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ABSTRACT

ABSTRACT

Software Defined Network (SDN) is the key technology of 5G network and one of
the most potential next-generation network solutions due to its separation of control and
forwarding and network programmability. The research popularity is growing, and more
and more companies choose to research and implement SDN in backbone networks,
bearer networks, and access networks. This paper focuses on SDN solutions for backbone
networks. However, the construction of SDN is not a revolutionary process, but an
evolutionary process from the traditional IP network to an SDN network, which requires
multiple steps. The entire dynamic upgrade process needs to solve three proble ms (3W):
which switches to upgrade (Which), the switch upgrade sequence (When) and how to
deploy the controller (hoW), to complete the upgrade process from the traditional IP
network to the hybrid SDN, and then to the pure SDN network.

The optimal dynamic upgrade strategy not only needs to ensure the network
programmability benefits brought by the upgraded switches and the network performance
brought by the deployed controllers in each step, called the local dual-objective, but also
needs to ensure the performance of the pure SDN which is continuous operated after the
upgrade, called the global single objective. However, the local goal of each step and the
final global goal have complex effects in both the positive and negative directions of the
time sequence, which makes it difficult to obtain the optimal dynamic upgrade strategy
by considering the above three aspects (3W) at the same time. This paper discovers and
studies the above-mentioned optimal dynamic upgrade problem.

The first innovative work of the paper is to consider the 3W problem at the same
time, and model the optimal dynamic upgrade problem as a dual-objective dynamic
optimization model. During the entire upgrade sequence (when), simultaneously optimize
the benefits of switches upgrade switch (which) and controller deployment (how). By
introducing a degradation factor that changes with time, the transformation process from
a local dual-objective to a global single objective is described. Different from the existing
dual-objective optimization model for joint deployment of switches and controllers, the
dual-objective proposed in this paper is dynamic. Different from the classic dynamic
optimization model, this optimization model is dynamic in both directions of the timing
sequence.

The second innovative work of the paper is to transform the dual-objective dynamic
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optimization model into a series of single-objective integer linear programming proble
ms which can be solved directly by introducing a reverse penalty term to consider both
local and global benefits during single-step upgrades. Then a heuristic algorithm is
proposed. By improving the genetic algorithm, a genetic algorithm based on SDN
matching relationship (SM-GA) and a genetic algorithm based on complementary
crossover mutation (CCM-GA) are obtained to solve the penalty term and the optimal
upgrade strategy respectively.

The third innovative work is to regard the upgrade process as a Markov decision
process and propose a solution algorithm based on reinforcement learning. The algorithm
automatically learns the impact of global returns on single-step local returns through
learning, instead of defining through experience like heuristic algorith ms, and empirical
definitions may not be able to obtain the optimal value.

The third innovative work is to regard the upgrade process as a Markov decision
process and propose a solution algorithm based on reinforcement learning. Compared
with the heuristic algorithm, the solution algorithm based on reinforcement learning does
not need to define the impact of the global benefits on the local decision, but learns the
optimal value automatically through learning, while the empirical definitions may not be
able to obtain the optimal value.

The paper uses real network topology data to conduct simulation experiments on the
above proble ms and algorith ms, and compares them with the baselines. The results show
that the solution algorith ms proposed in this paper better achieve the balance between
the local and the global goal. Besides, the pure SDN obtained by the upgrade has better
performance. In the large-scale real network topology, the solution algorithm based on
deep reinforcement learning can obtain better global benefits than the heuristic algorithm
based on the improved genetic algorithm.

KEYWORDS : Hybrid SDN; Dynamic Migration; Optimization; Joint Controller

Deployment; Improved Genetic Algorithm; Reinforcement Learning
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0-1 MRIE — ZRFBR I BEHOM R, BB HUE N 0 5L 1, @ RL MR
Rilo Horr, BEENR AT A PR B EUE R e, mMEIRZTE B As ks
LIRS 35 R B it BRI e 3L . 0-1 UK AT LLJT (AR — o8RG R, FlinIFok,
AT Bk 0-1 RIS 420732, & AR ) 3k hk o N\ 53 22 HESE 1] i),

0-1 AR 1) R0 PR ik — M 25 FE 95 28V AN B MLt i, AR MR v — I e
GTEIE, 0T INFIASE ie) L, 7 0] RERASE B A 280) 8] SR VE (R I L T AT AR 43358 7t
TREER M. BT 0-1 ZRMERNKI ) B AT DUE AR 2 VR & B3R (Mixed Integer
programming, MIP) FRFERTE N, A IR FH 261 F0 K1) SR 4 m] DAZE /NS 28
FLHER AR, BRIHR F SR AR RS B R A2 — Pl i 7 2 e KRR 28
R 7] JE T NP-hard AR, XtoE T BEE RSREEAN 0 3K, 0-1 #L
Rl R SRR N . E AT, AR R A R R R A 3 RIS 1)

FEUR ) G 0-1 IR RF RS L, tBAR 20 1e) A0S0, FR VR 1a) R B M) 8 N\ 1
TS Z A e HE i, 6 2L R0 N RAIRAVTE S FIR S OUR, 8IS R IRMAN A 58
PR IAT: 55, %145 56 AT 45 PR B[] B ot BUAC 2 e K o FEFRIR M), 3 BT BE A7 1E &K
RIAPEAZ T BRI O, XA RN RAVES A — g —— X Rif, WREHIAZ
1R/ D EE NP AT S Z (GO0, R 75 ZEXE 1) R & ol AT R g . A
PRS2 AR REAS 2 D7 FER, m] DL & LSBT, A N5 B,
JOE VI 70 SR AR R SE PRI LA T I A

H T HRIR 0 REBE vT AR 0-1 Fik, X PUEAERisfin &, Frll AR 2%,
For &) R EC R EHE AR IR AR IR 7] A A0, 4 7SRRI — P A 2 FLw
MRS, BRAK) R EEDY, ZEET DLTE 2 TR (8] Y AT SR AE . &) R 02
(R Ji B, SRAAEFR IR I T DU A A 5 30 P PN SR A A R T i @, 338177 T LA
BRI B R TR iR, AR EIPEAE SR AL

22 IREEXL

BEREL (Genetic Algorithm, GA) &3 E##% J.Holland 2% T F 2Rk #3818
L5384 R (LR B HE 1 — B AF 0 SE B I SR e Ak R B2 i8R S DA R
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Figure 2-1 Genetic algorithm flow
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WAL SRR AP IORS R e R DR m I QiR s e, s
PRI X AR SR, SEBL T 3R B e e TRAERNREZ AR
R “ARMEZSIR, EFEAAE” KB REEAT I . A8 S Bl 1 R Al 2 8] Y AL
PR AT, O HIX AT AR A S TS IR D A B A MR A AR 3 B
B, FERRER IR LTS AN A . —F IR IRIAE F AT DA R AR A 2 18] A A T
R E T S PR T AT A

23 BHES

2.3.1 SI/RAIKARILFE

0 JRA] KRR FE (Markov Decision Process, MDP) 45 7E B B /R af Kbk
PRSP BT PR B R . e B SR AT R R AR I RS S T A A oG
P B R, BEHARRES T BLRE AR, Bl RS HA S/RARME, HA SR
AR BEALIE FERR Y D R AT R A, X /R ] i A e B Ml o SR AR o
IRATRIPFERE . /R R PRSI R A2 o) I AR AL 7 B HESE, R ReiAqE
W R R AP MR B FPRESs, AT HIATEIEE & IR — 1 3Ea,
BRAEaWERT, HiRHRESs', HEEL BB, BT S/RA R TG 2
P, T I ERERESs NS LR ESs a5, B2 /i PRSI EAST KA
AR ISR

FESRME SR AT RS RER, M2 UU/RE 7 (Bellman Equation) , Ul
IRETTRERAR T 4RI RO & W e 4k BN OC &R, XA AT BUIE A AL U7 20
RIGAERE BB 5] HsEik % > 1) Q-learning &y . UI/R 2 7 FE & AN E B 2L
WE, WAk 2-D Frox, P EREIIE A DLy, TR RS
N, WHSMERSLRI B I, I A, i DLRR S 22 5l e A B 45 T RS
KINA S, 55 0T IRSERE TS, R ARG 24 miricas 9
o FIFH DUR 2 A 20T DO Ik A% AR 1S SRS —3h /R X 1R R %)

Qr(s,a) = Ez[G|S; = s,A; = a]
= En[Rey1 + VQr(Str1, Aer)IS: = 5,4 = a] (2-1)

232 BUFEIFEKRER

sk B RL N FAB2 S aEEL], SMEHHTACE, 23D
BT ARG R R, DRI B Rk AR A [ 8L, 7 b o SRS op B R
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BRI E IR R WA 2-2 Pron, BREER M H SR MRk, £3F
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AWl B, PRGBS E N S5, ek B ST, BUERASEL,
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Figure 2-2 Reinforcement learning schematic chart

SEALSE SIS = ATy, RIS s A .

(1) IRE: WESZTER AR MASEE, AU &E. FEFFEGER RS
R, A Al RERPIRES I BRRES 2S 0]

(2) k. SRR BEARTEIA S BN RIS G BRI 4T3, 7 2AE
IR (LT Shviet & S et £ SRS e 6 /S M VA I N YN

(3) RKJih: BAEVRTERENEIG, IREARYE bRz 5tE SRR pLE], X R e
PRS2 Y RIS 2230, /BLAE IE ) 2 R A0 G ) 225l 1 ) 22 3l V0l 24 e A4 1)
TR s, S R AR B

B ARSI A BT, UE B R SRS NME R K, SRS PUE B R A
ATONEIBLE], AR BIZNPERIB, Hn(als) K&, B ST B REARES ARG
SRR E AT T AR RN o s A S 2T R H b st i WA 21 1 % Ak
B AT SRS R 0 M R BRI AE A PR R RBCGEN S E R AL, R fE
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2.3.3 Q-learning H%

Q-learning L2 & I FH B 77 22 7 (1) S 2R S e, ML AT I b,
REARAERE B RS T AW = &M E, AR e 3 i) RIS 22 5l LA S By AR RS R v
a5, W E Rl NIE —IRES—SIEX N E . Wi R E Z A RS TR
BHME, BEeR Loy A B8 —KIRES—MENER, BB RET, AFEZ)
TEMIIMER T ICR . AERRIRES—SMENERE, 7TRHERTRE N BT
5= IBE, e E R

He, MMERBITEARDAR (2-2) 5AK (2-3) iR, N THEIR
BD—BENHINE, T ER BRI, K ST ER ), SRR AR
XY HTAT B RS AT AR AN

Q™(s,a) = E[rpeq + Arpyp + A1yg + -+ |5, a]
= Eg[r+2Q7(s’,a’)|s, a] (2-2)
Q(spap) « Q(sp, ar) + a(Reyq + Amaxg Q(Seyq,a) — Q(Sp, Ap))  (2-3)

FEME TR, FRESREETI RN, PRI SRS, BT RIS
Q1H, WHiRRE—ZNEXNEINE . b S (1A e I7 A PR, — M2 LA
s —FORARE LT Q B, IHEH&MMshfE., Hd, MHBEYLSIER
HERIRZE (exploration) , W] LURZRERMPISIES=ARIR, AFTHEH Q
18, FR1GHELFRRE . kB EER T =2 A (exploitation) , 7] LAEELF
MFIHCHMER . FHE LGk Ee — greedy g, e—MiE—MR/NE
B, VERNIEEBEALNEFINEZEE . 7T DUSE cee MBI 75 2 A [F] 1Y exploration 1
exploitation EL 41

Q-learning 7EARA R BN1EH D Iy AT DL R A S 28 B — RS N PIT R —
NEWEISAR L, RYE Q EHIE M AN, UK BT H LA T IE, tit
T BPRES—BIERIME . fJE, REE T DLE RISEITAIRE T, 80
TR E RS EE, REPIT, BEZREIERARES, FERMNER.

