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SUMMARY Banyan networks and their improved switches
such as 2-dilated banyan networks are usually constructed by a
self-routing mechanism, and provide a high multiplexing trans-
mission capacity to ATM networks. Due to cell blocking in the
switching elements in these banyan networks, however, cell loss is
occurred and then the throughput of each network is decreased.
To improve this problem, we have introduced bypasses to the
original and the 2-dilated banyan networks. This paper focuses
on the position of the bypasses in these banyan networks and pro-
poses the one-bypass-connection methods in order to minimize
cell transfer delay caused by the bypasses. We also analyze out-
put rate of each network and show that the bypass method gives
network designers flexible selections for network performance and
transfer delay.

key words: bypass, banyan network, 2-dilated banyan network,
cell blocking, ATM

1. Introduction

Asynchronous Transfer Mode (ATM) is developing for
a basic technique to construct B-ISDN. ATM realizes
transmitting many data streams simultaneously by slic-
ing them to short fixed length labeled units called cells.
These cells are exchanged to deliver their correct des-
tination by an ATM switch, which is easy to be con-
structed by hardware and expected to faster processing.

For the ATM switch [1], there are several con-
struction methods can be considered. The self-routing
switch such as the banyan network [2], (3] is the one of
their famous methods. For example, 2-dilated banyan
networks [4] which are introduced from the banyan net-
work by replacing each link between switching elements
by two independent links. Due to cell blocking in the
switching elements in these banyan networks, however,
cell loss is occurred and then the throughput of each
network is decreased. To improve this problem, we have
introduced bypasses to the original and the 2-dilated
banyan networks [5]. Since the bypasses may forward
a blocked cell to the upper neighbored switching ele-
ment, it is caused to decrease the cell loss rate, but
increase cell transfer delay in the networks. From this
result, this paper focuses on the position of the bypasses
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in these banyan networks, and proposes the networks
with one-bypass-connection in order to minimize cell
transfer delay caused by the bypasses.

There are other improved networks based on the
banyan network, such as the rerouting banyan networks
[6] and the folded banyan switching networks with by-
pass links [7]. The former has buffers to reroute blocked
cells and provides the required cell loss rate by increas-
ing columns of switching elements. The latter has dis-
tribution part and buffered routing part, which are con-
nected by bypass links and turn back links. Each cell
is tagged and entered the former part. If a cell satisfies
some condition called the bypass check in each switch-
ing element, it is passed to the latter part though the
bypass link, and destined to the output port. Otherwise
the ordinary banyan process is repeatedly occurred un-
til the bypass check is satisfied or operated at the turn
back link. Thus, the purpose of the bypass link is dif-
ferent from the one of this paper.

Although these networks have buffers and provide
higher output rate, our paper subjects to the unbuffered
ATM switches based on the banyan network. The un-
buffered switches have the advantages than the buffered
switches in the following points. 1) The hardware size
of the former is quite smaller than the one of latter.
2) The switching time (delay) is much shorter, since
there is no waiting time in buffer. However, the former
tends to be lower output rate than the latter. Our ap-
proach of bypass methods improves the output rate of
the former.

We introduce the orignal and the 2-dilated banyan
network in the next section, and insert bypasses into
these banyan networks in Sect.3. The performance
analyses of these banyan networks with and without by-
passes are also examined at each section, respectively.
In Sect.4, we propose the networks with one-bypass-
connection to decrease cell transfer delay, and compare
their performance to the ones of the other networks. Fi-
nally, we describe the conclusion and discuss the ability
to expand another improved banyan networks by the
bypass method in Sect. 5.

2. Banyan Networks and 2-Dilated Banyan
Networks

This section briefly introduces banyan networks and 2-
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Fig.1 8 x 8 banyan network with three stages.

dilated banyan networks, which are proposed for self-
routing networks [8] of an ATM switch.

2.1 Banyan Networks

A regular N x N banyan network is constructed of the
columns, called stages, of 2x2 switching elements which
are set to either a straight through connection or a
crossed connection. The switching elements are con-
nected each other with links as shown in Fig.1. The
input cells to the network are labeled each destination
output port number. An N input network has log, N
stages (N is assumed to be a power of 2), and each
stage has % switching elements.

The routing algorithm of the banyan network is in
below. In the n-th stage, a switching element examines
the n-th bit of destination output port number in the
cell header and selects an output port of the switching
elements. If the bit is 0, the upper output port is se-
lected, and otherwise the lower one is selected. Since
only one cell can be forwarded on the single output link,
cell loss occurs when two cells are arriving at a switch-
ing element and are destined for the same output port.

In Fig. 1, three cells enter at the input port 1, 4
and 7. Their destination output port numbers are 4,
0 and 1, respectively. From the routing algorithm, the
cell from 1 arrives to 4 without blocking. However two
cells from 4 and 7 are debated for the same link at the
second stage which we call blocking. In this figure, the
former one is forwarded, but the latter is deleted. In
the next section, the latter cell will be also forwarded
through bypass and received to its destination.

Let p, be the input rate and p,, 11 be the output
rate of the m-th stage (0 <m <log, N — 1) of an N x
N banyan network. By the above routing algorithm,
they satisfy the following recurrence relation [9]:

pm-H:l_(l_EQﬂ)Qa (
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Fig.2 16 x 16 2-dilated banyan network with four stages.

with boundary condition py = p, where p is the proba-
bility of cell arrival at each input port.

