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Abstract:

In this paper, we study how clustering and speedup
at the input and output ports of a generic nonblock-
ing packet switch affect switch throughput and port
buffer size. By determining the maximum allowable
clustering and speedup, an optimal switch configu-
ration can be established for a given VLSI technol-
ogy. Our performance analysis shows that output
port speedup is most effective in increasing through-
put but has no effect on buffer reduction, while in-
put speedup has a moderate effect on both increas-
ing throughput and decreasing buffer size. Input-port
grouping is useful on buffer reduction but has no ef-
fect on throughput, while output-port grouping has a
moderate effect on increasing throughput and a neg-
ligible effect on buffer reduction.

1 Introduction

Broadband packet-switched networks have recently
become a reality due to the rapid advances in
high-speed VLSI and fiber-optic technologies. Sev-
eral emerging standards for packet-switched LAN,
MAN, and WAN environments, such as Asynchro-
nous Transfer Mode (ATM), Fiber Channel Standard
(FCS), and Gigabit Ethernet can support data trans-
mission at or beyond gigabit data rates. While each
of these standards may be targeted towards a differ-
ent application environment, the high-speed packet
switch is invariably the most essential component for
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these gigabit networks.

Various architectures for high-throughput packet
switches that provide a wide
range of cost/performance characteristics have been
extensively studied [1]. In the evaluation of these ar-
chitectural alternatives, tradeoffs are made based on
an analysis of the switch performance, VLSI technol-
ogy constraints, and cost estimates. A typical model
of a packet switch consists of three elements: input
ports, switching fabric, and output ports. Because
of the random nature of packet flow in the network,
buffers are usually provided in one or more of these el-
ements to allow data traffic smoothing and contention
resolution.

Input buffers based on FIFO queues are easy to
implement, but the maximum switch throughput for
fixed-size packets is limited to 0.586 due to the head-
of-line (HOL) blocking phenomenon [2]. The HOL
blocking problem can be eliminated by using non-
FIFO input buffers [3], with which the throughput
can be increased to 0.8, at the expense of slightly
increased overhead in packet scheduling. An out-
put buffering scheme can potentially provide higher
throughput by allowing more than one packet to be
transmitted simultaneously to an output port over
the switching fabric. The tradeoffs of input queuing
versus output queueing have been investigated in [4]
in which the authors show that the mean queue length
and mean waiting time are larger for input queue-
ing than for output queueing. However, an output-
buffer switch usually requires higher memory band-
width and greater switching fabric speedup. It was
shown in [5] that the switch throughput can reach or
exceed 0.99 for an output speedup of four.
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The average buffer size per port can be reduced
if multiple input or/and output links are grouped
together to share the same buffer [8]{9]. Moreover,
grouping output links can reduce output port con-
tention because packets with the same destination
contend for a group of output links rather than just
a single output link. The shared-memory switch [10]
architecture is the extreme case of link grouping and
buffer sharing.

The purpose of this paper is to study the sys-
tem impacts when multiple architecture optimization
techniques are applied under two technological con-
straints: switch fabric speedup and buffer memory
bandwidth, both of which arise from using VLSI tech-
nology for switch design. A generic packet switch
architecture characterized by four design parameters
is proposed to specify the degree of speedup and
link grouping (buffer sharing). Using a three-stage
queuing model, we analyze the maximum achievable
switch throughput and buffer requirement for differ-
ent parameter sets. The results show that a through-
put of one can be achieved by simultaneous output
speedup (with a speedup factor of 1.65) and input
speedup (with a speedup factor of 2). The effects of
each design parameter on the buffer size are also in-
vestigated. Based on the observation of these effects,
principles for optimal allocation of memory band-
width and switch fabric speed up are developed.

The organization of this paper is as follows: Sec-
tion 2 describes the generic switch architecture that
provides the foundation for performance study of var-
ious optimization approaches. A three-stage queue-
ing model which describes the the switching system
is discussed in Section 3. Section 4 describes the
analytical results of throughput and buffer require-
ment. The optimal resource allocation for various
implementation constrains is presented in Section 5.
A brief summary is given in Section 6.

