Network Calculus Tests — Feed Forward Network Configurations

Version 1.1 (2014-Dec-30)

©N0lo

©) Steffen Bondorf 2013 - 2014, Some Rights Reserved.

Except where otherwise noted, this work is licensed under Creative Commons Attribution-ShareAlike 4.0.
See http://creativecommons.org/licenses/by-sa/4.0/


mailto:bondorf@cs.uni-kl.de
http://creativecommons.org/licenses/by-sa/4.0/

General Information

The network calculus analyses presented in this document were created for the purpose of testing the Disco Deterministic Network
Calculator (DiscoDNC)! — an open-source deterministic network calculus tool developed by the Distributed Computer Systems
(DISCO) Lab at the University of Kaiserslautern.

Naming of the individual network configurations depicts the name of the according functional test for the DiscoDNC.

The naming scheme used in this document is detailed in NetworkCalculus_NamingScheme.pdf.

Arrival bound computations are equivalent to the PbooArrivalBound_Output_PerHop. java class of the DiscoDNC.

The end-to-end left-over service curve for PBOO arrival bounds can be computed by simply convolving the server-local ones.

Arrival bounds for PmooArrivalBound. java and analyses using them are listed only if results are different to PBOO.

Changelog:
Version 1.1 (2014-Dec-30):

Streamlined the PMOO left-over latency T, Lo-f computation.

e2e

Adapted to naming scheme version 1.1.

Thttp://disco.cs.uni-kl.de/index.php/projects/disco-dnc


http://disco.cs.uni-kl.de/index.php/projects/disco-dnc
http://disco.cs.uni-kl.de/index.php/projects/disco-dnc
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FeedForward 1SC 3Flows 1AC 3Paths

® Bso = Bs; = Bs, = Bss = Br., 1., = 20,20, 1 € {0,1,2}
° ]:: {f07f17f2}

o afo =alt =al2 =4, 1 =505, n € {0,1,2}



The above topology can be transformed into an equivalent one by removing the unused edges:




arrivalBound(ss, {f1},G), G € P(F\{fo}) = af!

— arrivalBound(s1, { fo},G'), ' € P(F\ {fi}) = af? FIFO_MUX ARB_MUX
a{; = Ofgfé = 0455 = 5,25
afz(fl) = afﬁfl) = aﬁﬁ) =aoft =af?, ne{1,2} = 75,25
Ryl (R, — ] = 15
B = By, © aft) = Briosn iosm By = LI By = ai?
To-fn 20 - [t —20]" = 25 20-[t—20]t = 5-t+25
1 1
t= 211 t= 28§
= = 515,21% = 515,28%
a2 = all = al» @ pLo-Jn rlz=rl1 =5
=Ytz 4t = Ty B =Bl | ol (17" = 5211 + 25 = 131 | aln(T1°7+) = 5 281 + 25 = 1662
= = Vs5,1311 = 75,1662
arrivalBound(s1, {fo},G), G € P(F\{fo}) = al°
= arrivalBound(s3, {f1},G' U {f2}), G' € P(F) = aft | FIFO_MUX ARB_MUX
— arrivalBound(sy, {2},G" U{/i}), ¢ € P (F) = ai?
ozfg = afo :ozg} =l :ozg? = aof? = 75,25
an” = otV = ol = 7.0
Bio-lo = By, = BLoTt = By, = BN = Brio. e = 20,20
oft = a0 Buy = 7,10 10 rlo=rli=rp =5
=afi=al @By, =70 0 blo = bt = bl ol (TWo) =520+ 25 = 125, i € {0, 1,2}
=al2=al0p,, = Vel2 b2 = = 75,125




arrivalBound(s3, {f0},6), G € P ({fo}) = al0 | FIFO_MUX \ ARB_MUX

a£§ = 75,125
Oéfl(fn) = Oéicf = V5,1311 = 75,1662
(fo) Rp-fo Ry, —ri™]* =15
ﬁ;.lo.fo = Bs, © as, 0) _ *BRL'f'fO,T,,lf‘f“ Bs, = bffl(f") Bs, = affl(f(’)
1 2
710 fo 20- [t — 20|t = 1317 20-[t—20]" = 5-t+ 1665
s1
9 7
t= 26— t= 37—
16 8
= - 615,26% - 515,375
rf;’ =5
— lo.fo — r o.Jo 0.
ofs = ald @ B2 =00 110 Bl | alo(T-oT0) = 5262 1 125 = 2573 | alo(T°79) = 5. 37% + 125 — 3138
= = V5,25712 = 75,3138
arrivalBound (s, {fo}, {f1}) = ol \ FIFO MUX \ ARB MUX
Oéécff = 75,125
Oé;EI(fO) = OZQ = 75,125
Rl.o.fo [R L= r?](fo)]-i— =15
- S1 S S
ﬁ}q.l().fo — le o aSl(fO) = BRL'f'fO.Tl'lo'fo 551 — bgl(fo) 3, = ar(fo)
h T + S1 S1
Tg.lo.fo 20 - [t720] = 125 20 - [t_20]+ = 5-t++125
1
t=  26- t= 35
4
= = 515’2(% = 515,35
7”{,0 =5
aﬁ;’ = afﬁ) %) 5L‘l<)-fo = 7r§g,b£g bgg agg (Té'lo'f") =5 26% + 125 = 256% aﬁ‘f (T;‘lo‘f“) =5-35+ 125 =300
= = 75,2561 = 75,300




Flow f; (comparable to Tandem 1SC_ 2Flows 1SC _2Paths)

Arrival bound abstraction of fj’s cross flows leads to a tree topology comparable to Tandem 1SC 2Flows 1SC_2Paths:




TFA FIFO _MUX ‘ ARB_MUX
Qsy = Ozfg = 75,25
S0 FIFO per micro flow
Bs, = b
20 - [t 20]8+0 _ Bro = bao
D - 20-[t—20]" = 25
t= 21- 1
4 t= 211
B an(Toy) = 20-57125
50 = 125
as, = afo +al? = 5,125 + V5,131 = V10,2561 = V5,125 + ¥5,1662 = V10,2012
S1 ﬂsl = b31 551 = Qg
1 2
Do 20- [t —20]" = 256 20 - [t — 20|t = 10-1+2915
13 1
t= 32— t= 69—
16 U
; as, (Ts,) = 10-20+ 2561 as, (Ts,) = 10-20+ 2915
BJo
S1 1 2
= 456— = 491 -
4 3
ag, =aly +all | = V5,25712 V51311 = V10,389 | = V5,3138 t V5,1662 = V10,4803
83 Bsx = b33 BS3 = Asgy
1 5
Do 20- [t — 20|t = 389E 20- [t —20]" = 10-t+480§
29 5
t= 39— t= 88—
64 I gO
gy (Tss) = 10-20+ 389176 Qsgy (ng) = 10-20+ 480§
B 1 5
= 5890— = 680—
16 9
DJo Zz‘:{o,m} D£O - 93% Zi:{O,l,S} Dgf = 178%
BJo max;_(o,1,33 bl° = 589+ max;_{o,1,33 bI° = 6805




SFA FIFO _MUX ARB_MUX
5 a2 . = 70,0
BLofo = By, © asto) = 820,20
anl?) = af? 1311 ‘ = 75,1662
st Bi.f)~fo — le 5 Oéﬁsl'l(fo) Rgf‘fo [Rsl — T
= = A
1 2
Tlo-fo 20 - [t —20]" = 1317 [t—20"= 5-t+ 1662
9 7
t = QGE t= 37§
= = ﬂ15,37g
Oéf;gfo) = af; = V5,1311 = 75,1662
S3 ngffo [RSLS _ TSS
gi-f-fo =B, © affS(fO) = ﬂRL_;fO’T;Z;_fO — bgéfo) Bss = aiéf‘))
. 1 2
Tlo.fo 20 - [t —20]" = 1317 20-[t—20]" = 5-t+ 1662
S3
9 7
t = QGE t= 37§
- - ﬁ15,26% - ﬂ15,37g
Lo. o. .0.
6e26f0 = BRL';;'-"U,T;;“O ®i:{0,1,3} /Bi»',i fo = ﬂ15,73§ ®i:{0,1,3} 5; fo = 515,953
— plo B}S-QOe-fo = pho
1 5
Do 15[t — 735]+ = 25 t— 95§]+ = 25
19 2
T )
= 5-73-4+25 Thodoy = 5.95- + 25
Bfo 8 5 9 7
= 390— = 502~
8 9




PMOO ARB_MUX
&fsm = 70,0
EN o270 — 00
S0 5
as) = al? = 75,1662
s o
' aél(fO) = a{f = 75,1662
s3 Oésj:gfo) = agé = 75,166%
astl) = aft = V5,1662
ot R = - 5AR-5A2-5)
Lo.s R’ = /\iE{O,l,S} sg s - 15
66.29: 0= BRl.o.fO plo-fo , , .
eze” 1 Tene - 20 1665 +5 - 20 1665 + 5 - 20
T 20+%+20+3T+20+3T
Lo. b T i) T, 5333
Te;efo = ZiE{O,l,S} (Tsi + R0 60 + 153
5
95—
9
= = 515,953
B = b
5
Do 15[t — 95§]+ = 25
2
t= 97—
9
: 5
afo (T ly = 5. 95 +25
Bfo 7
= 2—
50 3

(See [1] for details)




Flow f1




TFA FIFO_MUX \ ARB_MUX
Ay = a{; + afﬁ = 710,50
S2 Bs, = bs, Bsy = Qg,
+_
DI 20-[t—201" = 50 20 - [t — 20/ = 10-t+50
t= 22% t= 45
Bh A, (TS2) = 20-10+50
2 = 250
ag, =afy +all | = V525718 + V51311 = V10,389 | = V5,3138 + V51662 = V10,4803
83 /833 = b33 /833 = a53
1 5
Dh 20 - [t —20]" = 3892 20-[t—20]" = 10-t+ 480§
53
29 5
t= 39— t= 88—
64 I 5?0
s, (Ts,) = 1020 + 389— g, (Ty,) = 10 -20 + 480~
Bh 116 g
53
= 589 — = 680~
16 9
DI S, DI =618 S0, D' =1853
BN max;_(o,3) bl = 5891

max;_(s 3} bf* = 6803




SFA FIFO_MUX [ ARB_MUX

. O[?Q(fl) — O‘{; — af? = 5.5
Baght =5, © ast = Bis,211 = Bis,281
a?;gfl) = afo = 75,2561 = 75,300
s Rlo-/i (R, — s/t =15
3 ﬁlj.o.fl =B, O (Xi(‘fl) = B lof1 oty - Bs, = pz() 2(f1)
EE 83 3 Rig 7’1, Ts; 53 s3 . 553 = ol 1
Tho.f1 20- [t —20]" = 256- 20-[t—20]t = 5-¢+300
S3 4 9
13 t= 46=
t= 32—
16 3
= = 515,32% = 615,46%
Bi{zoe'fl = BR’eg’e’fl T ®?:2 Bro = BissaL ®?:2 BLo-t = Bis 75
Lo.fi f .
[5’8126 1= ph glofi = ph
Dh 15[t — 54E]+ = 25 15-[t—75]" = 25
2
35 t= 765
t= 55—
A8 3
ol (T = 5. 54— 425 fi (Lot
Bh e 16 alt(Tepe™) = 5-75+25
5 400
= 295 —
16




PMOO ARB_MUX
5 ast) = af? = V5,25
=7 — ol = 5,25
55 Ozf;gfl) =al = 75,300
aﬁfl) = a£§ = 75,300
z = (20-5)A(20-5
Rggﬁ;fl _ /\16{273} (Rsi _ ,I,SL(fl) _ ( ) A ( 1;
= Brrgn 25+ 520 300F5-20
20+ = 20+ e
Lo. bfffl)"l""f;fl)'TSi
Tyl Dic(2,3) (TS’L +— RO 40 + %
75
= = B15,75
Bt = 0"
Dh 15-[t—75" = 25
2
t= T6=
f Lo.f A
Bfl al(Te.Qeil): 575+25

