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Abstract— Input-queued (IQ) switches are attractive for the arrivals that have destinations with uniform and nonumifor
implementation of high-performance routers because they e (istributions.
quire no speedup in the used memory. It has been shown that IQ The matching scheme used in IQ switches determines in
switches can provide 100% throughput under admissible trafic - . .
when using maximum weight matching schemes or speedup oflarge measure the achievable throughput. Maximum weight
two, and pre-computed switch configurations, for pre-known Mmatching (MWM) schemes have been used to show that 1Q
traffic patterns. These three different approaches requireeither switches with VOQs can provide 100% throughput under
high computation complexity or high memory costs. Therefoe, admissible traffic [2] while using no speedup. However, MWM
there is a need of low-complexity and fast matching schemes schemes have intrinsically high computation complexitgt th

that provide high throughput under several admissible trafiic . . . . .
patterns, including those with nonuniform distributions, without 'S translated into long resolution time and high hardware

recurring to speedup or multiple iterations. In this paper, we Complexity. This makes these schemes prohibitively expen-
propose matching schemes that use the captured frame-sizesive for a practical implementation of high-speed switches
concept, and show that the application of this conceptin mahing  with currently available technologies. An alternative © t
schemes for IQ switches provides high throughputunderavaety 56 maximal-weight matching schemes. These schemes can
of admissible traffic patterns with a single iteration and no ide hiaher th hout f d if d
speedup. We present two weightless matching schemes, onedd provi ,e igher . roughpu p.er ormance under unirorm an
on round-robin selection, called uFORM, and the other based Nnonuniform traffic patterns with, however, a large number of
on random selection, called uFPIM. Furthermore, we study tle iterations. The hardware and time complexity of these sesem
application of the captured frame concept in matching scheles can be considered high for the ever increasing data rates
for multiple stage switches and show the achieved improvemeé  pocayse of the large number of iterations, and because of
on switching performance. .

the number of parameters that need to be compared in the

Index Terms— captured frame, frame eligibility, service frame,  selection process. Furthermore, some weight-based ssheme

nonuniform traffic, input queued may starve queues with little traffic to provide more service
to the congested ones, therefore, presenting unfairngss [3
l. INTRODUCTION Maximal-size matching can be used to resolve contention

] ] in 1Q switches in a fast manner. An example of these size
Input-queued (IQ) switches are attractive because th@iGiching schemes is PIM [4], which is based on random

memories work without the speedup requirement of an outpYsiection. However, PIM cannot achieve 100% throughput
queued (OQ) switch. As a result, IQ switch architecture®haynger admissible uniform traffic because contentions canno
been adopted by several manufacturers of switches/routgjs ayoided in this scheme. Schemes based on round-robin
The introduction of virtual output queues (VOQs), where ongsjection can provide higher throughput than PIM [5]. Some
queue per output port is placed in an input port of an 1Q packgtample of round-robin schemes a®LIP [5], iDRRM [6],
switch, is used to remove the head-of-line (HOL) b|0(_3klnp7]’ and SRR [8] and these can deliver 100% throughput under
problem [1]. HOL blocking causes idle outputs to remain Soiform traffic with a single iterationiSLIP showed that the
even in the existence of traffic for them at an idle input, thl{fesynchronization effect, where arbiters reach the poireres
impeding the delivery of high throughput. _each of them prefers to match with different input/outputs,
This paper follows the common practices in packet switGh peneficial for switching under this traffic pattern. Howev
design: segmentation of incoming variable-size packets@t schemes based on round-robin selections have not been shown
ingress side of a switch to perform internal switching withy provide nearly 100% throughput under nonuniform traffic
fixed-size packets, or cells, and re-assembling the p?‘wetsﬁjatterns without speedup, or pre-calculated configuratjéh
the egress side before they depart from the switch; 2) Uggyt are tailored for traffic with pre-known distributioriEhe
of VOQs, and 3) use of crossbar fabrics for implementatiohaystive dual round-robin matching (EDRRM) scheme [10]
of packet switches because of their non-blocking capgbilityas shown a throughput higher theBLIP under nonuniform
simplicity, and market availability. o _ traffic patterns at the cost of reduced performance under
One major requirement for an 1Q switch is the delivery gfiniform traffic.

high throughput under different traffic conditions. In thper,  An alternative to is to perform matching for a batch of cells,
we consider admissible traffic [2] with Bernoulli and burstynstead of for a single cell. Matching in train-of-cells tsas

_ _ _ have been shown to improve throughput under optimal train
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receiving large amount of traffic may utilize efficiently arbetween different modules in more than one iteration (for
achieved match. However, it is difficult to define one trairesi scheduling), the resolution time becomes long enough to be
for all traffic distributions. Some train sizes may be optimaonsidered impractical. One way to make the implementation
for some distributions and at the same time non-optimal fof this switch practical is by designing scheduling schemes
others. that can provide high throughput with a single iteration.

