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ZHANG Jing, GUAN Jian-feng, LIU Ke-xian, SHEN Ao
(State Key Laboratory of Networking and Switching Technology, Beijing University of Posts and Telecommunications, Beijing 100876, China)

Abstract: With the continuous development and maturity of personalized and diversified new network applications
and services, the amount of data and computing demands are experiencing an exponential growth trend. Cloud computing,
edge computing and intelligent terminal devices have been developed rapidly, and computing resources have shown a trend
of ubiquitous and decentralized deployment. How to use these ubiquitous computing resources efficiently and collaborative-
ly to meet the increasing computational demands has become an important new topic in the current network field. Edge com-
pute first network focus on the edge of the network, near the location of the data source, combining heterogeneous comput-
ing resources and network resources to improve resource utilization and task execution efficiency through resource aware-
ness, service positioning, task scheduling, maintaining low latency and low cost and realizing the optimal configuration of
distributed computing resources at the same time. Edge compute first network usually adopts the distributed task scheduling
mode. In distributed task scheduling, each node makes local decision based on local information, which has the advantages
of short decision time and effective relief of calculation and communication pressure of central controller. However, the lo-
cal and asymmetric nature of information limits the global optimization performance of distributed scheduling, resulting in
an inadequate task coverage. This paper focuses on distributed task scheduling in edge compute first network. With the sup-

port of game theory and multi-objective optimization methods, a distributed task scheduling algorithm based on optimal dy-
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namic response is designed, which introduces communication and consensus elimination mechanisms within a two-hop
range. Under the conditions of minimizing interaction costs and scheduling delays, it maximizes the task coverage of distrib-
uted scheduling and achieves convergence to the Nash equilibrium point. A dynamic game model based on the optimization
and consistency of distributed decision-making, with consensus elimination within a two-hop range as one of the optimiza-
tion objectives, is established. The theoretical derivation demonstrates the asymptotic equivalence between local decisions
and global decisions, providing an effective theoretical basis for the existence of Nash equilibria and the convergence of dis-

tributed scheduling. Finally, the effectiveness and optimization benefits of the proposed algorithm are validated through sim-

ulations and comparisons with a classical distributed decision-making algorithm and global optimal solutions.

Key words:
decision making
Foundation Item(s):

1 5%

BEE TN 38 JTT AR 55 1 B, DL
N TR RE RBAESFEHAR AW & I, B & F T
KEFREIOBEK B — RO A 2R R
T, ZETHEE I G Al 0 plAS ] 4" e S5 53 ) b B )7 T
1 4 G v B 0 TE il BT T R R S X
T8 S5 50 0 YR DR A s IR R R L AR AR
NS TR U2 S W IS () PN il g = P
fift e U5 ELIC oI 0 1 HT BB RS 4RSS Iz A 20
A TR SR T SRR R RIS T RO R
BEREAE IR 55 RE 1, & JCH 5 28 [0 2 L At 15 i v i &
JR 1y F Ly i

AT 55 A B S 2 2 B3 3 I 4% 20 25 TR AR v AR
SRR . B TR B H a5 2 Bz e
PR I A, 9 2 T 5 % 04 8 O BE A TR A B
JIM 4 R IRR OB Z — . BTN 2R B &
T A R RKCR S0 A SR )z N 28 e A
PR — NG BR A DF . 2R R R RS
BAV 2 AU R G0 0T A R, R B e
DA 2 e 20 J7 258 10 PR HE RN A 2 1A 55, i HLiE
HAEZR A 2 A A I R A 3 S AR AR C AL
BLAS S8R BB AR AT o L B0 55 4F: 55 =2 1] 4% 31—
— a1l — % 22 1Y T, (R R e K BIR b i T X AT R
F 2s L T T 2B D I 4 b i L R R ) S
TE /N TE 5 115 B0 48 303138 B8 IR T 34T 55 2 1]
B — X — 3 — X 2 B ECXT . BRI, 1 25 T 4 v g
U A 1Y B (R R B ) RS TE AL RE L 2 LA N SR
28 BRARAT: 55 18 J3E [ AUAS 5T EL A AR [ (A BB AR AIE
HETT AT DA 5 0 512 TF 40 i R B 5 1 v i 54T
58 J3E ) 7

A Ry 206 P Ak T 850 1 0 20 S 43, 1 2 B R
T LA b LR AT 55 IR ) S A — 2 ) e Ak
WA T AL BE . S T ok Mt B 241k
H bR 0 14 8 ) A0, bR 3E S C HE P st 1% 55 % (Non-
dominated Sorting Genetic Algorithm, NSGA) %% Hirmy

edge compute first networking; task scheduling; auction algorithm; dynamic potential game; distributed

National Natural Science Foundation of China (N0.62394323)

MAL B AR 1 R, LA B BT R 4 A B
A AT HPE , s A O O . R 2
TR ISR AR PR, £ 45 4R s R A ok B R Y
fEFIT AT . FEARSK N T Y G N ii 32
FETFRBE A 095 h A B2 T i LR PR

AT R AR, 23 A1 20T 55 T B A X B 8
e FIARRR ] . ST RS2 5% CBAA (Consensus-
Based Auction Algorithm) AR 2R R A A EdgeDe-
cAp S5 H R BT oA 2 B AR i T
figp- 2 3 A1 2 AT 55 81 RS B A P 1 A A AT 55
A FE AT 55 8 2 A R R e A BistT, B
B R AR SR S R P B Y AR BRI 551 L o8
AT 13 Sy BB N AT 55 8132, O3 aok 4 3 i 1Y)
A ) A B AE R ARG A B 4 R A e g R IR Y
TR W TR R R AE S oA 2 A A
JINIE 7 A A 190 246 T £ 15 % 14 o 000 B ) e, T 4™ e
PESEGR . AR, ) F0 A5 D 29 RR & 2 RR AR T AR 9%
P8 AT 55 55 BN AE i 22, S BRI AT 55 OR) i,
11 AT e S BOT AT 55 1Y 3 55 8 2 B R & 2SI
FIR AR 1 DU 2 R A . G = IR T A 3t
24T AL RS AT 55 1 ph 52 [a) 8, (R e ik i — 20
PEFHT 55 B9 25K . N, CBAA B3 th— Bk 4R JE 2 1]
BYAC B3 FE \EdgeDecAp 5k H {8 Bh 32 7 42 Fid 72
SRR T AT 2 MR B AR AEAT 55 vh 8 (B A7
K E 1Y PR AT 55 A 5 A 15 31 5 23 e A P R0
.

mE 1R, R IERORTHR SRR, i aRE R
INTHEAT 55, B R R B ANT 55 Z A 1Y 700 G &%, Mg
& E BT IR B R 0 RO AT 55 AN B . DR
T A L2 AT 55 U8 BE Y TR . R BT ALk
B RO AT S5 B LR, €, s
VEREEAT S/ MUINE S AR5 T, C, WIE AT 55 7. 7
A T S A5 B B 20 A AT S5 BE b, i T C R A
B T, MAETE, FBC A Y TN ERES.

T , A SC LA SR T3 8 B e 4 1 i % B T A



o1 SRS S R EOR AL BRIV Ul SR LE S E S RES 223
S s R8T 5 A 53 v R T
‘ i FUDEENIEL S
@ T iHiss Z F1 AU 250 A AR S5 LR

C, -
lo |
/ >~ | 140
\ ~h |
//15 \\ / \35\\‘T
/ N ~ !
To._‘ \ I //20
== -
C

P R TRIAL I R L 8 D5 ) s il ]

55 VA JE () AR Sy iy o, SRR T i e o3 A 0 E A
AT 55 S R AR AR SR T ), D) SE I U A A
AR ERORE . BRGNS A DTN T

(DFEHE TRV EH R AR TS 2 YT IR 5K
P340 5 S DA 55 R B85 R GRS AR | Sl ST 2 T AT 55 7 6
ST AR s IR R 4 22 B RO 55 PR B AR A

(2) B it 1 B T e A gl A ) 13 14 43 A AR 8 B2
Bk (1A S Consensus-Based 1 Game Theory, GRS
CBGTIIE) , 518 LA At 50 285 ey 1oz SR W Sy il , il 5 17
Z HArAe 75 . CBGT il i — By [l 4 14T 55 91 B LA
K B 408 JE Y A MR R 38 BRI SEEL T A A AT
S5 VR BE , JRE SR AT 55 B BE i g BRI T B IR B TR 2%
WA B TR AR AR 2 18] B AT 55 IR L R 28 EL R
S L) W F I TR

(3) T ) 43 A7 PSR IS SR K B A SO % &
[F) R 52 Ry TR AR | N7 A G B S A SRR A (Dy-
namic Potential Game , DPG) %) J&) ¥ &0 25 2R B0 AN 4 Jay
PRI, A B A 2R e A IS SRR, BRI TR T B
W CBGT B2 MM Sk BE .

(4) 3 33 {7 BLIEW T CBGT $53% . CBAA  EdgeDe-
cAp FA MR TR 2 R A R, HA T = AT 554
SRR IR A BEIRIR 2 , O ELRH ik e LA i

2 BXIE

WG T I 28 AE by 3 LI 2 20K, A
AR B 55 BE T ST R AN 800 B 2 REIR L%
THEE R 9 S U A A DG BTS2 IR, , AT AR SCHY
WSS . DT SR A 12 mT LUK A BF 58320 3
N H EHRIR =I5 B oA 2 3 A
oA 2 BEASE ST AR AT AR S5 NS B
[F] , e 20 o 18R — M R A RS 8 U 55 R
AR TEAE S5 H B — B o0 T , o nl LAod i s
LR — B AR R B A B SSRGS PR, R 3
W TR P AL B B B9 AN ], T LA 53 A ol AR ik —

I RO AR T AT 55 2E AT R 23 IR IR 45 AN TR 9 48 S
T AAT B LR PG . SCHRL 11 B3 AL
v 2 W oA SRR BEREAT A B e, BB B
B AR A5 A 2R AT 4 rh e 2 B A, R AR 2
T BB XA AR AR R S A O DL B AT BT AL
SCHR 12 T [ ¢ G P M7 53 T SR IR R Sk (T3 ) 4%
155 VT B2 SR, R R HE R FE A R N R 2 — %
JE— NS R G5 AL 2 A 55 AR i 5, S
EESTARACBERLIfR A . [ RS IR A R 1]
BEA PRI, A5 SRR AN % .

