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Performance Evaluation of Input and Output
Queueing Techniques in ATM Switching Systems
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Abstract— In this paper, alternatives to model a fast packet
switching system are analyzed. A nonblocking switch fabric which
runs at the same speed as the input/output links is considered.
The performance of the considered approaches have been derived
by theoretical analysis and computer simulations. Performance
comparison between input queueing approaches with different
selection policies are presented. Novel input and output queueing
techniques are also proposed. In particular it is shown that,
depending on the implementation, the novel input queueing
approach studied in this paper achieves the same performance
as the optimum (output) queueing alternative, without resorting
to a faster packet switch fabric.

I. INTRODUCTION

N moving toward integrated services broadband communi-

cation network (BISDN), efforts are focusing on high-speed
packet switching networks [1]—-[3] that allow flexible services
and on high capacity packet switches for interconnecting
a large number of customers lines through a central hub.
These requirements lead to a star topology where customers
are connected to the hub by means of full-duplex optical
fiber lines. Such architecture provides high-speed transmission
rates, typically 1-200 Mb/s on each input—output line [3]. To
support such transmission rates a high speed is required in the
switching operation. An efficient approach to providing a high-
speed switching operation seem to be a switching technique
which routes packets from inputs to outputs through the use
of hardware-based processing. This switching technique has
been called fast packet switching (FPS). The basic idea of FPS
is to provide simplified connection-oriented packet switching
to attain an improvement in the throughput efficiency. In
particular, no error or flow control on a link-by-link basis is
performed. The use of high-quality optical fiber links makes
possible this simplification.

In FPS systems, each information packet, typically called a
cell, is labeled with a short header containing address infor-
mation that is used by the switch fabric to allow the required
routing from inputs to outputs at the switch. Congestion can
happen if the switch is a blocking network, but also in the
case of a nonblocking switch fabric, when two or more packets
arrive simultaneously on different inputs requiring to be routed
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to the same output. One of these contending packets attains
switching to the output. Queueing is required for the others to
wait for a later route to the output. It is evident that this form
of congestion is unavoidable in FPS systems and it often leads
to an increased complexity in the switch architecture.

Different approaches for providing the queueing necessary
for contending packets have recently appeared in the scientific
literature [4]—[5). Depending on the speed of the switch fabric
and its architecture, alternatives to where the queueing is
performed are possible. A performance comparison between
input and output queueing is presented in [5]. In that paper
it is shown that better performance is attained when the
queueing is done on output. However, a faster switch fabric
with respect to that used when queueing is done on inputs
is required. In particular, if /N is the number of input/output
links, a switch fabric able to run N times faster than the
input and output links is necessary. A switch fabric running at
the same speed as the input/output links is instead sufficient
for input queueing. Different selection policies, also including
priority selection are investigated in [5] for input queueing.
In particular, the performance comparison between output
queueing and input queueing is carried out in term of mean
waiting time. Moreover, it is shown that the output queues
saturate as the throughput approaches 1, differently from the
input queueing, where saturation makes the maximum possible
throughput less than unity and dependent on N and on the
service policy. For high value of N, the maximum possible
throughput is 0.586 resulting when each input queue has
always a packet to be routed on output links {5] (and when
the traffic load is uniform over the output links).

An alternative to the FIFO discipline to serve the packets in
the input queues has been proposed in [6]. With this service
discipline, named window service discipline (WD), a packet
can be removed form each input queue per time slot, but not
necessarily the first packet in the queue. The WD permits a
significant increase in the throughput of each output link. With
the WD, those input links not attaining the transmission of the
first packet in their queues contend with their second packets
for access to any idle output link. This procedure is started
over again for the first W packets (window width) of each
queue. It is evident that, although the overall performance may
be improved by using WD, more processing power may be
required than with classical queueing on inputs.

Alternatives to input and output queueing in FPS systems
are also proposed and analyzed in [4] where it is clearly
shown that output queueing is the better solution. In par-
ticular, an efficient architecture which provides for output
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queueing without resorting to separate buffers for each output,
namely completely shared buffering, is proposed. This tech-
nique achieves the same performance as the classical output
queueing approach reducing the total amount of buffering in
the switch, but at the expense of an increase in the size of
the switch fabric.

