AT 9 1l A Bl 2 Bl Vol. 47 No. 9
2024 # 9 H CHINESE JOURNAL OF COMPUTERS Sep. 2024

RBERENBERKNMNEESTESERERSEER

)%‘&PE\D é/J\i%_l),Z)ﬁ) E)I\:»EE* 4) EEHZ?//]\Z),S),S)
Do E TR (RO E B TR dbst 100083)
bR RN dbst 100871
P (bRt R CRBE D B — AU B AR st KHE 300380)
V(R EBE BT ARMER  dLsT 100190)
VLR R TRER TR G JEE 10087D)

M E RCELGI AR TIZ N AR SR TE ) 46 3 G T — 4 i R RN B P A R 3k R X S 2% T 4%
HH ) T A 4R AL A 0 UELAR T A P IR 45 i (Quality of Service, QoS) T 2R o 5 U A (1) iy B 2 ] 29 HE LAt 4iE/
A ek e b B U 240 ST 3 I 8 5 £ A3 0 ) B B B e O s AT AR BT A L B R A5 T P A SR AT AT S 4 5 B
A/ T 5 B A W TR I 5 o S B 25 PR MBI 5 2 14 B R B M LA B P A SR 7 £k A 2 TR 2 NI A
KW RAT FRAIE 320 5% IR 5532 47 303 [0 o 4 3 T 52 95 %2 A ok T RORR i S 3800 % W 45 P B TR B 5 A8 Ak th T 4 Bk R0 5
A B4 R R X LA B AT R0H T8 5 ELTS R 28 5 AT REHOR , A7 SE 5 9% T RE 2 i 48, 3 BOHE XY 7 I 8] i 325 TR 19 490 1 0 R
5+ € Bl B 1] T BB XE LA IE 7 382K O S 20 QoS [ G B Xt i G 9 45 i D A T R R 2T E T B A AR 2
SRR LA T A PR AR SO U O TE IR AN ) IR 55 s BEAE 5 L 4 M 0 — R B DR e A v i 55 RS U Uk L B TR i
I 55 X2 3% 5 A T 98] 32 0 0B O 3 O 4R 8L Y AR 55 LA R TE 2 B — XE QoS AT T i R & T i L AR Rl L
AR HEAT T Rdm L8, S S0 UE A SO ¥R R ROk 250 45 2R R WY AN SCRT 4R 5 vk AE W R T P IR 55 9 OR I AE 2R
ek AT 3 O 82 5 O kT R 4 e 0 2% IR0 6% 9 D) 2004 26 7 T 3% BRI T X E A R

KR B SITEEERRS W IER S RS ER RS TR L M 4%
FEESES TP311 DOI & 10.11897/SP.J. 1016. 2024. 02035

Data and Computation-Intensive Service Reconfiguration with Low Cost of
Imbalanced Resources in Edge Networks

ZHOU Zhang-Bing"” LI Xiao-Cui””"*  WANG Yu-Wei” WANG Ya-Sha”*""
Y (School of Information Engineering s China University of Geosciences (Beijing) . Beijing 100083)
2 (School Com puter Science s Peking University , Beijing 100871)
¥ (Peking University (Tianjin Binhai) New Generation Information Technology Research Institute , Tianjin  300380)
Y (Institute of Com puting Technology s Chinese Academy of Sciences Beijing 100190)

* (National Research & Engineering Center of Software Engineering » Peking University , Beijing 100871)

Abstract The advent of edge computing has revolutionized the landscape of Internet of Things
(IoT) applications, enabling a plethora of services to operate at the network periphery. Among
these are augmented reality, online interactive gaming, and real-time video processing, all of
which are characterized by their sensitivity to latency. The quality of service (QoS) demands for

these applications are stringent, necessitating precise control over geospatial positioning, re-
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sponse times, energy efficiency, and other resource-intensive constraints. IoT devices, which are
integral to the functioning of these applications, encapsulate a variety of functionalities through
IoT services. The fulfillment of user requests often hinges on the seamless composition of these
data and computation-intensive services. However, the resource limitations inherent to IoT de-
vices pose a significant challenge. The dynamic allocation and deallocation of resources during the
runtime of IoT services lead to fluctuations in the availability of these resources within edge net-
works. Given the difficulty in replenishing IoT device resources and the potential for substantial
variability in their consumption, the risk of device overload is a genuine concern. This can result
in a decline in the ability of IoT services to consistently meet user requests, thereby degrading the
QoS for both current and future requests. This paper introduces a novel low-cost service reconfig-
uration strategy designed to mitigate the imbalance of resources in edge computing environments.
By leveraging service migration technologies, we propose a resource-efficient reconfiguration
method capable of accommodating a greater number of forthcoming user requests, all while adhe-
ring to specified QoS constraints. We formulate the service reconfiguration problem as markov
multi-phases decisions, which are addressed by Double Q-network with the replay buffer to en-
hance Reinforcement Learning (denoted DQRL). This algorithm considers the delay of IoT appli-
cations and resource utilization of IoT devices comprehensively, to optimize service
reconfiguration in edge networks. The proposed strategy is underpinned by an intelligent deci-
sion-making framework that optimizes the allocation of resources to IoT services, thereby enhan-
cing the resilience and adaptability of edge networks to fluctuating demands. To validate the effi-
cacy of our approach, we conducted extensive experiments using a dataset from Shanghai telecom
base stations, which provided a realistic and complex environment for testing. The experimental
results show that our approach performs better than baseline techniques in terms of satisfying de-
lay constraints of IoT applications, decreasing energy consumption, and improving the resource
utilization efficiency of IoT devices. This performance not only contributes to the sustainability
of IoT ecosystems but also enhances the overall resource utilization efficiency of IoT devices.

Keywords data and computation-intensive service; resource utilization efficiency; service recon-

figuration; service migration; edge networks
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FRac T HFHLESEE, B, ac. Tsk = {s5,,s,,
coysias o | 0<<d | Tsk |}y, H—HINBEFLAY
Pk e 55 00T T T 3T s, IR 55 R 6 R A IR
5525 CnT RIR ac WA 55 18] 45 i 9 JH AT 6 &
CsT IR ac F8E M QoS LI & F (WA 75 | B 4k 2
WBEFEZY A,

FH P s SR AL & — R IR 55 28, 3 2o b 35 4R 3 1Y

Wy IR 5 ] AH B M L Fi RO P AR 2 1Y IR 55 29 R
R MR B 15 25 b 2 A 1k O Al 55 O
AT A, LA P IR 55 75 oK. gt N 1P
TR B MR 55 G LA .

