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This paper presents a general analytical model for studying the effect of
cut-through switching on buffered MIN (multistage interconnection network) switches.
We consider two types of MIN switches: input-buffered MIN and output-buffered MIN.
Previous studies of cut-through switching assumed the use of 2 x 2 switching elements
as a building block for the MIN; and they are not applicable to MINs using switches of
other sizes than 2 x 2. With the general model, we find that switch size actually plays a
key role in determining the performance of cut-through switching on the buffered MIN
switch. Our proposed model and analysis successfully exhibit these performance charac-
teristics, many of which were unknown previously, in terms of normalized throughput
and delay under various operating conditions. The proposed model allows us to quantita-
tively analyze the joint effect of mgjor system parameters, switch size and others, on the
performance of cut-through switching for the two types of MINs. Our analysis essen-
tially shows that cut-through switching has different effects on the performance of the
input-buffered MIN switch and the output-buffered MIN switch. The differences are in-
dicated and elaborated. In addition, through simulation we study the performance of
cut-through switching on the buffered MIN switch under bursty traffic and hot-spot traf-
fic.

Keywords: high-speed switching, input/output buffers, cut-through switching, perform-
ance analysis, interconnection networks

1. INTRODUCTION

Cut-through is an effective switching technique combining circuit switching and
packet switching for fulfilling performance requirements of QoS supports. It was first
presented by Kermani and Kleinrock in the context of computer networks [1]. In this
paper we consider using cut-through switching in buffered multistage interconnection
networks (MINSs). In the buffered MIN, when a packet arrives at a switching element,
and if the outgoing link is free, it proceeds immediately to the next stage. It alows pack-
ets to skip unnecessary buffering at the intermediate stages, moving packets rapidly to
the destinations. This makes the buffered MIN appealing as a high-speed switching fab-
ric.

Many analyses have been done for characterizing the performance of buffered
MINs. However, they often assume that the MIN operates in a store-and-forward mode.
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Kruska and Snir provided a performance analysis for MINs with infinite buffer capacity
[2]. Dias and Jump used the timed Petri-net model to analyze the performance of MINs
with single buffers. Jeng presented the first Markov-chain performance model for sin-
gle-buffered MINs [3]. Szymanski and Shaikh analyzed the performance of banyan net-
works with arbitrary switches and queue sizes [4]. Yoon et a. presented an analytical
model for the performance of multi-buffered packet-switched MINs [5].

Relatively little research has been devoted to the performance study of cut-through
switching on buffered MINs. Bubenik and Turner pioneered a simulation study on syn-
chronous MIN switches operating under virtual cut-through [6]. Widjgja et a. presented
an elegant analytical method for performance analysis of cut-through MIN switches [7].
However, their method is restricted to MINs with 2 x 2 switching elements. There is dif-
ficulty in applying it to MINs with switching elements other than 2 x 2. Other relevant
literature on cut-through switching can be found in [8-10, 14-16].

The objective of our research is to present a general analytical method better under-
stand the performance of buffered MINs using cut-through switching techniques. The
proposed model is different the previous ones in two respects. First, the proposed model
allows us to analyze MINs constructed from switching elements of arbitrary size, with
buffers of arbitrary length, and with input buffers or output buffers. Second, this model
assumes that cut-through can take place if the desired outgoing link is free. This givesthe
input-buffered MIN more flexibility in using cut-through to transfer packets. With this
model, we gain insight to many performance characteristics of the cut-through buffered
MIN, which were previously impossible to observe. The remaining discussion is organ-
ized asfollows. In section 2, we introduce the basic assumptions and parameters required
for modeling the buffered MIN using cut-through switching. Section 3 presents the ana-
lytical model for cut-through switching on the buffered MIN. Closed forms of a variety
of packet flows are derived. In section 4, we present the analytical results, and compare
them with simulation results. Performance characteristics due to cut-through switching
are examined. We also present some simulation results for bursty and hot-spot traffic.
Finally, conclusions are drawn in section 5.

2. PRELIMINARIES
2.1 Assumptions

We analyze the buffered MIN using cut-through switching under uniform traffic
with the following assumptions.

(1) At each source node packets are generated by a Poisson process with the same
rate.

(2) Packet destinations are uniformly distributed.