This paper is concerned with novel forms of input and
output queueing approaches. The switch fabric is assumed
to be nonblocking and running at the same speed of each
input/output link. Packets have fixed length and arrive on the
N inputs in a time-slotted fashion. The results show that the
novel queueing approaches achieve the same performance as
classical output queueing without resorting to a faster switch
fabric, while maintaining a hardware simplicity typical of input
queueing.

II. QUEUES ON INPUTS

The performance analysis presented in this section is based
on the well-known results for discrete-time queueing system
[7], [8]. Let us assume that for each of the N input links
no more than one packet may arrive in a time slot, and the
arrivals in different time slots are statistically independent.
The arrival processes on the IV input links may be modeled
as N independent Bernoulli processes with the probability
of an arrival on one of the N input links equal to p. Each
packet has an equal probability to be addressed to any of
the possible N output links and successive packets require
independent routing. The service statistics are assumed the
same for packets arriving at an empty input queue and for
packets arriving at a busy input queue. Packets are routed to
the appropriate output link strictly in their order of arrival:
this means that the order of service is FIFO within each input
queue. When a packet arrives at the head of its input queue a
request asking for routing to the destination output link is sent
immediately to the switch controller. For each output link, a
queue of routing requests, called destination queue, is formed
by the switch controller. Each new request is placed at the end
of the appropriate destination queue and the routing requests
are served on the basis of two different selection policies,
namely, the first-in first-out (FIFO) selection policy and the
Random (RND) selection policy.

When a request is selected to be served, the switch controller
makes the necessary connection between the input and the des-
tination link. No more than one request can be satisfied on each
time slot per output link. It follows that each destination queue
may be modeled as a discrete Geom/D/1/N/N queueing
system with customers served according to the FIFO or RND
selection policies: Bernoulli input process (Geom), constant
service time process (D), one server with maximum system
memory size equal to N and customer population equal to V.

A. FIFO Selection Policy

Focusing our attention on a packet at the head of an input
queue, i.e., the tagged packet, its service time is equal to
the total time which must elapse until its routing request
(the tagged routing request) leaves the appropriate destination
queue (the tagged destination queue). Note that any routing
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request leaves its destination queue when the transmission
of the associated packet on the appropriate output link is
completed. Clearly, the maximum value of the service time
is N slots corresponding to the event that all input queues
have packet at their heads which require routing to the same
output link.

From the above, it is possible to model each input queue
as a discrete Geom/G/1 queueing system, with service time
given by the total delay spent in the destination queue.

Focusing on a particular input queue, the imbedded Markov
chains approach developed for the continuous M /G /1 model
is applicable here also to derive the mean total delay per packet
[8].

The probability generating function of the number of pack-
ets in the input queue, assuming equilibrium, is

_ QAR)(z-1)

where @, is the probability of having an idle queue and A(z)
is the probability generating function of the number of arrivals
during a service period of a customer.

In particular, it is possible to show that:

A(z) = (1 - p+pz)G(1 — p+pz) )

M

where G(z) is the probability generation function of the
total time (in number of cells) spent by any routing request
waiting to reach the head of the destination queue. In deriving
A(z) it should be considered that the service periods of
successive packets arriving at the input queues are dependent.
In particular, the service period of a packet is dependent on
the destination of the packet just before it in the same input
queue. Moreover, it should be necessary to distinguish between
packets that arrive at busy and idle input queues. Nevertheless,
with the aim of simplifying our analysis we have assumed that
the service periods of successive packets are independent. In
particular, under this assumption there is no difference between
the service periods of packets arriving at idle or busy input
queues. It is evident that we are considering an approximate
analytical approach. The goodness of this approximation will
be discussed later by comparing the analytical results thus
obtained with those derived by computer simulations.

