57 B 4 7/ S S O Vol.7 No.4
20234 12 A Chinese Journal on Internet of Things December 2023

— MR F T R AARET B UM 4% BYIR & 07 & 1A B AL

A, sk, RERT FRI
(1. AbETmp e R 22 S E B I seie =, kel 100876; 2. ALRTHEHLK2EMSE SR E R & m it s, bt 100876)

O EPXHRE PRI 1B A% TR A2 (5] 25 1) RO [R] SRS 2% (TSN, time-sensitive networking) 5, #&H—Fh
I [8] & EN %2 % (TAS, time-aware shaper) 25448 52 i JA B HEBAFI % ) (CSQF, cycle specified queuing and forwarding)
BRGNS &5, BFFUAL T AN IR (R 380 P FR /N A 4049 At () S 300 F8) BT B LR 0 SR IR 28 FRIR, 4
ERBE AR, $EH—FET CSQF MLk BIEA B A B R, SRR K B B R MR A . 52
SRR, MR TIE TR, iy ZRIBEIRT T R GRA 2 IR S22, SR8 7 M5 T #) TSN
ERR R .

KUEIR): WA IR AN BT (RN R R AR K IR

HhESES: TP393

kRS A

doi: 10.11959/j.issn.2096—3750.2023.00367

A hybrid traffic scheduling mechanism applied to
large scale time-sensitive networking

LI Yanjuel , HAN Wenxuan', ZHU Hailongz, YIN Changchuanl

1. Beijing Laboratory of Advanced Information Networks, Beijing University of Posts and Telecommunications, Beijing 100876, China

2. State Key Laboratory of Networking and Switching Technology, Beijing University of Posts and Telecommunications, Beijing 100876, China

Abstract: Aiming at large-scale time-sensitive networking (TSN) scenarios that can only ensure frequency synchroniza-
tion between devices, a hybrid traffic scheduling mechanism was proposed based on time-aware shaper (TAS) combined
with cycle specified queuing and forwarding (CSQF). Firstly, a scheme was investigated for achieving periodic cyclic
mapping alignment between two adjacent nodes located in different time domains. Secondly, combining segment routing
technology, a heuristic algorithm based on CSQF mechanism for joint routing and scheduling was proposed to complete
resource allocation for large bandwidth traffic. The experimental results show that the proposed scheme significantly im-
proves the system resource utilization and scheduling success rate compared to existing research results, achieving effi-
cient TSN traffic scheduling in wide area network scenarios.
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/N B BRIG AR RS, R UE 5 SCHR[14] 9 BT iR AH
[, fEHHAT RGRMIABEAT, B S EE e 4% /N R
FERFRI AL T, , FFIR AT BEFRAIK ST A 98 7 FH 28,
KA HE SR BT 2 a2 1R, A4
X AT B o AHE T SCRR[14]9 SR A CQF #L
AT RS, fEMRLR R, R/ NBRZI R & ST
ML SCHR[ 14194 BT i 76 4 48 ), CSQF ML
Wi |4 FNRA W, Rk, AR SCH e /N R N B %
ST Vi KAE EJH A R .

BB FRI SR FES P HERAEE W2
T, RHEEEE L WRTRTH S, JF 2 x=1,
T =L(x)o

B2 KA T, FBUE L B2 0)~
RN BRI, il NPT 3, B4
x=x+1, T, =L(x), BEEDE2,

]I R HS, Wg—% ST MitHE

TT
k:[?“y FHLTT =k xT, .

FR4 AEI & ZHOE R S 2 X G) ~
EVOICIRE L S S Dn = Y RS
x=x+1, T =L(x), RFEZE2,

FER 7€ M 25 /N FEIRT R T, K SRR SRR
R, BRS04 S S L) o 0] 5547
TE AR 22 I BT R R 6 557 5

HT ST WK TAS HLHIEAT I EE, Hapse
HEN R3S ML AR R TAS H T BAB I, AR ZEAR
e AH B A LIA] (0 S ST TR B) 22, RS R — Bk
FEHIFR AT RIS T AT . TS -2k CSQF ML)
SR Jit, HAHARZHALIEAFERS R 2N, T4
I BTN RQ AN, /5 EARSEHE A IA 2T — Bk
FRIINT BEURf T2 HEN B G247 BAF1, CSQF AL 1634
X FE s = B 7 ps .