This paper introduces the captured-frame concept and show#s a solution to this need, we extend the study of the
its application on maximal-size matching schemes for |@aptured frame concept to dispatching schemes for MSM Clos-
switches. The resulting schemes are maximal size based aetlvork switches. We show that our developed dispatching
can provide service to VOQs with a rate proportional to theichemes can achieve high throughput under uniform and
input loads in similar way weight-based schemes do. Thigveral nonuniform traffic patterns.
is achieved by using frame service, where the frame lengthThis paper is organized as follows. Section Il describes the
depends on the accumulation of cells in a given period eingle-stage switch and introduces preliminary definiased
(service) time, and therefore, the frame length is adjust@dthis paper. Section lIl introduces the uFPIM and uFORM
dynamically. We called the resulting schemes as the urdiitscheduling schemes. Section IV analyzes the throughput of
frame-size occupancy-based round-robin matching (UFQRMIFPIM in single-stage 1Q switches. Section V presents a
and the unlimited frame-size occupancy-based PIM (UFPIMjimulation study of the throughput and delay performance
This paper demonstrates that the captured-frame conceptuFORM and uFPIM under uniform and nonuniform traffic
used for cell matching eligibility, improves the perforncan patterns. Section VI introduces the framed concurrentdeun
of the arbitration schemes, which are run in a cell-basi®bin dispatching (FCRRD) scheme for a MSM Clos-network
We analyze the achievable throughput of uFPIM in singlewitch. Section VII shows the performance of FCRRD under
stage 1Q switches under uniform traffic. We also show theniform and nonuniform traffic models. Section VIII present
switching performance of uUFORM and uFPIM under uniforrour conclusions.
and nonuniform admissible traffic. We show that uFORM
retains the high performance of round-robin schemes und
uniform traffic and high performance under nonuniform teaffi

Looking towards switch scalability and knowing that sirgle
stage switches are difficult to scale up (due to VLSI con- We consider a single-stag€ x N switch, with VOQs in
straints, such as chip’s pin count), we consider multipéeys  the inputs. A VOQ that stores cells from inputo output; is
Clos-networks [12]. Clos-network switches have eithee¢hr denoted as”OQ(i, j). Unless otherwise stated, we consider
or five stages, where each stage in comprised by two or mthat a VOQ can store a large number of cells. In this switch,
small switches, called modules. Here, we focus on threeach input can dispatch one cell each time slot and eachtoutpu
stage switches to use the minimum amount of hardware. Clasn receive up to one cell per time slot (i.e., no speedup is
network switches are more complex to configure than singlesed). Figure 1 shows the switch model.
stage 1Q switches and are more sensitive to the efficiency
of matching algorithms than single-stage 1Q switches. The Input 0
configuration of three-stage Clos-network switches inetud
the matching of input and output ports, located in the firstan 10
second stage modules, and the selection of the intercangect ]:
path in the second stage module. N

The configuration complexity of these three-stage switches
can be reduced by using queues in the first and third stage
modules [13], in addition to the queues at the inputs. TheSf ¢ N-J
switches are known as memory-space-memory (MSM) Clo -pu
network switches [14], [15]. The configuring process (poft T ] Output N-1
matching plus central module routing) is then converted @t : ™ ™
dispatching problem (matching between the queues and butpu L v
links of the first-stage modules, plus another matching betw
input-module requests and output links of the centralestafjg- 1. Input-queued switch with VOQs.
modules), where only the first and second stage switches
needs to be configured. Scheduling schemes that have beeiVe use the following definitions in the description of the
originally developed for single-stage 1Q switches and hawgoposed matching schemes.
been adapted for MSM Clos-network switches have shown thaame. A frame is related to a VOQ. A frame is the set of
the achieved throughput performance of MSM Clos-networkse or more cells in a VOQ that are eligible for dispatching.
is equal to or lower than that of single-stage IQ switche$,[130nly the HOL cell of the VOQ is eligible per time slot.

[16]. Furthermore, as the modules in these MSN Clos-netwogk-service status.A VOQ is said to be in on-service status
switches are located in different chips or boards, transions if the VOQ has a frame size of two or more cells and the first
delays between modules, may be long. Therefore, for scherse# of the frame has been matched. An input is said to be
where their implementation uses exchange of informatiam-service status if the status of a VOQ becomes on.

?Ir SINGLE-STAGE INPUT-QUEUED SWITCH MODEL AND
DEFINITIONS
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Off-service status.A VOQ is said to be in off-service status if Step 2: Grant. If an output arbiter; receives any requests,

the last cell of the VOQ’s frame has been matched or no cellibfchooses a request from the on-service VOQ (also called an

the frame has been matched. Note that for frame sizes of @reservice request) in a random fashion. If none on-service

cell, the associated VOQ is off-service during the matcluhg request exists, the output arbiter chooses an off-serempeast

its one-cell frame. in a random fashion.

Captured frame size. At the time ¢. of matching the last  Step 3: Accept.If the input arbitera; receives any grants, it

cell of the frame associated B80OQ(i, j), the next frame is accepts one on-service grant in a random fashion. If none on-

assigned a size equal to the cell occupancyW@&Q(i,j). service grant exists, the arbiter chooses an off-serviastdn

Cells arriving inVOQ(i, j) at timety, wherety > t., are arandom fashion. The CF counter updates the value according

not considered for matching until the current frame is tgtalto the following: If the input arbiter; accepts a grant from

served and a new frame is captured. We call this captured and if:

frame as it is th.e equivalent of having a snapshot of.the VOQ) CF, ,(t) > 1: CF, ;(t+1) = CF, ;(t)— 1 and this VOQ

occupancy at time.., where the occupancy determines the = s set as on-servicey ; = 1.

frame size. iy If CF,;(t) =1: CF,;(t+1) is assigned the occupancy of
Figure 2 shows an example of the frame capture and the VOQ(i, j), andVOQ(i, j) is set as off-servicef; ; = 0.

service status of a VOQ. At time slatthe frame is off service, '

