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Game Theory-based Algorithm for Multi-server Multi-user Video Analysis Task Offloading

CHEN Yu, ZHANG Sheng, JIN Yi-Bo, QIAN Zhu-Zhong, LU Sang-Lu
(State Key Laboratory for Novel Software Technology (Nanjing University), Nanjing 210023, China)

Abstract: In the past decade or so, artificial intelligence-related services and applications have boomed, and they require high computing
power, high bandwidth, and low latency. Edge computing is currently regarded as one of the most appropriate solutions for such
applications, especially for video analysis-related ones. This study investigates multi-server multi-user heterogeneous video analysis task
offloading, where users select appropriate edge servers and then upload their raw video data to the servers for video analysis. It models
the issue of multi-server multi-user heterogeneous video analysis task offloading as a multiplayer game issue. The aim is to effectively
deal with the competition for and sharing of the limited network resources among the numerous users and achieve a stable network
resource allocation situation where each user has no incentive to change their task offloading decision unilaterally. With the optimization
goal of minimizing the overall delay, this study successively investigates the non-distributed and distributed video analysis scenarios and
proposes the game theory-based algorithms of potential optimal server selection and video unit allocation accordingly. Rigorous
mathematical proof reveals that Nash equilibrium can be reached by the proposed algorithms in both of the two cases, and a low overall
delay is guaranteed. Finally, extensive experiments on actual datasets show that the proposed methods reduce the overall delay by 26.3%
on average, compared with that of other currently available algorithms.

Key words: game theory; Nash equilibrium; task offloading; video analysis; edge computing
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W WM EEE AN, M w =N B, a8 P (V) 8oz, Rk, e # 1 Bir .
fﬁiz U, S8 T — R T GT M s LIRS # b B 5%, e A T 2 1, Wi 2 pos. A s
SERATH CIME R, BN EH, H AR TE BRIE BN AR & I L A7 il Dk, AR5 AT T A LAt P 8

V[Jl‘ €B,

13)
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HUSARAS R S TR RIS B, RN RIS A3 (7) M (8) TS A SR i A5 4% [N, 4
MU ICHBORAE S 10 A7 HUBT. Sea, R ok SO B B S e e Uk 55 4. 84T 50E 1 )5, T LUK 2481244,
R L A 05 T SO FAE 55 E SR B L.

itﬂﬂzézﬂéé(tlrﬁcﬁh%%ﬁ

[T o0 a0 ,I——1 — _
BB -E T g
NG ﬁﬁb}JE’JJU%HIR%%% LR/ R E
B2 2R RN DOR S AN 4 S 23 8098 1 o I 55

Bk 1 AT IR IR MR 55 s B 5.
BN A pu VKN s, TLGRSS 4% m W53 Cap,, , A P B S AR S AE ¢

1. for each user n € N do
Publish its information, i.e., package size s,;
. for each user ne N do
Collect the packet sizes of other users;

Sort packages into L < [p,,, Pus---» Puy] in non-increasing order of size;

2

3

4

5

6. for each package p,, € L do
7 Calculate potential optimal server m; following Eqgs. (7) and (8);
8 if 1; =n then

9 Record potential optimal server for user

10. Am;‘ — ’l’"T + 8105

11. Offload p, to potential optimal server for user n;

4 DHAMA A RBVESENE

FEATT TR, o H R S I A s e g 5, BIVAREAS P (R R .0 mT LU 80 22 A I 55 4 RO 15 D A5 — 2440
B M N RE Y, JEAT 23 BT ARG AT LB e 0 AT R, AN e g5 R HERR . B, 7EIE R R LE
(KR H, FEAT R DR e $R B R K LR 8 1. Ak, mT LUK By WU 0 73 30 < D803 22 R 55 4
HT TR P AT BAE 22 R 55 i, L0 e BUAN ) JIR 55 5% (K AU o 8 g T I 45 s 1R oH S RE 0, P BASEB
s PR

AT S, DEE 2R ET, RR A El Faro Bar i), & —AN HAFARFRME I B U5 AN L DL 56 5 | D EUE 28
KBRS, EARRE T DS W T A 5 SR (4K . 12, £E Bl Faro Bar [i) 8 fRIAL AT, 100 A pRE 300E
TH 3%, AT PSR TR BT A R B A D3k, B3 AN AR B A R, 48 G B AR s T =2 T BT, B A
T, LB N (K 22— B W A e s, DR DA T DA 52 280 o v o PR Al 45 N SE LR (R R 35 8 1 2% ) A 4
A 5% B AT AT LLR R 10072 = 50 . WAL A o N H0 N TR, I5A I A P N AE %030
FEHARIE. 730, IE B RPN AR, $ SRR SRR 0 BT AT 55 S 43 I A PO A .