2 Generic Switch Architecture

The switch architecture to be studied in this paper is
shown in Fig. 1. This architecture consists of:

1. N input links.
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Figure 1: Structure of the generic switch model.

2. N output links.

3. N/GI input modules: Each input module, IN,
has a buffer of size GI x BI shared among GI
input links of the module. The parameter, BI,
is the storage size for each source link. An IN
module is connected through SI outgoing links
to the switch matrix.

4. Switch fabric: The switch matrix between IN
and OUT modules has N x XI inputs and
N x XO outputs. The switch matrix is buffer-
less and non-blocking.

5. N/GO output modules: Each output module,
OUT, has a buffer of size GO x BO shared among
GO output links of the module. The parameter,
BO, is the storage size for each output link. An
OUT module is connected to the switch fabric
through SO links.

All of the links are assumed to operate at the same
data rate.

The proposed switch architecture can thus be com-
pletely characterized by the tuple (GI, SI, GO, SO).
The parameters GI and GO describe the grouping
(clustering) factor at the input and output switch
links, respectively, while SI and SO specify the
speedup at the corresponding input and output of
a switch fabric. The ratios XI = SI/GI and XO =
SO /GO represent the input and output speedup fac-
tor, respectively. This architecture can be used to



1998 International Computer Symposium
Workshop on Computer Networks, Internet, and Multimedia
December 17-19, 1998, N.C.K.U., Tainan, Taiwan, R.0.C.

model those switch architectures reported in previ-
ous works by choosing appropriate (GI,SI,GO,SO).
For example, a baseline switch without any speedup
or grouping is represented as (1,1,1,1). Output
speedup architecture discussed in [5] can be rep-
resented as (1,1,1,50), while output speedup with
grouping in [8] can be represented as (1,1,G0,S0).
An N-port shared-buffer switch can be represented
by (N, N,1,1)* We choose the (N,N,N,N) configura-
tion, in which the input and output buffer are fully
shared by all ports, as the benchmark for buffer-size
comparisons.

3 Queuing Model

The switch architecture described in the previous
section is approximated by a three-stage queueing
model, as shown in Fig. 2. By assuming uniformly
distributed Poisson arrival and exponential packet
length distribution, the behavior of each stage is as
follows:

[Input modules] Each IN module is modeled as
an FCFS (First-Come-First-Serve) queue with SI
servers and a buffer capable of storing GI x BI pack-
ets. The arrival process is assumed to be Poisson
while the length of a packet is assumed to be expo-
nentially distributed with uniformly distributed des-
tinations. Thus, the input module can be modeled
as an (M/M/SI/GIxBI+GI) queueing system. The
probability of a packet arriving at an overflow input
buffer is denoted by P;,.

[Switch fabric] Each switch point in a switch ma-
trix is modeled as a queue with SO servers and no
buffer. The output port contention is thus equivalent
to contending for the SO servers. A packet lost in the
contention is considered as arriving at an all-server-
busy condition, and is put back to the input queue
for rescheduling to avoid HOL blocking. We assume
the waiting time for rescheduling is exponentially dis-
tributed and independent of the arrival process. The
input process, which is a combination of the arrival
process and the feedback process, to an IN module is
thus still Poisson with a rate equal to the sum of the

1In fact, the switch fabric and output ports do not exist.
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Figure 2: Three-stage queueing model for perfor-
mance analysis

arrival rate and the feedback rate. Thus, the switch
fabric can be modeled as an (M/M/SO/SO) queue-
ing system. We denote the probability that a packet
is rejected at the switching point due to output port
contention as P;,,.

[Output modules] Each OUT module is mod-
eled as GO single-server queues. Since the out-
put buffer is shared by all of the queues in the
same OUT module, overflow happens only when
the total queue size becomes larger than the buffer
size. Thus, the output module can be modeled as
an (M/M/1/GOxBO+GO) queueing system. The
probability of a packet arriving at an overflow output
buffer is denoted by P,,;.

