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Abstract— Input-queued (IQ) switches are attractive for the
implementation of high-performance routers because they re-
quire no speedup in the used memory. It has been shown that IQ
switches can provide 100% throughput under admissible traffic
when using maximum weight matching schemes or speedup of
two, and pre-computed switch configurations, for pre-known
traffic patterns. These three different approaches requireeither
high computation complexity or high memory costs. Therefore,
there is a need of low-complexity and fast matching schemes
that provide high throughput under several admissible traffic
patterns, including those with nonuniform distributions, without
recurring to speedup or multiple iterations. In this paper, we
propose matching schemes that use the captured frame-size
concept, and show that the application of this concept in matching
schemes for IQ switches provides high throughput under a variety
of admissible traffic patterns with a single iteration and no
speedup. We present two weightless matching schemes, one based
on round-robin selection, called uFORM, and the other based
on random selection, called uFPIM. Furthermore, we study the
application of the captured frame concept in matching schemes
for multiple stage switches and show the achieved improvement
on switching performance.

Index Terms— captured frame, frame eligibility, service frame,
nonuniform traffic, input queued

I. I NTRODUCTION

Input-queued (IQ) switches are attractive because their
memories work without the speedup requirement of an output-
queued (OQ) switch. As a result, IQ switch architectures have
been adopted by several manufacturers of switches/routers.
The introduction of virtual output queues (VOQs), where one
queue per output port is placed in an input port of an IQ packet
switch, is used to remove the head-of-line (HOL) blocking
problem [1]. HOL blocking causes idle outputs to remain so,
even in the existence of traffic for them at an idle input, thus
impeding the delivery of high throughput.

This paper follows the common practices in packet switch
design: segmentation of incoming variable-size packets atthe
ingress side of a switch to perform internal switching with
fixed-size packets, or cells, and re-assembling the packetsat
the egress side before they depart from the switch; 2) use
of VOQs, and 3) use of crossbar fabrics for implementation
of packet switches because of their non-blocking capability,
simplicity, and market availability.

One major requirement for an IQ switch is the delivery of
high throughput under different traffic conditions. In thispaper,
we consider admissible traffic [2] with Bernoulli and bursty
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arrivals that have destinations with uniform and nonuniform
distributions.

The matching scheme used in IQ switches determines in
large measure the achievable throughput. Maximum weight
matching (MWM) schemes have been used to show that IQ
switches with VOQs can provide 100% throughput under
admissible traffic [2] while using no speedup. However, MWM
schemes have intrinsically high computation complexity that
is translated into long resolution time and high hardware
complexity. This makes these schemes prohibitively expen-
sive for a practical implementation of high-speed switches
with currently available technologies. An alternative is to
use maximal-weight matching schemes. These schemes can
provide higher throughput performance under uniform and
nonuniform traffic patterns with, however, a large number of
iterations. The hardware and time complexity of these schemes
can be considered high for the ever increasing data rates
because of the large number of iterations, and because of
the number of parameters that need to be compared in the
selection process. Furthermore, some weight-based schemes
may starve queues with little traffic to provide more service
to the congested ones, therefore, presenting unfairness [3].

Maximal-size matching can be used to resolve contention
in IQ switches in a fast manner. An example of these size
matching schemes is PIM [4], which is based on random
selection. However, PIM cannot achieve 100% throughput
under admissible uniform traffic because contentions cannot
be avoided in this scheme. Schemes based on round-robin
selection can provide higher throughput than PIM [5]. Some
example of round-robin schemes areiSLIP [5], iDRRM [6],
[7], and SRR [8] and these can deliver 100% throughput under
uniform traffic with a single iteration.iSLIP showed that the
desynchronization effect, where arbiters reach the point where
each of them prefers to match with different input/outputs,
is beneficial for switching under this traffic pattern. However,
schemes based on round-robin selections have not been shown
to provide nearly 100% throughput under nonuniform traffic
patterns without speedup, or pre-calculated configurations [9]
that are tailored for traffic with pre-known distributions.The
exhaustive dual round-robin matching (EDRRM) scheme [10]
has shown a throughput higher thaniSLIP under nonuniform
traffic patterns at the cost of reduced performance under
uniform traffic.

An alternative to is to perform matching for a batch of cells,
instead of for a single cell. Matching in train-of-cells basis
have been shown to improve throughput under optimal train
sizes for each different traffic scenarios [11]. This approach
seems to be beneficial for nonuniform distributions as outputs
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receiving large amount of traffic may utilize efficiently an
achieved match. However, it is difficult to define one train size
for all traffic distributions. Some train sizes may be optimal
for some distributions and at the same time non-optimal for
others.