In deriving an expression for G(z) it must be taken into
account that in the considered case, the routing requests
may arrive at the appropriate destination queue in batches of
random size [8]. We assume that routing requests which arrive
at the destination queue at same instant are served in a random
order. However, the routing requests arriving in earlier instants
are served first on the basis of the FIFO discipline. Therefore,
the total time spent in the destination queue waiting for service
by a routing request is due to the sum of two contributions,
e.g., wy; and wy. The term w; takes into account the time
necessary to serve all the routing requests arrived before and
just waiting in the queue at the arrival instant. The second
term ws, is an additional delay due to the service of the
routing requests which arrive at the same instant and randomly
selected to be served first.

Focusing on the tagged destination queue, and assuming
that k packets are already waiting for routing, the probability



DEL RE AND FANTACCI: 1-O QUEUEING TECHNIQUES IN ATM SWITCHING SYSTEMS

that the tagged routing request arrives in a batch of size i is

given by
7 N -k K [ —k—1
el ) et

i=1,2,- N~k 6)

P(ilk) =

where « is the probability of having a packet from one of the
free input queues requesting routing to the tagged output link.
In deriving an expression for o we define:
* A, as the overall number of routing requests arrived at
all the destination queues at the mth time slot;
» [, as the number of free input queues at the mth time
slot.

Note that an input queue is free at the mth time slot if it is
idle or if the packet at its head has been selected to be routed
during the (m — 1)th time slot. It is evident that an arrival at
a destination queue must come only from a free input queue.
Starting from the previous considerations, it is straightforward
to verify that

P{A, =h} = <1::”>(Na)"(1 - Nao)™ 7" (@)

Therefore, the mean number of arrivals Zm(Fm) conditioned
on the occurrence that there are F,, free input queues is

An(Fpn) = FuNa. )

Letting B, be the number of routing requests in all the
destination queues that are waiting for service we have

In a steady-state condition we have
F=N-B 7

where F denotes the mean number of free input queues and B
is the mean number of routing requests in all the destination
queues.

By assuming equilibrium we also have

A=[N-B]|Na=Np. (8a)

For the last expression of (8a) it must be noted that the mean
number of routing requests which arrive at all the destination
queues per time slot is equal to the mean number of packets
routed from input queues to the output links, and is also equal
to the mean number of packets which arrive at all the input
queues.

It follows from (8a) that:
__ P

N-B’
Although it is mathematically pleasing to have closed-form
expressions, for the case we are studying it is very difficult
to derive B in a closed form [21]. Therefore, to simplify our
analysis, the following approximate expression for « is used

a=p/N. (10)

In deriving (10) it has been assumed B is negligible with
respect to N. By deriving B through simulation, it is possible
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Fig. 1. The parameter & as a function of p.

to compare the values of o given by (9) and (10), respectively.
The result is shown in Fig. 1. This figure points out that (10) is
a good estimation of . A slight underestimation only arises for
high-load conditions. Nevertheless, it will be discussed later
that the estimation accuracy of our analysis is not appreciably
influenced by this approximation.

The probability generating function of the total delay time
spent in the tagged destination queue, conditioned on the
occurrence that k requests are waiting for routing in the tagged
destination queue and on the event that the tagged request
arrives in a batch of size ¢ is

i—1 i+k

. P 1 - 2
G(z[z,k)—;]—i = —i(l—z)z . (11)
Therefore, G(z]k) is given by
N—k
G(zlk) = 3 i G(ali, k)P(ilk)
1
Nk
l-(1-a+az) k 12)

(N =k)a(l - 2)

The probability Pr(k) of having k routing requests 0 < k <
N — 1 in the destination queue can be obtained numerically
by an application of the Markov chain balance equations. The
final result is

Lo — Qo 1)

Pa(1) = Pr(0) =% (13)

1,0

k
Pr(k) = 2 %k=L1 bl P~ 1) = 3 = Pk~ i)

"0 i=2 &0
2<kE<N-1 (14)
with Pr(0) determined by the following condition:
N-1
>k Pr(k)=1 1s)
0
and the terms a; ; given by
4 = (N - l)aj(l — )N, (16)
’ J



1568

Therefore, the probability generating function of the total time
spent in the tagged destination queue G(z) can be derived as

N-1
= 34 Gl Pa(k)
0
N-1 [ (1—a+az)N_k]

Pr(k). (17)

203’“ k)a(l - z)

By means of standard discrete queueing systems theory results
it is straightforward to derive (2) from (17) [8].
The mean delay spent by a packet in an input queue is

Q) _ A'Q) A”(1)

= = oA

(18)

where A’(1) and A”(1) are obtained by differentiating once
and twice, respectively, A(z) with respect to z and taking the
limit as z approaches 1. The final result is given in (19) below.
Fig. 2 shows T' (normalized with respect to the cell duration
time), as a function of p for different values of N. In the
same figure the results derived by computer simulations are
reported to validate the analytical results. From this figure, it
can be seen that the analytical results agree with the simulation
results for small and medium values of p.