R DL EHER o Tid RE, Q-learning BVA M I ZRid FE AT A IR LA T AP IR
B W11k Q-learning MR, R QEFE (Q-table) , RHRAFEHIBNENEFE
MWIiatL. 2 Ja@d NGB, WAL GRS RS T, BAWIIEIRE
THah, DARE— SR T A e, EREEEIE, WEEE, #HAHRESRE
o, FRHANX (2-4) X QEHATER, Hrh, rig WIREs RS s 1T
W, a3, Q(sy, an) ZEHATHME, max,Q(sprr, ) Z(E S, @it
Z k2], BEIIGIER Q &.

Q"(spa)) « (1—a) Q(spap) + a- (1 +y -max,Q(serr,a))  (2-4)

15



B o i N3 /1 e VA T

234 DOQN B

FIF Q HTRAF M IME SR LI sk 2% S i = BEE RS H I 2, S8Q
ERAKR, W ERRAEESIEEK, BSHNAE, Q-learning FykfE sim P
FAFAERE N AT — R, w7 LA Bl ek Q R,
AR T ARESHOS 2 1, 1 BAT DR AR E SRR A B

R Q M4 (Deep Q Network, DQN) F&—Fiuk s £ 2% Al Q-learning 45 &
771k, R R BN 5k, B O RAMEMYq(s, a;w),s €
S,a € ARRENEME K S, DQN 7E Q-learning [IERE L ffH T = J7 THi Atk
k. —RAFHERMAEM LGOS FE R A, BN Q-table, 1T
HRANRE—SMER N E; R TEKE, K0 reRE ZifE. 26
EVEREAF MR, BN ARR L —E MNREE; =Rl N2 1
el b, 5N BRI target-Q,  FHAESUM LS K BB 7 3, AN > 2 45
WED FHF RSN E SRR, X ik b e — greedy RIS 5 ARV T K
B 5 BOE SRS 5t AR I/

DQN [EVEAR WA 2-3 . B SeBNIAIaE AN E R BB R, FIaa R
BIFHIRGNEFF . ZJG1E MR s T Dle MR ENLERESIEa, L1 — e
BRI R Y ADIRES AR AN ER S Ea, PATIMEG, EIRE LIS 22 5hr
M —IREs"s B(s, a7, sOERNINGHEAR T AR, I INGEARE M RIE
W D, MR — e SRR, AT R SRR E A T IR
A, BEBIEMEE N AN SIS T) BArEy, SWRHIURZ R, 158
1FEU PRSP LbRME . 5B B EE N PR TR ISR, T 2% 2
o FERE—BUIE],  [FP R H AR S

R RS

A
HETE Q(s,a;8) maxaQ(s',a"g’)

argmaxaQ(s,a;@)

N R
| Wi B
— oty

A A
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Figure 2-3 DQN algorithm flow
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ASCHTIE R A EUE T 0-1 AR, BRIR B Je 48 0-1 Fiki S B 2R PRt ), ik
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BB 2 M IR . ), AR/ SR RS b, SRIEFAL A B B AR
M, I SRELEIRBATX L, JEAS T PR AR B R

3.1 |oRiiEd

SDN s {3l A T4 A e 2[R I A e AE MR — I [R5 (when) | 6 IR EE 52 4 A,
(which) PLA Al B =i 85 Chow) W R, FEEEAN Tk fErh, W& L 4t 1P
W&, LI AIRSG SDN M, AT A2 SDN ML, 3.1.1 /NTR =11 9 2%
UL FEBIAL, 3.1.2 /NIRRT AT R R, IR AR @ R 5240 5E,
e R BEAT HlA

3.1.1 ®AREH

AN E A28 SDN WER T 1] j, 2 e 7451 9 6% 1 B ] s SRt 1
A )R R A R

SDN [ 4% T2 v /& K A% 4t TP W28 7+l SDN W28 i 72, 4] 3-1 o .
TEFRIEFES, T IA MmN, A rES 1P AN 99 SDN 22 #dl,
FRAEFELET R E i 28, ORI H A AT AL, GERF S0 IE #8147 .

Y3z
SDN 33484/l

& BHE

3-1 145 IP 455 SDN 4%
Figure 3-1 Traditional IP network and SDN network
ML TR TR, 23 5a. TSRS, SDN MR AR — 23
B, TR BTy, WK 3-2 fix. BAERER LLH Z BN R YRR, £
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— T, TEIET A NS, G REALGTLTI S SDN A2 Hidl,
I HEF— L O A TN SDN LI A B ISCE #1048, 2 5 A% —> SDN
AL BRI RS . B a) o P 2% b U A G s i, 72 IP %% Sl 7E )
TR A MLAT T e, FEAB IS, W T FOE 5 S #AL5 SDN ZZ#All
AR, BIVEA SDN M %% (hybrid-SDN network), 1 b)5 o)fi~: &%, i
(1) 5Z e HLER T 25 5 SDN AZ # AL, I 4% f 243522 S 41 SDN [ 26 (pure-SDN network),
wr d)hos .

et 2 bl
SDN Ze#tL &

@ s

a) IP %% b) #E& SDN c) &% SDN d) 4 SDN
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Figure 3-2 Migration process of SDN

S FEF, FEZEAEM—L (when) FFEMFLET ML (which) PL&Z a0
AR EEH 4 (how), (EAFEEAMLETHIOIRERG BN aE . N 1 IRIEEEASTT
PSRRI, 75 2 E Al SIS THURMS, BRIl ikt . He Tk
Yoo 4% P TH U AR IR & SDN [zt ,  BAR T 5E a2l SDN izt «

R4 SDN 2% 75 BEREAT SCHML I £ A S35 1) 5 1O BB &, AR SO S KAR T
S N S BT A B b, 38 S /MU 1 3 51N BRI SiE DA 425 1) 245 1 2 1) H
b, DRI R0 T 4 5 S R e KA TR 1Y s FE W a5 doe /MR AR 2% ST NFRIIRFRE , 3%
S8 H AR XA AR, FOUREXHAR, RS SDN ML R PERERR N Fob i i Bk
UM . 41 SDN RIZE flr A 22 L5 SDN 22 el AN 75 B2 R 0 B
i, PRIIEZE SDN W48 TN 5 225 REfE il 4 M8 1 H Ax, B/ MEFR I 3E 5 [ 20
IFSEZ AN, %4 )m Abrd B i, FROv4 RSB ER, R4 SDN [Z HIPERERR A
EISLIERR

TR R R A C 40N SDN AZHBLYY /A BEZ AN, AAIL 1 THOX 58
BT R W 2% F] G AEVERE SR T o 5278 T SDN H AT 4R, SDN ZZ# LS K £k
YIS T LR =4 B IR B e 3 & 42, K SDN AC i HUCE AR 15 B AT ik
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IMRFFAZ

A, MRS REIATHC AR . SRR TSGR 3-2 PR, R
RTHRI, e AL 50 1P ST HMLBEAT T I FAE CTH AT B A 6 50 70 B Al
FiEHE, MAERNIRE SDN. Z )5 ARSI TP AZ 4L A L £ 870 A M L2t AT
JREET S, EERTE SRS RIT 9, a2 3RAS40 SDN %%, ILi T4 fs
LR, PR TGO SRR R T e B TSRS . AETHI R, € Lo TANIN a] 25
KGEWTE I, EFDTHHIS R, G FEs DR HN AT T, Er A%, K
Hh s 1) 35 PR B B TR B O 1) SDN 2 WU B R kAT B, B2 el
—HE, ANEESCE .

HrR] T b G5 R G 15 2T A& SDN M6, T2 H b5 2 e Ak X 28 mT g A 4 A0
WEIR, B KA R BEUS f, [R] IS IR S ) S 5 ()20 B S 2 A T
Ja—IRTHRAF BRI 48 220 SDN 2%, WG 2584l SDN P44 IR SETERE,
I Ry B H A e MU TSI IR SE 15 [F) 20 I E 22 A BEE TR REAT , THEH b R
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3.2 [O]RRIER

AE SEXS SDN W28 TH 2 fie PRk 1) il AT A, 45 H i Ak H AR 5 20 5%
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THI0, 7650 TR FE 25 fR i 24 4l SDN B R 2d . A 1 SRIBIETI I, 1B 7 2
XF 4l SDN ¥ 45 Hp 47 1) 8% e D02 B BEAT SR (LA AR R S B - 5K A o

3.2.1 JRigpINEirER

N T RIS R, R E8XH b la) 2w 5 H AR R, A/NAT5INBEI R 22
WHRIL A 74T HIR . R AN AR A, IRIGTHE00 2 8] (I PP 205K

SDN 28 T+ R o 7 2 iR 58 AEBE— IR T I MR XS e b, AERREefy B
HREAE G, DR 88 5L ILRC R 3R, IS ANV Bix i zf70 5
RIREH TR, SZHHUALE  HI S0 B LK LR R &, XEEARE N 0-1 42
B, DML AR 7 5

xf €{01}:t€[1,23..T,i€N (3-1)
yf €{0,1}:t€[1,23..T],ieN (3-2)
z;; €{0,1}:t€[1,23..T],i,jEN (3-3)