55 =07 S PR R T TR A B B R R R K
B — D =T AR, A T AR 2% A T
SRR DL ik 25 5 = 07 AL BE L e AR AL U
B BLHEAT G — LR RIHE IR . SCRRL13 IR A — 1238 =
7 VR BE A HEATAT 55 PR BE L 45 P R R A o
=T VR EE AR AR YR SR XU AR S AT AR 55 ML A
FRIR, 5 08 T 3 B R b T A5 I, B S AT
BB AR B PR BE S . SCHR (14 1800t T —Fh i
BBl 7 R — X — B IR Sy AL, PRAIE T K 32 X078
o AR AR RS, 7 B — R P IR SE AT . AL 132l LAY
AR B B A AN () 5 5K [R] IR 4 i 3 A 22 30
)T A e . SCRRL LS JFISCRRL 16 ] 00 A T2 5
XA SE AL T R A B Y 4A 3%, 58 T3 A 8
0 R 29 (B AR b 2 e R B AR 3
T . AR TP AT 5 18 A O LU V7 1o 288 ML) H 4
AR, TR DR SR I ) 3l {5 T A L A 2 PR A4 A

B TR SRR 7 A9 2 BE i SR AR R SR Z AT S
PEAT A A BB SSHL, fEA AA S R AR M R
ZIR AT B RS B4 A S ML R . A
FRRAS 1) 64 2 ) 05 5 02— b A5 B LR 70 A X
A JEE 1 AR M B A3 £ B A PR 4 00 A 1 2%
BT IBL R NER P RIS — N IL R AR, ALt 4y
SE MY AR FLAR , WA TRy S B A SR 17 B 2kt
R IGRATT I, BORMLES AAESI T 55 Z R8T —
OS5 BN R X REAR 2 T4 e UH BE A A1
A ATHER TS B Jr i S L, A1 i TR TR A
SEH TFRHR R 4519 s A H B I R B PR

FH P T 2 715 B R A s BE L 3 A =0 A i
A o BT AN BAE R Z ATt AT 2 A B A,
T2 Se T Ry R A R AT DR, P2 T R SR A 45 2R 0
SRS . A 2 s S R R
S SR AT 45 Ry PR T RN B 25T 58 A, A
AR 1B RS DO R B AR 55 2R AT SE AN RIS



224 H, ¥

EE 2025 4F

5408 5 A A A AT B 8 — A R 2k 0 o A UL
SERUAT 55 B R B, K 3 411 435 SR AR (71 25 i 2l S 30 4 1)
PSSR R B CRE A TR bR R AT 55 R B Bk
FEREAN BB 3B AT AN B8 a3 P AT 55,
1 JR R A A5 B A2 T B AT A5 E A ke 56, M R AR T A
JE T4 R ) Ji A

EZ IR YN W[k = 2 N Wy
16 BIASTESR A RRAE X R IE | H IR AT S E ML B
AERETR, B XARLHHETHRRAT £
A B 5T R . ST i i 2R B R O 15 1 e % 3
JZ T I E LA AT ST RO Az Gl . 3
SR —FE IR T AT 55 V8 ik . iz A
FEILE b A AR AMT 5 b AT 8br , Horp— NI 55
AR B 25 TAC B 3% AT 55 B 4G T+ A , AR Bk
FE I 3 TR 2t AR TAT A LA AR B AT 55 . 1R
L8 BEAR DI ) 4048k 11 28 L83 3 | 2 T3 AR i 40 A X HA
S CBAA B2 Y. CBAA B4 P AN i sd o —
B3 PN B s A0 AR AR B ARARAT 55, AT A
F [ O AT 55, R SR T BR AL A SR T
RS, Fo AR T H AR B AL . SCik[20]7F
CBAA fy3ERl 2% B T BRI 55 51 . Sciik[ 21 ]
PSS R LT — A8 W EAPE AR, I3 X 4
7 A AR i R AR Y BT ke B L Sk [ 22 1 T
245 T 5 SCHk [ 21 ] Hh it PLAA B A A0 B A e . 45
— PR T R, SO VR SN S AR LR TR N AR R
i 5] AR softmax SHVEGEBRFR P 8 3 38 1 5
RIgtE, PEm R ETERE . SCHk[ 23,24 145 R £, 0 A
TSR] LS AU, BB T BR A8 . SCRik[ 25]
P T — Rl I ] 4 22 30 SRR AR O B R A AT 55 A
) A0 . H_E R 5 AR A R A Y S A 1 Bk AT
2Rl X5 A A BRI R KA AR TR] . SRR L
HEA TR S ROR (B 5B S B ek )y %
BEURAN , R R HAR 2 AR 2 ) AR AT B R A T
STHL AT 55 (4 SR Ak , SCHRE 26 PEHAT 55 (0 7 SUAE A
& JR G SR WAL 3, (R A5 8] A4 DI R 1 PR A 752
FEFI . BEAh , BRI 5 R A R (E B T
SR AR, I LT AL S A B

W G A AT AR TE 9 45 Rl 55 FUBE H 25 38K A
AT BIAT A X A A S, LR B 22 48 ]
PRV R . N ML B ek R 2 — i S5
Mz 3 5 b R 3032 L R A S 45 7 sk 3t
VRS2 5 7 AT T ) Z W 9E . SCk[ 27 1R 3 = 1
B T — R A SO A S AL R — e R
B 113K 5 A A LS A L (B AT S A 1 E B R
PE AT YR, T RE R EOHEAT 55 B T R 2 [ . 3
Bk [ 28 JAT X ik M 37 5 R 9 JC IR 55w BT T

oA RYAE 55 BT vk BIN T 208 RER TR B s fh
SIRERY TR A o] A RUBER BT R o3 A 2
BT A [R] i B2 f) fige pR 7 58, EL SCAS [ 88 2 M e 13
BT T . R TT R B N I i AE B A
S R TRE 1A AR, ok sE IR B, 5 2
BTk 0 T BERG TR BE SR, DL R/ 0N 000 30 5 R A B2 5
FF4 , K FRAFE AL 5513 % . Beraldi 55 N4 H T
— 31 SCHL R B H e A 25 1 L, B 2 52 ) 1
WA KW . TFREFR HT T ZE 8, Chen 88 A05E LT
SO VAN R T W RV R 3 RV
BEACHL A A AT AT 55 1 R JLHR . Smolka 55 A0V E X
T — A0 N5 2 EdgeDecAp , 12501 B T4 32 5k 1T
ik 7 AR PP AT SF 16, 59 3 ) 296 10 P A 0 2
G, g3 A XA 55 0 4o T DRI PR o 300 43 15 R
Ui IO G HEAT N LB IR AL 5 AT RESE T X PR IR 55
TR A, dn Tl Py

BRI TAR AT LA R R 2R 55
R RET A XH R ER E R 22 S A U
FFEAT 55 DR ma N 5 5K, AR AT 75 252 PR Gl 15 32 BR
BT B0 T P B R Rl BE A 8 B 22 W4T 55, i R AR B 58 o
AT AN PR 3 TE R AN SO TR ) L

3 mREEA

AT S I VR SR N R 2 i
IR S E R R A BIRAHR E LA B R

TR E , B GE— IR 55 e bn i s 38 00 e 55 iy 2 1
S, LU P ARE RN IR S5 135 K & R
\ R REERE
W S MEHEHARLH
<XXX> <itHEAN FHERETT, R R >
el FPSTRIS
%’ f
N ),
8 S0 <431> Bpe <iil>
Q .
;’ R <LLl>
® 8§ <3545
R: <LLl> -
R <1l1>
5
6 ¥
2’ R <LLI> S ea8s
8,: <654> o R:<LLL>
)
R <1L1>

2 IS 55 IR iRl



o1 M

[ SR S B EOS A LR NP WA ISR )R RS 225

N T I B SZ BT A SR R T
LR B BE R S P it STE RN R & R
T ATRIE BR , AR M 58 OSHR AIR JEE 1A
it ZEIR DM B S AR AE T R AR B AR 45 PR Y 5
I VRBEAR . MO T RE T BB T, DA
JETH SR 5531 55 A 18 T[] — 9 a5 58 B B R 3t T
FEO IRE PR SCHE . X TR RS R I S, <X X, X >
PR HLRENE SR LAY TR A7 A0 I 28 e e B 5 Tk T
B FVIR S5 (3 SR R < X, X, X > W) 3 HL b 45 4 g %
TR R . RO B e A o R 3 IR 55
FRAtE S —Bkad {5 Y ], 7EA 2 R4 v, iE 2l o3
PR SHITA HRGE R B

TEARAE, T I 2% (51 2Rz A8 5 I e 55 A% 1
— AT B AT LA 2 Ik 55 R G 55 s K
L A ph A5 R 2 2 AU TR RE T B IOC T A T
RV RE T B AEAL , T A G A rh 2 ) oo i 3 2
i3, R B T DR RSOR8¢ M) P 3 AT 55 Wi 7 el
ROVE . RIS RS X Sl 1 28 T s 0 285 26 i 28 1)
SRARA R AR B R R HT |, T A A B ) R
e N TR RBAE AFEOAR BN , 2 7 2K
(S . F e, T TR O B T I SR . R
KB AR AT BE S RS iz A M B AR B2 5z A
F49 3 B, T 3 A1 2 O6F S G FT el 9 B AN AE S A, iz
TESARAE T Al P Y s me i ) PREESE Fy X

T A 2 BT, 2598 S5 3 3 SUR1E J&y 3
1 FL P 1 BT RIS L RIR SR A B0, #5908 2 3 2 T A7 AR A

S 25, 2 1T 0T BT BRRORCHE AL N BRI SR A
PR, i RSO e S A5 IR R . R LS 205 T M 4 3
T B g5 B A B AT 45 T 5 9 LAY U Y R &2 T T IR
. OSCHk[33 1 1) ZE RN R R T AR AR R AR B
BT N 5K, SCHR [ 34 ] T 1 T3 4% (971 58 75 T
PR 300 % R 55 4 (AT 55 i 55 i 1R 182 ol — Bk, Aok 4
T 22 (1 7 2 SR A AR HE SR A B 7 RN AR R B i
A )L PR, AR SRR R VA (L B — Bk T P 1)
GEUE AT 55, B — B 3 15 3 1] [ Bt 2 — BT 55 R 55
UL, AP R R 55 04 S P B 2 4 A K R gty B
J1. DIE 2 iR a4 S5 R R bR IR B 2 P R, FI RN
B, =5y WAL TS, .S, .S, FS, WG/ BE 25 i 32 i
RV N, 7 258 B 3 (L RE A5 AR 45 — B3 1Bl P ) ¢ R
AT 15 B, BAE T BB A5 8 R AT e 5 08 32 19 15 45
LB X PR, B IR 553 R AT RE R B S, FiS,
ANV BE B WAL, R W Is =K W W] GE A S, FLS, 51> 9] 5 2
Wil 7, 4 17T 2 R 9 U %) F A2 (R RR B . kA, 4 S,
S, Y I R B, Y R R, B R (1) IR 5535 2K 1 £5 A< 3]
W S0, AT 55 78 7 R U phy e 32 3] 1 PR