This paper introduces the captured-frame concept and shows
its application on maximal-size matching schemes for IQ
switches. The resulting schemes are maximal size based and
can provide service to VOQs with a rate proportional to their
input loads in similar way weight-based schemes do. This
is achieved by using frame service, where the frame length
depends on the accumulation of cells in a given period of
(service) time, and therefore, the frame length is adjusted
dynamically. We called the resulting schemes as the unlimited
frame-size occupancy-based round-robin matching (uFORM),
and the unlimited frame-size occupancy-based PIM (uFPIM).
This paper demonstrates that the captured-frame concept,
used for cell matching eligibility, improves the performance
of the arbitration schemes, which are run in a cell-basis.
We analyze the achievable throughput of uFPIM in single-
stage IQ switches under uniform traffic. We also show the
switching performance of uFORM and uFPIM under uniform
and nonuniform admissible traffic. We show that uFORM
retains the high performance of round-robin schemes under
uniform traffic and high performance under nonuniform traffic.

Looking towards switch scalability and knowing that single-
stage switches are difficult to scale up (due to VLSI con-
straints, such as chip’s pin count), we consider multiple-stage
Clos-networks [12]. Clos-network switches have either three
or five stages, where each stage in comprised by two or more
small switches, called modules. Here, we focus on three-
stage switches to use the minimum amount of hardware. Clos-
network switches are more complex to configure than single-
stage IQ switches and are more sensitive to the efficiency
of matching algorithms than single-stage IQ switches. The
configuration of three-stage Clos-network switches includes
the matching of input and output ports, located in the first and
second stage modules, and the selection of the interconnecting
path in the second stage module.

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. These
switches are known as memory-space-memory (MSM) Clos-
network switches [14], [15]. The configuring process (port
matching plus central module routing) is then converted into a
dispatching problem (matching between the queues and output
links of the first-stage modules, plus another matching between
input-module requests and output links of the central-stage
modules), where only the first and second stage switches
needs to be configured. Scheduling schemes that have been
originally developed for single-stage IQ switches and have
been adapted for MSM Clos-network switches have shown that
the achieved throughput performance of MSM Clos-networks
is equal to or lower than that of single-stage IQ switches [13],
[16]. Furthermore, as the modules in these MSN Clos-network
switches are located in different chips or boards, transmission
delays between modules, may be long. Therefore, for schemes
where their implementation uses exchange of information

between different modules in more than one iteration (for
scheduling), the resolution time becomes long enough to be
considered impractical. One way to make the implementation
of this switch practical is by designing scheduling schemes
that can provide high throughput with a single iteration.

As a solution to this need, we extend the study of the
captured frame concept to dispatching schemes for MSM Clos-
network switches. We show that our developed dispatching
schemes can achieve high throughput under uniform and
several nonuniform traffic patterns.

This paper is organized as follows. Section II describes the
single-stage switch and introduces preliminary definitions used
in this paper. Section III introduces the uFPIM and uFORM
scheduling schemes. Section IV analyzes the throughput of
uFPIM in single-stage IQ switches. Section V presents a
simulation study of the throughput and delay performance
of uFORM and uFPIM under uniform and nonuniform traffic
patterns. Section VI introduces the framed concurrent round-
robin dispatching (FCRRD) scheme for a MSM Clos-network
switch. Section VII shows the performance of FCRRD under
uniform and nonuniform traffic models. Section VIII presents
our conclusions.

II. SINGLE-STAGE INPUT-QUEUED SWITCH MODEL AND

DEFINITIONS

We consider a single-stageN × N switch, with VOQs in
the inputs. A VOQ that stores cells from inputi to outputj is
denoted asV OQ(i, j). Unless otherwise stated, we consider
that a VOQ can store a large number of cells. In this switch,
each input can dispatch one cell each time slot and each output
can receive up to one cell per time slot (i.e., no speedup is
used). Figure 1 shows the switch model.
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Fig. 1. Input-queued switch with VOQs.

We use the following definitions in the description of the
proposed matching schemes.
Frame. A frame is related to a VOQ. A frame is the set of
one or more cells in a VOQ that are eligible for dispatching.
Only the HOL cell of the VOQ is eligible per time slot.
On-service status.A VOQ is said to be in on-service status
if the VOQ has a frame size of two or more cells and the first
cell of the frame has been matched. An input is said to be
on-service status if the status of a VOQ becomes on.
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Off-service status.A VOQ is said to be in off-service status if
the last cell of the VOQ’s frame has been matched or no cell of
the frame has been matched. Note that for frame sizes of one
cell, the associated VOQ is off-service during the matchingof
its one-cell frame.
Captured frame size. At the time tc of matching the last
cell of the frame associated toV OQ(i, j), the next frame is
assigned a size equal to the cell occupancy atV OQ(i, j).
Cells arriving in V OQ(i, j) at time td, where td > tc, are
not considered for matching until the current frame is totally
served and a new frame is captured. We call this captured
frame as it is the equivalent of having a snapshot of the VOQ
occupancy at timetc, where the occupancy determines the
frame size.

Figure 2 shows an example of the frame capture and the
service status of a VOQ. At time slott, the frame is off service,
and the request for a match of the HoL cell is off service as
well. Assuming that the size of the frame is four cells and that
the VOQ is first matched during time slott, the VOQ becomes
on service at time slott + 1. The status of the VOQ remains
on service for the rest of the frame duration, or until time slot
t+3. After the last cell of the frame is matched, a new frame
is captured with a size of two cells, as these cells are the only
ones in the queue at this time. Then, the status of the VOQ
changes to off service in the following time slot.