SDN 2% T+ i 2 75 B AT S HA LI ik B 51 2R 02 . kB AL T+ )
9 SDN A2 # AL 75 B A de KAL S AL T+ Gty R KBRS & g H b, 388 4 1) 2 75 22 DA
fae/DAREE ) 280 E I N B I 48 5 RPN SE 2 AN B AR, 48 A4S T o e
AN Al B Ao

B RN Gy R R s i A (3-4) FioR, Rnie K SDN 22 #AL
T R 2 F . Horhd A s SDN A #R AL SR P EEIR G , 45 56 IR T+
LHALFH2e )y SDN A2 Hehl, MixfA 1, FRK 0. X —H ks R AEH ATt 72
FAAE, TEIRE —IRTHRIN, A S LA 45 T 2 )y SDN 2 #efl, A7 E
JEW R, T LLIXAN H b2 B g T+ 20 ) 2 SR A 1), 8 5] NI R 7B, k3R
NIX—ARA B FRBEF G AP AR A B — IR RS T A P R, BN
1, fEffa—kIgnt, BIUE TR 0.

obj: max Yy Bt * d; * xf (3-4)

fa /M I SRR Sl NS RN e M E B g A (3-5) Fis, RoRELS
SEMTA A, G VUHC I 58 42 il 5 5 58 AL 1] (R s 2 A1 DL B 458 1) 2 22 [ FR) B SE
/N, R —EB o NI AL, J5—# s NE N AE . RTINS
H  SDN f&filds, Wyih 1 HHXTHHNS, f2h] s i8] SDN Sy, Mz
Ly w970 s Z A IS I A o 3X — H AR AE A TH IO R h AR AE

obj,: minY; jen Wij * zf; + Xy jen Wij * Y{ * Y} (3-5)
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objy Hobj, F B ERMAFIELIR KR, obj, Ty T Eobj, F xf RAEE
B, MW O SDN AZHehl ki, il R A 7Exf = 16, yi A maE
N 1o BIEIEPA Al B AR & — AN, AR/ R E, 5 2ZfEm N2 T,
XK AR [FIS, BT T o B — AN AR, JT— T T A LA E
BRI T — TGOS PR, I BEA N PR R, eI gas R boxia
S A TR B T+ o R R ] BE IR B A I T B 244l SDN X 286 I I 5 /)N ey 1| 28 a3 A7 T
B, FE BN T7 1) A S22 A 1] B 7R A B AR AT SR AR, ASREIR
R E TR, SRE5 e IS [A) 20 T I B A A
B E VRS, AR ) SEFRE SO S U A I 2 2 A
(1) FLAZHAA RS S CIRF B s NI, BT A LA TN
SDN 22 el
Yienxf =5t Y, st =n,vt € [1,T] (3-6)
(2) HEFEHIEANEORS]: 2B 6T BB B r A 45, & 0368 28 0ym.
Yienyi=rt Y rt =m,vt € [1,T] (3-7)
(3) EHIZFRESILIH: R a8 v] DA ) HAh sZ Beml,  H AR 88 B g %
RIS L E /DT HAE HRE ) .

Yjenzi; < ¢ * y{,Vi,Vt € [1,T] (3-8)
(4) SCHHMAE LA A DS AR a5, WS AL A5
SDN A2l H A4 — Azl ds 2 .
Yienzij = x{,Vj,Vt € [1,T] (3-9)
(5) BRI A5 HE AL B S AL AL A SDN AZ L o
yi < xb,vi,ve € [1,T] (3-10)

(6) t — I ZITHR AL, FELIS 2340 FTHOIRES, BISZHALTHOIREA
Al EE, RSSO IR

xt1 < xt vt € [2,T] (3-11)
(7) € — 1R 203 () 38, 76 e 2000 et 38, B0 5930 B J R T 04
yi~t<yfvte[2,T] (3-12)

BEAL, A R R AR BT 0-1 AL

xlF’ ylt' Zle e {Oll}l Vilji Vt E [1; T] (3'13)

Zi b, 13t SDN Mz THHid R R s AR AL a0 F
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objimax Tiey B* * d; * x{
ny;; S t-}-Z-- ok bkl
min [,JEN Wl] Zij I,JEN Wl] Vi yj

s.t.Yenxf =54, Y, st =n,vt € [1,T]
ZiENylF = rtthrt =m, vVt € [1' T]

Yienzi; < cxyf,Vi,vt € [1,T]

ZiENZle = xf, VJ, Vt € [1, T]

yt < xt, Vi, vt € [1,T]
xft < xb vt € [2,T]
yit <yt vt €[2,T]

x{, vtz € {0,13},Vi,j,Vt € [1,T] (P

I AR AL T Y 2 2 Hn 3% 3-2 P, Herbq SR 2 e s A e o T 34

#* 32 RS HER
Table 3-2 Notations of the model

n SN AL

m e ETAIPA S

T SATHLT R0 2

c P 4 1) B B

N W28 AN RS

i LN T, i€EN

j ZEHl Mm-S, jEN

t THREZ S, te[1,T]

d; REpEin)ics

qi 2 RmMME T, KR ARG AER RS
wij T RN 2 ) R I E IS SE

st S eI ) TH R S LA B
rt SN )20 FR 22 s ) S
vt S eI BP0 1 T R

Bt eI 2 R AR T

1 WS 5 I E 4K 2 1) A 4 R T
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322 TR HEHRRE

WRAE E— N0, AR (P TESRARE ZEAE— AN, A
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HESEORRARER L . FK, BTWANRIE BRI RTIRR, TR K
P B bR, A5 EIREDER B2 KR, = PECRD TN Bs /A, (P #
RUCTR BRI, F28 (P) BARLBEATRIAL, RO ANE LRI T8 O 5 H A
MCRRIE,  BIVR] A ] 5 B 18] 20 N SR R B2 A i) 7L

FERALIERE T, 75 B[R 2% & TGO R A XA 2 o FL e 1 e 2 i v] BLad e 5
NI TB]_EARAK PP SR A, FFXF A AR TG0 BEAT ZUARORAR I s 18Py 5200 U 5 22 5 N4
HIfCA Bdr, FERD T RE S, [R5 iR 2341 SDN MR oo 25 1 BT
Ja#E SDN W25 ¥z 4T I (B AL T A TH GO RE I TR A, 2840 SDN W 2% 7
RS 2t BT G R R R 2 BE . A, AR TH S AR, A
*ﬂﬁ%%ﬂ’]h%J%&RT e T2 R RO S A, D e 5 4Rt

i o ASCAET B TP REH GINTETT I, 25 P 854 70 D TH U Ol B AL AR s L
S-Sl 2 VAS OB O I 1 | DN 8 ) PR R R (SN R 1 B ST b R o = N i T
*ﬁHTI‘Eﬂ*FF‘]E/a\ SDN 2% [V RE LA R e 24410 SDN W 2% PR, AR RIT T4 >4 i b

S SARR . SINETTIUR, DTN [R5 RS TR AR H br 5 4R
Hﬁ FEHB W i Fe VD R A 1 5 O B AT SRR L, DA 5 U Y
PIEEERE, TSRS — B 42 ] 88 A0 R 5 56 4EFF R~ SDN RIZRAER K 10 4
2 20 S IEH @ R0S1T .

GG e B 00 H A ) R AL D B AR TR, O SN AR B AR
1 1] REUEE AL O B A2 Ve R e e e s R AR s (PYD P

obj : max (1 —n) Tien B * di * xf — 1 x (T jen wij * z{; + X jen Wij * ylt])
s.t. yii < y{,vi,j vt € [1,T]
yii < yf,vi,jvt € [1,T]
vz yi+yf—1,vijvte[1,T]
(3-6) (3-7) (3-8 (3-9) (3-10) (3-11) (3-12) (3-13) (P;)

T LW i 5 I R BT ANTR], AN TR R 2% rh i o 1) B R FE AN, PRI S
N P57 R s W 3 R BLERE L B, 8 S 9 PN i 5 I S48 2R 22 T R i 2 A
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T, BERSRHUTI N SDN ZEHbLA R UK 25 A G 4] 58 31\ RN A2 2 1) (0 fi
FRFE. #5080, MR8 SDN W% 968 M iicas, 29 1, ML 52 SDN %%
b S AN AE, 3R TR A BN F RS (P B XU B
061, 2 JE A FL A B SEE yE  y Fi3 B A IRy, = yE + yEREHON
BRI, JEURINE QR IRyl Sy R T L R PRS2
k. BTy My N 0-1 AR, (CUPEEHN 1 R T, v 1, BN 0.

1 AR B T L6645 50 F B 0 JE 4o 6 B LA, 6 7 8 2B e 1
B ZRAM (-1 A (312) BUE T IER FFRBCR, 5 mt
PO7 R IR TR . (B R S AT, TR Y, Tt
AT S BRI A S U I 0 R BB, WU TS 5 1 R
SDN U2 I3 98 e AU o ML I TR A 20 SR 9, A0 A
T, fERE RIS F ., R A R R AL T S TR T, om Aok
S I 1125 B0, 3T T v B b 3845 — FLAESE B L 4 SDN
Ik, ELBRGIAL SDN II4HIRBLIE RS, DRIK A 052 SO AR A R R b
SRIEST . FUASRE, B2b THT ¥ B 0 8 R T Al b T4 SDN [ 4o
R R R E BT G R B R A R R L B R B T
U, S EE TP TR I (I 3R AL F4E SDN % R IR L
bl SDN 75 o 135 58 8 050 B $i i N I 28 55 125 M 98 2 A0 0421
BB, A SRR 2 S R A

SINETIE, B EFIAR (3-14) Fim. s R CF+% SDN
ST AT, R EIREICRS, 554 R 4 5 R AE 2 1, 45 =4
99 NAE . LA bR e PO R 7 B R S T IR R a8 s
52 B NI A, LR MBS o LRI 0 L R TT LU K S D26,
PSR TSR, 55 52 M1 B B 5 T 0

max Yieny Bt * dix xf — 1% (i jen Wij * 2 + Dijen Wij * Vi) — Dien V' * @i * y{
(3-14)

Horp, &5 I RS R S T q 3R B 15 4l SDN W 45 s fIe s il 2% 47
B, A, W0, BN 1. WAL B i R RRAIE, B EHE 7k,
Mg, =1, yf =1, MZMEMHBEDT, qFHERET —/NEHEiE. yORRH
At 54 A s PR R, WRIAR T R BT AR SE AT I [R] 25 o 5 A s
FEAEE A MIINE], XHEEAN TS FR 52 5K, (R 7 By PRl A INF TR ek )s, HL
5T AL B T 22 AH G, it DASE Syt 9 e 21 A ey 428 il & A7 CE R B[R] 5 BE AN ) 2%
FreLp ez th, WA (3-15) Fix.
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_ btmaxttplock* (T—t)
tmaxttplock* (T—1)

