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Abstract: Time-sensitive networking (TSN) is a set of protocols developed by the IEEE TSN task group, aiming at
achieving deterministic communications over Ethernet. As the implementation method of TSN traffic scheduling is not
specified in the protocols, the routing and scheduling algorithm for TSN remains an open issue. The joint optimization
problem of routing and scheduling in TSN for industrial applications was modeled, and then an online heuristic algorithm
was proposed to deliver the routing and scheduling solution for dynamic traffics. The routing path was determined by op-
timizing both the transmission delay and network load factors, and the scheduling time was quickly conducted by twice
clipping operations. Finally, a simulated TSN testbed was developed with NeSTiNg framework based on OMNeT. The
simulation results show that the execution time of the proposed algorithm outperforms the baseline algorithms even with
large scale of network size and network traffics. It shows that the proposed algorithm guarantees the real-time perfor-
mance even in dynamically changing networks.

Key words: time-sensitive networking, 802.1Qbv, routing, online scheduling

0 3= #& 1EEE IEAE 2 1Y —TUHT i W 45 @ 5 A ife, 3077
- FAE LUK 2 S BLGE — 10 i T R 2 a4 1
i 1] BURR  28% ( TSN, time-sensitive networking) TSN @IS & SL— RGP SERFEAS P, AR

s EEA: 2022-09-03; fEEIEH: 2022-12-28

BE1EE: K&, leiz@njuptedu.cn

HEUIH: EXARRAEEERIHE (No.61971235, No. 52105553)

Foundation Items: The National Natural Science Foundation of China (N0.61971235, No. 52105553)



54

SRS I Tl BRI 46 b B3l 3 i 5 A PR S AL SE - 53-

PRSI IR S R (QoS) AR, filtn,
802.1Qbv & X 1 JET- i [ BN 1) T 48 (TAS, time
aware shaper) U, i [ 142%1% (GCL, gate control
list) FEHIAFERSELATIITFIRA, FIHK 5
FH 9 5 0SB AN [R5 200 & A% i B A 30
802.1Qav H13E X 1 I TE A (CBS, credit
based shaper) HLHI™, FilFiI {5 FH 4 RT3 T R A%
fnid e, WAL SE A S A I [R] PH 2

11 TSN H b 3 il g T 1 B S 7 v
WEFEEEEXT TSN $feth VIRZ W E . B aE
TSN HH AL Sy s G AN 55 B A B R B R B0k
HR, WEHAEMKZHEILEEEA R, TSN i
WA FE r) LA 5T AT LA G R R R DL R S T
A AR

55— R ) B AL G 1 Tk DAOK 3 o R
A2 B B AR BOREIR R 41, TR 20 1) X 245 R A [
JE, ARJE SRR R IR P ) . A iel L, B AT
T OARMIR ZHE . B A 8 % 18 m i 2
A B/ A B e . B 2R K] (ILP, in-
teger linear programming) K15 F LM, (HIX L7575
Wl T O AT FR /N 4% . Oy 1o
IEEE R IR 48 KRR, BIE R TR TR 22 8 e U
ToE kRS . 0 Steiner 250 R I R, A
FIN BRI EE, RSB T I Hh o 70 IS it 2 O P B
AL B AR N, B 4t g IS B A i 4R A A
J55 - Diirr %0 TSN A 11 U B i) JgAS A G 4545
AR I T, 4R T R AR R R R OR
fifE, FEEEXTREE G R BT R 4 501, b TR
ARAR R L S5V BR T R B B 0O B s
DAV B 2H 1) e R A By At A 1, oof T F A ]
e, RVFETIEILH R — BB, AT RR >
A EIAPN I BRI . AP g AR AR KIS, X LB
TR R NG IS N, (R RUE SR N B 2 ()R
SR,

55 2K 1n) R [E) I 2B R U A RE R
Schweissguth 25 H — AN TLP #8Y, SR J5FI ] ILP
KRS EGE] TSN JELE ML H g H S5 RE
J7 % . Falk 2OV 4 7 S50 TLP 5L RE R0
SO, R I B N N R 2 4 4 B2 4 R R X B
IEATIN A4 B350 . Schweissguth 5! R HE 7 &
HI R A AR SCOR/INFIRE ATV 55, FFAE o
HERTEAL ILP SKRAE O RAR T, S =ik g
HE . Hellmanns 2/ IER N BT A B L KSR A

AR S TR RS RE ], e SRR i .
iR A FE 1) A B LR 2 NP e, PRI
P 5 R A A R R R B S v, AR T ANRE
HIESRHHSRERA R R. Rkt ARZ
TAERHM AL, W&t 5 R EE A 755 0l 3K A
Pahlevan 2PV Hy — i 138 A% S92 10 0 o s
J7i% . Hkrh DL E A 1) RGN A, R
MR AR, e HAE, e
AR HAH B M AT HE Y, B AT IS B O
Bie, KA 20 R I A A o B RS R B3 AT A, B2
T EPEAHE . Alnajim MR —FEET QoS
(2% AR B v, ISR KT . BERR TR 5
SSIRb LS A, A RVPES, DUESER
BT, Song &N K-means BVENR
wIHATE, REARERKEEL (KSP, K-shortest
path) FHRERAE, SR V54 H oot B O R T O
JEE 5 I ] . Atallah 26U 5@ S [ 2 T9]#6 H 11
ABAAFRE . RSTORNFNE BN M o SRR RE, ¥
PO RE BT fe /N LA 1 s i AR . Li &)
Pt 7 AT EE R Ok R A R U, DU/
B 1A B 0 T B EE i T 3 N LAk B #x,
RNEFRESRMETURIAS . FIRFTHE H I E VL FFE
TSI BCE, SRR IS [R] R 25 (7] &2 %
I 55 I0R) 2 I 2 RS 38 vy 38 0