B. RND Selection Policy

An alternative to the FIFO selection policy could be the
RND selection policy here considered. In this case, when k
routing requests are waiting for service in a destination queue,
one of the k is chosen at random. Each routing request can be
selected with equal probability 1/k. The unselected routing
requests wait for the next time slot when a new random
selection takes place. The use of the RND selection policy
in FPS systems with input queueing has been considered in
[5]. However, our analysis differs from that presented in [5]
mainly in that a finite value of N is considered.

In this case, the mean packet delay can be easily derived as

o=+ 2B = B

2(1 = pE[s]} (20)
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Fig. 2. The mean normalized total delay for input queueing with FIFO

selection policy for different values of N.

where s denotes the random service time with mean value
E[s] and mean squared F[s?]. The probability distribution of
s is obtained from the results given in [5] as

N-1-n
k—n-—1

)" ~* Pr(n)

N k-1
P{s=m} = Zk Pm,an(
0

1
R (1)
with parameter P, ; denoting the probability that the re-
maining delay is m time slots until the considered packet
leaves the input queue, conditioned on k& packets waiting in
the destination queue. The parameter P, k is defined in (22)
below. Therefore, from (21) and (22) it is possible to derive
Els)and E [32] recursively and to obtain T' from (20) in terms
of all known parameters.

Fig. 3 shows T as a function of p for different values of N
achieved under input queueing with the RND selection policy.

Nf [k(k —1) + k(N =k — D)a+ (N —k — 1)(N — k — 2)a®/3] Pr(k)
0

N-1
N+k-1
r=14 Y A p g (19)
0 {1+ z R (k)”
1/k ifm=1, all k;
Py = Nkl 0 fm=1andk=1; 22)

(1-1/k) %j Pm—l,kAlJrj(N_k_

l)aj(l — )N TR
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Fig. 3. The mean normalized total delay for input queueing with RND selection policy for different values of N.

The same considerations raised for Fig. 2 can be applied here
also.

IIi. A MULTIPLE QUEUEING APPROACH

In the analysis presented above, it has been assumed that
none of the packets waiting for routing in the source queue
can leave the queue until the packet at the head has completed
service. An efficient alternative to the previously considered
queueing approach is the multiple queueing approach, which
always permits routing for packets whose destination queues
are empty.

In the multiple queueing approach, each input queue is split
into N separate queues, one for each possible output link.

When a packet arrives on an input, it is routed to a queue
associated with that packet destination outlink. Note that the
buffering of packets occurs after the routing—switching so the
multiple queueing approach is basically an output queueing
architecture.

Packets at the head of input queues for the same output link
contend for routing. Both FIFO and RND selection policies
can be used to select the packet to be routed.

The service discipline in each input queue is FIFO. Note
that despite the switching system is now essentially an output
queued fabric, the analytical procedure developed in Section II
for the classical input queueing approach can be used here
again in performing our analysis. However, in this case a
closed-form expression for « can be derived.

The multiple queueing approach is basically implemented
also by the bus matrix switch (BMS) proposed in[17]. In the
BMS the queueing of the packets is performed at the cross
points of the switch. The service discipline within each cross
point buffer (XPM) is FIFO. Secondary packet distributors
(SPD), one for each outgoing link, are used to solve the
contention among packets waiting for routing to the same
output. The bus matrix switch implements a selection policy
similar to the roll-call procedure [13], [14]. Each SPD scans

every XPM for the appropriate output and removes packets
at the heads of the corresponding queues. Differently from
[17], routing requests queues (named destination queues) are
formed in the proposed switch by each output controller.
The FIFO and random selection policies are considered as
alternatives to select the routing requests to be satisfied per
time slot. Moreover, it is important to point out that in [17]
only simulation results are presented.