TEX 4. W TR @, F7s BB BEAN L SR IS5 s m AORLUR GO B, 2 T 0k m] DL MU BT L
G55 A B K T SRR SEAR AN, AT I 2R IR 55 2 (BT (A AR 5 @ = {1, 92, om} , FEHHIHIAL:

Z Om = Z S (19)

meM neN
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TEIE 2. 4 T e/ MEPTAH I G055 & P s R I TH SR A G IR AN, X TR LGRS me M, i A2

Om = [Capm Z sn]/z Cap; (20)
neN JjeEM
iEBA: 55 El Faro Bar [i) AL, 4 T 155 & 3L S5 A ) ) ok SRR A S S8 MU, B3 ) 2 18] A e K B B3R
o, Bl

Ti+d=Tr+¢p=...=Ty+¢p=D" 1)
Hh, 5 D R EIR B A A I . A A (1), TR EEE @, A
enCu
Cap,, t¢=D 22
Baai (22), 14
= Capy D" —¢) 23
wm - Cu ( ¢ ( )
M, AE 4R (23) PRLRIR N L D FRAE T 3 4, fi:
meM
D = [Z 5,Cy + Z ¢Capm)/ Z Cap,, 24)
neN meM meM

BAR ) ALK (23),

Om = [Camesn]/Z Cap; (25)
neN jeM

SEHL 2 F3HE.

MR E S 4, HE BTGNS s m IR TCEER N T @, I, IBA—EAEAE— D HAR I LRSS 4%, B
THSCRE A SE IR . A, N BE] m AR TR W KT @, I, W RE SR MBI A IR S5 45 R ARSE IR (58
JR Il 55 % R RE 23 S5 HE 58 IR I 55 4%). AL, DA T S MBI A 30 2B 55 4 Hh S K IR oF AL SR A, 21 25 5]
FEANTL GRS S R TCHORE m N AZAIE AT @, -

B, ERCEI AN (20) HH ok SERIERWTE T REAN B85, DA~ 5X (24) P £ D SR BEE B i LR 1A SE
IR, DRI, AN BE LA P AT ELA DAy 5 28 38 300 5 ik 55 4 O AL o 8. O T e 8 L S 380 Al 55 4 PO P AL
JUHCRE, ST P T SRR AR T A A, R S, T LS B g A S, RV P BT BB R T T
A2 H CIAE 55 EH UK.

T RGRR MR 7 BOSVE I SE 2 B, LU O 3 A B 2D 3R (Wl 3 Bior).

AFEITHEEREST . AR ST AL 55 A

A
-~ ~
-1 od oo L]
CAE = =
(] o] —] —

{ i

S
. _Cut—off L= _
BEIETES W 2) {5 B S 3) FARALA
YIRS HILH

3 HiE283AN LB

1) WGP TG PG ST AT © = (@1, 0o, o), TR n EVBBIIA LN 55 4% m IALA . G0
N
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’_ SnPm

D

jeM
Forb, AT N BRI AT AR T I X, . AHER HH, Bc) 2 B0 22 ISR G 2 O 4 HAT B Ak
{E IR S5 45

2) {5 SRS TR ARt R, P O FAR T O T R R B R VR SRAR R, O T A 2k 55 A 1Y
BEEA I 0 TG NS5 s m , FARUI oo S b

A = A+ Snew 27)

HerP, spew RN HTEIE IR ST 5 m AR TR, MR T ™ AR A e 3 e SR 38 (5 EOCAR AN B E, H
J O % AR R TC 7y PO AAE 2%

3) FRAARITCIIBC: 1T HI 5 NSO AT A A I T /3 T, DRI R REA 6 73 il 5 IR 1 ) dee
Yo e 2 T A7 AEZERE. BT AT H n, A3 J0 A MR e 1) B

