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Abstract: As an innovative network architecture decoupling data forwarding and control logic,and opening underly-
ing programming interfaces , software-defined networking (SDN) provides a novel solution to reduce deployment and opera-
tion costs and improve business application performance in core networks. However,logically centralized control plane under
the SDN architecture is prone to performance bottlenecks,and increases packet forwarding delay. Thus it is necessary to un-
derstand the characteristics of its packet forwarding performance. To this end, we first introduce typical deployment scenarios
of software-defined core networks, and analyze Packet-in message arrival process in its control plane and packet arrival
process in its data plane. Then the M/M/n/m and M/M/1/m queueing models are respectively applied to depict Packet-in
message processing process of its controller clusters and packet processing process of its OpenFlow switches. On this basis,
we establish a prioritized queueing model of OpenFlow packet forwarding, and derive packet forwarding delays of different
priorities and its cumulative distribution function. Finally, experimental evaluation in virtue of the controller performance
measurement tool OFsuite_Performance shows that our proposed M/M/n/m model can accurately estimate actual perform-

ance of controller clusters compared with existing models. Meanwhile , we contrast packet forwarding delays of different pri-
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orities in various cases and their CDF curves by numerical analysis, which provides effective references for practical deploy-

ments of software-defined core networks.

Key words; software-defined core networks ; packet forwarding performance ; prioritized queueing models; SDN con-

troller clusters ; OpenFlow switches

1 3|7

Atk & XL 2% ( Software-Defined Networking, SDN )
VB 2L 0 25 ZE A, K 32 58 475 ] -5 5UHR e i AR it
S BT T 4 18 SR M T AR A T e A RE
1, BN S A R ) 4% 4 3 I AT T w1 R T IR 2
) Vb & U E TR Y M SR L) S
A2 IO 25 ol 288 R ) 4 I I S ke, S 00 DK T IR
2R B A e , T B 0O 24 It RV SRR B v TR AR ME LA
BERLAL. XL, 24 A% 0 W ( Software-Defined Core
Networks ,SDCN) i1z MM A , S 44 s B0908 14 S 803 ik
I FHPERE AR 2B IO AS B 11 4 1 fip ke L

TE SDCN ZEAETT 4 il i 17 57 1 37 42 Jy IO 2 1AL [T
X A () 255 11 B A 5 4 B A R AT B b U ) A B
By AR R, T 52 0 2 5% R VERE. 491 NOX
PR e AR R 2 TT LLAL BE 30000 &3 R i —
A 100 B 34 B I I 28 75 S R B0 T B A AT 7™ A 100
T3 AW SR L BRI LR Y45 75 4 T 4 S8R A L i
S B T L e AR AT RE T A s A N &
TFRN , 25 5 S B0 57 41 3 S W S s A, A A3 X A A2 T
2% 7 FH A Sk SR L R, A 0 S I B AR SD-
CN W28 3 215G A RE 5 R R, S B SUA% 0 ) 1Y) 512
PRl & S Ak dis A

JPEAL OpenFlow #5 i 2% P8, H A A #F 58 At
JF% T Cbench!”! OFsuite_Performance"® i hcprobe[g] &
FEVE T EL )P 3ok S 5 o T Lm0 e 4 o i ) e 7 o
() | e KA ek TS B S5 OGS ME BB AR A, DA T
TEAG 7 SDN [ 25 I 36 85 3 1) 428 1 #5F . EEUOR S0 9 )
SRR 3L Tz 38 TR R PR AR, (AR 4 S 08 A 11
T B BB B ) P 28 B A, A B KB Y S 6 ).
T AT S AT A Xof 4 7 1) DO 4 0y, 2 th L P e S it
B AT AR , PR G I A AR A L, AT R 1Y
e

BT, O VF 253 i T i BT d 88 05 3 % 425 1 4
PERE T 5. — SE b 58 N 03 A FH I 2% 1 55 P Al SDN
5 il 4 76 B U D0 T 19 M g SR BR 1. Azodolmolky 4
O R YR FH 19 4% B FRIE X SDN F8 il 1 RS2 AL
HIAT R R AT R AT , LS o JE R B S S A
AR P28 BT PR RO~ SDN 9] 25 78 % 1) P REARL
[4]. Osgouei F1 Koohanestani z= \ M &%t SDN g 4k 3%
SR TR T 0 2% U A A AT R BB AR A 1A T
B READL I 235 1) i 55 2, SR A 1 K 4UL SDN 42 il 245 1)

WHAE b5 20 R T2 S AE SR, Sl | — T
4fi OpenFlow FRUESEELRY SDN M ELRY, BF 5% 1 25 K1
B R AR R K /NS SDN S50 2 [] 1 AH B 52 1
FE4144 T OpenFlow 28 3 ML 1 B 4E [ BR'™ . Bozakov 25
NSRRI A5  J  A RE 4 R 5 % a0k
3 3BT — G 2 S B I B A4 A A 3 IR A
T 00, AR VPR D TC A2 i 4 T L Y A AR FLRR , DT
i SDN J37 FHIER 2 F 4 249 SEC 001 AT B0, Lin 45 A 42 i
TR AL R0 £ Y B O 1 A AT R RS PPAG SE 4 AL 3
PRl A (1R B, LA L S I e 42 o 5 55 52 AL Z 8] 1Y iy
B R4 VE R B S5 NEF X 24 BT QoS FR LML R
FU 5375 1 2 AR B AR A 1 S A M RN P BB 22 S Y )
I FH P 48 8, 45 0 5 HE DA 38 Ah 390 g R == B AR
HENT T R A PR EERL A SRR T B G BT A i 3
Ui A DA S HEBA AR FE A B2, BT 2 SDN 22 SE 44 17 T 1
ANJA] QoS HERLTT K.