In deriving o we focus on a particular output link (the tagged
output link). The arrival process at each queue for the tagged
output link is Bernoulli with probability p/N that a packet
arrives in any time slot. Moreover, it is assumed that no more
than one packet can be transmitted on the output links per
time slot.

Letting @,, denote the number of routing requests in the
tagged destination queue, we can write

Fr,=N-Qn. (23)
Therefore, in a steady-state condition
F=N-Q 24)

where the mean number of routing requests in the tagged
destination queue can be derived as

N-1

G: ZnnPR(n)'

0

(25)

It is straightforward to obtain in this case an expression similar

to (8a) that now reads as
(N-Q)Na=Np. (8a)

Hence,

(26)
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Fig. 4. The mean normalized total delay for the multiple queueing approach
with FIFO selection policy for different values of V.

Equation (26) defines a nonlinear equation in a. By solving
this equation numerically it is possible to determine a.

Starting from the previous considerations, it is straightfor-
ward to derive the mean delay per packet T as in (27) above
for the FIFO selection policy and as

p{E[sz] - E[e]}
2{N - pE[s]}

for the RND selection policy. The terms E[s] and E[s?] in
(28) can be obtained as outlined in Section II-B.

Figs. 4 and 5 show T as a function of p for different
values of N. These figures show that the maximum attainable
throughput now approaches 1 as p approaches 1 for both the
FIFO and RND selection policies. These results are consistent
with the classical results for output queueing [5].

T = E[s] + (28)

IV. IMPLEMENTATION CONSIDERATIONS

The switch fabric with input queueing studied in Section II
is internally fully accessible meaning that every input has an
available path to every output. A switch control is necessary
to select among all packets waiting at the heads of different
input queues to be routed to the same output link. Different
implementation alternatives are described in [1], [10]. One
solution is to make use of a centralized control. This control

Fig. 5. The mean normalized total delay for the multiple queueing approach

with RND selection policy for different values of N.

handles routing requests from all busy input queues. Suitable
technology and efficient techniques, such as pipelining, can be
used to build very high-speed switch fabrics. The drawback of
this approach is that the control overhead strongly increases
with the size of the switch. The way to reduce the control
overhead is to use a switch fabric architecture with distributed
control functions. This approach is also discussed in [10]. In
this case each output link has its individual control, which
allows only one packet from the input queues to be routed to
an output link at the same time by a suitable selection policy.

This paper deals with a two-stage approach to packet
switching. In stage one, the packet header (i.e., the routing
request) is transmitted, whereas in stage two the packet itself
is transmitted. The proposed fast packet switching approach is
particularly appropriate in the case of an ATM packet format
(CCITT Recommendation 1121). However, the fast switching
approach under consideration performs well also for different
packet formats. It is evident that the switching processing time
increases with the header dimension.

The architecture proposed for the classical input queueing
approach is shown in Fig. 6. Each input queue is a simple
FIFO queue. The headers (i.e., the routing requests) of packets
at the heads of such FIFO queues are broadcast over buses
(one per input port) to all the output controllers (arbiters).
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Fig. 6. Switch fabric architecture for the input queueing approach (N = 4).

By means of routing request (address) filters (AF) a routing
request arrives only at the input of the desired arbiter, as a
routing request can only pass through the filter whose address
matches the routing request destination address. The arbiter
handles the received request according to a suitable selection
policy (FIFO or RND).

The architecture for the switching fabric with multiple
queueing (Sect. III) is shown in Fig. 7. Whenever, a new
packet arrives at an input port its address is immediately
broadcast over the input bus. Collisions on an input bus are
impossible because at the most one packet may arrive per slot
at each input port. By means of address filters each output
controller receives only the routing request for its outport
and packets wait for service in N separate FIFO buffers.
An improvement of the architecture shown in Fig. 7 may be
the use of input shared buffers, which permits a reduction
of the buffering requirements. Of course, this approach leads
to an increasing of the control overhead. This solution im-
plements basically an input queueing because the buffering
of packets occurs before the routing/switching. The multiple
queueing with input shared buffers will be studied in details
in Section VI.