PR, 7E FR G e, i AT g
TERAR A B I B 0 LT, 3 v 280 43 A X8
JE | RBRAT 55 7 50 A 23R RN IR 551
SRAE AT 2L, 8 N B AT R TR AR S A5 2 S 1
FIFH SR A SCE A e iy ). A SCcrb B 945 MO
SOCBAER T

AT HE— 250G R ) B G o e L e

R1 HSREX

e LR
S, T EE TR A 1A AR
R, I 45 1R & B bR G
U=U.U,, Ul M=[M.M,,"-".M,] B VAR N AT 55 A 45 30 n > RN
T=[T,.Ty, T, N=[N..N,,;=N, ] 1155 BILRE T TR A Sl m M5
Clampr Cltanss Conem B U MIHERE S . SN U, Z MR BE AL RE T LA R
Neomp Nians> Ny 115 THTTERE ST . & e 1 M ARk AR 17 oK

4 FRERL i PATAE 55/ (A ] J AR

X, FORMBL i 5155 ) Z R BCXT OC R Y AR 1 I RORAE 55 j T e aa AR
b Tinas PR AR AU N R KA

Spop FRHL i 9 I AT A O B &

Sest Sty AT B I [0 4

Sreiznop @U) FRHL i ¥ I AT Bk e B
S dons AR 1) I A e ) 5 408 S 8 3 2 SR 1 — M2
Sy (U (IS Z A B — BT L P 4R Fe A QA
Shei R A — B T 4 44
d; FREL A S X AR G — Bk 9 [ A 94 55 (R S 4 R 2 [l A L L
T gamp Crotarr Ceons TR OX 25 SR X 7 (1 A )38 T TR DA B 5 408 e ) — Bk 1
H, T AR 55 1 55 T P AR
H AT AR IR RN R T BRI TR S A




226 H, ¥

EE 2025 4F

Y- HBERBEESU=[U, U, U, H—41L5 4%
A T=[T,.T, . T,] BAHIGRIERA A TS5 fE
H A RS e EGHM =M. M,, .M, 1%
R H M, = [Clps Cliangs Croen |- £ 4EBERE I 19 58 S0
T ()CPUHERET) CL,p» T i AE— IS BN BEAZ AL
HRAG 1 4 B (IR S 5 I ECRAE CL,,y o ISR
Clomp 1 LN AEZS R R/N CL 05 (2) 5 3% 4% i R )
ClL o B i ) FE—A BT B N BEAZ A% 5 1 B0 BT 1 e
KB s ) IFERERE ) C1,, 719 4 i BERS ATt 00 KL dl %oc
(B KA Cl o DU AERE C

AT S84 A C BIRE S TR, BT A AT 45 O RE
W oK E S M N=[N.N,.-.N, ] £mx , HrhN-=
[N dompr Nanss Nonem 1+ 26 AEBE TG SR BE SCANTR = (1) 353 R

TR N o 1255 THITHEAR S BN, 00 AN RIS SR

UK AT 55 T, % 2 AR N, R AE 28 () R/
Nowp 23 M RE TSI TG R N AT 55 T, 1980808 20 0T 5L
5 )G TR NLL AT 5 T, B R 7% 5o

P2k 4 WA SO 2% SR 258 BEAARAT: 55 R % )
e e 3, R — A Z AR AN B iR
21 & 1 & 7] B8 (MultiObjective Combinatorial Optimiza-
tion Problem, MOCOP). TE&/MEZ B AU T , ¥
MOCOP FI%i2: 3N

min Y=F[X]=[f,(X).£;(X),--./,(X)].
s.t. XeQ,

Hor, QR BB ZS ], X N Q R — A 4T, s
Ak B R B BCR  £(X) FoR S iR H R, F(X) =
(fs (X), £ (X), ==, £o(X)) M AT A3 X6 R A6 B b im)
L MR E X XA B AR AR AT T
faTfb , 7E Btz i T LIARYE AR TR SR TN FEd

SEA IR SRR 2T ke SO 20K A ST
% R G AT 45 VR B A Ak B bR IE S R
WF:

min F(X)= [ £, (X).f>(X).f3(X)] (1)
A0=>Sux, 2)
AX)=-3SNx, (3)
£0=SSMx, (4)

i=1j=1

st x; €{0, 1}, i=1,2,--,m, j=1,2,---,m (5)

zxjj:17 j:172"“’m (6)
el

zijy.sM,., Vi=1,2,---,n (7)
j=1

S LB S 57 5 1T 4 T B 2 M 4 T 40 R
LY 0 R I ) A J ML L 46 %8 RE R E0 T 45 AR A7
T WhE . Ky A R R 2 M T i B AR
RGBT 55— TCHe s i o, T 45 7
SYERAIRH i, 1, F B BT 5 AT 55 7 6 9 1
FIRT A . 3 (2) 2278 AT 1T 55 W46 B R IF 6] 2 A1
TR BEAE %5 BT B IR TR . 5% (3) 200 AT A %5 T 2
AR, P T AR T R AR 45 A B . %08
1) 0 A T R 35 9 7 7, 1T R 5 32 A AR
B S8 AR TR 1 45 0 T e 00 90 10 6 5 L 90, O
S (4) FE R AT AT 146 B 0 AT V606248 T 1
1) T 5 78 2 2 A5 O 400 P 0 WE AR . g T
LSBT 35 B L o — B 4 B 8, B AT 55
A D 45— M HEIAT | 258 P 3 (6) Fm B4
1755 FUBEHS IR A ME — B — MRBIAT , 2 (7) 63 Ah e
IR 4 - ft A B i LR T H0 B

A AR B A 2 A AR F BRI, 27
SRR BRI BT IR R | TS — A
B . ) S O T L e T S S i 2 7
$1). % T Ab ISy ELwh e i B AR R & ST R IRIR
] 0 2 S R L I w, v e RO, 2T
By, icHu>v, S HALY:

Vie {1,2,---,s}, {Elje {1,2,--,s}, }

[@)<f,() }Aﬁw%m
LB e o 0 v LR 75 A BB AL b 4 1
TR T A8 2 A — A H AR T u T
. WSEAEREA 2025 [ P A7 7 0 — A D 3
ST o e D O [ SR R 1 S A
TR . FFAT I BT 5 DA 2L A 8 B ) AT IR
AR AE 2 AR g EACHTI T . ) SRV T BT
1o 5 014 15 550 SR R X 5 2 T 3 3o 5
NSGA Il 252 FIRRIE % B B AT R M . A3 18 G
R 4 P T B 25 AR — 5 3 A LB, T {8 B 22
SRR 1 NSGA T 555 R A

4 ETRENSNN IR H

#2518 (Game Theory, GT) JEWFFT H FAY 15 40{r] 41
HAER GRS —Fh B AR R T H . & IgA
R R R B — A e G 22 5 s R
B R T PR FIEGA B 2 AN FE Tt K19 104F
L, GT N TR A7 5 ab BN Jo 2 38 17 55 il , G
v R 245 5 T A 1] BT, Cai 2 NP5 A T —Fi
TAES e RIS ik . 5 CBAA —FE (155 L i
PRI R 2 BB R B2 2% M AT W R AT
5540 Be, SR E R P AR O 1 T 3 IO AT 55 LA 2 A
PHCIARTED . SCR[41]% 08 TR T CTIEUHLA




o1 M

[ SR S B EOS A LR NP WA ISR )R RS 227

G A TR . 25 REIR R G AT 55 A B TE
S IR BRI — A e R R R A
B S, PROA AR B = A B4 R i S E e Al AR EE A
Y SR A HE . DI, R TR b, B AR 2w hy 2 B
NS 5H AW YR TF RS T ST gk 1T
FEME L .

EN'QYSEZE SN TNV T IEASE AN R - REOE
filt, Wit T oA LR B R CBOT. 7RI &5 N 4
A BT, & T3 R B M XA RS SE
5T J M R AT 4% 1 ST 1 SR I B, PR T 1 SR s
AR A AR e B SR, 124X B B B B 0 SR, ELE I
SRR HL o A = B AT 45 B 25 R AR DL O
DA UR R B R T AR R Y A 2 R BOR
— R EHW, CBCT B0k B AR g (3) 1 (4) 5%
bR 2 i 20 2 A 3 . ek H AR (3) F1(4) 43 51
J P R AT 45 A 25 R AR AR T IR TE FE . 7E A SR B
S EUE 55 7 35 R AR B R TR 2 0 L — A R
B EBERNESEEA S A ZES okt
P, PR S B R B IR (1) 245 5 AN 60 38
J7 PSR ZE 5 i B AT R — S5 IR R T it
BIR () FEIT AT SR A A LR, R R o AR
Sy ECRE TR IRIR 2, S it — 2 S B A S IRNAT 55 15
ANE| AR BE . B LB A T — A R R Y
AN, AE S B B o B AR N SLBEPL 2 AR | £FAE IR
BGEIR AN AS RAT 55 0GR 2 . DR i bk A ()
B AR A Ty 1 st 2 3 3k 48 i 22 1] B 45 B AL 52, FE 40T bR
T Z MR A R e 5B 22 S AR L AR SGE
o 7E IR AR R T A 2 R A SR A R, 5 AT BR
BLI A e — S A E bR, Sk B8 FH40 J 71 a5 =2 1] 43 i
G R BT O S U E el 2] LR £ R LA
PREE T AT 55 7 3 0% , h fe 7 355 98 R A9 O B TE AE
CBGT BB AT 55 52 ) it (] 4R J 22 i) ey L 3 ]
YE R BE i ek B b, 00 H BR 9 R A [n] LA BY 2 H fx
PEAL S SE B . CBGT Bk Ay oA X8 B 3k b 8k
T I He PR A S m) A, A St — 25 A B g e b i S
25 L S o A =R B A R SvE R AT T BRIS UE A, I
95

TG E 1 4 R T R AR AT 55 25 R A TR
BT BE R AIGE 15 18 , YA 500 IS5 25 14T 55 iR
55U H S n kA, A5 R BRBL D 9
Rl H R R 2n k. AR X6 b BB 0 A 7 ELAAR 434

(1) MGE A5 185 00 1 BE R4 T 408 . R o B O 8, A%
SCHE ST T AT A PR« (o) BB RN 5 R
Bk 1 1y U R LSRR IE B (0) BBk T AT
R AR ] e A 3 b — BT SRR R R I B R
AT T — Bk % KA ; (OAF B — R #1181

Dy JEFIEIR D FIVHE GEIEFE Cg 15T .
BT BB, BT A R AE S R R
M 28 BT H SR B H, B350 A5 5id 35 09 . H e, A3
ST A 50— Fe A R R 9 A8 BT R R A
Coon WNF
C,.=H.C

com ¢~ onehop?