(3) All packets are of the same length. The transmission time of the MIN is divided
into equal-length time dots, called network cycles. The duration of a network
cycle is long enough for determining routing path and transmitting a packet
across stages using cut-through.

(4) Operation of the MIN network is synchronous. At the beginning of a network



PERFORMANCE ANALY SIS OF CUT-THROUGH SWITCHES 747

cycle, availability of outgoing links is examined. Then a packet is moved as far
asit can be via cut-through, and it is stored in the buffer at the end of the cycle.

(5) Packets in buffers are delivered on a first-come-first-serve basis. On every net-
work cycle, only one packet is allowed to move across an output link of a
switching element.

2.2 Network Structure and Operations

An N x N MIN considered here consists of n stages of a x a switching elements,
where n = log,N. Each stage comprises N/a switching elements. Packets are moved
across stages by a well-known self-routing technique [11], which specifies a unique path
from a network input to a network output in a distributed manner. Each switching ele-
ment contains a set of buffers for storing packets that cannot be forwarded to the subse-
quent stage immediately. We consider two classes of buffered MINs: input-buffered MIN
and output-buffered MIN. In the case of input-buffered MINs, one packet is chosen ran-
domly for forwarding when two packets or more in a switching element compete for the
same output link. The remaining packets stay in their buffers and compete again in the
next network cycle. In the case of output-buffered MINs, packets from different inputs
are stored in an output buffer when they arrive at the buffer at the same time. However, if
the buffer does not have sufficient space for all the arriving packets, only some of them
are accepted, up to the available space, and the remaining packets have to stay one stage
back, waiting for the next network cycle.

Next, we intend to establish the condition for using cut-through switching to bypass
unnecessary buffering in MINSs. Let us consider two extreme cases. First, a packet always
comes across a nonempty buffer or fails to gain afree link at every stage along the des-
ignated path. As aresult, it has to make one stop at every stage. In this case, the packet is
delivered exactly in the manner of packet switching. In the second case, a packet en-
counters an empty buffer or successfully gains afreelink at every stage. It takes only one
network cycle to forward the packet to its final destination in away of circuit switching.
Combining these two cases, we come up with a new routing requirement for carrying out
cut-through switching in buffered MINs: when arriving at some stage, a packet can im-
mediately move to the next stage without being buffered if the desired output port is
available. This makes cut-through switching more effective for the buffered MIN. We
assume that a backpressure mechanism exists between adjacent stages in order to signal
potential cut-through. At the beginning of each network cycle, switching elements send
backpressure signals to their respective upstream switching elements, reporting the buffer
status. If the routing requirement is met, a cut through the buffer takes place and the
packet immediately advances to the next stage without being buffered.

2.3 Notation

For convenience, we provide a summary of notation to be used in the devel opment
of the performance model and analysis.

a:  Sizeof switching element
n:  Number of stagesin the network
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N: Sizeof MIN
m:  Size of buffer

po(k, t):  Probability that a buffer of a switching element in stage k is empty at
network cyclet

pi(k, t):  Probability that j packets are stored in a buffer of a switching element in
stage k at network cyclet

pm(k, t):  Probability that a buffer of a switching element in stage k becomes full at
network cyclet

ro(k, t):  Probability that a packet in a buffer of a switching element in stage k
successfully movesto stage k + 1 at network cyclet

re(k, t):  Probability that a packet coming to stage k becomes a cut-through packet
and successfully moves to stage k + 1 at network cyclet

Op(k, t):  Probability that at least one packet from buffers of a switching element
in stage k — 1 is destined to a designated input port of a switching ele-
ment in stage k at network cyclet

gc(k, t):  Probability that at least one cut-through packet in stage k — 1 is destined
adesignated input port of a switching element in stage k at network cycle
t

gk, t):  Probability that at least packet, a buffered packet or a cut-though packet,
in stage k — 1 is destined a designated input port of a switching element
in stage k at network cyclet

3. MODEL AND ANALYSIS

This section presents an analytical performance model for MINs using cut-through
switching under uniform traffic. We base our performance model on a well-known re-
search work for modeling the store-and-forward MIN [3, 5]. The work, in fact, is a
first-moment approximation for the performance analysis of the store-and-forward MINs,
yet with significant reduction in modeling complexity. Our approach to modeling the
cut-through MIN is briefly described as follows. Taking advantage of the structural
symmetry of the MIN, we decompose the network into individual stages and reduce each
stage into a single switching element. The switching element is further simplified to an
input or output port with a buffer represented by a Markov chain. We derive closed-form
equations for the probabilities corresponding to various packet flows through the buffer.
Then, flow rates between adjacent stages are matched. Finally, we obtain two equations
for performance measures.

