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Analysis of the Parallel Packet Switch Architecture

Sundar lyer Associate Member, IEEEBNnd Nick W. McKeown Senior Member, IEEE

Abstract—Our work is motivated by the desire to design packet or routed, by packet switches (e.g., ATM switches, frame
switches with large aggregate capacity and fast line rates. In this relay switches, and IP routers) that process and then switch
paper, we consider building a packet switch from multiple lower 4 pets between different channels. It would be desirable to

speed packet switches operating independently and in parallel. . - . - .
In particular, we consider a (perhaps obvious) parallel packet PTOCESS packets in the optical domain without conversion to

switch (PPS) architecture in which arriving traffic is demulti- €lectronic form. However, all packet switches need buffering
plexed overk identical lower speed packet switches, switched to (by definition), and it is not economically feasible today to store

the correct output port, then recombined (multiplexed) before packets optically. Thus, packet switches will continue to use
departing from the system. Essentially, the packet switch performs electronic buffer memories for some time to come. However,

packet-by-packet load balancing, orinverse multiplexing over s S
multiple independent packet switches. Each lower speed packet at the data rates anticipated for individual WDM channels,

switch operates at a fraction of the line rateR. For example, each W€ may not be able to buffer packets as fast as they arrive
packet switch can operate at rateR /k. Itis a goal of our workthat ~ and depart. As line rates increase beyond OC192 (10 Gb/s) to
all memory buffers in the PPS run slower than the line rate. Ide-  OC768 (40 Gb/s) and even to OC3072 (160 Gb/s), it becomes
ally, a PPS would share the benefits of an output-queued switch, difficult, perhaps impossible, to buffer packets as fast as they

i.e., the delay of individual packets could be precisely controlled, . - . | devi E |
allowing the provision of guaranteed qualities of service. arrive using conventional memory devices. or example, a

In this paper, we ask the question: Is it possible for a PPS to Packet buffer built using currently available DRAM would
precisely emulate the behavior of an output-queued packet switch require a 16 000-bit-wide data bus.
with the same capacity and with the same number of ports?  The purpose of this paper is not to argue that line rates will
We show that it is theoretically possible for a PPS to emulate continue to increase; on the contrary, it could be argued that

a first-come first-served (FCFS) output-queued (OQ) packet . .
switch if each lower speed packet switch operates at a rate of DWDM will lead to a larger number of logical channels each

approximately 2R/k. We further show that it is theoretically ~Operating no faster than, say, 10 Gb/s. We simply make the ob-
possible for a PPS to emulate a wide variety of quality-of-service servation that if line rates do increase, then memory bandwidth

queueing disciplines if each lower speed packet switch operates|imitations may make packet buffers and, hence, packet switches
at a rate of approximately 3R/k. It turns out that these results difficult or impossible to implement.

are impractical because of high communication complexity, but It is the overall aoal of our work to desian a high-capacit
a practical high-performance PPS can be designed if we slightly 9 g 9 pacity

relax our original goal and allow a small fixed-sizecoordination Packet switch (e.g., multiple terabits/second) that: 1) supports
buffer running at the line rate in both the demultiplexer and the individual line rates in excess of the speeds of available elec-
multiplexer. We determine the size of this buffer and show that tronic memory and 2) is capable of supporting the same qualities
it can eliminate the need for a centralized scheduling algorithm, of service as an output-queued (OQ) switch. These two goals

allowing a full distributed implementation with low computational tbh lized al b fi 10 itch: this |
and communication complexity. Furthermore, we show that if the cannot be realized alone by a conventional OQ switch; this is

lower speed packet switch operates at a rate aR/k (i.e., without Pbecause OQ switches require buffer memory that operat¥s at
speedup), the resulting PPS can emulate an FCFS-OQ switch times the line rate, wher® is the number of ports of the switch.

within a delay bound. This certainly does not meet our goal of memory runrsilogver
Index Terms—Clos network, inverse multiplexing, load bal- than any individual line rate.
ancing, output queueing, packet switch. Likewise, we cannot use the other widely used techniques for

reducing memory bandwidth, namely, input-queued (IQ) and

I. INTRODUCTION combined input-and-output queued (CIOQ) switches. In an IQ
L . . : . switch, each memory operates at the same speed as the external

AVELENGTH division multiplexing (WDM) is making line rate. While an improvement over OQ switches, neither of

available long-haul fiber-optic links with very high i . .
capacity by allowing a single fiber to contain multiple separa 2! goals are met. 1) an1Q switch t_does notmeetour requwement
use memories slower than the line rate and 2) IQ switches are

channels. Currently, channels operate at OC48c (2.5 Gb/s . i
. able to provide the same QoS guarantees as an OQ switch. It
0C192¢ (10 Gb/s), and in some systems OC768c (40 Gb/s). IS ?mown that a variety of qualities of service are possible in a

packets or cells carried on each WDM channel are swncheéll,oQ switch in which the memory operateswicethe line rate

[7]. Obviously, this does not meet our goal for memory speed.
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Fig. 1. Architecture of a PPS based on output-queued switches. The architecture resembles a Clos network. The demultiplexers, slower spéetigmcket sw
and multiplexers can be compared to be the three stages of a Clos network.

We would like an architecture that overcomes these limitarior to this work. As we shall see, there is an interesting and
tions, yet is practical. simple analogy between the (buffered) PPS architecture and the
(unbuffered) Clos network [4].
Il. BACKGROUND We are interested in the question: Can we select the demulti-
ir[)éexing and multiplexing functions so that a PPS can emtilate

The parallel packet switch (PPS) aims to overcome t . . o .
memory bandwidth limitation. The PPS is comprised otpe behavior of an OQ SW'tCh' Ifit IS possible for a PPS to em
ate an OQ switch, it will be possible to control delay of in-

multiple identical lower speed packet switches operatirgi ) . )
independently and in parallel. An incoming stream of packets vidual packets and, therefore, provide QoS. In this paper, we

spread, packet by packet, by a demultiplexer across the SIO\Xyél}describe and analyze the PPS for unicast traffic only. An ex-

packet switches, then recombined by a multiplexer at t aing paper [5] dgscribes how a PPS can emulate an OQ switch
output. The PPS architecture resembles that of a Clos Netw N multicast traffic. . . .