IR TSN B HH -5 18 FEAL A SR 40 A2 1 ) i
AW, AR E NS BLE . AR, X T E ]
RE R A NELA) TIN5t T EAEM s AT
N B A SN S LB, SR IR P ol ST £ 4 46
AR55 . DRI, A I n) X 2% sh AR A 3 5
PEHAELR I N 8 TC B V5o X LT VAR [RIRE 43
FESRE DA % 5 R B B S AR SRR

Xt T4 a4 4% [ 52 1R FR1 2% Nasrallah 25181 Hy
THRT GCL FAMHE DR vk, B s &%
ANTRMI S Gt 2 1R s o LUAg], 3 97 DX 4% R ) 2
&f. Reusch M —Fh LT GCL JA #AE 1111
WRERNE, HAGE I IE b e VIR T R/,
SRR AT G INF AE 24 T 1 It B2 A 28 A% i ) Bt
HoK/Ne Zhou %P4 H T —FhahZ&s GCL AME 1
PRI, HSEBRLE /N T IO, R 2
DL 5 ) A2 K 4 i

X T e B[R SR S I BE S, TR
R, 1 R A E R 7 N TEh AR
WAL DR TSN Zhas ik i 5 i Rk



©54- Wk

"

%

i H7%

E LA ) ARy TLP B, S B i AR 2RI R (A
I SR A £ 5 U B 5 R BN ) o Huang %6172y 4% 1
BN ER AL 5 R L, U RIE R
i FBRBONIR B AR B BB 1 BR AT, TR ILP A
USRS AN TH] . Huang S5 H — i /e
it e S0k, o3 M i B TS B it R A O 1 R
Wi, WEPEREHS AN E 2 AR R A, R IR
AR . Li 2P R TN R R TSN B
SEAFIHE 5 R R, 2 RS A N SE DA TR AR B
B8 T 2R PG R R SR U R AR, DN B) SR B U
SRR AN S BEAT A 98 0 G, M A RS A
BLT GCL F . Syed 25Ty i 42 56 I o () T 52 4
R PUAL L, SR 4 R T 4R kS, 2R E
PR G0 K BERCRIARHT B JHSRE R £ A
B R bR 2 PP E R R . Yu P
FFZ AN TSN 4 AR LR i 5 R BETL A U572, Xt
A KRB SRR, BT R MR
JER A G I B by S R O . Li AT KSP
SRR G R R A B AT, SR AR SN SE X 2
PR EREAT 0%, AERE A TLP AERESR A 5 A
INBRSR A . I EIR TAE R LUE H,  HATRE 2>
21 285 VA J5E S92 0 00 5 B ek ) L R R 1) L )
KA, i d LA RERERS S BRI A 98 S 4

PRIEAT B BB AR TR 20, IR LI 22 R A TLP KA
PRI L 18]

AR ) TV S A sh MR E F R, &
A7 TSN (it 5B S IR R, S — N a &
AEER W B R SR E T % A
FEOFr RN 1) ZREWET 4 Mg hIT
b, BET RIS AT, LSRG REAL I A0 B P
TR B TEAR R IR, EF AR A R
bro 2) R T AR R E AR TSN 1)
TCAEAE R R TR L, R 7 O B e PR A ol 1 JE IS
8]0 3) AL F 2% S8, St 1 PR 1 h 5 i
WA PSR AT R

RGRE

1.1 PEIRE
Tl TSN HH 283615 4 ES. AL 4 SW,

DA R 4 X T ) B e i 2 o 25 19 0 A2 I 1
Pl ge. RRES. PUTERESE. ALY A 2
1, S P e L FAB AT e RN 28 0717 U
Bk . BRI T S AR % TSN TRE,
TFE 802.1ASrev®¥ AN 802.1Qbv MRt . PR R 2%
WA T R B AR EAT TSR] R, A TAS
T HAR WAL H I 18] TSN AZ b LR R G ] 1 s

1

i F
!
W4y 2
ueue? ueuet ueuel
B 3| RS BT
(ATi%) (AJ3E) (AJ3)
¥ [ y
3 3 3
Y v v
e R ; N
! 19910100 1111
3 1 1=CLOSED
0=OPEN

l

B 1 TSN &L



5 4 34 SRS I Tl BRI 46 b B3l 3 i 5 A PR S AL SE .55

TSN ML SRS s A 8 MRS AT,
AL BTN E LT —NERTT, 1E45 2 B
6] Py A LA F e FERZA FRAS o AT T FHTIRIRAS
B, AT DLAE B TBAF ke, LR N e s
AL B . R TV RAPIRES, WAS
MHHRE BA 1) e 34 428 T o K1 Lk 0 ot P £ i T DA S 3k
B TIRAS, BIOCHEET IRzt . 3RS
HARPE TS ) GCL 2% B % . GCL 11
TAFEEE T ATIEIE, LA T3 E RS2t
6] AN T TERAE B AR 2 LT 8 ANBAFIIT TH RS
TSN ZZ MBI GCL X253t &2 A & A i) (] gk
ITHRPIE .