The proposed architecture for the input queueing switch
fabric can be also adapted to permit use in optical networks
[11], [12).

V. COMPARISON WITH THE CLASSICAL QUEUEING ON
OUTPUTS APPROACH

An alternative to the approaches stated above could be a
FPS system in which queueing is done on each output link. The
incoming packets are routed to the appropriate output queue
by means of their headers independently of the other N — 1
input links. As described in [1], [2], [5] this operation requires
a switch fabric running N times faster than in the other cases
or having a degree of internal connectivity N times higher
(e.g., Knockout) [16].

Focusing on a particular output queue, it can be noted that
the number of packet arrivals at a given instant has a binomial
distribution. Let p/NN be the probability that a packet arrives
at the queue coming from any input link, the probability
generating function of arrivals is

B(z) =1 - (p/N)(1 - 2)". (29)
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Fig. 7. Switch fabric architecture for the multiple queueing approach
(N = 4).

Assuming that packets are removed from the output queue on
the basis of the FIFO discipline, the total time spent by any
packet in the FPS system is the sum of the packet transmission
time (one cell) and the waiting time given by two independent
contributions z;, x2. The first contribution z; is due to the
number of packets waiting for service in the queue at the
arrival instant. The second contribution z» is due to the random
selection of the packet from the batch of arrivals.
The probability generating function of packets waiting in
the queue can be derived as
P() = P,(z—1)
z — B(z)
where P, denotes the probability of having an empty queue.
Recalling that the packet transmission time is one slot, the
mean value of the first contribution is

_ (=1
S 2N(1-p)’

(30

T = P'(1) (31

Let the probability that a packet arrives in batches of size ¢
be given by

Poi) = (1:’) Z'(17/1\’)"(1; p/N)"

Hence, the probability generation function of the additional
delay due to arrival in batches of random size is
1 - B(z)
(1—z)p’

The mean value T, of the second contribution is obtained by
differentiating X»(z) with respect to z and taking the limit as
z approaches 1. The final result for T’ is:

(N -1p
2N(1—-p)~

(32

Xa(z) = (33)

T=14T1+Ta=1+ (34)

The maximum throughput possible by using queueing on
outputs has been derived in [5] and it approaches 1 as p
approaches 1. Fig. 8 shows T as a function of p for the
queueing on outputs. In the same figure the parameter T'
attained by using the queueing on inputs and the proposed
multiple queueing approach is reported for comparison pur-
poses. It is evident in this figure that the proposed multiple
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Fig. 8. Mean normalized total delay as function of p for v = 16.
(a) queueing on inputs; (b) queueing on outputs (FIFO); (¢) proposed multiple
queueing.

queueing approach achieves the same performance as the
classical output queueing approach without resorting to a
factor switching fabric operating at a faster speed or having a
higher degree of internal connectivity.

VI. A MULTIPLE QUEUEING APPROACH WITH INPUT
SHARED BUFFERS

As stated in the Section IV, in the switch fabric with
multiple queueing whenever a packet arrives on an input it
is immediately routed to the appropriate destination queue.
Therefore if buffering is required, it occurs after the routing
operation so that this approach is basically an output queueing
approach (Fig. 7).

Nevertheless, the switch architecture of Fig. 7 can be readily
modified to perform queueing on inputs by using an implemen-
tation architecture in which all the arriving packets at each
input are queued in a shared buffer.