AN 5] T ) 248 3 AR AR HE AR A B % 73 - SDN 48
] ¢ b - R 5 B AP 24 RE R B Jarschel 25 A
R FIHEBRAE 1) 7 12 %5 OpenFlow A4 (5 A L T 52 15t 1Y
HEBA R G il SC e LS M/ M/ AR 4 o 0 i A
g M/M/1-S BERY I B 1A W] 6 28R 1 i SRR A
FEFNE AL (H X FpHE ALY 2% [T HL& OpenFlow
SN 5 ] g AR I O, TGS H T2 & Open-
Flow S ALY L. 2275 25 458 AN SR FH 22 31 38 9 IR 55
I BAASE A Xof 42 ) °F- T G A M/ M/1/B HEBAEE A,
GA H A T e A T A [] I 24 RS AR 67 2T 18 A B A
SR, it B 380 35 A5 Y A B v 1 2 1 22 A S 4L e i
({35 5K 13 7. Mahmood 25 A" &4 SDN $ i 2% 11 ¢
BAE- V180 241 S TE L 38 1 Jackson B 28 X6 £ 48 28
T IR g B Ay M/M/L BB TR T —
A~ OpenFlow {2514 REff A A% 750, AlGhadhban i ) 0
T SDN i 2% R A R Y 25 T 8/ s i
LR AN VT FE AL R (0 5, 4 PP A T R A =
BHZEME S, S TG TR 45 il 4 R 55 I i) okt FHTWOR Aol 43 A, 2R
SEmR LI E] T 6 A3 AR R AR R RS E TR AR EE L R S8
(98B Sood %5 N2 2 OpenFlow 22 45K 4 il
ar Z A B 28 H., R T M/ Geo/1 HE BARE AL 53 #7 1 Open-
Flow SZ4eHLIY I 3 /0N A 3] 1K 3 8 R D)0 R D)
PrESF G R R BB X A 44 0 — et i ik
PERY SDN M 28375, 5 S bRif & 9 S AP R BRI 22 5.

AE IR AR NP AL X4 A 35 OpenFlow 28 il



2042 H, *

2 4R 2019 4

Mo 5% e it ARl M/ M/1 HEBABE A K SDN F
il 45 19 packet-in 1 5 A0 Rk AR @Ay M/G/1 HE AR
Y, HEIT ST OpenFlow 2% 7320 56 I HE AP REARE AL, JF
e G o 4L S B AT 3R 2R AR N A
Ny 2 0 4% 1) A At -5 2 R LTI, B B0 R SC TR M 4%
SDSN b ity il 5 HE A Sl M/M/ 1 HEBAAE AL, 32 J] Jack-
son [0 £ 5 K - @A Ry M/M/1 HEBABERY , RE 65 A
o3 AT SDSN P RE. DA b AR Y S B4 0k 428 ] i 1Y 1Y
2550, A % 3 SDN S bRl B 1R AR 1 2 425 i 4
AT I, Wkt 5 2 S ML 28 3 8 P O 2
TR A A Bk 0 B, I R HEBABE L M'/ M/, I
S 0 O A 24 iR 55 B T SR ik 8 B R BT AN g
iR NITIE 7 vl %51 W2 S S R 7= B NS U I ) A N
PR T AN S Y 24 A PR IR B
Packet-in 1 585t A% ] AR S ARy — 4EHEBA
RN, A 1 S A ) 4 R S A S £ S T e R, O
PR R A T2 2 5 1 UM, Lo/ ME R ST
B A SR XSO R & 5 5, 7E XS OpenFlow SZ# ALY
o3 AL BRI AR SDN 45 il #5 1) Packet-in {1 QAL i 72
3 AT HEBA SRS 9 S Atk I, 32 Hh— > OpenFlow 4341
5 R HEBNPEBERETY , I 25 th 2 B 2K PR RE S 4, S A
S A% W 1) 2 R S A 2 2 AR
2 BHEXHL T

TEAR PO 28 v, A0 I 428 1 5 i A7 46 N L K 4%
Tl 55 22 Gt (0B SS 48t , 21 30 5 ) 4% IR X AL, %k 99
26 e 55 o o B A R MEAE . BE G % 3l LK R A P
R B 55 R EFRE 8 M TT SR g I, 20 W 52 %
JIE TR ey, A7 0 248 9% 5 TV 8 — i R R B, I 26 R0
BTG PR R A PR . it 71 A SDN oA, ] & 16l 55
OFRE bR 55 2 3, S I I 48 S R Y 4t — 4 B
FRAG EEE , AT A R KAz B A B SR W) B A i Y
2RIBTE A B %0 W AT T8 R T SRR Y
55, A] 2k ISP ( Internet Service Provider) 3 Lt | 5
RO RERY M ZE B I, O 2 AR R ISP R JE I — K
FEEN

B SO0 ) SDCN (1 LR R 3 s il 1
AN AR AN, W48 ] n] A% 3 A R L Al
P A B 1) R 4 A ) 45 A ol o 24 42 A B1) ISP ISP
TP AR T8 i3 OpenFlow A2 4 #L B 1B E A, A4 BUAZ L
A ST R 2 1T SR S aS ik A% AL iR 2
1) OpenFlow 22 4§ #1, B 43 B[R] £22 i% 45 ) 2 B8 4= 1 2 19
SDN ¥ 4fi &% , LA A 45 — 98 B F 4% FE° . 7E SDCN 37 5
rf, SDN 4 il g i 24 Hh A8 BRAZ O 24 J2 9 FIr A Open-
Flow ZZ4e L, 3 2 5 1 & 90 4R M8 B B AR T 3 oy
4 Jry PR 2 LI, 2 T ) o o0 2 5% e SR, 9Ty )2 N

SR AT B M 55 AR B T A S R 55

T _Fi& SDCN 32, OpenFlow SZHpL BRI ] — 4>
W25 34, ol $ HOH: 5C B 5 B, AR ) £ 4K OpenFlow i
. A RIS, MRS diy b (9 30 2 T 1) S AR S 5
AL PR 5 75 WLRE 1220 20 525 F0AE 22335 5K, B Packet-
in {8, FFPE 54 SDN il . 45 il i AR 9 2w I 25
P A AL, I 2L Packet-out 1 Bl 5 Flow-mod 74 L)
JEAF R ML OpenFlow ZZ 4L, OpenFlow 2 #i bl
REZI AN A5 0 2 3 T, I 408 0 B A Ak B 1Y) i
Ao ez e, i T2 A IR A S
BUPEREIR A, 5 BOAL 22 e I AE 1o K, 08 171 52 i o 2 e
PERE.