. . Figure 3 shows an example of a matching in the uFPIM

and the request for a match of the HoL cell is off service as . .
. . ) Scheme. The CF values are shown as input contents. In this
well. Assuming that the size of the frame is four cells and tha

the VOQ is first matched during time slotthe VOQ becomes gzﬁvrir:;peles,t;’;ﬁs oarll);:chhov\\;otge |%a$;2r?2_fszge f}::: ;n(i t;hg
on service at time slot+ 1. The status of the VOQ remains X q P » 1NP '

on service for the rest of the frame duration, or until timat sl 1, and 2 send off-service requests to all outputs they have

. at least a cell for. Input 3 sends a single on-service request
t + 3. After the last cell of the frame is matched, a new framrtﬁ) output 0, as the off-service VOQ is inhibited as described

is captured with a size of two cells, as these cells are thg of the scheme. The output and input arbiters select a request

ones in the queue at this time. Then, the status of the V . . .
. o service status and in a random fashion among all requests
changes to off service in the following time slot. :
of the same service status, as shown by the grant and accept
phases. Output O selects the on-service request from input 3
Request Request

(Off status) (On status) over the off-service request from input 1. After the match is
D I:l |:| I:l |:|H D I:l |:| |:|H completed, the CF values are updated as shown in the figure.

Frame (1) =4 cells Frame (7+3) =3 calls Note that at time slot + 1, three VOQs become on service.
Off status On status
(2) (b) Input VOQ
Request Request contents  Status
D D I:l I:l gsmlus) D D |:| gn status) =0 Inputs  Outputs Inputs Outputs Inputs  Outputs
CF,,t)=3 | oft 0 J [ 1
Frame (1+2) =2 cells Frame (1+4) =2 cells Frame (1+3) = 1 cell i=1 1@ /@1
On status Off status On status CF, (=1 | ofr N
© (@ CF,,(1)=2 | oft o °:
CF, (=3 | off \\.
Fig. 2. Example of a frame and the service status of a VOQ. CF (t)l:; off 3 }
21 Request Accept
For each VOQ there is a captured frame-size counter, .. ([)553 on — — = Offservice g?;gigj 82
CF; ;(t). The value ofCF; ;(t) indicates the frame size; that |cFm=2|or ~ — Onservice CFt+1)=4, On

is, the maximum number of cells thatléOQ(s, j) can have
as candidates in the current and future time sl6t#; ;(t) Fig- 3. Example of uFPIM in & x 4 switch.
takes a new value when the last cell of the current frame of
VOQ(i, j) is matchedC'F; ;(t) decreases its count each time

a cell is matched, other than the last. Each VOQ has a stag,;s

flag F; ; to indicate the on/off service status. If VOQ is in
on-service statusF; ; = 1. Otherwise,F; ; = 0. uFORM follows request-grant-accept steps as in uFPIM,

and uses round-robin selection instead of random-based se-
lection. The matching process is as follows:
SINGLE-STAGE IQ SWITCHES Step 1: quuest_.Non-empty on-service VOQs _send a
. ] request to their destined outputs. Non-empty off-serviC€)g

A. uFPIM Scheme for Single-Stage 1Q Switches send a request to their destined outputs if inpistoff-service.

The uFPIM scheme has CF counters dnidlags. uFPIM Step 2: Grant. If an output arbiter; receives any requests,
follows three steps as in the PIM scheme: it chooses a request from the on-service VOQ (also called

Step 1: Request.Non-empty on-service VOQs send aan on-service request) that appears next in a round-robin
request to their destined outputs. Non-empty off-servic€)¢ schedule, starting from the pointer position. If none orvise
send a request to their destined outputs if inpistoff-service. request exists, the output arbiter chooses an off-serempeast

uFORM Scheduling Scheme for Single-stage 1Q Switches

IIl. M ATCHING SCHEMES WITHCAPTURED FRAME FOR



that appears next in a round-robin schedule, starting fitsm been shown that the throughput of an IQ switch using PIM

pointer position. under uniform traffic [17], [18] for a largeV and a single
Step 3: Accept.If the input arbitera; receives any grants, it iteration, where PIM'’s throughpuffz;,,) can be defined by:

accepts an on-service grant in a round-robin scheduldingar PN

from the pointer position. If none on-service grant exists, Tpiv=1—(1- N) . @)

the arbiter chooses an offjservice g.rant that appears "eXWhere,N is the number of input/output ports andis the
round-robin schedule starting from its pointer positiomeT probability of a cell arrival in a time slot. As presented 7,

input and output pointers are updated to one position beyom% probability of a request that is being granted by oujiist

the matched one. In addition to the pointer update, the Gbxr The probability that output does not receive a cell from

pounter gpdates the value according to the following: If t y inputs is(1 — p/N). WhenN is large andy = 1.0, Tprar
input arbitera; accepts a grant from;, and if: _ is known to be 63.2% under uniform traffic with Bernoulli
i) CF;;(t) > 1. CF;;(t+1) = CF; j(t)—1 and this VOQ grjvals.