Tesor

[ I |
Cyclel Cycle2 Cycle3 Cycled Cycle5
I s )=4
| L |

1
1 Cyclel ! Cycle2 Cycle3 | Cycled  Cycles
1 |

l.| 1

I AA-B tdcm
&7 CSQF ML HIEIR N Fn =

A B RIRPIAML T A [F] IS [] 35 A () AH €0 52 $t
ML, BL CSQF ML 1 Ty A, AT, IR SQ.
RQ F1 TQ =& [ E A . L A ZZHANLIH Cyclel Hf
BEUES A S RN SR I B A, B AL B AZHAL
WAAE A, KNI, g(0) = 2 FoRAE A Zche
B¢ I 2 AGE R BHR L, FAE B SCHNLEIER 2 NI
B e, Wl 7 FostEil, Wée,)=4.
A SEHHIT IR R IE 2 B A A 78 MO 48 D3
IFSE /7 delay HHECHE EO7E b —BESSHAL ) A& I SE
/7 delay _trans DL A § ¥ A% 3 I A€ /7 delay _prop
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L

7%

Mk, RarN
f delay = 7 delay _trans+ f}*.delay _prop

R
R _
f; delay _trans = U’

fX.delay prop = ij link _length, ,
i _

(25)

BRI A SZZHN T UG FIE IS AN 1,0 -

B A2 e LB R 4 A K A B I TN £ e+ U
tB,receive j'\j

ty + tdelay - AA_B (26)
BB AT QT ES 1 e TLT B ZHR

PLIIES z NI BE N

| T
7= B.receive mOd CSQF (27)
T, T,

ZE L, PSR AR AR A X 55 i 26 58 # L )
(¥ JE IS ot 55 2 (1) W= (28) T
Pl g gena) =
L . £ link_length,

[y T -A
A.send U B AB mod TCSQF
T, T,

u

receive tA,send

(28)
92 b B 0 BA BB A T, B8 5
% BB R A 1,

T.
] (8, o |

u

TCSQF
(¢(admd)+(d-%n7;ynod(—;:—j} (29)

3.2 HARAIREVEER SR RAMXIEE

FFE 3.0 R HE T, « ST JiebrRAE I A
AHARAS HATLIE] P AR 06 55 5 58, AT HE— 251 5%
XoF o 8 WX 288 R 43 i B 1Y) SR IR BV
321 i FE

TEZG TE S PN ETHE T, X T — 2515 B SR
T AN ATAR ORE Y R SO AR BT TR
B &S Route” , & N f IEFEROER HITT %, Bl
r € Route o 2 i [t £ 59240 Dijkstra 5005
Floyd 5%, WO GBI HRFEKAE, M FFK

56 )N 38 e #45h, ABZITIRARZS 5 TE BOM 306
B, SEUBA MBI 2 IR T, T
RO EHE B T IR 2

52 SCHR[24] 4 th B0 55 4 14 7E e B i R AR
MR, ASCHR  —FhER & 25 B AR TN A& . A& %k
BN R AR RS T B PR R T R

B, ESRI TR E R R
e, MPHZEZ Ky

Tp

I
ebr(e) =Y Ib
1=1

J=1

| D Map(fX,e,t)x L}
1—min ! / : +¢

UxT,

(30)
b, Map(f,e,0) BEUEDY 0 B 1, ZHHUMEAN 1
I, FoR AR « DB, 2SS e HIBER
FARREEE, UxT, A BN SRR &

N3RS
S
D Map(f|.e.t)x LS
bu, =L~ (€29)

UXT,

Forbr, bu, 8375 2 AT O LI 2 5k B BR 7 B 1)
R, e MR I a8 TRk
2 R IEREY,  ebr(e) (E NS . fETHIEBERR
FRIRH ZE IS, 8 I X8ty 58 A BOR H, W RABOR
1 B A7 A U BIDR AR DU I T B R 1
SN, AT PR 2 % s R O, TR T2 e

P I
% HH 5 ZE BB AR FH ZE 2R
Z ebr(e;)
br(rty=—2 (32)