EX 4. 8 5itAmER RS HE. Bds 51t
B EMRS A G E LK —D=JCH cp = (S,
E.D) JHH .S Fomep PETMIRSEGE Fm
cp TIRSS B W HIFAT K R s D Ros W25 hEAE cp.
S HIPER M B A
3.1 BEMERRPRESIERERER

NGMERRH—DTMEE G =< V.M >,
H vV RoRh G Mg i Gk &nEs.
sUk by M OFRIR SN 4%
rh T A K A AR B R AR A RN (< v,
v, > i #j BRI v, BRR I~ D
demim, v, C = (cpacpaeeracy) S P EANYERE of
R —F RIS & K/, iz ik %5 1 CPULINAE (g
A LG GE iR T T ) P R R 5
A P25 5 e B R E 2 R IR 55 3 oKL 7E B — I 2
Ce NG A P s RS RN Ac’
{acosacisacy, sac L, HP o< 1<
L, L=|Ac" | . AP MRESEK ac, »FEE L3 H
FR S5 8 R R R B il b 4 IR 55 3 oK R N B
—E R R MM FEEEG, RARHN ac, =
{Siossiaesios o ssn, b R N ROR
55 LA K ac, I I 54T 55 D0 W0 0 15 25 75
TR NMRS5TEK ac, TR PR IR 55 75 24 T 2
% B TS5 A At U, WS AT E R W i & v, LT
AR RRERARAT RSN s, . W= (w,,,
Wi, sswy,) SHH W RN R S5 5., BT
M5 d IR L. AR SCH Py Bk 1 g 9 R 0 2k |
R GEUR R T B B AT A A IR 55 . PR R
A7 Mk 55 . I 2% Hh 78 S R R 0 45 3] 1) B A ik 55 B 3R
NA Ach, S TEICER S T P IR 55 3 SR R T A
e 28] LAt EL A 2 08 0 % B IR 00 W B I 1 L DA BRE
RENH 2 IETEB AT 19 FH P e 55 37 oK A 48 o 29 R, S
AT HE 22 b S B RIRE 358 i H P IR 953 5K

HRAE I 2 P28 B IRAG Ol . h Ac), B8 A 3 W I
BPTFCAE W B N B A, H R PR E LR S R s
CH=1{L,@ |ac, € Act,, 01 <L,.L,=|Ac, |},
Hrp &, (o) RoRAE LA TIPS G K ac, R
TR H LB RN, 1] R R — A N XK,
D PR :

V: {Uo 29U 9sUgp 9 9 TVyp 9"

s AC, 9 °°°

s Sy sttt
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Co v G
& () = E : (D
ion, Cin

o, ¢, € (0.1 RoRENATE 1 A RS iR
ac, TIEE n ANYIBEMIIR S5 s, ., 75 BC B AE P K %
oo M, =1 FRWEKM RS s, BLE S - A
PR B v, C, =0 RN BEMRSS 5, AL EAE
YUk % 4% v, FE LS W 45, BT @ T IR 55 1 oK
AT 55 AR S AT I A A BE 43 T B — A 9 1K ) 1
£ LT ASBE R 224 B0 I 15 4 R AT — A D
FAT 55 L BN 3 4% 5 38 AT AT 55 2 — X 2 1 BT R
KRR AKX PR

SIS e, =20 N @
3.2 HBRESITE R RS E i AL E IR M AE AL

T2 17 I 1K R0 Al 45 % FE A 1% R 55 1 1 45
R S IR Y LA T SR, 4 AT 30 2k 4 38 AT I I TR
A B 7R ST 3R I 45 B VR 114 32 1T I KRR DE A
SIABI 2 GE IR I8 3% 5 IR 55 R E RS R, Al
S M 11 Al 55 A R Wk o 75 0 5% I 45 P i IO 5% 1Y)
AR B K L R 55 i 17 AE 3R L3R A R BT R D 38 B IR AR, 4R
150 0 G N 4% Xk P AR SR A A ek L B R %5 Ac),
Fic 1 B4 3 B 0 45 Al 45 3 B 3 R 1 SRR
AT A E e C B I A Y DL BE IR L2 S 5 Y
IR 55 5 BC iz 47 P BEAST Y , 43 45 Iz 55 e S 408 3R A5 A | i
St Y1 AR AR TR R B U R FH SR A

K DA 2y, € (0.1) R Pk R RS
Si BECHEME. x,, =0 BARME s, AT,
RPFEFTIR S TR ER. «,., =1 FRMRS s, MAH
VA T O AR b U AR I T R A L

(1) R 55 5 P 153 48 3R J i

XFF AP B R 55 s, B EBCRES ¢, L
HHEIER A FEAHE (D 2, =0: K% s,, A
R £ o, AT RO SEIR 5 (2) &), = 1. IR
% s, HPBCRGE & o, 35 2400 P B W35 45 o,
() 3E RS AL T R R PR o, BT TE AR R IR 45 D
T HER R A A X (3) FTR

1
W,n
J T (Il.n =0);

C(
T, (s =1 1 (3)
my., Wi
1 ° (xl.n :1)-
Ti Cj

MW B v, WHJE—D 4 g v,.C =
(clocioeee?) VEANYERE o RFE—FIRTHEA R K
AN CUNZBE A ) CPU RN AT A766 4 56 | fiE 2 45

ARG d=1, c; B & c; RiEk&ER CPU 4
B RE . i, BARMRS s,., BT B &
v, BH v; B CPU W&, m,, RaAEERSES s,.,
A & AL B e i B 1 SO H. o, s R WD B W i &
v, Flo; AL L 7 A FER
PiTgij
) (4)
Hop, B #mPWBEMI & o, Fo, 8 E 0GB
Bis Pl RARNEE TN d, WiERmIIE; 0°
TR AEHEBRF IR g, XARYBME d, Md,
] A5 B 45 . Rox Tl g, =d,* W Hi d, FoRAY)
R d, Fld; TR B (S S, o 0% 5 FE4 A
T 38 R A