Conehop =D s+ BD proc + 7 Chinas

Horp B8 a pATy 3 IR 1R 3RS b7 BRI 4
ML . 5 SRR R U Y 2, — U B R 1 B A BT
B 1 AR RO —Fe A5 5 L PUHBR I A BT — 3
e[ s, Hor R AE Bk e ME DL i A R
7 AHRT LB 2, 7R L UE BRI B OR /N F 2n 1Y
LT AR BE H, A2 e A8 4k, BIFE H AN/
T 2n BTG O0 N — U B R 1 A BT A B A2 A
I —4e il M5 5 IPUH BRI S B IFES C,, JE . R,
TEH A/NT2n BEOLT BEE H I, 9 m i e i —
I AE ST BRI S BT C,,, B WG K, — K
FE SRR B AS BT R S B TG K

(2) AT 5548 5 58 A1 BE AT 20 A . TEIN TR ) I 2
L AR A T S S IR 55 A% 14T 55 IR 55 3 Bl R 7
0 AN & 42 ), 25 ik 55 a4 R TR A IR 5570 Bl Z 1]
A L [R] (4T 55 I A 0] g 2 AT 55 A2 A E Ry I 0
PR R AR B PRI 55 B 3 . DRI AR SCREST 9
sy Fils, BT 55 R 55 3 [l 22 ) A7 A L [ A 55 (g AR o4 A 75
e

proc

[ ixar

ofss)
fmz(x)dx + L(sz)/l(x)dx - fo(w)z(x)dx

Horp A(s) ) BRT s B n BEIR ST VG o (s, 5, ) 2R 4B
JE T s Flls, Z (A1 A 55 M 5531 Rl 1 38 SCIX Sk, A () 3R
IR ENTE x ARG AR, B (s, ) FR 19 a5 s, 1 2n Bk
R o(s,,s, BEE 1T s, Fls, Z A5 R AYAALINTT «

{o(sl,sz) >0, s, € B(sl)

P(sl,s2):

o(sl,sz) =0, s, ¢ B(sl),

P(SI,SZ) >0, s, eB(sl)
P(s],sz) =0, s, eB(sl).

PR, A s, 7671 05 s, 19 2 K0 PR P IR, TG 35 A =22 ) A
A BEAFETE AT 55 3¢ XU L AN 3 [ 4T 55, A 5 B iE A7 3640
TR, B0 H > 20 BIT QRS 5 Z WA R 55 vh o, it
TR BREAT: 55 7 i SR U R FH 26

i b H WOZEBEA/NT 20 AE, BITE H, > 2n i),
L HIFEE C,, Bt 0 5 AT B 9 [ A2, 0 3 R i 14




228 H, ¥

EE 2025 4F

K, SR 1 AN D6 B 38 T4, A BT 45 2
KGR Z . H M, H, B AR UE g 20, BEARSIE T
15578 5 5 WORIE AR AN 22 H T4

CBCTH LM EEMARME 3R . 435 U —
B N AT 55 TP b A7 SR Mg e R, AT Pk Y
BT A5 Z 18] ] BEAF A SR wh o€ . L, o T AR R AT 55
SR AR TR AT AR ML B AR SE BT A, A k4P
WA B4 A TR S SR LY A 7 R Bk Rl P
B e — AR R 1 i A, Y S SR R A H S,
A BRSO A S 8 SR W, SR S L s 35 O s 55 7 Bk
T R 18 JIr A 48 T AR A7 =2 ) 1 I k4 i 1 SR s
A TR ) — B 2 T 5 B R W 1 B R 5 TR T
F A AR R R BB SR W AN P, 3k BRSOk
A BHRBUE RN TR KRS BRI G4 E T A2
[ P —

wao QP AR

| @ B R | B B4R
 mmR | v
ﬁ::::::::::::‘ QBE%“ﬁj
'@ HEEAEES | .

| RARIOA—SRE © ©MBET B
************ AL

3 AR RS M LIRS

1E_ LR AR O ACHE B AR 3 P 25 S 36 J HAR
it B AN ET 4 7R . 5 VAT 3R 21Tk AR ¢ i 204 43 T
(A0 FE AR, 585 2 47 2R AR 4 Ok 45— Bk 48 JE 40 B A AT:
55 505 34T R A5 X Xt L s ) AR, 5 4R JE 3 L
B 1 B3 Al 48 R 2, 58 447 SR o3 O 45 S B TRD R 70
BPFCAE B B 220, 55 547 SR a2 o e 235 R 1 B ] 8
C o> A7 64T R1Z AT HC 25 5 5 48 J3 15 A5 4 WL 4 A =2 A1 1
— B C e W RLIX R RAE T U, BB E AT R Y
HEAT  TEAR B AR JE 5 i m Ay B A SR 5 9 i 42
JHRE AP IO AE R, LI skE S AN QB FE 1 R iy vh 5 L A, BRI
BACER A BRI 55 BTN 43 e A 26,19 A i — Bk A&
Ji 3 T P A M L | S | A 55 M R | S 1y |4
Bl AR e AW AR L . PR, Y R B A A SRR K
FE NGB I AR . 7 ¢ 2, AR T — Bk
WatE AR HE U, UL U, U, BLO R A AT S
Ty T, T, Ty MiZat —45240 ¢, LG, TR T, 8%
A JEACHE 4, EACE EG AR R BT NI AE S5 AR
@ AR T840 A BRI 55 . Ak 7RS4
B R I U, RO T TAE S5 A AR
B U, KRB RS WK A 2 43 Bie 81 3 i
. HUL, 76 ¢ 20, R KB T 3, U, AT 55
HI T, 810 T T RAG ISR | Sol | F| SEL L, [

HPSE . SRR 555 FIE 55 G 5 ph S i AR 55

IRHEAT S B, A% P A AT 55 I A 1) T A 55 A
e TE W SR B LAARAS [ 7 K B B AT 55 g
AR R AR AT AR 55 5 A IR A R A IR T ik
wr
1= Né_"mp*() 4 Nows N (8)
Coomp o Cins  Crnem
Horp BT S (8] | I 18] A0A7 6k ) 55 A I TR]
=Ry . m T AR AN A A AR R AN [
PAAS SO R AT A — AR AL 31 B 3158 AR 4 A7 it i
AP RARBNIN [A) 2E B2 L fRRee 1 RE R — . FE LR
TAES S R AT T A 55 4 8 A9 32 28 H b 2 5e
AT 55 1) S ST )L . A [] S 057 s ] 4 32 ) £ 49
ST LS B GE— B9, I BEA A [a] 40 8 U P AT
Tz 2 AN B R S P A R AL

[
| [
\ \
“ T ‘ T ‘ T, ‘ T M \‘ LT M \}
[
| t00 tll t22 t33 l‘”‘ t00 tlx t33 L_> ...... _J tlx t33 1
} ‘ Tstamp } | Tstamp } } Tstamp }
\ [
| ‘ Ctotal } | Ctotal } 1 Ctotal 1
\
L Comw  JL Con | L See |
f f T
B Lt L.

P4 AR S Bo st SR SR AU R ) 24 R L

FEFEUSCEN A0 8 45 A A A e 45 SR, A SRR Y
B AT LT 55, BT BB . AR STl B
A JE T S BT M R B BT 55 AR JE T SR T 5
5B i — 23 F L s BT T A & 2 11 i %t 4
ARG ARER G GE 45 A BRI 2 A 5 A0 R A Tl b AR
Z IR — S0P X — A EX A5 A R A AR
A A — BR AR, 24 kB A SR i —
BEAR s U, I, AR T FH G U SRR S5 AR R, dn
SRR I D038 92 43 P 235 S i) — BObE (e, 2E A5 2 T A
T o) 45 51 5 408 J i — B 45 R . R L AR B G R R —
SR e B BT 25 AR G, R e B [ /MY
SEI NEAH A B R

FIL LA TR R R 2l R . ERTGER
t TP LRI R AR 1 B S R IO A 2 L i — Bk 40 SR S
Sra LG5 AR S o R T ARG SE A P
LR HAT ARSNGB TG v BEBEC S S,
TS R 1) Slosee FEA Shy, 1 SL, T T R B A A, i
X R N 1) cost i 22 [8) ¥ HE A A B I — — X 1
R OB, BT AR RAF AR R Y o g R, ok 3] —
HEE . L, T SL TR R HES] , o s B AR A
{H cost /ML AT 25 5 p,, S8 J5 B HAE 25 73 il 245 SR 51



o1 M

[ SR S B EOS A LR NP WA ISR )R RS 229

Al MR T O, A 5 028 58 — R 1 1 4
ML, (EL A5 5 1T Al 15 40 5 A WA o g R e S I
B A A A 1, TP BT AT 4G L 5 40 1 43 i
Al ST WO, NSRS 42 5 4 42 T A 948 55, T A
5 e P T A B 1 A B 0 2 1 4
BN IR EAT 55 5 4 I Gei — 1 —
Bk, 18] — B 4 57, FLRIRE S ST RO T 2
LA, — B A A P O LA —— X R . 44
T A6 S HE IR S HEAT I HED) 75— BObE A 1
RIS . 25, M RO M AL S P 2
cost{ELAL /MY p,, 45 ORI 4 9146 ALy, eI 0 ALy, %
3 28 T AT 10 PR A1 , T T A 9 40 B 24 1 1
SYTRLE S AR i T AT bR R, T R LR
RS . 2 AR A R PR AR R R G
L AR AR TR 2 A
BHiE1 SRR HITEIACBGT
1. FOR(=0,,-++,7, DO:
2. BRIAF PRI 5 St A UL S5 4EE S) o
3. A TR RO B ST RN B S,
R4 95 50 1 R ) O S ST, AR S B
I 45 R,
5. Xif 8L AT P HES
6. 1F =0 DO:

345 cost fELIR/ NI ECRT 45 4 p, A LR H 25 3 i 45 1L 5

T Ay
8. ELSE:
9. FORjeS,:eiZhop DO:
10. IF 4% 1= 4% DO:
. A — A TR 1 1 L A 045
SNBSS
12. IF ¢,> 1, DO:
13. FZAT 5 AT L R BT S5 25 S0l IR
14. GEHER S, P TS 4], 19— B