¥ TSN #HNHREG=<V,E>, Ho V=
ESUSW FRMEH TR & MES. AT I {EN
AR, RSB BATA AS HdL T s B A A [F 0 &8
P, WU TR, SRS, E RO T YRR A
RIS, SCRFANU AR . BT R
B H Tl (viv) M) B, P 1 AN TR A
REWA, 52 MomE U & . TSN #ifh
AEEWE 2 s, /85T 3 SW T A 8 AN ES
. SERARE T S Z M R R, DL EST F
SW1 Z [RI ) HEEE B% 1, EATTZ [0 AL
B, 2 HHESL, SWITFI[SWI, ES1]#E R,

K2 TSN #HhiibnEK

12 RERR

TSN H TV B rh B 7™ I T 20 3R F
€ SUNFEI (CT, control traffic). HIRHMEEA
s e, DAORAIEJC I 28 e B[] PR 14 AR
I A o B BEH N R B ) — AR A AN F
H— AT dH ik o — f bR E N
Ji = (Ve Voo Tolio Dy ) - BE0R] VR 10 2%

S, i ONVE £ 0 E NS, TR £ [k
IR, 1 R £ BSCKEE, D IRE £ K
FOVFHEARIIN GE o 6 S0 240 SRR A7 s 7 B R s 7
B K ORI ZE ) B34 H 2405

BBEE £ AEMES P I T W RS s 5
BR R ATIE A 7, o 1y (€L, s])) B HIEES , hitY
R, MRIEZSH Y G5 kAR
Vi e, vi BIRE U AV B T ROR

t
(Vheovt) o (W0 ) oes (Vivi Do F 229 BRI f,
12— AR TP 56— WOBGR (B % (v, ) L%
RO, BT BE B b0 R RN 4R A
6, = {7 a2 (PSRRI £, LR
Wl £ AERI R T G d, 4 AN ML
o SN RIEISAE FEHISAE . AT A A HERA
I AE . RIEIN AE /5 E B SIRSC K A s AR5 T
1R R KA s BRI A o AL K
—WORCR N IA), R SRR s HEBART
S 19 BRIP4 O HEBA SRS I, 50 4 o
FO s B A R B A LA — BB R R e 5 )
SN A d, K

d, =len(ry)- (6 + 1" +1") =17 41 (1)

2 [eRARE

TSN it B 2 H b & R Tl N B
PR I TR 2 SRR 42 A2 A SE I R R o 6 T 45 7 1)
R, . . PN R R R
I iE 3 BELEY R S R X 4 P A HE AR SE . G SR —
AN U IR T SR () H R ol A8 A8 AL B e g 1 BA
ISR, K S8R FHEBA R ZE . 40 %
EGCHE i v 21 i IS ZE o R I H B R SR VEIT AE D, N
Tokin e TN SR . b, TSN 5 2 1
TMEPEL, 5847 bR A B 2 H B3 %12 B
AL AR 2 P HE BB 4E , 42 il YA o 1 25 B 2
IEAZ ML), DAZRHEBA I 283 3

TSN it 73— Hkilag TSN ZhA RN A 1) H
W, L)AL EhaA R, FREAMSIE K
AR, FEORIE A BEVERERRTHE T, VAR sl
EHATA RS AR . Xk, — R 2 R AT B Hh =
JER RS T2, DLID W28 AR (B, AN 2
FTEAEEHE .



- 56+ woE M

L

7%

DRIE, AR SRR R i FURT DA iR x4
SE [ TSN 451 G, AT RESES U, ¥4
RrR BRI R Fo 2T M2 A T R
HI3R T, AR EERIE F OGRS b
M-SR BESE R, TR B AME far b 58 5L 42 il i
SRR E PEHEBAIN SE , 5 P 42 1l 36 B ) o B
I SE SR AR RE AT 21 AL

3 HSHBEAESEERSMAEZR

TSN A1 {17 HH =R A o) @ L 28 B UE 522 NP 3
Wl L, L R R ) R AR B NP OHME I R, B
D[] Bof 3R At 265 £H 55 1 B 0] R [ A A NP AE ]
KA ILP Bk BAR AT LLSE H il ) e AR, R
BE I B A EE I, SR B R 2 DAY B K,
A LA/ B 22 5 22 i) [A) 15 2R A0 10 i o
Fo M EA M R B VEXT 4 R W24 R
WEFERE K I ] . XEMRE — H MR
AR, Y RE B TR K P AT I R] 2R R R R =
A FL05 R S PE R SR, PR AN & & 4% R AL R B
BT . AT EREGEMEITIERE, A3
V4 8 eh 5 R R BG4k i) R R D i ER R R
AT, I AR AR
3.1 BHAERTRE

A S IFERA AL A 1. '
JeR B Z WE B EREE S, JERR
KRR EHET . FE R R R 2 A o
ks TR AR R A, Wi R R K IR
BRI . %R AR E, RPN
b F 3R IHAE L B . AR5 AR I 5 ph ik 4%
— & WA, XMEHTRHE. SEER, R
EMATH R AR, oA ms
W R AT . S EART, EET 4%
P R ST AL . R B R DA WA H
fl g E, Tz B R R, IR R — R
AT SRR, BB T R A 8
BH 5 1 B SR i

A1 A SIHERA A E

WIN TSNHRING . FFREMREEGF . R
HiRESES U W% HACE R, AR HE 6,

Wi ARAEE F S BEE R AERCE 0

F <« FlowSort(F)

O« DRI

for fin Fdo
7, < Routing(f,,G,U,R,)
for r, € y,do
0, « Scheduling(rl.].,f,.,HO,Ro)
if 6 #Jdo
R«
6, < 6,R, <R
break
end if
end for
if 6=Cdo
TR R
end if
end for

32 HBEEE

AT R BRI, B R AL
20 TG, ik R I TR AT Rk
His RJE, TR AT e, RKIE
BRIk el PP 20 BT s i et AT+