Fo = Sy — Z X 28)

meM
S T34 IR T, PR AR AN B E X3 P T TR R IR GG A i T RN B T R /T ) ()
C,). T4 2 B 1, TR AR SO B BT e AR IR 55 25 IR T G R 2L

Bk 2. B TSR AR T/ B
BN 0 (R TCEUR 5, 1AZRIIRGS &5 m (5] Cap,, , T FL7 TR AL BN 5E ¢

X (26)

1. for cach user n € N do
Publish its number of video unit s, ;
Collect number of video units of each other user;

Calculate cut-off value set @ = {¢;,¢>,..., ¢y} following Eq. (20);

2
3
4
5. Calculate initial allocation x;,, following Eq. (26);
6 for each server me M do

7 Offload x;,,, video units to server m;

8. for each user ne€ N do

9. Collect information of others’ video unit allocation;

10. A = A+ Snew s

11.  Calculate the number r, of remaining video units following Eq. (28);
12.  for each video unit « in remaining video units do

13. Calculate potential optimal server following Eqgs. (7) and (8);

14. Offload u to its potential optimal server;

15.  Publish information of video unit allocation;

TEIR 3. 7E T T ORI eI 1 5 2 EVR A SRR S5 s AT BT I, T ASEBL g AT B, R
JHABIHLR T T AR FAE 55 R UK.

UEBA: AR SR TC I RN ) (B C ), F80 A3 UL A0 0 280 380 A B IR 55 8 RO WY I SR B B SRALUE
BT ARG I ARVE, T LIEWILE BT A R A AL e H B B R0 4 E VA 1 S Uik 55 I, IR 21 1 ATt BB Ay
FP AT S5 T SRR AAT TR SED A e . AT

T B RIS UESE 2 IOTERE, #ES AR 2 P BAEIR D 54K 2) hRE MBI Rl B BB DT 2
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B ) ZE 0. I Sk 2, B P AR T S B B0 2 () T SRR S5 B AT A3 AT, A S B PR AR AR Dy -
D=%§m+w (29)
PR AR D 2 TR 1A S IR S5 h B KT SRR AR B IR A, A LA R B BT
EE 4. BB AER D 5 ER SR DT Z A ZEFEA KT Cu/min{Cap,}, b ¢, A TT I T
K, min{Cap, } R ISR S s B/ SL e ).
UEBA: & my KIORIEIR A D RS A%, 2 my R THFRITE A5 RE IR g /N1 R 25 2%, O B
D =Ty, +¢ (30)
BT A0 (20) SRR T W] BEAS AL, e A B B VR A IR S5 2% (W AR R T B PR R LA
JE , FIEEN ARG my AR TC R AN TAWTE ¢, , I HLEN BB IR S5 28 mo ISR T ANEB I 6,0, - RS
D'<D*<D.
FETE R 2 FOEE 1 P IARE, AT A2 R %5 4% my BRI T, s R 2 5 — AN RS A my , U
SRR AR 2508/, Bl D < D'+ C, /Cap,, . PRI 2
D-D"<D-D'<C,/Cap,, < Cu/rr'giﬂ{Capm}.

PRI 7 2 4 15E.
TESEBR Gy e, iSRS AT RAE D)o 10 GHz Zidi, C, %8 4 1004~ CPU JAMIZEAT N, D F1 D 22 [H] 11
ZERE AT LABRGEAE 1 ms N, X 8o T 503% 2 iDL .

5 SCIRIGE

FEAAT R S8 P ) SR IR SR VP A 4R H SR I M R, NG BT I R b A — SR kAT .
51 LWKE

552 Wi mEgE B0, R — AN Er 24 AN FORT 6 NIUZRIRSS B I IL 2R RS MR TAE P i st
B, RSS2SR 1T Cap,, IR ST N (5,4) GHz, 785256 H P ERE 107 25 W B 0 AR R, ARSE AT LA DY,
fFIEMF 9 W BN 20 MHz, # B E i & 50 dBm, &N P IRFFERI DI ZE P, ~ N(1,0.1) W. &5 B 25
H,o = (distyo)' , Horl1dist, o /& n FI LA ZRMRSS 25 2 [0 ) BE 25, BEARHRFER T p BEEN 4.