15. FHE— B SL,
K Sy TR S AT IR T HES A5 B — B dve i 10 4 18

SYEEE R A;
7 I E— 2 B 5 18 A Tk d: cost (TN p K LR 25
G AL
18.  FOR jeSi i, DO:
19. Kk AL, BT A

20. AR J W oy LA 2R A4,

B VRS 14~17 172 35 F i BT Hie LA
JNSGA-TUARBET Y . FEREAe AR i B, B A1 4
BRI T S, FSE (8 3 47) R T HARIE
PSS ARAG T 8L (5 14~1547) L 81 St ABL S
SHIETCR B S, S, T & TR A YT

Xt TS RIS HR A R S H A A 3 T X X I )

pop

55 AR —BOPE(E . N BRI R AT LA Y, B R 35
B ASAT B A TR EC R 25 SR X L 2 AP s L HL
2 FE bR B AN IA] 45 D ST Ok 1 IR , )5 2 3
SZHCIRAC IR FINSGA-IL 1, BRI R - (1) S, 53
i IR SL S I HEAT B e HE 81 (56 5 A7 RIS 16
A7) AFF) 24870 R A M RHEIUE A [ F 31 S o A
Sy cones PHFETUAS 1 (AR 45 AL IR T 00 B HERTHY
T/ R AER AR 5 (2) B E 25 Ak B br Z A i 5
P (AN 1 b —BE R PL SR 1, I 18] AR Y e 2
25 (3)MNARFEL A 1 B ARXT I PR F 51 o, 45
IR SR AR 1647 ) 5 (4) MR A A AE B I 2 145
S, WHE NP e 98 2 1 77 50 v A T 0 28, 0 390 228 ¢
—HIER (S 1747).

5 ETDPGHIE R SMEIERR

WS SR A A PSR ) v ) 2 Mg P . AR50 A
AR BMCHARAT H C B SR 3 18] A1 E B R 28
AR 1107 A9 5 B RN & 1 M S7 JE AT Do, AR 2
(i) Py 3 [ Pl ok AR SRR B e, HIRARR &, e A3k )
WSCSEOIR A5 — AN AN 2 [ 0. X6 Tt P e A o 1 35 2
(Best Response Dynamics, BRD) By — g 125, Y& A e 81
455 BUEE T BRD A5V AT BE 2 f ol — D A 2 4
SIS R X T SRR R R X  AETE G IR A 8
TRUEF 51 BRD WSS 57 i 10 7800 464, in$ il
P — R AR SR, Kb ek BUE A AT Y
BIHLAT DL —A B — (0 sRBCE FR R AU sREL . X
BB KA S5 R T okt 2/ B s, 2/ A
B BRSPS pR . RO XS 5% e A 2 3
FREME . 55— RRE R ORUE T Sl R ng A8 f T 25 8 1 A7 AE
PE. o TAERAHIE T 5 TR 2 [H] 2 AT R A, P 3
PR S B AFTE— R RAE . 33X PR B Bl 4 SRy e K
AR5 R SR S — Bl S A AT X A . DRt ,
— IR 2D B A SRS G A A L SR A
R F IR a] IR ) — MR IS BT T H R SE I R 58
e AR SCHk[44 1% CBAA #4717 5L T3 28 3
W B R 23 AT R BH  H SSCT R 2 A = A
R 2l SR s AT 244, JCBUR RS YA Rz A Y
FOEPEARH 4351 R 12 F0 1. 2R, 2 M gRig g — A4~ &=
SRR T PR E RSB his AT, A2 HAb
sl , R 2% e —4 e . M2 b &5 s Z E) ] 2L
FHEIE AR AHE R, PRl e — D HA MG KR
ZRWI S R FE . AR b, SR T
Z IRV RE , I 458 I 245 i R e e A R .

B A A R e A sl 2w 1023 531 Ay o3 A AT 551
JE RS SO S A T BRI AN SR DT vk L AT A S A Y
SRR BORAS MW 35 pRESC, LA & AR B RURRAIE , R



230 H, ¥

EE 2025 4F

TR VR FNAS SR BE [R) @ HE AT A HLES & O OCHE . AT H
HAR R R, 51 A SIS HIE DPG LAY, T £F
B AR R EBA £5 pRIBSCRN 42 Jmy B4R A, I3 i B A
UM T 3% Z [A) R S AN 1, AR g W Sl it 1
PGS ARSI TR BEAS T AR ) o SN

EX1 —DHREn AbRHER R —A>=0udl
G=<U A4} v {ui}icu >, BAT LT JE

(DU R n MR A RS ;

(2)A = (A4, Ay, - A,), A B BRI AT R
o (SORm) RS AT a = (a,, a,
— T8l (B ) S

3w =y, uy, = u,), u, &= BE i 19 S AH
(Bl As ) PREL .

— A FEA Hf )2 A S W A4 B AN AT A
TSR AR B PR (LSRN, g4 AR
WX T A B BB AT ORI a /= a,, T &

u(a.a_)zu(ala),
WIS S a=(a,,a,, -, a,) & — G GA 2 4
Hva =, a, .a,, ., ay) RRBREREMR § 1R mE
Z AN WG S, a] F a, 53 F R B AR 1 2 AN [
FR SR

KA PRI AU A bt oK i Bk s . —
ROk, AR EIE G WA T — ST R ME R AT 55
A REMA ST R R SR S R R A Y
DPG #5258 2 43 A 20 BE [ AR A T — A HRHE S, iR
W AT LN b 43 A Je 0 0 4 Jeg 2 T 1 i A G
2, AN P S SO (A7 A S AR B

EX2 (BB RAFAE AR B g, 4
BB RE MR W A0 A5 DS A SR 1 2 B AR

201 [w,(asa_,0)—u,(a;a_;,1)]
=0

e a,,)eA%

= io'l [¢(a,".a ;, )~ da;,a_;, 1)),
=0

H o MPrNH T, Vie U Va, a,'€e A,Va e A,
XFRRNEREAR I T3 a, 10 a] 22 40T R A I 25 A8
AR R R AR AL AR [R] . SR b A R A BT R A )
HYAT SRR U A O A AR Ky . R A AR
MR B AT B2 e A R IZ R I — AP e — N
344 .
A SO R 1 () Je i g e R

ia’ z d;(a,a 1)+ z 2 tyXy(a,a_t)
=0 |je

T keS,.je Sécua
(9)

A S, 1S o 2301 8 EAAS & — B A0 P 8 30 1 ¥

u;

WHISRIEHE S, Sty o R BEMR i — BRIE (5 Y N AT 55
5. BTSRRI 2RIt e T A
PERGR I d,, RoR B REAK 1717 51X B REIK 1 B
2 3% 38 910 [ N PO AT 55 A DR SR 495 2R 22 [R) A L TR g, R
TR BRI T [ —ME 55 B I BE 45 R A — 2K
FREE, E LANF

d;= Z a;®ay

keSia
Horb a, W ek i XTS5 kA TR RESE R . BT i A
TR A A — Bk S B A — A S UL S5 kL
R R RS kT BRI A 5 — 1 g,
M A HESF e A AC, W a,=qa,=
Jeag@ay,=0, W d, EARAE L2, AR 5 i A
% kA BAESj, Ma,=j=a;, a, D ay=1,d,NHEHZ
B 1. R U, BT B FE N AR R [ SR A S Y
A& AP L 3 W H o5 1 R 22 TE) e SR 4 R — B R
Yl 55 43 T A i 28 RS S, T 4R s 4 SR A A
EE T LRI G, R R A ¢ AL
FHRE w5 LT — A

$= ia’ > dya.a .0+ > > tx,a.a .0

IERR R T A A S IR EIUE W 4 A SR
B SSCPE , F S A T L — A R AR WA pR ORI — > 42
Jy e RRR, T I B S TR A S SR AN Y
UL AR 1Y B SRS O, 5 R A 4 bR K
AR A JRy e R RS AR A AT 2 BRI AS 2 B0k W Sl
SR UL, BT e TR RE AR 4 BT T AT 3
Ma, B af, TIHABE REARBITT B o PREFAERS AU
A 3 A5 pR R AR AR

(Zdij(a,.',t)+ > tij,g.(a,.',t))

(10)

Aui(aii): io.f keU'jeSw
=0
- Ddy@.n+ > > zkj.xkj(a,.,z))
Jje U,2 ke U,'j €Sniw
AR A Ry s B 2 A
. (2 zdkj(ai,) + > zt,q.xkj(ai’))
A¢(a7i): zo—l keUjeU keUjeT '
TS S 3 S|
keUjeU keUjeT

SRJE RAFAS HU AT R B A AR sl e X 42 Ry
SR RO AT SF A AU A S TR AL B, e A AR 2R
R B A2 A X A 8O A A A A B S5E L
PEUERT . DA, 7 T R s B b B e L J i
PR, A B R B R 1 i (1) (2) FN(3) 55 = /020
B BRI LD s . s /8, s B2 50 U} #



o1 M

[ SR S B EOS A LR NP WA ISR )R RS

231

U R i — BRI Bk AR e & . o (1) 3823 %0 B )
SR B AU P B E 2 SR ARERAE OO, AR
PRI 55 Fh — Bk 9 1Rl A AR A A A 55, DAL, AR
{19 R L 2 A i AT AU ) B A 55 O 2 2R 5 AU
SRR, WL (D& N0 1L a , AERTELT , (2)
P A6 IO )2 4 A A B T P A (B 139 i LA
ML A, A2 AU i AT B @, 8 e[ Y SE R, BT LA

(1)

FAE 0. e, FETHBR 13X 2ME N 0 AR Je , s
P2 g3 (12). DI, 3R 5 FIAS i3] pR
u, St AN T E R TR R Oy S R H 4
A R S 8], W3R IR AT A A A S5 A T A% A
J B Y B LAk, AT LB E T 4 SR H bR, R
Stk , BRI FIEW] T CBGT Sk BRI I BB 9 T
Pt s, A2 ABJCHRAETE PR .

( PN CHERDS zrk_,xk_,(a',.)) _(

keU2jeU keU!jeT

keU2jeU

2 zdkj(ai) + 2 ztijkj(ai))

keU2jeT

(2)

adla_;)= ;U Z

keUXk#ijeSl; .