RS 565 ¢ NP IR 8538 2K ac, A B 7E 2k
Fmg &, (o) RN Z A E R AT R i o A5

TG =25 TG (5)

(2) iz 55 20 T 388 17 8 3R

Xt F—AH RS K ac, 4 BA R )G
PHAT NI A4 88 240 SR ¥ P AN P B P IR 55 s, AW s, e TC
BIETEANR BB % o, Mo, JAFAEEE
GER. A Byl € {0.1) Fom s, Mls,,, ARSIEAE
B AL (5 RAE N A6

o 1.(P,,, 0N s,, € P,.,)s

B = (6)

0, otherwise.
Hrp, P, RRYIEMIRS s, € ac, BIHTT RS
MES. P, #0Ns,., €P,, FmWHEMISEs,.,
s, ZBAF7E I 15 HEIR.
A P IR 55 s, A s, 22 B3 {5 28R 3
BN A D PR -

r; =B Xlog, (1 +

dt,.,
(7

T
SRR 8 5 K — L8 AH QK B A 55 % R A )
HK 0 i 55 12 7% B[R] — W 05 199 i3 o b, mT DA A6
R IERAS. 55 L AP IR 551 K ac, A2 U TE R
W B R &, (o) AUH Z 38 15 838 nl BE 4 A5 (8)
TG =23 T Guesu) @
Zi b ARG EAKX ), G M4 & T4 |
AP IRSF I K ac, HE R 78 26 IC B RN £, (2)
A W 7 SiE 3R P R R B PP A 4022 3 (9) T
T, (&) =T, &GN +T &) (9
3.3 HIREHEZEERERSERERHAEREKEE
(1) ik 55 BT REAE
XF TR AP e 55 s, O NS ¢, L

T Csyssin) :ﬂ;:]z,,iz’ X




2042 it =3

Bl

2
&

i 2024 4F

HEREREIT 8 A (D o, =0 WEHEMIR S 5,.,
o A b B I & o, AT S RERE (2) 24, =1
B SS s,, BB A o, TR E YK N 1
v, WAE B AL 5 IR TN o, AT R TH R BERE. W
KA PR

E,(s,,) =
1
JP;Au,]m, 1‘[_' :O;
C;
1
{(P5+Pf)><m""+Pf><u'l'", w,, =1
i C;
(10)

Hodr, o) elvwy, omy, o PR ESCIA R
(O FD k. PLFIPY 535 3Rs W W 54 o, 18
AR SRS TR E, PP R
WA v, FEWAE RS T IR TR,
H, o, HTEHATE L D P IRSGEK ac, 1Y
55 IR RE AR, B i N A A D PR
E(o)=2, _ E.Gu.)
(2) Mz 45 = Be 15 REAE 1 =
XF—AH PRSI R ac, s Y EABIELE
AT A %) P A R R 55 s, s, BCEEIBAT
TEANF PR v, v, LI fEEEIGRERE.
AKX, WIS s, s, ZIH
HREAEIT B AR A2 PR .
E.(sypssiw) =PI XT.Cs,ss,) (12
v, HTPATHE ¢ NP IRS 1E K ac, AT BT
KA A Be AR , H B A 7 A A (13) i
Eo) =25 EGuss,) (3
ZLEAKXADEARX A G M4 X FH
LA P IRS515R ac, Az W0 78 6 B B ORI &, (0)
1) ) 50K I 1 4 1) e T AR PR R PR A an A X (1D
FR -

E,(§ () =2>"(E.(v)+E. (v,) (1)
Horp, 1,0, < KOFRAHTHATH ( AP RS IE
Koac, A MMAELE B &R C, () B b S iy Py ik
D 5 25 T K i

an

i

4 HESHEZEEIRSER

7S S [ SIS R 249 R 1 AT i 90 52 R ) i %
TR, BEURAT BRAE TR 2T P i SR g L B e
JO7 2 I 45 DR 2R R AR SCAE B i A i 55 T T SR g
I 7575 L ) HR B O AR B T — B R AL

A9 AR 55 6 28 22 1 5 i 537 (rEsource-Efficient serv-
ice reConliguration, E*rC) , S S 41 & Rk 55 i 2 1)
A4 B 141 55 B SE 2SR, B TC i 2 I 4% v B IR i
R B, LU IE IE AR B AT I P s K, [ AR
A BB 2 BIRE Bk 03 K. AT AN LSRG
7 PN 25 0 R A B R M L TE SRR DN B A IR 55 9 ) e
Ff /N 5 3 ST R AT IR 55 1 AR 6 249 R A 5 A
AR 1 IR 55 7 2 T TE 3 W6 5 # A 6 T R S U 45 1Y
iz 55 7 £ T E SR W I Ak B 3% o LA R T T8 4% T LA
FHA &5 AR 55 B OB A7 30 4
4.1 EEERE

G G R L, A SO 4 i 2% 4 P IR 55
TR HECB AL, A LU BT A

2 R I A TR UR A B A L FRATT R T
ST B 5 A B IR B AR B AL X R B SRR
WA — N EE R, AKX (15 iR, 3.1 H
e A2 75 Ay ] B AL T — A~ B ff 1 B2 A A

JE T A IR 55 1 48 AT A g O < B X b 23
SR L FRATT 0 B AU A% TN B b 4 A IR 55 1
FEIR T REFET K. A (18) iR, 3. 2 F1 3. 3 g
LRy ) AR T — A~ W A B AR

(1) 9 46 55 J5 A FH 2L 45

PEAR AL IR 55 Ac,, FBCIREE & (o) Y W 2% BF I
FIHA SR Z, (& )) MR AT iR .

