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ABSTRACT

Banyan network has been widely employed as a basic building block for ATM switches. But the banyan
network has very low routing capacity because of the internal blocking problem. Hence, a dilated banyan network
has been used as one solution that can overcome the internal blocking problem. However, tremendous network
capacity is wasted in the dilated network In this paper, we propose a dilated banyan network with deflection
routing and recirculation mechanism to fully utilize the wasted capacity. The performance of the proposed switch
is analysed under uniform traffic assumption. Numerical and simulation results show that the proposed switch
yields a significant improvement of the maximum throughput as compared that of the pure dilated banyan
network.

simplicity and self-routing capability. But, one

1. Introduction

Asynchronous transfer mode (ATM) has been
widely accepted as the most promising solution to
implement the broadband ISDN. Recently, various
switching architectures have been proposed for
ATM  applications'". Many of the proposed
architectures employ the banyan network as a
basic building block, because of its hardware

problem with the banyan network is internal
blocking which occurs when two cells use
common internal links, although they are not
destined to the same network output.

A dilated banyan network is one of solutions
[5-10] proposed to overcome blocking and to
improve throughput. In the d-dilated network
[11,12], input and output ports of a switching
element (SE), respectively, have d parallel links
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instead of a single link, so that a maximum of d
cells can be forwarded between two SEs
simultaneously in each time slot. Thus, the
probability of blocking rapidly decreases as the
dilation degree d increases. It has been shown
[12] that, to achieve the loss probabilities between
10% and 10° for a 1024 %1024 network, the
dilation degree of 9 and 12 are required,
respectively. However, it seems that such dilation
degrees are too high for practical implementation.
In fact, tremendous network capacity is wasted in
the dilated banyan network, because input ports of
SEs in the first stage of the network receive cells
only on one of the d links, and the remaining
d-1 links are unused.

In order to utilize the network capacity wasted
in the pure dilated banyan network, the
back-pressure mechanism may be introduced.
But, for the back-pressure mechanism, each port
of an SE requires d multiple links for backward
acknowledgement signals, and thus hardware
complexity increases in viewpoint of chip
implementation. In this paper, as another approach
to utilize the wasted routing capacity, we propose
a switch architecture that is a dilated banyan
network using recirculation instead of the
back-pressure mechanism. For the recirculation,
the proposed switch employs the deflection
routing [6, 9], in which the blocked packet is not
dropped at the blocked SE but routed to the
“wrong” output.

Thus, the blocked packet can be transferred to
the switch input through the recirculation link,
after arriving at the output of the dilated banyan
network. That is, the switch requires no backward
signal link. However, since the recirculated
packets are not transmitted at the input ports at
which they arrived originally, the proposed switch
has the out-of-sequence problem, and thus requires
a resequencer in each output queue. We use a
packet resequencing method based on delay
equalization [9], in which the resequencer delays
the packet in the output queuve until its total
delay becomes equal to a predetermined maximum
delay Dgr. Here, the total delay is the number of
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time slots taken for the packet to leave the
resequencer from the switch input. If the packet
arrives at the resequencer with delay longer than
the maximum delay Dg, they are discarded.
Hence, in order to minimize the packet loss, the
parameter Dr has to be selected carefully.

The selection of the parameter Dy is decided
based on the distribution of the delay of the
packet arriving at the resequencer. But, the
distribution of the delay is largely affected by the
methods that recirculated packets are handled
when conflicts occur in the network. Hence, we
investigate two contention resolution methods, i.e.,
random service and priority service. In the
resolution method by random service, mno
distinction is made between packets in the SE.
On the other hand, in the resolution method by
priority service, each SE will preferentially select
the packets with longer delay. We also analyze
the performance of the proposed switch for the
two contention resolution methods, and compare

their performances.

II. Switch Architecture and
Operation

The proposed switch architecture is composed
of input modules, a d-dilated banyan network,
packet filters and output modules. The outputs of
the d packet filters in the i-th output port are
connected to the i-th input module for recircula-
ting unsuccessful packets. As an example, Fig. 1
shows the switch using a 2-dilated banyan
network of size 8X8. The switch operates in a
time-slotted fashion with the slot size equal to the
transmission time of a cell. The cell has a fixed
size, and its header consists of a deflection bit, a
time stamp field and an address field. The time
stamp is used for resequencing the cell at the
output module.

Each input module
components: an input queue, a selector, and d

consists of  three

input controllers (ICs). At the beginning of every
time slot, the selector determines one of IC’s in
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the input module which is not occupied by
recirculated cells and makes a path between the
input queue and the IC. Then, a cell in the input
queue is forwarded to the IC through the path. In
case that all of the IC’s are occupied by
recirculated cells, the cell is delayed in the input
queue. The cell arriving at the input queue is
forwarded directly to the IC if the input queue is
empty and one of IC’s is available. The IC has a
cell buffer in order to store a mew cell from the
input queue or a recirculated cell, and transmits
the cell to the network. It is noted that IC begins
transmission of the cell before the cell is
completely received to synchronize the arrival of
recirculated cells with the arrival of new cells.
The IC also removes the deflection tag from the
recirculated cell before its transmission. In
addition, the IC updates the time stamp value for
the resequencing function. That is, the IC sets the
time stamp to O for a new cell, and increases the
time stamp value by 1 for the recirculated cell.
When the time stamp value of the recirculated
cell is U, the cell is removed from the IC.