Frame (t) = 4 cells

Off status

Request

 (Off status)

Request

 (On status)

Request

 (On status)
Request

 (On status)

Frame (t+1) = 3 cells

On status

Frame (t+2) = 2 cells

On status

Frame (t+4) = 2 cells

Off status
Frame (t+3) = 1 cell

On status

(a) (b)

(c) (d)

Fig. 2. Example of a frame and the service status of a VOQ.

For each VOQ there is a captured frame-size counter,
CFi,j(t). The value ofCFi,j(t) indicates the frame size; that
is, the maximum number of cells that aV OQ(i, j) can have
as candidates in the current and future time slots.CFi,j(t)
takes a new value when the last cell of the current frame of
V OQ(i, j) is matched.CFi,j(t) decreases its count each time
a cell is matched, other than the last. Each VOQ has a status
flag Fi,j to indicate the on/off service status. If VOQ is in
on-service status,Fi,j = 1. Otherwise,Fi,j = 0.

III. M ATCHING SCHEMES WITHCAPTURED FRAME FOR

SINGLE-STAGE IQ SWITCHES

A. uFPIM Scheme for Single-Stage IQ Switches

The uFPIM scheme has CF counters andF flags. uFPIM
follows three steps as in the PIM scheme:

Step 1: Request.Non-empty on-service VOQs send a
request to their destined outputs. Non-empty off-service VOQs
send a request to their destined outputs if inputi is off-service.

Step 2: Grant. If an output arbiteraj receives any requests,
it chooses a request from the on-service VOQ (also called an
on-service request) in a random fashion. If none on-service
request exists, the output arbiter chooses an off-service request
in a random fashion.

Step 3: Accept.If the input arbiterai receives any grants, it
accepts one on-service grant in a random fashion. If none on-
service grant exists, the arbiter chooses an off-service grant in
a random fashion. The CF counter updates the value according
to the following: If the input arbiterai accepts a grant from
aj , and if:

i) CFi,j(t) > 1: CFi,j(t+1) = CFi,j(t)−1 and this VOQ
is set as on-service,Fi,j = 1.

ii) If CFi,j(t) = 1: CFi,j(t+1) is assigned the occupancy of
V OQ(i, j), andV OQ(i, j) is set as off-service,Fi,j = 0.

Figure 3 shows an example of a matching in the uFPIM
scheme. The CF values are shown as input contents. In this
example, we only show the captured-frame sizes and the
service status at each VOQ. In the request phase, inputs 0,
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
to output 0, as the off-service VOQ is inhibited as described
in the scheme. The output and input arbiters select a request
by service status and in a random fashion among all requests
of the same service status, as shown by the grant and accept
phases. Output 0 selects the on-service request from input 3
over the off-service request from input 1. After the match is
completed, the CF values are updated as shown in the figure.
Note that at time slott + 1, three VOQs become on service.
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Fig. 3. Example of uFPIM in a4× 4 switch.

B. uFORM Scheduling Scheme for Single-stage IQ Switches

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:

Step 1: Request.Non-empty on-service VOQs send a
request to their destined outputs. Non-empty off-service VOQs
send a request to their destined outputs if inputi is off-service.

Step 2: Grant. If an output arbiteraj receives any requests,
it chooses a request from the on-service VOQ (also called
an on-service request) that appears next in a round-robin
schedule, starting from the pointer position. If none on-service
request exists, the output arbiter chooses an off-service request
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that appears next in a round-robin schedule, starting from its
pointer position.

Step 3: Accept.If the input arbiterai receives any grants, it
accepts an on-service grant in a round-robin schedule, starting
from the pointer position. If none on-service grant exists,
the arbiter chooses an off-service grant that appears next in
round-robin schedule starting from its pointer position. The
input and output pointers are updated to one position beyond
the matched one. In addition to the pointer update, the CF
counter updates the value according to the following: If the
input arbiterai accepts a grant fromaj , and if:

i) CFi,j(t) > 1: CFi,j(t+1) = CFi,j(t)−1 and this VOQ
is set as on-service,Fi,j = 1.

ii) If CFi,j(t) = 1: CFi,j(t+1) is assigned the occupancy of
V OQ(i, j), andV OQ(i, j) is set as off-service,Fi,j = 0.

We give the prefix unlimited to the names of these two
matching schemes because the captured-frame size is not
limited to a maximum value at the capture time.