,//(I")penFlmr ,
3L
[ [ FIPHE AR
@) ’
A &%
[3 2= o A 152 el 1) %Bﬁi/\l@‘

B e X0 M SDONTRE Y 5

3 SDN = 2R SR BEHEPA R EY

TER A7 SOAZ O R 2% F P B K HAar A )
FL AT R 7™ A DR I 50 B 3T, 3F T 5 2 AL IR
TR BAZ O 284 2 19 OpenFlow SZ B X T4 4% i 1Y
AL, #7 OpenFlow 3t 2 1 1% A5 AH 7 /4 3 B0 0, D)
OpenFlow &3 #1612 £ 35 2 i, Packet-in J§ |3 & i% 45
SDN ¥ il #5 H . A% 0 3CH 2, 1> OpenFlow 2844l
RN N G R O N TR ek S 7 N T e
Packet-in 4 8. SDN 5 il & £ #F 1 TH EZ 02
)R Z OpenFlow 224 L., [F 177 5 1 5 K & Packet-in ji§
BIE BN SRR A B B 2 R T R SO0 R
Packet-in i 8 (477 A4 LR AIHEBA L 2.

0 PRI AT IR 45 SR R B - e TR I, 454
T2 ) AE BBk ST, G B Ok o R A AR RO I8 RS 43
A7 BRI TR RO I 286 U B SR T
AT R . M4 SDCN 43 41 4b 3 5k 72 ] 50,
OpenFlow ZZ ALY I ) ik 3 #2 55 Packet-in 115 877 A4 i
FEEA XTI K R % OpenFlow 224/l SDN 42 i °F-
T T2 2 P 0 R D i ML Xt 7 81 9 B0k ol R, R 0



% 10 B T AT A AR SO0 R OpenFlow J3 21 5 J AL G i HEBABS TR F 5 2043

FAPEAZE | Boscinz W2
SDN # il e HE 1

2T OpenFlo

j A
2T ! —>
KT weeeee I]I] il Packet-out
e AN e
7] OpenFlo Packg-m """ /Flow-mod
T K ] i PC i = iz
BT MY | e —> il

P2 Packet—iniH BB AL | ICERFIHEAS R

PEBTA] A, B B ASH L& 35 (1) Packet-in T B AT A
THFATR. s T A 38 # B & 3% 1Y Packet-in {1 5L AH B
ST AR VAR T A AT, RN o s SR A Y Packet-
in {4 8 BE L AT A A 531

24 Packet-in 4 53] 1K 45 1] 5 4L HE I, 4 A7 A8 =5 IR
PR i, U] 4 AT A B A 00, B 5K 0 A
Packet-in 714 B PA 51 28 75 gk 40 FH. T Packet-in 14 B 1%
A PR FRAR FR ST, H G e A BiCH AL B[] R A0 R
UTAUL IR AN 70 45 8000 A AR B v i A 42 1] 8 1) Ak 2
REJIAHIA] , HALRE Packet-in JH B4 H 44 37 By T Packet-
in YA B BAS B A2 R, P 428 o] 4% 2 Y Y Packet-in 1
S PR ARG M/ M/ n/m HEBAEE A,

TEZBA R R I n A FE 1 4%, Packet-
in B EZAFA RN m EREILAE I & B OpenFlow 52
BL,HAEE | BB R RN SEC A 1
RS VA2 i E DS i R R A - e 0 VA S s WL R & S B
IIRESR A g, W AERERY Packet-in J B )35 4%k A

= > A S B 44 Packet-in 1 4 Fy 4 3

LA B ST, Ak B ] IR A S B w1 e Ay
.38 p = A" mu'” <0, MR HEBAIE 7T 45, Packet-in i
JATEAERE T 258 B A = (1) iR

c 1 n n+
E[TH] =~y tn'p lp0
%

'1 —(m-n+1)p"" +7(m —n)p"HHI (1)
nl(1-p)°u'[n- ;(n—k)pk]

_ n-1 (n )k (n )n(l _ m7u+l) -1
/H‘EF”’“‘(;) Tl ) )

A
@%po, 0<k <n

P =

n_k
n"p
'po,nSkSm
n:

4 OpenFlow 3 #5#LHERAR B

FERZAL R HR, P 13 T2 0 DR ) 28 0 4L 2R 3
B3 H)Z ) OpenFlow SCHetlL, T2 BA S 457 Fip Ab 2. H

T, Ao T 30 D 45 1 2 0« 0 2% 07 b LA A ML
(R TE] RBE | ELAT B S 4 1 AR L L fEER T A 4R R
) S FRREE 5, WK T A0 P 432 I o e A
R T 7 400 R T 3 AL T AR i

USSR E — AN S LI, B S L F A 1
BAF. AL BEATAD BRI , I r 4 B b 7 B A ) 6 e
7 TR $ 3 2 LA 3R B R (0 970 0. 25 2Ry, )
41 VC JE 3 2 057 T 10 3l S 0% 3% 40 45 75 ) f 43 4
{5 B 2k 2y SDN 42 thl #5451 L 3 IBUAR 17 ) 37 A, 0
M %4 4. BRI, OpenFlow 58 e L 45> 40 4L 1 58
4k B3 TR T 7, A B G AEAZ 0, AT 645 8
Sy AR HEAT 2. T B S R, 4 4L A7 BB
ZEHESZ IR BT A OpenFlow S84 BL 14 43 20 50 e 1o AR 2
T AR b RS M/ M/ L/ m AR R,