[4], as shown in Fig. 1. The demultiplexer, the center-stage he rest_of the paper is orgar_nzed as fOHOWS.' I_q Sections Il
packet switches, and the multiplexer can be compared to d IV, we introduce some terminology and definitions. In Sec-
three stages of a;n unbuffered Clos network tion V, we find the conditions under which the PPS can emu-

As seen by an arriving packet, a PPS is a single-stage pac!%? ahflrst;]come-grs;-served (FIC i:S)-Og SW't(.:th'r: n .Stﬁcctj'.?fn Vi, t
switch; all of the buffering is contained in the slower packe € show how a can emulate an OQ switch with differen

switches, and so our first goal is met because no buffersin a I lities of Sef""’t.e- Howevler, ';)utrhlntltlal I?Igotrrl]thmg reqw;g al
need to run as fast as the external line fatee demultiplexer arge communication compiexity that maxes them impractica,

selects an internal lower speed packet switch (or “layer”) a d so in Section VIl we mod|_fy the PP.S and aIIow_ for a small
Hffer (that must run at the line rate) in the multiplexer and

sends the arriving packet to that layer, where it is queued uﬂl . . . o .
its departure time. When the packet’s departure time arrivest, £ demt_JIt|_pIexer. we descrlbe_a d!fferent dlstr|puted algorithm
ich eliminates the communication complexity and appears

is sent to the multiplexer that places the packet on the outgoiWQ

line. However, they must make intelligent decisions, and as g?:;ngore pract|<|:atl. In SFect::lt:K;n(;/III, W.te th\;\é.howdﬂ}e n;)Od"d
shall see, the precise nature of the demultiplexing (“spreadin \ can eémuiate an -OQ switch within a delay boun

and multiplexing functions are key to the operation of the PP thout speedup. We briefly describe some implementation is-

Although the specific PPS architecture seems ndeeld- sues in Section IX.
balancingandinverse-multiplexingystems [8]—[10] have been
around for some time, and the PPS architecture is a simple ex- 1. DEFINITIONS
tension of these ideas. Related work studied inverse ATM multi- Before proceeding it will be useful to define some terms used
plexing and how to use sequence numbers to resynchronize cglipughout this paper:
sent through parallel switches or links [11]-[16]. However, we Cell: A fixed-length packet, though not necessarily equal in
are not aware of any analytical studies of the PPS architectygfigth to a 53-byte ATM cell. Although packets arriving to the
2There will, of course, be small staging buffers in the demultiplexers and mLﬁWItC_h may have variable Iength, for the purposes of th!s paper
tiplexers for rate conversion between an external link operating atitatad W€ Will assume that they are segmented and processed internally

internal links operating at ratB/ k. Because these buffers are small (approxi-
matelyk packets), we will ignore them in the rest of the paper. 3We will describe in Section |1l the exact meaning of the tesmulate
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as fixed length cells. This is common practice in high-perfor- Push-In First-Out (PIFO) Queues A PIFO [7] can be used
mance routers; variable-length packets are segmented into cillepresent a class of QoS scheduling disciplines such as WFQ,
as they arrive, carried across the switch as cells, and reass&RS, and strict prioritiesA PIFO queue is defined as follows:

bled back into packets before they depart. 1) arriving cells are placed at (or push-in to) an arbitrary
Time slot: Refers to the time taken to transmit or receive a location in the queue;

fixed length cell at a link rate of?. 2) the relative ordering of cells in the queue does not change
Internal time slot: This is the time taken to transmit or re- once cells are in the queue, i_e_, cells in the queue cannot

ceive a fixed length cell at a link rate dt/k, wherek is the switch places;

number of center-stage switches in the PPS. 3) cells may be selected to depart from the queue only from
OQ Switch: A switch in which arriving packets are placed the head of line.

immediately in queues at the output, where they contend with
other packets destined to the same output. The departure order
might be FCFS, in which case we call it an FCFS-OQ switch. _ B )
Other service disciplines, such as WFQ [19], GPS [20], virtual N this paper, we focus on the specific type of PPS illus-
clock [21], and DRR [22] are widely used to provide QoS guatfated in Fig. 1 in which the center-stage switches are OQ. The
antees. One characteristic of an OQ switch is that the buffégure shows a 4 4 PPS, with each port operating at rate
memory must be able to accept (writd) new cells per time Each portis con_nected to all three OQ swnchgs (we ref(_ar to the
slot whereN is the number of ports, and read one cell per cefenter-stage switches kyers. When a cell arrives at an input
time. Hence, the memory must operate\at- 1 times the line Port, the demultiplexer selects a layer to send the cell to; the de-
rate. multiplexer makes its choice of layer using a policy that we will
Work conserving: A packet switch is said to be work con-describe later. Since the cells from each external input, of line
serving if an output is busy whenever there is a cell in the systé@{e /2, are spread (demultiplexed) ovetinks, each input link
for it. If a packet switch is work conserving, its throughput i§nUst run at a speed of at ledsfk. _
maximized, and the average latency of cells is minimized. ~ Each layer of the PPS may consist of a single OQ or CIOQ
In this paper, we will compare the performance of a PPS aswitch with memories operating slower than the rate of the ex-
an OQ switch. The following definitions help us formally com{€rnal line. Each of the layers receive cells from fhieinput
pare the two switches. ports, then switches each cell to its output port. During times of
Shadow OQ switch We will assume that there exists an O(;pongestion, cells are stored in the output queues of the center
switch, called the shadow OQ switch, with the same number ¥fde, waiting for the line to the multiplexer to become avail-
input and output ports as the PPS. The ports on the shadow @@be When the line is available, the multiplexer selects a cell
switch receive identical input traffic patterns and operate at tR80ng the correspondirigoutput queues in each layer. Since
same line rate as the PPS. each multiplexer receives cells frofroutput queues, the queues
Mimic : Two different switches are said to mimic [7], [17],MuSt operate at a speed of at leRgt: to keep the external line
[18] each other, if under identical inputs, identical packets dBUSY-
part from each switch at the same time. Externally, the switch appears as&nx N switch with each
An FCFS-0Q switch is work conserving, and so a necessaﬁ?rt operating at rat®. Note that neither the multiplexer nor the
(but not sufficient) condition for a switch to mimic outputdemultiplexer contain any memory, and that they are the only
queueing is that it be work conserving. A work-conservin§emponents running at rate. . _
switch may reorder packets, while a switch which mimics an Ve can compare the memory-bandwidth requirements of an
FCFS 0Q switch cannot. On the other hand, an 1Q switch 4§ /N PPS with those for an OQ switch with the same aggregate
not in general work conserving because a cell can be held ategfdwidth. In an OQ switch, the memory bandwidth on each
input queue even though its output is idle. port must be at leastNV + 1)R, and in a PPS at lea$tV +
Relative queueing delayA cell's relative queueing delay is 1)/2/k, but we can reduce the memory bandwidth further using
the increased queueing delay (if any) that it receives in a switefC!OQ switch. From [7], we know that an OQ switch can be
relative to the delay it receives in the shadow OQ switch. ofifimicked precisely by a CIOQ switch operating at a speedup of
definition of relative queueing delay only includes differenced0- SO, we can replace each of the OQ switches in the PPS with
attributed to queueing. Differences in fixed delay (e.g., becaud&!0Q switch, without any change in operation. The memory
of differences in propagation delay) are notincluded in this me@@ndwidth in the PPS is reduced:1®/k (one read operation
sure. and two write operations per cell time), which is independent of
Emulate: Two different switches are said to emulate eacf{ @nd may be reduced arbitrarily by increasing the number of
other if, under identical inputs, they have identical relativi@yersk. o _ _
queueing delays. Thus, the teemulateis identical tomimic ~ Choosing the value ofk:: Our goal in this paper is to design
if we ignore the fixed propagation delays in the switches. wawitches in which all the memories run at sloyver than Fhe line
shall use the terremulatein the rest of the paper to compardate. If the center stage switches are CIOQ switches, this means
the PPS with an OQ switch. that3R/k < R = k > 3. Similarly, for center-stage OQ
For example, in a PPS, cells are sent over slower speed $iitches, we require thatvV +1)R/k < R = k > N +1. This

ternal IinI.<s of rateSR/k_’ and so incur a_ larger (bUt ConStant) 4Note that some QoS scheduling algorithms do not use PIFO queueing, such
propagation delay relative to an OQ switch. as weighted round robin and W8 [24].