Bik2 sk

BN TSN IhING . FFMERIRE / « R
BEG U. XN HAE R,

W R £ iR g,

7, < FindRouts(f;,G)

v, < Filter(y,)

for r,in y,do

M; «Score(r;,

R,),U)

end for

Vi <« SOI’tM(Fi,Mi)

T-FR A5 % % B AR B FindRouts() 15 56 k) B
LA STVL I D3 AN f, ik 2 28 H 1) 2 o 1) BT
HEEH

i 125 4% EH AR B Filter () 4% B 4iE 20 M B AN 75
FAFEE M . s 1.2 WATR, WE fERAE
W AE B N SUVIRTAE D; 2 B 28 H B9 5, B

d, <D, )

TR TSN FsEIUEER &, (1)

Al LATE 5 A
d; =len(r;)- (tl?d +z“+tpr) - 3)

K UBYRN (D), 153 SE LT PR 1 % e i



54

SRS I Tl BRI 46 b B3l 3 i 5 A PR S AL SE +57-

R Rk, S5 E DA SR A BR AN & I E 29 3
PRI 126 3 FH o
D, +t™

1R BT LR 2RI iR A S, PR
Yt Score() F T-45 B A B tH VR4, Vo R 2 FOE
Ko fEGEET B F BRI 0 S B ER &
SIS B, AT B Al R K R 8 1) 2% 4 ZE )
B, GRS IRIR O . PR EEEAT A s B
VL RE 08 A It 2 O b ) R, R AR SCAE B R B AR 1)
Fenl b, BEAFERE BT, 1R 3 AN
o AL

7 IR AT R 285 A7 I T 14 (1) VP 3 R O

Score, (1) = w-len(r;) + (1- w) - o(B) (5)

Hodr, w ABERE, len(r,) = k R LFERIHE thi#
fer, B S AL R B2 M2 AR
JEE A B 200 X 4% 1) i B i I 8 o FH b7 R
e (v;,vf]) 4, B NI A RERR R AR .
o (B) W& v BT B R 1 bR e 22, T & AN
() 5% B4 o TP 8% A7 38 o0 AT () S o B SRR IE 22 2 T 7
BN AH R B 1 BT R, BT — &R £,
B HARCCKE S F T EA R, RS
B BB b = b7+, /Y},V(v;,v; ) €7y

7 J A K BE RN B A i ] ) 3 4T TE 1O 4y
BRI

len(r) <

Score, () =w-len))+(1-w)- ———~  (6)
’ ! min (B,-8; )
Sorh, B NSRRI GUREE S, B, NARHIE £ F

B 1 2 AT D
% J8 AR A AN 9 45 B 1 11 e K AR BV
BRECA

Score, (r;;) = w-len(r;;) + (1 - w) - max(B) N

3.3 AERE

R RN AR, WL LEL 3.
T 56 X 4% R I R R% T B B N A R E S
NHEIME Lo BBE T, 52 WX 2% BT It B R0 A
£45, W L=LCM(T,) . VLML L—ANE
DN EE AT, DAY R T AR A — A
L i Tim &

AR I T T e /MU AE Dy R SR A
WHFR. s AR NI TE RN, A
AR FURI TR THEE, BRI A R P R B H
R AR e S BT A TR R, R A AT A
AL AR SRR, AR E A S B A AN,
T2 AT REMA 48 2 I TG« X AR R —sk
AR S RIS BRI AT BEPE RGN, e/ 14%
RS IHE W R DRy 58 /R ok thAg 2D, AT LA
P FEIR B o VLB PR 1 PR 40 0 D9 A A S i
EARME 1RSI E], DA T R At
A S T 2 T R

T RENRRE f, | BT IRARER,
SR th 2 1 A B b e R AR S AN ] s
SRIG, N IX MBI a] AT P BT AR, A A2
FRAF KM, WIFTLER LR EA P RAK,
W (8) ()T o 4 BTG I [A] K EEA N T
T f; ARSI ), DA SR 1a) By (R S i
Si Wi A% SE IR, FE0T A TR BT IR B
AR £ MR, WSS R e

k3 EHE

BN RV £ . HT OB g |
JEAG BN LR B B G B Ry A LR 0,

W FRREERE £ IHEL R 6,

O, « FindTimeSlot(r;,6,, R,)

O, « Cut(0,)

if @ #Jdo

6, < min(®,)
else do
6«

end if

TEERLIR: EHlRERIAZ LG, A%
TR EAEAT RO, @) .

1 T = " 2 Va e 2,0,k (8)

TR AR, TR A A
HHRWUR S VEAE ) 2R EHET R, AR
R LRERERS v, ,v, ) b RO 26 SRR O A
Fiofyr DGBTRMIHRIGEZIE N 0 A, HR%HZ
RS R R R ERTL T, A
H RS, B g AP RFIE K AL, 2
PRSI R A I LRI, A
17 % BRI B AR gE, AR O)FTR.