- /7 hop_nums

Hrh, % hop _nums FIRIAL £ Pk kAL, il
LSRN 7 o B B B 28 R L £ hop _nums 3R
SEy,  m] DARRAR K B % PH ZE R 2 N S i s, et
G AL S0 18 P A K o
3.2.2 A TG K F A6 SRIANK] ik

T CQF R BEEATIE Y Mili#%, CSQF i&w]
I SID bR IZBRIEFE KRR B, b, ASCHA
B PEIAT IR, B SR E, KEEA
JRI3ER, FTEGINE R AREIEHATRE. L% B8R
REE, B KEER kTR, SRR
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i ORI ) BB 1) 46 P Y 45 R A AT L) -8l -

POV AR AR AL AR R SR AR SE AR
BATHENAE R, SR T —DNERME. ELEMRS
REE LT, OGHE o B AL 22 R # SR 77 1
SR REAR BT 52 A BE AL R AR H 32 TH RUR 2 PR .
SCHR 27148 78 E R E ORI fE v, 7R e
NSRRI R, 5N 2 A5 R AU R
H(DSK, domain-specific knowledge) Bl 5 46 %113,
A DAY 2D AN 06 T ) 45 2% A I 3R A5 400 B A 1Y) 45
B, KigERF MR, Bk, BAE 3.0 A
Bt i £ 7 58, AT HE H — Fh R T U8R K
5L SA-CSQF B 5%, SA-CSQF i 5%
WEE 1,

B3k 1 SA-CSQF i 5y

BN ST: F'={f"},i=12,-,n

SR F* ={ff},j=12m

T . T. . BuSize. U . CSQF BA\FI¥ N

u sup queue
WIBJGREE T, %IRRT, BK
Ay mKRPEFIKEL max_cycle
Mt SR iR

off, = {ij src_offset, {ij.hop_oﬁ’seth}},(j =12,--,m)

WIS : F,

WEERMRES: F,

WX 2% 8 P il D)% : - SuccessRate

i A % . BandRate

Mt A RSBENVIGGAE F, -
HFIAREEH NN, - Ny

while T < T

now final

Fi» RELEEE

do
now_cycle =0
while now_cycle <max_cycle do
move_num=min(| mx |, N, x2,N,,,)
/AT ERBRMEE, move num ANEEKT
E, RN,
if rand()>0 do
RW=Rand
else do
RW=DSK //45& 5650 iR BT

/] BEALTE IR 53

73
if rand()>oJ do

SW=Rand,
remove(sortflow( F,

/I FENLFS

rand), Rand)

uc

oft_now=FFS(sortflow( F,,, ,Rand)) //
R LR
else do
SW =DSK
remove (sortflow( F,
+ (1-6)Rand) / EBHBENLE R
off now = FFS (sortflow ( F, ,
A e > 0)) /1 TR AL SR THE
if Ay e >0 do// FEHTHFISER

off=off now
‘Aaimjunc ‘

1 T,
else if e v

ov, ), 8 dsk

uc 2

>rand() do
off=off now
else
resource_reset(off)
now_cycle ++
Toow =T 7

%1 B0 AR I R R i 1 B
PRI o5 FH 2% BEUR, T 1 B SR AT BRI A
FE, BRI AT &

N TG e e RE AL R S BN KB EE M
RH5, SA-CSQF i FE S48 & 58 REHL AT 7> B8
BUAR /NSRS ], INERSK AR o 73 A1 — a0 Je o BRI
2, EPEETHIR I ey O 5 4 FEAL 2 i (RW=Rand)
BB IR AR A BiC (RW=DSK) . 24 RW=DSK K,
T BE I g e R AR T ZE 232 L I B B R FH kAT
P BRI R BEATRENL BT 0T, 37 SR
ol

DAL= 6 b S mER, R R ThiR A
U B R BG4 56 4= BEHL (SW=Rand) B &5
e g MR B > BE AL (SW=DSK) . X
SW=Rand K}, BEHLIEF £, H #) move num %
WL, FET BE W R GE L, IRz A By,
Ko, ZEEBALNFHEE F, T#;: 3
SW=DSK i, F, 118 B R 56 2% AL ov, 47
THREHER . ov, tF AR GB3) s, W2
Oxmove_num 2% it , B ML B H (1-0)x
move _num 2 i, % ov, BEF I F, TR .
SINDNEBIBENL, 00 T B 1R 58 2 4% ov, BUHE
IRt SR BT RR . ST R
HETE, SIS BENL AT A B R SR 4 A
T AR -
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L