2.2 2-Dilated Banyan Networks

The basic idea of the 2-dilated banyan network is to
expand the internal link bandwidth in order to reduce
cell-loss probability and then increase switch through-
put. The 2-dilated banyan network is constructed of the
original banyan network by replacing each link between
switching elements by two independent links. There-
fore, the routing algorithm of the network is shown as
follows. A switching element receiving a cell examines
the n-th bit destination output port number in the cell
header and selects an output port of the switching ele-
ments as the original banyan network. But even when
two cells select the same output port, both cells can
be forwarded. If three or more cells select the same
output port, then two cells are selected randomly and
forwarded, and the others are blocked. For example,
in the seventh switching element at the second stage in
Fig. 2, three cells select the upper output port (at be-
hind side of the element in this figure) and one of them
is blocked. In the next section, we will recover such
blocked cells by setting bypasses to increase network
throughput.

The N x N 2-dilated banyan network is sequen-
tially constructed from the 2 X 4 re-arrangeable input
switches at the first stage of the network, the 2-dilated
switches at the medium second to (n — 1)-th stages
where n = log, N, and the 4 x 2 re-arrangeable output
switches at the last stage. At the first stage, let us as-
sume py = p, where p is the probability of cell arrival
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stage number

at the input port. We calculate the output rate at each
stage as follows [10], [11]:

1 2

3
1 ..;.\ "-.-'
P11 = 552)7 (2)
1, 1,
pd+1:pd41pd+fépd (1<d<n-2), (3)
3 1 1
P = 2pn_1 — 5?3_1 + 51);3-1 - Epify (4)

3. The Original and the 2-Dilated Banyan Net-
works with Bypasses

input port output port

The purpose of a bypass is to forward a blocked cell to
the upper switching element of the same stage to de-
crease the internal blocking in the network. But we can-
not connect all switching element in the same stages of * stage number
the network with bypasses because a wrong bypass may 2 3 4
forward cells to the incorrect destinations. In the case (
of using bypasses in all stages of the N x N network,
let n = logy N, which is the number of stages. Then at ¥
d-th stage (1 < d < n—1), from ((m — 1)2"7¢ + 1)- A\ sl A2
th to m2"~9-th switching elements are connected by 17
bypasses sequentially, where m = 1, ..., 2971 Note
that there is no bypass at n-th stage because a cell
may be forwarded to the incorrect output destination.
The 8 x 8 banyan network with bypasses is shown in
Fig. 3. At this figure, the two blocked cells in the first
and second stages are forwarded to the correct desti-
nation, respectively, by using the bypasses. We also
notice that we do not adopt to connect a bypass be-
tween ((m — 1)2""¢ + 1)-th and m2"~%th switching
elements and make a bypass loop. This loop may de-
crease cell loss rate of its network, however, cell trans-
fer delay of the network expands about twice and each
switching element is more complicated to prevent any
cells rounding on the loop.

In the case of 2-dilated banyan network, we in-
sert the bypasses during the same stage of switching

Fig.3 8 x 8 banyan network with bypasses.

elements as the banyan network. But no blocking oc- s L A

curs in the first stage of 2-dilated banyan network, then 2l i N S N A 14
the bypasses is not needed in this stage. The 16 x 16 RO A P
2-dilated banyan network with bypasses is shown in . - il i ’

Fig. 4, where the blocked cell in the 2nd stage is for- Hrpat port output pore
warded by the bypass. Fig.4 16 x 16 2-dilated banyan network with bypasses.

3.1 Assumptions of Throughput Analysis . L
2. Every processor in transmitting to these networks

generates random and independent cells.

3. Cells arriving at an input of each network are uni-
formly distributed all over the outputs of the net-
work.

4. The probability of output rate in a switching ele-
ment becomes the probability of input rate into the

1. Each network has not any sort of cell buffers. connected switching element by a link or a bypass.

We respectively analyze the throughputs of the banyan
network and the 2-dilated banyan network with by-
passes.  Their throughputs are considered on the
switching elements at each stages under the following
conditions:
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5. Cells may have link debate or be forwarded
through a link or a bypass independently in the
previous ones.

6. The blocked cells are neglected. Then, the cells
issued at the next time cycle are independent in
the previous ones.

7. A link and a bypass between two switch elements
can carry only one cell in each time cycle.

In the original and the 2-dilated banyan networks,
we can suppose that every input rate of the same stage
is equal. But such an assumption is not satisfied in the
case of networks with bypasses. Thus, the output rates
are rather complicated than the ones in the previous
section.

For two switching elements connected by a by-
pass each other, the lower one must process cells before
the upper one begins, because of the bypass direction.
However, sequence control of cells is not concerned in
ATM. Therefore, we also assume that all cells in the
same stage is forwarded to the next stage after cells at
the top switching element have been processed. In the
next section, we will discuss about cell transfer delay
according to this assumption.

3.2 Input Rate and Output Rate of the Banyan Net-
work with Bypasses

There are four kinds of switching elements in banyan
network with bypasses, illustrated in Fig. 5. Type 1 and
3 switching elements have bypass input and bypass out-
put, respectively. They are placed at the bottom and
the top of switching elements connected by bypasses
in the same stage. Type 2 has both bypass input and
output. It may be connect between Type 1 and 3 to
construct the switching elements sequence. Type 4 is
the original banyan switching element in the previous
section.

