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Abstract We analyze the flow aggregate (FA) based network delay guarantee framework, with generalized
minimal interleaved regulator (IR) initially suggested by IEEE 802.1 time sensitive network (TSN) task
group (TG). The framework has multiple networks with minimal IRs attached at their output ports for
suppressing the burst cascades, with FAs within a network for alleviating the scheduling complexity. We
analyze the framework with various topology and parameter sets with the conclusion that the FA-based
framework with low complexity can yield better performance than the integrated services (IntServ)

system with high complexity, especially with large network size and large FA size.

Key Words : Delay guarantee, TSN, flow aggregate, interleaved regulator

.M B regulator (IR)E Argsto] dZxEY FPAd Ed

g ggeoldE &9 ZEY ARRRoA 3ttt 19

HEYA XAATE (network delay) S st =+ 12 o]& A3t Zo|t}. Interleaved regulator2}

A #ZO0F [EEE 802.1 TSN"'#} IETF deterministic  strict priority 7|8t 2 AH FIFO A|A80] Uehs]

network (DetNet)?o] tjmzolc}, o]S BFES ©y  dxo] Qrt o]&3t regulation 715-S H4s] &8st

=ol YEYA(single domain network)olAe] A W FIFO AAEHE SIsIHA Z2971 55 B8

Al BAS BHZ Sk TSNof AXE asynchronous RIS wet ¥HA85k= burst £4 d44S BAE ¢
traffic  shaping (ATS)® 7142 interleaved — ITH.

oY, AYet FUAsERg T Received: 7 December, 2019 / Revised: 7 January, 2020 /
29 79, £A4%E: 20204 19 7¥ Accepted: 7 February, 2020

AL LA} 2020‘\5_1 29 79 "Corresponding Author: jjoung@smu.ac.kr

Dept of Human-centered Al, Sangmyung Univ., Seoul, Korea

- 107 -



Delay Bound Analysis of Networks based on Flow Aggregation

% Interleaved regulators
1 BEO
E !

l Class-Based FIFO System

[ Transmissian Selection (strict priority) ]

2 1. TSNQ| ATS: IR + Class 7|8t FIFO AJAE®
Fig. 1. TSN ATS: IR + Class based FIFO system™

< interleaved regulator® X YEY T &
g3t ZEYYTE AXEHAGT. G AFolHE
interleaved regulator”} FIFO A|AEIQ] XAA7E F]
& =S0lA] Y=the= olEE g6ty FIFO £40]
N E2900T 5= AAHA L i o]2o] Tt
Z3+e 959t o Yopt olFdt “E2$ FIFO
AlAE"0] T MEAAY 4= th= 2 Ajbelal IR
2 &9 HEYTY &R E FF5HH, T HEYZ
A ERLE Bolo] AAER S EREE IA B
2Rk AT, B Ao AE okt metulg
7 Y EFAA Y X4 BAS B, At
EYEE 7 ZE|dY39 dsol 718 EEF
integrated services (IntServ) T YYTET} ¢
T W22 Bt E9] B9 EEO] A9 &
A9 277 S5 450l oS gRlst

=2

Coaf e

b
flo
i

H

:10 N,
> L
st

El

30 o
(m

&

IN. &

o

EEER IR -LTEE]

Le Boudec”2 o] 4dd 27AE0] uEsd 13
19 interleaved regulator”7} 37}l TSN ATSA|AH
9] AAAZE HHA7} class-based FIFO system%He]
A QAR Hfxet FYsithe A2 SH5H

1) FIFO A|AFI0 R QIQieh: HE SR F 4

7 Leaky-bucket 9] gZ#old& st A
22 1Y B 7HAok Bt & Wt /1Y &%
o i burst 270 Agto] lojof gt

2) FIFO AlAHIE BE packet5S FIFOZ &%t

=g

3) R BE ZR29E FIFO A|AHEI020] Q1Q] EA

2 AFl == regulate Sttt =, regulatord] &
A gelg (g Eo B39 AY &= A

burst Z7)E Q9 A9} =AU wh=c)

4) (Minimal IR) IR Head of Queue®] packet©]
EYRAE WSk =7 FA] HEgl o8
Minimal regulatorgtal 3ttt

5) IR &2 WE5k= packetEoll tHollA zero
AJAEE ASE 4 Atk A& E°] queue?}
Hlo] Q= A%olA packeto] E0]QW ol&
cut-through & % Jth