The value of the parameter, FB, is used to indi-
cate the existence of feedback of packets to the input
queue. In case buffer overflow occurs in an QUT mod-
ule, the packet can be either discarded (FB = 0) or
fedback to the input queue (FB = 1) where it waits
for rescheduling. The feedback case (FB = 1), which
is used for all analytical results, models the backpres-
sure mechanism used to prevent output buffer over-
flow. If the waiting time for rescheduling of the over-
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flow packets in output modules is exponentially dis-
tributed and independent of the arrival process and
feedback process from the switch points, the com-
bined input process to the IN modules is still Poisson
with a rate equal to the sum of all three components.

Due to the assumptions for the input process and
packet length distributions, the input queue can be
modeled as an M/M/SI/GIxBI+GI queue with an
input rate of GIx L;,, where L, is the effective input
rate to the IN module.

The switching point can be modeled as an
M/M/SO/SO queue with an input rate of GO x Ly,
where L, is the effective input rate to the switch
point. according to the uniform traffic assumption.
The output queue is an M/M/1/GOxBO+GO queue
with an effective input rate of L,y;.

Assuming the system is in the steady state with an
input rate L to each input link, the effective input
rate to an IN module is

L, =Lx GI+ Loyt Pout FB+ Lin(l - Pin)Psw (1)

The effective input rate to a switch point is

Ly, = Lin(l - Pxn) (2)

and the effective input rate to an OUT module is

Lout = Lin(l_Pin)(l_Psw) (3)
The overflow probabilities for above queueing sys-
tems with finite buffer size can be calculated, for ex-
ample, from [12]. For an M/M/C/K queue (for the
input module and switch fabric), the loss probability
is: :

_ Py x pK
Ploss - C' < C(K_"'C) (4)
c ., ¢ K-C -1
_ P P Py
ho= DR g+ax 2 (5]
n=0 n=1

and for an M/M/1/K queue (the output module) the
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loss probability is:

Pross = (5)

By substituting Eq.(4) to P;, in Eq. (1) and and P;,,
in Eq.(2), while substituting Eq. (5) to P,y in Eq.
(3), the overflow probability of the queueing system
can be obtained for a given buffer size and system
configuration, or vice versa.

Due to the difficulty in finding a closed-form so-
lution as a result of the exponential relationship be-
tween the buffer size and the loss probability, a nu-
merical approach is adopted to obtain the solution. In
this approach, the equations are solved iteratively by
imposing an initial condition P;, = P,,; = P,,, = 0.
In most cases, numeric results converge within 0.1%
of its asymptotic values in just a few iterations.

In a practical switch design, a separate queue is
usually implemented for each destination if the buffer
is shared among several output links. Using this im-
plementation, rescheduling of the packets dropped
from the switching points or output queues due to
buffer overflow can be handled in a more intelligent
way (instead of just waiting for exponentially distrib-
uted random interval assumed in the model). There-
fore, our analytical model can only provide a pes-
stmistic performance estimation, resulting in a con-
servative design.

4 Performance Analysis

The throughput of a switch is defined as the utiliza-
tion of the output links. The maximum throughput
of a switch architecture can be derived by assuming
infinite buffer size so that there is no packet loss due
to buffer overflow. Assuming P;, = P,,; = 0 and all
of the queues are in the steady state, the input rate
to an IN module equals

Lin = min{L + P, Lin, XI} (6)

The combined input rate is limited by the speedup
factor XTI since the queue length inside the IN module
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could become infinite if the input rate exceeds X1I.
Similarly, the input rate to an OUT module cannot
exceed 1 and equals

Lour = min{Lin(1 — P,,), 1} (7

Combining the above two equations, the maximum
achievable throughput thus equals

1

L= mzn{XI - Pswmin{XIy IT}a 1}

(8)