14 (3-15)

tmax NTT R GE IR ZE SDN W25 (1) 5 KAFAT » tprock I PR TT AL RE A 8] Be R IR
8]0 12 AU SO, 55— URHR B 42 1) 5 A7 2 PR IS TR B SR — 8 (KA s A7 A
I TR, AR T 58 O Ay B AR — AR B i o v = R i LA ) &%, P ARG A1 &
WOBE 5 T U R I e ) o

PAESER T S AT I e e, e i R B B2 MR RIS R . () s

obj: maX(l—n)ZBt*di*xf—n*<z wij * zj; + Z Wij*yitj>

ieN ijEN i,jEN
—Zien ¥V * qi* ¥
s.t. Yienxf =54, Y, st =n,vt € [1,T]
Yienyi =15 Yert =m vt € [1,T]

Yienzi; < c*yf,Vi,vt € [1,T]

ZiENZitj == x]'t, V], Vt (S [1, T]

yt < xf,vi,vt € [1,T]
xft < xt, vt € [2,T]
yil <yt vt € [2,T]

v < yiVij vt € [1,T]
vh < yivij vt €[1,T]
v =yt +yf —1vi,j,vt € [1,T]

x{, vtz € {0,1},Vi,j, vt € [1,T] (P)

323 IESIBUKRRIREY

AT RBE IR AR R AN Fqp, T 250 AL SDN 48 4%l
e AL E, R NG A/NTTESCHEERRLE SDN 48 i I 12 il & &
BN, 2 a4 il sl e R R e B A H AE e R s L 1 q, 1757

ARy, 5 E—/ AR RE L8, & Xy N B A
PEA A%, 2E Xz Nzl as 5 ACHNLZ R PT R R R, R ACHM LS 5 Bl 4 4%
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MRS, H H R s MU I L 5 [ DR E 2 Fi,
obj: minY; jeny Wij * Zij + Xi jen Wij * Vi * Yj (3-16)
B ZIRE LN =K
(1) FEHIARBELAN: AN, FrsCE 6 28 B N e [Em.
YienYi = m, Vi (3-17)
(2) BEHIZRRE IR MBI B AR A I ae JIBR W], R0 35 BT ] 1 28 e
HIASRE I HLRE T IR o [ AR ¢ R A, RAg$asiil a4 o] DL i At A2 5 1

YienZij < C* Y, V] (3-18)
(3) HNBABLIR . FEASTHAL R GeAE — Ml s o
Yjen Zij = 1, Vi (3-19)
wa, A RS R 0-1 L&
Vi, zij € {0,1}, Vi, (3-20)

UL 1S B ) B AR i B A R LA Ty, + vy, ARERMET 5 N2 B il
v R SR fige ME RN, DB IR I AR A Ry = vy + y, B R AR I, K
P 1) 8 4 R B Mo AT SR e 1) U 45 A B A S MR RIRI I R, T R FH B R 7 SR
fRas BRI AR RS, 7 E I A HR 2B &2 KR H
Ty My #E 0-1 A fE, BHACHMANEEE NI, y; =1, §lly; =0, Fik
SINLAUR = AN

yij < Vi (3-21)
yij < yj (3-22)

yij2yityi—1 (3-23)

LY i E ALY
obj: min Z Wij * Zij + Z Wi * Vi *Yj
i,jEN iLJEN
S. t.Zyi =m,Vi
iEN
Zzij <cx*y;,Vj
iEN
Zzij = 1,Vl
JEN
Yij S Vi
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Yij S
yij2yityi—1
Vi, zij € {0,1}, Vi, (P,)
I AR L AR, AT DG B RS B ARz, DA S &R m LA dy; B
g, FERRIE TR ARNT.
g =1-y (3-24)

3.3 HHBEIIGUE
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MEFAH TR (Naive deployment): b2 FH25 77 SR T SCHk[16], KLl B
P 25 18, B Se LATF R 3R A5 0 FE S & ds KA E Ak B AR AT S AL T2, 5 DA
2 1| IS 4iE 5 [R) 20 I 9iE 2 A R 3 AT 45 1) 98 PR 58 3

BRAEFAH TR (Jointdeployment): & T2 7 RKIET3CHR[16], X —TFHk
77 R [RI 2% JE AT LT R AR ) 25302, AE AN R AN T ad A A i s P AR A
ARSI SR B — TP, R e KA B IS 3 A e /I g2 il B 48 5[] 20
INFZE, WEPREARY (Py) whpalf [AI4ERE, BRI

ERALETE (Global deployment): 4=J5 2 7 A HRREIFAL T E,
X =T REGEEH B MR, EEER RS, R s R 5
MG ZE e/ METETT, EISREEIAL (P

AT R TT R EEA AR R E AT S AL IR 2, A TR S el rh
BT SR EE, WA B H 25028 g BN T SDN BT n] i,
HAR A TAERE IR TR AT AR 73 2% RE AT BN LTF iy R K BE W a8, (EANER TR
GO AT I R S a8 5 30 A &8 5 NI RE . IBCE T 07 R AR
BRI KT HTT ZHEEA b, BN BT R S50 25502F, 8 7 il
g, AH IR SSLE T 25 B8 T+ G 22 [A) B R ) BN ) ST, SOHe B 25 1 2 SR 4%
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Figure 3-8 Migration process of the three upgrade schemes
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Figure 3-9 Degree gain comparison of the three upgrade schemes
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Figure 4-7 Example of match matrix mutation rule 2
S DA BRI, X ASARHEAT RS XA AF 274X, IR i S AR Y BB
PR SR N AR, R U A R BT A MR DS T — B AR ZIREE AT
ARG FAL RS RE, ERESE R, MR — 3ty A G 3 5 R A e
DCHIAAAE R (R, 45 203 Aok dme DIE A2 o) 24 0 2 DL T 7 56
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43 ETHEIRXTEREEEE
43.1 CCM-GA BEEHEE

9T KAE SDN FHER IR RR, AT HE 2 T B AN O S 8L % (genetic
algorithm based on complementary crossover mutation, CCM-GA), 7 C A& ik
SR E T TR T, AN SDN SALEhZSTH AR, AR yizisi A% kB Y
&N LK E. SDN TR R ARTE — N n A KM S 4, T IREEAT T,
FOLEFES D INT LR, BB & . fERB TR, R f KT Rk
R RS, BR/AMEIERIIN & 5 RPN A, /MRS R i dl &4 51 AR AR,
BIDSKAR 3.2.3 190 (Py) B, J T H AN AR R i A% SRR I A 4-8 Fos,
Fe BB FERRE, A BN CCM-GA FLyERHRAR #5840 1) Bk e .

CCM-GA B2 58 AR N2 x ndEHEFE, H245 AN AR 75 3l 2 10 261

I RAE LA KA AR SR, AR iR SRR AR R . T CCM-GA
SRR RIZ R, T E AR IS 2R BN L A2 54K

LR B BOAAS SURIAR S 1A Bk, SM-GA SLVE TR IERUN2 « ndEHRE, A&
WUT BFERIGAT, TR AT AT AR R, BN R v BON AL

CCM-GA FEEE AR R A0, W38 38 i

CCM-GA Hikie#FHM (P MR H AR, WAzl (4-8) Pros. izl
I SiE 75 EEAR P 2 1) o5 5 AL RC 7 AT HY, 72 C 0 SDN ZZ #5112 1) 25 1)
R, R ULHCTT P LB AR IR ) A, A H S0 24 R SRR AT R, TR T
Gurobi K& BT X — 48 UK 0] @ ) KA o

Fitness, = Yien B* * d; * X{ — N * X jen Wij * 2 — Dien V' * @i * yf  (4-8)

IS 2R WAL IR, EREPRERUE A 1R B 1A BE A, S8 A,
bt BT

CCM-GA FLIEN AL A gt DL R A8 AR S kAT 1 cheidk, DA B et ) o
o Fer g 5 e A SARIGAE 4.3.2 THEAT VLR, Bk RS AR SRR IR AE 4.3.3 715
BEAT B o
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Figure 4-8 Block diagram of CCM-GA

432 HwmBES5FERXK

FEHE T B AN ARSI AE SRR, MR L E AL THSURES |
Fa il o 0 O L DL S P Z IR DL ACOC R, X = SRR B £ o QR 4k 4k
i FHULRC 5 RAEREAR N PIAT il RIS TR, BB AR AT LUAR 8 UG e e B o0 BT 45t A 4L
QGO S S B O, (EAR RN 2 & PEULACIERE ARG 2, SR 34T 58 X

FEIR LT RS

4-8 CCM-GA B HER

AP R AR TR, R R MR

7E SDN [ 2% Tt 2% SR M AR AL epr 338 FH AZ LA 2 s 10 RN 428 | 28 5B BB L2 X n
B AR R R AR (4-9) FiR, a; R 38 HHLiZ TN SDN 2L, &
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NN 1, BN 05 b fi Bif SCEER S, ABEMNY 1, {5y 0. R
P2 X R FETCVARS BIFEH 4 5 AL UL AC R &, /e B O GF F S5 B
DU ULHC 7 58 PA L S R AR I S o K di R P2 I SEARN TG L JEE pR K, B — M
G RAE, JFRHMTELTE, 15 MR BUERITH 0T % .
a, Qaz - ay
by by - b,
BEAE, FEASE AT 2 x n4E 0-1 FERFAR /S nI AT il 34 /5 2 Al AT i EAT 200K,
HAKRIZRA LR =%
(1) a A7 1 DBV BT AL 4G

(4-9)

Zi a ==s (4'10)

(2) bATH 1 IO ZA Pl & i 4 i 281 25
Yibi=t (4-11)
(3) Rfa; N 1 I, b AR LN 1, BRI SDN AL B AT LA E 4545 -
lf a; = 0, bi =0 (4-12)

BEHL A SCARIS B JebfisE TH BB az e pl, BT B L Fes A 50 ik
P29 SDN A2 #iehil, 152 SDN AZ#HUAT, WEVAIATAERIZE —1T. ZJa NETHE
SDN ZHHLIIK S, BEHLPRIE B rt N EHIES, SRR H 84T, RIAT AT 126 —
11, KA R A S5 2SI, ST i B an & 4-9 s, 72 a) s fil
i, LML ay dvoes £ h ZHEHLTHH )y SDN AL, FEAZHAL a M1 d ALERE
PR, AR HAL ay ev £AISZHNL dy b, 234X R TAT SRR B b)
Zig