IV. PPS ARCHITECTURE
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Fig. 2. A 3x 3 PPS with an arrival pattern that makes it non-work-conserving. The nof@tiorl, m denotes a cell numbereéddestined to output port,
and sent to layem. () Cells arriving at time slot 1 and being sent to the center stage switches. (b) Cells arriving at time slot 2 and being sent to the center stage
switches.

gives a lower bound oh. Further, one can increase the value cfhese two cells cannot be sent back to back in consecutive time
k beyond the lower bound, allowing us to use an arbitrarily sloslots, because the link between the layer and the multiplexer op-
memory device. erates only at rat®/2. So, cellC4 will be sent, followed by an
As an example, suppog€é = 1024 ports,R = 40 Gb/s, and idle time slot at output porB, and the system is no longer work

cells are 64 bytes long. Then a PPS with= 10 center-stage conserving. And so, trivially, a PPS without speedup cannot em-
ClOQ switches can be built such that the fastest memories miate an FCFS-OQ switch. O

at a speed no greater thaR/k = 12 Gb/s. For a 64-byte cell,  Definition 1: Concentration: Concentration is a term we will
this corresponds to an access time of 42.6 ns, which is withise to describe the situation when a disproportionately large

the random access time of commercial DRAMSs. number of cells destined to the same output are concentrated
on a small number of the internal layers.
A. The Need for Speedup Concentration is undesirable as it leads to unnecessary idling

It is temptmg to assume that because each |ayer is out@%ause of the limited line rate between each Iayer and the mul-
queued, it is possible for a PPS to emulate an OQ switch. THRlexer. One way to alleviate the effect of concentration is to
is actually not the case unless we use speedup. As can be disenfaster internal links. In general, we will use internal links
from the following counterexample, without speedup a PPS!3at operate at a rat&(z/k), wheres is the speedup of the in-
not work conserving and, hence, cannot emulate an OQ swité¢rnal link.

Theorem 1: A PPS without speedup is not work conserving. For example, in our counterexample in Theorem 1, the

Proof; (By Counterexample)Consider the PPS in Fig. 2 problem could be eliminated by running the internal links at a
with three ports and two layers{ = 3 andk = 2). The external rate of 2 instead of/2 (i.e., a speedup of two). This solves
lines operate at rat& and the internal lines at rafe/2. the problem because the external output port can now read the

Assume that the switch is empty at tirhe- 1, and that three Cells back to back from layer two. However, this appears to
cells arrive, one to each input port, and all destined to outgdgfeat the purpose of operating the internal layers slower than
portA. If all the input ports choose the same |aye|f’ then the P[ﬂ@ external line rate. Fortunat6|y, we will see in Section IV that
is non-work-conserving. If not, then at least two of these inputde speedup required to eliminate the problem of concentration
will choose the same layer and the other input will choose a di independent of the arriving trafficiz, N, and is almost
ferent layer. Without loss of generality, let inputs 1 and 3 botRdependent of. In particular, we find that with a speedup of
choose layer 1 and send cefld andC3 to layer 1 in the first tWo, the PPS is work conserving and can emulate an FCFS-0Q
time slot. This is shown in Fig. 2(a). Also, let input port 2 sengWwitch.
cell C2 to layer 2. These cells are shown in the output queues
of the internal switches and await departure. Now, we create Bn
adversarial traffic pattern. In the second time slot, the adversaryThe operation of a PPS is limited by two constraints. We call
picks the input ports which sent cells to the same layer in the fitbiese theénput link constraintand theoutput link constraintas
time slot. These two ports are made to receive cells destinedi&fined below.
output portB. As shown in the figure, cell€'4 andC5 arrive Definition 2: Input Link Constraint : An external input port
at input ports 1 and 3 and they both must be sent to layer 2; tiésconstrained to send a cell to a specific layer at most once
is because the internal line rate between the demultiplexer anery[k/S] time slots. This is because the internal input links
each layer is onlyR/2, limiting a cell to be sent over this link operateS/k times slower than the external input links. We call
only once every other time slot. Now the problem becomes apis constraint the input link constraint (ILC).
parent: cellsC4 andC'5 are in the same layer, and they are the Definition 3: Allowable Input Link Set:The ILC gives rise to
only cells in the system destined for output pBrat time slot 2. the allowable input link set Al(z, n), which is the set of layers

Link Constraints
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to which external input poiitcan start sending a cell in time slottime slots. (The layer which was us¢t/S] time slots ago is
n. This is the set of layers that external inputas not started now free to be used againAlL (i, )| is minimized when a
sending any cells within the lagt /S — 1 time slots. Note that cell arrives to the external input port in each of the previous
|AIL (i,n)| < &,V (i,n). [k/S] — 1 time slots, hencaAlL (i,n)| > k— ([k/S]—1) =
AlL (¢, n) evolves over time, with at most one new layer being — [k/S7 + 1. O
added to, and at most one layer being deleted from, the set ilemma 2:The size of the available output link set
each time slot. If external inputstarts sending a cell to layér |AOL(j,DT(n,,5))| > k — [k/S] + 1, forall4, j,n > 0.
attime slotV, then layei is removed from All(z, n). The layer Proof. The proof is similar to Lemma 1. We consider an
is added back to the set when it becomes free attim¢k /S]. external output port which reads cells from the internal switches
Definition 4: Output Link Constraint:In a similar manner to instead of an external input port which writes cells to the internal
the ILC, a layer is constrained to send a cell to an external outpuwtitches. O
port at most once everjk/S] time slots. This is because the
internal output links operatg/k times slower than the external V. EMULATING AN FCFS-0Q S/ITCH
output links. Hence, in every time slot an external output port _ )
may not be able to receive cells from certain layers. This con-!n this section, we shall explore how a PPS can emulate an
straint is called the output link constraint (OLC). FC_FS—OQ switch. Notg that in this sec_tlpn, in I.|eg of the FCFS
Definition 5: Departure Time:When a cell arrives, the de- POlicy, the departure time of a cell arriving at inpuand des-
multiplexer selects a departure time for the cell. A cell arriving?ed to outpuj at timen, DT(n, 1, j), is simply the first time
to inputi at time slot: and destined to outpytis assigned the that outputj is free (in the shadow FCFS-OQ switch) and able
departure time D, , j). The departure time could, for ex-t© send a cell.
ample, be the first time that outpyls free (in the shadow OQ
switch) and able to send the cell. As we shall see later in Sé- Conditions for a PPS to Emulate an FCFS-OQ Switch
tion VI, other definitions are possible. Theorem 2: (Sufficiency)if a PPS guarantees that each ar-
Definition 6: Available Output Link SetThe OLC gives rise riving cell is allocated to a |ayd[; such that € AIL (Z n) and
to the available output link set AQl, DT(n, i, j)), whichisthe | ¢ AOL(j, DT(n,i, 7)), (i.e., if it meets both the ILC and the
set of layers that can send a cell to external oujmtittime slot  OLC) then the switch is work conserving.
DT(n,4, j) inthe future. AOL(j, DT(n, i, j)) is the set of layers Proof: Consider a cellC' that arrives to external input
that have not started sending any cells to external oytjjuthe port ; at time slotn destined for output porj. The demul-
last[%/S] — 1 time slots before time slot (T, i, j). Note that,  tiplexer chooses a laydr that meets both the ILC and the
since there are a total df layers,|AOL(j,DT(n,i,7))| < k, OLC; i.e.,I € {AIL(i,n)NAOL(j,DT(n,i,5))}, where
v (5,DT(n, i, j)). DT(n,1,7) is the index of AOL-) and represents the first time
Like AlL (i,n), AOL(j, DT(n, i, j)) can increase or decreasghat external output is free in the shadow FCFS-OQ switch in
by at most one layer per departure time slot, i.e., if a layge future, at time slot. Sincel € AlL (,n), the ILC is met,
| starts to send a cell to outpyt at time slot DTn,%,5), and cellC' can be immediately written to layérin the PPS.
the layer is deleted from AQl,DT(n,4,;5)) and then will Since the center-stage switches are OQ switches, the’dsll
be added to the set again when the layer becomes fregnaediately queued in the output queues of the center-stage
time DT(n,i,j) + [k/S]. However, whenever a layer isswitch/, where it awaits its turn to depart. Since the departure
deleted from the set, the index DT, ;) is incremented. time of the cell DTn,4,j) has already been picked when
Because, in a single time slot, up 6 cells may arrive at it arrived at timen, C is removed from its queue at time
the PPS for the same external output, the value of/DT,j) DT(n,4, ;) and sent to external output pgit The reason that
may change up taV times per time slot. This is becauseC can depart at D{in, i, j) immediately is because the link
AOL(j,DT(n,4,j)) represents the layers available for use afom multiplexer; to layer! is available at time D, i, j), as
some time DTn, i, j) in the future. As each arriving cell is sentjayer/ was chosen such thate AOL(j,DT(n,i,4)). Thus, if
to a layer, a link to its external output is reserved for some timgr cell C' the chosen laydrmeets both the ILC and OLC, then
in the future. So, effectively, AOj, DT(n, i, j)) indicates the the cell leaves the PPS at time Dil4, j). By definition, each
schedule of future departures for outpytand at any instant, cell can be made to leave the PPS at the first time that ogtput
Max(DT(n,4,j)) + 1, V (n,4) indicates the first time in the would be idle in the shadow FCFS-OQ switch, before ¢ell
future that outpug will be free. arrived. Thus, outpuj is continuously kept busy if there are
cells destined for it, similar to that of the shadow OQ switch.

