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Abstract --A parallel packet switch (PPS) is a switch in which the mem- N x N Output-Queued

ories run slower than the line rate. Arriving packets are load-balanced ~ Demultiplexor Ry RIK) Multiplexor
packet-by-packet over multiple lower speed center stage packet switches. It R » —L R
is known that, for unicast traffic, a PPS can precisely emulate a FCFS out- 1 1 —1n 1
put-queued (OQ) switch with a speedup of two and an OQ switch with delay ) —T1m

guarantees with a speedup of three. In this paper we ask: Is it possible for a ~ Demultiplexor 1 ultiplexor
PPS to emulate the behavior of an OQ@nulticastswitch? The main result is R N x N Output-Queued R
that for multicast traffic an N-port PPS can precisely emulate a FIFO OQ » 2 > —17 2
switch with a speedup ofS>2./N+1, and a switch that provides delay 1T

guarantees with a speedup 05> 2./2N+2 . Demultiplexor 2 —10 ultiplexor
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[. INTRODUCTION R

All packet switches require memories that buffer packets dul 4
ing times of congestion. For several years, the capacity of hic
performance switches and routers has been limited by the bar
width of commercially available memories. This is, in part,whether it can emulate an OQ switch and its capabilities to pro-
because standard DRAM memories are optimized for densi-\/_ide_guaranteed qualities of service (QoS). We answer this ques-
rather than speed of random access. Given that this situationtion in [1][2]. _ _ _ _
unlikely to change in the near future, there is interest in packe In this paper we consider multicast traffic. There have been dif-
switch architectures that overcome the memory bottleheck. ferent multicast packet switch architectures which have been pro-

The memories in well-known packet switch architectures _posed in the past. A survey of these switches and the issues
such as input queued (IQ) switches, output queued (OQ) ainvolved in their design can be found in [4][5]. In this paper we
combined input and output queued (CIOQ) switches — must rask Whether it is possible for a PPS to precisely emulate a multi-
capable of buffering and retrieving packets at a speed equal to,cast OQ switch.
faster than the line rate. As line rates increase (from OC48
0C192c, to OC768c and above), it becomes difficult or impract
cal to buffer packets as fast as they arrive.

In attempt to overcome this problem, the PPS was proposed
[1] allowing each memory device in the switch to run slower thaice: A fixed-length packet.
the line rate. The architecture is based on the 3-stage Clos N
work [3] and is illustrated in Figure 1. The figure shows an exanTime slot: This is the time taken to transmit or receive a cell at a
ple of a4 x 4 PPS with a central stage consisting of three layelink rate ofR .
— each made from an output queued switches. The demul
plexor at each port connects to all layers which operate indepePIFO Queues:A “Push-In First-Out” queue [6] ordering is one
dently and in parallel. Arriving packets are sent by thewhere arriving cells can be placed at any location, but may depart
demultiplexor to one of the slower speed layers. In other wordonly from the head of line of the queue. PIFO queues are quite
packets from each external line (operating at Rte ) are segeneral and can be used to implement QoS scheduling disciplines
over one ofk links, each of which operates at a data rate of such as WFQ [7], GPS [8], and strict priorities.
leastR/ k . Packets are stored in the output-queues of the cen _ )
stage switches and are sent to the multiplexor at the time Fanout: The number of outputs that a multicast cgll  is des-
departure. In general, the internal links in the center staclined tois called the fanout and is denotedriy
switches operate ata rd®d R/ R ,Wwh&e isgpeedup

It is interesting to know how a PPS will perform; in particular,

T

Figure 1: The architecture of a PPS based on output-queued switches.

Il. BACKGROUND

A. Terminology

Maximum Fanout: The maximum number of outputs that any
multicast cell can be destined to is called the maximum fanout
m, wheremO {1, ..., N} .