1001 1 1 0 1j—Xia=st
1.0.:0:1.0.0._0 0—>Zibi=rt
lf a; = 0, bi =0
)
E) I VIEZEE]) b) AT AT i
a) Example topology b) Example of feasible solution

4-9 CCM-GA SARATAT fif 7
Figure 4-9 Example of feasible solution for parent for CCM-GA
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433 XXNE5TH

HI MR R AU B SR EHE S, PIE ZBF AR R, 2k
DR R R AT 23 Sl REAT A8 AL St i) AR e 2B JE AR i R, DR AR 58 SOMAZ St i
I IR A BA AT 5 15 1] AT REAT S OMAL S+t

A XAAEAZHMUAT A LG IR 84T 223, SCHAAT A X /g B ARUE A e 1
AEARIRET & P T 22 1) SDN SN LA EESR, Rt BELIEFE A E, Phik
PSS A AN Fr B SRR AN Ry BUEEAT A 40, e rp AN AE AN
A, 2209 1 5 Z209-1 BIPIAL. in1&] 4-10 58 — 51 555 D051 B AN PIAL,
M AN BOR A, B 1107 BelS MR 2 01 BUdtAT A e, ARAE 1
PIANMERAE S AT G — 20 20 1¥) SDN A4 LA PR ], [R] B B8 5 i 2 28
Wbl o 2 UHRAT TR R 7 38 it mT LA ST KR R Fr B (28 X o #3811l 284738 X7 B AE
[ — P TR L R P AR AN [ R 4 1) 2 0 0 SRAEAT A X, IR AT AfRIEAN &
PR SDN AZ LR e g4 il 4 R ARIR G D0 o B SERE Lt — RS LT 207 %
R ADIZHHTH AT, AEZZHNUT T, EFFERD IR G E TR, R
AN BOEAT EL A, N 4-11 PR, 2 R AT SEBIL ] 45 2 DR B 1 52 3

SHHATL: [17570{Ti1 1 0 1] AZHHATLY (1100110 1]
T 2
ZHHUT2: [1011010i1 0 1 1] SHHLAT2” 111001101 1]
MZE: 0-10101-10
Sl
Hh

4-10 AZHHATAE SR B
Figure 4-10 Example of switch row crossover
ZHHAT: 1001110 1]

FEHIAATL: [% 00 1(1)1 0 0] FHI#4T1 000111 00]
FET2: f0J0 0 111j0 0 1] #EHIET2" : 1001000 1]

MZ: 1000110-1
N

HAh
4-11 FEHIFAT R B
Figure 4-11 Example of controller row crossover
AT NAZHNAT AR R SIEHI 8T AR . SCHAAT AL 5 N 7 ZORAE T T+
LA BOER, P BAE 2 AT hREN LR S AT B, Wl 4-12 P, B
A1 SIS 0 BT AL, 2T HHAS RS2 IRA 5.
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Bl 4-12 ZZHHUAT A SR 1]
Figure 4-12 Example of switch sequence mutation
PR ST BAZ S AL DRUE IS 1) 88 BOL B R [RTIN, 3 ZEORUER ™ A 2 1) 2= 7]
/& SDN ZHehl, DHUEAESZ a7 HBENLIE RN 1 19107, BN CTHc sl
WEREA AR AR — 0L, KA He, WA 4-13 Fros, BEHIgRIsE 4 5155 5
S e, 1FRVHTAIIEHRIEAT, 5 AT (ST BB A BRI A . 321 Fr 5148 57
AL ORI — Ml 3 bR, fE AL SDN AZH UL B ALTBCE — AT A HebL

ZHHATL: (1001110 1] ZHHATL (1001110 1]
%471 [1 0 0{1j0]1 0 0] FEHIAEATL :[1000 110 0]
pre

K 4-13 2l a8 51 A2 S s ]
Figure 4-13 Example of controller sequence mutation

AHHUAT A AR R, BT A OB I 984T, AR, 36181
YIZ N AR5 5, 5 IR SEARN R B AL 1 S 4L & A o i) 1A, R iX s AGE R AL
AR FH & I PR O AT LI A% « i 2 st A% )i, I 30E N SR P ARA T ik
2t 13 BIAZHMUTH AT AN B G338 B AT, A o o A SR i As B i AR VL FE )T %6 5
HIS 2% (0 T+ SRS o XA — 25 TR P AL SRR A, 445 3158 26 1¥) SDN
ENASTH AN o

4.4 HRUGIE

AATHFIHEET SM-GA 5 CCM-GA Ja K N EE R A L5 265 6+ SDN )
BTHFENE, BEMKIHINTFIH SM-GA Bk A4 Rtz sl ssfi =, Hit
FAETIOL FIAF] CCM-GA FIERER R A, KF SDN SS9k .

e 3% E ELSE T UUNET @47 84% BRI A 1SR, X248 Fh P B0 SRR
T Topology Zool®”'. UUNET #RMILE 44 /N, 47 23, & 1P ZE M, ML
NN 4-14 R, )OS EE B B E R EAR, b)) v e ki A E .
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i Bshor Now Oleans,
¥ Mdfdco
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a) i 1 B 44 90 b) ML
a) Topology with map b) Topology without map

¥ 4-14 UUNET M2 41
Figure 4-14 Topology of UUNET

441 ZRRMNESIZRDEKE

B SEM AL SE SR 2l SDN W28 T il as fefiiAiJm . WESHn s, M2
HHHRE 5 ANl de, BRG] AR RIEHIRE 08 10 2L, SAREH L A |
A SARE AR RAI N 1000 AR SRS F V38 58 o 50 fi i o 0 A% AR X AR B A
K 4-15 Pow, BEEBALREAT, AR B EZEHAL D, BEEAEEE, TR~
(SR UK S &1/

600

ENEEELE

380
560 7

fmf 540 7
7
{E&
b 520 1
Hil
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450 7
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A

Bl 4-15 3 1 R B A2 1 il 2

Figure 4-15 The curve of fitness function value
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KA K5 N 1-49, 2l SDN W 4% (1) s Az il 2 A B A UL L 77 22 an 18] 4-16 P
N, [ LRI RER p R VA & T R — 4 il 85 2] D 76 bl 23 B i 4% 2ok A5 i Al
SDN [ 4 42 il 5 A Joy 5 H SR IR AT R 2 I 22 57, T A R et A Jsy AR 2>,
Al DL E A AR RS Gurobi SRFA R U hl 2l B 6 &, &I mm
W 4-17 P, PMREAS BRI 280 R IE A MR, 8RR i) 8 BN B
L AT DA IR D I S, A SR A 25 SR A5 00 4 i 2 AT SR AR OR T LU A3 B, ELBT
P A LA B AL DRSS, ] AR A i 2R ARG 428 1l ) A

SDNZzik#L

Kl 4-16 T SM-GA ) UUNET 4= et 32 1 25 A = &
Figure 4-16 The global optimal controllers layout of UUNET of SM-GA

SDNZZH#HL

4-17 UUNET 4= Jaj fee L2 fill & A7 J= 1
Figure 4-17 The global optimal controllers layout of UUNET
25, RN RN R, SR 4-1 Pron. Hoir, BE ORI
P BT R X 2% B I AE2 471 ms, [F2DISEDN 24 ms, WS SEANTN 495 ms; AL
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PSR R SRAT B 0 24T J=y A B I SE 9 375 ms, [F2BIFSETY 96 ms, SIS SEA
471 ms. AL AR A BN SERILZE T A7, 3RZEHN 0.051,
R 4-1 PIMPEIEM 2N SEXS HE
Table 4-1 The comparison of delay between two algorith ms

RS 25 il IS 4 (ms) [ 22 I 4E (ms) KL ZE (ms)
SM-GA 472 24 495
wAAR R 375 96 471

4.42 SDN ThiSFH R SRS K iR

RG> R iEm s g, HRENBh e REIRE T, /EN CCM-GA &
EIHIN, KAE SDN L8 T+ RBE o 35— IRFH RIS FH AT ML 17 A, TRE I
a2 e BRI RIS 16 A, TEEHIRS 2 A, B =R IN TR
THAL 16 A, EEHIZ 1A RS HWE 4-2 iw.

® 42 AHUSH

Table 4-2 Migration parameters

I i) 2 AL 12 il s 2
1 17 2
2 16 2
3 16 1

ISR RSB (325 THE T R 4-18 Fiiow, R RE4 5 0 [ 26 7 A R i)
Pl Enl. vTLAVE W, RIS BIE SRR B E 0 T RAEVIME T 2
PRI S AT T, ARSI /N . B 2445 2 SDN W25 f Hhf
FEFITN 552 ms. T SDN 2% 4 J=y B oAb 45 il 25500 38 7 S8 10 B 4 N 2 471
ms, UUES &IUERIRZED 0.172,

é- - /
) © ® =
®0—¢ g
o ©
b) b c) H=
b) Step 2 ¢) Step 3

] 4-18 2T CCM-GA ] UUNET & T2 4]
Figure 4-18 UUNET migration process with CCM-GA
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THEAF BN T IOD I SE 5 R s Wk 4-3 Fos. o dr el s, BEAREE L
SRIRHITHETT SA5 2 e 2541 SDN M2 FE AR s LA 7 (H5 e RIS SEAR 22 0.172,
AT B DU o DRI 3B A% S N RO I 28 2 11 1 TSR SRR T AT 1, Hoe 2%
FRISR AR 45 RO AL TR AT o

® 43 IUTHRN IR

Table 4-3 Gain and loss of the migration

I} |) A FEW s PR E( ms)  [RI2PHS AE( ms) KL SE( ms)
1 57 12 4 16
2 99 77 98 175
3 168 356 196 552

45 KBINGE

AREEEH T AE RN 28 T SR A s a2 A () ot B R N, B dh 2k
T SDN VLAC IR R L 5 (SM-GA) PL ST B AME X AR 7 ()it A% H%: (CCM-
GA), PR EIEHR R X B 1B A% HE ot .