We calculate the output rates of these switching
elements at different input rates, and use the results of
each switching element as the input rates to calculate
the output rates of the next switching elements.

Assume a and b as the input rate of the switch-
ing elements, g as the bypass input rate from the lower
switching element, p as the output rate and r as the
output rate of the blocked cell forwarded to the by-
pass. First, we examine p and r of Type 2 (see detail
in Appendix A.1). Then p and r are satisfied:

1 1 1 1 1 1 1
= —a+ -b— ~ab+ =¢— ~aq — ~bg + —abyg,
D 2a+2b 19 +2q 190 3 q+8aq
(5)
1 1 1 1
r = —ab+ —aq+ =bq — ~abg.
r 2ab+2aq+2bq 5 by (6)

Type 1 and 4 have no input bypass link (parameter
q). At Type 2, if no cell comes from the input bypass
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Fig.5 Banyan switching elements.

link, i.e., the probability ¢ is 0, then p of Type 1 and 4
equals to (5), and r of Type 1 equals to (6). p of Type
3 is the same result of (5) with no conditions.

From the construction of the banyan network with
bypasses, all output rate in the final stage are equal.
For throughput analysis, it is enough to obtain only
one output rate of the network.

3.3 Input Rate and Output Rate of the 2-Dilated
Banyan Network with Bypasses

As the banyan network, we solve the output rates of
the 2-dilated banyan network for six kinds of switching
elements in Fig.6 and Fig.7 at difference input rates.
The results of output rates in each stage will be used as
input rates to the next stage. In the 2-dilated banyan
network, 2 x 4 re-arrangeable input switch Type 6 at
the first stage has no bypass as we mentioned. Then, its
output rate p at the first stage is the same as (2). From
the second stage, four switching elements, called Type
1 to 4, which correspond to the ones of the banyan with
bypasses respectively, are constructed. Note that Type
4 which is presented in Fig.7 will be used at the next
section. At the last stage of the network, the 4 x 2 re-
arrangeable output switching element Type 5 are used,
whose the input rates are not equal.

As in the previous subsection, we examine two out-
put rates of Type 2. Assume a, b, ¢ and d as the input
rate of a switching element, ¢ as the bypass input rate
from the lower switching element, p as the output rate
and r as the output rate of the blocked cell forwarded
to the bypass. Then p and r are calculated as in below
(see detail in Appendix A.2). The output rates of Type
1, 3 and 4 are obtained as well as the banyan network
with bypasses.

1 1 1 1 1

1 1
p = - b+ = —d — —abc — —abd — —acd
D 4a+4 +4c+4d 16ac 16ad 16ac
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Fig.6 2-dilated banyan switching elements Type 1, 2 and 3.

£y

Type 5

Type 6
Fig. 7 2-dilated banyan switching elements Type 4, 5 and 6.

1 1 1 1 1
- —abed + —q — —abqg — —ac
16bcd+ 16abc +4q 6% q 16acq

1 1 1 1 1

—Ig(ldq - —igbcq — 1—6‘qu - Ebd(] + I—G—deq

+ L aedq + —bedg + ——abeq — —-abed %
1671 T 77N T g1 T 5

1 1 1 1 3 3
r = Zabc + Zacd + Zabd + Zde — gabcd - gabcq
3 3 3 3 1
_° _ 2 _° 2ab ht
8acdq 8abdq 8bcdq + 8a cdq + 4abq

1 1 1 1 1
+Zacq + Zadq + Zbcq + Zbdq + chq. (8)

For Type 5, the output rate p is calculated as fol-
lows (refer Appendix A.2 for more detail):

1 1 1 1 1 1
p= §Q+§b+ §c+§d—zab~1ac
1 1 1 1 1
—Z(ld— ZbC— ch'f- gab(:-}' gabd
+ L acd+ Loed = Labed 9)
8(1C 8C 16(16.

Note that (9) is equal to (4) when a =b=c =d.
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Fig.8 The output rates of banyan networks with and without
bypasses at input rate = 1.0.
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Fig.9 The output rates of banyan networks with and without
bypasses at input rate = 0.5.

From the construction of the switch, all output
rates at the final stage are also equal.

3.4 Comparison of Output Rates of the Networks with
and without Bypasses

From the equations presented at the previous subsec-
tion, the results of output rates for the 2! x 2! to 28 x 28
banyan networks with and without bypasses, whose ar-
rival rate (input rate) are 1.0 and 0.5, are indicated in
Fig.8 and Fig.9. The results for the 2-dilated banyan
networks with and without bypasses are also indicated
in Fig. 10 and Fig. 11. In these figures, x axis shows the
number of stages and y axis denotes the output rates
of each network.
In Fig. 8 and Fig. 9,

e “banyan” shows the output rate of the original
banyan networks and,

e “bypass” shows the output rate of the banyan net-
works with bypasses.

From Fig.8, we can find banyan networks with
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Fig.10 The output rates of 2-dilated banyan networks with

and without bypasses at input rate = 1.0.