Figure 4 shows an example of uFORM in a4×4 switch. In
this example, the contents of the VOQs are the same as that
of the uFPIM example. The pointers of the input and output
arbiters are positioned as shown in the request phase. The off
inputs send request to all outputs they have a cell for. In the
grant phase, the output arbiters select the request according to
the request status and the pointer position. Output 0 selects
the on-service request over the off-service request. Output 3
receives two off-service request, and selects input 1 because
that input has higher priority, according to the pointer position.
Outputs 1 and 2 receive a single off-service request, therefore,
the requests are granted. In the accept phase, input 1 selects
output 3 by using the pointer position. Input 2 accepts the
single grant issued by output 1. Input 3 accepts the single
grant, issued by output 0. Since the results are the same as
in the uFPIM example, the CF values and service status are
updated as in that example. Note that the input and output
arbiters for the on-service ports (input 3 and output 0) are
updated, but since the service status takes higher precedence,
the pointer position in this case becomes secondary in the
selection process.
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Fig. 4. Example of the uFORM scheme in a4× 4 switch.

IV. T HROUGHPUTANALYSIS OF RANDOMIZED

SELECTION USING THECAPTURED-FRAME CONCEPT

In this section, we analyze the throughput of uFPIM and
show the improvement of over the throughput of PIM. It has

been shown that the throughput of an IQ switch using PIM
under uniform traffic [17], [18] for a largeN and a single
iteration, where PIM’s throughput (TPIM ) can be defined by:

TPIM = 1 − (1 −
ρ

N
)N . (1)

where,N is the number of input/output ports andρ is the
probability of a cell arrival in a time slot. As presented in [17],
the probability of a request that is being granted by outputj is
ρ/N . The probability that outputj does not receive a cell from
any inputs is(1−ρ/N). WhenN is large andρ = 1.0, TPIM

is known to be 63.2% under uniform traffic with Bernoulli
arrivals.

The uFPIM scheme uses the captured-frame concept. In this
scheme, a frame is defined at the end of the VOQ service
and those cells that arrived during the (frame) servicing time
are considered part of the next frame. Therefore, cell arrivals
(after a frame is defined) do not affect arbitrarily the matching
process. Furthermore, once a match is achieved, the match is
kept during the frame duration and the input is on-service,
thus, reducing the number of contending ports that participate
in random selection. In subsequent time slots, the number of
matches is increased because the use of frames makes a match
last during the time that a frame is served. Therefore, the
probability of a request of being granted by an outputi is

ρ/(N − E(m))

and the throughput of uFPIM,TuFPIM , is defined by

TuFPIM =
E(m)

N
+

N − E(m)

N
(1−(1−

ρ

N − E(m)
)N−E(m)),

(2)
whereE(m) is the average number of on-service inputs.

Then E(m) is defined by the number of cells in a frame.
Because of the two states of an input (on-service or off-
service), we consider the average of the duration of a frame,
Pm, follows a binomial distribution:

Pm = (
N

m
)pm(1 − p)N−m, m = 0, 1, 2, . . . , N, (3)

wherep is the probability that an input becomes on service.

E(m) =
N

∑

m=0

m · Pm (4)

then

E(m) = 0 · P0 + 1 · P1 + 2 · P2 + . . . + N · PN

= 0 + 1 · (
N

1
)p1(1 − p)N−1 + . . . + N · (

N

N
)pN

≥ N · p (5)

When the switch sizeN is large,

E(m) = N · p. (6)

Recalling that a VOQ that has a frame size of two or more
cells and after the first cell of the frame is matched, the status
of the VOQ becomes on-service, that is, while a VOQ is to
become on-service, the VOQ can not matched at the least two
time slots (as the cells that will form the frame arrive in the
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first two time slots, and the VOQ gets matched in the third
time slot) the captured a new frame-size. Let’s havep1st−um

andp2nd−um denote the probability that there an output does
not get matched in the first and second time slots, respectively,
andp3rd−m is the probability that the output gets matched in
the third time time slot,p becomes:

p = 1 − p1st−um · p2nd−um · p3rd−m (7)

= 1 − (1 −
1

N − A1
)N−A1 · (1 −

1

N − A2
)N−A2

· (1 −
1

N − A3
)N−A3

≥ 1 − ((1 −
1

N
)N )3, (8)

where A1, A2, and A3 represent the number of on-service
inputs at the first, second, and third time slots, respectively.
Here, becauseE(m) is difficult to calculate, we use the
approximation

1 − ((1 −
1

N
)N )3

to calculatep. From Eq. (8), we getp, and from Eq. (5), we
get E(m). UsingE(m) in Eq. (2) we estimate the maximum
throughput of uFPIM whenρ = 1.0. For example, ifN = 32,
p ≥ 0.952 and E(m) ≃ N · p ≃ 30, and thenTuFPIM =
0.986.

WhenN is large,

p = 1 − ((1 −
1

N
)N )3 ≃ 1 − (

1

e
)3 = 0.95 (9)

then
E(m) = 0.95N.

Now, using this value in Eq.(2) and

TuFPIM =
0.95N

N
+

N − 0.95N

N
·

(1 − (1 −
1

N − 0.95N
)N−0.95N )

= 0.95 + 0.05 · (1 −
1

e
)

= 0.982

(10)

In this way, for a largeN , the actualTuFPIM is higher than
0.982.

Figure 5 shows the throughput of uFPIM produced by
analysis and simulation when considering Bernoulli uniform
traffic. The analysis result is close to the simulation result
under different switch sizes. The actual throughput is expected
higher than the one obtained through analysis because we use
Eqs. (6) and (8).