Also in this case the packet switching is assumed to be
performed in two stages. In stage one, the routing request,
associated with each packet, is analyzed while in stage two
the packet itself, is removed from the input shared buffer
and transmitted onto the output link whenever the associated
routing request reaches the head of the appropriate destination
queue (FIFO) or it is randomly selected to be served (RND).
Note that the routing request may arrive at the destination
queues in batches of random size. By considering the FIFO
selection policy, we have to queue in the worst case N
routing requests simultaneously within a time slot. However,
the problem of a speed up typical of the output queueing
implementation architecture, does not arise here because the
routing request are formed by few bits. It is important to
point out that this problem can be avoided by using the RND
selection policy.
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Architectures for input queueing switching systems based
on shared buffers have been recently proposed in [18], [19].
In the switch fabric proposed in [18] a schedule algorithm is
used to solve contentions among packets for the same output.
This algorithm has two phases: request phase and arbitration
phase. In the request phase, whenever a packet arrives at an
input a routing request is sent to the appropriate contention
control module. In the arbitration phase each contention con-
trol module updates the scheduling table for the associated
output link by assigning the transmission time slot to each
requesting packet. For each input queue a sending table is
kept and updated whenever the scheduling time slot for the
requesting packet arrives. If the sending table has already been
reserved at the assigned time slot the packet must be returned
to the request phase in the next time slot. This has been called
“buffer blocking” in [18] and it is a primary factor in the
achievement of an efficiency of about 0.74 under uniform
traffic load conditions. A better efficiency (of about 0.9) can
be attained if several input ports share a common queue.
Unfortunately, in this case faster memories are required.

The switch fabric with shared buffers proposed in this
paper differ from that proposed in [18] because it is based on
different selection policies (i.e., scheduling algorithm) which
permit to achieve a throughput approaching 1 as the probability
of having an arrival per slot approaches 1 (the same as the
output queueing). In our case the “buffer blocking” is avoided
by means of a shared buffer architecture which permits that
the input and outputs can operate independently and more than
one packet (with different output destinations and therefore,
different memory addresses) can be read out per time slot. A
similar shared buffer architecture is proposed in [20] for the
output queuing approach. Such an architecture can be modified
accordingly.

In [19] a switch fabric similar to that described in [18] is
presented. The “buffer blocking” problem is reduced in this
case by performing both input and output queueing. This is
the main point of difference of this switching system over the
novel multiple queueing switch proposed in this paper which
is only based on the input queueing approach. In addition to
this, better throughput performance (the same as the output
queueing) can be attained by means of the proposed switch.

The multiple queueing fabric with input shared buffer differs
from that discussed in Section III only for the different way
to allow buffering of the incoming packets. In particular
this means that the same throughput and, depending on the
shared buffer implementation [20], delay performance as the
separate buffer case are achieved by the novel multiple queue
fabric presented in this section. However, to highlight the
advantages of using input shared buffers over classical separate
buffering approach, it is important to note that in any practical
implementation the size of the buffers (shared or separate) is
finite and therefore, packets may be loss.

Unfortunately, in the case of multiple queueing approach
with input shared buffers the analytical evaluation of the packet
loss probability leads to a too complex queueing problem to
be solved in a closed form [21]. In what follows, an approx-
imate evaluation of the packet loss probability is derived and
validated by comparing analytical and simulation results.
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Fig. 9. Packet loss probability comparison.

We start our analysis by considering input shared buffers of
infinite size. For such buffers, the number of packets stored at
a particular input having the same output destination and there-
fore, forming the queue for that output is not independent of
the number of packets stored in the same shared buffer forming
the queues for the other N — 1 outputs [21]. Nevertheless, to
simplify our analysis we carry out an approximate approach by
assuming the overall number of packets n; queued in a shared
buffer as the sum of N independent identically distributed
(i.i.d.) random variables n;, n; denoting the number of packets
stored in the queue for output 7 (1 <7 < N). Note that our
approach is consistent with that outlined in [4] in deriving
the performance of a switch fabric with a completely shared
(output) buffering. It follows that the probability generating
function for n; is given by

oo o0 N
Cy(z) = Z’“ Fei(k) = |izk zkc(k)} =CN(z) (35)
0 0

with C(z) the probability generation function of the number
of packets in one of the N (logically separated) input queues,
ct(k) the probability of having & packets stored in the shared
input buffer and c¢(k) the probability of having k packets in
an input queue defined as:

o(1) = ef0) 2= (36)
(k) =~ 1) - i Lok — )
- ar 3 ¢ Qg
fork >1, 37
with
a; = Zm(?)(p/N)i(l —p/N)"'p(m)  (38)

1

where p(m) denotes the probability for the packet at the head
of the queue to have a service time equal to m (slots). These
probabilities can be derived numerically from (2) and (10).

