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SUMMARY In this paper there suggested is a bifurcated (or
multiple) input-queued ATM switch in which a bu�er for each
input port is divided into multiple (m) bu�er blocks, i.e., bifur-
cated bu�ers, for enhancement of the limited throughput of the
ordinary input-queued switch using a single FIFO. As the con-
tention/arbitration rule for the bifurcated input-queued switch-
ing scheme, free and restricted contention rules are come up with
and discussed. The free rule allows an input port to switch up to
m cells at the cost of internal speedup. With the restricted rule,
on the other hand, an input port can switch no more than one
cell in a time slot so that the switch operates at the same speed
as the external link speed. The throughput bound for the bifur-
cated input-queued switch is analyzed for both rules through the
generalization of the analysis by Karol et al [1]. The throughput
bound approaches to 1.0 as m becomes large enough, irrespective
of the contention/arbitration rule.
key words: bifurcated input-queued ATM switch

1. Introduction

For the independent and uniform arrival tra�c, the
saturation throughput of an input-queued non-blocking
packet switch is asymptotically upper bounded by 0.586
as the switch size (N) becomes in�nite [1], [2], while
the output-queued switch attains 100% throughput ir-
respective of the switch size. Therefore, many ap-
proaches have been proposed to improved the limited
throughput of the traditional input-queued switch with
a single FIFO. Those approaches could achieve size-
able enhancement in the maximum achievable through-
put by mitigating the HOL blocking e�ect through pe-
culiar bu�er management schemes and/or arbitration
methods. However, they also resulted in such internal
speedup as in the output-queued switch [3].

One successful idea for the throughput enhance-
ment of the input-queued packet switches with a single
FIFO is a bifurcated input-queueing or multiple input-
queueing approach. In the input-queueing approach
which is a kind of input smoothing, each input port
equips and manages m FIFOs called the bifurcated
bu�er (1 <= m <= N). The bifurcated bu�er originally
means, as the name implies, the bu�ers divided into
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Fig. 1 A 4�4 bifurcated input-queued switch with free con-
tention and multi-chance service rule (m = 2).

two. The term, however, can be used as the exten-
sion of the bifurcation concept even when the number
of bu�ers is larger than two [3]-[5]. The bifurcation ap-
proach, in general, pulls the throughput bound up to
1.0 as the number of bifurcated bu�ers in an input port
(m) gets close to the switch size (N).

In this paper we investigate the bifurcation of the
input bu�er and two possible contention/arbitration
rules in the bifurcated (or multiple) input-queued ATM
switch. Followed is an analysis for the throughput of
a bifurcated input-queued ATM switch employing the
restricted rule, as a practical solution for the bifurcated
input-queued switch, through the generalization of the
analysis by Karol et al [1]. The analysis result is com-
pared with the simulation result over di�erent switch
sizes. Also, the analysis is extended, through simple
modi�cations, to get the throughput bound for the bi-
furcated input-queued switch employing the free rule.

2. Bifurcated input-queued switches

As a heuristics of improving the limited throughput of
the input-queued non-blocking packet switch with a sin-
gle FIFO, input expansion or input smoothing has been
studied for about a decade. These approaches provide
much enhanced throughput bound by expanding input
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Fig. 2 A 4�4 bifurcated input-queued switch with restricted
contention and single-chance service rule (m = 4).

ports or both input and output ports. However, they
require the switch fabric expansion to exchange multi-
ple cells in parallel.

Recently, the bifurcation approaches in input
queueing are paid much attention due to the practi-
cal potential both in the switching performance and in
hardware. The bifurcated (or multiple) input-queued
packet switch is an idea of dividing each input bu�er
into m (1 <= m <= N) parallel bu�er blocks logically
or physically, so as to let each input port have more
opportunities to switch a cell or cells. (The number
of bifurcated bu�ers in an input port m is also called
the bifurcation parameter.) Even though this approach
requires multiple memory blocks in each input port, it
can be resolved through the logical division of a bu�er
or the use of a common memory as discussed later.

Before we proceed to discuss the possible types of
the bifurcation approach and their operation in the
input-queued ATM switch, we de�ne an arbitration
round as an arbitration for an output port. Then, there
are N arbitration rounds in a time slot for an N �N
switch.yy In the bifurcated input-queued ATM switch,
all the bifurcated bu�ers are assumed to be able to at-
tend the arbitration rounds for all output ports, since
they are not distinguishable one another. As the result,
an input port can switch up to m cells in a time slot,
one from each of m bifurcated bu�ers, provided that
the multi-cell transmission is allowed.