3.1 Cut-through With Input Buffers

The key to modeling the input-buffered MIN using cut-through switching liesin re-
lating the probabilities of packet flows listed in the previous section. For clarity, Fig. 1is
given to illustrates the relations among these probabilities. Note that in a switching ele-
ment with input buffers, an incoming packet to an input port can make a cut through the
associated input buffer as long as the desired output port is available. On the other hand,
this requires that all the head-of-line packets in the buffers must head for different output
ports from the one requested by the incoming packet.
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Fig. 1. Relation ships among probabilities for cut-through switching in input-buffered MINSs.

We start with gy(k, t). It is the probability that at least one packet from the buffers of
a switching element in stage k — 1 is destined a designated input port of a switching ele-
ment in stage k at network cyclet, and isgiven by [12]

Oo(k, ) =1—-[1—p, (k—1,t)/a]* 2<k<n 1)

Next, we would like to figure out gc(k, t). It is the probability that at least one
cut-through packet from stage k — 1 is destined a designated input port of a switching
element in stage k at network cyclet. It is expressed as

j
=1-[1-qk-1t)/a® 2<k<n. )

Ao (k,t) = Z(an(k—Lt)iqo(k—Lt)a-"[l—(l—l/a)"]
j=0

a . .
In the equation above, j atk-1t)' go(k—1t)*"’ isthe probability that at the begin-
ning of network cyclet atotal of j packets arrive at a switching element at stagek — 1. [1
— (1 - 1/a)] is the probability that, among the j packets, there exists at least one packet
which heads for the designated input port of the succeeding switching element at stage k.
Therefore, we have

a(k, ) = Go(k, 1) + gk, 1) — (K, )ae(k, 1)
=[1-(1-po (k- 1, tya)(1—qtk—1, t)/a)] 2<k<n. 3)
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We now show how ry(k,t) and r(k,t)are determined. rp(k,t) can be written as

ro(k, t) = [ap(k + 1, 1)/ Py (K, D][re(k + 1, t) + 1, (k+1,t) poy (k+1,t) +1. (K+ 1, 1)
Pm(k +1, )ry(k+1,1))] 1<k<n-1 4

In the equation above, within the first pair of brackets is the probability that a packet
is chosen among all the competing packets for passing a desired output port. Within the
second pair of brackets, the first term accounts for the probability that a packet success-
fully moves out of the desired output port at stage k and becomes a cut-through packet at
stage k + 1. The second term is the probability that a packet moves into a nonempty
buffer at stage k + 1. The third term is the probability that a packet comes across a full
buffer at stage k + 1 that happens to have a packet leaving immediately. Therefore, in this
case the packet can still move into the buffer at stage k + 1. r (k,t) can be expressed as

re(k, t) ={adk+ 1, )[1 - gu(k + 1, )]/q(k, )}[rc(k + 1, 1) +E (k+1,1) p_m (k+1,1)
+1g (K+ 1,1) pu(k+ L, rp(k + 1,1))] 1<k<n-1 (5)

In the equation above, the term enclosed by the curly braces is the probability that a
packet arriving at stage k successfully makes its way toward the desired output port. This
requires that (1) the packet be chosen out of the arriving packets that attempt to depart
from this output port, and (2) none of the head-of-line packets in the buffers is heading
for this output port. With these probabilities in mind, now we develop a state transition
diagram of the buffer at stage k, asillustrated in Fig. 2.
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Fig. 2. State transition diagram for input buffer of depth m and with cut-through.

In the diagram, the buffer has m + 1 states, each corresponding to a specific number of
packets in the buffer. The rates of packet flows are used in deriving the following equi-
librium probabilities p; of finding i, 0 < i < m, packetsin the buffer.