FER TR, SM-GA HE T Jels & iR il 2840 =3 I v A7 i i An X n
YERARE, FER0E PTAT AR 75 0 2 I 25 A, BT AR 8 T 47 AR 1 B SR Mk A2 SR S 1N
CCM-GA BEKG AT R ImAS 92 x ndEFRE, 58 F s FH S A SR A 45 5K fig UL I 17)
A, AFHERRILEI R R . 73 000 S HAUAT 5 3 il #AT Btk 58 X A2 5w )

AL EE A B g . A8 S AR S AT SO R DLSE B ) R LD TR, 3
REH&E, FHAESEPR 28 AT SRR R A, S0E 1 oot i) 8 R L AT DUA 253K
Hh ALk S AL
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5 ETaFIInREED

55 3 4 EARRTTIUY 91N SRR ASCRIN B =R W) 1R, H
NN 5E SCEETTIOF AR S, T s Al SRS M 32 1 AT 7 1] 738 AR 0L ] N e 240 3R
Rk, BB 52 SRR X = AT AT L, A AS B St e i A 7 ST ISR AR S
H R AZ LW FUEIHL, X SR EAT i, Z )5 % T Q-learning 5% 5 DQN
SR I3 VBTN RN KRS 7 55 3R AT 54 52 2T TR IO ELTH SR, e A LS R 4%
AN IS UEPT RN SE, WS T otk 2 SIR I SDN e R ah T 2 Sms iy ml AT 1

5.1 HREIH

SDN MZg T ad fer, B IRTH Pk FEm, SREHAR R 55 2 A [a) sl i 284K
AR, M5 HTHRRETESR, HA BRI RNk sl > iRk 2 B 2
DEVICIPR S SUR SYSE-I G959 a5 JIV AN R RN R VI P 7S 7 S U N S & N R 1)
FUHE T A2 ST 512K A SDN W48 Bl 8 TH s

SDN W TGO R A it B s, — 2R HR, HRD TSt etk
TH R W ot 5 o /M 1 2 0 SN BRI SE 5 R B I ZE AT, 4 Ry
Hbr, R/ ME2l SDN /2% (f £ i I 2 5 [F 2P I I 2 Al fEBEASTHZd R P A7 A
SRR H AR5 4R H H AR AR ELEENE , £ D TN B R B RS R AU AR, AR
L&A R B A AR M5 SE AR R IR T s E, B2 i AT sh F B
BN, W7 R AR TS 20 4 B AT o DRI G S 1] 738 5 56 4 2 =0 1) AR — 3,
H R LS R SO AT s 5 R R AT RE R FUIR 28, LEFEa AR T REDN T
A a IR AT AR 2o AR SR S BT, R el ds ARG T, A
PR EA N E T, W RLE RN B 22 345 2G5 10

gi b, AU EI T 3RS ) HEAT SDN WK Eh AT R RIS IR T . 1 S i
sl SRR, e SRR IR « s E LA 2. 2 )& 70 7 AT Q-learning $i%:
5 DON FIEBATUHME R THE SRR . i), RS EVAL S, RS
2% AT SRR R FUE

52 BiERiA

FET BB ST BOSRAR LT 0K SDN 0 2% Sl 25 T4 1) St e 5 g A 27 2 B
S SCHARPIRS 21 DLl ek 5, (8178 Jim 2 31 R A il o 3] Skt AT
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fE TS5 IR R A

ASCHR AR SR FLA R AR A 5-1 fros. Hrb, SDN JH
REMAYEY % — 5K Q-table KALKEEIRE—ZNEXHIHHE, BUEA AL M 2K T
HRANRE T, A nTReshERIME . SDN F 2 e 44 5 SDN A B AT 28 1L,
S N IR PSR JA n] LAAS BIHH L 1 R RS S W e 20l TR R — RIIIGRFEAS, KX
SEIRS—BNE R E P I N AR, AT EAXT Q-table 32EAT SE 7 B W 1o 22 X 2% 3E
TR, THEDIRES—SEXT B UME. IIZREF 08 BEAR W] DI g S

SDNFH
EHEME
Il SEEEE T
MHE | KT | s " SDNFH R
#tEat 1 4 RV 73
EifFaz 2 5 |
ihfEad 3 6 W2 Rh
Q-table FREZ R SERE

4 5-1 SDN JhZamib s S 1 R
Figure5-1 Reinforcement learning model of SDN migration

SDN FHAB SIS S a2 A A2 Kk 28, LRI SDN B8 T+ it Ax
SDN £ Zhas T+ 1) J 53 T UK T A AN SZ LT 200y SDN AZH#bL, #2556 iR TT
S, EEESEANAZINLIEATIH I, FFREr RS, TSR R 2R
FEBTHIM 2R, FHIEFES ﬂ%%xﬁﬂﬂ%%%hﬁ%.ﬁ@%ﬁmxﬁm
B eI, RIS 2 58 B TH RN

N T A S E RS R B SR e, AMER] 5 AR EINZS . R
BIM 28 A& 5-2 pos, &L E T LR SR b i s AR N i RE, HE A
W& 3 RBEAT T, BRI Z THE 2 MRS, #2381 Mg

QQ%
L

K 5-2 5 gl b
Figure5-2 Example topology of 5 nodes
FE5E SCIRE R M SR MmN, B e BORIERE XAPIRAS B {5 H S 51
Bl X R, IR 5 SCME—Hff e — R L SE A 00, FUIR S 22 ) 58 B R FiAT vl
REMIMIZS TR O, BN F 2 1A /5 AL 1X — BOR . HIRER AT e/ aS1a], IS5
SRR DU AIRE—BITERT, St msatb sy S I8 HACE
X SR S SRR AR LI
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S aRb S ST R

(1) PR (state): KRR E NP THRAE DL, BLHG CTHRIMAS AL B A
CHRE HIEHIES, R ay, ap, as, - ap; by, by, by, -+ by |30~ Hea, KRR Hepli
NI, bR MLIIAL B BB 4

s = [a1,ay, as, - ay; by, by, b3, -+ by], a;,b; € {0,1} (5-1)

(2) LHNE Caction): ¥Bh1EE L NLBFEM — DM, HHE
[c1, €2, €3, CuRFEIN, Forh o oA 2 HT I 8] 20 42 15 FH R AT B L i B 75 7 1% 13D
B, SIEE N,

a = [cy,¢3,C3,5: Cp, ¢; € {0,1} (5-2)

(3) Weai 2. K2 E SONARES—BAEXS B A 58T X 28 T 1% Bl RS -
HARSRUL, BB AT 2% SDN ZZHHLTT mi 2 f, A (5-3) fr
N, BB TR ARy B S I R IR, A st (5-4) s, BB T
R T 2N PSR AT 2L SDN W28 22l o 7 (R IR R4 2%, a0
X (5-5) Fiws

rewardem, = Dien di * x| (5-3)

rewardge, = (1 — d; *xf —n * Wi * Z; w;; * yf o« vyt
tep = ( 77);:v n (iJZN j ]+i,]ZeN j*Yi *Yi)
(5-4)
rewardging = —(Xijen Wij * Zij + Zijen Wij * Vi * Vj) (5-5)
sl I HOIRS B S I EEOE 2, g imib s ST i E TR R IR T, R
B 2837 5 T ekt &, HIRE sl 5 =) v th ZHP o AN SO sh 7R 2, B bA3)
YRR AT R/ BB E o BRIGAE € SOIRES 53 PRI 77 2525 [N S S s 2
b
RAHE A ZMRRTTI WRTREIRAS & S W 2% v A8 e LRI il 25 VL B
KA, Hnx n4EHERR. HIX—E X ASRSEE 2, REEEE R, 4
SERAL 5 ST A B B TSR R 7T o AR SCRPIRES 8 ORI 2% Hh 244 1Y) SDN 22 41l
) B DA S L8 B dss il 2 m) &, ROS A ISR D T, 28 iR e 52 AL 2 9 Ty
SDN ZZ# L, MEMME L PN E FEH . Hexn 4 m &
[a1, ap, as, - p; by, by, by, -+ by 1K IR SDN WLEFH G, Hoda, R sZHublisze
BT, bR HHLMAL B R B CEHE V8. (Al m &S] 2
) B AH LE T UUAC O R FEFE I & 115 B 222 /D, AR EHASRIILE G R, WLk
THEAARNZIRE TN RE . FESGPRTHR Y, B T45 08 2 /L n) 2 A0 i) 25 1) B2 0] DA
ME— B 8 L B T BRI AR UL AC T 22, HE T SRAF 32 1IN 48 5 [R] P I 4, PRI AE
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KRENERZZBIE R, B ERIIRA SRAF Ul E M ISR IT T %, 2GR
45 EVLHC /7 2 N BIR 218

AER ZMRRTTE, WAl Eh R SO — T8 Bt P 0 BT S8 L 2%
PSR R, BERFEIERONCS X CTF o WIFE 5 SURBIM K, B— KI5
TEFBE N FE R M. A F B, JME A M BEHMFEGE, HEHNZE
[1,1,0,0,0; 1,0,0,0,0]% 7~ . AKX —Z0{EE XT3, EZIRE FRBMEHCHCE x
C3 =20, FRM 5 DRFIEZIMLAHIER: 2 NMITH %, A CE = 10M A RERIIERE
F, ZJE NI SDN AZHHLHIESE | MERNIERIE, FC = 2P aeM
WA 3L 20 FRTREMIBNAE, MR B IEE U e BB E 2 (B HCR R £
s, HAMEBAME . AT 48 NEPER R, RSO PTG — sy, BTt
G R 5y RS IR BEAS AL S rt R BRI 48, FROMSDESE, vT LUK EnE 2% (]
Ai/NAn. BIANTE 5 FURBIMZEd, SE—IRFHHR 2 DASHNL, HE 1A Ehlss, ol
PATRGH > NI BEAT AL A, B B, B EH5S A, 353 k. BaRE
PR HBEM 5 A Sk 1A, AESELCh 5. Btk XENE nd &
[c1, Co) €3, Cn)s BIMEHCAN, RBENAE IR T+ RS LI A2 35025 42 1) 45 U B 24 7 o 8%
RS VIE o WS T BT+ 0 A4 O 2 55 TG A 3N B R 1), AR5 25
BH AR ER, WL ERR B h 2%, BRI TR e

i R PIRAS—NVEX 22 i, BT AEA A i, RSB ERTME— e
— AN RES S RIS T IR WS T AR S T 5 BT e oD
FHRHAT T A7, BT A EPIRZS B3 it 5577 AN E o Wl F RS HF R e i
TR, s MRS, ERESI1E[1,0,0,0,0], HRTERE T LB A FHH,
N—IR%&M[1,0,0,0,0;0,0,0,0,0], BLEFFHEA TERE PRI, Mk T
PERAS, w8 SN O ARSI E 2 A, Az (5-3) Fin. R TR
e T BT, 5 S L%, IR 745[1,1,0,0,0; 0,0,0,0,0] N ik #551%£[1,0,0,0,0],
WHETEFE A SERE SRS, F—IREN[1,1,0,0,0;1,0,0,0,0], B 5E2REE — T+
%, & XL AZTH AT T, SDN A8 B L 25 1 U 35 55 42 il B %iE B ] 25 Bt
ERTINBCRT, WA (5-4) Fic. MM eI gnt, Frf 58 #HpL#f /2 SDN &2t
ML, SRR 2 SCHAZ PRl 24 o R s il i 4 5 B I 2E 2 AT, an AR (5-5) B
e BLAh, A S AIEESE, WXt C RS ML R AT T, K e
B E EOCE, BURTEIE SDN AZHALAL B 58 2%, AEVEsh e R 22 e
SMCRFTETS o

Yl (value) EXHEE—IRE T, IEFER—ZER A RTICES 5 AR UYL & K N
BRI, i AR — AN RES—BEX#A HAME, FrA PPIRES—3EX MR £ . 4
HE5 XA FEZAALET, 205 (reward) & SCHIFE 24 BT SI/ERIEDRS [F14), 48
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(value) N5 LR AR — RINERFI R . SRS SRS S B, @I 35
RN, BT SRS —EX PN E, TEPEAERY B, R4E TR,
TR N BRMAME IR T HAT .