05 . . . . —
dilate —+—
dilateby ---x---
0.45
C)
2
g oat
=1
IS
3
o]
0.35
03 A ; A — . . .
0 1 2 3 4 5 6 7 8 9
The number of stages
Fig.11 The output rates of 2-dilated banyan networks with

and without bypasses at input rate = 0.5.

bypasses have approximately 3 to 49 percent higher
output rates than original banyan networks. For ex-
ample at the 7 stages case in Fig.8, its throughput
becomes from 0.359 to 0.473, which is about 31.8
percent improvement. The maximum ATM transfer
speed defined by ATM Forum is 622 Mbps. Since a
cell has a header (5bytes) and a payload (48bytes),
the total length 424 bits. Thus, this transfer speed is
equal to 1.46 Mcells/s. Therefore, the 31.8 percent per-
formance improvement corresponds to 0.166 Mcells/s.
This means about 42.8 MPEGI1 (1.5Mbps) or 16.0
MPEG2 (NTSC, 4Mbps) channels is more available
than the original banyan network.

When the network load is not so heavy, i.e., its
input rate is 0.5, Fig.9 shows that the output rates
with usage of the bypasses are increased from 3 to 49
percent to the original ones. This fact concludes that
the bypasses for the banyan networks are also much
effective even if their network loads are low.

In Fig. 10 and Fig. 11,

o “dilate” shows the output rate of the 2-dilated
banyan networks and,
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e “dilateby” shows the output rate of the 2-dilated
banyan networks with bypasses.

The 2-dilated banyan network is needed to be con-
structed at least 2 x 4 re-arrangeable input switches
and 4 x 2 re-arrangeable output switches. Therefore,
its switch size must be greater than 22 x 22. Indeed,
when the number of stages in Fig. 10 is 1, the output
rate is meaningless, since its result is observed from a
2 x 4 re-arrangeable input switch.

From 2 to 8 stages cases, in Fig. 10, 2-dilated
banyan networks with bypasses have approximately 1
to 12.5 percent higher than the ones without bypasses.
For example, the throughput at the 7 stages case is im-
proved from 0.5862 to 0.6461, which corresponds that
more 22.4 MPEG1 (1.5 Mbps) or 8.4 MPEG2 (NTSC,
4 Mbps) channels is useful than the ordinary 2-dilate
one.

In Fig. 11, the output rates increase 0.1 to 5.3 per-
cent, which are less improved than the previous cases.
This means the bypass much effects to the throughput
of the 2-dilated banyan network at the high input rate.

4. Original and 2-Dilated Banyan Networks
with One-Bypass-Connection

In the previous section, we improve the throughput of
the banyan network and the 2-dilate banyan network
by inserting the bypasses during the switching elements
in the same stage of the networks. As we mentioned,
however, a switching element with a bypass from its
lower switching element must stay its switching process
until the lower switching element decides whether it
forwards a cell to the bypass or not.

For example, the top switching element of the first
stage in Fig.3 can process its input cells, after fourth
to second switching elements in the same stage have
done. Therefore, its cell transfer delay may be four
times greater than the one of the original banyan net-
work, and the total switching times of banyan network
and 2-dilated banyan network are increased. In order
to minimize the increment of cell transfer delay, we
construct networks with no Type 2 switching element
and limit the maximum length of switching elements
sequence connected by bypasses to at most two. Then,
its cell transfer delay may be estimated twice as long
as the original one.

4.1 Networks with One-Bypass-Connection

There are various designs to place bypasses for the net-
works with one-bypass-connection. When the highest
output rate is required, every (2m — 1)-th and 2m-th
switching elements in all stages except the final one
need to be connected by bypasses so as to maximize the
number of bypasses in the NV x N network, where m = 1,
veny % As in the previous section, bypasses in the
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Fig.12 8 x 8 banyan network with one-bypass-connection.

stage number

4
S : 0
A ?. 1

input port

output port

Fig.13 16 x 16 2-dilated banyan network with one-bypass-
connection.

first stage of 2-dilated banyan network are also omit-
ted. The maximized network is called network with
one-bypass-connection. Figure 12 and Fig. 13 illustrate
the 8 x 8 banyan network with one-bypass-connection
and the 16 x 16 2-dilated banyan network with one-
bypass-connection, respectively.

4.2 The Throughputs of the Networks with One-
Bypass-Connection

From the results in the previous section, we can also cal-
culate the output rates of any design of networks with
one-bypass-connection. Figure 14 and Fig. 15 show the
output rates of three kinds of banyan network and 2-
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Fig.14 The output rates of banyan networks with one-bypass-
connection, all-bypasses-connection and no bypass at input rate
=1.0.
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Fig. 15 The output rates of 2-dilated banyan networks with
one-bypass-connection, all-bypasses-connection and no bypasses
at input rate = 1.0.

dilated banyan networks, respectively, where their in-
put rates are 1.0. In these figures, “nobypass” means
the output rate of the original network. “onebypass” is
the one of the network with one-bypass-connection in
the previous subsection. “allbypass” is the one of the
original or the 2-dilated banyan network with bypasses
in the previous section, which we call the banyan or the
2-dilated banyan networks with all-bypasses-connection
in the rest of the paper.

In Fig. 14, from 3 to 8 stages cases, banyan net-
works with one-bypass-connection have approximately
6.36 to 18.67 percent higher output rates than the orig-
inal ones but 2.18 to 25.59 percent lower output rates
than the banyan networks with all-bypasses-connection.