K% D00 bR (o))
Hp, K (K, <K )RR BG MY BT IAT Ac,
P I I B A R Z, (§ (o)) JH R TAS W K 19 1
o BB URAM I 282E . IR AE O, KR 4 M 2 )
0K 0 35 45 1 6 LB B 4 R AR SO L B AL IR 55 A,
HACRME (o) BAT — @ pyal 97 Rk, 24 H ALY 4
AR B A o, KA R BB TR BEIR. cOR (o))
KRR BB A o, B BRI AR IR A
W

(15

Z, (&)

rm(v,.C) —cd(v,.C)
rm Cv,. C)

Hdr, rm (v, C) R YW & v, 1T 4 IR
B cd (v, C) R v, T WM R 55 iz
ITITIEAEM IR A 5. v, W]k g 7K I 5 ) 3R ™)
k55 H bR (o) 3% 52 JIT A Mg 32 ) 1k ) 3 45 v
R,

B AN IR 55 1 2 5 P T T R S A K )
VA G IR LY I ol G B A B BB BN T I I i
v SR LRI AAD PR,

cbR (v,) = (16)
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ijoﬂ Zil?gf.,,cd(s[_”.W) <rm(v,.C)
an
Hrr, ed G5, . W) KRR S 5., 1817 FIHFE
IR . A AT AL BLE 4 v, B9 i
P di BT R IR S SN R A v, B TR A TR
(2) Mk 55 8 BLis 47 40 4
IR % BC 48 17 20 45 42 48 H P 18 oK A OR g
E(o) R PRSI R ac, € Ac!, BABARKIR %
M) 7 42E IR I BE 50 AR PPAGES 00 IR 55 Ac, HEC SR I
S Wik s HECBAT R 48 Z, G () AKX (18)
FR -
Z. &N =>""w, XU (G (8
AFRFM A AD PR .
T, (G () < Ty (19
Hop, w, FRALT Acl, Wt L IR 455 2K ac,
AL T, 3 S WL 2K (200, U, (8, (1)) Fom EF X}
ac, JTHE LI IR 55 LR MG &, () MYk ER  THR S I
@D AKX AD LR TRk 55 H A S B e L SE R
AfeM s H P e R s R EIR. T, (&, (1)) it
BEWAK); T FaRmb IS K ac, 8

bR SNLTITETSIAN
T,‘/’,“I‘ - Mazx Min
» :JM, T,lm - T,‘m 03 (20)
L Tit - T =,

Horpr, T AT 23 RO AESE AR 55 B 5 Ac,
R 55 1 SR A e g SR T i e KA S i
/MA.

SEL AN ORI (1) L B X IR 453 ok
ac, FITAE R IR 95 LGSR &, (o) 9AK4E UL (8, ()
WHERNAXCD R,

U, (& () =BN(T)+BNE) 2D
Hrr, 0 << B, .5, << 1435 3R 7R IR 55 56 T i) o 428 3R
T, (&, () MAERHFE E, (&, () B EEM. A
SCAEF X HiE 3R R AE FE E A7 09 — Mk ab B il H oA A
A, N(T,) Ff NCT,) 435 %R 13— 1k i %E
RFREFE . P& KA =X 22) fr A K 23)
Ji 7N
N(T) =

™ €N —T,& @)

J ™ ) —T"Cu)
1, T @) —T" @) = o

(22)

T @) —T™ &) #0s

FHorr, TV (&) BT (L) 4y M FoR Act,
A IR 55 1 R 04 i 55 25 T e 1 428 SR 1) e K (E il
H/ME. T, () R L AP RS E K ac, ]k
S5 ERCORME &, (o) JT 7= A e g 4E SR
N(E,) =
E™ €u)—E, &)
j E" @) —E" @)
[1, EM @) —E"¢u) =0,
(23)
Hidr, EM (&) FIEM™" (&) R Acl,
A FH PR 55 1 K 04 il 55 25 G RE £ 3 AR 1Y) B (R A
w/ME. E, (8, () R LAHPIRSIEKR ac, 19
& ERRIE &, (o) Fir= A EE B IHFE.
(3) il 55 7 e ) e L
Wil 77 P 285 T FH P i SR I IR 45 35 B 4 G AR 2R FR AL
BB IR I RA T, W K I £ 1 B R AR 4 RT REAE TR
BER 225 1 AT e AA 70 ) 2 S5 Be A8 L 5 3507 > Wi I [
LI C A 0 IR I Bl 55, A 2 I TE] A AT RE HE LA IS
PR 555 2K 80IR 55 B P AR 3 A8 25 [
o 2% A= i J) 309 4 e S ) A PR I L AR SO R W U D
i 437 Al 55 B TC AF 5, O W 2 5 Hie 55 1% {4
PR, B2 T30 S 45 i A o B DL B RSB SR
H s B IS5 E LR B b — 1 2 B2
LR R R A R KA IR S5 LIS T TR Z, (6 (1)) il
e R AR 2% SR AL 8 %% Z, (§ () XA FH
brs 4n°F B
OP1:MaxZ, (((1)) =Max( 2" w, X U, (£, (1))

24

EY @) —EM 1)) £ 05

SR (0)))

k=0

OP2:MaxZ, <§(f>>:Max(Ki >

(25)

W R ZARFMIN T 5.0, AKX (2,
A7) (19 %,

Dst (v, sv;) << Cov(v;), Yi,j € {0, K —1}

(26)

A3 (26) LY H T AE AT W 10 199 Ml 55 TC I, T
RS 1 P 1Y) 308 A XK 0 15 45 i A 14 4 () o7 ' N 1%
T P55k 190 35 28 14 388 {35 245 IV 9 FBL N 3 2 fk 1 15
KRN Cndf,g,, ={v; | Dst(v;,v;) < Cov(v,)} RN
1 Dst (o, vo,) R PIBE 4 o, il o, 22 i 975 i
PRICEEES . Cov(ov,) KWWK M & o, ME &P
AR ORI E AT R, BIUFT R P IR 55
TR P A AE 55 HORE i — A W K M A AT A L
(LY T BE B TR BE R F i IR 55 B o G ¢