Po(k, t+1) = po(k, Y[ T (k, t) + a(k, re(k, O] + pa(k, LT (k, Yro(k, t) +
gk, Ore(k, Orp(k, )] 1<k<n (6)
pu(k, t + 1) = po(k, Ylalk, ) e (k ] + pa(k, O[T (k 1) Ty, (k, 1) +ak, Ore(k, T, (K, 1)
+a(k 1) T (K Oro(k, O] + pa(k, LT (k, Oro(k, t) + ak, Hre(k, Hrok, 1)]
1<k<n (7
piCk, t+1) = pa(k Olalk, ) e (k, O Ty (k O] + pitk, O[T (k ) Ty (k, 1) +
a(k, Ore(k, ) Ty, (k 1) + a(k, ) e (k, Oru(k, 1] + prealk LT (K, Oro(k, t) +
alk, re(k, Orpk, 1)] 1I<j<mandl<k<n (8)
Pm(K, t+ 1) = pm-a(k, DAk, ) T (k, ) T, (k, ] + pmlk, O[T, (, 1) +
gk t) e (K Orp(k, )]  1<k<n 9)
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The two performance measures of interest are as follows. Note that the two meas-
ures are normalized with repect to network size. Throughput is defined to be the prob-
ability that a packet successfully reaches the designated network output. Namely, it is
equa to the steady-state value of g(n + 1, t) and it is denoted as q(n + 1). Other
steady-state values are denoted as gy(n + 1), g.(n + 1) and pi(K).

ThrothpUtinput»buﬁer = Q(n + 1)
=0p(n+1) + qe(n+ 1) — gp(n + 1)ge(n + 1) (10)

Based on Little’slaw, we can calculate the normalized delay as

n m
DelaYinput utfr = & grzy D, i (K): (12)

k=L i=1
3.2 Cut-through With Output Buffer

Now we consider output-buffered MINs using cut-through switching. In an out-
put-buffered MIN, each output port of a switching element is preceded with a buffer.
Cut-through switching operates differently in output-buffered MINSs. In the following, we
point out some operational differences for output-buffered MINSs. First, let us consider an
output port with an empty buffer. Packets entering a switch may compete for an output
port at the same time. In this case, one of them is chosen arbitrarily to pass through the
output port. The remaining packets are moved into the output buffer. Provided there are
more packets than the buffer capacity, they are randomly selected to be stored in the
buffer; the others have to step one stage back. Next, we consider an output port with a
nonempty buffer. Several packets may simultaneously come to an output port with some
existing packets in the buffer. In this case, these incoming packets yield the output port;
and the head-of-line packet in the buffer gains access to the output port. In other words,
no cut-through is performed. Some of the incoming packets up to the available buffer
space are appended to the queue if the output buffer; the remaining packets ssmply back
off one stage.

We proceed to figure out probabilities concerning packet flows between adjacent
stages. Fig. 3 shows the logical association of these probabilities with the output buffers
and links.

Here we introduce a new probability rg(k, t). It is the probability that j packets come
to some output buffer of a switching element at stage k at the beginning of cycle network
t. Note that the probability that a packet reachs a designated output port is g(k, t)/a.
Therefore, rg(k, t) is given by

rak t) = @ [a(k, t)/a[1—q(k t)/a]*) 1<k<nandO<j<a (12)
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Fig. 3. Relation ship among probabilities for cut-through switching on output-buffered MINSs.

Probabilities corresponding to various packet flows are expressed as follows.

Oo(k, 1) = po (k—1,t) =1 —po(k—1,t) 2<k<n (13)
0ok, t) = po(k— L, ) (1 - reo(k—1,1)) 2<k<n (14)
ack, t) = ap(k, t) + ae(k, t)

=1—po(k—1,t) + po(k—1, ) (1 — rgo(k — 1, 1))

=1-pok—1 t)rp(k—1,t) 2<k<n (15)

Now we examine ry(k, t), which is the probability that a buffered packet or a
cut-through packet at stage k will advance successfully to stage k + 1. As mentioned ear-
lier, there are two situations where a packet at stage k can advance: (1) it becomes a
cut-through packet at the stage k + 1, or (2) it obtains a vacancy in the buffer at stage k +
1. Before calculating ry(k, t), we introduce T(k, t), the average number of packets a buffer
at stage k can accept.