PHRIHGR I : (o) P53 R N A5G
(451 ki) 4 i(1<i<k) & OpenFlow 32 # b
571 <j<N) G4 BK S BRI SE R AL (38
Gy s (b) 55 0 3 AC B0 4 4L i1 5 b 353k % A
[7] , b BRI R S50 1 B AR 5 (o) A
SEA AL S S 5 A A UK A8 8 4h B0 43 4, 43 4L Ak
P AR ST AR R il p = A
P = AL/ AR HE IS T AR A 1 ORI (1 < U<
N) G434 9 1495 B e 3 50 2 (2) R (3) i 7.

. 1 1
E[T)] =— +— (2)
o u (L= =p)p,)  pm
E[Tf;)] = ! i
(1= (1-p) El,p,if‘))
£
. ! 0 +ﬁ’l > 1
(1= =-p)FpyH *
j=1
(3)
1_p(s>
Hp, =————(p,"") " p Y 1
k 1_(Pi()) \p P

5 OpenFlow 4y 0% % [ fE1E HY

WU 1SR 1) OpenFlow 8 HHLHEBA AT F1 SDN
Pl 2892 EHE DABERY | 1% OpenFlow [ 2% H 1 43 201 %
e i TR NP 3 T P HE A .

TEIE 3 155 i~ OpenFlow B LIS j G5 415
WSHR AL BESER N AT = Y AV Sl
A ) B REE | AL 4 R TR
WEZ Ny g, WE § DAL Packet-in 114 B & 26 35
g A ST T 142 0 B4R BE Y Packet-in 3 S5 51 1 1

BN = Y g A BSB89



2044 (IR - N 2019 4F:
- SSNERPT EIE 1 XFT OpenFlow M5 (B2 @ A28 LYK
acket-ou o) P AR i s . . s
#a “) P PSSR TR AR g, 55 ) B AL | 38

q 3.
a0 EHE ST S Eewe i
AL Ly 20
CoE s e
2 (s) /1 (s) —
1j 11 q )':
X EE SOt SN I
— ... | ) H——>
AZ,L\) }?]1 )
qulkm ...... qkik(\,
/ll(’” gﬁ'jﬁ ﬁ’i@ i«——»f’ N e
o e () >
A" A o

€13 OpenFlow 34154 & HEBN P A5 11

Packet-in 714 B AbH 3 Ky ,u,(").

TERR A 5 SURZ U ) v A 4 s 5 242 326 42 8 4%
JIN AT WA T BRI A S o T S g A B AE 0 Ak
B S, 25 FR 32 B4 I ). AR 3 1 38 OpenFlow 4320 %% &
ORI IR 2 BT EON R N & IR OE L A A
TR 1R 0« 32 3 ML T T R R o R AR RS 5 ()
PTG T — N DO 1 4 4L R IR 1) B g 4 L AE B
B AL B I B ] T 5 RS — R B0 4 4L R
I ] U 45 40 LHAE S @ A SSHefLeb (03 B i) 7 A
X R 9 Packet-in 3 & 75 43 1 2% 4 BE B 32 B i ]
T BG5S A 2H 58 i 55§ AN 3 B L I B ok 5 Ji]
W, =t (4) iR

W. =

Y

T,'j'(S) ) *%%ﬂ‘j 1 —q; 4
{nm+r% WA 0, “

R (1) (3) F1(4) , TR | S5M AL
BT I T ELW, A0 (5) B i —
S5 A S S 4LES 2] W, 91805 95 6 21 PDF A
S4B CDF WEH 1 .
ELW,) = ELT)'] +q,(ELT])

1

_ q; n o n+l
=S~ ot o tqn p po
M M

) 1 _ (m —n+ l)pm—u + (m _ n)pm—u+1
n-1

n!l(1-p)u[n- ;(n - k)p,]

1 i1
m (1= (1 =p)p;)’
1
J
+au (1= (1 =p) Y pi) (5)
k=1
1 .
. P J > 1
1-(1-p) Y py
k=1

AL A3 B ] T R Packet-in {1 B 76 5 i 25 42
HEcb A 3 B8 B R T 2 RN 3R B A B oy =
VE[T o, = 1L/ELTY ], W5 j Ay AL 56 i A
OpenFlow ZHAIL I 4% & B[R] W, 1) Mk %6 %% & ok 4 PDF
BRI s AL CDF 43 514nX (6) f=X (7) s,

. o
Wij(t)=(1—qi & )aie’“‘t+qi —a,e ' (6)
o, —a, Q-
WU(Z)Z(l—qi % )(l—e 3
al_a(‘
a; —ay
+q, (1-e™) (7)
a; —a,

R RSB T AR, 2 j 95 41 F Packet-in Ji
B0 BIAESS © A SSH AL AN 5  25 R TE 19 32 B A (1] 1 Ak
R RBCN S (8) Frs. th T8 i LI E] 1Y
SrdUE TR HIBER R ¢, 455 OpenFlow W45 73 21 %
et AR AT AR B S i ) W B i AR e 45 R 4 X
(9) B, FE 0 A T30 P 30308 A 46, ] 45 21 55 A i [a)
W, (A 259 i ok % PDF 112X (10) iR, dgeJ % H AR
g3, ATAREG K] W SRS Ai R &L CDF 4= (7) B
.

f,.].(t) =ae " ,f.(t) =a,e ™ (8)
W ( : a, a, a, a, (9
y S)_( _qiai—ac)ai+s+qiai—apan+s )
L ai —at
Wij(t) =(1 -9, )aieiu‘ T4, ae "
a,-a, a;, —a,
(10)