_ is set as on-servicd;; ; = 1. _ The uFPIM scheme uses the captured-frame concept. In this
i) If CF;(t) = 1: CF, ;(t+1) is assigned the occupancy Ofscheme, a frame is defined at the end of the VOQ service
VOQ(i, j), andVOQ(i, j) is set as off-servicef; j = 0. and those cells that arrived during the (frame) servicingti

We give the prefix unlimited to the names of these tware considered part of the next frame. Therefore, cell algiv
matching schemes because the captured-frame size is (a@fer a frame is defined) do not affect arbitrarily the matgh
limited to a maximum value at the capture time. process. Furthermore, once a match is achieved, the match is
Figure 4 shows an example of UFORM int& 4 switch. In  kept during the frame duration and the input is on-service,
this example, the contents of the VOQs are the same as thajs, reducing the number of contending ports that pagteip
of the uFPIM example. The pointers of the input and outpif random selection. In subsequent time slots, the number of
arbiters are positioned as shown in the request phase. Themghtches is increased because the use of frames makes a match
inputs send request to all outputs they have a cell for. In thgst during the time that a frame is served. Therefore, the

grant phase, the output arbiters select the request aogaii probability of a request of being granted by an outpis
the request status and the pointer position. Output 0 select

the on-service request over the off-service request. @&pu p/(N — E(m))

receives two off-service request, and selects input 1 [&cay,q the throughput of UFPIM, ppraz, is defined by

that input has higher priority, according to the pointerifpos.

Outputs 1 and 2 receive a single off-service request, theref _

the requests are granted. In the accept phase, input 1ssel&Gl-pray = E(m)+N E(m) (1—(1—#)1\[‘””)),
_ . ” N N N —E(m)

output 3 by using the pointer position. Input 2 accepts the @)

single grant issued by output 1. Input 3 accepts the S‘ing/‘ﬁ]ereE(m) is the average number of on-service inputs.
grant, issued by output 0. Since the results are the same 3hen E(m) is defined by the number of cells in a frame.

in the uFPIM example, the CF values and service status ¥E-ause of the two states of an input (on-service or off-

updated as in that example. Notg that the input and out vice), we consider the average of the duration of a frame,

arbiters for the on-service ports (input 3 and output 0) % follows a binomial distribution:

updated, but since the service status takes higher preceden

the pointer position in this case becomes secondary in the p (N)pm(l —p)N"" m=0,1,2,....,N, (3
m

selection process.

wherep is the probability that an input becomes on service.
Input Output Input Output
pointers pointers pointers pointers

N
Inputs  Output Inputs  Outputs ./Inputs Outputs’ /3, = .
s ol e A ) Blm) = 3 m- P @
1«\\ LRI N \/’1 2y 1‘\> A9 @ then
207 \oz 207\ 92 L S AN
Em) = 0-Ph+1-PA+2-Po+...+N-Py

[0}
Vi) 2 N ﬁ:mv * W
ﬂm 3 \\.3 3 \.3 ﬂh 3 \‘.3 ﬂm N N
Request Grant Accept = 0+1- ( 1 )pl(l _p)Nil +...+N- (N)pN
—_—— Offservi_ce = N b (5)
On service When the switch sizeV is large,
Fig. 4. Example of the uFORM scheme indax 4 switch. E(m) —N-p (6)
Recalling that a VOQ that has a frame size of two or more
IV. THROUGHPUTANALYSIS OF RANDOMIZED cells and after the first cell of the frame is matched, theustat
SELECTION USING THECAPTURED-FRAME CONCEPT of the VOQ becomes on-service, that is, while a VOQ is to

In this section, we analyze the throughput of uFPIM anbecome on-service, the VOQ can not matched at the least two
show the improvement of over the throughput of PIM. It hasme slots (as the cells that will form the frame arrive in the



first two time slots, and the VOQ gets matched in the third Ly
time slot) the captured a new frame-size. Let’s havg_ ., 095 r
andpznq—um denote the probability that there an output does 09 ' —— \FPIM simulation
not get matched in the first and second time slots, respégtive 085 [ —— uFPIM analysis
andps,.q_.., IS the probability that the output gets matched ma 08 [ —=~ PIM simulation
the third time time slotp becomes: %0 075 F — PIM analysis
g L
b = 1- Pist—um * P2nd—um * P3rd—m (7) E 006; r
1 1 65
— 1_1_7]\[—141.1_7]\/'—142 L
( N—Al) ( N—AQ) 06 |
(1 1y ol
N — Aj 0.5
1 v 32 64 96 128 160 192 224 256
> 1= ((1 - N) ) ) (8) Switch sizes

where 4, A,, and A; represent the number of on- SGI’VIC%I Throughput comparison of analysis and simulatiouePIM with
inputs at the first, second, and third time slots, respdyﬂved.fferem switch sizes.
Here, becauseF(m) is difficult to calculate, we use the

approximation
1 5% for the average cell delay. The traffic models considered

N\3
== have destination with uniform and nonuniform distribuson
to calculatep. From Eq. (8), we geb, and from Eq. (5), we The simulation does not consider the segmentation and re-
get E(m). Using E(m) in Eq. (2) we estimate the maximumassembly delays for variable size packets.
throughput of uFPIM whem = 1.0. For example, ifN = 32,

p > 0.952 and E(m) ~ N p 30, and thenTqulM = A. Uniform Traffic

O'?/é\gl(r)‘{enN is large Figure 6 shows the simulation results of fo@2 x 32
g€, IQ switches, each one with a different matching scheme:
p=1-((1- i)N)3 ~1— ()3 =095 (9) 1$LIP, PIM, l_JFORM, and_uF_PIM, all under uniform traffic
N e with Bernoulli arrivals. This figure shows that uFORM, as
then 1SLIP, delivers 100% throughput under uniform traffic. Under
E(m) =0.95N. this traffic, PIM delivers about 63% throughput, however,
ing thi lue | 2) and when using the captured frame-size concept in uFPIM, the
Now, using this value in Eq.(2) an throughput improves to nearly 100%. The reason for the
improvement by uFPIM is that, once a match is achieved, the
_ 095N match is kept during the frame duration. Therefore, corent
TurpPIm . . )
N among the others ports is reduced with each time slot.
N —0.95N
N ) 10000
(1 _ (1 _ 7)N70.95N)
N — O.9?N 2 1000 —— PIM
= 095+0.05-(1—-) 2 100 —*— uFPIM
€ i ——
= 0.982 = ISLIP
) — uFORM
(10 Z 1]
<
In this way, for a largeV, the actuall’,rprys is higher than S 1F
0.982. &
Figure 5 shows the throughput of uFPIM produced bys 0.1+ 32x32 switch
analysis and simulation when considering Bernoulli umifor <

traffic. The analysis result is close to the simulation resul 0.01
under different switch sizes. The actual throughput is etquk
higher than the one obtained through analysis because we use

Egs. (6) and (8).