C. Lower Bounds on the Size of the Link Constraint Sets Obviously, since the shadow OQ switch is work conserving,

The following two lemmas will be used later to demonstratihe PPS is work conserving. O
the conditions under which a PPS can emulate an FCFS-OQ@ heorem 3: (Sufficiency)A speedup of two is sufficient for a
switch. PPS to meet both the input and output link constraints for every

Lemma 1:The size of the available input link set,cell.
|AIL (i,n)| > k — [k/S] + 1, for all i, n > 0, whereS is the For the ILC and OLC to be met, it suffices to show
speedup on the internal input links. that there will always exist a layef such that! €
Consider external input poit The only layers to whicli  {AIL (¢,n) N AOL(j,DT(n,4,4))}, i.e., that Alli,n) N
cannot send a cell are those which were used in th¢Adst]-1  (AOL(j,DT(n,4,5))) # &, which must be satisfied if
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|AIL (4,n)| + |AOL(j,DT(n,4,5))| > k. From Lemma 1 and choice of sending to layéran arriving cellC’ must now meet

Lemma 2, we know thaAlIL (¢, n)|+|AOL(4,DT(n,4,35))| > k
if $> 2. O
Corollary 1: A PPS can be work conservingsf > 2.

the following three constraints.
1) The link connecting the demultiplexer at inpub layer!

must be free at time slat. Hence] € {AIL (i,n)}.

Having shown that a PPS can be work conserving, we now 2) The link connecting layer to outputj must be free at
show that with the same speedup, the PPS can emulate an DT(n,1,7), i.e.,l € {AOL(j,DT(n,4,5))}.

FCFS-0Q switch.

Theorem 4: (Sufficiency)A PPS can emulate an FCFS-0OQ

switch with a speedup of > 2.5
Proof: Consider a PPS with a speedup$f> 2 which,

for each arriving cell, selects a layer that meets both the ILC and

the OLC. A cell destined to outpytand arriving at time slot

is scheduled to depart attime slot Dil 7, 5), which is the index
of AOL(j,DT(n,1,7)). By definition, DT(n, 1, j) is the first
time in the future that outpytis idle in the shadow FCFS-0OQ

3) All the other cells destined to outpgitafter C' must also

find a link available. In other words, if the demultiplexer
picks layerl for cell C, it needs to ensure that no other
cell requires the link froni to output; within the next
([k/S] — 1) time slots. The cells that are queued in the
PPS for output porf (and have a departure time between
(DT(n,4,5),DT(n,i,7)+[k/S]—1)), may have already
been sent to specific layers (since they could have arrived
earlier than timet). It is, therefore, necessary that the

switch. Since the center-stage switches are OQ switches, the cell layer/ be distinct from the layers that the ngXt/ ST — 1

is queued in the output queues of the center-stage switches and cells use to reach the same output. We can write this con-

encounters zero relative delay. After subtracting for the propa-  Straintas € {AOL(j,DT(n,i,j) + [k/S] — 1)}.

gation delays of sending the cell over lower speed links of rateThe following natural questions arise.

2R /k, DT(n, i, 4) is equal to the time that the cell would depart 1) What if some of the cells which depart after c€llhave

in an FCFS-OQ switch. Hence, a PPS can emulate an FCFS-0@) yet arrived?This is possible, since cell’ may have been

switch. [0 pushed intoward the tail of the PIFO queue. In such a case, the
It is interesting to compare the above proof with the requir€€ll C has more choice in choosing layers and the constraint

ments for a three-stage symmetrical Clos network tetdetly ~Set AOL(j, DT(n,i,j) + [k/S] — 1) will allow more layers!

nonblocking[23], [25]. On the face of it, these two propertiedVote that cellC need not bother about the cells which have not

are quite different. A PPS is a buffered packet switch, where@g Yet arrived at the PPS, because the future arrivals, which can

a Clos network is an unbuffered fabric, but because each tiR@tentially conflict with cellC', will take into account the layeér

orem relies on links to and from the central stage being fré@Which cellC’ was sent to. The CPA algorithm will send these

at specific times, the method of proof is identical and relies dHtUre arrivals to a layer distinct from -

the pigeonhole principle. A detailed description of the PPS al-2) Aré these constraints sufficienthe definitions of the

gorithm suggested by Theorem 4, called the centralized pac%tc and AOL mandate that when a multiplexer reads the cells

scheduling algorithm (CPA), appears in [2, Appendix A]. ina given order from the_layers, the layers should always be
available. When a cell’ is inserted in a PIFO queue, the only

affect it has is that it can conflict with tHg: /S — 1 cells which

are scheduled to leave before and after it in the PIFO queue.
We now extend our results to find the speedup requiremdfdr these2([k/S] — 1) cells, the arriving cellC’ can only

for a PPS to provide QoS guarantees. To do this, we find therease the time between when these cells depart. Hence, these

speedup required for a PPS to implement any PIFO schedulitigx/S] — 1) cells will not conflict with each other, even after

discipline. insertion of cellC. Also, if conditions 1 and 2 are satisfied,
Theorem 5: (Sufficiency)A PPS can emulate any OQ switchthen thes@([k/ST — 1) cells will also not conflict with celC'.