HE) 52 .
6 Xy

6.1 1= SRR HEBME RN IT AL

AT RCPE A A SC T i 1 4 ) A A AR HE BB A
SLIG R ) SDNCTC H % 1) OFsuite_ Performance T, H
5 SDCN 5 il & 5 HE 19 5 by M 6 2 8 1% L Al
it Z P R B A R AR JE B £ & Open-
Flow 52 #8 HLAS W7 ) 42 ] 5 5 B K 1% Packet-in {5 A,
2 3 s il 2 SR TE T &2 XY Packet-out J5 BB, i
SR TH 5 8] 18] B AE S Packet-in 1 B, Y IR R IR AL S
0 300 3 AR AU AN [R]85 i 119 5 4 L AS W i K Packet-in
B E A BB A0 D RS 1R
AR, R 1Y Packet-out 1 B F A A, B Oy A
i) Packet-in Ji5 &, 4b F 33 % ,U«w. SR )5, 7E Packet-in JH
B 3% T R A B A R ' 2T G A R %
AR Packet-in 1 5 A - 2 0 07 IFAE DS 56 HE BA
L TR 1) o A 1



% 10 B T AT A AR SO0 R OpenFlow J3 21 5 J AL G i HEBABS TR F 5 2045

A S 5 1 g% % A OpenDaylight Beryllium
A BATAE Linux IR 55 4% b 7E Linux RGEH, $ 10 4%
1) G A7 /N — e BRIA D 873808, T 4 4> Packet-in 7
B R/N g 148B, IR I B A 45 5 m R
512", | ] OFsuite_Performance T H 84 4% .0 P #
FNEEHE BB R B SR LAY Packet-in 4 B & 1% A
71000 A4>/s. X T 1 & FE s, B0 28 4 HL K
AR EGACF 145 %8 T 3 6 2 il e 2 A S 4, )
AR LA T ARG K B 23, AR S0 AT S IR
A IR, 7158 Packet-in 1 B 1Y - X 1 [ ) SE. 2 1
it T iR aR B R R Packet-in 1 B AL B A0

AR
F1 RHIZRERH Packet-in iH B A0 IEE R NIK
PERESHL
SR
¥t/ & Packet_in Packet_out S]]
R/ A/ | WA s [} 4/ ms

10 10000 10000 0.913
11 11000 11000 1.331

(a)
12 12000 12000 3.152

L G
13 13000 11853 60. 35
14 14000 11632 186. 04
19 19000 19000 0.735
20 20000 20000 0. 873
b
(5) 21 21000 21000 1.052
3 B

22 22000 21352 23.70
23 23000 21024 89.21

M1 (a) AT LA, 24 Packet-in 74 5L & 28 R AN
#at 12000 4~/s B}, Packet-out J1§ & T & # 2% 5 Packet-
in JH 2 A PR AF — B 2 Packet-in 4 3 1% 784
12000 4~/s I, Packet-out 1 & F & i 2054 Fr N &, [
00 S 73 1) (14 - X o 7 B A S k) B T PR , B A 2
1) Packet-in {4 540 #3H F8 AT G AR 12000 4>/s. [A] B
HE 1(b) AT A3 & 45 19 Packet-in 4 5 A0 3 2 52
K2y 21500 4~/s.

Xof b AR T oA o A AR, SR LR b AR
T, {575 Packet-in J1 L % 2658 R A\ 3% 4518 i 1) b Bk
o' R SRR BRAE A i m AR A (1) RIS
R[22 ] i~ F-24 52 B I [R) A 5K, AT 4531 M/M/n/me il
M"/M/n AT AR () Packet-in {1 B 4G T 48 41 €] 4 i
7. [RIE), & 4 45 1 T OFsuite_Performance T H. & 15
FHY Packet-in J1 )5, - X2y i [ 1] 22E.

B 4 BT LLE H, M/M/n/m BERY Al 31 5 5E F
M*/M/n B 3  THL 0 6 . 1 4 o 5 5 L
B RGN A2 K, X PR Ol Packet-in 1 5L 2% 3 58

;
6.5 | —— T Al FE
6 e s e
55 | o MIMInmATR T E
S| MYMInfEERMAG T E
Z s
= 4
+= :
= 35
E
\’El:‘ -'
ﬂfﬁ 2.5 A
1.5 e
! A,.......A»-"""A
0'(5) e Ty YO £ g0
1 2 3 4 5 6 7 8 9 10 11
AL 1 &
(a) 1G¥EHIR
8
—— T HL o 2
7 " N 4
o M/MIn/mBERA T AT
O MY MU T AT
£
= 5
=g
= 4 A
5
B 4
fus} A
AT K
=2 _.A'v q
A
1 . AT
e peaet A ,Q.v-e'"d
0 D mmmmﬁeoo? 1 I I
2345678 9101112131415161718192021

MR 1 &
(b) 3B
B4 AS[RIHEBASE IR AT TS 42E (%) 1A 1 6T

T 25, T S A PR B HE A TR B B 2, HE A 5
JERRAC. T EL R I A [ H M/ M/ n/m B (1
(B, 332 R g T L0 4 6 ZE B T 43 £ Packet-in 4 &,
TEFE 25 5 T o (003 B2 1) ] 41h, 38 A5 22 3% IF 22E 1% 6
LS, WA, MY/ M/ BT 1 A 1 B 48 8 K T L)
I , X R PRI O 2 B A O R A B ) T A e
PUBCRE, T M*/M/n AT A 2E 5 R B AN B
A R ) TE AR L.
6.2 AR ARIE

Hy AT, AR RE T 3 A P 2% 4 B, Packet-in
TH B AL B R N ,LL(C) =21500 4~/s. {5 OpenFlow 32t
LI 53 2 SE e g, = 30000 A4~/ 532 5 15 7K
Y = 25000 AN/, SR TR MR R ¢ =
0.04" W 24~ 52 46 L % % Packet-in Ji B 11 38 %
A g, = 1000 /s BRI, AT E 45 ) o 4 BE 4 B 21
B 3L, W H: Packet-in 71 5 #5353 R 4 A =21000
A/ s ABBEASHHLI S 4L B AT A5 1 N v =512, B3k 9 43
2R3 VU AR 56 8, R 5 G i BV B o b 43 Bk
0.125,0.125,0.25,0. 5. ¥ LA EZFE 0 B A (1)
(3) FI(T) , AT R Fe 20 43 41 i 6% % Ik 4E CDF % Ho
E s frR.