X SDN T+ jin] f5 1) 5 Ak 57 > BRI 8 AN 5-3 i

A PRI 700

S

h 4

Y
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Figure 5-3 Reinforcement learning environment for SDN migration problem

53 MEITE

SR S ST BRI IR R BRI SE ) R, IS SR E ST WUIR
SRS R RT:S - A, BAEU, REEAAETNREs, PIrRERATRIZE
HNay = m(se)o WTIEFERIG LML T R HK, WERFRE S DRE—3)
VEXT B, IR ALERE— R BENERS, AT DRI ST 3R MR SR, ik # o RO
HIZhfEEIAT, BIRIAS RIS . H PR RS A IR —2E I AME R A2 Q-
learning $53%, IR B A4 WR 28 RAU & 4B R KK U7V 2 DON Bk, X P 5
1220 9908 T /NS 0 28 AR RS 0 24, A SO SR X I b Sy AT B T 5
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5.3.1 ETF Q-learning BIMEIHE

NS RR2% BRPIRAS S B ERCE D, AT LRI Q-learning BLi%&iH B A —IRE—
ENAVERT RO E, BE AR U EAS 2 e IR . LEIRDRE ST E SO BB T, AN R4
oy HOP R ARE 2.3.3 WWHIHES AT, B S EMME R BRIE A (5-7) Fr
A Q(se an) IR A FT B

Q(star) < Q(st,ar) + a(Reyr + Amax, Q(Sey1,a) — QS A))  (5-7)

FIH Q-learning $LEAHEAT SRS 2T 1R B B 5-4 T, Q-learning S

AR 5-5 froRbe,

i1
A | wSst | wmse [ E >
ahfEal 1 4
zifFa2 2 5
shiFad 3 &
A
e Rl
|
i

K 5-4 3T Q-learning Hyk ) amil 2 ]
Figure 5-4 Reinforcement learning based on Q-learning algorithm
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Q(s,a) « Q(s,a) + a(r + ymaxyQ(s',a’) — Q(s,a))
EQ-table

EEFEAARRFR

— EEARHFE

LR
fiHQ-table

5-5 Q-learning Sk
Figure 5-5 Q-learning algorithm flow
A Q-learning HIEHATHRRARRS , FIRAPIREL S B W4T g 2
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Foatn (5-8) fow, BRI Q-table i K, 2 SBUFHEMN AR, HHZEETZ,
HETIEH . BAk, Q-table BAREA SN, SAMERBARM LK TR, H
—/NFESEH DON Hik, R M Q-table, BEAT RIBLMZTN, KigEsm
P SRR A AR

num = Y1_gc(n, YiogsD) *c(Tiost, Tioorh) (5-8)
532 ETF DON BN EITE

A H Q-learning FVEHAT R IMBLI 2% T+ HEUE KIS , B PPIRASE 2 248
Hahn, $E Q-table ik, Joiki#AT Q-table A7 S5 S HiT5, LA Q-learning
& RS NBIE T RE NS . 51— J7 1, R —AREMAR I, Q-learning
e LIEAL B, WE) Q-learning ¥ A Tl GE /1 5z bR JT . IR L 384 2] (Deep
Reinforcement Learning, DRL) W 7~ W £% T 25 S & K i BE 18 1R 47 Hi fige i Ll
], AN A AR DQN BIERHT OME R T

REE Q M 4% (Deep Q Network, DQN) J&—FhREmRAL 22 J7vk, 28 IAE
fegt Al 2 21 771 Q-learning HIZERT b, FIFVRFEM A M LE Q-table 15 H B —
RE—BENE, FEAELLIEAE , SIS, [ E B bR N5 50, SR
PREE X 8% (1) VI 5 T o

5.2 ikt SDN FH il @i AT 1 o I @, 58 T RA SELLLL ), Al
1SRRI P AT IS SE e — IR 2. BRIRES S B 2L R B E- IR
MR RS R R BT B AT, #5E SDN M2 H 2305, SDN M4 A+ 355
AT DAEERIANBIERS, MRABIAE AL BPRAS, il T RS 5200,

ZJatEamma M, HHH SDN ARG R MR A Zr L N . 1
DON &k, HARML 5 st —2, BSEARE R, FItEEmA
SR TEE— RIS, 2 ARG 4% (Q-evaluation) AT HFRIIZS (Q-target) H
o PPl 2% 1R 2 EE A I GRS W SERT, 1 H A I 2% 1 S 3807 — B Ta] P9 =2 [T 5 1Y)
A LA AE A VAL X 4% 1 — AN 7 SERRCAS s YN — 58 IR, I PEAG X 265 1 28505
HARMZE . fEHEEPHA LGN, AR = ZaEEMa ML, MRS, fHiH
R TS S EE— B0 Bt S5 SRR LIRS T, AT RESIER Q
Ho XFEFLAT AR —RET, AFEBZIER QE, HEIQ(s, a)lA.

DON Fykilid B fe ik SH B Z ARG IIGREA, I iiss, e —
WRETHBERIHE, DON Fidn & Kl 5-6 fror, FikmiemnEl 5-7 rosbyl,
BRI T RENGAEAR, MRS R, T e- T 3L SRuK AE IR B R
R, Ve MIMERBEALESESIE, B A1 — eI Zk £ 4907 B ok Q [HMBhE#E
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AT, PUTJELE SDN TSR R Z A E R 5 F R3S, R RERE
2l SDN W2, WRIERZOIRES, B RRRGEEEAVIINGS, ERU B, Ik
BERBNAE B2 i B DR A Bl e it & REAR I 25, Horh e R R ISRz A2
ANEY, DB AR PR IR 2, B IN IA Z50 R o IR B SRPT Fa FEAS
Hom, i BBCRIZE R, fELiib Pk — 2 B H AT HEIIZE, I
25 AR PPl Q MIZRIEIE H bk Q M4, B —E L, HIPFE Q MRS
BB H AR Q 4%

B m
Q-target
Y
- —anEE
NN S
. THERE b &2
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Figure 5-6 DQN algorithm schematic chart
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WZRTE UG, AT AR I ZRIF R4 22 ) 2 AT Y (R 30 IE, HtRas B oA WIAE IR
&, B RERERNZE 2% F I £ B0 P AR N IME S K Eh R EAT AT, EERIE
AR, BRNZFIET SDN M2 1) i LT 2 50 -

54 EHIREWE

AFTLE N 288 5 KINBEIH 2 b, 43 AE R 5 A LBl 28 15 49 RS
WX 2% #1148 UUNET #E47 384

5.3 13T Q-learning 57725 DQN HiE1F 2] T Q EHREIIL G ML M4,
AT LIRSS Q (B EAHN I SN, GnASCRH SR8 560, MATERIRES TG, 78—
R T IREERA KB IEREAT AT, T ZRAH S AZ AL S 2B A 7 ) 428 ]
#r, HPRENT RE. EEU R E 5 EHrRESN PR, ERREEHN
REOIRES, M TH N4l SDN 4%, 15352 B sh S TH R0

54.1 HT Q-learning FIEEIGIE

A/NEHE 5-2 B 5 SRl 4E, 3T Q-learning 5327HH Q-table FF
SRIRTH MG, Q-learning FyE A B/ Nl & SNBSS

BB, BORSE N4E 0, IEIFIIZ N TP W% . 55—k THg, M54
FEGAZ NI R TE 2 DT TR, HC2 = 10F AT RERIAC Bl B X, 2 )5 BT
FHR R AR B E A, B AL A CF = 250 ] R ) 25
F, CE x € = 200 REENTE, ARG 20 NATRRIRAS . B kAL, M
R 3 AN AL 2 NHATHY, BARESECE = 3R ReiEE L, 2
FERARA RIS EE ) 3 A sl 8 1 AMEEHIEE, A0 =3MTE, HLCZ x (3 =9
NEE B ZIRFERIT, 1ECHHPAEA IR0 3 A mi Pk # 1 MERSIE,
C3=3FHZE, 3 /NEshfE. WL LN, HEAR Q HE, AN UE
INFHR RS e B BT Q HR

WILEIRES T B Q ER WIS 5-1 Fraw, WTLLAEH, 30ME 2[1,0,1,0,0,1,0,0,0,0] 24
N E, BITESE — DA e B ahME 2, FRECHNL A F1 C, 1E A SE
g, 152 —1K45[1,0,1,0,0,1,0,0,0,0].
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51 B UTHEI ) Q R
Table 5-1 Q-table for the first migration

W

e

[0,0,0,0,0,0,0,0,0,0]
H1E 1[1,1,0,0,0,1,0,0,0,0] 0.7006806
1E 2 [1,0,1,0,0,1,0,0,0,0] 1.7718585
1E 3 1,0,0,1,0,1,0,0,0,0] 1.2798297
Bh1E 4[1,0,0,0,1,1,0,0,0,0] -0.11142493
1E 510,1,1,0,0,0,1,0,0,0] 0.08875761
F1E 6 10,1,0,1,0,0,1,0,0,0] 1.3602384
zh{E 7[0,1,0,0,1,0,1,0,0,0] -0.58119243
F1E 8 10,0,1,1,0,0,0,1,0,0] 0.29974574
1E 910,0,1,0,1,0,0,1,0,0] 0.4715262
zh{E 10[0,0,0,1,1,0,0,0,1,0] -0.7456275
1F 11 [1,1,0,0,0,0,1,0,0,0] -1.4221205
Zh1E 12 [1,0,1,0,0,0,0,1,0,0] 0.03842248
h1FE 13 [1,0,0,1,0,0,0,0,1,0] -1.1838018
E1E 14 [1,0,0,0,1,0,0,0,0,1] -1.4911616
1 1510,1,1,0,0,0,0,1,0,0] -0.73743576
h1F 16 [0,1,0,1,0,0,0,0,1,0] -0.7269001
1 17 [0,1,0,0,1,0,0,0,0,1] -0.8168862
1 18 [0,0,1,1,0,0,0,0,1,0] -0.83889884
sh1F 19 [0,0,1,0,1,0,0,0,0,1] -0.3326847
F1E 20 [0,0,0,1,1,0,0,0,0,1] -0.71401703