T(k 1) = [po(k, 1) + pa(k, Ok, O] X[ irg )k, 1) + Y (mrg (k, 0] +
i=1 i=m+1

m-1 )
S 1P (KR (k) + s (KO (K OIS irg () +
-1 i1

D (m=Prg (kD]+ polk D D rg ()] 2<ks<n (16)

i=m-j+1 i=m+1

T(k, t) consists of three terms. The first term is the average number of packets a
stage-k buffer can accept when it is empty or becomes empty due to an imminent packet
departing at time t. The second term is the average number of packets a stage-k buffer
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can accept when it currently hasj packetsor j + 1 packets with a departing packet, 0<j <
a

m — 1. The third term, pgy(k,t)[ z rg (k,t)], accounts for an extra space left by a
i=m+l

cut-through packet. It allows a buffer at stage k to accommodate an addition packet from
stage k — 1. T(k, t), in fact, includes cut-through packets as a special case of buffered
packets. Therefore, we consider ry(K, t) to be the gross rate of packet over an output link.
Because the flow between stages k and k + 1 has to be conserved, the average number of
packets leaving stage k is equal to the average number of packets accepted by stagek + 1,
that is,

gk, Orp(k, t) = T(k + 1, 1).
Hence, we have
ro(k, t) = T(k + 1, t)/q(k, t) (17)

Having all the packet-flow rates in place, we now present a state-transition diagram
for the output-buffered MIN in Fig. 4. State transitions for output buffers become more
complicated, because of the possibility of simultaneous packet arrivals. For simplicity, in
the figure we show only transitions into a reference state j and a few relevant states. Let
us calculate pj(k, t), the probability of finding j packets in a buffer of a switching element
at stage k at the beginning of cyclet + 1. The transition probability from an interior state i
to state j is 1y rygeiy + MNolagie1y 1 <j <m—1and 0 <i <j. The transition probabilities
from states 0 and j + 1 to state ] are ryrq+1) and ryr g0, respectively.

PPy i)
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Fig. 4. State transition diagram for output buffer of depth m and with cut-through.

Therefore, p(k, t + 1) is given asthe sum of the three probabilities

J
By, £+ 2) = Poll, Dk, Dregeny(k, D+ D LBy (kDI (kg (ko) + ol
rd(j_i+1)(k, t)]} + pj+1(k, t)rb(f(?lt)rdo(k, t) 1<k<nand1l Sj <m-1 (18)

Asto the probabilities of the two boundary states, we have

Po(k, t + 1) = po(k, t)[rao(k, t) + ro(k, ra(k, )] + pa(k Yro(k Yro(k, t) 1<k<n (19)
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Prn(k, t+ 1) = ok, O ZrdJ (k.t) +2{ pi (K, B[ (k. 1) Zrd, (k,t)+

]m+l j=m-i

r, (k,t) Zrdf (k)]} 1<k<n (20)

j=m-i+1

Now that al the steady-state probabilities are available, the two performance meas-
ures — normalized throughput and delay, are

ThrothpUtoutput buffer — =1- pO(n) + q(n)rc(n) (21)
Del&Yaspuiuter =5 WZZ'F" (k) (22)
k=1 i=1

4. COMPARISON AND SIMULATION

In this section, we quantitatively evaluate the performance of cut-through switching
on input-buffered and output-buffered MINS, respectively. Of particular interest is to
observe the performance improvement made by cut-through switching. We carry out the
evauation and present the results in terms of two performance measures, normalized
throughput and delay, as a function of some system parameters under input buffering and
output buffering conditions. Here we consider four major system parameters: switching
element size (a), number of stages (n), buffer size (m), and input load (q). Numerical
results are presented in various plots with selected settings of these parameters. We as-
sume that enqueueing speed of output buffersis min(a, m) times that of link transmission
speed. In theory his assumption gives output-buffered switching an edge over in-
put-buffered switching; however, it does not take into account the hardware cost in prac-
tice. We aso perform a number of simulations of cut-through MINs with input buffers
and output buffers. These simulations serve to check the numerical results produced by
our analytical model. Results are compared to ensure the accuracy of the performance
analysis. We further investigate the performance of cut-through MINs under bursty traf-
fic and hot-spot traffic. Thisis done through simulation with various traffic patterns.