2044 it (=2

Bl

£ i 2024 4

VA5 RN RE M i B A 1 ) R R R A5 o A (1)
LY PRCT AR 45 F G W N JE SR N BE P BT R
VF I 5 KAER
T2 2% v i FH P IR 5537 R AT 40 i — ZR 81
A M R B IR S5 B A o 3X BB IR S5 G % R R
T8 29 5 R I 1 . BT T B R (D) SERT Sl &
P £ IR 55 38 B, RIS IR sh A8 AR 4k 5 (2) SE 2 B B
FI A N 7R 2R P 3R L LR TE T 2 2 A P IR 45 i R &
AL, PRI AR SO T 5y IR AT R PSR 1 TE R Ak
2B B — A R ] 5 X2 N 4% A A A
BT S 3 (DQRL) , W B RGNS AT 0 K
Il 42 05 i bR, A AR AR A B 5 0 AR 55 AR e e R
Bt e ms. 3T 220 (15) FA R A8 AL 1 171 Hz i
i A 5 bR R R AN F
R&u)=pZ &) +p,Z, &) (27)
Hop, 0 < p,hp, < 1430 R IR 55 H L2 17 8% 25
00 2 9% U A AL 25 AL RO, R T R G
eI BARB 2 /Y. Z, (o)) M1 Z, (&()) 4351
Feom IR 55 0 SR W 11 IR 55 32 47 %80 35 A1 I 4% 5% U5 R
F %25
H I, R R OP1 F OP 2 7] #: 4k hy &1 % Ik 45
LR WG & (o) WA AR B A Ak TR) A, G 28 2 (28)
FT7R -
MaxR (§(2)) (28)
ARICHI AR 2T BT ITE H ET DQRL
B MR S5 R M IS 1k (E2rO) B B AE R 4K
fift e I A IR 55 R G [ L BRVE 3 RS SO AR
WL 1,24 VBB 3 Bl A 38 58 43, 340k
22100 A 3o 30 S HL 22 T ) B A B B R
BR VRN 2 WA, 38T 451 A
TG EAT Ab BEFN 2 35 TR 2 WIVE Bk 3 ms A,
F2 B4 B P SR BT AH O I 2 B A AL XA 5
IR R L 3 B A0 B 1 SR RO L o DR R
JIL 1 THC T S T 405 7™ A 0 AT 25 TR U 2 3. [, B
24 ST REAE 3 R Ak 2 2T A R ) SR W1
IS %5 PR (reward) , B R b M /2 S 3 PR BE . A
A T B SR W E A Ak 3 AR v R 98 B A T 1Y
RHOR.
4.2 ET QoS BAMEMRFZELRNE %
Bk 1T T QoS B B A7 IR 45 1 £k
PR G35 o A 00 3 2 K D 5% %, U3 IR 55 oA /s
6. E AR PSR I QoS U H, S HT BIIA AT 5
A3 TC G UR L A5 2 00 %k IR 45 41 A AT AT AT IR AR B 1
110 M M 55 416 58 B TB) 7 HE B (5 2 47) 5 A

fig 18 T A7 fige B Fp AR A A R AT R AR R AFAE AT
WA B A 3z 17 Mk 55 15 B0 52 BUT AT 55 2k (51
3~10 47). P T SRORe i 2 55 — 5% e A 2 9 JIZ 3
A28 A A5 B B IR 29 SR R RE S I 2 . A7 i I
FCA R, WIS 3506 0 50 2 i 4. B 1 R AR A
Ut Ao 1 figp B2 PRAT TR AR B 29 SRR A 7R AN 3 F v 5K
L7 IR R T 5 o F P AT 55 35 5R AT 2L ik 55 41
Ao 8 B TR Y L — A W AT i O R PR U5 0k
G 11~13 43D, 75 WL 35 16 A 1T B2 AT ol LA iR 55 19
T BLN S A 35k A A AT LA S BB AT: 55 i 28 4huA 7, )
TEHF I A I 245 Hh S 2 W 1 il 55 o L Ok IR E 1 A2 A
TEIBATHY P IR 55 3 SR B 48 € 200, JLRER AT e 2
b5 B R 210k B9 IR 55 9 5K L 52 31 45 55 R 5
SUACTITC (5 14~ 18 7). f ) Bk 1 AR 2R
PUINAG BB A7 55 5 Ac), - BLSR & B9 ™ R 55 37
SRR R IC B Al B AT TR AR B IR
R g B CGR19 A7),

BEE 1D W 0R B A7 BIVRE 2 2k 9 i 55 375 SR A 2
B8 s (2% T4 — 4> BIDRE 21 3k 19 IR 55 38 5K L 30k
H A A A S 1 FT LA 2 R AR P O I R 1
Bt s X PRIE TR 55 19 QoS Rk AR 43 K g s 5 2k TiE
32 B 5 (303 3 bn 0 AU A (9 07 30 SRR AR T
HA SR AR IS5 A 2 BEAC B T AN B
e g5 BBC. Bk 1 B E S 2 BEJE O Gn Xomaep) o
Hom AR RS A MR, p R IR A A
4 B 55 3R

ik 1 FET QoS I B 7 IR 55 75 LRI vk
A -

YA 20 (OBAT I PR S5 R Act s

W e+ D BE R P IS5 R Acl .

iy i1+

PRI U5 20 T i 7 o C I S 7 ik 5 4R A Ac, .

1. CnS < RGHR Ac, A BN — R 5 2 H 48 @ 29 51
i 15 i 55 21 G 4

DSC < sort ( CnS )

for Y dsc; € DSC do

VY v, €dsc; do

it AXAD AR EIL then

v, flag < 1
break

for

end if

© 0 NN o Ul R W DN

end for
10.  end for
11. if

12.

v,. flag = = 0 then

return @
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13.  else

14. for  VYac!™ € Acl' do

15. if acy™ T LABE R R E o G S TS AT
P IR %5 3K ac, € Ac' then

16. Ac,, < Ac;, U {ac,}

17. end if

18. end for

19. return Ac’,

20. end if

4.3 ETERBARMWAGRZSAERE

Bik2 TR B A A RS R Rk
WA

FFE AL A AS IR &5 42 & Acl, .

LT

6T P W R A 2 B B e SRR L4 SH .