V. PERFORMANCEEVALUATION OF U FPIM AND UFORM

We considerislip (with one iteration, or 1SLIP) and PIM
on this study for comparison purposes. The performance eval-
uations are produced by computer simulation, where results
are obtained with a 95% confidence interval, not greater than
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Fig. 5. Throughput comparison of analysis and simulation ofuFPIM with
different switch sizes.

5% for the average cell delay. The traffic models considered
have destination with uniform and nonuniform distributions.
The simulation does not consider the segmentation and re-
assembly delays for variable size packets.

A. Uniform Traffic

Figure 6 shows the simulation results of four32 × 32
IQ switches, each one with a different matching scheme:
1SLIP, PIM, uFORM, and uFPIM, all under uniform traffic
with Bernoulli arrivals. This figure shows that uFORM, as
iSLIP, delivers 100% throughput under uniform traffic. Under
this traffic, PIM delivers about 63% throughput, however,
when using the captured frame-size concept in uFPIM, the
throughput improves to nearly 100%. The reason for the
improvement by uFPIM is that, once a match is achieved, the
match is kept during the frame duration. Therefore, contention
among the others ports is reduced with each time slot.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.01

0.1

1

10

100

1000

10000

Input load

A
v

e
ra

g
e
 d

e
la

y
 (

ti
m

e
 s

lo
ts

)

32x32 switch

PIM

uFPIM

1SLIP

uFORM

Fig. 6. Average delay of uFORM and uFPIM schemes under Bernoulli
uniform traffic.

Figures 7 and 8 show the average latency produced by
uFORM and uPIM schemes as a function of the offered load
for switches with 8, 16, 32, 64, 128, and 256 ports. It can be
seen that as the switch size increases, the average cell delay
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increases. However, in a load close to1.0, small switches,
N = {8} of uFORM andN = {8, 16} of uFPIM, produce a
long average delay.
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B. Nonuniform Traffic

We simulated these four schemes under several nonuniform
traffic models: unbalanced [19], Chang’s [9], asymmetric [20]
and power-of-two (PO2) [11].

The unbalanced traffic model uses a probability,w, as
the fraction of input load directed to a single predetermined
output, while the rest of the input load is directed to all outputs
with uniform distribution. Let us consider input ports, output
port d, and the offered input load for each input portρ. The
traffic load from input ports to output portd, ρs,d is given
by,

ρs,d =

{

ρ
(

w + 1−w
N

)

if s = d
ρ 1−w

N
otherwise.

(11)

When w = 0, the offered traffic is uniform. On the other
hand, whenw = 1, it is completely directional, from inputi
to outputj, wherei = j. This means that all traffic of input
port s is destined for only output portd, wheres = d. Figure

9 shows the throughput performance of 1SLIP, PIM, uFPIM,
and uFORM under unbalanced traffic. This figure shows that
uFORM provides over 99% throughput under the complete
range ofw and that uFPIM reaches up to 99% throughput,
while both PIM and 1SLIP reach 64% throughput. The high
throughput of uFORM and uFPIM under this traffic model
is the product of considering the VOQ occupancy. uFORM
ensures service to queues with high load by capturing a large
frame size for each, and to the queues with low load by using
round-robin selection.
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Fig. 9. Throughput performance of uFORM and uFPIM under unbalanced
traffic.

Figure 10 shows the throughput performance of uFPIM and
uFORM with different switch sizes under Bernoulli uniform
traffic with 1.0 input load. This figure shows that uFORM
provides over 99% throughput and that uFPIM reaches just
99% throughput for large switches. However, small switches,
N = {8, 16}, have the lower throughput because they are
more sensitive to the value of the captured frame sizes, and
the frame size depends on the actual arrivals.
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Fig. 10. Throughput performance of uFORM and uFPIM in function of
switch size, under unbalanced traffic.

Chang’s traffic model can be defined asρ = 0 for i = j,
andρi,j = 1

N−1 otherwise. Figure 11 shows the average cell
delay achieved by the four matching schemes under this traffic
model. The results show that the obtained throughput is64%
by PIM, 97% by 1SLIP, and99% by both uFORM and uFPIM.

Figure 12 shows the average cell delay of the matching
schemes under the asymmetric traffic model. The results show
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Fig. 11. Throughput performance of uFORM and uFPIM under Chang’s
traffic.

that the obtained throughput is70% by PIM, 72% by 1SLIP,
and above99% by uFORM and uFPIM.
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Fig. 12. Throughput performance of uFORM and uFPIM under asymmetric
traffic.