- 58« woE M

L

7%

6! <[ (- )mod g [< g - 1",
V. foe FA(v0 ) er,, 9)
() €, o) = (55

Cut( ) BEHP BT PR AT . X T AN Tl

FIIRRLE, £ NN SRR Z IR, FARIE
igeRR o mise . — NN, FRFEEERLE £, B

i%%ﬁ%ﬁ%M=§oﬁ%%?ﬁ%ﬁﬁm%¢

L IR SRR RR AT A — Y, 1N R A
() N, AT ST 2 g B () US4, i PR ==
;ARSI 88 AAHTR] R % B (A1 3E4 T A% % o
SRJGIETINE £ AEM LS TR 0t i T A BE RS 3T 26 —
WEIHL, Wi E £ it M A SRR, [F—
M SEAG E A QI b 1002 At ()39 2 2XU(8) LR 2% A

CLEE 2 #a4h e s f oA, 7628 A
ARG T HERS[EST, SW1]. [SWI, SW2]HRI[SW2,
ES4]. B eI REAAEERE, XTE A 1R
W )BT A g i) 18] Fr 34T A%, A% & P 78 0%
JE BRI RS AA T 6], SR JE XS 5 1) BT Sk i ()
WA, REIE A (B L 8] . [Fl—
HERG bR I () BB AR I 3 P AR
e, 1920 4& 50 P8 A0 b R BERK I ke N [R) Fr o BTk
Ja BEASARE BA ) B B o) DR — 8, XM
TSR — AN S PN )R B i A0 TR A%, U A
R ] U P R R R R L R R A o B S N AR
JE AN B £ 2 1) B B % (4 3k B TR) A H

MR RIEF W A N — R TR

RSB T RIS R A RS . AR ARBER I ffik
RN IR P BT R AR AR 4 BT, BRAb B R R4
iR A ARFRE, RAR T AT R
it PR BT AR AR, B AF B £, (I TTR I 1)
5 ST 6] ) 5 /NI ) 40 g — A S 3% S 39 P g ot
(i SR ]
34 HESEZRESH

R % P S MR m &, BHi0RRE RE &
n o FIREESZII, SRR T IS G R I ]
AN O0), BRI s B8 I THEF
IFIRIE AN O), PREREI BB TR A
I IR F SREO AR, T4 U FEE BT R 8 PR e g ) 1
HE S E A RS %, BRI R B
IR 2R O(m). I, ASCHRH SIS RS
SREER ARG S A 2B O + (s +m)

4 SLIRLER

NeSTiNg 724 T-IiATH OMNeT+H/INET & #
FAFRAUAESE, LI TH T8 TSN 7 51 & DL AH
5 (1 SEIRBEAIE (1 07 AHEZEPY . AT OMNeT++
FFIR A FAESE NeSTiNg, #48—AMiEM TSN
P&, REIEHAT YR VEAS .

4.1 BHRE

HiIEWIE1T 5N Python3.7, #1ERSG N
Windows11, THEALALFEESA Intel i7 8750H 6 #%,
4N 2.20 GHz, PIAF 8 GB.

WFEE 3 Fos BRI, B2

%N T 26 L HA
SIS A3 ‘ 3% FE 1
B3 [ b g i a3 B R
F;ﬁ‘uﬂﬁﬁﬁﬂfrl‘rﬂ
: b i G 5 e B i) | :
o : ,| P o : | o | |
ES1-SW1 : ; EST-SW1 : EST1-SW1
swi-sw2 L& L i-sw2 — SW1-SW2
SW2-ES4 S | SW2-ES4 ;\1 — SW2-ES4 [—
b3 1 Ay e L ]

P4 ARSI BRI ) B R



5 4 34 SRS I Tl BRI 46 b B3l 3 i 5 A PR S AL SE

©50 .

53 G, 8 NI A 11 5 X TP EERK .
R ML IR S5 Be JIAE TR, A 9E4508 1 Gbit/s.
SEHAVAE PRI SE VLB 5 s, W LY BLEERR AL 40
I IE BN 0.1 pse

W 2 R R B BE L AR A, IR T AN {1 ms,
2 ms, 4 ms}, MiK/NEEN[64 byte, 1 512 byte],
KAVFITHEN 0.2 ms.
4.2 BEZERSH

5, X USR] % b O Ak 48 bR e SR RE
. R 2 Wi b, BEVLAE R 300, 600,
900. 1200 sk¥ieE, LAZE 3.2 FRT4& M 3 FiA [
6 R A T Ak DA % i B I A B v oxt LR AT R
% H 00 Ak F A o6 R 1 i I RS e LR an i 5 BT
N, ATLEH, MEHEBAR, (T 5% H
FREREAE — IR SE R AR I . B R AL
TN, AR A TR B 2 (R ROk S
FROTAT B AR S8 O B o 23t B I 2R O n 21 42 0
BEPE A 1 Gbit/s I, DL 45 85 K 85 A0 % 2 6l
R TR bR A T 2R T R R A
B, TR 2 A7 AR S8 4T A A R I LR B D 1 3 1
FEREL, IF BURFE D 2 T sy o ) LI 2% 47 4803
7 e b 3 O 2R A 7 RS B E B AR R R T 4% I A
B AR E 22, ST R Ik B X 2% T R 44RO AT 3 AT
TG T AN T T A R A7 A S X 4 U
s, ELVE A RO R SR AR 3 i 1 5 B th
e, BTN

SRJE, PR T AN R B SR A MR RE 2
Wi o AV NBNAS R BE SR, SR AT I ) 28 ¢ H 2,
B EIEPATI AN EZE I RE bR . 198 DLIE 2
N ARFN, BENLAZ R 100 20, 30 F1 40 i &,
396 ECHAR INIAE £ R I A P B R g . g
T ILP [R5l It Bt 1 U B AR P e A oe L s
AT LA A 6 B . MR ERE, A
WA — kiR I 2 — SR BB R I L, P
SRLIAT B TA) R 328 /N - X6 Ll BV

BRI AV R BER AT, 0T n 25 ARF IR BE
WERUL, ERINBONTRIE SO, B EEm
I [ AR FERT R O(n) o TN T-5: T ILP [¥3))
ARSI B ok UL, R R EE N2
T i, 2 Tk I ()52 4 FE A A s RO BVE
PR HOT S B R A4 R iR, Fik, 7EAH
[ R R P 28 3R 8 v, 36T TLP (I 3h 25 48 1 i
JE S ) B 2 FE A AR AR T B S