X FAT 45 28, AL FHYE F1 AT City Datasets 2019 WHLSGAE H ARKG I T YOLOV3 _LHEATMARMT. MUIK % 1,
M 10's ] 5 min A&, PUNER £, ANES (2,3, 5, 10, 30} fps HPAMAL L ZESLIG B L, BEE Y s, I F, BB N
1 fps. Jy T & BEEEE C, M, 1§/ YOLOV3 & NVIDIA Jetson TX2 _EANEH K/ A 1920 x 1080 [ &% . 1% B4 7537
fibirpra) DA — ARSI 7T, MRS S gl B 45 L, C, BB 4 2.25 x 10° 4~ CPU JAH.

FAE A b s B ETE 1 RRK AR AT AT 45128 7 % (non-distributed task offloading scheme, NTOS), 4>
A b e RS 2 RO AT 45 1% )7 % (distributed task offloading scheme, DTOS). ¥ s i+ 157k 5 LT 7
FHEAT AL

(1) $T0 5 % (greedy scheme, GS): 5 B AH ¢ T AR PO, 24454 P BRI AT AF 45 16, 6 TRl e
BRE OB bR L P g 2 T R B S Ak e o

(2) THELfE 1585 % (computation capacity prior scheme, CCPS): i #EAT 45 BN A 25 v A H vk S e %
JBVHELRE )T, MR ER 575 IS5 25 v 8 ) AL ST E IR () NTOS I DTOS [¥I%f ELIEHET ik,

(3) FEH LIRS % (transmission delay prior scheme, TDPS): i /' 7E AT 5% 128 18 45 i A HE o SO0 2 2% e
FEASEIR, 1E N 255 7% B R 55 2 T SERE ) AL AEIR 1) NTOS A1 DTOS [} EIEHE 572

(4) BEKLTT % (random scheme, RS): H /" 75 4T 45 EN 4 8 25 v BE ML 1 16321 25 B 45 3% R AT 4T 45 E1 4 1Y, /R4
NTOS #1 DTOS ¥4 7 v,

(5) i _I- OPTimal J5 % (theoretically optimal scheme, TOPT): TOPT (#1554 5 B 2 ik {8 (1 11 55 45
RPN YA R, BT T RS R R, DR AR TOPT GA S I8 L (SR iR, (H 2 Sk b vl S JE TSI,
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M F: AT AR Z RS ES AP UASIESHBAE

PLIEAE h 75 DTOS % I 7 v,
5.2 SLIGZER

(1) AT B 45 R BT AT S0 1 REE 2 Ja AN 45 1. Wil 4(a) Pos, fE9TA P PR E
4 M, IF B R O BRI 2R 55 4 5 48 A IR S5 s AR AR IE IR X TR B 0 BOEL 0, MBI EAE IR 5 &%
2 BN, BARIEIR A 8 s (HIE, 2440 0 BEENACEIILA AR 55 2 I, AR AR IR 28 i, WA 4(a) BT, Lt t2 k.
L TR BN 4 AN A ERE R 4 DU T MR SR MR 55 2 46 12 B SLAD N 55 45, W&l 4(b)
JIT7R, T AT X RS R T (R A A S AR AR AT S . TR, T LUK 4 S0 UE T /RIS AT vk L 1 A5 2 25, By

R #RBEA S HLATT T SRR e, RISEBL T g 224

30

BRI AE (s)

10 +

(=]
(=}
T

eve R 0

— W 1

-—- Wi 2 i
Wi 3

.I.‘.
(5 U U, U))es™, U5

0 1 2 3 4 3
bk iR A
(a) %

K 4

BRI AE (s)