With the bifurcation approach, we can envision
two contention and arbitration methods. First, if an
input port is allowed to switch and transfer maximum
m cells in a time slot, one from each bifurcated bu�er,
we call this kind of contention and arbitration rule free
contention and multi-chance service rule, respectively.
That is, a bifurcated bu�er having a HOL cell contin-

yyIn some papers such as [6] and [7], an arbitration round
is de�ned as the arbitrations for all N output ports.

ues to attend arbitration rounds until the HOL cell is
selected in the same time slot. The throughput analy-
sis for this kind of switch is found in [5] and [7] based
on the analysis by Karol et al [1] and by Hui et al [2],
respectively. On the other hand, if an input port is
permitted to switch and transfer only one cell from one
of its m bifurcated bu�ers, this kind of contention and
arbitration rule are referred to as restricted contention
and single-chance service rule, respectively. In the lat-
ter case the number of bu�ers within an input port
is preferred to be equal to the switch size. That is,
m = N . The number m, however, might be less than
N as in [7] but this implies the renouncing of arbitra-
tion chances. The throughput bound for the case of
m = N will be analyzed in the following section.

In such a fashion of increasing the opportunity of
serving a cell or cells in a time slot, or alleviating the
probability of the HOL blocking by equipping multi-
ple parallel FIFOs for each input port, the bifurcation
approach can enhance the throughput of the ordinary
input-queued switch with a single FIFO. However, this
approach using multiple FIFOs is likely to have few
chance of being embodied practically, viz., little prac-
tical potential, because the unscheduled nature of the
arriving tra�c might require much bu�er space in pro-
portion to the bifurcation parameter m. In the case of
m = N , it requires N times bu�er space per input port
as much as the ordinary input-queued switch.

An easy solution for getting around the problem
of the ine�ciency in memory usage is to use a com-
mon bu�er shared by multiple address bu�ers. That is,
logical bifurcated FIFOs are deployed instead of phys-
ically discriminated FIFOs. In this case, the address
bu�er, corresponding to the bifurcated bu�er itself, is
still FIFO memory but requires far less memory space
since it just stores couples of bytes of address infor-
mation of the common memory. As the �rst practical
perspective, we consider the free contention and multi-
chance service rule in the switch equipped with a sin-
gle common bu�er shared by multiple address bu�ers
in an input port. In this case, the e�ciency of entire
memory usage could be improved by statistical sharing
of the common bu�er. Challenges encountered with
this approach are: (i) the internal speedup occurred in
common memory access time when an input port is se-
lected multiple times for di�erent outputs in a time slot,
and (ii) the ine�ciency in the address bu�er utilization
when a bursty tra�c destining for an speci�ed output
port arrives at input ports.

Considering the restricted contention and single-
chance service rule in the switch equipped with a com-
mon bu�er shared by multiple FIFO address bu�ers in
an input port, we can �nd that the internal speedup
is not required from the fact that an input port is re-
stricted to send only one cell in a time slot. An exem-
pli�cation of this kind of switch is found in the Random
Access Input-Bu�ered (RAIB) switch which we pro-
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Fig. 3 An example of the bifurcated input-queued packet
switch with restricted contention: Random access input-bu�ered
(RAIB) switch in [8] and [9].

posed in [8] and [9], and the switch architecture is shown
in Figure 3. In the switch architecture, the arbitration
logic in the COC (common output controller) governs
the arbitrations between N FIFO address bu�ers, so
that one cell from each of the input modules is sent to
its destining output through the switching fabric.

In the forthcoming section we derive the through-
put bound for the bifurcated input-queued switch with
the restricted contention rule when m = N through
the generalization of the analysis by Karol et al [1].
The throughput bound for the bifurcated input-queued
switch with the free contention rule is also derived by
simple modi�cations of the result obtained for the re-
stricted contention rule.

3. Throughput analysis

We do not here retrace the analysis in [1] since the
reader is assumed to be accustomed to it and the same
tutorial expositions are found in the literature such as
[4] and [10], etc. However, we �nd it expedient, for fa-
miliarity's sake, to use identical or similar notations as
in those literature listed above in the following analysis
for the bifurcated input-queued switch with two di�er-
ent contention rules.