The actual throughput can then be obtained by
substituting Eq.  (4) and (5) into Eq. (8)
for a given buffer size (BI,BO) and configuration
(S1,80,GI,GO), The throughput as a function of out-
put grouping and speedup for various parameter sets
is shown in Fig. 3. If only output speedup is ap-
plied, e.g., XO=2, the throughput is improved from
0.5 to 0.8. For XO larger than four, the throughput is
higher than 0.99 since the event that more than four
packets have the same destination is rare. This is
consistent with the previous results [5]. If only input
speedup is applied, e.g., XI=2, the throughput is im-
proved from 0.5 to 0.67. For XI=8, the throughput
becomes 0.89. The improvement is less significant
than the output speedup because the input speedup
only increases the number of candidate packets avail-
able for routing at the switching points. There is no
saturation behavior as in the output speedup case.
Output grouping increases the number of servers at
the switching points but also increases the load, re-
sulting in a modest throughput improvement. The
throughput only increases from 0.6 to 0.76 as GO
increases from 2 to 8. Due to the assumption that
destinations are uniformly distributed, input group-
ing does not improve the throughput because it has
no effect on the traffic at the switching points.

If both input and output speedup are applied,
throughput improvement is even more significant
since the number of both candidate packets and
servers are increased. With output speedup, e.g.,
X0=2, 100% throughput can be achieved with an
input speedup XI=1.35. Comparing to the cases in
which only output speedup is applied, the required

switch throughput v output grouping/speedup
T *

throughput
°
@

0.2} GOwL, (XI,X0)=(2,1.65)
GO=1, (XI.X0)=(1.35,2)
o.1f GO=2. {XI,X0)=(2,1.41}

Figure 3: Throughput vs output speedup (XO) for
different output grouping (GO) and input speedup
(X1).

speedup of the switch matrix in order to achieve the
same throughput is reduced from 4 (XI=1,X0=4) to
2.7 (XI=1.35,X0=2).

For a given load and buffer size, the steady state
of the three-stage queueing model in Fig. 2 can be
solved iteratively. The effects of each design para-
meters on buffer reduction at load=0.4 and packet
loss probability 10~° is shown in Fig 4. Because of
the backpressure mechanism, most of the buffers are
provided at the input end. Input speedup is most
effective because it reduces P,,,, increases the service
rate of the input queue, and contributes to buffer
sharing. The effect of output grouping is a reduction
in both P, and BO. But this effect is not as sig-
nificant compare to input grouping on BI reduction.
The output speedup is only effective in reducing P,,,.
However, the effect saturates if the speedup is greater
than four, as in the case of throughput analysis.

As the offered load increases, more buffer is needed
in order to maintain the same packet loss rate. When
the load approaches the maximum throughput of the
switch, the required buffer size increases to infinity. .
The buffer reduction as a function of the traffic load
for each design parameter is shown in Fig 5. Out-
put speedup is most effective to push the throughput
limit to the right(higher load), but has no effect on
lowering buffer size. Input speedup has a moderate
effect on both throughput increase and buffer reduc-
tion. Input grouping is useful on buffer reduction but
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load=0.4, loss=le-y

butter per port: normaiized to (¥, d,K)

design parameters

Figure 4: Effect of design parameters on buffer reduc-
tion. (8,8,8,8) represents the fully shared configura-
tion. The input speedup case (1,xi,1,1) is most effec-
tive on buffer reduction. Follows the input grouping,
output grouping, and the output speedup is the least
effective.

has no effect on throughput. Output grouping has a
moderate effect on throughput increase and negligi-
ble effect on buffer reduction. For switches target
on 107% loss probability at heavy load (0.8 to 0.9),
it is more important to push the throughput limit
by speedup at both input and output. With back-
pressure, input grouping is more effective on buffer
reduction than output grouping/speedup.

5 Configuration Optimization

The buffers in a VLSI switch chip are usually imple-
mented with memory arrays (such as SRAM). For a
given technology, the access rate of a memory array is
limited. Memory bandwidth can be increased by in-
creasing the memory word length or through memory
interleaving. However, extra hardware for either per-
forming memory interleaving or converting between
the raw input packets and the wide memory words
is necessary. For a given hardware complexity and
chip area constraint, the maximum achievable mem-
ory bandwidth and switch fabric speedup are thus
limited.