In Fig.15, from 4 to 8 stages cases, 2-dilated
banyan networks with one-bypass-connection have ap-
proximately 2.52 to 6.22 percent higher output rate
than the original 2-dilated banyan network but 0.65
to 5.95 percent lower output rates than the 2-dilated
banyan networks with all-bypasses-connection.

NI | -El ectronic Library Service



Institute of Electronics, Infornmation, and Conmunication Engi neers

PIBULYAROJANA et al.: IMPROVEMENT OF BANYAN NETWORKS BASED ON BYPASSES POSITIONING

0.8 T T T
nobypass-banyan ——
onebypass-banyan ---x---
allbypass-banyan -
0.7 F 12 e - 4
34 --a-
o
0.6
C
o
g oos|
=
2
3
o]
04}
03}
02 . N L . L L s ;
0 1 2 3 4 5 6 7 8 9
The number of stages
Fig.16 The output rates of banyan networks with one-bypass-

connection at two neighbored stages and the whole stages, all-
bypasses-connection and no bypass at input rate = 1.0.

As the number of stages are increased, the network
with all-bypasses-connection has larger output rate but
greater cell transfer delay than the one with one-bypass-
connection. For example, the former may have 64 times
delay than the latter at the 8 stages case.

4.3 One-Bypass-Connection at Two Neighbored Sta-
ges of Networks

In the previous section, we construct one-bypass-
connection at the whole stages we can. This subsection
compares the effectiveness of this connecting at each
stage for output rate. For this purpose, we construct
banyan networks with one-bypass-connection, whose
bypasses are inserted to only first and second stages or,
third and fourth stages, fifth and sixth stages, respec-
tively. At each inserted stage, every (2m — 1)-th and
2m-th switching elements are connected by a bypass,
where m = 1,...,%1 for the N x N network.

For the 2-dilated banyan network, first stage is not
needed to insert bypasses. Thus, we construct the new
2-dilated banyan network with one-bypass-connection
as the same manner except that bypasses insertion be-
gins from second stage, i.e., inserting second and third
stages, and so on. Figure 16 and Fig. 17 show output
rates of the banyan network and the 2-dilated banyan
network with one-bypass-connection at two neighbored
stages and the whole stages, all-bypasses-connection
and no bypass at input rate = 1.0. In these figures, “12”
etc. indicate the stage numbers inserted one-bypass-
connection. The other plot marks are same as in Fig. 14
and Fig. 15.

We focus our discussion to the difference of the
output rates in one-bypass-connection at two neigh-
bored stages. From Fig. 16, we find that the bypasses
inserted at two neighbored stages near the output ports
gives higher output rates than the one near the input
ports. Though the maximum difference of their output
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noi)ypass-éelated-b‘anyan A
onebypass-delatedbanyan ------
0.68 | . allbypass-delatedbanygg

Output rate (p)

0 1 2 3 4 5 6 7 8 9
The number of stages

Fig.17 The output rates of 2-dilated banyan networks with
one-bypass-connection at two neighbored stages and the whole
stages, all-bypasses-connection and no bypass at input rate = 1.0.

rates is less than 1 percent, the bypasses insertion stage
influences to the performance improvement of banyan
network.

Figure 17 also shows the same results as in Fig. 16.
However, this figure indicates the output rates in one-
bypass-connection at two neighbored stages almost
equal each other. Since the occurrence of cell blocking
in the 2-dilated banyan network is much smaller than
the one of the banyan network, the bypasses insertion
position has less influence to the output rate than the
one of the original banyan networks.

5. Conclusions

We have proposed the original and 2-dilated networks
with one-bypass-connection to decrease cell transfer de-
lay and analyzed the output rates of each networks. We
also have discussed to the influence of the bypasses in-
sertion position to the output rates and found that the
bypasses near output ports gives better performance.
From this results, our proposal gives network system
designers flexible choice of the position of bypasses in
the networks with one-bypass-connection for the net-
work performance and its delay.

The bypass methods can be applied to the net-
works using the banyan networks or 2-dilated banyan
networks as their basic structure. In such networks,
the tandem banyan network [12],[13] and the hybrid
dilated banyan network [10], [11] are included.

The N x N tandem banyan network structure con-
sists of K banyan networks connected in series, where
each banyan network has N input ports and N out-
put ports. Each output ports of a banyan network is
connected to both the input of the subsequent banyan
network and the output port concentrator of the tan-
dem banyan network. When a cell is blocked at any
stage in the n-th banyan network, the cell is transfered
to a wrong output and forwarded to the connected in-
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put port of the (n + 1)-th banyan network if n < K,
or eliminated otherwise. If bypasses is inserted at this
stage, the cell may arrive at correct output port of the
n-th banyan network. From this fact, the performance
of the tandem banyan network is expected to improve.

The N x N hybrid dilated banyan network is con-
structed from the 2-dilated banyan networks at first
n stages and the original banyan networks at the rest
N — n stages. We can insert bypasses at any stages
expect first and final stages and expect a good the per-
formance of the network. Note that the n-th stage is
constructed by 4 x 2 re-arrangeable output switches,
where no bypass is inserted in this paper. From [11],
we confirmed to improve the performance by inserting
bypasses at this stage.