4.1 Comparisons of Analytical Results

We employ a time-progression method to calculate the analytical results for
cut-hrough switching using input buffering and output buffering. This method works
with Eq.(1)-(22) in the following manner. First, we plug some initial values into the per-
formance probabilities of the equations. These include pi(k, 0), du(k, 0), ac(k, 0), ru(k, 0),
and r¢(k, 0) for stages k, 1< k < n. From here we compute values of these probabilities at
the next time step, namely pi(k, 1), du(k, 1), qc(k, 1), re(k, 1), and re(k, 1). The computa-
tion goes on until pi(k, t), au(k, 1), ac(k, t), re(k, t), and re(k, t) converge to some
steady-state values. The method is quite efficient, and usually takes about 10 steps to
converge. Then we plug these values into the closed forms of the two performance
measures and compute the numerical results. Note that using the af orementioned method
we can also compute throughput and delay for store-and-forward switching. Thisis done
simply by turning off g. and r¢ in Egs. (1)-(22).



PERFORMANCE ANALY SIS OF CUT-THROUGH SWITCHES 755

The following discussion focuses on characterizing performance of cut-through
switching in various working conditions. Representative cases are chosen for plots. They
allow us to gain insight into performance differences of input-buffered switching versus
output-buffered switching, and store-and-forward switching versus cut-through switch-
ing.

In the case of shallow buffers, eg. m = 1, cut-through switching yields higher
throughput and lower delay than store-and-forward switching. Fig. 5 shows the plots of
normalized throughput and delay versus input load using cut-through switching and
store-and-forward switching, assuming a = 2, n = 10 and m = 1. We observe that by a
wide margin cut-through switching outperforms store-and-forward switching in the two
performance measures. Not only can cut-through switching achieve higher throughput
than store-and-forward switching, but also it results in lower delay. Between the two-
buffered MINs, the input-buffered MIN benefits from cut-through switching more than
the output-buffered MIN. For instance, at input load 1.0 cut-through switching boosts the
input-buffered MIN on normalized throughput from 0.45 to 0.79, and at the same time
reduces normalized delay from 1.55 to 0.78. In this case, input-buffered cut-through
switching outperforms output-buffered cut-through switching in both normalized
throughput and delay. Because of shallow buffer and heavy input-load, buffers of the
output-buffered MIN can easily become full. In an output-buffered switching element,
each link is associated solely with an output buffer. Once an output buffer becomes full,
no cut can be made through the buffer. Taking advantage of bypass links, however, the
input-buffered MIN allows a packet to pass through a full buffer, so long as it does not
collide with the head-of-line packet in the buffer.

Throughput

Normalized

a=2, n=10, m=l a=2, n=10, mel
—e—Input Buffer, Cut-througt ——Input Buffer, Cut-throug]
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Fig. 5. Normalized throughput and delay versusinput load fora=2,n=10and m= 1.

As input load exceeds 0.9, cut-through switching has different effects on input buff-
ers and output buffers. Fig. 6 presents the plots of normalized throughput and delay ver-
sus buffer size for cut-through switching and store-and-forward, assuminga =4 and n =
5 and input load = 1.0. In the case of input buffers, cut-through switching is helpful in
increasing throughput and reducing delay compared with its store-and-forward counter
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Fig. 6. Normalized throughput and delay versusinput load for a=4, n=5and g(1) = 1.0.

part. In the case of output buffers, cut-through switching achieves a significant reduction
in normalized delay as buffer size increases. But it is of little help in improving through-
put of the MIN with large output buffers. When output-buffered MINs become saturated
with packets, enqueueing speed becomes a dominant factor in determining throughput. In
this particular example, the maximum enqueueing speed for output buffers is 4. We ob-
serve that this is approximately the point where the improvement on throughput due to
cut-through switching starts to decline. Because of the advantage of higher enqueueing
speed, the output-buffered store-and-forward MIN comfortably outperforms the in-
put-buffered store-and-forward MIN by a wide margin in both throughput and delay.
However, it is interesting to note that the margin is narrowed if cut-through switching is
employed instead. In some cases of small buffers, the input-buffered cut-through MIN
achieves even higher throughput than the output-buffered cut-through MIN.