12 B
=

P 6 11 4R 24y i RERS TR A1 T8
ST N - BN Yk AT

P34 BE B
[e)}

4+
2 L
RN
300 600 900
iR
(a) X REREL
3 [ 4% 7 40 4 1 SR AR A 5
[ N T ONE A B Sl gk AP
|00% I 7R3
gi..ﬂ
g;
80% | g
%
%
5 60% | g
=) %
?TE 40% | g
20%|
oL |
600 900 1200
MR
(b) HEMRIIR
B 5 2% B PR A bk R 2 e %) s Bl A
0.025 r [ EFILPRZh A R A B =
B &b S5 RERE e EE
0.020 | — =]
=
Eo.ms !
%
s 0.010 |
0.005 |
0 == | |
10+1 20+1 30+1 20+
W
(a) HH—&KRE
O 3 TILPRIShZS T = 28 8 =]
0.30 || =2 &R bS5 HERA ML
025}
=
& 020¢
hAd
= 015}
Pt
W 010}
0.05 |
oL e I |
10 20 30 40
W

(b) —ZhEHe
B6 SIEHATI b



- 60 - woE M

7%

L

N T AT AT SR I BE, AN E R A
AT S RE R e Lh i an P 7 R 7RI 2
WNE, B 7@kER T ARMRERE T, FiE
UM FEI ) [ e/ ME S P IE AR KA . B
AME AL B e BT R], (AR T 0 A
TREFAAR , SPIEREE TR 3G I3 0, (2247
BHEILF] 1200 44006}, TR AR T 0.01 s.
S KR U 5t S5 VR BEE D o, R ) o o % 47
FIITE N, M 0.01 s 9% 0.05 s

0.05H—a— AT ]
—=— /NPT IS )
—o— R HAT T i)

0.04f

o

=

s
T

PATHF (s flow ™)

300 500 800 1000 1200

i ia o
(a) WEHIEL

0.08 | —— 3004 ikt
- 6004 i &
0.07 | —— 9004 i it
—— 1 2004 i it

0.06

B} M) (s- flow™")
s o o
(=] o o
w S W

D
=
!

T

M

0.01
O_- L I I I I I 1 I
4 6 8 10 12 14 16 I8
ZEHALZ 1] PR I et
(b) ML
7 AR AN S AR S0 1 B ) e b

Bl 7(b) 7 T 284 i H 0 B B B o A 2T
B A P N A AR50 . 2% 4R MRS ER AEAIE
BENLAEREA 3. 6. 9. 12 18 23T Hb L4 (4R
s, FTCUEH, BEEPRINEERE S 3G N, BER
A7 I )t B8 2 389 0« A 300 2631 900 253 & (TS 1
PATHT[E] A 0.002 s HI0E] 0.021 s, IEKEH LLEL
-2 o JELDR A 2% ) 900 S5 B 1 AR HE B I 1Y)
BWhe ), REHOREALSE — kAt RE R FE LDl o 1
MR ZRBUAE] 1200 %, PATES M 0.007 8 s 1
InE) 0.082 s, WFIHGMERIE . FEAME, s
HEPERE SRR EREE ), IREZ R ZEiE )

B 2 (MG B Bl A RE DR E o RIS 52 2% )4 41 e
ORAGE T8 1 Hh ARG 0, A 52 e R PR B R 1 R
i, I TR A .

BMTE 2, AT BLE B A R 2% 1 AR A AR
K, W E AW, FrifEAUIIR R
DU LTS ROVERE, T 3240 2 U B 10 1 JEE I [ 4 2%
RFFAEZAD I, AT LUAR B 33 B 9 2% Bl 25 42 AL 1Y)
N2 Y3 5%

43 HERGISH

fJr FETH TSN PG BT — S BRI = 61
Irfre PUERAATNIN R 2 o, 19268 Hh 42 il 3 2 R A
BN 10 ko W ERS RS AT IR, JF
Fic B K) GCLo 2R fE S Ali_EREALB G — 2% 4%
HR R, RS AP Z I SE 7 A &) 8 T

107 o o o
o o
e o o
o o
» 107
=
=
I
=
?;E 104 L
8.8.8.].!.8.3.8.!.8.!.3.8.8.8.
e o 0 0 0 o
© © 0060 060 060606 00 0 0 o
H ° °
0 0.005 0.010 0.015 0.020 0.025 0.030
i i) 4l /s
(a) JRPETI
° ° ° ° ° ° ° °
ixjosL®® ® e e e e 0 00 00 00
© 06 060 00 00 00 00 0 0 0
000000000000000000000000000000
e © 0 06 00 0 0 0 00 0 0 o
@ 3x107°F
= e o 0606 0 0 0 0 0
= e o6 6 0606 0 00 00 0 0 0 0 0
&=
E=
2x10°F
x g ° ' ° ‘ ° ' e g ‘ ° g$ °18
° ° ° ° ° ° ° °
0 0.005 0.010 0.015 0.020 0.025 0.030
i i) 4l /s
(b) HEE

B8 HBERT G [ W0 2% I SE ) Afi

M8 T LAE A BEHTHT A i i
A8 43It 1 i ) i N E S0 . i IR B S A U
&=, WIEHRE, ML R K. R
T W 2% 32 B B 1) H R BT an 18] 9 . BT 9(a)
AL SRR A, R RTAER IR



5 4 34 SRS I Tl BRI 46 b B3l 3 i 5 A PR S AL SE -6l -

SITCETBR, DRI R R REAE RE B At e AR S T
Fiv fio G FERBRIEAT 5. BT S HALR 12
AT AR, HITER R A SERRAEHIZ
AT, oAt & B5A 1% 0 1 5 R AEAE B 51 A HEBA 2%
ff, FEUX LR TCIEE R 2 BC AR S ) gk AT
e, 15 B0 EE R R I ORI . 75
by, FIHFTIREERE A AT RE S, 5
P SW2-SW1 EAric 174 HINBE, FFHE T ixiE
(I BIAIT B], PR 5 i b ) AR == 1o
SRR, ROk 9 T I ARG I KR EE .