= 400




Flow f2




TFA FIFO MUX \ ARB_MUX
Qsy = af; + Oéfﬁ = 710,50
S2 Bs, = bs, Bsy, = Qg,
+
DY: 20-[t—20" = 50 20 [t —20]* = 10-t+50
t= 22% t= 45
Bf2 aSQ (TSQ) = 20 : 10 + 50
52 = 250
asy = af +all | =75125 + Y5131 = V02561 | = V5,125 + V51662 = V10,2012
81 ﬁ81 = bS1 /681 = aSl
1 2
DI 20- [t — 20|t = 256 20 - [t —20]" = 10-#+291
S1
13 1
t= 32— t= 69—
16 5b
b as, (Ts,) = 10-20 + 256 as, (Ts,) = 10-20 + 2913
2
51 1 2
— 456~ = 491~
4 3
D/ S Df =552 > Df=1141
.Bf2 max,»z{lg} bgz = 456% Inaxiz{lg} b£2 = 491%




SFA FIFO_MUX \ ARB_MUX
o afll?) — ol - = 5,25
B> = B, © iy = Bis,211 ‘ = Bis,281
an?) = afo = 5,125
$1 (f2) R.ls‘f‘fg [Rs, — T?ffz)]+ =15
0. T
6;1 f2 — /651 [SHeP 2) — ﬂRL.fAfz ,T;'lo'h ﬁsl = bSl B L= a.’l;(fg)
+_ ° 5
Tho-Js 20-[t-20]" = 12{’ 20 [t —20]* = 5-¢+125
t= 26— t= 35
4
= = 615,2% = 515,35
Lo. 2 o.f: 2 .o0.
5e2ef2 - ﬁRi’;;thel';;h ®i=1 5; fr = 515,47% ®i=1 @ f2 = 515,63%
Bosil* = bP? Blo-f —  pfe
1 eze
=472t = 1
sz 15 [t 472} = 25 15 . [t _ 63§]+ — 25
t= 49% t= 65
1 1
; o2 (T = 5. 475 +25 a2(Tl Py = 5. 633 +25
B 2
1 2
= 262— = 41
2 3 3




PMOO ARB_MUX

So a5 = all = 75,25
a§£f2) = of} = V5,25
51 ai{fz = ot = 5,125
@t = agf = 75,125
Rlof2 — A\ (R rz(f2)> = (20—5)A(20-5)
Lo.fo 3 e2e i€{2,1} S; ED _ 5
Poac” = Pmgeatyr 257520 1257520
Lo.fa _ bR s T 350
Teae™ = Lieqa1y (T te s ) | = 0+
1
= 63—
3
— = Pis.631
Bz = b/
1
DF 15-[t-633]" = 25
t= 65
1
ol (Tl iy = 5. 63 + 25
f:
o = 3412
_ 3




FeedForward 1SC 4Flows 1AC 4Paths

° ﬁso = 651 = ﬁsz = ﬂSS = BRSWTSi = 620’207 e {07172’3}
o F = {f05f17f2’f3}
o ofr = Yrin pfn = V5,25, N € {0’ 1’2’3}



arrivalBound(ss, {f1},G), G € P(F\ {/f2, f3}) = af;
= arrivalBound(sy, {f2},G"), ¢’ € P(F\ {f1, f3}) = aﬁ; FIFO_MUX ARB_MUX
— aI‘er'alBOuIld(So, {f3} ’ g”) ’ g/, eP (‘F\ {flv f2}) - O‘si
oft =alt =al2 =al? =alr =alf* = ol ne{1,2,3} = 5,25
aifz(fl) _ a-;;(fl) _ a;ﬂz(fa) _ an(h) = Y10.50
o | AT i) =
ﬁs.zo. n — ﬂsz ) ai(fn) — ﬁRL.g»fn aT.i'zo'fn 552 — b"SLQ(fn) B , = Ozx(f"’)
s So
Lot 20-[t-20" = 50 20 [t— 201" = 10-£+50
1
t= 22 t= 45
2
= = 510,22% = 10,45
agl; = afl %) 6;.20.fn = /yrfé,bfé 7*£§ = 71{? = T-ng =5
=ali =al 0B =7 5 e bt =02 =blr | ol (T507") =5-225 +25 = 1375 | o/ (TL07) =545+ 25 = 250
= a;g = afS %) ﬁ;;fn — ’yrgg,bgg = = 757137% = 75,250
arrivalBound(s1, {f0},9), G € P ({fo}) = af° | FIFO_MUX \ ARB_MUX
alo = alo = 75,25
aio(fo) =afs = V5,1371 = 75,250
(fo) Rl [Ryy =13y ]" =15
ﬁ}qé)fo = BSO 6 aS() ’ = /BRL-((J’-fO’T;-OO-fO /850 == b:éf()) /890 — am(fo)
1 ‘ *
Tl fo 20 - [t —20]" = 1375 20- [t —20]" = 5-t+250
S0
7 _ 1
t= 207 t= 433
= = 515,261 = ﬂ15,43%
7’{:? =5
Oéf? =aloo 5;’5']00 = Vrfo plo bl oo (T507°) =5-26L +25 = 1593 [ of°(T1°70) =5-431 +25 = 2412
= = 75,1592 = Vs,2412




PBOO-AB:

| arrivalBound(ss, {f3},G), G € P ({fs}) = of? | FIFO MUX \ ARB_MUX
als = Y5,1373 ‘ = 75,250
Oéf(gfg) = afo = 75,25
Ry Js [Ryy — 3] =15
BL-{;)-fs = /880 © O‘i‘]fvo(fS) = ﬁR.l;g'f&leo'f?’ Bso = blo Bso = a’o
Tlo.fa 20-[t—20t = 25 20-[t—20]" = 5.-t+25
’ f— 21+ f = 981
_ 4 _ 3
= = 515721% = 515,28§
r{g =5
ofy =ali 0 B3 =0 450 bls [l (TIoT3) =5 - 211 + 1371 = 2433 | als (TLo7%) = 5- 281 + 250 = 3912
= = 75,2438 = 75,3912
PMOO-AB, ARB_MUX:
l.o.f3 _ )
Plvsa = Prigh, mioh,
with
l.o.f: _ —x(fs)
<So,832> - /\ (Rsz Tji 3 )
1€{0,2}
= (20—10) A (20 —5)
= 10
b?(fs) + r{ﬁ_(fs) T
l.o.f: _ S S4 S;
(so,sZ) - Z (Tsl + l.o.f3
i€{0,2} (s0,52)
25+5-20 50 +10-20
= 204+ T 4204+ —">——
+ o P 10
1
= 173
of; = ab 0B,