Time is slotted and the slots carry �xed-length
packets such as ATM cells. Tra�c arriving at each
input line is assumed to be independent, identical, and
uniformly distributed over the N output ports. Assum-
ing that there areN bifurcated bu�ers in an input port,
tra�c on each input line splits intoN bifurcated bu�ers
with the equal probability of 1=N . In order to use the

analysis in [1], each bifurcated bu�er must be able to
accommodate all cells for all output ports. In general,
however, a bifurcated bu�er stores the cells destined to
the speci�c output ports as shown in Figures 1 and 2.
Nevertheless, we can apply the analysis procedure of
[1] in our analysis by the virtue of the uniformity of the
arrival tra�c for output ports.

Now, we model the bifurcated input-queued switch
employing the restricted rule for the case of m = N .
From the model shown in Figure 2, we can make the im-
portant observation that the N�N switch can be com-
pletely separated into N sub-switches, one sub-switch
for each output. Each sub-switch is of dimension of
N � 1 and identical one another under the same tra�c
assumption as mentioned before. Therefore, the aver-
age throughput per port of the overall N � N switch
is simply the throughput of any one of the N � 1 sub-
switches. For example, there are four 4�1 sub-switches
in Figure 2. As mentioned previously, the bifurcated
bu�ers 1 in all the four input modules serve the output
port 1 exclusively and the bifurcated bu�ers 2 serve the
output port 2 only, and so on.

The challenge in analyzing the switch employing
the restricted rule is that the sub-switches interact each
other in such a fashion of banning the previously se-
lected input ports from attending arbitration rounds
followed in the same time slot. It also implies that the
cell selection occurs in all possible arbitration rounds
with a certain probability. If the arbitration order in a
time slot is assumed to be distributed uniformly, then
the probability for a cell to be selected in a speci�c arbi-
tration round is 1=N for all arbitration rounds. There-
fore, the total throughput is obtained by taking expec-
tation of the throughputs obtained in all arbitration
rounds.

Using as similar notations as in [1] is most helpful
for the readers to easily understand the following anal-
ysis. The de�nition of the notations, however, should
be modi�ed to adopt the bifurcated model for the re-
stricted contention rule. Following the terminology in
[1] as much as possible, let:

Bi
n The number of HOL cells blocked out of the HOL
cells attending the arbitration round for output i
during the nth time slot. In other words, the num-
ber of HOL cells addressed to output i, but not
selected by the controller during the arbitration
round for output i within the nth time slot;

Ai
n The number of cells addressed to output i which

arrive at the head of free bifurcated input queues
during the nth time slot. A bifurcated input queue
is free during the nth time slot, if and only if the
HOL cell of it was transmitted during the (n�1)st
time slot;

F i
n The number of HOL cells freed out of the HOL cells
attending the arbitration round for output i during
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the nth time slot. In other words, the number of
cells transmitted to output i through the switching
during the nth time slot.

The dynamics of the virtual queue of all blocked
HOL cells addressed to the tagged output port i at the
beginning of the time slot can be written as

Bi
n = max(Bi

n�1 +Ai
n � 1; 0)

and the expected blocked cells in this M/D/1 queue,
when we consider a properly large value of N , is read-
ily found to be

E[B] =
�2

2(1� �)
(1)

since the steady-state number of cells addressed to out-
put i that move to the head of input queues each time
slot, namely Ai, becomes Poisson with rate � asN !1
[11]. Further, for a speci�ed output port the total num-
ber of HOL cells blocked by the arbitration and by the
restricted contention rule, plus the number of HOL cells
that were selected for transfer to the output side, must
be add up to N :

Bi
n;k + (k � 1) + F i

n;k = N (2)

where k (1 <= k <= N) implies the order of arbitration
in a time slot, or (k � 1) implies the number of re-
stricted input ports in the kth arbitration round. Note
again that the term Bi

n;k is the number of HOL cells
blocked by the kth arbitration for output i in a time
slot. Considering the third arbitration round (k = 3 or
(k � 1) = 2) in a time slot, for example, the number
of blocked HOL cells by the restricted rule for output
i is two and the number of blocked HOL cells by the
arbitration for the output should be either N � 3 or
N � 2 since F i

n;k could take either 1 (when one of the
cells addressed to output i is selected for transmission)
or 0. The superscript of Bi

n;k can be omitted since Bn

is statistically identical for all output ports.
Taking expectations in the limit of Equation (2) as

n!1,

E[Bk] + (k � 1) +E[Fk] = N: (3)

Since E[Fk ] is clearly the throughput of theN�1 switch
per output line for the kth arbitration round, i.e., the
parameter �k in the earlier expression for E[Bk], we
immediately have