The diagonal traffic model distributes all the load of an input
between two different outputs, making the distribution heavily
distributed among a small number of output. This traffic model
is defined asρi,j = 0.5 for j = i andj = (i+1) mod N , and
ρi,j = 0 otherwise. Figure 13 shows the average cell delay of
our matching schemes under this traffic model. These results
show that

Figure 14 shows the performance of the four matching
schemes under the PO2 traffic model. Because of the com-
plexity of describing the PO2 traffic model in our simulation
program, we consider30× 30 switches for simulation. Under
this traffic model, the obtained throughput is72% by PIM,
75% by 1SLIP, and95% under uFPIM and uFORM. Although
uFPIM and uFORM have under 99% throughput under PO2
than in the other traffic models, these schemes show, never-
theless, performance improvement.

In general, Figures 6-14 show that the throughput is im-
proved by using the captured-frame concept to define the set
of eligible cells for the matching process.
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Fig. 13. Throughput performance of uFORM and uFPIM under diagonal
traffic.
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Fig. 14. Throughput performance of uFORM and uFPIM under PO2traffic.

C. Discussion of Performance Results

The use of a captured frame size and the service concepts
used here make uFORM and uFPIM deliver high performance
under uniform and unbalanced traffic patterns. Note that in the
case where a VOQ has no cells at the capturing time, VOQ
can still participate in a matching when a cell arrives after
that, as long as the input is off-service.

When a VOQ changes its status to on-service, that VOQ
has higher priority than the others to continue sending its
request in subsequent time slots. When an input is off-service,
all nonempty VOQs (independently of their CF value) send a
request to their respective outputs.

Under uniform traffic, the captured frame sizes are not
expected to reach large values because of the cell distribution
among all queues. Therefore, most queues may remain in off-
service status while completing service for one-cell frames.
The performance is then determined by the selection policy.
Furthermore, as the captured frame includes old cells, the
delay may be smaller than pure round-robin or random based
matching. Under unbalanced traffic, some queues are expected
to have heavier loads than others. The queues with large
occupancies have a higher service than the queues with lower
occupancy. The difference on frame sizes results in more
service for queues with a larger number of arrivals than those
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for queues with a small number of arrivals. Moreover, the
selection policy ensures that all queues receive service.

VI. CAPTURED FRAME IN DISPATCHING SCHEMES FOR

CLOS-NETWORK SWITCHES

In an MSN (3-stage) Clos-network switch, matching needs
to be performed between VOQs in the first-stage modules
and the links going from first-stage modules to second-stage
modules, and a second match in second-stage modules be-
tween its input requests and output links. Furthermore, the
first match uses the results of the second match process,
therefore, if several iterations are to be performed, thesetwo
matches are performed a number of times as the number
of iterations. As each iteration consumes the resolution time
of each match, a single-iteration matching scheme that can
achieve high (throughput) performance is desirable.

A. Clos-Network Switch Model and Preliminary Definitions

The Clos-network switch is a three-stage switch architecture
[12], as Figure 15 shows. The first stage is also called as input
stage, the second stage is called as central stage, and the third
stage is called output stage. The modules in the input stage
are called input modules (IMs), the modules in the middle
stage are called central modules (CMs), and the modules in
the output stage are called output modules (OMs). Here, the
IMs and OMs have queues to store cells. We use the same
terminology in [13], as follows:
IM(i): (i + 1)th input module, where0 ≤ i ≤ k − 1.
CM(r): (r + 1)th central module, where0 ≤ r ≤ m − 1.
OM(j): (j + 1)th output module, where0 ≤ j ≤ k − 1.
n: number of input/output ports in each IM/OM, respectively.
k: number of IMs/OMs.
m: number of CMs.
IP (i, h): (h + 1)th input port (IP) atIM(i), where0 ≤ h ≤
n − 1.
OP (j, l): (l + 1)th output port (OP) atOM(j), where0 ≤
l ≤ n − 1.
V OQ(i, j, l): Virtual output queue atIM(i) that stores cells
destined forOP (j, l).
LI(i, r): output link of IM(i) that is connected toCM(r).
LC(r, j): output link atCM(r) that is connected toOM(j).

The switch hask IMs, m CMs, andk OMs. AnIM(i) hasn
input ports, each of which is denoted asIP (i, h). EachIM(i)
hasn×k VOQs. AV OQ(i, j, l) stores cells going fromIM(i)
to OP (l) at OM(j). In an IM, there arem output links. An
output-link LI(i, r) is connected fromIM(i) to CM(r). A
CM(r) hask output links, each of which isLC(r, j), which
are connected tok OMs. An OM(j) hasn output ports, each
of which is denoted asOP (j, l), and has an output buffer.

In the following section, we described a dispatching scheme
based on round-robin selection, FCRRD. However, this de-
scription can be adopted for a scheme based on random
selection by changing the selection criteria.
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Fig. 15. Clos-network switch with VOQs in the IMs.