7%

ov, =xx(1-T" /Ty

max)+x2><(1—Dj.{/DR )+
x3><L§./L§m

(33)
X +x, +x, =1,
F=1,2,,m
Ja, R AR, R, A
R R ABEIEXS TSN BT REAT KRR B bRk
o, RZRBmANUTTIHERINEE , BIWCiERk28-29],
ASC B AR BRI 251 B D 2% K 2 4 v
W, nXGHYTR. WRIESLILER, A iFhsk
DA =P R B2 D % 5 R gealr R R 14, A
PTG AT s AR ELAE R AT U
aim _func =
« (34)
o, x SuccessRate + o, x BandRate
FERE R BEUR 5 L 77 =S A BT J5 %
F EEAT SR R RMGREE (FFS, fail flow
schedule) ST EOFMEE, FFS HEERNE WAL 2.
Bk 2 FFS EHIE
BN move num. F,_ .
it OFF N Foo~r Fa
for /% in F, do
satisfy = 0 // e33R 15 U B BCDD 1
FRENL, HIEEA 0
Route’ = calculate _all _path(f")
1] AR P 28 $h 45 B A BT A AT REI
TCIR B T RIS
SrcDelay'! = calculate _src_delay( /")

SreDelay'; //ARYEHS 2.2 YR A
T 210, i PR B IR S
s2HEE
if RW=rand do

SortRoute( Route’ ,Rand) // BEALHE

"« T, RW. SW

7% T 5
SortSrcDelay(SrcDelay’; ,Rand) // i
BUHE R U5 s A%
else do

SortRoute( Route , br(r)) // i

77 SR B AR PR ZE
SortSrcDelay( SrcDelay'; , OCr_Src)

(sre_delay,)// %I BRI 5 R
r =Route} [0]// WEHERKHITT R

/; hop_nums=size(r;") // T+ 5Hi1% T %
RSB
soruce calculate:
for src_delay, in SrcDelay} do

satisfy =0
hop calculate:
for hop in 1:1: /7 hop_nums do

QueueDelay, ,, = calculate _queue _ delay
(17 hop])

11 T SEAZE AT G B SZ B LA B (i 7% &
Route’!

if RW=rand do
SortQueueDelay(QueueDelay,, , Rand)
/1 BENLHE R BA S i #8
else do
SortQueueDelay(QueueDelay,  ,ocr _que

(queue _ delay,))
I HAZGEIE & H ZRHEFr A i 78

for queue_delay, in QueueDelay,  do

if Check _meet _ constraint(off; ) = True

do // FAIIKT 25 FIT I B2 7 220 750 A2 DX 2%
AP
satisfy +=1
goto hop calculate
if satisfy !=hop do
1] FEREB S B AL AR AR B W] AT I B T 2
goto soruce calculate
if satisfy==f"hop_nums do
/R, B AR
1 = Fu
off, — OFF

goto begin
else do
11 VAFESRI, R TRCA TR BE T S 1) o B
resource_reset( f;*)
PR R AW AL BRI o5 F 26 ocr _sre(sre_delay,)
TR XG5,
ocr _src(src_delay,) =

s—1 T 35
lZQbmd(A)(src_delayi +1+hxT s =—2 35)
S =0 ! T

J
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S, Qg (VBT MBI, B AR L
S ANEEBR Y, R A ST AL A i 3K B
.
AR AR AH 20515 A5 TA] B ] S0 B O O 2R DA A g R BA
P ¥ 200, 1F A5 B Bk A BA A I B AR S
QueueDelaynopo 23S, BHRELLE A\ B HIAAHbL
[k, A ASHRBLARAm B (U7E B AL ES p A
I BRI A4 BN IFAESE S QueueDelayy,, H1i% %
K/INN queue _ delay, BAF{wm#% & 5 3 ABAFI p, N
HKAE B ZZHAHLHIZE p 2 prqueue  delay, TR
WHEZEAF, FHAE prqueue delay, + 1M BRI K%
BRI, AP I A G Ar AN et LA AR
BRI R R ANT 1o % Qucesn (D) Fom B
HAHLHISE r AT BN R A A FIFE S ¢ DB A
ZAF 5 .
Opanas) (P +queue _delay, +1) <1 (36)