> > dyah+

+
ke Ul k#ijeUlj#i

> tk_,-xk_,(a;)) - (

(3)

z z dkj(ai) +

keUlk#ijeUlj#i

z z LgXy (ai))

ke Ul k#ijeSi, .

keU/jeS,

+( z d’ff(ai” 0+ z z tijkj(ai,ﬂ t)) -

(Zdi/’(ai7t)+ DD tij,q.(a,.,t))

jeU? keU/jeSy,

(11)
(3)

sa )= Do (

jeu? keU'jeSia

6 SEIRTEfE

h T IR UEAR ST R A BE AT TR CBGT
B35 CBAA (EdgeDecAp %54 #iL4 #i S0 WL 04T T 1)
BT . B A T SR R L B N
Fo T 3R AT . B, i A R A S ECT A
R, R T TR A R
6.1 BFEMFEHEHEZE

AR BE— N n DR BRI AN m AT 55 B 5t
B REVR AT 55 BEYLES B AE W x W) 2 425 (8] oy, ¥4k T
RS, W =100 m, 3B (5 A2 R R A SCHEf i S
ST R G 2% TR Sh 2 46 P i IR 45 4
AT 55 S H0% B Fepy Bt AR b B e i n
B BB LR [5~10, 30, 507, 145 %k n i B Y0 L M
[5~10, 500~600]. &3 i+ 5 e J7 M A3 55 1835 B 4 45 %
(BUE T 2.5~3.5 GHz) . N A7 K/ (BUETE Bl ol 32~
100 GB) . ] A% %k (2~128) 17 ik 25 1] (HUAE 36 Bl N
100~500 GB) fEAi#t S A S FE (HUE S FEh 80~160 MB/s)
S AYERE AR5 TR SR NS AR 55 A7 R (I
{HYE [ 8~20 GB) . NAZAZ A K (HUE L R 2~10) A7
it 23 1] 75 2R (BB FE B A 20~100 GB) AT 4511848 2%k
(BUETE N 10° ~10") S5 4R . e R AR eIt
FE AT H A LRl L 422 BEAE 5 P T ARE R p BT AE BT
A I8 F2 R I, B B v DRI MR 3R LML Bl J2: 0~0.85. 1 T

PEACHEIDNEDY tk,xk,-(a{,t))—(

Zdij(ai,t)+ 2 z tijkj(ai,t)) =au,(a,;) (12)

jeu? keU'jeSia

P JIT 12 8 X A (] A A S 3 M A SRS B AL AR
¥ seed MY A 7 L5 #5240, 2007, o 502 U, X Bl n
HMm (A &8 % 18T 200 FanFME B, 7808 BE T 15
FLIFEAR Z R . B 0 B Rk AR B 200 1, Sl
SOVE B UE PR AL T R G BB ] L T A ]k B P [
— B P B R AT L | R A AR LA b
— Bk N AR 55 I B R 2 X LR S
17 T

AR S [E CBAA EdgeDecAp SENE fy B UE .
CBAA 2531 =X B AR B h i 2 U5 se VP R A7
AN Ry B AE BN LR 5 — Bk AR HEA Tk AR TE A
S R A L AR AE T 3 — SOME 9 [R] i S8 BT 55 14 43
fic . EdgeDecAp 815 EF X0 ST B3 5 T B9 N &8
B )RR 0 o3 A 2R A R S I TR B AL R
ALY T EE R SRS TORRR . A TESE Y CBAA
) EdgeDecAp #E— 205 18 T 1 FH L AF 2 (8] 4 58 B,
AR K SEHA 0 TG B () 0 AL A [ ) 58 AR 3 [ 4
R SE AR AR | SN 3 A B I BE 3 AR AE . [RI
EdgeDecAp Bl T HASEE A6, FAS2E 1T LIE N ANTA
GO (B = SN ORI =X AV A i A ¢ 2B K e s LS R Dok 61
B A AE R R IR — R BRI T A
Z R4 L rh 2 .

AN, O T A S A R e D0 ik 22 ) 114 22 B, AR SRS



232 H, +

EE 2025 4F

*2 HESH
AILE A n [5~10, 30, 50]
OB A CLy, o / GHz 25~35
PRILAFFIN Cly 2/ GB 32~100
fRBRAFH 5 6] C ey o/ GB 100~500
RIS ABUE Cpn o/ (MBJs) 80~160
fRI CPU AT HRZEL C o 2~128
FBRAT 55 1 AL A7 loc, 0~100
BT S5 B A b loc, 0~100
L5 K m [5~10, 500~600]
155 NAFRTR Ny o/ GB 8~20
1E95 CPU BB SR Ny 2~10
TSR BN oy o 10° ~10"
SRR 17K N, / GB 20~100
AR R 10~60
HEH TR p 0~0.85
FHALFP T seed 0~200
I RIEARIEL 200

GS 1 GS_onehop 5 2 Jay e LR B AT T 115 . X L9 &
PRSI 55 1490 L RN h 5 0 BR M Rl 288 . GS_onehop
FI CBGT 2 J& (4 # 2 — Bk i SR/ 55 v 1, e LA —
BT HIE A B . GS R IR R 55 Y D& e ™,
PIANIE A R AT LG . CBGT Hr iy Pk 1) 2 b 58 3 B v
Rl PIBE, o0 T 32T — Bk I PSR R 55 R 1 T AS J2:
IR IIR S5 WOV B AE A, T BBk . GS SB35 ] LA T
MR PTE L5 E T B2 R IL# . GS_onehop
AR AE A2 R T A {5 B R O0T A5 B B Bk
FA AR 0y 3he Ry EARZE R . IR, X R AY
FEE IR I8 T AT S R BT — B AT 55 X —
FRAOEAY . AH LG T GS w77 AT 42 Jm) ¥ [ Y A
%, GS_onehop NG G 1E WA XS % 5. LIKLS
), R T AR AT 55 S Y R A AT S SR Y GS
B GS_onehop B IE M X HLAE S . REaI L, S T RE
MARFNEH B A AT 55 BO 02 S FAL 6 K
Hie ot =z TRl A A 15 B oy 3 Z R R B At
L C, T4 T, Z RN
\/ (loc, . —loc, ;. )+ (loc, . —loc, ;. ),

oAt JIT A (7 B 22 B A AR T2 4% RS 45 T
Q)BT . Eh 2 R F 454 54 CN T 5 54
TASK ™5 i, €08 1 o CAURSE 19 A5, i (Rl e TR
5575 1, AR AN 1 SR — Bl (5 Y L
A Y3 8 CHUE S5 s T 1 )75 . SRt
T AL S Z AR BCXT G &R, A2 GS v C 8%
IPECYS Ty, T LA Z 35 Z IR ISR Al 3% . IR 5 vha] LA
L 22 GSEkTh €, Cy L C, I Cy 43 e T AL

— BB N AT 55 T, T, T, M1 T, , 14701 GS_onehop -
T H T A R R AR TR S R AT 55,
HC,y C,F1 Cy 4 34 CN 1 AL T35 FRARAS . BN
EIhE b2 GS HA T & AT 55 B3 5 28, (HAE ) 28 AR
AR B OLT , ARAT 42 W A5 275 AT AR K i T4
IFELACHY . R, A SCEF GS_onehop B84 2 25 (1 B
RECREYE | S FH T RIS R 28 750K

100 5 T 100 P iy
Lo VN . .\
S0t / LYNT, ot/ /% TV r

i i E ~
¥ X ! <
60\ Y v/ T, \ 60 N\ S
S : S
g — A C, | fan Sy v *(’? i
/
k. % 7/
-

40 PENST ¥ / 40 R v
Pard N N

g Mo

-20 0 20 40 60 80 100 -20 0 20 40 60 80 100

(a) GS (b) GS_onehop
5 25 R R 4 Jr 2 FhAT: 55 7 11 1Bl A B AR 45 R0 H

6.2 SEEEEML

1 6 ez 1 e AR [R]  BEAIL #1 I v AN [R] 3535 19 23 i
i R IT R A& USRS 2 S TR
TR X T AR 6 MR S NMESS . T
CBAA BT, il T U R 5 — kAR S 19 sl A%, 2
2 DAHIEBTT 1L Cy I Cy3EHE T [/ — AN 55 T A THT
H T Co 1 C, Joi 38 A7, HLAH Z 18] JC 1k JH1E X 7 1 e
T, PRI 2 3 AT 55 Y R A 4 TG R B R IR B L AE
EdgeDecAp S H, 1 TAT55 &A1 # T, [l i 58 447152
H R TACFRHS R T ¢, Ml C, A2 8, Bl 7,58
B Co Ml C, BB FASZ IR T, 73 B4 C,, DT 3 B
T T Cy M Cy {7 B AN Hh =70 R 0 O B e L T A
CBGT H, 9 i i AT L5 79 Bk 0 el 1A g 08 J 05 A, |
Al DL A AL AR5 T R AR A R SR R AT A
Hos AL, CBGT H A A1 fURR I 7% i — Bk 9 il N BT A
AR JE FUE 55 AT 256 D3R, AU I A B 1
O, JET AT LA 2D 4 38 05 AN T 55 0T B 55 70k A 0 I
4 e SRR B PR TR B, AR A R A BN S 2 AT 5%
AT SS . 7ECBGT Y, Cy W iz & T — Bk A
Cs 1 IO I Co AT T, . Co BAT T, REAE AR5 T
KRR 45 72 TRl 1, 25 PR C, 348 T, i — 20
A 55 B 2 AR AN BT IR 2) 1 52T

K7 7R T 8RS AT 55 17 3 HLEVT 55 BUR A 00 T
ANFIEILE TS E RGN . TEASCR I, HbRE 5t
R BEAT 55 B R, 2 D W IRIR 2 . AL T
CBAA \EdgeDecAp 5.7, CBGT 535 EA W & AT 55 2
TR TN F GS_onehop FYBRAEE L . ML 455 5
ZEAH R 52— 20 LU Ty 5 I . 1 8 JoR



o010 [ SR S B EOS A LR NP WA ISR )R RS 233

C, 80

-40 i
20 40 60 S0 100 120 40 20 0 20 40 60

(a) GS_onehop (b) CBAA

80 100 120

40 40
40 -20 0 20 40 60 80 100 120 40

(¢) EdgeDecAp (d) CBGT

S KO i 1 N NN 7N U P e ST

TR T XN BT B O, 2 T 55 BN 6 88
70}, B AR CBAA \EdgeDecAp 458 16 M CBGT ALk A A
MR AT 45 B 35 %, {5 CBAA (5 FH TR Z RS S0 0,
1E2% T 20550 . ik, CBGT BAA & AT 5%
B T RN /D5 T I FE