M ST DL, 1 5 2 2, CDF{R 484 K 53 2 ik



2046 H, *

2 4R 2019 4

=
[a)
@)
i
S
=
E
&
B

----- St

— e

——- A A

i 7

02 04 06 08 1 12 14 16 18 2

B B AT SE /ms
K5 AL ST A e 2 N SECDFXT L

.....................

O
)

e e
o 9

SRR R EUE (CDF)
o o
N W

e o
o W

..... n=1
— n=2 1
——- n=3
0 " " " " " " n n n

0 02 04 06 08 1 12 14 16 18 2
i W HE /ms

e

................

SRR EE (CDF)
© 9o 2 o 2 o 2 o 9
—_— 3% (%) £ W [=)} 2 oo o

(=}

0 02 04 06 08 1 12 14 16 18 2
i J I AE fms
(¢) =tk

P LSSk CDF (EARXS $63k , HW] 2 m T AR
Jegt. HARKUE, s B YA 69,90 % 4321 43 )
B PATE 0. 2ms 0. 25ms 0. 3ms 1. 1ms SZILFE % ,95% 47
ZH 04353 BT LLAE 0. 35ms 0. 4ms 0. 5ms 1. 8ms 5C B 5%
R XA AR OB R HAP- S5 I SE )N, HL
UL PG 53 2 R e i I S AH 25 R K TR kG, 6 S P
TSR 1) D 2 1 P, oK 2 1 — A A e
]

e s SR A A3 i 1,23 & F il e 4 i,
Packet-in {5 & 20 B EE R 1 23 5124 12000 4~/s, 17500
A~/ F1 21500 /s, 53 41IR T 879 R ¢, = 0.2,
HeZz8E boBL ESEE S SR AR (1) (3) #
(7)), AT A5 AL S 9 43 41 5% 2 BF 4& CDF {E 4N 5] 6
iR

1

09|
08|
07t |
0.6} ‘-"
05} f
04}

SRR EE (CDF)

03}
0.2
0.1

0 02 04 06 08 1 12 14 16 18 2
e B AE /ms
(b) H ks

S o 29
> 9 >

SRR E (CDF)
o o
B W

0.3
0.2
- n=1
0.1 f — n=)1
——- n=3
0 . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2

e J IHAE /ms
(d) ek

Ko ANlFFE g E T B /-2 LI IECDFX L

MIEL 6 T LA Y, Toie MR Se gt , 42 il 4 A~ Ko
%, RIAEFERY Packet-in 1 EUAL PR AR, CDF {R bR
R BT 1 AR 33002 N O S e BLEE K Js T I
P18 2L T A5 o 4 o i SR R T A A DN T 4 A Ak
R A Ry, 2 o I AR [ I, TSI MRS e g,
B n 23R 2 F3 Y CDF 2kl AR, X 2

DRI DAy S R 47 1 5 S A Packet-in 14 S0 AL B 3 0 i 1o
FER R AR JEAL, To il W R 12 il 2 S A, A =00k
91 CDF fh 2L ARIEA AR R, 17 A5 P e 2 W
AT S PR R = A Se 2 i 7 AL e W e, HEBA
AR I TRV S R, T 265 DO G S G oy L S R T = A5t
POy R oe e HEBN AR TR ) A



% 10 B T AT A AR SO0 R OpenFlow J3 21 5 J AL G i HEBABS TR F 5 2047

fEE e 3 G 42 e 2H A, Packet-in 71 B AL L
Fh p' =21500 4~/s. OpenFlow S HAL I 532 58 4
o 4y BEC 20000 4~/s. 25000 4~/s Fl 30000
A/ AP AT B Packet-in 1 L % % 45 4 i 75 5
HEMAER ¢, =0. 04, JoE B8 B K DL B2 HE 7051
FRAS(L) (3) FI(S) , AT AFAS [A] 7 2H Ak HL s 4 Py A4
P 73 AL R SE AN IR 7 P,

BT 0T LA 0 45 % 1 03 S R 15y
BN IR B AN OL T, DG e S0 5 1) 7 2 e e if

0.2

----- 1,=20000
0.18] —— 1 9=25000
0.16 [ ——-#7=30000

0.141
0.12F

0.1 / -

oo8f T

BRI AE /ms

0.06 |
0.04 |
0.02 }

0

[ 12 14 16 18 2 22 24 26 28 3
ST FIR R N /s x10*
(a) ot

03 . . .
0.28 }-=~"1=20000
0.26 | —1=25000
0.24 | ——-=30000
022}
02}
0.18}
0.16}
014} .-
o.12}
0.1
0.08
0.06 |
0.04}
0.02}

R BHHE /ms

0

1 1.2 14 16 1.8 2 22 24 26 28 3
SMH BRI A s x10*
(e) F=Hiikes

SN 5 B 732 B 10K S 24 ) B, B o S 494
G%. 3% S PR o LI Se G e, 5 284 R A B 1 [7] £ 2
S 2 o3 LB A S5 A5 [ B R R) T A i S
N, ELIG GBS, 25 7y 2 B 38 R A0 ) 2 S e R
I, I ST 73 2L D st S R B T T s 10 5
G 7 2L W S D 2 i A R K PR O B I 5
P oy IR 2 AT HEBNAL BE, T A S AR A S 2 4y
s T IO PRHRFA ST