= 75,25 @ Pro,771

V5,4123




arrivalBound(ss, {f0},69), G € P ({fo}) = ol | FIFO_MUX \ ARB_MUX
‘ alo = ¥5,1592 = 75,2412
i) = af2,, = (af2) = 75,1371 = 75,250
(fo) Ry Ry, — st =15
lo.fo — x — T
B To = By ® ol = Brioto poo Bs, = bsffol) Bs, = g
Tlo.fo 20 [t —20]* = 1373 20 [t —20]* = 5-t+ 250
s1 1
7 - -
= = Pis,261 = Bi5.433
r£§ =5
ofy = afd @ BT =710 110 b0 [ alo(TTo7°) =5-26% + 1593 = 2037 | ofo(TL070) =5 431 + 2412 = 4581
= = 75,2033 = 75,4581
arrivalBound(so, { f3},{f1})
= arrivalBound(so, { fs} , {f2}) = a2 ;
arrivalBound(s1, {f2},{f1}) FIFO_MUX ARB_MUX
= arrivalBound(s1, { o}, {f3}) = a2 ;
arrivalBound(ss, {f1},{/f3}) = o
Oé{; = afn7 ne {13 273} = 75,25
agt = 75,25
(/) Ryt Ry, =it = 15
o.fn T(Jn) __ x(fn _ z(fn
ﬂgz o= Bs, © s, = BRL-;f7I7Ti‘2°'fn Bs, = b52(f ) Bsy = as2(f )
Th0-fn 20 - [t —20]" = 25 20-[t—20]" = 5-t+25
; t= 21 L t= 28 L
_ 4 _ 3
= = 510,2% = 510,28§
r{g =5
afy = aly @B =4 p Bl | ol (THoT+) = 5211 + 25 = 1261 | ol (T>7") = 5 - 281 + 25 — 1662
= = 75,1311 = 75,1662




arrivalBound(s1, {fo} , {f1}) " FIFO_MUX ARB_MUX
= arrivalBound(s1, { fo} , {f2}) = a"
afy = al = 75,25
O&Efo) =afs = ¥5,1311 = 75,1662
Rl-O-fo [R 0= Tl’o(fo)]-‘r =15
- s0 s s
B}q.é).fo = Bso © OKS(EfU) = BRL.S.fo’T;bo.fo BSO — b?éfo) BSO — Oé;céfo)
1 2
Tl-0.fo 20 - [t — 20|t = 1317 20-[t—20]t = 5-t+ 166
S0
9 7
t= 26— t= 37—~
16 9
= = 515,261% - 515,37%
r{g’ =5
ofy = el @ B3 =710 10 bl [ oo (TLoT0) =5 262 25 = 15713 | alo(1L°70) = 5371 + 25 = 2133
= = Vs5,15718 = 75,2138
arrivalBound(ss, {5}, {/1}) FIFO_MUX ARB_MUX
= arrivalBound(ss, {f3}, {f2}) = a3 - -
af? = V51311 = 75,1662
aféf‘g) = qfo = 5,25
Rl.o.f3 [R . — r@o(fii)]-ﬁ- =15
x( f- 50 5 s
pro-fs = B © o) — BR}Slg-fsﬁT;bolfg Bs, = b° Bso = alo
Tho.fs 20-[t—20]" = 25 20-[t—20]" = 5.t+25
! t= 21 ! t= 28 L
— _ 3
= = 515,2% = 515,2%
I3 =5
afs =als 0 By = Vel p13 bls | ofs(T5°73) =5-217 + 1315 = 2325 | of3(T1°7%) =5- 281 + 1662 = 3081
= = 5,237 = 75,3081




arrivalBound(ss3, {fo}, {f1}) = o \ FIFO_MUX \ ARB_MUX
afo = V5,571 = 75,2138
) = af? = V5,1311 = 75,1662
l.o. f o z(fo) +
Lo. fo z(fo) o a:(fu)%Sl LS z(fo)
le =B, Oas " = 5Rg~fﬂfoﬁTbl"10‘fo Bso = bsO 0 Bso = Qg 0
1 2
Tlo-fo 20- [t —20]" = 1317 20-[t—20]" = 5-t+ 166
9 7
t= 26— t= 37—
16 9
= = 15 26 % = 515,37%
rfo =5
— { lo.fo 34
afy = afd @ B =710 110 ol | alo(TLoTo)y = 5262 + 15712 = 2902 | alo(TLo-F0) =5 37% + 2135 = 4027
= = 75,2902 = V5,402
| arrivalBound(ss, {f3},{fo}) = of5 | FIFO MUX ‘ ARB MUX
als = V5,137 \ = 75,250
Oéiéf?’) = 0,0
pro-fa = B = ﬁRls-g-fszsli)O-fg = 320,20
s =5
S3
ofs = als 0 B =95 e [BL [ ol (TL0F) =590 + 1375 = 237% | ads(TL07%) = 520 + 250 = 350
= = 75,2371 = 75,350
arrivalBound(s1, {fo},{fs}) =f° | FIFO_MUX [ ARB_MUX |
afo = alo = 5,25
a?éfo) = 70,0
pLo-fo =B, © ) = 20,20
T‘ngl = 5
ot =aly @ B =00 4o [0, [P (TL0T0) =520 + 25 = 125
= = 75,125




arrivalBound(ss3, {fo}, {f3}) = ol FIFO_MUX \ ARB_MUX
afo = afo = 75,125
Oéil(f[)) = aicf = V5,131 | = 75,1662
Lo.J (o) i Ry =P =15 :
55'10' 0= le O Qs = BRL'f'fO,T;'IO‘fU 630 = b;’(gfu) ﬂSO = Oé?éfo)
1 2
Tl0.fo 20 - [t —20]" = 1317 20-[t—201t = 5-t+ 1665
s1
9 7
16 9
= = 515,26% = 515,375
T{?Gg = 5
_ Lo. _ T 0. 0.
ofy =al @ B =0 0 blo [ alP(TIo70) =5-26% + 125 = 25718 | oo (TL°70) =5 371 + 125 = 3138
= = 7s5,257138 = 75,3138