10.0 @
GS_onehop
9.5 || === CBGT
= ® = EdgeDecAp
9.0 | ==©-=CBAA
&
R85
e}
2380
=2
R7s
m
7.0
6.5 4
Y
6.0 \'é
6 7 8 9 10
RS R

[CIARES2cE = Soyid

Ay R BOR E S AR UL T AT 55 2
SR A R G bria i B AT 55 W AT 55
B H S AR . AN IET 9 BRSOt — 20 g
150715 s A 1 265 R Bl A G AN A7 O, (] B — B[]
AT — AT 55 20 BC S5  RPIZIS ] BE PN 7™ AR A AT 55 ik
FTAY B, ST 5550k 500~580 4, BEA T AT 55 B 3k

x10°

90 [ === CBGT
= # = EdgeDecAp
g5 | ==©-=CBAA

BAESH
K8 5y O L

SN , YA 55 S, T RUR ST 55 RS
51 & M 5% , RO R (9 CPU BRI . AR Lakad 2,
BRI AT S B S RS T, T
B (B 2 B2 AN, BT AT 55 R 23 i e 2 A B e I, 25
S BRI T S [R]RIT I FE A BT IR AR [R] . R, BhAS
FEAGOLT A SCFZE 3 ot PRIH AR FIERAT I 1] 24~ 45
b O T B R G PR A S — B T
TR R R BE B Ak B LRGP A R A AE
BB AR 23 (0] o5 B 7 i . R IR AR 2 34 3h
A7 Tk B v BT AR S5 R AR 2 R M LT CBAA
EdgeDecAp 255475 , CBGT B4 48 T /D %5 , B
A R RA T ]

«10° x10°
48
—e— CBGT 45 | —€— CBGT 2.1 | —&—cBGT
46 f| = ® = CBAA _ - | = @ =CBAA = i CBAA
44 || === EdgeDecAp . & =-@-= EdgeDecAp g 2B y 2.0 | — & — EdgeDecAp P |
! i .- g g
42 R 9| ) i o= = 19F e 24 g
@ P L= & 40 o o = G — 1
E AT - L= [RIE g P E 18
a1, " g =
i 38 [T ki 4 £ 17
3 3@ 35 el D
X 36 &5 D 16
o
34 =
LS
B 30 14
500 520 540 560 580 500 520 540 560 580 500 520 540 560 580
SRS SYE SMESH

(a) WA EE (b) AT (5 L2

(o) FHitzs 8] 5 LB (d) BARFTI ]

K9 SO T BITIRINFEIT UL AT 55 S8 U T3 HE

6.3 BEFENESEEZZNEMN
10 204 1AL (5 A2 AR AL X AN TR B AT 55 7
5 R . CBGT . CBAA EdgeDecAp %555 1% 1 %2 5

A AR AR TR 5 B AR NS DL R AR 55 B
ARG, T BOCE A R & SR ICA R 2 e 0 A
HI L, SE B T AR ST 25 18 04 A AR S LT A 1 B0 2



= # = EdgeDecAp

234 C A T 2025 4
THT: 55 78 5 A6 iR ik DR A 1) —
212 ¢ —e— =30
- ® - R=40
=-9-= R=50
10 210
By
' ﬁ 208 ,' “\ A . >
& 8 z ¢ \ .:;-04\‘-.-.-! ‘\
ﬁ 5 & 206 &y &V A . s
= 3N, SN pres
2&‘2 6 204 & 7 4 e LI 4
m s A4 ¥
4

==©-= CBAA

10 20 30 40 50 60

IR
10 B O (522 A2 AL AL 55 L 2 1 0L

6.4 EEBPETNESEESZNEM

FE S B 1 8 A5 R v, 38 B R R 0 IR IR B
100% ] 3k, JoHAE T 55 = 3B s I LT |, B i
WA ZE AR . A5 X FEAE A 8% P BT D0 18 AT 55
BRI REHEAT T 5 BB . AR RS AT 2 ¢ T i
B, AR AR 25 A PR % P T ARE 3R, A AT A R I S At
BENLES I T K . T 1B 12 45 T B i
W 3 A A AT 55 78 55 23R R 3 WAL S s ) A Ak A 1
P T T 2 ) AR 2 TR 1 T Ik e R R e B ke
AER St AN B R BB LR &R . T ah B s
0 R[] 2 3 22 R [R) B A TR 11 2% B8 Y R R TR AT
300 Y Y B INE 235 51 &1 12 02 B A A 5540 Bc 52 IR £
g5 B ] DUE AT 45 7 56 1 D0 B AR Il 3
% v DRI ARE 23 114 25 Ak W A D% B, B K U Bl SR ARl 1
& R=50 fRHEE , & 40 BL A 55 B0 209 B 21 203, {H L
R T 5 M AT AN, FE AR B ) R R .
B 1245 T h A AR AR F B S5Bm ST,
CBGT 55 326 A U B3 b 5 % 6% v DRI ARE 3 2 7 14 22 b 1
B, I AT LA BE B M WA G T AR
CBGT 5k i AR KB — 2 I 3l AR AR 2 v] LAFEAT
FELEF 1] OB . T ZE U B ()02 FE Sh S TR B L T,
CBGT $5 753 B AT AN 1k — K, 3% B2 pE ) S B3 T 3k
171300 R Z 5 s 5, LB AR IR B T3 2 R 3Rk
PAT— R B B R B 200 Y24 BRAY . itk , W]
T T T CBGT S35 % T 5 3R A% 2 45 55 I v B 3 5 1Y
Yt AR B 138 I R )
6.5 FHi0E R Bk BT A B BE B 220

Sk TR I A R A S R A R, AR Sk — 25
BT 22 B kAR Al S M B S e (4 45 L, A5 R A0
3PN T S 0BG LT B [H) 2 % 2 AN [a] B
I H 3 ) S A AT 300 YN B BRI 45 B . e rp
ATLLEH, S BBk 2 1), T A SOh R TR %
Sy EC I PR Al S 80 A EUAT S5 EON 179 3 n#) T
186 /1>, FLXF N A% N A7 25 (8] LA A7 fith 25 8] ) TH FE A5 2]
T A BB AR ; 24 28 BB — 2 B m B, A B S

0 o1 02 03 04 05 06 07 08
BB R TR

Bl BT RA O0 T R B W R A2 A A AT 55 B i 5

x10*

. .
weee e =500
—— m=520
- = =540
L40 m=560 |]

% L Ll e R e o e ol Bl b LR B DR B N R K J
1.30 ]

——0—6—0—6—00—06—6—6-6-66-6-"66-06--9

1.20 L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% H BTRER
P12 B ol T G BE R WAL (A Wi S i) 22 Ak 5 Ol

BORFEIG I, X 313300 U8 00 T FE AN PR RIS, (EAH L F
EHBRECK 2 0, 252 kR R 3 R DL B B
G R EYR, AHR T EAIMNOAS B IFE . T I
B I A A 3 R 8 R G R — A T & D i 4
A A e LA R R L, FE AT 55 k55
PRI 1 KT, 38 5 R 0 R AL A e i R 2% 2 8
PR Ry 2 Bk 2 AT B T AT 45 (1 43 e o 284 Ol HL 3¢ BT
B B/ N BRI DAL, a0 SRAT 55 R 55 S R 2 Bk, 3
A5 RN TR BRATL ) A 5 3 T DUD 7 22 4 K
F3 T EBKIT LT B AL B0 0

ZH CArie . WAEZs i)/ | fEfEas Tl
" N NAZEL

k% 1555 GB GB
1 179 1221 2953 11 803
2 186 1107 2675 10 690
3 186 1107 2675 10 690
4 186 1107 2675 10 690

7 HFRIE

BEXTICT R N TR RE R A5 35 R B B 3K
2y F4 5 19 I3 ) 5 SR e AR S T R T i ok ) MLASEAL,
PRk, A SO A A EERL S e, Beit T 2T a3
TR ) 3 G35 1 W 254 55 R BE B0 . AR SRS T
WG K AR T B S 2 AR TR 58T
NG WAL 55 A B s RS 1Ak H AR Ay
RN . AR LA S A Bl 25 ) L SR A 22 H ARG A5 0



501 K

INEE S R EOR AL RN iNp ke ST e L S RES 235

SRR, T o A AR BESRL CBGT, PSS BT
R HARR R AR . S AR sh A i i R S T B A
TRy Sz A AR UL . 2 B i o mg
Mg T 4B ] — 2ok BAs 5] A S 300w 17 A
WE— P T R 3 30) i, 2% P 305 o P Bk &8 e 22 ) Ay 3L
A&, AT LAFE S O 5 A6 T — Bk [ AT 55 1Y
e i 5 ] 1, AR SCIG b b e T T P Bk 4R S ] 5 H
PSP BR M . Sy DR o3 A AT 0 R s
R ASRFC I ZRE h i AR B ST T AT S
FEASIY 1 JR) ER AL 25 oREICRN 42 JRy B pR B, 1 Bl B4 i g
WIS EIEI] T B R S . AR A SGE
I 05 FU B T 0 CBCT Bk 5 2 Jm fe Rl i A LA
S CBAA | EdgeDecAp 575 55 #F 47 7 X L6, #H 16 F
CBAA \EdgeDecAp %515, CBCT Bk HA W AT 55
B AN /D Y BRI B, BN AT TR S AR G 1R
B BEAN  UER T BT TR T RS Bl A LA
i % i T ABE 23 1) 17 100 EL A AR )3 I e

S 3k

(1] b I 5 P26 P ORI . e 5 g — ARl

55 1 B IR]. Jbat, 2021.
China Unicom Arithmetic Network Industry and Technolo-
gy Alliance. White Paper on Unified Identification and Ser-
vice of Heterogeneous Computing Power[R]. Beijing,
2021. (in Chinese)

(2] SRZEFE, T RUBE, KU, 45 . BhGE 0 25 PR R IERE DTS 0], W
T4, 2022, 50(12): 2928-2934.

ZHANG H K, YU C X, QUAN W, et al. Fundamental re-
search on computing integration networking[J]. Acta Elec-
tronica Sinica, 2022, 50(12): 2928-2934. (in Chinese)

(3] BOIRE, T %, XUNE, 45 . 5 MR AT ST R LRIR (7], 4%

515 B4, 2021, 7(5): 1-12.
JIA Q M, DING R, LIU H, et al. Survey on research prog-
ress for compute first networking[J]. Chinese Journal of
Network and Information Security, 2021, 7(5): 1-12. (in
Chinese)

[4] CAOYC, YUW W, REN W, et al. An overview of recent
progress in the study of distributed multi-agent coordina-
tion[J]. IEEE Transactions on Industrial Informatics, 2013,
9(1): 427-438.