with a PIFO queueing discipline with a speedupso$ 3.6 Note that cellC does not affect the order of departures of

Proof: As defined in Section Ill, a PIFO queueing policyany other cells in the PIFO queue. Hence, if the PIFO queue

can insert a cell anywhere in the queue but it cannot change sidisfied the OLC constraint before the insertion of ¢glthen

relative ordering of cells once they are in the queue. Considtwill continue to satisfy the OLC constraint after it is inserted.

a cellC that arrives to external input pattat time slotn des-  Thus, layerl must satisfy

tined to output pory. The demultiplexer determines the time ) ) o

that each arriving cell must depart, DT, 4, j), to meet its delay le {A“‘ (é,n) VAOL (4, DT(n, i, )

guarantee. The decision made by the demultiplexer at ihput k

amounts to selecting a layer so that the cell may depart on time. NAOL <J} DT(n,i,5) + M - 1) }

Notice that this is very similar to Section V in which cells de- . .

parted in FCFS order, requiring only that a cell depart the first For a layer! to exist, we require

time that its output is free after the cell arrives. The differend®lL (¢, n) N AOL(j, DT(n, 1, 7))

here is that DTn, ¢, j) may be selected to be ahead of cells al- ) . k
NAOL ( 4,DT(n,,7) + 5|~ 1) #£

VI. PROVIDING QOS GUARANTEES

ready scheduled to depart from outpu$o, the demultiplexer’s

) . . o . ’FCFS is a special limiting case of PIFO. Newly arriving cells are pushed in
~ SAtighter boundS > k/[k/2] can easily be derived, which is of theoreticalat the tail of an output queue and there are no cells scheduled to depart after a
interest for smalk. newly arriving cell. Hence, AOl, DT(n, 1, j)+[k/S]—1), defined at time
6Again, a tighter bound > k/[k/3] can easily be derived, which is of ¢, will include all thek layers and so the constraint disappears, leaving us with
theoretical interest for smatl. only two of the three conditions above, as for FCFS-OQ in Section V.
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Fig. 3. Insertion of cells in a PIFO order in a PPS with ten lay@rs. refers to output queue number one in the internal switcthe shaded layers describe the

sets specified for each figure. (a) AIL and the existing PIFO order. The AIL constrains the use of lay®ré. 5,7, 8, 10}. (b) Intersection of the two AOL sets.
The cell is to be inserted before cell number 7. The two AOLs constrain the use of {dyérs, 10} (c) Candidate layers for insertion of cell. The intersection
constrains the use of layef$, 7,10}. (d) New PIFO order after insertion. Layer 10 is chosen. The cell number 7 is inserted.

which is satisfied when
|AIL (i, n)| + |AOL(j,DT(n,4,))|
+ ‘AOL (j, DT(n,i,5) + {

k
g“ —1>’>2k.

From Lemmas (1) and (2), we know that

|AIL (i, )| + |AOL(j, DT(n, i, )|

+ ‘AOL <J DT(n,i,j) + [Q - 1)‘ > 2k

if S>3.

O

Fig. 3 shows an example of a PPS with= 10 layers and
S = 3. A new cellC arrives at timet, destined to output 1,

and has to be inserted in the priority queue for output 1 which
is maintained in a PIFO manner. Assume that the AIL at time

t constrains the use of layef$,2,4,5,7,8,10}. These layers
are shown shaded in Fig. 3(a). It is decided that €Cethust be
inserted betwee@'6 andC'7. That means that cell cannot use

any layers to which the previoys/S7—1 =

3 cells beforeC'7

(i.e., C4, C5, and C6) were sent to. Similarly, cell’ cannot
use any layers to which the three cells afféf including C7,

(i.e.,C7, C8, and(C9) were sent to. The above two constraints
are derived from the AOL sets for output 1. They require that
only layers in{1,5,6,7,8,9,10} be used, and only layers in

{1,2,3,4,6,7,10} be used, respectively. Fig. 3(b) shows the

intersection of the two AOL sets for this

insertion. Céllis

isfies both the above AOL sets. Finally, a layer is chosen such

that the AIL constraint is also satisfied. Fig. 3(c) shows the can-

didate layers for insertion i.e., layers 1, 7, and 10. Cel then

inserted in layer 10.

VII. DISTRIBUTED APPROACH

A. Limitations of Centralized Approach

Unfortunately, the centralized approach described up until
now is useful only in theory. It suffers from two main problems.

1) Communication complexity. The centralized approach
requires each input to contact a centralized scheduler
every arbitration cycle. WitV ports, NV requests must be
communicated to and processed by the arbiter each cycle.
This requires a high-speed control path running at the
line rate between every input and the central scheduler.
Furthermore, the centralized approach requires that the
departure order (i.e., the order in which packets are sent
from each layer to a multiplexer) be conveyed to each

multiplexer and stored.

2) Speedup The centralized approach requires a speedup of
two (for an FCFS PPS) in the center-stage switches. The
PPS, therefore, overprovisions the required capacity by a
factor of two and the links are on average only 50% uti-
lized. This gets worse for a PPS which supports qualities
of service, where a speedup of three implies that the links
on average are only 33% utilized.

In addition to the difficulty of implementation, the centralized

constrained by the AOL to use layef$, 6,7,10}, which sat- approach does not distribute traffic equally among the center-
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stage switches, making it possible for buffers in a center-stage Separate FIFOs for each
switch to overflow even though buffers in other switches are not layer
full. This leads to inefficient memory usage.

Another problem with the centralized approach is that it re-

quires each multiplexer to explicitly read, or fetch, each packet —
from the correct layer in the correct sequence. This feedback 6 i |

mechanism makes it impossible to construct each layer from a
preexisting unaltered switch or router.
Thus, a centralized approach leads to large communication

IN IN

Ed
I
“w

complexity, high speedup requirement, inefficient utilization of
buffer memory, and Specia|-purpose hardware for each |ayer_F'g. 4. Demultiplexer, showing FIFOs, one for each layer, with each FIFO

this section, we overcome these problems via the introducti
of small memories (presumably on-chip) in the multiplexers and
demultiplexers and a distributed algorithm which:

1)

2)
3)

4)

gfﬁengthd cells. The example PPS has= 3 layers.

We will see that the coordination buffers are small and are

the same size for both the multiplexer and demultiplexer. More

enables the demultiplexers and multiplexers to operate |Hiportantly, they help to eliminate the need for speedup.
dependently, eliminating the communication complexity;
removes the speedup requirement for the internal layers;

allows the buffers in the center-stage switches to be ufi- Consequences of Using a Distributed Algorithm

lized equally; The coordination buffer operates at the line r&end so

allows a feedforward data path in which each layer m&@mpromises our original goal of having no memories running

be constructed from preexisting standard OQ switchesat the line rate. However, we will show that the buffer size is
proportional to the product of the number of poisand the

B. Use of a Distributed Algorithm number of layeré. Depending on these values, it may be small

The goals outlined in Section VII-A naturally lead to the fol-
lowing modifications.