02 03 04 05 06 07 08 09 1
Input load

0 0.1

Fig. 6. Average delay of uFORM and uFPIM schemes under Bdinou

uniform traffic.
V. PERFORMANCEEVALUATION OF UFPIM AND UFORM

We considerislip (with one iteration, or 1SLIP) and PIM Figures 7 and 8 show the average latency produced by
on this study for comparison purposes. The performance evaFORM and uPIM schemes as a function of the offered load
uations are produced by computer simulation, where resuits switches with 8, 16, 32, 64, 128, and 256 ports. It can be
are obtained with a 95% confidence interval, not greater thaeen that as the switch size increases, the average cell dela



increases. However, in a load close td@), small switches, 9 shows the throughput performance of 1SLIP, PIM, uFPIM,
N = {8} of uFORM andN = {8,16} of uFPIM, produce a and uFORM under unbalanced traffic. This figure shows that

long average delay. uFORM provides over 99% throughput under the complete
range ofw and that uFPIM reaches up to 99% throughput,
100000 while both PIM and 1SLIP reach 64% throughput. The high
10000 F ——8x8 throughput of uFORM and uFPIM under this traffic model
2 —— 16x16 is the product of considering the VOQ occupancy. uFORM
- 1000 F —=—32x32 ensures service to queues with high load by capturing a large
2 [ 64x64 frame size for each, and to the queues with low load by using
&= 100 —— 128x128 round-robin selection.
z 0 b~ 256x256
3 1 e = = = e
0] 1F
& 095 |
5 i —— PIM
> 0.1 L
< 09 —— uFPIM
0.01 2 085 f —o— [SLIP
0 01 02 03 04 05 06 07 08 09 1 < —= UFORM
=) 0.8
Input load g
E 075
Fig. 7. Average delay of uFORM in function of switch size, an@ernoulli 07 F
uniform traffic. ’ 3032 switch
065 L X32 switc
100000 0 01 02 03 04 05 06 07 08 09 1
o Unbalanced probability, w
10000 | 8x8
«g 16x16 Fig. 9. Throughput performance of uFORM and uFPIM under larzzd
= 1000 | —=—32x32 traffic.
QE) — 64x64
RS 100 ——128x128 Figure 10 shows the throughput performance of uFPIM and
% 10 [ 256x256 uFORM with different switch sizes under Bernoulli uniform
b i traffic with 1.0 input load. This figure shows that uFORM
e g FPIM provides over 99% throughput and that uFPIM reaches just
;ﬂ? o1 | o 4 99% throughput for large switches. However, small switches
) N = {8,16}, have the lower throughput because they are
0.01 '

more sensitive to the value of the captured frame sizes, and

0 01 02 03 04 05 06 07 08 09 1 3 i
the frame size depends on the actual arrivals.

Input load
1 =)
Fig. 8. Average delay of uFPIM in function of switch size, endernoulli 0.98 '_f;—‘ '
uniform traffic. T
0.96 r
2 09T ——yroRM
. . =3 = ——
B. Nonuniform Traffic ! uFPIM
09 r
We simulated these four schemes under several nonuniforrﬁ 088 L
traffic models: unbalanced [19], Chang’s [9], asymmetri@] [2 086 b
and power-of-two (PO2) [11]. osa | Unbalanced
The unbalanced traffic model uses a probability, as og L . . . . . . . .
the fraction of input load directed to a single predeterrdine 0 32 64 96 128 160 192 224 256
output, while the rest of the input load is directed to allpuis Switch sizes

with uniform distribution. Let us consider input part output

port d’ and the offered |nput load for each |nput pprtThe Flg 10. ThrOUghpUt pen‘ormance of uUFORM and uFPIM in functof
. . . . switch size, under unbalanced traffic.

traffic load from input ports to output portd, p, 4 is given

by, lw) if s g Chang's traffic model can be defined as= 0 for i = j,
wa=1:"r (iv +oye) ifs= X (11) andp;; = 5 otherwise. Figure 11 shows the average cell
Ps, 1w otherwise 4 N-1 . , :
P N delay achieved by the four matching schemes under thiscraffi

When w = 0, the offered traffic is uniform. On the othermodel. The results show that the obtained throughpatig
hand, whenw = 1, it is completely directional, from input by PIM, 97% by 1SLIP, and99% by both uFORM and uFPIM.

to outputj, wherei = j. This means that all traffic of input Figure 12 shows the average cell delay of the matching
port s is destined for only output pott, wheres = d. Figure schemes under the asymmetric traffic model. The results show