1-Since, optical buffers are as yet commercially unviable, packet switches wi

continue to use electronic buffers for some time. . . . .
Copy Multicast: A multicast cell can be copied to create multi-

le unicast cells at the input of a packet switch and each unicast
%éll can be individually switched. We call this a “copy multicast”.
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ter stage switch takes care of delivering the cell to each output. Lemma 2: (Sufficiency) A PPS, with a maximum fanout of
o m, can emulate any OQ switch with a PIFO queueing discipline
B. Definitions with a speedup 08> 3m

In what follows we will need to use some definitions intrOdUCQﬂroof: The proof is a|ong the lines of Lemma 1 and is based on
in [1]. Theorem 200

Definition 1:Input Link Constraint (ILC) - Because of the data B. Fanout multicast

rate of the link connecting each demultiplexor to each layer, a

demultiplexor can send a cell to a given layer at most once Lemma 3: (Sufficiency) A PPS, with maximum famout

every[ k/S] time slots. This we call the input link constraint. can precisely emulate a FCFS OQ switch with a speedup of
Sz (m+ 1), using fanout multicasting.

Definition 2: Available Input Link Set AlL(i,n) - This arises

from the input link constraint, and is the set of layers to whidfroof: Since the maximum fanout of a multicast celiris , each

demultiplexori  can start sending a cell in time slot n. Note thBtulticast cell is destined to a maximumrof  outputs. Consider
|AILG,n)| =k-[k/S]+ 1. acellC that arrives at demultiplexor at time stot and des-

tined for output portstP,0J wherg,00 {1,...,m} . For the

Definition 3: Output Link Constraint (OLC)- Similarly, each ILC and OLC to be met, it suffices to show that there will

layer is constrained to send a cell to each multiplexor at mo¥vays exist a layelr - such that it meets the ILC for input port
once every k/S] time slots. and meets the OLC for output portsP,0 where,

jo{1,...,m}.
Definition 4: Departure Time When a cell arrives, the demulti-  Tnys jayerl  must meet all the above constraints i.e.
plexor selects a departure time for the cell. A cell arriving to
inputi at time slon and destined to outgut is assigned the 10 {AIL@,n) n AOL(P, DT(n, i, P})) n
departure timeDT(n, i, J) . AOL(P,, DT(n, i, P,) n ...
o _ _ o (AOL(P,,DT(n,i,P)))}.
Definition 5: Available Output Link Set AOL(j, DT(n i, j)) ., is
the set of layers that can send a cell to multiplgxor ~ at time slot=rom Definition 2 and 5 we know that,
DT(n, i,j) in the future. Note that /AILG, )| + |AOL(P, DT(n, i, Py)| +
IAOL(}, DT(n i, ) 2 k= k/ S[+ 1. [AOL(P,, DT(N, i, PY)[ + ...
/AOL(P,, DT(n, i, P,))| > mk

if, S2 (m+1) .0
Theorem 1:(Sufficiency) For unicast traffic, a PPS can emu-

late a FCFS OQ switch with a speedupSaf 2 . Lemma 4: (Sufficiency) A PPS, with maximum famout
can emulate an OQ switch with a PIFO queueing discipline,

Theorem 2:(Sufficiency) For unicast traffic, a PPS can emwith a speedup 06> (2m+ 1) , using fanout multicasting.

late an OQ switch with a PIFO queueing discipline with a
speedup 06> 3 . Proof: The proof is similar to the previous lemna.

C. Unicast Traffic

Proof: Detailed proofs are in [1]. C. Devising an Optimal Strategy for Multicasting

We can make the following observations on multicasting.
[Il. M ULTICAST TRAFFIC ) . o .
i , _. 1. For copy multicasting, the speedup required increases in pro-
We now extend Theorems 1 and 2 to find, first, the Cond't'onsqportion to the number of copies made per cell.

under which a PPS can emulate an FCFS OQ and a PIFO O o ] } )
multicast switch? 2. For fanout multicasting, a single cell is sent and no addi-

tional speedup is required to physically transmit the cell.
A. Copy multicast However higher speedup is required to ensure the existence
of a layer which satisfies all the constraints.
Lemma 1: (Sufficiency) A PPS, with maximum famout
can emulate a FCFS OQ switch with a speedugafm  Thus, copy multicast does not use the copy capability of each
using copy multicasting. layer, whereas fanout multicast does not utilize the speedup. We
now show an optimum strategy which uses both forms of multi-
Proof: Since the maximum fanout of a multicast celiis , eaatast.
cell is replicated upon arrival to form  unicast cells. Thus ea

input of the PPS can be considered to be operating at a line ﬁgtcl:he bounded copy strategy
of mR. O Bounded copy multicast bounds the number of copies that can

be made from a multicast cell. We defige  as the maximum
number of copies that are made from a given multicast cell.
Since the maximum fanout of any given multicast celhis  at

