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Mot vati1 on

e Not all routers use ClQOQ

- Shared nenory
- Load bal anced

e Sone SB routers not well studi ed
- D stri buted Shared Menory
e SB routers could be “better®




Perf ormance Metri cs

e Speedup Needed?
- Not well defined for SB routers
e Menory Bandw dt h Needed

-Limting factor for router capacity

-~-Limting factor for power

e Battery backup
e Heat di ssi pation




SB C asses

e Random zed SB
- Random zed(!) sw tching
- Load bal anced
- Statistical analysis
e Determnistic SB
- Determnistic(!) swtching
- Constrai nt set anal ysis
e Paper considers Determnistic SB




Constral nt Sets

e Pl geon Hole Principle

- N | eavi ng pi geons

- N1 other arriving pigeons

- N1 other pigeons wth sane departure
- need at | east 3N-1 pigeon hol es




Constral nt Sets

e For each packet

- Determ ne packet's departure tine

- Detem ne constrai nt on each resource

e Buf f er
e SWMtch fabric
e LI Nk

- Apply pigeon hole principle




Paral | el Shared Menory

e Use k DRAMs I nstead of one | arge
shared nenory
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PSM Rout er

e A PSMrouter can enul ate a FCFS
shared nenory router

- Theorem 1
- 3NR total nenory bandw dt h needed

e A PSMrouter can (nearly) enul ate
a Pl FO WFQ shared nenory router

- Theorem 2
- 4NR total nenory bandw dt h needed
-Only emulates wwthin k-1 tinme slots




Theorem 1

e Total nmenory bandw dth 1s SNR
- Need to mnimze S

e DDvide each tine slot 1nto N
deci st on sl ots

- At each decision slot, one output
can start reading nenory and one
| nput can start witing nenory

- Each read/ wite takes [k/ SLl deci si on
sl ots
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Theorem 1

e BW5(t) I1s the set of nenories
busy witing at tine t

- Each wite takes [k/Slso BW5(t) iIs
the set of menories that started a

wite wwthin the previous [k/SH1
slots

- So, |BWS(t)| =< [k/SH1
e BRS(t) simlar
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Theorem 1

e Exanpl e, N=4, k=5, S=3

Tine slot 1

k1 W | W

k2 Ww W R3 | R3
Menories k3 W W R R

k4 R1 R1

k5 RO RO W | WB

DS1 DsS2 DS3 DS4 DS5 Ds6

*

Deci si on SAIots




Theorem 1

e Cell c arrives at tine t,

out put |,

departure

tine d

going to

e Let mbe the nenory where c Is

witten
-mcan't
- mcan't
-mcan't

e k- | BWS(t)|-|BRS(t)

e I n BW5(t)
pe I n BRS(t)

pe | n BRS(d)

- k=3([k/S31) > 0

- S =3

-| BRS(d) |

> 0
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PSM Pl FO WFQ

e Consider a single PIFO queue

- Addi ng cell s pushes
departure tine back

ot her cell s’

- Changi ng departure tine I ntroduces
possi ble conflicts wiwth N1 cells
| eavi ng before and after it
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Figure from*“Routers with a Single Stage of
Buf fering“, I|yer, Zhang, McKeown, SI GCOVWM 2002.
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PSM Pl FO WFQ

e Now consi der N PI FO gueues

- Each output has its own Pl FO queue

- Now every tine a cell's departure
tine changes it conflicts wwth two
new cells (in other queues)

- Potentially unbounded conflicts!

e Need to rearrange the departure
order to avold these conflicts
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PSM Pl FO WFQ

e Oiginal order

-In each of k tine slots, one cell
departs from each out put port

e New or der

- The first k cells for each out put
depart, one output at a tine

- Tinme sl ot neani ng has changed

e Each ordering has sane overall
| ength, but many cells wll Dbe
out of I1deal PIFO WFQ order
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PSM Pl FO WFQ

e Exanpl e, N=3, k=5

Original O der New Or der
Time 1 al | bl cl Time 1 al | a2 a3
Time 2 a2 b2 c2 Time 2 a4 a5 | bl
Tire 3 a3 b3 c3 Tire 3 b2 | b3 b4
Time 4 a4 b4 c4 Time 4 b5 cl /| c2
Time 5 a5 b5 c¢5 Time 5 ¢33 c4 c5

e Note that cells departure tine
changes by at nost k-1

e Al so need buffers at each out put!
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Theorem 2

e Simlar to Theorem 1

e Sane constraints for tine t
-mcan't be in BW5(t)
-mcan't be in BRS(t)