1)

2)

enough to be placed on chip, and so may be acceptable.

Since there is concentration in the PPS and the order of cells
T o ) _ . hasto be restored, we will have to give up the initial goal of em-
Distributed decisions A demultiplexer decides which \,4ting an OQ switch. However, we will show that the PPS can

center-stage switch to send a cell to, based only on g, jate an FCFS-0Q switch within a small relative queueing
knowledge of cells that have arrived at its input. The d%’elay bound.

multiplexers do not know the AQL) sets, and so have
no knowledge of the distribution of cells in the centeryy  Modifications Made to the PPS

stage switches for a given output. Hence, a demultiplexer

cannot choose a center-stage switch such that the load i§ddition of coordination buffers : Fig. 4 shows how the co-
globally distributed over the given output. However, it ig_rdlnatlon bgffers are arranged in each demultiplexer as mul-
possible to distribute the cells which arrive at the demufiPle €qual-size FIFOs, one per layer. FIEQ:, /) holds cells at
tiplexer for every output equally among all center-stag‘éemu“'plexer‘ destined for layet. When a cell arrives, the de-
switches. Given that we also wish to spread traffic unmultiplexer makes a local decision (described below) to choose
formly across the center-stage switches, each demuliyhich layer the cell will be sent to. If the cell is to be sent to
plexer will maintain a separate round-robin pointer fo@yerl, the cellis queued first iQ(:, /) until the link becomes
each output, and dispatch cells destined for each outg{®e- When the link from input to layerl is free, the head of

to center-stage switches in a round-robin manner.  in€ cell (if any) is removed fron)(i, /) and sent to layef.

Small coordination buffers operating at the line rate The buffers in each multiplexer are arranged the same way,

If the demultiplexers operate independently and impl@nd S0 FIFGY'(j, 1) holds cells at multiplexef from layeri. We

ment a round robin to select a center stage, they may Vil refer to the maximum length of a FIF@X(i, /) or @' (j, 1))

olate the input link constraint. The input link constrainfS the FIFO lengthNote that if each FIFO is of lengif, then

can be met by the addition of a coordination buffer in thi€ coordination buffer can hold a total i cells,
demultiplexer which can buffer the cells temporarily be- Modified PPS dispatch algorithm: The modified PPS algo-

fore sending them to the center-stage switches. Similarfjf i Proceeds in three distinct parts. .
it is possible for multiple independent demultiplexers to Step 1) Split every flow in a round-robin manner in the

choose the same center-stage switch for cells destined to demultiplexer: Demultiplexer; maintainsN sepa-
the same output. This causes concentration and cells can rate round-robin pointer$’, ..., Px; one for each
become missequenced. The order of packets can be re- output. The pointers contain a value in the range

{1,...,k}. If pointer P; = [, it indicates that the
next arriving cell destined to outpytwill be sent
to layerl. Before being sent, the cell is written tem-
porarily into the coordination FIFQ(i,[) where it

stored by the addition of a coordination buffer in each
multiplexer to resequence the cells before transmitting
them on the external line.

8|t is possible to create a traffic pattern that does not utilize up to 50% of the
buffer memory for a given output port. 91t will be convenient for the FIFO length to include any cells in transmission.
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waits until its turn to be delivered to layérWhen of fixed sizeP, then each cell takeB/ R units of time to arrive,

the link from demultiplexet to layer! is free, the andt = TP/R.

head-of-line cell (if any) of)(s, 1) is sent. Lemma 3: The number of cellsD(s,1,T) that demulti-
Step 2) Schedule cells for departure in the center-stage plexer: queues to FIF@)(z,!) in T time slots is bounded by

switches.When s.cheduling cellsinthe cgnter stag.e, D(i,1,T) <T, it T <N

our goal is to deliver cells to the output link at their o T

corresponding departure time in the shadow OQ D(i,1,T) <E + N, if "> N.

.S‘W'tCh (except for a S"T‘a” relative delay). Step_ 1? Proof: Since the demultiplexer dispatches cells in a round-
introduced a complication that we must deal with;

. robin manner for every output, for evekycells received by a
cells reaching the center stage have already enco y oup By y

tered a variable queueing delay in the demultiplex%r multiplexer for a specific output, exgctly one cell is sent to
) . . ““€ach layer. We can writ&(¢,1") = Y S(i,7,T), where
while they waited for the link to be free. This— y writs (i, T) ZFl (3,5, T), w

variable delay complicates our ability to ensure théi(i’j’ T) is the sum-of the qumper of cells S?‘”t by the demul-
cells depart at the correct time and in the corret' lexeri to output; in any time interval ofl’ time slots, and

: . (7, T) is the sum of the number of cells sent by the demulti-

order. Shortly, we will see that although variable : L

. . . lexer to all outputs in that time intervdl. Let7 > N. Then
this queueing delay is bounded, and so we can

_ o . . we have
eliminate the variability by deliberately delaying all N o
cells as if they had waited for the maximum time in . S(i, 4, T)

: . D(i,,T) <Y | ==

the demultiplexer and, hence, equalize the delays. —
Though strictly not required, we do this at the input
of the center-stage switch. Each cell records how
long it was queued in the demultiplexer, and then

the central stage delays it further until it equals the

AN
NEN
[ 2‘
=<
=

+

=

|

)

.ma>.<imum. We refer to this step atelay equal.— - 50 T)w +N-1< {ZW +N-1
ization We will see later that delay equalization k k
helps us simplify the proofs for the delay bounds in T
. <—-+N
Section VIII. k

After the delay equalization, cells are sent to theinceS(i, T) is bounded byl The proof forl’ < N is obvious.
output queues of the center-stage switches and arde
scheduled to depart in the usual way, based on theWe are now ready to determine the size of the coordination
arrival time of the cell to the demultiplexer. Whenbuffer in the demultiplexer.
the cell reaches the head of the output queues of theTheorem 6: (Sufficiency)A PPS with independent demulti-
center-stage switch, it is sent to the output multiplexers and no speedup can send cells from each input to each
plexer when the link is next free. output in a round-robin order with a coordination buffer at the
Step 3) Reordering the cells in the multiplexer. The coor- demultiplexer of sizeVk cells.
dination buffer in the multiplexer stores cells where ~ Proof: A cell of size P corresponds té&/ R units of time,
they are resequenced and then transmitted in the cgowing us to rewrite Lemma 3 aB(i,[,t) < Rt/Pk + N
rect order. (wheret is in units of time). Thus the number of cells written
It is interesting to compare this technique wittinto each demultiplexer FIFO is bounded By/ Pk + N cells
the load-balanced switch proposed by Changl. over all time intervals of length. This can be represented as a
in [28]. In their scheme, load balancing is performetfaky bucket source with an average rate- R/ Pk cells per
by maintaining a single round-robin list at the inputsinit time and a bucket size = N cells for each FIFO. Each
(i.e., demultiplexers) for a two-stage switch. The auFIFO is serviced deterministically at rate= 12/ Pk cells per
thors show that this leads to guaranteed throughptit time. Hence, by the definition of a leaky bucket source [26],
and low average delays, although packets can Bd-IFO buffer of lengthV will not overflow. O
missequenced. In [29], the authors extend their It Now remains for us to determine the size of the coordination
earlier work by using the same technique proposéffers in the multiplexer. This proceeds in an identical fashion.
here: send packets from each input to each output€mma 4: The number of celld)’(j, [, T') that multiplexer;
in a round-robin manner. As we shall see, this teclflelivers to the external line from FIFQY (4,1) in time interval
nique helps us bound the missequencing in the PA&tiMe slots, is bounded by
and also gives a delay guarantee for each packet. D'(4,1,T) <T, if 7 < N,
' T .
VIIl. EMULATING AN FCFS-0OQ 8/TCH WITH DL T) % +, 7> N.
A DISTRIBUTED ALGORITHM Proof: Cells destined to multiplexej from a demulti-
plexeri are arranged in a round-robin manner, which means