Flow f,




Using the PBOO-ABs:

TFA ‘ FIFO_MUX ARB_ MUX
Qgy = ag’g + a{g = V5,25 + V5,1371 = M10,1623 = 75,25 + 75,250 = 710,275
50 650 - bso Bso = Agq
1
Do 20 - [t —20]" = 1625 20- [t —20]" = 10-t+ 275
S0
1
1 t= 67—
t= 28—
8 2
i as,(Ts,) = 10-20 + 162% gy (Tey) = 1020+ 275
S0
= 262 = 475
2
as, = afo +al? = V5,1592 1 V5,137 = Y10,296% = Y5,2412 t 75,250 = V10,4912
S1 Bs, = bs, Bs, = gy
7 2
Do 20 [t = 20" = 2062 20 [t 20" = 10-t+4913
S1
27 1
t= 34— t= 89—
32 - 26
o o, () = 10204296 o (T) = 102044913
0
51 7 2
= 496— = 691—
8 3
ag, =alt+all tals | = V5,2932 + V51371 + V52433 = 715,675 | = V54581 1+ 75,250 + V53912 = V15,1100
83 s3 — bss ﬂSS = gy
+_
Do 20- [t —20" = 675 20 [t — 20" = 15-¢+ 1100
t= 53% t= 300
o s, (Ths) = 1520 1 675 s, (Th,) = 1520 1 1100
53 = 975 = 1400
D7o Dl + DI° + DI° = 11633 Do + Do + D]o = 4563
Bfo max{BJ°, BJo, Blo} = 975 max{BJ°, Bl°, Blo} = 1400




Using the PMOO-ABs:

TFA \ ARB_MUX
g, = alo + afs = 75,25 + V5,250 = 710,275
S0 Bso = Qs
Do 20-[t—20]" = 10-t+275
S0
1
B oy (Toy) = 10-20 4275
50 = 475
o, = affl) + a{f = ¥5,2412 + 75,250 = V10,4912
S1 631 = Qs
2
Do 20 - [t — 20]" = 10-t+491§
1
t= 89—
26
a5, (Ts,) = 10-20 + 491
Bfo g
S1
= 691 -
3
ag, =ald+all +als | = V5,4581 T V5,250 + V5,412 = V15,1120
53 /653 = Qsg
5
Dfo 20 - [t — 20]" = 15~t+11206
83
1
t= 304—
56
05, (Tsy) = 15-20 + 11202
Bl :
’ = 1420—
6
Do DIy + DI + DI = 4603
BYo max{BJ°, BJ°, Blo} = 14203




SFA FIFO_MUX ARB_MUX

5 a20) = afs = V5,1371 = 75,250
go-fo— B, o aZls) = Bi5.261 = Pis,431
. aasvl(fo) —al = V51371 = 75,250
Bt =, © at!” = Bis,261 = Bis,431
aiffo) =alz +al? = Vs5,1371 1 V5,2371 = 710,375 ‘ = 75,250 + V5,350 = 710,600
5 R (R, — i, =10
pLo-fo =g, 6 a§§f0) = BRL;JO,T.;O-J’O Bss = b§§f°) By = afo)
rhofo | 20-[t 20" = 3735 20 [t— 20/ = 10t -+ 600
t= 381 t= 100
= = Bio,382 = 10,100
5.195)éf0 = 6Rle'2(’e'f07Tel'2‘;f0 ®i:{0,1,3} BL',-O'fO = 510,92% ®i:{0,1,3} Bi'io'fo = ﬂ10,186§
v A
Do 10-]t - 92%]+ = 925 10- [t - 186§]+ = %
t= 95 t= 189%
o alo (T ) = 5. 92% +25 | ofo(Tip?)= 5. 186% +25
1 1
= 4875 = 958§




PMOO ARB_MUX
S0 asy = of; = 75,250
aif(f") =afs = 75,250
1 o™ = of; = 75,250
) q?l(fO) = of? = 75,250
5 a§§f°) = a£§ + ag‘g = 75,250 T 75,350 = 710,600
as) = afz + afs = 75,250 + V5,350 = 710,600
Rlofo — A R = (20—5)A(20—5) A (20 —10)
I.O-fo e2e iE{0,1,3} Si Tsi =
Peze™ = Prigio iy 250 F 5 - 20 250 F 5 - 20 250 F 10- 20
04+ =5 THF g 0
Lo. b0l prplio),,
TeQC;fO = Zie{0,1,3} (Tsi + BT _ 60 + 1?80
= 210
— = 10,210
Balo = P
Do 10-[t—210]" = 25
1
t= 212§
Io.
B PTG = 521012
1075




Flow f1




Using the PBOO-ABs:

| TFA [ FIFO MUX [ ARB_MUX
as, = oll +alz +al3 =3 5,25 = 115,75
52 682 = bSQ Bsz = s,
+ _
DI 20-[t-20]"= 75 20 [t — 20" = 15-t+75
t= 23% t= 95
Bh a5, (Ts;) = 15-204 75
°2 = 375
as, = afd +all +afs [ =5171 + V52032 T V52438 = V15675 | = V5,250 + V581 T V5.3912 = V15,1100
53 ﬂ53 - bs3 ﬂse, = Qg
+ _
DI 20- [t —20]" = 675 20 [t —20]" = 15-¢+ 1100
t= 532 t= 300
Bh sy (Tsy) = 15-20 + 675 0, (Tsy) = 15-20 + 1100
3 = 975 = 1400
DTt DI + DIt =773 DJ' + DIt =395
B max{BJ!, B{1} = 975 max{B]}, B{1} = 1400

S2?