2'Throughout this section, we shall ignore the fact Stk isa
trivial bound.



most [ m/ | outputs will receive a copied multicast cell. Wee. if, ([k/S]-1) (q+[ m/ q]) <k.
now find a lower bound on the size of the available input link se

. tNote that the above analysis applies to each that is
as a function ofy. Yy pp y

made in parallel. Thus each co of the multicast packet has

the same input link constraint and by definition the same AlL. In

the case that two or more distinct cop@@ yO{12 ..}

EhBose the same layer , the copies are merged and a single cell

destined to the distinct outputs of each of the copies is sent.
Consider demultiplexor . The only layers that cannot sendThe speedup is minimized whég+[ m/ q])  is minimized.

a cell to are those which were used in the [&stS| -1 timBut (q+[ M/ q]) < (g+ v/ g + 1and so the minimum value

slots. (The layer which was use¢#/ S] time slots ago is nawobtained whem = ./m;i.e. S>2./m+1.0

free to be used again)AIL(i, n)| is minimized when a cell

arrives to the external input port in each of the previous Theorem 4:(Sufficiency) A PPS with a maximum fanout of

[ k/S]—1 time slots. Since a maximum gf  links are used im, can precisely emulate an OQ switch with a PIFO queueing

every time slot|AIL(i,n)| 2k— ([k/S]-1)q O discipline, with a speedup &= 2./2m+ 2

Lemma 5:AIL(i,n)| 2 k- ([ k/S|-1)q , for ali,n=0 ;
in a PPS using a bounded copy strategy, wigre is the spee
on the links connecting each demultiplexor to each layer.

Theorem 3:(Sufficiency) A PPS, which has a maximuiroof: The proof is almost identical to the one above.
fanout ofm , can mimic a FCFS OQ switch with a speedup of

3
S22./m+1. Corollary 1:(Sufficiency) A PPS, can mimic a multicast

Proof: Consider a celC that arrives at demultiplexor at timgCFS oQ STW'tCh.W'th a speedup$é z.ﬁ\].Jr 1 _and a multi-

. Cast OQ switch with a PIFO queueing discipline with a speedup
slot n and destined for output portsP,0 whereOf S>2./2N+2
jod{4,...,m} . This cell is divided into a maximum of cop- - '
ies Cy ,wherey(0 {1, ...,q} .Each cop§ly , is destined to Broof m< N .0

maximum of [P,0 distinct output ports, where,

i
joO{1, .., [m/ql} . Forthe ILC and OLC to be met, it suf- IV. CONCLUSIONS

fices to show that there will always exist a layer such that the ) )
layer| meets all the following constraints for each cGgy i.e. While we cannot predict the usage and deployment of multi-

cast, it is likely that Internet routers will be called-upon to
|0 {AILG,N) A switch multicast pa_ckets pas_sing over very_high speed lines with
AOL (P 6T(n i P)) n a guarantegd quahty_of service. Shoul_d FhIS be the case, pa_cket
AOL(Pl, DT(n’ i, Pl)) . switches might require the characteristic of a PPS in which
AOL( PZ, D'T,(nzi P N1 buffer memories need not run as fast as the line rate.

fm/ gl T A conclusion that can be drawn from the results presented
here is that the speedup required grows with the size of the

which is satisfied when, allowable multicast fanouts. With small fanouts at each switch,

IAIL(i, n)| + moderate speedup suffices and delay guarantees are theoreti-
[AOL(P,, DT(n, i, P,))| + cally possible. For large fanouts, the speedup may become
\AOD(PZ, DT(n, i, Pz))\ £ impracticably large.
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