Figs. 7 and 8 plot normalized throughput and delay versus switch size for the in-
put-buffered 2 x 2® MIN under a heavy input load of 1.0. Switch size varies from 2 to
256, corresponding to 16 stages to 2 stages of the MIN. We observe that the throughput
is considerably improved by cut-through switching and that the improvement varies
slightly with switch. We also observe that the improvement by cut-through switching is
more significant for small switchs than for large switchs. The effect of cut-through
switching on normalized delay differs as buffer size varies. The reduction of normalized
delay for buffer size 8 is much larger than that for buffer size 1. Nevertheless, the reduc-
tion seems insensitive switch size. While the normalized delay for buffer size 1 varies
dlightly with switch size, the normalized delay for buffer size 8 increases monotonically
with switch size.

Now, let us look at Fig. 8. It shows normalized throughput and delay versus switch
size for the output-buffered 2'° x 2 MIN under a heavy input load of 1.0. The through-
put curves show that cut-through switching for large buffers is more effective than for
small buffers, especially when switch size is large. The delay curves exhibit a character-
istic different from those for input-buffered switching; the difference of normalized delay
between store-and-forward switching and cut-through switching narrows as switch size
increases. This becomes more apparent for large-sized buffers. As switch size increases,
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Fig. 8. Normalized throughput and delay versus switch size for the input-buffered 26 x 21 MIN
under input load of 1.0.

the number of stages decreases. Actually, the number of buffersin the MIN decreases too.
The buffers of large switches are less likely to become empty, and it is less likely to de-
liver packets by cut-through. On the other hand, in this case, the output-buffered,
cut-through MIN operates more like the store-and-forward MIN.

4.2 Simulation Results

We implement a simulator for validating our analysis. The ssimulator is a program
that simulates MINs using cut-through switching with input buffers or output buffers. We
assume that a packet transfer from buffer to buffer, including cut-through transfer, takes
one cycle to completion. The network inputs are fed with packets generated by a ran-
dom-number generator at a given load of q(0). Packet destinations are randomized with a
uniform distribution. The network is simulated synchronoudly; all the packets start to
transfer at the beginning of a network cycle and complete at the end. Then we advance
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time to the next cycle, and so on. The simulator is programmable as to switch size, net-
work size, buffer size, and input load. Each simulation runs for a total of 10,000 cycles.
Packets are collected at the output links of the last stage. Then throughput and delay are
averaged over network size and simulation time for normalization.

Figs. 9 and 10 present two sets of simulation results. They are compared against the
corresponding analytical results for a 64 x 64 cut-through MIN using input buffers and
output buffers, respectively. Each figure contains two plots of normalized throughput and
delay for buffer sizes 1 and 12, with input load varying from 0 to 1.0. The plots indicate
that accuracy of the analytical results for throughput degrades as buffer size decreases. In
fact, we purposely choose the plots in an attempt to indicate the greatest discrepancy oc-
curring a m = 1. Thisisthe situation where buffers at the first stage are most likely over-
flow; and many incoming packets, generated by Bernoulli trials, cannot enter the over-
flowed MINs. This alters the assumed geometric-distribution inter-arrival time of packets.
The more packets that are dropped, the higher the variance of inter-arrival time, and the
greater the discrepancy. This affects accuracy of our analytical model in predicting nor-
malized throughput of cut-through MINs with small buffers. But the effect of packet loss
on accuracy of normalized delay is the opposite.

a=2, n=6, Input Buff

it

Input Load Tnput Load

Fig. 9. Comparison between analytical and simulation results for input-buffered MIN with a =2
andn=6.

When buffer size increases, more packets are brought into the switch. Packets then
are prone to experience drastic changes in queueing time as they proceed from stage to
stage. On the other hand, this causes higher variance in queueing time in the case of large
buffers. Therefore, disagreement of normalized delay between the analytical and ssimula-
tion results becomes apparent as buffer size increases.