1. Q< s, l0<Ii<L,—1.0<n<|ac, |—1l.ac, €
Acy, b

2. H<Q,P<~®,d=<0

3. while P # Qdo

4, for Vs,, € Hdo

5. it pre(s,,) = @ then

6. P~ P U {s.,!}

7. H<~ H—{s,,}

8. shy < shy U {s,.,}

9. end if

10. end for

11. SH< SH U {sh,}

12. d<d—+1

13. end while

14.  return SH

TR D AR RS ES Ac, ST 2
P R — 3L RO 24 o ) 4 R 55 U R B L BT
Ac, S EEST PR AR, JE —FhRL SR B A
PRAE Z2 A W 55 38 B AT 8K W A2 FH P 3 oR 1 5 I A 7
WA 2o RS MR ES Q =
{(s,, ]0<<I<<L,—1,0<n<|ac, |—1l.,ac, €
Ac,, ) GE1AD. WIIES Vs, € H , &KRTA
pre (s, A HEM MRS 8 Jom A8 B 4 & L AT
P~ P U {s,,}-H<H — {s,,}sshy < sh, U
{s;) B A—104D). ERIATHE IES P 2402
- S R SE TR (5 3— 13 471). SR Z W BEIR 45
PR BRI EIORSE, SH = { sh, |0<d <<| SH |—
1y R 14 47) s o sh, R85 d IR BE BT J i 4
K D 1R 55 4R 5

Bk 2 B R VE R — AL S5 L 0 R R R AR
LR (D W) UG Ak 1E §E. Bk JF R i, Br A iR 55

S BRBEIAER S Q L R 1 T A Mk 55 #R 6% 75 1
O PEAANZME. FEEA BB — 2, B AR E T4
G P IR 55 2 IR e AT MO B O & 2
WIMBES P (DL FKAMF. FEAE P 5T Q W
1k 3B BT A 1 AR 55 4B 9 75 8 B AR T T A IR 5%
HRT LA

4.4 ETDQRLHREZEEMUEZE

DQRL 559k 1 38 Be P « A< SO i 58 19 ik 55 = 1
5] R N 3] K ) ) K T 4 IR 55 3 S B0 TR
A 7S [ RS AE 28 AR AR K. b, IR 55 A 55 5K Ak
2 BEIR AR R B A AR fE Y. DQRL 555 7] DLA &5 kb
Qb 3R IX A B AR AL T 1 L A A I 1) 2P R e
FY A 55 T 4 5 .

WIS T DQRL W 55 40 il 55 fF 26 32 1
BCS sk BT T4k 4 Jn) S UG A o BIVTE 2 A 0 % 4% 0
FEL P 5 3 3 R 55 3 7% S BB IR ) LAk BC & DAAE i 2%
oA 2% 1o 0 28 A A A b 1 9 IR B A AR A, AT e K
RR 32 b 5 J2 FH P 3 SR 11 QoS 2 3.

ARG Z W Bk W IHE SH = {sh, | 0<<
d <| SH |— 1} 4l B IR R 2 B Be e 3R, 4 B
B B ik 55 I e SR T A S, AR AR A 1 ik
55 BN WG . BT I W I Y B A B AR 22 IR 95
SRR 2 23 ] 25 2 U I, i Ak 2% o] R TR MER I
BRI RGN 25 B 2377 A B R . IR
FE 2 A R — PR % 2 > X R AE Hia 5 3RS Py
Tk B gL AR AL S 2] Sk AT R — Rl A oK
W& m] ik 5 XL )2 M 2% A0 4 G 4 T aR Ak 5 2 Bk
(DQRL) , & T W Z5 AR 25 | 20V il [0 $ig R 55055 A 7 o8
B X i G 2% i B P IR S5 i R AT A N 3 A IR
%5 T, HAR D BRI WLAAL 3.
ik 3. T DQRL M55 7 ik 55 78 2 2 M H B 5%

B (E rC)
A
T2 (O BT P IR S IE R Ac'
FELRVR G+ DBEEE AP RS ER A
AT Act BT K Ik % 4 40 K|
T M % B-Q MALEINLESEL 0 ;
HARM 4 T-Q MALE NS 0 5
DQN H 5 i 11l it — D s
DQN 51 % W 4538 B 1 fie KIKEL Eps
WA AL DQN WK T.
i il
B0 R G5 TR MRS & () = (¢, (o)) .
1. Acl, < WA 1CAC LA
2. SH < WM& ®% 2CAc),)
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£ i 2024 4

2046 it &
3.  for Vsh, € SH do
4. VR BQAM T-Q.XE ' =06
5. for eacheps = 1,2,--,Eps do
6. Bt DQN 4 55 W 5l it D
7. for stept = 1,2,++,T do
8. A, <—argmax, Q(S, A ;0)
9. R, <~ BHABLICA, . X, A,.LG) K,
shy )
10, [A) Sl I D A7 ik DRL 530 2% R 4% (9 — Y38 B
& (S,,A R, .S,
11, UM R A M Ik B-Q W% S50
12. for (S,,A.,R.,S..,) € M"do
13. if BCEISE « + 1 FEA then
14. R¥ <R,
15. else
16. R¥ < R.+ ymaxy | Q(S.., JAL 030D
17. end if
18. L(0) < E[(R* —Q(S.,A,;0)"]
19. end for
20. 0 <—argmin,Q(L(0); M)
21. 0" < 0 "IFT C K
22. end for
23. end for
24. E) <L U (A}
25.  end for
26.  return§ ()
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VR EE sh, » PRAT TR EE SR AL 27 > (DQND , 5 31 4 K]
KA HIFRAF AR 2 [ AE S %k R 45 4R 25 25 1)
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AR R S5 1817855 Z, (§ () F 45 Bt i
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FT7R -
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) R ERB YR X AR P RS 1ER Ac), E
BOHEms & (o) . hfEASIA] A, RAE W22 (30) Fi R .

A, ={X,{@)} (30)
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TR S, FREGEME A, Fr3iRm MRz R,
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PRIEIC S LA AN BR BOHE G, B 0% 2 38 S A R 55
T 32 A7 28 2 0 0 28 ¢ 05 R FH 388 4 o 1 8 AT IR 55 T
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T YRGS ¢ 3 B QS LA D)
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b, #E AT — RS ED S, kXt 2 55 1 3 I SR
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T VI 14 IR 55 T A S g 1 B0 s (] i 5 K 30 [ 4 22 T
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Y2k B-Q M 2% fie /INMEAR 2 BB B 11 ~19 47). 46
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BCE 0 i K /Mb L, anA X B2 s