S
B SER
SW3-SW2 |§f5 ||§ A N A -
SW3-SW1 i i .
SW2-SW3
SW2SWI__ [ e .
SWISW2 [T .~
T s
(a) P47
Ve
SW3-SW2 [z 1 % | 7% ] -
SW3-SW1 7z 1 |
SW2-SW3 [ 7 ]
SWI1-SW2 7 7 :
: tlys
() WEE

B9 R R 4 4% S ZERE B 1 H AR IR

5 Z5FRiB

ASCERHAUR B AR 5, R Y TSN 3]
S SRR G AR . B R AL I AN
BEE T, R AL REAR, SRR R A
BEATPIORETE, PROE A a SR AR . S
&5 AR W i 4l S50 AE R B2 B D A AN SR PR AT S T
I EERTET ILP FshA K S5 E A AL
Bik. BEAEMAEIBE K, MR g, B
RFERRILM A IVERE, BERTEK T2t
LI (B AR A4 ORFFAEZE DG, 7T DAAR G 3 3 I 25 25y
SHCE MR K

bR AN I g SE i, AR
FARARSERT . AR TR % e R ik th 5

RN, REFH R PR ERILAE (ATS, asyn-
chronous traffic shaper) ALl fiF & TSN H={E i B sZ
Iy 2 PR o e o ) R

B3 -

[1] &5, PR, 2R, I UM 2 bR S LSRR ] tHH
HLEAR, 2021, 44(7): 1378-1397.

CAI'Y P, YAO Z C, LI T C. A survey on time-sensitive networking:
standards and state-of-the-art[J]. Chinese Journal of Computers, 2021,
44(7): 1378-1397.

[2] FINN N. Introduction to time-sensitive networking[J]. IEEE Commu-
nications Standards Magazine, 2018, 2(2): 22-28.

[3] LOBELLO L, STEINER W. A perspective on IEEE time-sensitive
networking for industrial communication and automation systems[J].
Proceedings of the IEEE, 2019, 107(6): 1094-1120.

[4] ZHAO L, HE F, LI E S, et al. Comparison of time sensitive network-
ing (TSN) and TTEthernet[C]//Proceedings of 2018 IEEE/AIAA 37th
Digital Avionics Systems Conference (DASC). Piscataway: IEEE
Press, 2018: 1-7.

[5] STEINER W. Synthesis of static communication schedules for
mixed-criticality systems[C]//Proceedings of 2011 14th IEEE Interna-
tional Symposium on Object/Component/Service-Oriented Real-Time
Distributed Computing Workshops. Piscataway: IEEE Press, 2011:
11-18.

[6] DURR F, NAYAK N G. No-wait packet scheduling for IEEE
time-sensitive networks (TSN)[C]//Proceedings of RTNS '16: Pro-
ceedings of the 24th International Conference on Real-Time Networks
and Systems. [S.1.:s.n.], 2016: 203-212.

[7] LI Q, LI D, JIN X, et al. A simple and efficient time-sensitive net-
working traffic scheduling method for industrial scenarios[J]. Elec-
tronics, 2020, 9(12): 2131.

[8] BKMY, iR, DAk, 4. I EUR N 4 E SRR 1], THE
PS5 K JE, 2022, 59(4): 747-764.

ZHANG T, FENG J Q, MA Y Y, et al. Survey on traffic scheduling in
time-sensitive networking[J]. Journal of Computer Research and De-
velopment, 2022, 59(4): 747-764.

[9] SCHWEISSGUTH E, DANIELIS P, TIMMERMANN D, et al.

ILP-based joint routing and scheduling for time-triggered net-

works[C]//Proceedings of RTNS '17: Proceedings of the 25th Interna-

tional Conference on Real-Time Networks and Systems. [S.l.:s.n.],

2017: 8-17.

FALK J, DURR F, ROTHERMEL K. Exploring practical limitations

of joint routing and scheduling for TSN with ILP[C]//Proceedings of

2018 IEEE 24th International Conference on Embedded and Re-

al-Time Computing Systems and Applications. Piscataway: IEEE

Press, 2018: 136-146.

[11] SCHWEISSGUTH E, TIMMERMANN D, PARZYJEGLA H, et al.
ILP-based routing and scheduling of multicast realtime traffic in
time-sensitive networks[C]//Proceedings of 2020 IEEE 26th Interna-

[10

tional Conference on Embedded and Real-Time Computing Systems
and Applications. Piscataway: IEEE Press, 2020: 1-11.