In what follows, we shall us& to denote time in units of time . . o
r]that for everyk cells received by a multiplexer from a specific

slots. We shall also useto denote time, and use it only whe
necessary. Recall that if the external line rat®iand cells are  1FIFO Q'(j, 1) holds cells at multiplexef arriving from layerl.
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input, exactly one cell is read from each layer. We write , IX. IMPLEMENTATION ISSUES

(5 — N G S/ (; i i
S5, 1) = 3iy 56,5, 1), where S'(s,5,T) is the sum o that our main goal is to find ways to make an FCFS

gf l_the gutmt:;zr Oft cellsl I_fron;) demltj_ltllplex_er t‘_Nh'C_h twerel PPS (more) practical, we now reexamine its complexity in light
elivered to the external line by multiplexgiin time interval = ¢ techniques described.

T, andS’(i,T) is the sum of the number of cells from all the itin|
demultiplexers that were delivered to the external line by the 1) Demultiplexer

multiplexer in time intervall’. LetT > N. Then we have a) Each demultiplexer maintains a buffer of sixé
N cellsrunning atthe line ratR, arranged as FIFOs.

D LT) < S'(i,5,T) Given our original goal of having no buffers run at

L) = Zl k the line rate, it is worth determining how large the

N o buffers need to be and whether they can be placed on
{Z S (WI/TW N1 chip. For example, itV = 1024 ports, cells are 64
bytes long. = 10, and the center-stage switches
{ are ClOQ switches, then the coordination buffer is

= k -‘ +N-1< {%-‘ +N-1 about 5 Mb per multiplexer and demultiplexer. This
T can be (just) placed on chip using today’s SRAM
<—4+N technology, and so can be made both fast and wide.
k However, for much largeN, k, or C, this approach
becauseS’(i, T) is bounded byl'. The proof forT' < N is may not be practicable.
obvious. O b) The demultiplexer must add a tag to each cell in-
Finally, we can determine the size of the coordination buffers dicating the arrival time of the cell to the demulti-
at the multiplexer. plexer. Apart from that, no sequence numbers need
Theorem 7: (Sufficiency)A PPS with independent multi- to be maintained at the inputs or added to cells.
plexers and no speedup can receive cells for each output in &) center-stage OQ switches
round-robin order with a coordination buffer of si2&; cells. The input delayD; (the number of internal time slots
Proof: The proof is almost identical to Theorem 6. From for which a cell had to wait in the demultiplexer’s
Lemma 4, we can bound the rate at which cells in a multiplexer buffer) can be calculated by the center-stage switch
FIFO need to be delivered to the external line/y/ Pk + N using the arrival timestamp. If a cell arrives to a layer
cells over all time intervals of length Cells are sent from each at internal time slot, it is first delayed until internal
layer to the multiplexer FIFO at fixed raje= R/ Pk cells per time sloti = ¢t + N — D,, wherel < D; < N, to
unit time. We can see as a result of thelay equalizatiorstep compensate for its variable delay in the demultiplexer.
in Section VII-D that the demultiplexer and multiplexer systems After the cell has been delayed, it can be placed directly
are exactly symmetrical. Hence, if each FIFO is of length into the center-stage switch’s output queue.
cells, the FIFO will not overflow. O 3) Multiplexers

Now that we know the size of the buffers at the input demul-
tiplexer and the output multiplexer, both of which are serviced
at a deterministic rate, we can bound the relative queueing delay
with respect to an FCFS-OQ switch.

Theorem 8: (Sufficiency)A PPS with independent demulti-
plexers and multiplexers and no speedup, with each multiplexer
and demultiplexer containing a coordination buffer of sivk
cells, can emulate an FCFS-OQ switch with a relative queueing
delay bound oV internal time slots.

Proof: We consider the path of a cell in the PPS where the
cell may potentially face a queueing delay. These are as follows.

1) The cell may be queued at the FIFO of the demulti-
plexer before it is sent to its center-stage switch. From
Theorem 6, we know that this delay is bounded /By
internal time slots.

2) The cell first undergoes delay equalization in the center-
stage switches and is sent to the output queues of the
center-stage switches. It then awaits service in the output
queue of a center-stage switch.

3) The cell may then face a variable delay when it is read
from the center-stage switches. From Theorem 7, this isWhile it is difficult to predict the growth of the Internet over
bounded byV internal time slots. the coming years, it seems certain that packet switches will be

Thus, the additional queueing delay, i.e., the relative queueirggjuired with: 1) increased switching capacity; 2) support for

delay faced by a cell in the PPS, is no more than- N = 2N higher line rates; and 3) support for differentiated qualities of
internal time slots. [0 service. All three of these requirements present challenges of

a) Each multiplexer maintains a coordination buffer of
size Nk running at the line raté.

b) The multiplexer reorders cells based upon the ar-
rival timestamp. Note that if FCFS order only needs
to be maintained between an input and an output,
then the timestamps can be eliminated. A layer
simply tags a cell with the input port number on
which it arrived. This would then be a generaliza-
tion of the methods described in [27].

c) We note that if a cell is dropped by a center-stage
switch, then the multiplexers cannot detect the
lost cell in the absence of sequence numbers. This
would cause the multiplexers to resequence cells
incorrectly. A solution to this is to mandate the
center-stage switches to make the multiplexers
aware of dropped cells by transmitting the headers
of all dropped cells.