e New constraints for departure tine

-mcan't have [k/S[}1 cells 1n front
of ¢ in the PIFO queue for an out put

-mcan't have [k/S[}t1 cells follow ng
c in the PIFO queue for an out put

e 4 constraints [l S>4
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D strbuted Shared Menory

e Li ke PSM but there are exactly N
nenories, one on each |line card

- Menories don't necessarily store
packets going to or leaving fromits
associ ated |line card

e Menory access control can be done
In different ways

- Bus based
- Crossbar based
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Bus- based DSM

e Bus-based DSM | s exactly
equi valent to PSMwth N nenori es

- Al results for PSM apply
e Not practical

- Bus demands t oo high

Backplane ﬂ

: Linecards +

Figure from*“Routers with a Single Stage of
Buf fering“, I|yer, Zhang, McKeown, SI GCOVWM 2002.
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Cr ossbar DSM

e NXN crossbar used to attach all

out put s

- Each packet traverses crossbar twce

- Now al so need crossbar schedul i ng

al gorithm
- O herwse, still litke PSMwth k=N

MMA Path of a packet
x i1 the switch
Crossiir

P - —-r-?-|t_r$::'"r b |

X o A
! \ | i
I Linecards 4

Figure from*“Routers with a Single Stage of

Buf f eri ng“,

| yer , Zhang, McKeown, SI GCOVM 2002.
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Cr ossbar DSM

e Crossbhar-based DSM can enmul ate a FCFS
shared nenory router wth 3NR t ot al

nmenory bandw dth and a crossbar speed of
6R

- Consi der crossbar schedule in two phases:
departing and arriving packets

- Theorem 1 applies

e Need 3NR total nenory bandw dth

e Need 3R nenory bandw dth per port (each
port needs no nore than 3 nenory transfers
per phase)

- Crossbar must run at 3R/ phase, 6R total
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Cr ossbar DSM

e Crossbar-based DSM can enul ate a
Pl FO WFQ shared nenory router
Wwth total nenory bandw dth 4NR,
crossbar speed of 8R, wthin 2N 1

tine s

- Sane

ot s

oroof, wmth Theorem 2

e Can we get | ower crossbar speeds?
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Cr ossbar DSM

e Can still enmulate FCFS shared
nenory router wth 4R crossbar
Speed

- Consider bi-partite graph from
| nputs to outputs

-Only 3 nenory operations for any
port

- Add 1 nmenory operation for any
arriving or departing packets

- Maxi mum degree of any vertex in
graph i1s 4
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Theorem 3

e Crossbar scheduling 1s equival ent
to edge coloring the bi-partite
gr aph

- Each edge has unit wel ght

- Max vertex degree is 4

- Koni g's Theorem shows that under
t hese conditions, only 4 colors are
needed

-~ A crossbhar schedul e can be found
that takes 4 rounds to conpl ete
r equest

- Overall crossbar bandw dth 1s 4R
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Cr ossbar DSM

e Can still emul ate PI FO WFQ shar ed
nenory router wth 5R crossbar
speed, wthin 2N 1 slots

- Conbi ne 1deas from Theorem 3 and
Theorem 2 to get crossbar speed and
added departure del ay
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Theorem 4

e Use the sane 1 dea of pernuting the
departure schedule as I n PSM

- Can't schedule the pernutation as-is
e N departures to one port per tine slot

- From Theorem 3, 4 nenbry accesses per
port per tine slot, or 4N per port
over Ntine slots

- 4N + N departures (arrivals) over N
tinme slots

- Max degree is 5N, or 5 per tine sl ot
- Koni g, then leads to 5R crossbhar speed
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Theorem 4

e Maxi mum added delay 1s 2N 1

- Break departure tinmes up into
bat ches of size N

- When cell al i1 s about | eave, the
next batch 1s fixed to be cells

al,az,...,aN

-1f a new cell arrives that should go
before a, It I's pushed back into

t he next batch of N departures
- New "a’' could be pushed back to a .
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Cr ossbar DSM

e Crosshar schedul es from Theor ens
3 and 4 aren't practical

- Edge coloring is too conpl ex

e Addi ng extra nenory bandw dth can
|l ead to nore practical algorithns

- May also need to slightly I ncrease
crossbar bandw dt h

e Trade off between schedul er
compl exity and bandw dt h
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Cr ossbar DSM

e Crossbhar-based DSM can enmul ate a FCFS
shared nenory router wwth total nenory
bandw dt h 4NR and crossbar speed 4R