3 7HA] FES H2, et E2 1S BF TS5k

Al AAARE A7 olUA] Q=thal sk, o= A
Al AARY H A A7) AR dE k= £/l
Z= Aot &, B4 E229] A HA= F7F
F 4= Qlk oA 99 24 & 2HE gslste] £ ¢
SHAQIl ARollM = 99 A AAZE HH A7 F7F6HA]
= theoremo] W3S H ot

Theorem®: 7’8 E29-0] W50 HhsAlet FIFO

£ BAol= AAHE “E29 FIFO A|AH]” Sgt oA
S9} Minimal IR< &% HAA AR o A AR
A|2d] SR Hof A AR 5ottt

uo, ek
%

§2
fror

Flow

MN-regular! :
Minimal
3 FIFO per Interleaved |::>
1 flow 1
: Regulator :
: system S i

Anf an Enf

38 2. E22 FIFO AABIT} Minimal IRS| =&
Fig. 2. Combination of the flow FIFO system and the
minimal interleaved regulator

o]#3t theorem®] E4og Z59Q 719] AE o]
2 E2% 2 W3 &9 A7 HE Aol R AR
23} theorem Z-&°] 7Fs35174 Hot. waka] thoFst &
A8 7 E29-50] JAYEe v ARE 7
shte] YEEQIOE [RS A8 4= Slth. &S SolA
S7IRE burst size?t RS SohAA galE o]
burst size & 3|Hs= EAL o)|85) tex 4
e QAR B 23 E AAT 4
o EEfE w2 A B2 Y F EF
2 et

o W2 9XES EFPEL BE Lo EYIE
ol 312] FIFO queue®] 1€l preemption
o] QI strict priority B4 02 X3},

* B2 A E2E2 ofHet Zol AR

- 108 -



The Journal of The Institute of Internet, Broadcasting and Communication (lIBC)
Vol. 20, No. 1, pp.107-112, Feb. 29, 2020. pISSN 2289-0238, elSSN 2289-0246

A719] &9l HEYAE AHEsto] YES
Aboundary)att} IRE A3t}

2139 JdZo=F Arrival CUI‘VeE‘ =
Y E229 ROJA &= EE95T

¢

do lo ol
l“N‘—_‘Td,oh&'?“l
olm

I‘_‘

to rr rfb (U
ol B

oo

<t

_r;

o 9 YEQAE FHots EES T UENA A
YR EQ HERA SHIET} 54T EEFES
shue] &3t Z2-2Flow aggregate, FA)Z H=t}.

+ UEQAY] SALECIAE FAERE queued T
519 fair queuing ¥4 AAIEHS T3t

olglA oM HE =2 449 FA9 A XA
AIZbE BAE 4= Qich YIEQIA AAlAY 2L &
Z2E 7F 535to 2 Q3f burst 2717F S7F8IANE IRE
BaolHA dEf g =HE=tth

M

. MotE Td3ol o 4

olr
HI

she] 229 7t YEQZE XUHA] latency-rate
(LR) AHETS B, o] 22%- 9] HjFlEo]
it QAT H A= theat 22 AoE ®
LE]’U].

o =L &
+Z@f7 1)
Pi =1

ofefoll A A ALg ks 45} 7150l s ER A
ZJahaict.

D, <

B 1. st 7|59 1 9O
Table 1. Notations and their meaning

Notation Meaning
L, Max packet length of flow i
r Link capacity
; Max burst size of flow i
Pi Input data rate of flow i
(bi Quantum value assigned for flow i
S
@7. J Latency of flow i at sever Si
Di Delay experienced by packets of flow i

71 olAFA 9l schedulergha & 4= = packetized
generalized processor sharing(PGPS)#} 7Hst 2k
= 21l 7|59k deficit round robin(DRR)®'0] LR A]
o] Z3tEch PGPSY latencyw thadf 2t

o L, L.,
QiPGRS: i LAX. (2)
P T

A (quantum) gto] T2 Fefdo| Bt 22 3¢

£ Z35h=, Yubol DRRY latency= thad}) Zo]
oA,
N
O M=~ (F 6;)( ¢ D+ YLl )
n=1
o714 F= E299 F9 @ ¢, doltt. ¥8

o Zzao ¥a 0*‘%}% AH| A rated} H|Foto] A=
L 3 ol AH|AEL go]EleRS ofngirtE,

1. Symmetric HIEE®3 case

1Y 337} Zo] BE Z2971 595t EAL /A,
SYoH h & AAE= UYEYIE 1okt HE &
=& 2709 YT 2709 2YRET} k. n2'7H9
297t JYEER AYE o] F n2" Wt ZL2 XE
% g} & A =oAL o] F n2" 7 2
2950 vpAgt L= HE o] F n2"=nsl7}
22 2ER %QQE} uEbA], 22 {4, SYREL A
9= n7folt}. o]2fdt Y& Hwlo] B
= oA dofdtial shak