[5] CHOPRA S, NOTARSTEFANO G, RICE M, et al. A dis-
tributed version of the hungarian method for multirobot as-
signment[J]. IEEE Transactions on Robotics, 2017, 33(4):
932-947.

[6] BALINSKI M L. Signature methods for the assignment
problem[J]. Operations Research, 1985, 33(3): 527-536.

[7] BERTSEKAS D P. A new algorithm for the assignment problem
[J]. Mathematical Programming, 1981, 21(1): 152-171.

[8] DEB K, PRATAP A, AGARWAL S, et al. A fast and elit-
ist multiobjective genetic algorithm: NSGA-II[J]. IEEE
Transactions on Evolutionary Computation, 2002, 6(2):
182-197.

[9] CHOI H L, BRUNET L, HOW J P. Consensus-based de-
centralized auctions for robust task allocation[J]. IEEE
Transactions on Robotics, 2009, 25(4): 912-926.

[10] SMOLKA S, WIBENBERG L, MANN Z A. EdgeDecAp:
An auction-based decentralized algorithm for optimizing
application placement in edge computing[J]. Journal of
Parallel and Distributed Computing, 2023, 175: 22-36.

[11] MOHAMMADI AMIRI M, GUNDUZ D. Computation
scheduling for distributed machine learning with strag-
gling workers[J]. IEEE Transactions on Signal Process-
ing, 2019, 67(24): 6270-6284.

[12] YANG C S, HUANG-FU C C, FU I K. Carbon-neutral-
ized task scheduling for green computing networks[C]//
GLOBECOM 2022 - 2022 IEEE Global Communications
Conference. Piscataway: IEEE, 2022: 4824-4829.

[13] YANG C S, AVESTIMEHR A S, PEDARSANI R. Com-
munication-aware scheduling of serial tasks for dispersed
computing[C]//2018 IEEE International Symposium on In-
formation Theory (ISIT). Piscataway: IEEE, 2018: 1226-
1230.

[14] JIN AL, SONG W, WANG P, et al. Auction mechanisms
toward efficient resource sharing for cloudlets in mobile
cloud computing[J]. IEEE Transactions on Services Com-
puting, 2016, 9(6): 895-909.

[15] MA LB, WANG X Y, WANG X W, et al. TCDA: Truth-
ful combinatorial double auctions for mobile edge com-
puting in industrial Internet of Things[J]. IEEE Transac-
tions on Mobile Computing, 2022, 21(11): 4125-4138.

[16] DIAMANTI M, PAPAVASSILIOU S. Trading in collab-
orative mobile edge computing networks: A contract theory-
based auction model[C]//2022 18th International Conference
on Distributed Computing in Sensor Systems (DCOSS).
Piscataway: IEEE, 2022: 387-393.

[17] DIONNE D, RABBATH C A. Multi-UAV decentralized
task allocation with intermittent communications: The
DTC algorithm[C]//2007 American Control Conference.
Piscataway: IEEE, 2007: 5406-5411.

[18] CHAKRAA H, GUERIN F, LECLERCQ E, et al. Optimi-
zation techniques for multi-robot task allocation problems:

review on the state-of-the-art[J]. Robotics and Autonomous



236 H, ¥

g
==

il 2025 4F

[19]

[20]

(21]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Systems, 2023, 168: 104492.

QUINTON F, GRAND C, LESIRE C. Market approaches
to the multi-robot task allocation problem: A survey[J].
Journal of Intelligent & Robotic Systems, 2023, 107: 29.
LUO L Z, CHAKRABORTY N, SYCARA K. Distribut-
ed algorithms for multirobot task assignment with task
deadline constraints[J]. IEEE Transactions on Automa-
tion Science and Engineering, 2015, 12(3): 876-888.
ZHAO W Q, MENG Q G, CHUNG P W H. A heuristic
distributed task allocation method for multivehicle multi-
task problems and its application to search and rescue sce-
nario[J]. IEEE Transactions on Cybernetics, 2016, 46(4):
902-915.

WHITBROOK A, MENG Q G, CHUNG P W H. Reli-
able, distributed scheduling and rescheduling for time-
critical, multiagent systems[J]. IEEE Transactions on Au-
tomation Science and Engineering, 2018, 15(2): 732-747.
QU G N, BROWN D, LI N. Distributed greedy algorithm
for multi-agent task assignment problem with submodular
utility functions[J]. Automatica, 2019, 105: 206-215.
LIT, SHIN H S, TSOURDOS A. Threshold greedy based
task allocation for multiple robot operations|[EB/OL]. (2019-
09-03)[2024-01-26]. https://arxiv.org/abs/1909.01239v1.
WANG J S, WANG J, CHE H J. Task assignment for
multivehicle systems based on collaborative neurodynam-
ic optimization[J]. IEEE Transactions on Neural Net-
works and Learning Systems, 2020, 31(4): 1145-1154.

FU X W, FENG P, GAO X G. Swarm UAVs task and re-
source dynamic assignment algorithm based on task se-
quence mechanism[J]. IEEE Access, 2019, 7: 41090-41100.
WANG X M, SUI Y, WANG ] P, et al. A distributed
truthful auction mechanism for task allocation in mobile
cloud computing[J]. IEEE Transactions on Services Com-
puting, 2021, 14(3): 628-638.

TANG Q Q, XIE R C, YU F R, et al. Distributed task
scheduling in serverless edge computing networks for the
internet of things: A learning approach[J]. IEEE Internet
of Things Journal, 2022, 9(20): 19634-19648.

BERALDI R, ALNUWEIRI H. Distributed fair randomized
(DFR): A resource sharing protocol for fog providers[C]//
2019 Fourth International Conference on Fog and Mobile
Edge Computing (FMEC). Piscataway: IEEE, 2019: 29-36.
CHEN L X, SHEN C, ZHOU P, et al. Collaborative ser-
vice placement for edge computing in dense small cell
networks[J]. IEEE Transactions on Mobile Computing,
2021, 20(2): 377-390.

[31]

[33]

[34]

[35]

[36]

[37]

[38]

[42]

[43]

KARATALAY O, PSAROMILIGKOS I, CHAMPAGNE
B. Energy-efficient resource allocation for D2D-assisted
fog computing[J]. IEEE Transactions on Green Communi-
cations and Networking, 2022, 6(4): 1990-2002.

DAI X X, XIAO Z, JIANG H B, et al. Task co-offloading
for D2D-assisted mobile edge computing in industrial in-
ternet of things[J]. IEEE Transactions on Industrial Infor-
matics, 2023, 19(1): 480-490.

CHU W B, JIA X M, YU Z W, et al. On incentivizing re-
source allocation and task offloading for cooperative edge
computing[J]. Computer Networks, 2024, 246: 110428.
LIH, YUJY, CAO L L, et al. Multi-agent reinforcement
learning based computation offloading and resource allo-
cation for LEO Satellite edge computing networks[J].
Computer Communications, 2024, 222: 268-276.
ZHANG G P, YANG K, LIU P, et al. Achieving user co-
operation diversity in TDMA-based wireless networks us-
ing cooperative game theory[J]. IEEE Communications
Letters, 2011, 15(2): 154-156.

MONDERER D, SHAPLEY L S. Potential games[J].
Games and Economic Behavior, 1996, 14(1): 124-143.
R, SR . 1 n) JO LR 1 2% 2% 1 /3 2 Stackelberg
TR R MO U5 5 D). T 4, 2024, 52(7): 2382-
2392.

KANG H Y, JI S S. Hierarchical stackelberg game swarm
learning incentive method for wireless edge network[J].
Acta Electronica Sinica, 2024, 52(7): 2382-2392. (in Chi-
nese)

CUI R X, GUO J, GAO B. Game theory-based negotia-
tion for multiple robots task allocation[J]. Robotica, 2013,
31(6): 923-934.

ARSLAN G, MARDEN J R, SHAMMA J S. Autono-
mous vehicle-target assignment: A game-theoretical for-
mulation[J]. Journal of Dynamic Systems, Measurement,
and Control, 2007, 129(5): 584-596.

MARDEN J R, WIERMAN A. Distributed welfare games[J].
Operations Research, 2013, 61(1): 155-168.

MARDEN J R. The role of information in distributed re-
source allocation[J]. IEEE Transactions on Control of
Network Systems, 2017, 4(3): 654-664.

HEIKKINEN T. A potential game approach to distributed
power control and scheduling[J]. Computer Networks,
2006, 50(13): 2295-2311.

MARDEN J R, ARSLAN G, SHAMMA J S. Cooperative
control and potential games[J]. IEEE Transactions on Sys-

tems, Man, and Cybernetics, Part B (Cybernetics), 2009,



o010 [ SR S B EOS A LR NP WA ISR )R RS 237

39(6): 1393-1407.

[44] CHOI H L, KIM K S, JOHNSON L B, et al. Potential
game-theoretic analysis of a market-based decentral-
ized task allocation algorithm[M]//Springer Tracts in
Advanced Robotics. Tokyo: Springer Japan, 2016:
207-220.

[45] PRASAD A, MOHAPATRA P S, REDDY P V. On the

E&E &I

W R 2 1994 F AT T LT
U AL B L 2 BB B ([ SR PR
PREEBE) 2% 15 A8 4 R 4 [ E 5 o 2
o 1 I S s 30 B I S B N S 3 AR
BRERS I .

E-mail: jzhang2021@bupt.edu.cn

KEUE I 19824F A TR A BLT
B A7l GiEPNe RS € N L WA EE [ e s 3 1
[ Ay P 4 ZE A | DX B 5 00 265 22 A R Bl EL IR
B KA 5 AN TR, hEB TS5
5 :E190091220M.
E-mail: jfguan@bupt.edu.cn

structure of feedback potential difference games[J].
IEEE Transactions on Automatic Control, 2024, 69(1):
637-644.

LIU J X, WANG Y T, PAN D T, et al. QoS-aware task
offloading and resource allocation optimization in vehicular
edge computing networks via MADDPG[J]. Computer Net-
works, 2024, 242: 110282.

MFE T, 1996 F i A TR A AT
B It F R 2 T S B () SR M 4R
PE2ERE ) 28 5 S4B R 4 [ o A S0 2 ol
WA . Ty 1) R 42 4
E-mail: kxliu@bupt.edu.cn

OB 5200248 I TS ARIX
IRUETTT . B AL IR HL R 2 LA B (5 2R
TUPEARPEABE) | 0 26 5 20l AR 4 [ o S 0
L R e o U WA LIPS B S e S
AR
E-mail: shenao0128@bupt.edu.cn