4.3 Performance Under Bursty Traffic and Hot-Spot Traffic
We also study the effect of cut-through switching on the buffered MIN under two

different types of traffic: bursty traffic and hot-spot traffic. The study is conducted
through simulations using the aforementioned system parameters. For bursty traffic, we
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Fig. 10. Comparison between analytical and simulation results for output-buffered Min witha =2
andn=6.

assume a commonly-used on-off bursty source to produce packets entering the first stage
of the buffered MIN. The bursty source, which is atwo-state machine, alternates between
active and idle periods with two independent geometric distributions. Packets arrive in
consecutive time slots for the duration of an active period with at least one packet. An
idle period, however, can be empty. Fig. 11 shows two plots of normalized throughput
with /under a bursty traffic of length 20 on the input-buffered and output-buffered MINs
with a = 2 and n = 6. Compared with store-and-forward switching, cut-through switching
yields higher throughput for both input-buffered MINs and output-buffered MINs with
single buffers. In the case of m = 12, the effectiveness of cut-through switching remains
significant for input-buffered MINs, but it is of little significant for output-buffered
MINs.

Normalized Throughput

a=2, n=6, m=12, Burst-length=20, Bursty Traffic

—o—Input B
—+—Output B
—a—Input B
——Output Buffer,

0.9 F 0.9
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0.5 F
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Fig. 11. Normalized throughput versus input load for input-buffered and output-buffered MINs
with a=2 and n = 6 under bursty traffic of length 20.
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We consider a hot-spot traffic model in the simulation study for cut-though switch-
ing under nonuniform traffic [13]. The hot-spot traffic model assumes that one of the
network outputs, called hot-spot output, receives more packets than the remaining net-
work outputs, and that packets are destined the remaining outputs with equal probability.
Distribution of destination address is determined by a hot-spot ratio, h, which is related
toinput load, p, by equation

p=ph+p(-h).

In the expression, ph represents the probability that a network input in a time slot
has a packet destined to the hot-spot output, and p(1 — h) is the probability a network
input in a time slot has a packet destined to the outputs with uniform distribution. As a
consequence, on average, the hot-spot output becomes the destination of phN + p(1 — h)
packets where N is the number of network inputs. Fig. 12 gives a representative example
for illustrating the throughput performance of cut-through switching under hot-spot traf-
fic with h = 0.1. When buffer size equals one, cut-through switching substantially im-
proves throughput for input-buffered MINs and output-buffered MINs as well. When
buffer size equals twelve, throughput for cut-through input-buffered MINs is 0.4299.
This is approximately three times higher than throughtput for store-and-forward MINs.
However, in the case of output-buffered MINS, cut-through switching makes virtually no
improvement on throughput. This indicates that cut-through switching is more effective
for input buffered MINs than for output-buffered MINs.

Fig. 12. Normalized throughput versus input load for input-buffered and output-buffered MINs
with a =2 and n = 6 under hot-spot traffic of length 20.

5. CONCLUSIONS

We have presented a new analytical model for evaluating cut-through switching on
buffered MINs. Two classes of buffered MINs were considered: input-buffered MIN and
output-buffered MIN. Our analytical model is a general one in the sense that it assumes
arbitrary switch size, buffer size, and network size. Because of this generality, the pro-
posed model is able to analytically exhibit several essential properties which were un-
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known before, affecting the performance of cut-through switching on buffered MINs. Of
particular interest is the operating condition under which cut-through switching can make
significant performance improvement over store-and-forward switching.

We found that cut-through switching works extremely well when switch size and
switch buffer are small. It simultaneously increases throughput and reduces delay for
both input-buffered MINs and output-buffered MINs. But as switch size increases, the
effectiveness of cut-through switching on input-buffered and output-buffered MINs di-
verge. With the aid of cut-through switching, input-buffered MINs with large switches
enjoy agreat gain in normalized throughput and simultaneously a substantial reduction in
normalized delay. As switch size increases, cut-through switching effectively reduces the
delay for the output-buffered MIN. However, it offers little help in boosting the
throughput for the output-buffered MIN. Especially when buffer size is greater than five,
cut-through switching is of virtually no help to the output-buffered MIN. In the case of
store-and-forward switching, the output-buffered MIN outperforms the input-buffered
MIN in throughput by a wide margin. But the margin is reduced when cut-through
switching is employed. Finally, by means of simulation we evaluate the performance of
cut-through switching on buffered MINs under bursty and hot-spot traffic. Results show
that the input-buffered MIN benefits more from cut-through switching than the out-
put-buffered MIN. Cut-through switching helps the input-buffered MIN improve the
throughput performance in response to bursty and hot-spot traffic. However, the
improvement is considerably limited for output-buffered MINs, particularly for MINs
with large output buffers.
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