Although the practical requirement order (such as
1078 to 10719) of the cell loss rate is not archived by
our bypass methods, the introduction of buffers to our
method should be archived the required cell loss rate.
For example, when the bypass methods are also applied
to the rerouting network explained in Sect. 1, it may
give the required cell loss rate by a fewer extra stages
than the original network.
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Appendix: Analysis of Input Rate and Output

Rate of Switching Elements

This section precisely induces the output rate of each
switching element in the original, 2-dilated and hybrid
dilated banyan networks. Through this section, the in-
put rate of each input port is described by a and b for
any banyan switching elements, or a, b, ¢ and d for
any 2-dilated banyan switching elements. The output
rate of all output ports is p. When a switching element
has input and/or output bypass links, its input and/or
output rate is ¢ and/or r.

Appendix.1 Input Rate and Output Rate of Banyan
Switching Elements

In this subsection, the output rates of banyan switching
elements are obtained. First, the banyan switching ele-
ment Type 2 in Fig. 5 is considered. Then, the following
two cases exist. .

Case 1: No cell arrives at the input bypass link.

e When no cell arrives at any input port, the prob-
ability of this case is (1 — ¢)(1 — a)(1 — b). No cell
is sent to the output ports and the output bypass
link. Then, the output rates of this case are:
output port:

(1= g)(1 —a)(1—b) x 0 =0,
output bypass link:
(1-¢)(1—a)(1—-b)x0=0.

e When there is an arriving cell at one of the two
input ports, the probability of this case is (1 —
q)(a(l —b) +b(1 — a)). No cell is blocked and the
output probability of each output port is % Then,
the output rates of this case are:
output port:

(1= g)(a(1 =) + (1~ a)) x 5,

output bypass link:
(1-¢q)(a(l —b)+b(1~a)) x0=0.

e When there are arriving cells at both of the input
ports, the probability of this case is (1 —¢) X a X b.
The probability of cell blocking is % and the output
probability of each output port is %. Then, the
output rates of this case are:
output port:
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3
1- bx -
(1—¢q) xax X7

output bypass link:
1
(1—q)><a><b><§.

Case 2: A cell arrives at the input bypass link.

e When no cell arrives at both of input ports, the
probability of this case is ¢ x (1 —a)(1 —b). No
cell are blocked and the probability of each output
port is % Then, the output rates of this case are:
output port:

gx (1—a)(1-0)x

DO =

output bypass link:
gx(l—a)(l-5b)x0=0.

e When there is an arriving cell at one of the input
ports, the probability of this case is g(a(1 — b) +
b(1—a)). The probability of cell blocking is § and
the output probability of each output port is %.
Then, the output rates of this case are:
output port:

3
q(a(1=b)+b(1 —a)) x T
output bypass link:

q(a(l1 —b) +b(1 — a)) x

DO | =

e When there are arriving cells at both of the input
ports, the probability of this case is ¢ x a x b. More
than one cell must be blocked and the output prob-
ability of each output port is %. Then, the output
rates of this case are:
output port:

7
bx -,
g Xax X8’

output bypass link:
gxaxbxl.

From the above results, the total output rate p of
each output port is:
1

1 1 1
= - —b——-ab+ =
p 2a+2 4a+2q

1 1 1
g = ~aba. 1
aq 4bq+ 8abq (A-1)

4
and the total output rate r of the bypass link is:

1 1 1 1
r= Eab + —aq+ §bq - Eabq. (A-2)

2

For the banyan switching element Type 1 is shown
in Fig. 5, there is no cell from the bypass input link.
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Thus, the output rates are inferred from (A-1) and
(A-2) whose g = 0, as follows:

1 1 1

p=3a + Eb - Zab. (A-3)
1

r= éab, (A-4)

For the banyan switching element Type 3 is shown
in Fig. 5, p is same as (A- 1), but there is no bypass out-
put link. The output rate p is described in the following
again.

1 1

1 1
= —a+=b—ab+ =
p 2a+2 4a+2q

1 1 1
——aq— - —abq. A5
aq 4qur 8abq (A-5)

4
For the banyan switching element Type 4 is shown
in Fig. 5, p is equal to (A- 3), but there is no bypass out-
put link. The output rate p is described in the following
again.
1 1 1
=-a+ =b— -ab.
P=a7 977y
For the original banyan network, all input rates of
each input port is same, i.e., a = b. Then the output
rate p is:

a2
:1f(1——) .
p 2

Appendix.2 Input Rate and Output Rate of 2-Dilated
Banyan Switching Elements

(A-6)

(A7)

This subsection infers the output rates of 2-dilated
banyan switching elements. As in the previous subsec-
tion, the following 2-dilated banyan switching element
Type 2 is considered. From Fig. 6, the following cases
exist.

Case 1: No cell arrives at the input bypass link.

e When no cell arrive at any input ports, the proba-
bility of this case is (1—a)(1—-b)(1—c)(1—-d)(1—q).
No cell is sent to the output ports and the output
bypass link. Then, the output rates of this case
are:
output port:

(1-a)1-b)(1-c)(1-d)(1-¢)x0=0,
output bypass link:
(1-a)1-b)(1-0c)(1-d)(1—-q)x0=0.