- Theorem 5

e Crossbar-based DSM can enmul ate a Pl FO
WFQ router wth total nenory bandw dth
6NR and crossbar speed 6R wthin N1
tine slots

- Theorem 6

e For each, crossbar first schedul es all
arriving packets, then all departing
packet s
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Theorem 5

e Simlar to Theorem 1

_E%/is t he nunber of swtch sched
devoted to witing cells each s

_S% | S the nunber of swtch sched

devoted to reading cells each s

ul es
ot

ul es
ot

-BVW5(t) I1s the set of ports witing

cells at tine t
o | BWAS(t)| < ON1)/SO

-BVRS(t) 1s the set of ports reading

cells at tine t
e | BVRS(t)| < ON-1)/S[
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Theorem 5

e Cell c arrives at tinet, going to
out put |, departure tine d

e Let X be the line card nmenory where c
IS witten

- X can't be in BVW5(t)
- Reads are separate, so no constraint
- X can't be in BVRS(d)

_ As before, two constraints, SO E% and SW
must both be at | east 2

- Total crossbar speed nust be 4R
- Total nenory bandw dth nust be 4NR




Theorem 6

e Si

mlar to Theorens 5 and 2

X can't be in BW\5(t)
Reads are separate, so no constrai nt

X can't have [N/SJ}l cells i1n front of c
I n the PIFO queue for an out put

x can't have [(NS[1 cells followng c in
t he PI FO queue for an out put

Three constraints (two read, one wite)
S>3, S>3 or S>4, S >2
R W R W

Either way, total crossbar bandw dth iIs
6R, total nenory bandwdth is 6NR
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Cr osshar DSM

e Best anal ysis pointed to needed
menory bandw dt h of 3NR, crossbar
bandw dt h of 4R

- There 1s a practical algorithmthat
neets these bounds, using a wave-
front arbiter

- Bi-partite graph has many usef ul
properties

- @G ven those and a request matrix for
t he crossbhar, WFA can find a
conflict free crossbar schedul e

- Lenma 3 and Theorem 7
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Cr osshar DSM

e Llenma 3

- Ordering request matri x for WA

~-lterative nethod that nal ntalns
| nvari ants over the nmatri X

e Theorem 7

- Use the properties of the ordered
request matrix with the properties
of a bi-partite graph

- Proof by contradiction
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Conbl ned PSM and DSM

e Basic DSM router, but each |1 ne
card now has a set of nenories

- Line cards now function |1 ke PSM
e Theorem 8

- 2h-1 nenories wth rate R 'h enul at e

one nenory of rate R for a FCFS DSM
rout er

e Theorem 9

-3h-2 nenories wth rate R'h enmul ate

one nenory of rate R for a Pl FO WFQ
DSM r out er
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Practi cal Consi derati ons

e|s |s feasible to build a router
(PIFO WFQ DSM wth so nany nenories?

-ClOQ router wth speedup 2 needs 6NR
total nmenory bandw dt h, 2N nmenories

- Pl FO WFQ DSM needs 4NR total nenory
bandw dt h, N nmenori es

e What about crossbar bandw dt h?
- ClOQ router only needs 2R

- Pl FO WFQ DSM needs 5R

- This Is a problem |Increasing 'speedup'
| S not cheap
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Practi cal Consi derati ons

e Need to know packet departure
t1 mes
- Sane problemfor C OQ as for DSM
-Wuld 1 ke a distri buted nechani sm

e Conpl exity of nenory nmanagenent

- Anot her probl em here

- Lots of centralized 1 nformati on
needed

- Q(N) operations to schedule N new
arrival s
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Practi cal Consi derati ons

e Reduce conplexity wth batch
schedul | ng

- I nstead of operating on a packet (cell)
| evel , | et packets collect into franes and
schedul e franes

- Reduces nunber of decisions made and so
reduces overall tine spent scheduling

e Does CIOQ or DSM require | arger
buf fers?

- DSM buffers share all flows, so no one can
be a bottl eneck

- Can lead to small er 1 ndividual buffers
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Concl usi on

e PI FO WFQ DSM has overall | ower
nenory requirenents than PlIFO

Cl OO

- Fewer nenories, snmaller nenories

e Pl FO WFQ DSM has hi gher crossbar
speed requirenents than Pl FO Cl OQ

e PI FO WFQ DSM has practicality
pr obl ens

- Too nmuch gl obal state needed
- Schedul ers are sequenti al
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DI scussi on

e Questi ons?
e Probl ens?
e | Ssues?
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