
A, 2D I H AR BRECKVE S PSO-GA 51k 1 38 B B bR
B, B UAVs S I RAFEHE T ZRAR D h
B B bR SR T AR B — AR B E N RO . BT A
P A B A 2 e /I A6 ST 35 4T 5 i 197 1) 18] 5 R 0k 5 g B R AR (i
/N 9 F R B A 0 R
4.2.3 EF BHR%

TEAL e PSO Bk b, B AN KL F LA — % WY 77 1] FH 3 B 7E
LA A Z3 AV B B 8l B2 B T B 09 o7 1 Rl e
B9 AT 2 AR A BRI [ B 22 38 A TR R S (] R S O
AT A C RSB, 7R A R P R
BEFIALE R I T A

Vil =wVi+cir (pBest, — Xi) +cyry (gBest— X5) (10)

Xt =vitt x4 a1
Horbr, e AR M ATE RS VE B XL 43R RS £ A KL AE
55 ¢ UK AR KL 0 5 B AL B L pBest, Al g Best 43 5 w2
it e SR ARSE R kAR B T SR SR A A B R A B R 9 I A
P, w B, P TR — R A Y B X 2 A RS
S M 50 A co 53 HIBR R A M2 3 B P R AL 4524 3 A
T R T B B Py s e 0 fE R R R D s e R R 2 > g
r Ay 2 [0, V]I R P B P BEBILAE O 2% A48 R ad 7 08 S
IR

PSO-GA BETE PSO Ly Bl 5l AT GA Bk
W28 AR S, AH R Hb R & 1T 20 AR B Dy

X' =c,DC, (¢, BC, (M, (X}, pBest,) » gBest)

12)
He M, OFXREFET.C,OMC,OFKREXAT,
1 PSO-GA 5k 85 PSO Bk IR ESH 2% 5 GA
BRI AR S BARAR S & B 1 RO TR A S O 2k
M, (XD, n<<w
Al =wdM, (X = as
. e
Hopr,r 2[0, LTX A M BEALIE . M, (X0 ') 37 B AL 3E X
B X B IR E A RS R B3 %A
TSR FHATE RS FRS R, X fh, R8T
BEMLZE £& T — A 43 60 mpl, IF4% mpl A7 b 09 4 8% A (217,
952) FEAILAE B 24 (345,996) .
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Fig. 3 Mutation operation
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1E PSO-GA F ik v AR GE M A~ 1 2 T 3R 50 5 4t 22 2 5T 38
I3 GA B I 32 SUBT - FR &S & AR 08 S8 7 X 3 O

C, (A}, pBesty), r<<c
B, :w®C/, (A} » pBest,) =
Al HAthy
(14)
] C,(Bi,gBest), r;<c
C, =w@C, (B »gBest) = (15)
B, Hofl

Hor,r F1 rg J2L0, TR B A B PIASBE LA . 3¢ X5 T BE AL %
BOBLF B WA 4300, It pBest, 5% gBest I %F Vi 43 v 2 [8]
B R A7 R 4

B4 25 T X BT IAT A U R A R, FE X A i R
L X EFAE IR F L REHLEE$E T WA 460 cpl F1 cp2. JF
1 pBestk (B gBest) X} Ri 43 2 [8) B 3 A 2 1) &, B (342,
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