X. CONCLUSION
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ferentiated qualities of service may require performance oMy,

IEEE/ACM Trans. Networkingsol. 1, pp. 344-357, June 1993.
L. Zhang, “Virtual clock: A new traffic control algorithm for packet

parable to OQ switches. switching networks,”ACM Trans. Comput. Systvol. 9, no. 2, pp.
We consider here a mechanism that attempts to satisfy these 101-124, 1990.

goals: a PPS which achieves high capacity by placing muItipIé22

M. Shreedhar and G. Varghese, “Efficient fair queueing using deficit
round robin,” inProc. ACM SIGCOMMSept. 1995, pp. 231-242.

packet switches in parallel, rather than in series as is commags] V. E. BenesMathematical Theory of Connecting Network and Tele-
in multistage switch designs. Hence, each packet that passgs, Phone Traffic New York: Academic, 1965.

through the system encounters only a single stage of bufferinéz;4]

J. Bennett and H. Zhang, “WF2Q: Worst-case fair weighted fair
queueing,” inProc. IEEE INFOCOM San Francisco, CA, Mar. 1996,

furthermore, and of greatest interest, the packet buffer memories  pp. 120-128. '
in the center-stage switches operate slower than the line rate.[25] J. Hui, Switching and Traffic Theory for Integrated Broadband Net-

The main result of this paper is that it is possible to buildpyg

work  Boston, MA: Kluwer, 1990.
] R.L.Cruz, “Acalculus for network delay|EEE Trans. Inform. Theory

in a practical way a PPS that can emulate an FCFS-OQ packet  vol. 37, pp. 114-131, Jan. 1991. ‘
switch regardless of the nature of the arriving traffic. In theory,[27] H. Adiseshu, G. Parulkar, and G. Varghese, “A reliable and scalable

striping protocol,”ACM SIGCOMM Comput. Commun. Rexol. 26,

a PPS could emulate an OQ switch which supports guaranteed o 4 Oct, 1996.

qualities of service, although the implementation of such a PP88] C.-S. Chang, D.-S. Lee, and Y.-S. Jou, “Load balanced Birkhoff-Von
does not yet seem practical Neumann switches—Part |: One-stage bufferilf@dmput. Commun.

vol. 25, pp. 611-622, 2002.

In summary, we think of this work as a step toward building[29] c.-S. Chang, D.-S. Lee, and C.-M. Lien, “Load balanced Birkhoff-Von

high-capacity switches in which memory bandwidth is not the ~ Neumann switches—Part II: Multi-stage bufferinGémput. Commun.
bottleneck vol. 25, pp. 623-634, 2002.

(1]

(2]

(3]
(4]
(5]

(6]
(7]

(8]
E]
(10]
(11]

[12]

(23]

(14]

(18]

[16]

(17]

(18]

REFERENCES

V. Cuppu, B. Jacob, B. Davis, and T. Mudge, “A performance com
parison of contemporary DRAM architectures,” Proc. 26th Int.

Sundar lyer (S'99-A'01) received the B.Tech. de-
gree in computer science and engineering from the

h ; Indian Institute of Technology, Bombay, India, and
Symp. Computer Architecture (ISCA'9®tlanta, GA, May 1999, pp. the M.S. degree in computer science from Stanford
222-233. . iversity, Stanford, CA, in 1998 and 2000
S. lyer, A. Awadallah, and N. McKeown, “Analysis of a packet switch u University, Stanford, CA, in 1998 an  rfespec-

tively. He is currently working toward the Ph.D. de-
gree in computer science at Stanford University.

S. lyer and N. McKeown, “Making parallel packet switches practical,’ - ; He is currently with the Computer Science De-
in Proc. IEEE INFOCOM 200]vol. 3, pp. 1680—1687. ps_irtment, Stanford Unlver5|_ty, where he works in the
C. Clos, “A study of nonblocking switching networksBell Syst. Tech. High-Performance Networking group. From 1999 to
J., vol. 32, 1953. 2001, he also was a Senior Systems Architect with
S. lyer and N. McKeown, “On the speedup required for a multicast paBwitchOn Networks (now a part of PMC-Sierra). His research interests include
allel packet switch,TEEE Commun. Lettvol. 5, pp. 269-271, June load-balancing algorithms for network design with an emphasis on packet

with memories running slower than the line rate,”Rroc. IEEE IN-
FOCOM 2000 pp. 529-537.

2001. switching, packet buffer design, packet classification, and routing.
Rambus, Inc., Los Altos, CA. [Online]. Available: http://www.rambus. Mr. lyer received the Christofer Stephenson Award for the best Master’s thesis
com in computer science at Stanford University in 2000 and is a recipient of the

S. Chuang, A. Goel, N. McKeown, and B. Prabhakar, “Matching outpuiebel Scholars Fellowship. He is a member of the Association for Computing
queueing with a combined input/output-queued swittBEE J. Select. Machinery.

Areas Communvol. 17, pp. 1030-1039, June 1999.

P. Fredette, “The past, present, and future of inverse multiplexieg,E
Commun. Mag.vol. 32, pp. 42-46, Apr. 1994.

J. Duncanson, “Inverse multiplexingEEE Commun. Magvol. 32, pp.
34-41, Apr. 1994.

J. Frimmel, “Inverse multiplexing: Tailor made for ATMTelephony
vol. 231, no. 3, pp. 28-34, July 1996.

J. Turner, “Design of a broadcast packet switching netwolEEE
Trans. Communvol. 36, pp. 734-743, June 1988.

H. Kim and A. Leon-Garcia, “A self-routing multistage switching net
work for broadband ISDN,IEEE J. Select. Areas Commumwol. 8, pp.
459-466, Apr. 1990.

Nick W. McKeown (S'91-M’'95-SM'97) received
the Ph.D. degree from the University of California,
Berkeley, in 1995.

He is currently a Professor of electrical en-
gineering and computer science with Stanford
University, Stanford, CA. From 1986 to 1989, he
was with Hewlett-Packard Laboratories in their Net-
work and Communications Research group, Bristol,

I. Widjaja and A. Leon-Garcia, “The helical switch: A multipath ATM U.K. During the spring of 1995, he was briefly
switch which preserves cell sequencEE Trans. Communvol. 42, Al Ll with Cisco Systems, where he helped architect their
pp. 2618-2629, Aug. 1994. GSR 12000 router. In 1997, he cofounded Abrizio

F. Chiussi, D. Khotimsky, and S. Krishnan, “Generalized inverse multinc. (now part of PMC-Sierra), where he was CTO. He is the Robert Noyce
plexing of switched ATM connections,” iRroc. IEEE Globecomvol. Faculty Fellow at Stanford University and a Fellow of the Alfred P. Sloan

5, Sydney, Australia, Nov. 1998, pp. 3134-3140. Foundation. His research interests include the architecture, analysis, and design
F. Chiussi, D. Khotimsky, and S. Krishnan, “Advanced frame recove§f high-performance switches and Internet routers, IP lookup and classification
in switched connection inverse multiplexing for ATM,”Rroc. ICATM  algorithms, scheduling algorithms, Internet traffic analysis, traffic modeling

Colmar, France, June 1999. and network processors.
Interoperability Requirements for Nx56/64 Kbit/s CallsSO/IEC Dr. McKeown is the recipient of a CAREER award from the National Sci-
13871, 1995. ence Foundation. In 2000, he received the IEEE Rice Award for the best paper

B. Prabhakar and N. McKeown, “On the speedup required for conm communications theory. He serves as an Editor for the IERENFACTIONS
bined input and output queued switchingAitomatica vol. 35, pp. oN CoMMUNICATIONS and the IEEE/ACM RANSACTIONS ONNETWORKING.
1909-1920, Dec. 1999. He has served as a Guest Editor for the IEBERNAL ON SELECTED AREAS
P. Krishna, N. Patel, A. Charny, and R. Simcoe, “On the speedup ng& CoOMMUNICATIONS, the IEEE Network Magazineand thelEEE Communi-

quired for work-conserving crossbar switchelcEE J. Select. Areas cations Magazingand is on the Technical Advisory Committee of the ACM
Commun.vol. 17, pp. 1057-1066, June 1999. SIGCOMM.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