S99




Using the PMOO-ABs:

TFA \ ARB_ MUX
Qsy = afﬁ + 0‘£§ + 0‘£§ =3 5,25 = V15,75
e Psa = e
D 20-[t—20]" = 15-t+ 75
t = 95
B (T = 15-20%75
S92 = 375
gy =0 +all +al [ =75250 + Vs.4581 + V54204 = 71511203
S3 s3 — gy
. 5
Df:; 20 - [t —20]" = 15~t—|—11206
1
56
s,(Tsy) = 15-2041120—
Bl g
6
DT DIi + DIt =399
— 5
B max{B]}, B/1} = 14202




SFA FIFO_MUX \ ARB_MUX
5 afﬁfl) =af2 +al =2 ¥5,25 = 710,50
BLof = Bs, 0 ast = Bro,221 = B10,45
a§§fl) = 04£§ + 0452 = V5,2905 T 75,2371 = V10,5281 = V5,402 + 75,3081 = V10,7112
S3 (f1) R.ls'e?'fl [Rsy — T§§fl)]+ =10
l.o. _ (. _ . . T x
ﬂ83 fi= Bss © Aisg Y= ﬁRL';"“,Tif'” Bsy = bsgfl) Bsy = O‘ssffl)
1 1
Tho.f1 20- [t —20]" = 5283 20-[t—20]" = 10-t+ 711§
83
13 1
t= 46— t= 111-
32 9
- - 510,46£ = 510,111%
To. 3 3
ﬁezoefl = BRL’;“ e ®i:2 5;0'f1 = 610768% ®i:2 5i'i°'fl = 61&156%
B’ = b B = BN
29, Ly

DN 10 [t — 685] = 25 10t — 156§] = 25

t= T1 13 t= 158 1

_ - 32 _ . 18
of (T = 5. 6825 +25 of (T = 5. 1565 + 25
Bfl 17 5
= 369— = 805—
32 9




PMOO ARB_MUX

5 asth) = af2 + afs = 275,25 = 710,50
’ astV = af2 + afs = 275,25 = 710,50
53 s = afs +af2 = V5,402 t V5,3081 = V10,7111
ast! = afo 4+ afs = ¥5,402Z t V5,3081 = V10,7111
— (20 _10)A (20— 10)
Lo.fy _ 2(f1) (
51A0.f1 =7 Rege B /\ie{2,3} <Rsl —rs ) = 10
e2e = Prglimigh 50 + 10 - 20 7I1E +10-20
Lo. by ViV T 9615
Tez(;fl = Zie{Q,S} (TSi + T ReT = 40 + 109
1
= 156—
9
- - 510,15Gé
Bt ="
1
Dh 10 - [t — 156§]+ = 25
11
t= 158—
I 18
ol (T = 5.156= + 25
Bh 9 5
= 805—
9







TFA FIFO_MUX \ ARB_MUX
Qsy = a{; + afﬁ + 0452 =3 75,25 = V15,75
52 ﬁs2 = b52 652 = Asy
+_
DY: 20-[t-20"= 75 20 [t —20]* = 15-t+75
t= 23% t= 95
o an (1) = 1520475
2 = 375
as, = a2 +alf = Y5,1373 T V5,1592 = V10,2067 | = 75,250 T V52412 = V10,4012
81 ﬁS1 = bsl /681 = asl
. 7 . 2
Db 20 [t—20]" = 2065 20-[t— 20" = 10-t+491%
S1
27 1
t= 34 t= 89~
32 5b
o (Ty) = 10-2042965 |y, (T,) = 10-20+491%
sz
51 7 2
= 496— = 691 -
8 3
D72 D> + DI =583 DIz + DIz = 1841
B2 max{BJ2, Bf*} = 496% max{BJ?, Bf*} = 6912




SFA FIFO_MUX ARB_MUX
o a2 = ofl +als =2 75,25 = 710,50
B2 = B,, 6 ast? = Pro221 = B10,45
i) = afo = V5,15712 = V52138
S1 Lo. f: z(f2) [RSZ
ﬁs.l = 681 = sy’ = BRL'T-M,T;O'& 681 = bf](fz) ﬁsl = af](fQ)
13 8
20 - [t —20]" = 157E 20- [t —20]" = 5142135
57 25
t= 27— t= 40—
64 27
= 510,27% = 510,40%
To. 2 2
ezoefz = BRL&J‘Q’TQ‘QZ'& ®i:1 5}9}0'f2 = 510,50% ®i:1 Bi;o'h = 610,85%
Baa” = b o> = b
25 25
D2 0- 5064] 5 0-] 8527] 5
57 23
t= 52— t= 88—
25 64 25 54
a2 (T 2) = 5.502= 425 Ty = 5.852- 425
sz 64 27
1
= 276 — = 454—7




PMOO

ARB_MUX

o, =aoll +afs = 275,25 = 710,50
. aig = a§§ = 75,2138
as," = all = 75,2138
— (20 _10)A (20 5)

L.o. fa z(f2)
Regef = /\ie{2,1} (Rsl —Ts; 2 )

= 10
lo.fo __
Bas? = 5316.2032 rhot 50 11020 2135 +5-20
20 + 10 +20+ — 10
z(f2) 4 px(f2), 8
lo.fa _ bg, 12 s 2Ty 5635
Tepe” = Zie{Q,l} (Tsi + TR ) 40 + 0
7
961—8
= = 510,9611
Bz = bl
7
I+
Df2 10 - [t — 96 18] = 25
8
t= 98§
fa(lo.f> 7
a’?(Tyo’?)= 5-96— +25
: 18
BF 17
= 506 —
18




Flow f3




Using the PBOO-ABs:

] TFA \ FIFO_MUX \ ARB_ MUX
Qgy = afﬁ + Oéf,lz + OZ£§ =3 75,25 = V15,75
52 682 = bSQ Bsz = s,
+_
Dfs 20-[t—20" = 75 20-[t—20" = 15-t+75
t= 23% t= 95
B as,(Ts,) = 15-20+ 75
2 375
Qgy = ag’g + a{g =525 + V5,1371 = Y10,1623 = 75,25 + 75,250 = 710,275
S0 Bsy = bso Bso = s,
1
Dfs 20 - [t —20]" = 1625 20- [t —20]" = 10-t+ 275
S0
1
1 t= 67~
t= 28-
8 2
st Qg (TSO) = 10-20+ 1625 Qs (Ts()) = 10-20+ 275
’ = 2621 475
2
asy = afs +all +als | =755033 + V51371 + V5,2433 = 115,675 | = Vsass1 + V5,250 + V5,3012 = V15,1100
S3 633 = bs?’ BS:; = Qsy
+_
Dl 20-[t—20]" = 675 20 [t — 20" = 15-¢+ 1100
t= 532 t= 300
i a5, (1s,) = 15-20+ 675 sy (T5,) = 1520 + 1100
5 975 = 1400
DTs D]: + DIs + DI* = 1052 DI* + DIs + DI? = 4623
BTs maX{ng,ng,ng} =975 maX{ng,Bsfg,ng} = 1400