2 input ports per node,
n2" flows per port,

n2h-T flows go to the same output port
\ /'
/'
______________ .2n flows come

into the same

input
\ / 72"2 flows go to %‘por /
the same output
port n flows go to the
/ \ / \‘same output port

n flows are combined
into a single FA

m mlm

tu

*Li

A o o

I8 3. 2M0f| AI2St generic T WES$3 7=
Fig. 3. Architecture of the single generic network used
for the analysis

7}. PGPS AHEE case
WA, /E E2% 76 AA S
7+e 514, PGPS AAIEE 91

ERERCRER
HoL

oT
5} PGPS_ i Lmax _ L £: (77,2“4’ I)L )
! Pi r r/n2" T r

Bol o, = Lole} sl (1] o

L s h(n2"+1)L
i r N

29 7|5k PGPS 274122 wHaloAE 279
stZg oy} ZA5Ez (2)o] o3

- 109 -



Delay Bound Analysis of Networks based on Flow Aggregation

. h
10— ﬁ+ Lmax _ L} L L @HDL o)
P r /2l T T

burst”} nL °|E=&,
a—i_Li_Fi@?: {(htn-1)2"+n}z

Pi j=1 r
e E229 7N 59 S22 71 AAARE A

_ _ h
o spope MTVOZVTL 2 g 00 5
7], Fd w7 I7lole AgF oz v, &9 vE
A9 F7]oE 7IskEsA oz uFste, PA9] 83F
oj& whj#sttt. n=10]A4 h=1¢ w z}o|7} gick.

D, =

Lt. DRR AAIE2| case

NEERS 7|9 AAET BA]olA] DRRE Aok
A5 wsEAy WOV ¢, = L, = LolaL sk T
=04 9] latency”t (3)°ll &JsH

h h h
QPR — 2(n2" —1)L+n2 L_ (3n2" —2)L olmz A
r r
h n
YIESZ 9] AAATE D, 29 M
5 229 7|9 DRR *ﬂ]%ao FAO AT BE FA
7t LS MH|A ratec] 22 ¢, = L, = L2 AFT

ATk ok of7]A FAS] 7 27°hel Aol #-2JstAk.

@_DRR: (3 . 2h72)L
¢ r

ol9, burst 27]= nlLo|®

((3h+n—1)2" 2h)L

r

2D <

5 A A Aope DO ZDL
= 59 B299 2, A4 WA A7) HFHo=
wlelsh, B WEAs] 2ol AjsEas oz vl
fatod, 9=te] Bagolis huRARHCE PGPSe] A5kt
AQAZE AdA] Aot 3k o ol
Symmetric 873914 B Hoprt ol2fet &9 HES
D} A&EolE A5 Aot Ad HFHoz Wold
S el giek

2. Asymmetric HIE®3 case

olfoll= ERLE9 40| TYUSHA g2 Aol A
AAZEo] ofBA| WSloh=A] YolHA} 2= THE E2
9-0] A AAZE HRX|7F FHH O R AA RS BIotH
A TR E29-9] AAATE HHX7 o AX= 3

28 wHA A B2eo AuHY BEEE
(rate)7 2255 w9l EQAOINL) AATIo] A2
-\'T- O

e 4e BeUTh hebd Iy Bty
o) B9 BUSE (n-17S] B2 9w 2409] oA
9 ASHES 7oA FTha S oleidt we)
=97 Ardslo) 1 49 2o HA| YEHIE T
ek s 99 MEYRS BE B3 FUsict,
B2 gl BEE dAY B9l EIE Bo,

Total n2" flows
per port

Minimal
R

2 input ports
2 output ports per node

I8 4. 540 o9 HEYIE E&sEH MA| HEYT 31X
Fig. 4. Architecture of the multiple networks used for
the analysis

7t. PGPS AHZE2] case
ME E29 7|9 AAST TAoA 0 BES 22
< 9] AAXZFS 31, PGPS AAEHL HS=

. (n2"+n+2)L =
QiPGPb:% ol Z2209] burst’} Lo]
A h(n2'+n+2)L
7| whgef D" < E@/:T~ S
j=1