10000 10000
~ 1000 ¢ 1000
2 —— PIM g
S 100 T uFPIM 7 100 [
£ —o— ISLIP g
% 10f T uFORM S 10F
s I & I
1 = 1
% 5
= 5
S o1 32x32 switch e 01T
< )
0.01 . . . . : . Z 001 32x32 switch
0 01 02 03 04 05 06 07 08 09 1
nput load 0.001 . A . . L L . L L
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Fig. 13. Throughput performance of uFORM and uFPIM undegatial
traffic.
that the obtained throughput ®% by PIM, 72% by 1SLIP, 10000
and above99% by uFORM and uFPIM.
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Input load C. Discussion of Performance Results

Fig. 12.  Throughput performance of uFORM and uFPIM underasgtric The use of a captured frame size and the service concepts
traffic. used here make uFORM and uFPIM deliver high performance
under uniform and unbalanced traffic patterns. Note thdten t

The di | trafi del distrib Il the load of an i case where a VOQ has no cells at the capturing time, VOQ
e diagonal traffic model distributes all the load of an py. o participate in a matching when a cell arrives after
between two different outputs, making the distributionvilga that, as long as the input is off-service

distributed among a small number of output. This traffic nlode When a VOQ changes its status to on-service, that VOQ

;5_ qe:flr:)e(()jtr?::"i;\jis_e O#Sigfgrrej 1_3 Zsﬁg\?vi_ %g;’gzgzdcjevn’ gzg y gfxs higher priority than the others to cor_1tinue_ sending _its
) . ) . : request in subsequent time slots. When an input is off-servi
our matching schemes under this traffic model. These resuaﬁ?nonem tv VO ind dentlv of thei | d
show that pty \ Qs (in lepen ently of their CF value) send a
. _request to their respective outputs.

Figure 14 shows the performance of the four matching ynger uniform traffic, the captured frame sizes are not
schemes under the PO2 traffic model. Because of the colnected to reach large values because of the cell distibut
plexity of descrlbmg the PO2 tr_afflc model_ in our smulaﬂorbmong all queues. Therefore, most queues may remain in off-
program, we consides0 x 30 switches for simulation. Under seryice status while completing service for one-cell frame
this traffic model, the obtained throughput8% by PIM, The performance is then determined by the selection policy.
75% by 1SLIP, and95% under uFPIM and uFORM. Although g\ rthermore, as the captured frame includes old cells, the
uFPIM and uFORM have under 99% throughput under PQRjay may be smaller than pure round-robin or random based
than in the other traffic models, these schemes show, nevggiching. Under unbalanced traffic, some queues are expecte
theless, performance improvement. to have heavier loads than others. The queues with large

In general, Figures 6-14 show that the throughput is ineccupancies have a higher service than the queues with lower
proved by using the captured-frame concept to define the setupancy. The difference on frame sizes results in more
of eligible cells for the matching process. service for queues with a larger number of arrivals thanghos



for queues with a small number of arrivals. Moreover, the/""” M) LD o) T omo) 0pG.1

selection policy ensures that all queues receive service. IMVZSZZO). / T erep
VI. CAPTURED FRAME IN DISPATCHING SCHEMES FOR = earinn : -

CLOS-NETWORK SWITCHES HLU : e ) _
o ] e

In an MSN (3-stage) Clos-network switch, matching needs : : o

to be performed between VOQs in the first-stage modules.., [=]wecsto T |ori.g»

and the links going from first-stage modules to second-stage ~ —— " X ;

modules, and a second match in second-stage modules he: ="~ - M) s eeres I

tween its input requests and output links. Furthermore, the4'V0Q(k—l,n.nrl; R

first match uses the results of the second match process: : :

therefore, if several iterations are to be performed, ttage ™% =] """ RIS S

matches are performed a number of times as the number
of iterations. As each iteration consumes the resolutioveti Fig. 15. Clos-network switch with VOQs in the IMs.
of each match, a single-iteration matching scheme that can

achieve high (throughput) performance is desirable.
B. Frame Occupancy-Based Concurrent Round-Robin Dis-

patching Scheme

A. Clos-Network Switch Model and Preliminary Definitions In IM(’L), there aren Output-”nk round-robin arbiters and

Jmk VOQ round-robin arbiters. An output-link arbiter, which is
sociated wittl; (¢, ), has its own pointePr,(i,r). A VOQ
as an arbiter associated with it. For the sake of simplicity

The Clos-network switch is a three-stage switch architect
[12], as Figure 15 shows. The first stage is also called ag in

stage, the second stage is called as central stage, andrthe . . .
t . led outout stage. Th dules in the inbut st (ng in IMs are re-denoted a50Q (i, v), Where_v =hk+j
stage is called output stage. The modules in the input sta 40 < v < nk — 1) and each VOQ has a pointék (i, v).

are called input modules (IMs), the modules in the midd ) . . .
stage are called central modules (CMs), and the moduleslrilnCM(.T)’ there a.rdf round-robin arbiters, which have their
n pointerPc(r, 7)

the output stage are called output modules (OMs). Here, R

IMs and OMs have queues to store cells. We use the sarCn(!.‘:Or each VOQ there is a captu_red frame-size cognter,
terminology in [13], as follows: F; ;i(t). The value ofCF; ;,;(t), indicates the frame size

IM(i): (i + 1)th input module, wher® <i < k — 1. at time slot¢; that is, the maximum number of cells that a

€Ol '+ i Sonkel mode, whero =+ <1, 100U can bave 2 matcing candidtes n e curen
OM (j): (5 + 1)th output module, wherg < j <k — 1. Lol

n: number of input/output ports in each IM/OM, respectivel;jaSt cell of the current frame OVOQ.(W’Z) 'S n_1atched.
) CF; ;,(t) decreases its count each time a cell is matched,
k: number of IMs/OMs.

o number of CMs. other than the last.