Using the PMOO-ABs:

TFA | ARB_MUX
ag, = alf +oll +af? =3 75,25 = V15,75
S9o 652 = Asy
Dl 20-[t— 201" = 15-t+75
t= 95
51l Ty = 1520575
o2 = 375
Qs = a£8 + a!g = 75,25 + V5,250 = 710,275
50 /Bso = Qs
Di: 20 [t —20]* = 10-t+ 275
1
B/fs aso(Ts,) = 10-20 + 275
%0 475
ag, =ald+all +als | = V5,458 t 75,250 + V54121 = V15,11208
53 653 = gy
5
Dfs 20 - [t — 20]" = 15~t+11206
S3
1
t= 304—
56
sy (Ts,) = 1520 + 11202
st (53
53
= 1420—
6
D7s DIs + DIs + DI = 4663
BTs max{BJ?, Bfs, Bl:} = 14203




SFA FIFO_MUX ARB_MUX
o a2e) = ofl +al? = 275,25 = 710,50
Bhofs = 8., © af}™ = Bio,221 = B10,45
o(fs) _
s : ag,’ = agch(fs)
Big s = By © 0, = Piso11 = P15 281
it = aft +all = V525712 t V51311 = V10,389 | = 75,3138 T V51662 = V10,4803
S3 (f ) R'ISOfS [RS’S — T's3
Bigte = oy © a5 = Bross pross Boy = 037 By = g
1 5
Tlo.fs 20-[t—20]* = 3897 20-[t—20]* = 10-¢+ 4807
53
29 1
t= - t= =
39 64 88 18
- - 510,393 - 510,88%
Lo.f: .0. .0.
Bosil = Briots qlois Qi (2,033 s fs = Bro,s313 ®iz(2,03) s fs = Bro.161 %
Bl = O B> = "
13 7
£ 10-t-8—]"= 25 t—161—]" = 25
D& =83y 8
45 8
t= 8b— t= 163—
3 64 . 9
o3 (T2 Py = 5.832 425 T3y = 5.161— + 25
BTs 64 18 17

18




PMOO

ARB_MUX

ai(f‘c’) =ofl + af2

= 295,25 = 710,50

s =
2 a:r;gfz_) =all +af? = 275,25 = 710,50
aff§f3) =af = 5,25
50 =(13) _  fo _
_ O{SO = Qg = 75,25
5 a§§f3) =aft +al2 = V53138 + V5,1662 = V10,4803
o’ = afs +all = ¥5,3138 1 75,1662 = V10,4803
Roh_ A T = (20 10) A (20 —5) A (20 — 10)
Lo.fs e2e — N\ie{2,0,3} \{lsi — Ts; _ 10
ﬁe2e = ﬁRl""fS 7T1-u.f3 5
20, D0 +1020 ) "9545-20 " 480G 1020
10 10 10
Lo.fs be e 4ri )T, 10553
Tere™ = Yieqz03y | T + TERE 60 + 10 -
5
165—
9
= = 510,1653
Bl = o8
eze
5
Dfs 10- [t~ 1655]" = 25
t= 168 L
_ 18
o (T F3) = 5.165- + 25
Bf3 9 .

852~
9




FeedForward 1SC 2Flows 1AC 2Paths

L4 Bso = le

= Bs, = Br,, 1., = P20,20, 7 € {0, 1,2}
o F = {anfl}

o afo = Oéfl = Yrfn bfn = V5,25, T € {07 1}

arrivalBound(s2, {fo},G), G =P ({fo}) = afg
. ’ L s FIFO MUX ARB MUX
= arrivalBound(so, {f1},G), G =P ({f1}) = O‘Q O_MU RB_MU
als = 5,25
azg = 75,25
R}S-é)-fo =15
Bif'fo = B4y © a:;réfo) Bsy = bf(ffo) Bsy = aféf(’)
Tlo.fo 20- [t —20]" = 25 | 20-[t—20]T = 5-t+25
S0
1 1
t= 21— t= 28—
4 3
= 2615,21% :ﬁ15,28%
7“£§ =5
afy = alo @ Byofo bls alo (T30 7o) = 1315 oo (THoT0) = 1662
= = 75,1311 = 75,1662




arrivalBound(s2, {f1},6), 6 =P({fi}) =afl [  FIFO_MUX | ARB_MUX
as, = al! = V51311 ‘ = 75,1662
Q=0 _
51 ' = 70,0
ﬂ;lofl = 551 S) Oézl(jl) :BQO,QO
rf:; =5
alt =aft @ By =l o B b} oo (THoT0) = 2311 [ a0 (TL070) = 2662
= = V5,231 = 75,2662

| arrivalBound(sz, {fo}, {f1}) = af° | FIFO_MUX [ ARB_MUX |

fo
as

M = 75,25
O&Sﬂ)) = 70,0
5EOFA bo-fo = B, & a§§f°) =/320,20
r{g =5
afo = alo @ pLo-fo bl oo (T30 70) =125
= = 75,125




Flow fo

] TFA FIFO _MUX \ ARB_MUX
as, = ofo + ol = 710,50
So ﬁso = bso /BSU = Qg
+ _
Do 20-[t-20]"= 50 20 [t — 20" = 10-¢+ 50
t = 22% t= 45
Bfo as,(Ts,) = 10-20+ 50
so = 250
s, = ald +all = 10,3621 = 10,4331
82 S2 = b52 ﬂSQ = asz
1 1
Do 20 - [t —20]" = 3625 20 - [t —20]" = 10~t+433§
S2
1 1
= —_— t = —_
t 388 : 8?3
; as, (Ts,) = 10-20 + 3625 as,(Ts,) = 10-20+ 433§
B 0
S2 1 1
= 2= - -
56 5 6333
Do =602 = 1284
BJo max;,_{o,2} bl° = 5623 max,_ 0,2y bl° = 6333