Qcache(B,p+queue7delayl)(t) < 13 (37)
Vt e[p, p+queue_ delay,]

R A BEAL I B, FTELESE S N TR
Fo RZUWWFEEESEN S TRPEIE S H R
ocr _que(queue _delay,) K/NgE, FHFHEFIE S T
#, ocr_que(queue _delay,) TH 5 = (38) i,
RAEFE LA G /DRI &, S
28 AN BT

1 1
ocr _que(queue _ delay,) =—x x
s queue_delay, +1

s—1 p+queue _ delay;
R
z |: Z (Qcache(B,p+queue_delay,)(d + h X T] )i| +

h=0 d=p

(p +queue _ delay, +1+h><T]-R)} (38)

4 SCEFNITE

RESUEA S BT H (14 TAS 5 CSQF 45 & iR
A E RN HSTCS RIA R, AN MR K
FOEEbRR RS oot E R S EE RS T
S CSQF WML FIPEREXT b2 A M,
BT 5 5 AT 7 AT ELEIE

AT B, M4 K K MTU %N
1500 byte , A2 e L5 A %t BA F1 1) B K 22 A7 {E
BufSize N 6 MTU , = # #l %1 3 X U K
1000 Mbit/s , &, B 1ps o 3B KHELHIE KIEE R

1000, ZIHEEER 001, BKRECHN 095, =k
HUERE) 3 A3t o. s BUEN 0.6, 0 BUE N
0.7, [FHREE T W RKIEHRECH 50. B5% ST
BRAKFE AR MMES {1, 2, 4 ms. {04,
0.5,0.6,0.7,0.8,0.9, 1} KB FEEHLIEEL, ST ¥iHIHR/N
SKREJE A E N 0.1 ms, #RUER A% ST i HIsE
BrRAE A o SRR A AN B 7 I MR & 48, 12,
24,48y ms . {2,2.5,3,3.5,4,4.5, 5} KB T BEHLIEEL,
SR AL TR BEHLER [0.5x T, 71 VS FE 9 — 4>
HE o BIASAHARAS 3L P JE A 57 ZE (A 1 4 X HX
[0.5xT,,T,] Yol A BENLEE R . D B4 8
FiR, ST it SR It BEMLIE PR HL R IE PR o

AT

j AL )X[mﬁm t

AT
8 fiFdmdh

4.1 BRAEZBERRHBIEE

IR KR R BRI R GRS B AR RS R
AR 5E & 432 4 AR, T HRE T — UK iR
s N G E PSS R A NE R AN (R = AR AP
L ISR AR SCATE R I s 56 ) FH 2 K o 4 v
TR P2 I 2 R AR R B R, 15 EUIAL R
N 0.5, MZGHAAAE 20 25 ST 7t~ 3 000 %% SR #it(1)
THOLN, RS 5 R FH 2 AR T 2, ANIR]
HFreREC N HSTCS FItERELIE 9 Faw.

0.9 e
W —

0.7F

0.8

0 . . n
R H SRR TERI AR SR B
9 AR HFFERECT HSTCS HIHERE
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i 7 1) 320 T AR SR A S g B R B R /NI IARE,
AR BBR. BOER KR, 1XE B H
PRI 2 P M FE B o UR s RIEE, M E
b BRI 8 R KA TE R 28, FL R T 26
= A TR H xR ok B s oA AU E
I, BEZ RS TS T B s BV o R ORI B )
M2, Wl RE KT &R R R A, s
TR B R R4
4.2 HITET RRB RS HRFZHIEZ T