FEIRAR[1,0,1,0,0,1,0,0,0,0] T Q MER ML 5-2 Piow. ST BA HAMHE
B e 3N1E 2[0,0,0,1,1,0,0,0,1,0], $ATZBNE, FHEACHANL D M E, FEESZHAL
D bEBE GRS, b H R EIREN[1,0,1,1,1,1,0,0,1,0].
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R 52 B IRTHN I Q HE

Table 5-2 Q-table for the second migration

R WA
At [1,0,1,0,0,1,0,0,0,0]

H1E 1[0,0,0,1,1,0,0,1,0,0] 8.084151

1E 210,0,0,1,1,0,0,0,1,0] 15.449854
1E 3 10,1,0,1,0,0,0,1,0,0] 12.795225
1E 4 10,1,0,1,0,0,1,0,0,0] -1.9951631
F1E 510,0,0,1,1,0,0,0,0,1] -0.8300159
H1E 6 10,1,0,0,1,0,0,1,0,0] 8.731811

1E 7[0,1,0,0,1,0,0,0,0,1] -6.318956
F1E 810,1,0,0,1,0,1,0,0,0] 3.3720253
F1E 910,1,0,1,0,0,0,0,1,0] 0.9588636

FEIRAS[1,0,1,1,1,1,0,0,1,01 F 89 Q fEHFRUIZR 5-3 Fion. 2B =IRFH iy i3 1E
2[0,1,0,0,0,0,0,1,0,0], Ft &AL B, I/ C LFHEFEZEHEE, HEARERN
[1,1,1,1,1,1,0,1,1,0], BPEZAAEZHML A\ C. D &bHIE 185

#5-3 WERTHRIN I Q (&
Table 5-3 Q-table for the third migration

A [1,0,1,1,1,1,0,0,1,0]
sh1F 110,1,0,0,0,0,1,0,0,0] 8.2535515
1 2 [0,1,0,0,0,0,0,1,0,0] 12.424673
1 30,1,0,0,0,0,0,0,0,1] 11.086104

PSR R DA SN, $AAT T ARG R R R ERIBIE . mA& A5 21Tt
WITRN, BT H, THREHHL A M C, £ A REEZRIS, i 6,
IFSEMIN 3 ms; 8 “IRTHAZHAL D M E, EEEH4% D, BEUlatly 12, IHEA
N1 mse B=IKTHH, THEZLHAL B, £ CALEREIZH|E, AN IEN 24 ms,
TH T AN 5-4 P o B SRAR AL T RIS BT R 0N, 35— DT A
C, fE A bFSFFEHIE: 28 2T D, E, fE D A HE: B =2DTH % B,
£ C A AZ 048, THT RANEK 5-5 oo bt a2 210y f 5T %8
A 584 52 2 BE4T SDN B2 T+ RIS SR AR A2 FT 4T 19 -
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* 5-4 T Q-learning 5VE 5 F UL RAT HITH 5K
Table 5-4 The migration strategy based on Q-learning algorithm

THop Al aElgs ks IEEAT Cms)

1 A, C A 6 3
2 D. E D 12 11
3 B C 14 24

* 5-5 T HANFRFHI T RN
Table 5-5 The migration strategy based on optimal algorithm

THor Al aEmlgs e IHEEAT Cms)

1 A, C A 6 3
2 D. E D 12 11
3 B C 14 24

542 HF DON HIEEISIF

AR 4.3 A 49 RUFLSEMZS 4 UUNET #3547 DQN Bk Ay (1)
WERSUAIE, 1 BT R AR MU 2% o R T AT 1 o S BRIIZR IR BN 3000 7K.

15 49 fMggH, FIA DQN HiE & M43 4 Zr, i A2 o452 2k ok 3
BEMN SRR B AT ] 5-8 B BEEUIZREAT, SR RES AR TIFE
B, HWARER S RA, X2 H TSRS Dle IR R B RENLNF 1 AR S 3h
TESE

R R H 2k

20000 1 —— loss
17500
15000
12500

i
4K 10000 -

R‘Eﬁ
7500 1

5000

2500

0 500 1000 1500 2000 2500 3000
IR E

] 5-8 DQN 5LiJ45i 2k R i ith 2k
Figure 5-8 Loss function curve of DQN algorithm
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WERTERUE , R AIRS T B ERNE, HEFEPITIZRE R R
E, BETHFSEM, TR 5-9 FiR. R2&153020 SDN ML I ZE R 507
ms, MR 4.3.1 Wi EAR RN KRNI LER 471 ms, RZEN 0.076, 5 4.3.2 5k
Tl B AR SRR ) R R B SR AR A B 1 B 244l SDN 28I 4E 552 ms FHEL, 2
T ib 2 > it 4 IR s i AL

b) Step 2 c) Step 3
4 5-9 T DQN 5% ¥ UUNET 25 7144
Figure 5-9 UUNET migration process with DQN algorithm
TR ST HRMSE (U IR “sife 2317 BT oo s 5k m
JRRAEE (BUNRAR “JBRAFIE") RKBLIRUIER 5-6 fows, B4RV A
DGR . PRI B W ot 5 I SE 5 R0 B2 il A ] 5-10 51 5-11 Ffoss
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Figure 5-10 Degree gain comparison of the two upgrade algorith ms

69



B o i N3 /1 e VA T

T RESR KX EL
9 ExAE:E b
500 -~ EfLFES] S
s
>
400 - g
/
/
/
/
4 . /
v 300 >, i
P /
7 //
/ ’
200 A :
"2
/ ,-®
”
£ -~
”
100 57
<1 ”
”
- 2 -
N % |
1 2 3
FHERF
5-11 PARTHER S SE 45 0 L I
Figure 5-11 Delay loss comparison of the two upgrade algorith ms
* 5-6 PIMTHREIEAIR S H
Table 5-6 Comparison of results for two upgrade algorith ms
T i I FE 45 5% ( ms)
ﬂg&i ~ S S Y =Ry N >, M
R JAkAEE e R BRAEE i
1 — 57 85 - 16 121
2 — 99 115 - 175 357
3 — 168 168 471 552 507
St — 1500 1544 - 4607 4534

ot 5-10 51 5-11 "TRAS H, ssbsa SIE b i B e # 00 T8t 4% Sk
RIGEIR, LI IEXT EE I, R A A AL D TGOS R A B I SE 32 /N Ttk 5 2
I AE, 7E 5242l SDN M4 I IR K T ol S MRSt o 23 i [ B o
ZamAr e I B AR AL e 5 N R Ok BT B R .

DAE W 2% T+ A B (R SR ARG 1 3 TR P 984G 22 2 K% SDN 28 325 T 28 55
W KT PTAT P, R L SR 22 20 T DR H iR L TH 2 sems . HAE UUNET W28 4
FhrRsRAG I 45 R0 T2 ot A% R R R UL R
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5.5 KRB/

AREEE G0 1 SDN S LA TH 4 [ 1 s 5 At = 2] i Ve 5 R 2
5t SDN W44 T 23 B v s 22 R i 25 fE #2015 Bie 24 20 SDN W 268 [ 4 Ry AL 2
S 9RASE ST AR — 20, 2RAE— R PIBE [RIZEAT M 1 b, BEES 8 AT ah{k
ORISR, 22 REAORY 2 X Z AT i [R5 A FE0E . [ E, AR T omib s
2 BEAT SDN W 2% 51 25 T4 SRS 1 3K i o

B 5EX SDN JH 4% i@l AT sl Al = ST, € SOk s ST R RIRAS . Bk
PR3 i » 5k 5 2T SRR 2L AR T E I THSR, A E L Q-learning 595 DQN
B 53 90 /NI 90 28 5 RIS X 22 ) A SR i » Fo - Q-learning B3k I8 i 34X
BB MIRE—BEXT I Q 1H, [EPRE—BIEMER, Bl Q-table. DQN Fi%k
A2 UG R BUCE Q-table, FFREIZRITRE & B FPRE—BIEFFIFEN
f b FE I MG, IR, I ZR5E BE T AT B E AL R 2

BRIUME R EUR, A STAE SIS £ P ANIRZS R I B (E SR IS TR
B, RPN T % RAEAE 5 Bl R ISIE T Q-learning 53 AT LAA |
BN B R AU, £ 49 R SEMIZS R IGIE T DQN SE ) PLL S SRR ) i
e, HAEARSCHrR A RIES A, DQN SHkH) 45 AL T B AL BIE S 45

71






BE SRR

6 BEEERE

6.1 AXFETIE

AR FE TAEEFELL N =85, 2RmAA T 1 SDN SARah &4k n @5y
TS Eme ., BT o BRI JE A aURE . BT R ST SRR R

(1) 4P T SDN st sh 2T+ 2 ) it

AN SDN SRl & TR ol g AT 40 i 5 s, FEE TARQHE LT =J7 1.

1) X SDN X 48 F- 2 it F2 v A8 4 AL 2 5 45 ) 2 30 38 1) R R AT 40 A ol ik 2
GIBT ST 2 0B, R D T I e SRS B N T O AR, 15 B A A Al
SDN W28 5 i 28 A7 R FEA 2 s AR i sl s An J7y, WlE 7 A e S M A

2) XFEEAFH O FE AT S A AR . 51 N B TR) 22 A B A DR 7 R X E A
o) B8 H AR AL, R B R AR T s R B B A a5 e /M A28 o 8 B 2 51 N 928 I
Y5 R I AEVE A ARG B AR, KA B FH R R S5 B AR A AL R kA4S 3
WH FRENSACKERL . X — Ak 1) BTE L AT SR, I 5] N JE S BRI A R
Ty 0] R AR R R E 2 R i

3) ) FH T FH S AN SR A 25 0 8 5 2 1 R I LR AT SR A, AE L2 Fh b
S5IA TR EEFATR AT, Bk 7RSI M EE RN T R E RS
4 SR B H b, AU T T RE RS SDN W48 (1 ) 25 5 B 2% 4l SDN W 2% R 25,
PP 25 /I JR RS UAC et DA SR A5 B KPR 4 JR WAL 2

(2) T ki AL HE R A ke U
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