[12] HELLMANNS D, HAUG L, HILDEBRAND M, et al. How to optimize
joint routing and scheduling models for TSN using integer linear pro-
gramming[C]//Proceedings of RTNS'2021: 29th International Confer-



<62 ok Mo iR ENE
ence on Real-Time Networks and Systems. [S.1.:s.n.], 2021: 100-111. VM migration in multicast time-sensitive networks[J]. IEEE Transac-

[13] PAHLEVAN M, OBERMAISSER R. Genetic algorithm for scheduling tions on Industrial Informatics, 2020, 16(6): 3778-3788.
time-triggered traffic in time-sensitive networks[C]//Proceedings of [27] LI C, ZHANG C Y, ZHENG W, et al. Joint routing and scheduling
2018 IEEE 23rd International Conference on Emerging Technologies for dynamic applications in multicast time-sensitive networks[C]//
and Factory Automation. Piscataway: IEEE Press, 2018: 337-344. Proceedings of 2021 IEEE International Conference on Communica-

[14] ALNAIJIM A, SALEHI S, SHEN C C. Incremental path-selection and tions Workshops. Piscataway: IEEE Press, 2021: 1-6.
scheduling for time-sensitive networks[C]//Proceedings of 2019 IEEE [28] IEEE standard for local and metropolitan area networks -timing and
Global Communications Conference. Piscataway: IEEE Press, 2019: synchronization for time-sensitive applications in bridged local area
1-6. networks[J]. IEEE Std 802 1AS-2011, 2011: 1-292.

[15] SONG Y, GUO C Y, XU P F, et al. Research on routing and scheduling [29] IEEE standard for local and metropolitan area networks — bridges and
algorithms for the simultaneous transmission of diverse data streaming bridged networks - amendment 25: enhancements for scheduled traf-
services on the industrial Internet[J]. Scientific Reports, 2021 (11): 18351. fic[J]. IEEE Std. 802.1Qbv-2015, 2015.

[16] ATALLAH A A, HAMAD G B, MOHAMED O A. Routing and [30] HELLMANNS D, GLAVACKIJ A, FALK J, et al. Scaling TSN sched-
scheduling of time-triggered traffic in time-sensitive networks[J]. uling for factory automation networks[C]//Proceedings of 2020 16th
IEEE Transactions on Industrial Informatics, 2020, 16(7): 4525-4534. IEEE International Conference on Factory Communication Systems.

[17] LI H T, CHENG H, YANG L. Reliable routing and scheduling in Piscataway: IEEE Press, 2020: 1-8.
time-sensitive networks[C]//Proceedings of 2021 17th International [31] FALK J, HELLMANNS D, CARABELLI B, et al. NeSTiNg: simulat-
Conference on Mobility, Sensing and Networking (MSN). Piscataway: ing IEEE time-sensitive networking (TSN) in OMNeT++[C]//Proceed-
IEEE Press, 2021: 806-811. ings of 2019 International Conference on Networked Systems (Net-

[18] NASRALLAH A, THYAGATURU A S, ALHARBI Z, et al. Perfor- Sys). Piscataway: IEEE Press, 2019: 1-8.
mance comparison of IEEE 802.1 TSN time aware shaper (TAS) and [32] NAYAK N G, DURR F, ROTHERMEL K. Incremental flow schedul-
asynchronous traffic shaper (ATS)[J]. IEEE Access, 2019(7): ing and routing in time-sensitive software-defined networks[J]. IEEE
44165-44181. Transactions on Industrial Informatics, 2018, 14(5): 2066-2075.

[19] REUSCH N, ZHAO L X, CRACIUNAS S S, et al. Window-based
schedule synthesis for industrial IEEE 802.1Qbv TSN net- N
works[C]//Proceedings of 2020 16th IEEE International Conference on “IE% & 7T]

Factory Communication Systems. Piscataway: IEEE Press, 2020: 1-4. BB (1999- O, 5, FER{HEH KA,

(20] RN, ueds, Apis, % —Fhi R BUR NG GCL F SR % “E BRI FUTT 1 NI 1) SRR I 46 1 1 45
BLIA). LB R 3 544R, 2022, 45(1): 26-32. FEA.

ZHOU X M, QIU Z X, ZHU ] Y, et al. GCL adaptive adjustment
algorithm in time sensitive networks[J]. Journal of Beijing University
of Posts and Telecommunications, 2022, 45(1): 26-32.

[21] SEH, K, e, 5. W EURM LSS FEF ILP MEhER

BRI M SR, 2021, 38(6): 33-37.

FENG Z K, GONG L Q, XU D N, et al. ILP-based dynamic flow

balancing scheduling algorithm in time sensitive network[J]. Microe- FRIBH (1984— ) , B, f#+, FEGW
lectronics & Computer, 2021, 38(6): 33-37. K2R, dEENSESE RS R, X

[22] HUANG Y D, WANG S, HUANG T, et al. Online routing and sched- EEP{ ﬁﬁ rﬂ y\j%: ﬁﬁ%ﬁ% N jﬂ_%ﬂ,ﬁ ﬂ] }\
uling for time-sensitive networks[C]//Proceedings of 2021 IEEE 41st T R4,
International Conference on Distributed Computing Systems. Pisca-
taway: IEEE Press, 2021: 272-281.

[23] HUANG K, WU J K, JIANG X W, et al. A period-aware routing method
for IEEE 802.1Qbv TSN networks[J]. Electronics, 2020, 10(1): 58.

[24] LI Y T, JIANG J H, HONG S H. Joint traffic routing and scheduling
algorithm eliminating the nondeterministic interruption for TSN net-
works used in IIoT[J]. IEEE Internet of Things Journal, 2022, 9(19): SKER (1983- ), o, Mt BRUIBHAY
18663-186830. PRI, 2 ERIT T 7 18] S E A5 A 2%

[25] SYED A A, AYAZ S, LEINMULLER T, et al. Fault-tolerant dynamic 121%1+§°

[26]

scheduling and TSN based in-vehicle net-
works[C]//Proceedings of 2021 IEEE Vehicular Networking Confer-
ence. Piscataway: IEEE Press, 2021: 72-75.

YU Q H, WAN H, ZHAO X B, et al. Online scheduling for dynamic

routing  for




	05-22112-h3