SFA FIFO_MUX:

Bl.o.fo

eZe

Bfo

(ﬁif-m(fo) o a:ém) ® (ﬁ;.zo.z(fo) o a;vz(fo))

Bsy © ) @ (B, © al})

( s
( )@ (B, & (ot @ Blo=t)))

(B ©a) @ (B, © (o 0 Bi=) 28, ) )
(Bso ©a’) @ (Bs, © ((a @ Bsy) @ Bsy))

(820,20 © V5,25) @ (820,20 © (75,25 @ B20,20) @ B20,20))
(820,20 © V5,25) @ (820,20 © (75,125 @ B20,20))

/315,21% @ (B20,20 © V5,225)

515,21% Y 51573%

515,52%

Bso o afl

R1'0'f0 _Té;e»fo + pfo

e2e

R1~0~f0

e2e
15525 + 25
15
1
54—
6
ol (T3 )
1
-52= 42
5525 +25

1
287
2



SFA ARB_MUX:

Bl.o.fo

eZe

(glorm) Sa (fo)) ® (ﬂl.o.wo) o a;:(fo))

(Bsy ©al) ® (Bs, © al)

(B ©a%) @ (B, © (aft @ gl
ey (1o ([0 9°9%) o)
(650 @afl) (652 ((afl ®680))®/BS1))

(820,20 © ¥5,25) @ (820,20 © (75,25 @ B20,20)) @ B20,20))
(820,20 © V5,25) @ (820,20 © (75,125 @ B20,20))

/815,28% X (520,20 S 75,225)
Bis,281 @ Prs 12
Bis,70

R1'0'f0 'Téézfo + pfo

e2e

l.o. fo
ReZe

15-70 + 25
15

2
1=
3

alo(ThT)
5-704+ 25
375



PMOO ARB MUX
afJo) = 5,25
S
0 afféf(]) = 75’25
s af§f°> = 75,2662
2 =
agz(fo) = 75,2662

lLo. z(fo)
Regef0 = /\iE{O,Z} (Rsl —Ts; ’ )

= (20—5)A (20— 5)

= 15
lo.fo __
Beae™ = Proso poso 25+ 520 2662 + +5- 20
Lo-fo _ b0+ ) T, 4912
Toe = Zie{(),Q} (Tsi + RL2T0 40 + G
7
72—
9
= = 515,725
Bese = b0
7
Do 15[t — 72§]+ = 25
4
t= 74§
fo (Lo.fo 7
afo(Thefy = 5.72- 425
Bfo 9

8

= 388§




Flow f1

| TFA | FIFO_MUX ARB_MUX
as, = ofo + ol = 710,50
EN) ﬁso = bso /330 = g,
+_
Do 20-[t-20]"= 50 20 [t — 20" = 10-¢+ 50
t= 22% t= 45
o o (15) = 10-20 1 50
so 250
as, = all = 75,1311 = 75,1662
S1 FIFO per micro flow
651 - bsl o b
" 1 /651 - S1
20-[t—20]" = 131- 2
Di: [t =20 1 20 [t — 20" = 1662
9 3
t= 26— 1
16 t= 28—
1 2 3
P O431(Ts1) = 5'20+1311 0451(Ts1) = 5'20+166§
B 1
S1 1 2
= 231- = 266 —
4 3
oy, = ald +all = 10,3621 = TN0,4331
S2 Bsz = b52 /682 = gy
1 1
Dh 20-[t—20" = 3625 | 20-[t—20]" = 10-¢+4333
t= 38 L t= 83 L
_ 8 _ 3
e, (T,) = 10-204362= | «,(Ts,) = 10-20+433-
B, | i
= 562= = 633—
2 3
Dh S Bl =813 Y2 B = 1562
B max?_, bl = 5623 max?_, bt = 6333




SFA FIFO_MUX:

Bt = (oot o az) @ (st 0 atl) g (Blest) & azt)
(Bso © ) ® By, ® (B, © all)

= (Bwoa®) @8, @ (B o (ol 0 aleetm))

( 90@o¢fo)®ﬂgl (ﬂ ( f0®550))

= (B20,20 ©75,25) ® B20,20 ® (820,20 © (75,25 @ B20,20))

= Bis.212 @ B20,20 @ (820,20 © V5,125)

= 515,21% ® 20,20 ® 515,26%

= Biserl

ph _ Badt Tl 4 bh

Rl.O.fl

e2e
15675 + 25
15

1
= 69—
6

B = ali(T5h)

1
= 5-67-+25
2+

1
— 362-
36 2



SFA ARB_MUX:

ghe = (5lor(f1) o az(ﬁ)) ® (51~0~1(f1) e Oéifffl)) ® (ﬁi.;.z(m o a;(h))
(Bso © @) @ Bs, ® (B, © alf)

= (ﬂs()@afo ®/891 (ﬂ ( 5101 f1) ))

( 90@o¢fo)®ﬂgl (ﬂ ( f0®550))

= (B20,20 © 75,25) ® B20,20 ® (820,20 © (V5,25 @ B20,20))

= Pis.281 @ B20,20 @ (820,20 © V5,125)

= Pis281 ® 20,20 ® Pr535

= B15,83%

ph _ Badt Tl 4 bh

l.o.f1
Re2e

15-83% + 25
15

= 85

B = of (Tl-O-fl )

e2e
1
= 5-83-+25
3+
2

= 441
3



PMOO ARB_MUX
&Z"E‘Em = 75,25
N afﬁfl) = 75,25
afffl) = 70,0
" agscéfl) = 70,0
So a%z; i V5,125
Qs = 75,125

lo.f z(f1)
Rchjl = AiE{O,l,Q} (R&, —Ts; )

= (20—5)A(20—0) A (20 —5)

l.o. = 15
Besi = Prig aigen 25+5-20 0F0-20 25F5-20
e 420 ———— + 204
04— + 20+ —— + 20+ —— )
Lo. b gt T, 350
Te2ef3 = Zie{o,m} (Tsi + RO 60 + 15
1
83
3
= = ﬂl5,86%
B = ol
: 1
Dh 15[t — 83§}+ = 25
t= 85
T
ol (T = 5.83- 425
B 3

4412
3
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