CN. : . The arbitration process includes two phases. This scheme
IP(i,h): (h+ 1)th t t (IP) at/ M (i), wh <h< .
(i, h): (h+ 1)th input port (IP) at/ M (i), where0 < h < follows request-grant-accept approach, as in the CRRD-algo

n — 1.
S, ) rithm [13]:
lO<P§;,7’—l)'1,(l -+ 1)th output port (OP) aOM (j), where0 < Phase 1: Matching within IM
VOQ(i, j,1): Virtual output queue af M (i) that stores cells - FIrst iteration
destined forOP(j,1). « Step 1: Non-empty VOQs send a request to the output-
Ly (i,7): output link of IM (¢) that is connected t6'M (r). link arbiter L;, where each request indicates the on-
L¢(r, 7): output link atCM (r) that is connected t®M (5). service or off-service status of the VOQ.
o Step 2: If an output-link arbiter receives any request, it

The switch hag: IMs, m CMs, andk OMs. AnIM (i) hasn chooses an on-service request in a round-robin fashion
input ports, each of which is denoted BB(i, h). Eachl M (i) starting from the position of’, (i, ). If none on-service
hasn x k VOQs. AVOQ(i, j,1) stores cells going froniM (i) request exists, thé; chooses an off-service request in a
to OP(1) at OM(j). In an IM, there aren output links. An round-robin fashion starting from the position®f (i, ).
output-link L; (i, 7) is connected fromi M (i) to CM(r). A L; then sends a grant to the selected VOQ.
CM (r) hask output links, each of which i€ (r, j), which « Step 3: If the VOQ arbiter receives any grant, it accepts
are connected t6 OMs. An OM (j) hasn output ports, each an on-service grant in a round-robin fashion, starting from
of which is denoted a®P(j,1), and has an output buffer. the position ofPy (4, v). If none on-service grant exists,

In the following section, we described a dispatching scheme the VOQ arbiter accepts an off-service grant that appears
based on round-robin selection, FCRRD. However, this de- Nnext |n. round-robin schedule, starting from the position
scription can be adopted for a scheme based on random of Py (i,v).
selection by changing the selection criteria. - ith iteration



« Step 1: Each unmatched VOQ sends another requesiate obtained with a 95% confidence interval, not greater than
all unmatched output-link arbiters. 5% for the average cell delay.

o Step 2 and 3: The same procedure is performed as in the
first iteration for matching between unmatched nonempl \jniform Traffic

VOQs and unmatched output links.
Q 3 Htput A Figure 16 shows the simulation results of RD, FRD, CRRD

Phase 2: Matching between IM and CM and FCRRD, all under uniform traffic with Bernoulli arrivals

o Step 1: After phase 1 is completé,(i,r) sends the in an = m = k = 8 switch (i.e.,64 x 64 switch without in-
request toC'M (r). Each round-robin arbiter associatedernal expansion). This figure shows that FRD delivers highe
with OM (j) then chooses a request from the on-serviggerformance than RD, and therefore, showing the improving
L;(i,r) that appears next in a round-robin scheduleffect of occupancy-based framing. This figure also shows
starting from the positionPc(r,j) and sends the grantthat FCRRD, as CRRD, delivers 100% throughput with any
to L;(i,r) of IM. Pc(r,j) is updated to one position number of iterations under this traffic type. The averagaylel
beyond the granted one. If none on-service request exisis,FCRRD with two iterations is lower than that of CRRD
the OM (j) chooses an off-service request that appeangth four iterations. Therefore, FCRRD converges when the
next in a round-robin schedule, starting from its positionumber of iterations in the IM reaches two. The reason for
Pc(r, j) and sends the grant to; (i, r). this improvement is that once a match is achieved, the match

« Step 2: If the IM receives the grant from the CNMh, is kept during the frame duration. Therefore, contention in
and P are updated to one position beyond the grantéM is reduced as the number of participant VOQs is reduced
link and VOQ, respectively. IM sends the correspondingith each match. Figure 17 shows that FCRRD provides
cell from that VOQ at the next time slot. The request00% throughput under Bernoulli uniform traffic while using
from the CM that is not granted will be attempted agaidifferent switch sizess = m = k = {2, 4,8,16}. The average

at the next time slot because the pointers that are relatglay increases when the switch size increases.

to the ungranted requests are not moved. In addition to
the pointer update, th€'F; ; ;, counter updates the value 10000
according to the following: —o—CRRD, [,,=1

If an IM received a grant from a CM, the counters are; —e— CRRD, I, =4

updated as follows: 10001 —o— FCRRD, ’Zle

) If CF,;:(t) > 1: CFjn(t+1) = CF, ;;(t) — 1 —=—FCRRD, [,,=2
and thisVOQ(i, j,1) is set as on-service.

i) else CF;;(t) =1): CF,;;;(t+ 1) is assigned the
occupancy of0Q(s, j,1), and VOQ(i, j,1) is set
as off-service.

Note that the matching within IM can have several iterations

100

10

erage delay (time slot

as the arbiters can be placed in the IM modules. The matching 1
between IM and CM is considered with one iteration only as, 0 01 02 03 04 05 06 07 08 09 1
depending on the implementation, the IM and CM modules Input load

may be located far from each other.
Fig. 16. Average delay of FCRRD and CRRD schemesn{=k=8) under
Bernoulli uniform traffic with multiple iterations.