5.644

5.643

5.642

5.641

5951

LS FTT 0
— BT 1
=== BHEHIE 2
PUSERTT 3

ke 3SR I
(b) i It

I AEATHE 1S 2 AEAR M SO A X S rh S T At Bt

(2) BARIEIB L Wil 5 s, FF vt A S oA VAR AR AN T R B AR AR T T AT B SR A
MBS BT s b R B 3 I, RG-SR AT VAT 45 IR TR 38 n. DR, W] 5(a) IR, AR G 3R AR =y mT Lo
WE ), Bl 1) NTOS A4 HEAR GE IR J5 T LA 572 AT S (PR RE. IhAb, 2 225 RN IR 4 vT SRR ) i bt
ZE R LA, nT ORI 22 5 R EON 0.40 2246 F] 0.89 B, GS A1 CCPS ¥ B A& ZEIRZE I 5(b) H Z I N i)
A X TR 2 IR R A A B B i BRI IR S5 3R b, SEUE AR . A, W
NTOS R LATEAS ] (1) e & F 3RAF AR 8 B AR B IR . [RIRE, 7623 A s\ ss v SO AR e HOR IR 25 28 5 2 1A 22 0 R
B AEKE 5(c) MK 5(d) 7, ¥ DTOS 5377 %€ TOPT #HAT LU, KL DTOS 3 AAZEIRIG & T TOPT. A,
LA T I 80E 2 T USRI e R T R I P RE 45 IR

HARRSIE (s)

40

30

20 +

I GS

- I RS

Il CCPS
Il TDPS

[ NTOS

24

6 12 18
RS EL P B
(a) A2 b SRR

K 5

BARIAE (5)

(=N}
(=}

wn
(=]

o
=

w2
(=)

(=]
(=]
T

—_
(=}
T

.
.,
.

e,
. .
. . .
- .,
-

0.57 0.69 0.80 0.89
Wi 55 # v 5T fE 1 22 57 R A

(b) A3 A SIZ RIS & 1 5L RE 1281

0.40

FEAR A1 SR A X 55 b B LA IR 9545 A8 R AR A i 7 2R 10 A AE IR

ST
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B TDPS
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I DTOS
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HEARINAE (s)
8 &8 &
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(=]

40 000 60
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R TR
(c) A I S AL T A
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ML I R
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(a) A I B R

[ ¥
100 | WEEE CCPS
EE TDPS
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= 75 F mm NTOS
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=
25
0
6
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B TDPS
60 | HEEE RS
o m DTOS
e
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a1l
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60000 80000
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100 000

(c) 515 IS VL 28 T4 B AL
6 fEAE A ORI I3 A 287y S5t B KA B 55 4 2 e 1 A A 1 7 A 1 SaE AR 7 22

WS 2023 4% 34 A% 124

60
—t— CCPS
50 | =v = TDPS
=== RS
— 40 | —» = DTOS
z =t = TOPT
<l -
Z 30 TR
® ‘.-". ,a*
B 9o .‘==::::-_--_,-n‘ﬂ-.___r,f
10
A
0.40 0.57 0.69 0.80 0.89

I 4E 5 7 (s%)

I ETT 2 (s)

g5 A B RE 22 7 R AL
(d) 7 A 37 5 (KR 55 4 T S RE A1 1
B 5 AEAR A 2O 3 A1 203 5% B AR AN IR 55 o A B A AR AR T AR ) SRR (48)
(3) BBy ZE R Wi 6 o, WHIT T BT 1A I 55 45 M AE IR 22 53, IF vH 53 17 AN TR AL AUB s 0 R IR 55 i 5 it
HIAEIR J5 22, CCPS J7 ik AE MU B PSRN A S5 7% FE A Zr Ik 55 5 I VT SERE D, DR mT LA Rt pi e ek 22 #6910 1)
T ANIDGNR S AR WAL 55, AT HH 5 55 s S 3 RE T (K0 )G 10 TDPS Jrik Aot S A iR, il
LRSS ER IV SERE D, DRI PRI 55 45 0 A BN T8 ey T 95 e M0 A2 5 3 I, A AR IR 55 s 4 o3 R AL A KD,
PEOZISS TSGR AL Rk, sREIR T 21, CCPS IITERELL TDPS 13571 1 79%. (H2 5 thfK
Sk 1 RN 2 AT I G55 4 KV S RE ) AR AL IR, AE &l B E T A3 B AEIR 7 2248 T 0, DA n] LAFS
I M 55 4 ) B RN B /N SE AR 22 [ (R Z2 B /I, AR T CCPS FRAIR T 58% IT- 1IN 48 Ty 7%, By A e vl (15
21 AN 2 T AR b AR R AAAE IR