CSQF HLfiIAHE: T CQF #Liil 1) 3= Ziudt Ny, ]
DU I 456 SID b2 sl o Btk e, BIIZ B8 2 A
AL, ABEATAIImESRS, CSQF ML LB
N CQF ML, A8 IE BN A% X St I 265 m i o 1k
FRIEEM, A7 324 28 HRAZAE 20 2% ST ¥t 3 000 4% SR
WHEDBL T, AT AT, AR S
ARIENT — B AL R AE (native) k5 R
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HSTCS B3Rk, Hdr, A AR mAIEA
X 2% 1 FEE R D =R AT B R P 3 B B K, IR R A

LPRINEE, BEEREE G, ERsCHLR A
P, FEUS SRS TVER AT W %
4.3 ETouiR A EER SR RAKIE A M GBI IE
SR TSN 5 38037 5T A 23R, fE AT
R PR T gt AR KSR SA-CSQF iR
S, SR H AR TA% G5 R SNR Mg T 58 UL
BT RPERESRTE, fEHANEE BT,
PiFLXTEG T W45 A7 4E 20 % ST i+ 3 000 %% SR
MO, fERAE SR MIAEERE, REH K
I BE B 326 3360 N A £8 K2 A %) 4l #2 1<) B8 HIL 328 0 1
B, fEg LR K (Pure SA, pure simulated an-
nealing) 5%, F T8 KRR TR N AR 22
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SA-CSQF & 5H L1 HSTCS I 1 5 e sh 2%
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=
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H {5 B R AT A, 3 FhE R A AR TR AL
LR EE T R REI A B IR T . SCHR[28]4E
ff) SA-ITP-Exchange ML A SCHE H ] HSTCS )
FHXS T Pure SA HVEAHOKIMER T, X2 HT1E
PARIHLE R 85 GG E E R, 91 58 KA
BRI, /N T Pure SA Bk 52 A BENLK iR
WoRMAH e . MASCEEH ) HSTCS AHXS T
SA-ITP-Exchange ALl FIPERE XA #E—DHTH, X
JEFNAE HSTCS A 5] N T TR 4% BH 2 11 % ph ik
B%R, HESA ARG EME RN, RAT
WP A/ N BENLRE 15 %6, DUSEIiR
AR TT G, BRI AT R /NS BEALR T
JesRfgasal, WA LA, PRI EER
fltERE. FERMAK B, BRI EE T RAER
KA, B K3 KT BENLE IR 7 %, HoH, Pure
SA HiEH T RH TR, BESRFEET
RS s AR AR I A 1R AR, R SR i BRI
FE R T AR . A BT iR HSTCS #H % F
SA-ITP-Exchange MLHIZERMN K EART BT, X
FEHT SA-CSQF 1 B FEAE T R 1% 7 72
iGN N T, T SRR R AR A A
WA RS A, Uy K 7R g,
SR N, R R W T, Rk
WA FCT, 3@ 3G 5 SR g A 7] 480 BB 1 11 A
LR FE R 2R A B L
44 LZEMEEXTEE

RNEEEIAEA ST H Y HSTCS 1A &kt #
HSTCS SBEHLZM A . SCHER[291FT82 H i F%
N JEIAFE S (FO-CS, flow offset and cycle shift) Al
FIHEATEERERTEL . FO-CS 23 T2 i R 1 AR 1
CSQF WHEERMALEI, FCARMEE 1) SR Ui B
JPIAT R BER PSR, BRI, fEH R K
AT SAmFEIE N, Fe w2 o/ 2 AR K B
oA, SRIGHIREE DY, (e HeplAL, AR
PAFIM RS AL AR/, L 34 1T 43 P PR TP 6% 5
B 5 B B o 17 LT B T 4% HRAZAE 20 4% ST it
1 000~3 000 % SR WlHMAL T, AFETTRE TR L
VA FE RN 2 K R el SR 2, ANIR) 77 SR I B A
DhEF el 13 Frow, ANIE] 7 28 1) 58 R A 20
Eeand 14 Fior

EF AR AT A, AHECTRENLIZ AR, HRWM
Pl A B RESE T, HASCER Y HSTCS
BARAERE, MIBT FO-CS MUk, HEZWT)

20% IR B Th 2 Je 18% A TE I F =, X2 T
FO-CS MU R — KM E, AT R 2N
%, HORRIIE R 2R/ HIR FO-CS ML %
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B, SOMAERETERE . 45 b, BT IA IR AT TR,
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