B. Frame Occupancy-Based Concurrent Round-Robin Dis-
patching Scheme

In IM(i), there arem output-link round-robin arbiters and
nk VOQ round-robin arbiters. An output-link arbiter, which is
associated withLI(i, r), has its own pointerPL(i, r). A VOQ
has an arbiter associated with it. For the sake of simplicity,
VOQs in IMs are re-denoted asV OQ(i, v), wherev = hk+ j
and0 ≤ v ≤ nk − 1) and each VOQ has a pointerPV (i, v).
In CM(r), there arek round-robin arbiters, which have their
own pointerPC(r, j)

For each VOQ there is a captured frame-size counter,
CFi,j,l(t). The value ofCFi,j,l(t), indicates the frame size
at time slott; that is, the maximum number of cells that a
V OQ(i, j, l) can have as matching candidates in the current
and future time slots.CFi,j,l(t) takes a new value when the
last cell of the current frame ofV OQ(i, j, l) is matched.
CFi,j,l(t) decreases its count each time a cell is matched,
other than the last.

The arbitration process includes two phases. This scheme
follows request-grant-accept approach, as in the CRRD algo-
rithm [13]:

Phase 1: Matching within IM
- First iteration

• Step 1: Non-empty VOQs send a request to the output-
link arbiter LI , where each request indicates the on-
service or off-service status of the VOQ.

• Step 2: If an output-link arbiter receives any request, it
chooses an on-service request in a round-robin fashion
starting from the position ofPL(i, r). If none on-service
request exists, theLI chooses an off-service request in a
round-robin fashion starting from the position ofPL(i, r).
LI then sends a grant to the selected VOQ.

• Step 3: If the VOQ arbiter receives any grant, it accepts
an on-service grant in a round-robin fashion, starting from
the position ofPV (i, v). If none on-service grant exists,
the VOQ arbiter accepts an off-service grant that appears
next in round-robin schedule, starting from the position
of PV (i, v).

- ith iteration
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• Step 1: Each unmatched VOQ sends another request to
all unmatched output-link arbiters.

• Step 2 and 3: The same procedure is performed as in the
first iteration for matching between unmatched nonempty
VOQs and unmatched output links.

Phase 2: Matching between IM and CM

• Step 1: After phase 1 is complete,LI(i, r) sends the
request toCM(r). Each round-robin arbiter associated
with OM(j) then chooses a request from the on-service
LI(i, r) that appears next in a round-robin schedule,
starting from the positionPC(r, j) and sends the grant
to LI(i, r) of IM. PC(r, j) is updated to one position
beyond the granted one. If none on-service request exists,
the OM(j) chooses an off-service request that appears
next in a round-robin schedule, starting from its position
PC(r, j) and sends the grant toLI(i, r).

• Step 2: If the IM receives the grant from the CM,PV

and PL are updated to one position beyond the granted
link and VOQ, respectively. IM sends the corresponding
cell from that VOQ at the next time slot. The request
from the CM that is not granted will be attempted again
at the next time slot because the pointers that are related
to the ungranted requests are not moved. In addition to
the pointer update, theCFi,j,h counter updates the value
according to the following:
If an IM received a grant from a CM, the counters are
updated as follows:

i) If CFi,j,l(t) > 1: CFi,j,h(t + 1) = CFi,j,l(t) − 1
and thisV OQ(i, j, l) is set as on-service.

ii) else (CFi,j,l(t) = 1): CFi,j,l(t + 1) is assigned the
occupancy ofV OQ(i, j, l), and V OQ(i, j, l) is set
as off-service.

Note that the matching within IM can have several iterations
as the arbiters can be placed in the IM modules. The matching
between IM and CM is considered with one iteration only as,
depending on the implementation, the IM and CM modules
may be located far from each other.

VII. S IMULATION EVALUATION OF FCRRD

As in the case for single-stage IQ switches, we study
the performance of the proposed scheme using computer
simulation. We compare the performance of the RD scheme
[21], and our framed version of it, FRD (the description of
this scheme is similar to that of FCRRD with the difference
that selections are random based instead). Here, we consider
CRRD and FCRRD with multiple iterations in IM, which are
denoted asIIM , and only a single iteration between IMs
and CMs. FRD, as RD, assumes that up tor non-empty
VOQs are matched, disregarding of the number of iterations,
and therefore, we don’t indicate the number of iterations in
the results. The traffic models considered have destinations
with uniform and nonuniform distributions and Bernoulli and
bursty arrivals. The bursty traffic follows an on-off Markov
modulated process and has an average burst length,l, of 10
cells. The simulation does not consider the segmentation and
re-assembly delays for variable size packets. Simulation results

are obtained with a 95% confidence interval, not greater than
5% for the average cell delay.

A. Uniform Traffic

Figure 16 shows the simulation results of RD, FRD, CRRD
and FCRRD, all under uniform traffic with Bernoulli arrivals
in a n = m = k = 8 switch (i.e.,64 × 64 switch without in-
ternal expansion). This figure shows that FRD delivers higher
performance than RD, and therefore, showing the improving
effect of occupancy-based framing. This figure also shows
that FCRRD, as CRRD, delivers 100% throughput with any
number of iterations under this traffic type. The average delay
of FCRRD with two iterations is lower than that of CRRD
with four iterations. Therefore, FCRRD converges when the
number of iterations in the IM reaches two. The reason for
this improvement is that once a match is achieved, the match
is kept during the frame duration. Therefore, contention in
IM is reduced as the number of participant VOQs is reduced
with each match. Figure 17 shows that FCRRD provides
100% throughput under Bernoulli uniform traffic while using
different switch sizesn = m = k = {2, 4, 8, 16}. The average
delay increases when the switch size increases.
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Fig. 16. Average delay of FCRRD and CRRD schemes (n=m=k=8) under
Bernoulli uniform traffic with multiple iterations.