02 ————
----- 14,=20000
018 1 9=25000
0.16 [ —==-"=30000
0.14
£ o012}
<)
=z 01
&
£ 0.08
0.06
0.04 |
0.02 |
1 12 14 16 18 2 22 24 26 28 3
ST BRI AN s x10*
(b) ek
6 —
5.5 L ~=mu=20000
s | —wo=25000
——-u=30000
45

R BHHE /ms

1 12 14 16 18 2 22 24 26 28 3
ST ERER A s x10*
(d) FEWRSEg

K7 IRy AR BRECAR TN 1) 20 2 R I

7 HRIG

ARSCRE R A R M 5%, L M/M/n/me Rl
M/M/1/m HEBAASE R 73 531 220 0] 4% ) 5% 5 4 19 Packet-in
AL FE AN OpenFlow SEH AL i 7 4 AL B 72,
M7 OpenFlow 7341 % e VEREAL Y, 4 T th A [/ 4 56
G oy LA e Wt E % H: AR ) A bR K CDF. 52 36 0
T OpenDaylight 4% il ¢ 5 1 75 2 F I 2515 T2 T (9 1 fiE
SR, BETHE HE BB R 0 A T I 2, 25 SR 3R MM/
n/m SR (8l I A B4 T S B R N AE. R — 2

SRR 3 BT 049 05 1%, X B T & S IE T A R s 2
5 2 5% et 3 e CDF i 28 53 A BR: (o) S 40
Gty , CDF (R 3 1< e 2P, - 3 e K It S i/, HL
1R I SE R o3 21 R B I AR 228 K5 (b) TCig MR 5
G, FE AR RO 2, CDF {EBCR 9 K B 450 1 9K
-, HE il ae Bon B 2 it iy CDF il 28 LB AL 5 (¢) X
THER P A R, B 4 2k R B3, 1
SO 14 73 2H % S I HE OB 2%, BLAR S AR A O
G o3 UL R BN E 2 R RS



2048 T % # 2019 45
P [11] AZODOLMOLKY S,NEJABATI R,PAZOUKI M, et al.
= An analytical model for software defined networking: A
(1] 267525, BEMS, X7 #A, 25, 35T OpenFlow () SDN 4 A network calculus-based approach[ A]. IEEE Global Com-
WFEE[T]. #fk2d] ,2013 ,24(5) 1078 - 1097. munications Conference ( GlobeCom) [ C]. Atlanta, USA ;
ZUO Q Y,CHEN M,ZHAO G S, et al. Research on Open- IEEE,2013. 1397 - 1402.
Flow-based SDN technologies [ J]. Journal of Software, [12] OSGOUEI A G,KOOHANESTANI A K, SAIDI H, et al.
2013,24(5) ;1078 — 1097. Analytical performance model of virtualized SDNs using
[2] TAVAKOLI A,CASADO M, KOPONEN T, et al. Apply- network calculus| A ]. The 23rd Iranian Conference on E-
ing NOX to the datacenter[ A]. ACM Workshop on Hot lectrical Engineering( ICEE) [ C]. Tehran, Iran,2015. 770
Topics in Networks ( HotNets) [ C]. New York, USA. -T14.
ACM,2009. 1 -6. [13] KOOHANESTANI A K,OSGOUEI A G,SAIDI H,et al.
[3] KANDULA S,SENGUPTA S,GREENBERG A et al. The An analytical model for delay bound of OpenFlow based
nature of data center traffic; measurements & analysis[ A ]. SDN using network calculus [ J]. Journal of Network &
ACM SIGCOMM Conference on Internet Measurement Computer Applications,2017,96:31 - 38.
(IMC) [ C]. Chicago, Illinois, USA: ACM, 2009. 202 [14] BOZAKOV Z,RIZK A. Taming SDN controllers in heter-
~208. ogeneous hardware environments|[ A ]. The 2nd European
[4] fl7kar , Be % Bl w38, 2. B8 LM T 3 R PETF 5% Workshop on Software Defined Networks ( EWSDN )
ZR[T]. M E2RR,2017 ,38(7) 1141 — 154, [ C]. Berlin, Germany ,2013. 50 - 55.
FU Y-H,BI J,ZHANG K-Y, et al. Scalability of software [15] LIN C T,WU C M,HUANG M, et al. Performance evalu-
defined network[ J ]. Journal on Communications,2017,38 ation modeling and performance evaluation of an Open-
(7) :141 — 154. (in Chinese) Flow architecture [ A ]. IEEE International on Teletraffic
[5] 5k#5, FRA, ZEW. EIRBZ 0 ) SDN 55 #5358 2 Congress(ITC) [ C]. San Francisco, USA ; IEEE, 2011. 1
[J]. HF2£41%,2017,45(3) :680 - 686. =7.
ZHANG D, GUO J-J, WU C-M. Controller placement [16 ] HUANG J,XU L,DUAN Q, et al. Modeling and perform-
based on hierarchical multi-center SDN[ J ]. Acta Electroni- ance analysis for multimedia data flows scheduling in soft-
ca Sinica,2017,45(3) :680 - 686. (in Chinese) ware defined networks[ J]. Journal of Network & Comput-
(6] 3%, K AN, ST, %5, SDN T 3L 43 A 2k e iy er Applications, 2017 ,83 ;89 ~ 100.
BB ALE [ T]. BB T4, 2018, 46 (10) : 2316 [17] JARSCHEL M, OECHSNER S, SCHLOSSER D, et al.
—2324. Modeling and performance evaluation of an OpenFlow ar-
HU T,ZHANG J-H,WU J et al. Controller load balancing chitecture[ A ]. IEEE International on Teletraffic Congress
mechanism based on distributed policy in SDN[J]. Acta (ITC) [ C]. San Francisco,USA ;IEEE,2011.1 -7.
Electronica Sinica,2018,46 (10):2316 - 2324. (in Chi-  [18] ZE¥ 2, BRMS #4158 2 THEBARE ALK OpenFlow 47 il
nese) ST SEPPALG [T ], A Th B R E 22 R (AR BR )
[7] JARSCHEL M, LEHRIEDER F, MAGYARI Z, et al. A 2013,8(1) :44 -49.
flexible OpenFlow-controller benchmark[ A]. The 1st Eu- ZUO Q-Y, CHEN M, JIANG P-C. Evaluation delay of
ropean Workshop on Software Defined Networking ( EWS- OpenFlow control plane based on queuing model [ J].
DN) [C]. Darmstadt,Germany,2012. 48 —53. Journal of Huazhong University of Science and Technolo-
[8] Introduction to OFsuiteTesting Tools [ EB/OL ]. http:// gy (Natural Science Edition) ,2013,8(1):44 —49. (in
www. sdnctc. com/test_identify/test_identify/id/47. 2018- Chinese)
07-26. [19] MAHMOOD K,CHILWAN A,®STERB® O, et al. Mod-
[9] SHALIMOV A, ZUIKOV D, ZIMARINA D, et al. Ad- elling of OpenFlow-based software-defined networks; the
vanced study of SDN/OpenFlow controllers[ A ]. The 9th multiple node case[ J]. IET Networks,?2015,4(5):278
Central & Eastern European Software Engineering Confer- —-284.
ence in Russia| C]. Moscow,Russian,2013.1 - 6. [20] ALGHADHBAN A ,SHIHADA B. Delay analysis of new-