29)
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L) =E[(R* —Q(S,,A.;0)*] (32)
Hrr, Q(S.,A.:0) FI/RTWIMMEH B-Q M5 R¥
Forn HARH . T-Q M, B AL F .
R* =R, + ymaz, Q(S..1 A 130 (33)
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TESR d W JE L 3 SIS M AL h.,
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/N SH Ry B A I8 E shy, (AT 58 U 3303k 3
Lk (3 3~25 7). KT AL Ac, -H L3
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 — I 8, = (sha, V. ZuCIH) Zo(CH))
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5 E—
¥ 8 agmxuQ(S.A:6)
RUED s BehavmrQ-Network e
st s? isE ﬂ{ -1 '._-_» Al Ad 1 AF
PR 1K APAY | AS
t i 2l - 1
b gt e T b g ST EACHIATE AR HAC ot
125 o 28 B4 W At T Sk A smeic s L 55 T i S s G=8 MABERCS
]
G @ " < Q(S-.A+ 6) ymaxQ(Sp1,Ax; 0)
Hgt BOEE T R . 2 i
= - &- &%ﬁﬁﬂ C mkek .
e @ 3 | LO=EIRQSA: 071 R
= paim) miondm it ;

F1 2T B-Q M T-Q XM 45 52 B Il 2 1 e 55 22 IE 5 s

B 3 BRI N B S PR AL B A R,
2T QIR Sy T I 55 30 K 4 B f A Y ER C SR L L
KA R, (1) &R IE 8 91 1R L 47 9 M 4% B-Q
HEAR M 45 T-Q IE 8 %1 4k 16 I £ 25 18 35
(2) WS [ Wt A5 280 - 6k 5 W [0 s D 9 1
BRI 25 B 256, DA 1 DR B 5 SO 4 v o
SRR EE. () PRSRAT Jy IE B vk $5  RUL AT LAAE A
PR R R AT O, X Q(S. LA 30) PREK
(0 fe R AL S BLRY . (4) H b R 2% s BOE B A . H
PR R AR BRI L (0) 1E A S e 100 (5 A0 H A
(L Z T 19 22 5. (5) I 28 AL T Afy BE T 530 3k v A
T AL BRBE A 55 2 A SRS, X TRk 3 M B
ZF| DQN 2548 FAE 45 U R kAR b B R A A it
KN R 2R O W) L WO A2
W 2 2 Bkt
4.5 ETRZWHEMRSEERBITMGER

T AT d U B IR 55 AL SR W B
i B ITAl AR 5 o A A £ AL IR 55

o e 7 B IR | RE R AN BT IR AR R DU RS B
IR 5 o FC A A A, A8 A e 55 R AL s DT A AR A
AR — IR S sh, MRS, & e, Bk
4 R A S shy, REUB T shy, 0908 M I 55
XL P IR 55 38 oK 8l Acy (B 1~T7 17). &
B4 RGNS M T4 AN P IS5 E K ac,
Az R T S R G R G S, (o) B R A R RE
THFEPERE B (5 9~ 18 13). I » vk 4 B
T d O B IR 55 EE R SR S R I i R, (5
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FE A B TEVEAL Ik 55 1 O SR W 1Y R Sl AR, B
b T B R 55 A TR RE SR | RE AR DL GE AR AE AR A
REAE L I 4% BF IR T 32 S5 R S X — o, P I A B
XL R AR R GRS (1) YRR A RRAS ) 1E
LR THE T R R 55 E G AY A8 R R REAE (T
SERE AR 5 LA R A IR 55 5 I SR W IR 25 . (O 5 &
s bR B« A0 % L A SCRY AR B R L B
JIR 55 7 TC 3R W& 1Y) 3R 0 WA £ o KAk (3D AR G R R



2048 it (=2

Bl
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E < 53005 IE A b PR 55 22 1) B9 MR G 28 L DAPRIE AR 55
H AN 3 S e 2

ik 4 T RGGER RS Ze kRIS AL
A

FEOLIR S5 4 Ac,, A8 d WOIR I h i 2 5 T % P Bk ) IR 55
B shy, .

55 d YR TR I 2 5 T A A Bk ) IR 55 I A i T 78 L
KX .

5 d U B R I 2 5 T R W B 0 I 55 i A 0 7R £ TG

W & () .
PAT Ac’ BT KBk B A5 5 K, .
LR

S d IR BETE L ERCOR IS B RGEUEE R,

1. forVs,, €sh, do

2 for [ =0toL, —1do

3 if (s, € ac,) N (ac, & Ac')) then
4 Acl < Acl, U {ac,}

5. end if

6 end for

7. end for

8. for Vac, € Ac,, do

9 forr n = 0to N, —1do

10. if s,, € sh, then

11. T, (s, < WEMIRS s,, EEAITE

FESR B AR )RR
E, G, < WEEMIRS s, FEHTHA R
FEIE Bt A0 (100 T3 26
T Csposin) < PIBRMIR S 5, 5 HACHYE
15 9 38 B 4 1 o S (D I3RS

12.

13.

14. E. (s, ssi) < PBMRSS s, EEHERF
RERE T B AR A2) ks
15. end if
16. end for
17. T, (&, () <5 L AP RFER ac, 4B
P LR ORI ¢, (o) W R AE 3R PR AR A, A 20 (D)
THE A
18. E (&))< 5 L AP RS KR ac, Y
LB BRSO MWiEEHEERE R, AR
A E RS
19. end for
20, Z, (&) ~ MEEFWEA A B AKX A HHE
N
21, Z, (&) < REERZITAR, AKX A6) 5
A
22. R, < RESFELEREMNY REWS  HAXCD
RIS

23. return R,

5 KO

AR 38 ek A A S I {7 B R AL I 4% rh O
FENM IR 553 2K L OF R S 3 48 i ny A1k iy
JIR 55 355 TC 2 - B3 v o JHL 3 28 A I 4% v 1) 22 S B )
WA b 250 DR 55 7 JC 1 1 B SR | R B FE AR T I) 4%
BEUE AR = A7 TS BUA B R SR AT X L 56 IR
AL EPrC FE A S AR 3.