e When there is an arriving cell at one of four input
ports, the probability of this case is [a(1 — b)(1 —
(1 —d) x (1 )] + [b(1 = a)(1 - )(1 - d) x (1 -
Q)+ [e(1— a)(1 = b)(1—d) x (1 —g)] +[d(1 ~ a)(1 -
b)(1 — ¢) x (1 — q)]. No cell is blocked and the
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output probability of each output port is 3 L. Then,
the output rates of this case are:
output port:
cM—@ﬂf@ﬂ—ﬁxﬂ—@x%
+bﬂ—aﬂ1—®ﬂ—d)xﬂ—q)x%
+c(l-a)(1-b)(1—-d)x(1—¢q)x 31
+d(1—-a)(1-0b)(1-¢c)x(1—gq)x %,
output bypass link:
[a(1 =b)(1 = c)(1 —d) x (1 —g)] x 0
+[b(1—a)(1-¢)(1-d) x (1-¢) x0
+e(l—a)1-b)(1-d)x (1-¢)x0
+d1—a)(1=b)(1—c)x (1—¢q)] x 0=0.

e When there are arriving cells at two of the four
input ports, the probability of this case is [ab(1 —
&) (1) x (1—q)] +[ac(1—b)(1~d) x (1—q)] + [ad(1
b)(1=c) x (1) +[be(1—a)(1~d) x (1-q)] + bd(1 -
a)(1-¢)x(1—q)]+[ed(1-b)(1—a)x (1—gq)]. No
cell is blocked and the output probability of each
output port is % Then, the output rates of this
case are:
output port:

ab(l —¢)(1 —d) x (1 —¢q) x

d) x (

[N

+ac(l —b)(1 -

[
I
)
~—
X

+ad(l-=b)(1-¢c)x(1l-¢q) %
+bc(l —a)(1—d) x (1—-gq) %
x(1—4q)

x (1—q) x ¢,

ol NN I NG N

+bd(1—a)(1-c¢)

X
|

- DO

+ecd(1-5)(1—a)

output bypass link:

e When there are arriving cells at three of the four
input ports, the probability of this case is [abe(1 —
d)+acd(l —b) +abd(1—c)+ bcd(l —a)] x (1-gq).
The probability of cell blocking is 3 L and the output
probability of each output port is ﬁ. Then, the

64
output rates of this case are:
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output port:

[abe(l — d) + acd(1 — b) + abd(1 — ¢)
44

X (1—q)x —,

+ bed(1 — a)] x 61

output bypass link:
[abe(1l — d) + acd(1 = b) + abd(1 — ¢)

+ma1—@p41~@xi.

o When there are arriving cells at all of the four input
ports, the probability of this case 1s abcd X (1—q).
The probability of cell blocking is = and the out-

put probability of each output port is %—5(% Then,
the output rates of this case are:
output port:
208
bed x (1 —q) X =—

abed x (1 - q) 555"
output bypass link:
10
16
Case 2: A cell arrives at the input bypass link.

abed x (1 —q) x

o When no cell arrives at any input ports, the prob-
ability of this case is (1—a)(1—b)(1—c)(1—d)xq
No cell is blocked and the output probability of
each output port is i. Then, the output rates of
this case are:
output port:

(1)1 = B)(1 = )1~ d) x g x .

output bypass link:
(1-a)1-=0b)(1-¢c)(l—d)xgx0=0.

o When there is an arriving cell at one of four input
ports, the probability of this case is [a(1 — b)(1 —
&)(1=d) x g) + [b(1 ~ a)(1 = c)(1 — d) x q] + [e(1 -
a)(1-b)(1—d) xq]+[d(1—a)(1-b)(1—c) X q]. No
cell is blocked and the output probability of each
output port is % Then, the output rates of this
case are:

output port:
[a(l1=0b)(1—-¢c)(1—d) xq] x %

(= a)(1—e)(1—d) x g x -

2
+kﬂ—@ﬂ—®ﬂ—@xdx%
(- (1= (1= ) x g x 5,

output bypass link:

[a(l1=b)(1—c)(1—d)xgq] x0
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+[b(1—a)(1—-c)(1—d)xq]x0
+le(1—a)(1—b)(1—d)xq]x0
+[d(1 —a)(1 —b)(1 —c¢) x g x 0 =0.

o When there are arriving cells at two of the four
input ports, the probability of this case is [ab(l —
¢)(1—=d) x q]+Jac(1 —b)(1 —d) x q] + [ad(1 - b)(1 -
¢) x g+ [be(1 —a)(1 —d) x g] + [bd(1 —a)(1 —¢) x
q] + [ed(1 — b)(1 — a) x q]. The probability of cell
blocking is % and the output probability of each
output port is g—j. Then, the output rates of this
case are:
output port:

44
ab(l —¢)(1 —d) x g x o1
44

—Hzc(lfb)(l—d)qu6—4
+ad(1—b)(1-a)qu%
+bc(1-—a)(1—d)><q><%;:1
—}—bd(l—a)(l—c)quLé—jl1

44
+ed(1-b)(1—a)Xqgx —

output bypass link:
ab(1 = ¢)(1 - d) quzlg
+ac(l —b)(1—d) x g x
+ad(l —b)(1 —c) x gx
+bc(l —a)(1—d) x qx

4 bd(1 - a)(1—c) x g x

N S =S R SN e SN

+cd(l-b)(1—a)xqgx

e When there are arriving cells at three of the four
input ports, the probability of this case is [abe(1 —
d) + acd(1 —b) + abd(1 — ¢) + bed(1 — a)] x g. The

10

probability of cell blocking is 5 and the output

probability of each output port is ggg. Then, the
output rates of this case are:
output port:

[abe(1 — d) + acd(1 — b) + abd(1 — ¢)
208

1— =2
+ bed(1 —a)] x g x e

output bypass link:

[abe(1 — d) + acd(1 — b) + abd(1 — ¢)
10
+bed(1 — a)] x g x 5
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o When there are arriving cells at all of the four in-
put ports, the probability of this case is abed X q.
More than one cell must be blocked and the output
probability of each output port is %. Then, the
output rates of this case are:
output port:

912

abed X ¢ X ——,
1024

output bypass link:
abed X g x 1.