With a finite buffer size, it is evident that the random
variables n; cannot be considered as independent. We refer to
(35) in that follows however, since it is a good approximation
for low packet loss probabilities which are typically the only
values of interest. The unknown term ¢(0) in (36), (37) is
defined to verify the following equation:

D ke(k)=1.
0

Therefore, it is possible to derive numerically the probability
of having z packets stored in the shared input buffer (i.c.,
ci(z)) [14].

In our approach, we approximate the packet loss probability
Ppg for a shared buffer of size L (in cells) as the probability
Py, of having stored in a shared buffer of infinite size a number
of packets greater than L, ie.,

(39

[e)

Pr= Y ali).

i=L+1

(40)

Fig. 9 shows Pr in comparison with Pp achieved by using
the classical output queueing approach as a function of L.
The parameter Pg in the case of a classical output queueing
can be defined as:

Pp—1- 1—aoc(0)_
p
This figure clearly shows that the proposed queueing approach
with shared buffers outperforms the classical output queueing
approach. A good agreement between our approximation and
simulation results is also evident in the figure, in particular,
for low values of the packet loss probability, (tail of the
distribution) which, typically, are the values of interest.

(41)
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VII. CONCLUSION

The performance of classical and novel approaches for
queueing on inputs (or outputs) in a FPS system have been
derived. An N x N nonblocking switch fabric running at
the same speed as the input/output links has been assumed.
The attained results clearly show that the multiple queueing
approach achieves the same performance as the classical
output queueing approach without having to resort to a speed
up in the switching operations.

An important result is that the novel multiple queueing
approach with shared input buffers achieve the same through-
put/delay performance as the classical output queueing jointly
with a reduction in the buffer size requirement, without using
a switch fabric which runs N times faster as the input and
output links.

It is important to recall that the increasing in the switching
fabric speed operations can be avoided by introducing internal
parallelism as in the Knockout switch [16]. However, the
implementation complexity of the Knockout switch seems
to be higher with respect to the proposed multiple queueing
approach. This is principally due to the use of the Knockout
concentrator/shifter at each output. The basic function of the
Knockout concentrator is to select U packets out of N possible
contenders by mean of an algorithm analogous to a knockout
tournament. For a concentrator with NV inputs and U outputs,
there are U rounds of competition. The basic building block of
the concentrator is a 2 X 2 switching element which randomly
selects one input packet as the winner and, of course, the other
as loser. The losers try to win the next rounds to became
winners themself. After the last round the losers are lost.
Delay lines must be included in the concentrator to keep the
competition synchronous. The shifter permits to store sets of
at the most U winners in U separate buffers according to
the order of their arrival, therefore implementing the FIFO
selection policy. The Knockout concentrator permits to reduce
the number of separate buffers keeping low the packet loss
probability (packets can be loss in the case of an infinite buffer
size if they arrive in batches with more than U elements).

The Knockout switch philosophy permits indeed to save
memory but it could be evident that it gives rise to an increase
in the implementation complexity of the switch.

We would like to point out, however, that the switch fabrics
with multiple queueing studied in this paper, make use of a
different switching approach. Differently from the Knockout
switch, the packet switching is performed in two stages. In
stage one the routing requests associated with the packets at
the heads of the input queues are analyzed, while in stage
two the packets can be transmitted into the output links. The
contention among the routing requests for the same output are
handled by the appropriate output controller, which selects the
winner slot by slot according to the FIFO or RND selection
policy. It is evident that the connection request may arrive
in batches of random size. In the FIFO worst case we may
have to store N routing requests simultaneously within a
time slot. However, the problem of a speed up does not
arise here because the connection requests are formed by few
bits (those strictly necessary to identify without ambiguity the
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output destination and the input queue). Note that this problem
doesn’t arise by using the RND selection policy. In both cases
(FIFO or RND) the use of the knockout concentrator and of
the shifter is avoided and therefore, a notable reduction in the
implementation complexity is achieved.

Even if, depending on where the queueing is performed (in-
put or output) more control is required, the multiple queueing
approach seems to have some attractive features with respect
to previously proposed switching fabric architectures and can
be based on both electronic and optical implementations.
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