VII. SIMULATION EVALUATION OF FCRRD

: . . Figure 18 shows that FCRRD provides 100% throughput
As in the case for single-stage 1Q SW'tCheTQ" we Stuq%(/en when the input traffic is bursty, with= 10. As the

the performance of the proposed scheme using COMPUiETire shows, the average delay of FCRRD with one and two

simulation. We compare the perfprmance of the RD s_che rations is smaller than that of CRRD with any number of
[21], and our framed version of it, FRD (the description Okerations

this scheme is similar to that of FCRRD with the difference

that selections are random based instead). Here, we conside ) )

CRRD and FCRRD with multiple iterations in IM, which areB- Nonuniform Traffic

denoted asl;,;, and only a single iteration between IMs As in the case for single-stage switches, we simulate RD,
and CMs. FRD, as RD, assumes that uprtmon-empty FRD, CRRD and FCRRD with multiple iterations under four
VOQs are matched, disregarding of the number of iteratiomsynuniform traffic patterns: unbalanced, Chang’s, asyrimet
and therefore, we don't indicate the number of iterations snd diagonal [16].

the results. The traffic models considered have destimation Figure 19 shows the throughput performance of RD, FRD,
with uniform and nonuniform distributions and Bernoullican CRRD, and FCRRD under unbalanced traffic. The throughput
bursty arrivals. The bursty traffic follows an on-off Markowof RD whenw = 0 is about 65% and increases as
modulated process and has an average burst lehgtfi,10 increases. However, FRD is above 90% when= 0 and
cells. The simulation does not consider the segmentatidn ancreases to 100% a® increases, because of the effect of
re-assembly delays for variable size packets. Simulat@eunlts the occupancy-based framing. This figure also shows that the
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Fig. 17. Average delay of FCRRD scheme with different swites under multiple iterations under unbalanced traffic.

Bernoulli uniform traffic.
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Fig. 20. The performance of FCRRD and CRRi>=k=8) under Chang’s

Fig. 18. Average delay of FCRRD and CRRD schemesn(=k=8) under traffic.
bursty traffic with multiple iterations.

100% throughput. This figure shows that random selection is

throughput of FCRRD with two iterations is higher than tha®S eﬁective as round-robin.select.ion. _

of CRRD with four iterations under the complete range of Figure 22 shows the simulation results under diagonal
w. The high throughput of FCRRD under this traffic moddfaffic. These results show that FCRRD, with two iterations,
is the product of considering the VOQ occupancy and trafff€livers hlghe_r throughput than FCRRD with one iteratiod an
isolation. FCRRD, as UFORM, ensures service to queues wititn CRRD with any number of iterations. Also, RD and FRD
high load by capturing a large frame size for each, and ghow higher throughput than round-robin based schemes. The
the queues with low load by using round-robin selection. THiRerformance of FRD is comparable to that of the FCRRD with
captured-frame size allows the scheduler to isolate thedto WO iterations, of about 95% throughput. One of the reasons
cells from incoming cells that could make the queuing deld@" this improvement is that the pointer update in round-
longer, as observed in single-stage switches. robin schemes might not provide effective desynchrororati

Figure 20 shows the performance of our dispatchier ppinters as traffic is directed to only two different outpu

schemes under Chang’s traffic model. This figure shows tiPg! INPut. .
RD has about 63% throughput while FRD can achieve aboutThe use of the captured frame and the service concepts make

91% throughput under this traffic pattern. This figure aldoRD and FCRRD deliver high switching performance under
shows that the average cell delay of FCRRD with two itegnlform_and nonu_nlform traffic pa_tterns. Thls is becauserwhe
ations is higher than that of CRRD with 4 iterations undét YOQ IS on-service status, service remains for the next time
Chang’s traffic, as seen in the previous traffic models. slots until the current frame is depleted.

Figure 21 shows the simulation results under asymmet-
ric traffic. These results show that RD delivers about 75% VIII. CONCLUSIONS
throughput as CRRD with four iterations, while CRRD and In this paper, we introduced the captured frame size concept
FCRRD, both with one iteration, deliver below 45% throughto determine cell eligibility in the matching process fopir
put. FRD and FCRRD with two iterations provide close tgqueued packet switches. Also, we proposed two matching
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Fig. 22. The performance of FCRRD and CRRi>xh=k=8) under diagonal
traffic.

schemes, uUFORM and uFPIM, that use the captured frame

11

based on the proposed concept decrease the needed number of
iterations performed in Clos-network switches to achieigd h
throughput. For this, we looked into the adaptation of this
concept into RD and CRRD dispatching schemes, and there-
fore giving place to the creation of two dispatching schemes
FRD and FCRRD. These schemes use random and round-
robin selection, respectively. As compared to RD and CRRD,
FRD and FCRRD show higher performance under several
nonuniform traffic patterns. Furthermore, FCRRD keeps 100%
throughput under uniform traffic as CRRD does. FCRRD, with
two iterations in IMs, is sufficient to achieve a high switdi
performance under nonuniform traffic. This reduction of Aum
ber of iterations is important in Clos-network switches faes t
input modules are located in different physical locatiomsrf

the central modules. As uFPIM and uFORM for single-stage
switches, FRD and FCRRD do not need to compare the status
of different VOQs as they are based in random and round-
robin selection, respectively.

The complexity of adding the captured frame concept to
matching schemes is low as the schemes do not need to
compare the status of the VOQs. The addition of the hardware
and timing complexity of schemes are negligible as only
the update of the CF counters and F flags is added to the
implementation, and the time to update CF and F can be
performed in parallel with the pointer update in FCRRD.
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