For the generic architecture in Fig. 1, there could
be at most GI and SI links performing simultane-
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ous write and read access, respectively, on the shared
buffer of an IN module. Thus the shared input buffer
must support data access at a link rate of GI 4 S1I.
Similarly, the shared output buffer of an OUT mod-
ule must support memory access at a link rate of
GO + S0. We choose the maximum memory band-
width of IN and OUT modules C,, = max{ (GI+SI)
, (GO+80)} as the memory bandwidth cost measure
of the IN/OUT modules. This is because as long as
the higher access rate can be supported by a technol-
ogy, so can the lower rate one. The cost to implement
a switch matrix is proportional to the total number of
crosspoints. For an N X N switch, the total number
of crosspoints is N2. For the generic architecture,
the total number of crosspoints is XI x XO x N2.
We choose the scale factor C,y = XI x XO as the
cost measure of the switch matrix. The cost measures
Cm and C,,, will be used in the discussion of optimal
resource allocation.

For various configurations, the necessary buffer size
to provide certain loss probability under given load
can be calculated from Eq. (4) and (5). Here we com-
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pare the necessary buffer sizes to achieve a loss prob-
ability of 107° among various configurations. The
best ones are chosen for certain C,, and C,,. At
load=0.4, shown in Fig. 6, the buffer size required by
configuration (2,2,2,2) with C,,=4 and C,,, =1 is only
29.1% of the baseline switch (1,1,1,1) with Cpn=2 and
Csw=1. The small slope between the points along the
constant-C,, contour indicates that internal speedup
is less effective on buffer reduction at load=0.4. This
is because output port contention is not so serious at
light traffic load. However, at load=0.9, as shown in
Fig. 7, internal speedup results in significant buffer
reduction. If the speedup is allocated for both in-
put and output, the effect is even more dramatic. As
an example, the buffer size required by configuration
(1,4,1,2) is only about 20% of the (2,2,1,4) for the
same C,,=5.

Based on the effects of design parameters on buffer
size reduction and throughput in previous section,
and the minimal buffer requirement configurations for
different memory bandwidth/speedup constraints, we
can conclude the following heuristic resource alloca-
tion algorithm which can be used to approach min-
imal buffer size configuration for a given set of C,,

and C;,:

1. allocate C,, for output grouping and moderate
output speedup XO,

2. use C,y and the assigned XO to decide the max-
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Figure 7: Minimal buffer requirement at load=0.9.

imum feasible XI, and

3. use C,, and XI to determine the GI.

The reason that the first step allocate C,, to both
output grouping and speedup is to avoid over-using
the C;,, resource since C,,, should be used more effec-
tively — for input speedup. After deciding GO, XO,
and X1, the input grouping factor can be derived from

Cn.

6 Summary

In this paper, a generic packet switch architecture is
proposed to model the effects of input grouping, out-
put grouping, input speedup and output speedup on
throughput improvement and buffer reduction sub-
ject to various technology constraints. Using this
model, we conclude that, with back-pressure mech-
anism, output speedup is most effective in increasing
the throughput limit, but has no effect on buffer re-
duction. Input speedup has a moderate effect on both
throughput increase and buffer size reduction. Input
grouping is useful for buffer reduction but has no ef-
fect on throughput. Output grouping has a moderate
effect on throughput increase and negligible effect on
buffer reduction. An algorithm to allocate limited
memory and fabric bandwidth for minimal buffer re-
quirement switch configuration is proposed based on
these results.
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The analysis methodology used in this paper can
be generalized to other environments. The assump-
tion on the input process can be modified for fixed
packet length switches and/or other traffic types.
The queueing model can also be applied for asym-
metric packet switches with different numbers of in-
put and output links as in [11], or even multi-stage
interconnection networks.
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