5.1 ZWHEHAMSHIZE

SR IE AT B ARKAE I E AR L & Intel(R) Core
(TM) i7—10700F CPU @ 2. 90 GHz 2. 90 GHz 64
fii Windows10 #/ER 58, Bk T x64 AL BEAR. G
{5 B BOHE A2 6 3233 ANk il b A A5 B (A A
2B B IR ENEE R A ik S 6 A
(2014 4F 6 A 1 & 2014 4F 11 A 30 H) 89 H B
RN I 2 Rl S R S DR NS Sl By
S RO ). RS SE B 0 TAE SO E S P TR IR
FI [v0) R0 285 SRR ] 3 5t 1 5 37 SR R )L 2 B A AR 4
At B 3 U5 18] 7 28 a4 B A SCRT $ ) P R AR 2k
T[] 350 285 i 7 A 1) 18 £ % TR A 7 Jo 480 45 e AR T 3
1 05 A IR 55 T L AF 2 10 75 oK . SE B e U 22 15 K
(2014 4E 6 A 1 HZE 2014 4E 6 J 15 A HEusmy T4k
B AREHE SR AR S A 220 A P P R 55 3 oK Y
[i] 12 0] 23 A7 5 5 . FE b e B 6 A i il 19 £ 305
g 2 proR.

- -'._J
. "o s .
¥“9 Vo o
= 3 >
e = 52
. = -: 3 | =
v L N <
2 biERLAE 3233 AL I ML FR A o) A
F2 LBBEEISXEBEEANERSAMEBENENGR
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ey 2 4 i 8
Lyl 1D i3 2l ok 1D /min
7 121. 3825 31. 2377 5 5556
193 121. 1548 31. 0154 367 454070
753 121. 2564 31. 4534 202 253360
1005 121. 5077 31. 3971 24 32982
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FEA SCSE U0 U B W N 3 A S R
B H[0.2,1.0] GHz 5P Pl &N 0.2 W,
Pk X 5 5 () 308 A 1 s T MR PR T 3 07 X o — 174
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PR B e h % Pl 0.2 W
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BB S R 24 1077
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5.2 ZEWmXtkAE

e Ge s Ak 2% 2 S0k R T Q-table FEA#IRZS —
SIEXT B A T AR — ShAE R/ 15 B0 X A3
FHF 300 % W 245 RIS 55 KA . AR SC T 4 EPrC 1%
K Q-Network AT 2 %R W& i 23 [0 76 SLH X L
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eI (1) 5 1% G5 1 5k Ak 2 2 SR X L, B EPrC 5
EENGE A T 10 % W 4% b iR 45 T B ) A SR g
(2) 5T PSO [ 585 43 Fo 58 2% L 6B EPrC 5
P INGE A G W 45T 9 R 20 25 A8 R IR R R A
(3) 5 3 F 0045 19 IR 55 ik o B8k L L BB EPrC BR.
T HOINAE A 2 45T B TR P IR S5 i R i Ak
LT O AR BERR AN F

(13 F Q-table 5t 1k > 1k ik 55 & fic 7 1%
(TQL) :i2 H TQL fif Y 371 Z I 4% 9% 5 2% i B 68 o7
IR 55 7E £ 2% 1 7 T I B 92 530 R T A% 42 11 5ik Ak 2%
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(3) BT 57 25 Ik 55 i 55 1k (ISEP) + %055 1k

T2 rh ok ok B P AR 953 5K . I 2 il £ iz BUIR 55
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M) 7 42E 3R . SR FH 9 A 5 s R 0 A% e TR IR 2 1 W Bk
W35 B AT IR 55 i 2R B — A I L R A IR 45 i
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5.3 LMERSHH

AR S 3 N W 25 vh IR g5 1 R AR
J7 R 55 T SR RS L Ik R 15 B B L A B I 1 A IR 5
B EENN AR S HE T R GRS 0
FESR | R T AR A BT R A R AR 4 AR RR AR AR L
WESRVE AR, PriE Ll S EEE T .

(1) JH P Wi 55 33t oK Bt - B0 fE i B0 N 3 %)
20,96 5, LAITEAL B rC 8 s 18 W A 98 & 34 K B
BT R, 6T X 28 T R R T L A kA A R BROAE
WEN 5, 1T HAM S B kMR S B0 8 S 0.

(2) FA P RS R BUBE % (VI L 3 3] 10,38 i
g 2,48 F P R oK AR S5 4 T4 EXeC
SRR AE LS R [ 38 N7 TR RE. BROME TR E R 6.

(3) Wk M i £ it - % fE v [N 100 #1800,
W&o 200, LM EXrC BIRTEY XM & 2 T
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{E 1% &4 400.
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H1 ISEP 53 12 76 ik 55 W) 1o 4 3R 1 68 J7 187 A9 XF L 3P
i N AT DL Y, B ) 265 v 1T I 55 1 SR B
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FTO i1 ISEP 557k 76 Iz 55 Wl 1bf 42 3R 4 e 75 18 /9 X Lb
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Background

Service reconfiguration, as a promising research topic,
has attracted much attention recently. Intuitively, it aims to
reconfigure resources provided by IoT devices in edge net-
works, in order to accommodate more forthcoming applica-
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ices. Current techniques focus mostly on the reconfiguration
of atomic IoT services, but are inadequate for the
reconfiguration of composition ones. They are inadequate for
the reconfiguration of composite services. A reconfiguration
strategy for satisfying on-running loT applications as prom-
ised, while fulfilling forthcoming loT applications as much

as possible, is a challenge to be investigated. (2) Inefficiency

of network resource utilization to support forthcoming IoT
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applications. Most techniques optimally allocate available re-
sources of IoT devices to satisfy tasks of current loT applica-
tions, but they may hardly guarantee the configuration of an
incoming task. Due to strict spatial and temporal con-
straints, this task may have to be configured to a certain loT
device which may have no enough remaining resources. This
happens especially when edge networks are (partially) over-
loaded. Consequently, a service reconfiguration strategy is
promising to accommodate more forthcoming IoT applica-
tions, and thus, to improve the resource utilization ef ficiency
of edge networks significantly.

Service reconfiguration is of great significance to facili-
tate delay-sensitive IoT applications for the sustainable re-

source utilization of edge networks. This paper proposes

E*rC mechanism, to optimize the configuration of computa-
tional resources provided by IoT devices for satisfying com-
plex requirements prescribed by IoT applications. This serv-
ice reconfiguration is formulated as markov multi-phases de-
cisions, which are solved through our enhanced Deep Rein-
forcement Learning (DRL) approach with a two-layer Q-net-
work. Extensive experiments have been conducted, and eval-
uation results show that E’rC is more efficient than the
state-of-art counterparts in satisfying the delay constraints of
IoT applications, while reducing the energy consumption and
improving the resource utilization efficiency of IoT devices in
edge networks.
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