From the above results, the total output rate p of
each output port is:

D= i‘” %b+ %H %d— i%abc— 11—6abd
—%acd — I%b(:d + %abcd + 3—iq
—Tléabq - liﬁacq - -11—6@(1(1 - %bcq
—Ilécdq - 11—6bdq + %abdq + llAﬁacdq
+1i6bcdq + %abcq - —%@deQ» (A-8)

and the total output rate r of the bypass link is:

1 1 1 1
r = Zabc-{— Zacd—i— Zabd+ Zde

—gabcd - gabcq - gacdq - gabdq

3 3 1 1
—= —abedg + = —ac
8bcdq+ 8a cdq + 4abq-i— 19¢4

1 1 1 1
+Zadq + Zbcq + Zbdq + chq. (A-9)
For the 2-dilated banyan switching element Type
1 in Fig. 6, there is no cell from the bypass input link.
Thus, the output rates are inferred from (A-8) and
(A-9) whose g = 0, as follows:

1 1 1 1 1 1
=-a+-b+-c+-d— —abc— —
D 4a+4 +4c+4 16abc 16abal
1 1 1
— —acd — Ebcd + Iéabcd,

= (A-10)

1 1 1 1 3

—abe + = Za “bed — 2 (A
r=qe c+4acd+4abd+4bcd 8abcd (A-11)

For the 2-dilated banyan switching element Type
3 in Fig.6, p is same as (A-8), but there is no bypass
output link. The output rate p is described in the fol-
lowing.

1 1 1 1 1 1
p= Za-i— Zb+ ZC+ Zd— Eabc— 1—6abd
1 1 1 1
——acd — — —abed + -
16acd 16bcd—+— T +4q
1 1 1 1

——abg — —acq — —adq — —
1692 ~ 769 ~ 7500 — 50
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1 1 1 1
_Equ - Ebdq + Eabdq + —1—6a(,dq

1 1 3
+16bcdq+ 16abcq 64abcdq. (A-12)
For the 2-dilated banyan switching element Type
4 in Fig.7, p is equal to (A-10), but there is no by-
pass output link. The output rate p is described in the
following again.
1 1 1 1 1 1
p= 4a+ 4b+ 4c+4d 16abc 16abd
1 1 1
16acd 16bcd+ 16(1bcd.
For the original 2-dilted banyan network, all input
rates of each input port is same, i.e., a = b =c = d.
Then, the output rate p is:

(A-13)

1y 14
=a- = —a. A-14
p=a-ya + 6° ( )
For the 2-dilated banyan switching element Type
5 in Fig. 7, the following cases exist.

e When no cell arrives at any input ports, the prob-
ability of this case is (1—a)(1-b)(1 —c)(1—d). No
cell is sent to the output ports. Then, the output
rate of this case is:

(1—a)(1=b)(1—c)(1—d) x0=0.

e When there is an arriving cell at one of the four
input ports, the probability of this case is [a(l —
b1 —c)(1—d)+b(1—a)(l —c){l —d)+c(l -
a)(1-b)(1—-d)+d(1-a)(l-b)(1—c)]. Nocellis
blocked and the output probability of each output
ports is % Then, the output rate of this case is:
output port:

a(l =b)(1 —¢)(1 —d) x

[NR

Fb(1—a)(1— )1 —d) x

+e(l—a)(1-0b){1-d)x

B N = D

+d(1-a)(1-0b)(1-c)x

e When there are arriving cells at two of the four
input ports, the probability of this case is [ab(1 —
)1 —d)+ac(l =b)(1—-d)+ad(l -b)(l-c)+
be(1—a)(1—d)+bd(1—a)(1 —c)+cd(1—b)(1—a)).
The output probability of each output ports is %
Then, the output rate of this case is:

ab(1 —¢)(1 —d) x %—f—ac(l —b)(1 —d) x %

+ad(1 —b){1 —¢) x %%—bc(l—a)(l—d) X

=W

+bd(1—a)(1—c) x %+cd(1—b)(1—a) «
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e When there are arriving cells at three of the four
input ports, the probability of this case is abe(1 —
d)+acd(1-b)+abd(1—c)+bed(1—a). The output
probability of each output ports is %. Then, the
output rate of this case is:

[abe(1 — d) + acd(1 — b) + abd(1 — ¢)
+ bed(1 — a)] x g

e When there are arriving cells at all of the four input
ports, the probability of this case is abed. The
output probability of each output ports is %. The
output rate of this case is:

15
abcd x —.
16
From the above results, the total output rate p of
each output port is:
1 1 1 1 1 1

p== b+ -c+ —-d—-ab—- -ac
p 2a+2 +2c+2 4a 4ac

1 1
—Zad — Zbc — ?};cd + —éabc+ é—abd

1 1 1

- Zhed — — ) 1
+8acd+ 8bcd 16abcd (A-15)
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