—tr— GS
150 | —» = CCPS
%= TDPS
125 | wep= = RS
| s NTOS - "
00 ‘.'--.._:- .......... :,:-::-:..___\__...-
75 ¥ e .“'""'-l/ ~
50
25
0
0.40 0.57 0.69 0.80 0.89
R 25 it S AE 122 5 R H
(b) A5 A7 537 B 55 211 B RE 1 AE
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=% = TDPS
75} ==4==: RS
s = DTOS A et -
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(4) LGRS AR IR e, EEX AR A X SR 43 A 335 SO W OB 200 45 4% IR, B0TESR HE 1)
S 1RV 2 BRI R, A6 R4S A 5 AR AR R 3 50T, AR LI Ad 6] P AV BE U S (AR
7(a) i AE A g 5, B IR 45 2R 308 B 6 BNz 18, XL 7k GS. CCPS 1777k NTOS Ui
[P REAR I S8 — AT By, TR R 2 B A T 2 0 2 IR 455 AT HEIE %, WAy AT AT 45 S5 Bl A e 21 B8 2 1R IR 452
HMTIEST, BT VSR E, T RD T AR ZE . R, A% GS A CCPS, NTOS “FI4 A% T 24.7% 134k
IR SE. SRTTT%HEL 73 TDPS H T4 56 % REAL I 48, DN b B AR 5 IR 45 2 BU R AE AN 8 11, TDPS J7 6181 17 T4 40
AR HTAT 55 038 28 A S S R AL R 55 2% 1, BT LA TDPS J7 VR FOBEAARS 48 8 2 7E 30 s ZE 47 330, Wl 7(b)
oA s, s 5% CCPS Al TDPS A 28T AR 40 A X3z st b AR Ak a3, W] Ievt i 757 DTOS 78
25 A B BN 50T, SO T LIRS HaE UM 7 % TOPT Ik RESs 2.

40 30 F

B2 GS EEm CCPS
=g CCPS = TDPS
[y TDPS E==g DTOS
30 r === NTOS E== TOPT
- @ 20 |
=) !
& &
e LT
10 |
10
6 9 12 15 18 6 9 12 15 18
D25 MR 55 B BUkZ 3B R
(a) B4 X375 L IR 5 2 AR 1L (b) oA 237 5 IR R 55 2 A AR 1k

B 7 e s A R A A3 b B 1 TR 45 A B0 (K AR A T 7 F A IR
6 i it

o SIRLEE IR TE: ZEA SO, B/ INIR S T 4 S WA B0 7 2 S, T 9508 1 S AL £ LA B, B — A
FUATI S AN, AT TR MU . SRT, b T80\ 2 1R PRI, 38 3 20 P 45 (481 5 Lo 2
£ FE RSB F R AT B B, 33 o LAABSSAELAR A N RO PI 28 TEBR AR IR 45 S A T AR A i, ] L
AR S e C2Sfe AT D) IR 56 2R, T LA F 08 22 AR 1 X 3k,

o 15 R SRR A 55 EN A Ak 754 AT s FR B e, e 004 B E AR R T A, R 8 R A A A M e
Ve BRAN, 2 55 s 22 T VA T 55 S0 2k 10 WU 2 Ay 25 A R, AN 5 1) 40 6 25 o A A 2 <
(19, I FLITATF 7 () MU T OB AS ). DRI, SB35 1 o P K B8, 3508 2 S SR LA

o {3 Ak 2 STROAT 45 A 4 AR TS 1 55 e, JH P AT RS S MR 45 8 F T R ) R s A — TG i 4. £
MU BT AT 55 S0 v, T A T 2 W) ple S i Aol ol S0 EAT L, R FH A 25 =0 Ak FH P 0 5 0 24 7
1. BeAb, T LU 2O BB SN FH P 22, Ak T (R A B T4 s R TR 00 R il B 43 BT 445 4
W0 RENE, I FLZ K I 18 (RIE AT, BT LA ST se e sl R 3 S IR 00 R 3R A0 e Ut 1R B o 3, 3
T B HAT PR L

7 B4

FEARTCH, WEIT T 2 Mk 5545 22 PP U3 AT A 55 AR IR A, P OG-8 3 065 (3 5 2545 D4 T AU il 0 28 5
M55 B HEAT O30T, N T m K B> HEARSE IR T F0A5 ] 7 BT S5 i 5 AR AR S ARUE I O, 1% )
B 22 NIGE. O Tk 2T 30, 4102 A s o A X PRI AN [ (K37 52300 7 26 15RR i A, JF Hak
W 7 AP O AT AE BTS04, TR CRAEBAR I AN 2. B, Sl T e S /R A IR R AP PEfE.
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