[10] AZODOLMOLKY S,WIEDER P,YAHYAPOUR R. Per-

formance evaluation of a scalable software-defined net-
working deployment[ A ]. The 2nd European Workshop on
Software Defined Networks (EWSDN) [ C]. Berlin, Ger-
many,2013. 68 —74.

[21]

flow setup time in software defined networks[ A ]. IEEE/
IFIP Network Operations and Management Symposium
(NOMS) [ C]. Taipei, Taiwan , China; IEEE,2018.1 - 7.

SOOD K, YU S,XIANG Y. Performance analysis of soft-
ware-defined network switch using M/Geo/1 model [ J].



% 10 B T AT A AR SO0 R OpenFlow J3 21 5 J AL G i HEBABS TR F 5 2049

IEEE Communications Letters, 2016, 20 ( 12 ). 2522
-2525.

[22] XIONG B,YANG K,ZHAO 7, et al. Performance evalua-
tion of OpenFlow-based software-defined networks based
on queueing model [ J]. Computer Networks, 2016, 102
(1):172 — 185.

[23] LI T,ZHOU H,LUO H,et al. Modeling software defined
satellite networks using queueing theory[ A |. IEEE Inter-
national Conference on Communications (ICC) [ C]. Par-
is,France ;. IEEE,2017.1 - 6.

[24] YAO L,HONG P,ZHOU W. Evaluating the controller ca-
pacity in software defined networking[ A |. The 23rd In-
ternational Conference on Computer Communication and
Networks (ICCCN) [ C]. Shanghai,China,2014.1 - 6.

[25] FU Y,BIJ,WU J et al. A dormant multi-controller model
for software defined networking [ J]. China Communica-
tions, 2014 ,11(3) :45 —55.

[26] YONG’ AN S. Heterogeneous networking architecture
based on SDN[ J]. Chinese Journal of Electronics,2017,
26(1):166 - 171.

[27] KAHE G,JAHANGIR A H. On the Gaussian characteris-
tics of aggregated short-lived flows on high-bandwidth
links[ A ]. The 27th International Conference on Advanced
Information Networking and Applications Workshops
[ C]. Barcelona, Spain : IEEE ,2013. 860 — 865.

[28] ARFEEN M A ,PAWLIKOWSKI K, WILLIG A et al. In-
ternet traffic modelling ; from superposition to scaling[ J].
IET Networks,2014,3(1) ;30 —40.

[29] LMk, 5285, fete. JE TR A M HEBARE AL 1) SDN 4 il
artERE PR ST T ] AL LA 5 R ,2017,39(1)
86 -91.

JIANG L,PENG X, XIONG B. Performance evaluation of
SDN controllers based on hybrid queuing model [ J ].
Computer Engineering & Science,2017,39(1) :86 -91.
(in Chinese)

[30] AT, btk 235 1 2 M 55 6 HE MBS K H AT B 5T
[D]. L YLIR K%, 2006. 29 - 36.
CONG G-C. Multi-Server Queues with Batch Arrival and
Its Simulation [ D ]. Zhenjiang ; Jiangsu University , 2006.
29 —36. (in Chinese)

EEET

B E(BEMEE) 95,1981 48 Al
A& WIR 2 PN Bell T AR rh RO, g, B
DRV T A T LS i AR A e I 2L
B, M A 0, TR R 2% | [ 2% e A
YU

E-mail ; xiongbing@ csust. edu. cn

ZBARL 55,1991 4 2 J i A, ) wE Kk M
A KRBT R A5 05 TR Be i b
WETEAE | AR R SURBT I
E-mail ; 1363287285@ qq. com

B O 55,1990 7 HAE, MR KA B TR R
SR TR YIS JUELTTE R
E-mail ; 136710815@ qq. com

F ot 55,1979 4 11 A LI MN. Bl T [E R ER R
L USRI TR S5 8 M5 TR b A%, EE N
WIEI  TCLR A% IR ) S5 TR T 5

E-mail ; jinwang@ csust. edu. cn