EQIFE AUHA ARsts &9 WEYAY & d=t
1 3td, 229 75 PGPS A AR A A ‘—ﬂE-rEf-
o] AAAZE T
dh(n2" +n+2)L
2r
BYEZS 7|9 PGPS AAIET aloA=
A} FAZF ¥h= ABA rateo] 2nr/(n2M+n)o]E22

TF< max(aD]) =

h
0, "= % ol FEEZY] burst7t nLe]
7] gizol
. (n+th—1)2"+Bh+n—1)
bt = 2r/L '

kA ZAAZE FHHR]Q] Zfol=
_ _ h
(h—1)(n—1)(2 +1)L. 7% h=10]At n=19]

2r
A% Aol7} e Gt

-110-



The Journal of The Institute of Internet, Broadcasting and Communication (lIBC)
Vol. 20, No. 1, pp.107-112, Feb. 29, 2020. pISSN 2289-0238, elSSN 2289-0246

T e VEY AU oo BHt Bxoo)
1/29] AH|A rated T2 2299 A AARE Hd
Ag FoiEAL o] E29-E jgal oFRt FAZIRE A|AH]
h

oA j9] PGPS latency= QJ.PGPS=w
(n+h—1)2"+(2h+n—1)

r/L '
o714 iet jo] H AAATE Apol=
(nt+h—1)(2"+1)

2r/L ’

At maxDjFA > max D" ojr] D™, 71 &) Y E
H30A A99 E297 A= AT HfA|olt.
Wb ohxje Y90 SEEE o] FoE Minimal
IR Afatche v} A A4 vEgae] AT
TFAi_I‘:__:

ojm D <

m aXD]-FA - mafoA =

(n+h—1)2"+1)+h
r/dL
5 A9 2}o]E FA-gaino|2til skt offet
o] Fojitt.
FAgain™ = max(T) — max(7/)
(h—2)(n—2)(2"+1)—2(2"+h)
or/dL

T/ < max(dD/™) =

23 5. r=1G, L=10000bit, d=3% Of PGPS FA gain
Fig. 5. PGPS FA gain with r=1G, L=10000bit, d=3

19 5% FA-gain*™2 TAJSE Zolth he} nol B
T 4 ol fRE ¥ ghe VA F o] A-SE

£ gaing HQIth

Lt. DRR AA|Z2 case
202 DRRE AREske= A4 YEF A9 E29
A|A"lF FA AARS Hlwskay, WolY ¢, =21, =2L

ojgfal sh&}. 9 FAAARIONAN 5= (n-1)79] &
299 Ad k= 21019 o] n7j9 E2ES AlQlshd
RE L& 99 o 7ok
HA 229 AAHY] latency?l delayE AAFOEAL
9 oA 9] latency=
QDR _ 5n2" +3(n—2)
! o2r/L
o7  wEel =¥
5hn2" +3h(n—2)

ol Z229 burst’} L

dEST] AL

R

h
S —
D, S];Q’ = oTL .
E2% 7|5k AlA”A HA| HEYGIAMY] A AA|
Zre

5hn2" +3h(n—2)
2r/dL

o|Hoi= FA A|ARIoA FFAY E22 i9] 1/29
rate® FFULE Qolo] BRS B M. 9 Bl
YEYZANY AN HeAH o Tl YEAD
(BRS FIFO A2 At Hejzoleh

h

o= Lt L2l oy st g
Z2929] burstZ} nLol7] & &9 YIEL T oA 9
A QAT

T < max(aD}) =

(2hn+h+n—1)2"+(2r+1)(n—1)
r/L ’
max(D™)7} &9 YEYFA Joje] 227} Z
= AQAIZEY HjxlolH wetA i7F HA YEY T
A Ae AT THE
7/ < max(dD/™)
(2hn+h+n—1)2"+(2h+1)(n—1)
r/dL
FAZ QIgt XAt H A9 gaind
FAgain”™ =max (T}) — max (7%
(hn—2h—2n+2)2" —hn+2h+2n—2
2r/dL ’

Dt ==

DRRY A9E F835] & 32 he} noll HalA] gain
o] positive #= 7HEol {5k I8 62
FA-gain”™"& TAJ3t Aot} h7} 3 o4}, nol 4 oY
fRE F g2 7K F gtol AdSE & gainZ B
Qltt.

-111-



Delay Bound Analysis of Networks based on Flow Aggregation

J3 6. r=1G, L=10000bit, d=3% m DRR FA gain
Fig. 6. DRR FA gain with r=1G, L=10000bit, d=3
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