E[Bk] = N � (k � 1)� �k; (4)

or

�2k
2(1� �k)

= N � (k � 1)� �k: (5)

The maximum throughput �k is thus found, for the kth
arbitration round, to be
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Fig. 4 Maximum attainable throughput for the bifurcated
input-queued switch with the restricted contention rule (i.e.,
m = N). (by computer simulation for 108 time slots)

�k = N � (k � 1) + 1�
p
(N � (k � 1))2 + 1 (6)

for k = 1; 2; 3; � � � ; N . Thus, the average throughput
per port merely becomes

T =
1

N

NX

k=1

�k (7)

since the arbitration order is assumed to be uniformly
distributed for all output ports.

In the above analysis, the closed formula (7) yields
very high throughput per port (T � 1:0) for large
switch size (N) as shown in Figure 4. For example,
T = 0:975 for N = 100, which is a sizeable enhance-
ment of throughput. In practice, however, the through-
put obtained by the computer simulation is very close
to 1.0 irrespective of the switch size N . It is noteworthy
that the di�erence between the curves for the smaller
switch size in Figure 4 is caused by the fact that the
modeling of the cell arrival (Ai) as a Poisson process is
not valid when the switch size is small. Hence, the anal-
ysis based on the improper cell arrival modeling is not
valid for the small N . However, the cell arrival follows
a Poisson process for the larger switch size, so that the
di�erence in the throughput becomes negligibly small.

Here, let us consider the bifurcated switch employ-
ing the free rule. With the free rule, the term (k � 1)
should be removed since there are no discriminations
between arbitration rounds. So does the subscript k
representing the order of arbitration round. Thus, Bn

in Equation (2) should be changed into the sum of the
blocked HOL cells for all output ports. So does Fn.
Then, Equation (2) becomes

NX

i=1

Bi
n +

NX

i=1

F i
n = N (8)

Similar operations as shown in Equation (3) through
Equation (7) results straightforwardly in
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Fig. 5 Maximum attainable throughput for the bifurcated
input-queued switch.

T = N + 1�
p
N2 + 1 (9)

where still m = N . Even though Equation (9) is ob-
tained for the special case of m = N , we can think of m
ranging from 1 to N for the switch with the free rule.
Therefore, we can change N into m and get:

T = m+ 1�
p
m2 + 1 for 1 <= m <= N (10)

which, in turn, corresponds to the throughput of the
bifurcated input-queued switch employing the free rule
as the function of m as in [5] and [7]. In this case,
the throughput also comes to 1.0 as m ! 1 when N
is in�nite, which is slightly higher than that of the re-
stricted contention case since we withdraw the restric-
tion for the pre-selected input port in the bifurcated
switch with restricted contention. Figure 5 compares
the saturation throughputs for both rules in terms of
the bifurcation parameter m when the switch size is
assumed to be in�nite. As shown in the �gure, the
throughput bound for the free rule is slightly higher
than that for the restricted rule. Setting m = 1 (no
bifurcation) in Equation (10), in particular, we can get
the well-known result that the throughput of the or-
dinary input-queued packet switch with a single FIFO
becomes 2�

p
2.

4. Conclusions

In this paper, we have proposed and discussed the bi-
furcated (or multiple) input-queued ATM switch which
equips m FIFOs in each input port. Also, we have
come up with two contention/arbitration rules for the
bifurcated switch. They are the free and restricted con-
tention rules. With the free contention rule, an input
port can serve up tom cells in a time slot, one from each
of m bifurcated bu�ers. However, it results in the in-
ternal speedup in the interfaces between input modules
and the switch fabric and/or in memory access when a

common memory is divided logically and used as multi-
ple bu�ers. With the restricted contention rule, on the

other hand, an input port can serve only one cell in a
time slot so that the internal speedup does not matter
any further. For both rules, we analyzed the saturation
throughput. At �rst, the saturation throughput for the
bifurcated switch with the restricted rule was obtained
whenm = N . The saturation throughput for the switch
with the free rule is obtained through the withdrawal
of the restriction in the number of cells serviced from
an input port and the generalization in the range of m.
In both case, the throughput approaches to 1.0 as the
switch size becomes in�nite. As shown in Figure 5 the
restricted rule provides slightly lower throughput bound
than its counterpart. But, the bifurcated input-queued
switch employing the restricted rule is considered to be
more appropriate for the high-speed ATM switch, since
it does not require any internal speedup or switch fabric
expansion.
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