Figure 18 shows that FCRRD provides 100% throughput
even when the input traffic is bursty, withl = 10. As the
figure shows, the average delay of FCRRD with one and two
iterations is smaller than that of CRRD with any number of
iterations.

B. Nonuniform Traffic

As in the case for single-stage switches, we simulate RD,
FRD, CRRD and FCRRD with multiple iterations under four
nonuniform traffic patterns: unbalanced, Chang’s, asymmetric,
and diagonal [16].

Figure 19 shows the throughput performance of RD, FRD,
CRRD, and FCRRD under unbalanced traffic. The throughput
of RD when w = 0 is about 65% and increases asw
increases. However, FRD is above 90% whenw = 0 and
increases to 100% asw increases, because of the effect of
the occupancy-based framing. This figure also shows that the
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throughput of FCRRD with two iterations is higher than that
of CRRD with four iterations under the complete range of
w. The high throughput of FCRRD under this traffic model
is the product of considering the VOQ occupancy and traffic
isolation. FCRRD, as uFORM, ensures service to queues with
high load by capturing a large frame size for each, and to
the queues with low load by using round-robin selection. The
captured-frame size allows the scheduler to isolate the stored
cells from incoming cells that could make the queuing delay
longer, as observed in single-stage switches.

Figure 20 shows the performance of our dispatching
schemes under Chang’s traffic model. This figure shows that
RD has about 63% throughput while FRD can achieve about
91% throughput under this traffic pattern. This figure also
shows that the average cell delay of FCRRD with two iter-
ations is higher than that of CRRD with 4 iterations under
Chang’s traffic, as seen in the previous traffic models.

Figure 21 shows the simulation results under asymmet-
ric traffic. These results show that RD delivers about 75%
throughput as CRRD with four iterations, while CRRD and
FCRRD, both with one iteration, deliver below 45% through-
put. FRD and FCRRD with two iterations provide close to
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Fig. 19. Throughput performance of FCRRD and CRRD (n=m=k=8) with
multiple iterations under unbalanced traffic.
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Fig. 20. The performance of FCRRD and CRRD (n=m=k=8) under Chang’s
traffic.

100% throughput. This figure shows that random selection is
as effective as round-robin selection.

Figure 22 shows the simulation results under diagonal
traffic. These results show that FCRRD, with two iterations,
delivers higher throughput than FCRRD with one iteration and
than CRRD with any number of iterations. Also, RD and FRD
show higher throughput than round-robin based schemes. The
performance of FRD is comparable to that of the FCRRD with
two iterations, of about 95% throughput. One of the reasons
for this improvement is that the pointer update in round-
robin schemes might not provide effective desynchronization
of pointers as traffic is directed to only two different outputs
per input.

The use of the captured frame and the service concepts make
FRD and FCRRD deliver high switching performance under
uniform and nonuniform traffic patterns. This is because when
a VOQ is on-service status, service remains for the next time
slots until the current frame is depleted.

VIII. C ONCLUSIONS

In this paper, we introduced the captured frame size concept
to determine cell eligibility in the matching process for input
queued packet switches. Also, we proposed two matching
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Fig. 21. The performance of FCRRD and CRRD (n=m=k=8) under
asymmetric traffic.
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Fig. 22. The performance of FCRRD and CRRD (n=m=k=8) under diagonal
traffic.

schemes, uFORM and uFPIM, that use the captured frame
concept, a single iteration, and no speedup, both for single-
stage IQ switches. We analyzed the throughput performance
of uFPIM under uniform traffic with independent and identical
distributions, and showed that uFPIM can achieve higher
throughput than PIM. Furthermore, we tested the proposed
schemes under several nonuniform traffic patterns. The pre-
sented schemes show above 99% throughput under the unbal-
anced traffic model, using a single iteration and no speedup.
uFORM and uFPIM were also studied under Chang’s, asym-
metric, and PO2 traffic models and these schemes showed
higher switching performance than those schemes without
the captured-frame concept. The new scheme give similar
performance to that of weight-based matching schemes under
nonuniform traffic patterns without recurring to queue com-
parisons and keep the high throughput of weightless schemes
under uniform traffic. Furthermore, the proposed concept is
scalable as the throughput performance increases as the switch
size increases.

In addition, we adopted the captured frame concept in
multiple-stage Clos-network switches as the resolution time in
large scale multiple-stage switches may be affected more than
in single-stage switches by time-consuming schemes. Schemes

based on the proposed concept decrease the needed number of
iterations performed in Clos-network switches to achieve high
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 switching
performance under nonuniform traffic. This reduction of num-
ber of iterations is important in Clos-network switches as the
input modules are located in different physical locations from
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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