Output Module

Input Module
! )ﬁ SE 1

X\ // 1 Cell Filter

11

>

)
T 1T T
e o o

%

><
>

11
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Fig. 1 Dilated banyan network with recirculation.

In order to recirculate the blocked cells due to
internal conflicts, the dilated banyan network
employs a deflection routing algorithm in the
operation of the SE. When i(<d) cells are
destined for the same output port of an SE, all
of them are routed to the i links of the output
port. If i>d, then d cells are routed to the output

port and i-d cells are deflected to the other
output port with deflection tags. In the next
remaining stages, the deflected cells are randomly
routed so as not to affect the path of normally
routed cells. At the output of the dilated banyan
network, the cell filters examine the arriving
cells. The normal cells are transmitted to the
output modules, while the deflected cells are
recirculated to the input module.

Each output module includes a resequencer and
an output queue. In order to perform the
resequencing function based on the delay
equalization, the resequencer separates the output
queue into two sub-queues, i.e., resequencing
queue and transmission queue. Thus, cells arriving
at the output module with the time stamp values
lower than Dz are stored in the resequencing
queue, but cells with the time stamp value of Dg
are stored directly in the transmission queue. In
case that the arriving cells have the time stamp
values higher than Dg, they will be discarded.
Before each time slot starts, the resequencer
increases the time stamp values of the cells in
the resequencing queue by 1, and then moves the
cells into the transmission queue if their time
stamp values become Dg. Accordingly, cells in
the transmission queue can be transmitted without
out-of-sequence because they have completed the
resequencing process.

When there occurs internal conflicts between
cells, each SE has to resolve the contention. We
investigate two contention resolution methods, i.e.,
random service and priority service. In the
resolution method by random service, no
distinction is made between new and recirculated
cells in the SE, so that d cells are randomly
selected. On the other hand, the resolution method
by priority service uses U+l priority levels for
distinction of the cells, so that each SE
preferentially selects the cells with higher priority
levels when blocking occurs. Here, the time stamp
values are used for indicating the U+1 priority
levels. Moreover, the maximum priority level U is

set to the same value as Di.
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. Contention Resolution by
Random Service

3.1 Performance Analysis

Consider a d-dilated network of size NXN,
which is constructed with n (= log;N) stages. We
assume that the input traffic pattern is uniform,
ie., cells arriving at each input queue are equally
likely to be destined for all output queues, and
the cell arrivals are governed by independent and
identical Bernoulli processes. Although we assume
uniform traffic pattern, the traffic flow inside the
network is more or less non-uniform due to
recirculated  cells. However, for analytical
tractability, it is assumed that the traffic flow
inside the network is also uniform. In addition,
we assume that the maximum time stamp value U
is infinite so that cells are not lost during the
recirculation.

Let gi«{lm) denote the probability of finding I
normal cells and m deflected cells on one output
of an SE in stage k at time slot z. In particular,
let go/l0) denote the probability of finding !
normal cells in IC’s of each input module at time
slot £. Then, the probability that an SE in stage k
receives i normal cells and j deflected cells at

time slot ¢, ry(i)), is given by

D mald
= 50 " e m
X qp-1,4(i—1,i—m) ¢))
where [x]” £ max(0,x).

Now, let us consider that ! normal cells and m
deflected cells are transmitted to a tagged output
of an SE, when there are i normal cells and j
deflected cells in the SE. In this case, assuming
that b deflected cells are originally destined for
the tagged output, the set of the possible b,

B mi, is dependent on following three factors:
i) the number of remaining links which are not
occupied by normal cells, d-1, ii) the number of
normal cells which are originally destined for the
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other output port, but deflected to the tagged
output, [i-I-d)’, iii) the number of deflected cells
which are originally destined for the other output,
but routed to the tagged output, [j-b-{d-i+I}']".
Hence, it is given by
B myij={bl m=min[d— b+ [i—I—-d} ¥
+j=b= [d—i+0*17"), 0<b<j ).
conditional

Consequently,  the probability

qrl,mli,j) is given by
L 1] og-i
aga' [ a] 2,
if I=d, m=0

armi = [ }] 277 beg;ml 2] 277,

if Kd, 0<m<d-1!

0, otherwise, @)
Using (1) and (2), we have, for 1<k<n,

g, {1, m)= gozg: a4, mli,5) - 7, 4,7
3)

At the next time slot #+1, the load offered at

IC’s of each input module is given by

4q,0+1(4,0)
(1—4m) - RAD, if 1=0
Ain* RU=1D+ (1~ 1) - RLD,
N if 0<Kd

A RAU=1D+RLD, if I=d

0))

where 2 is the arrival rate of new cells from
the input queue and R,(H=2> %2} g, ,(x,D.

In the steady-state, the normalized throughput
of the network o is given by

o= 3 S0 0, Um) ©)

where g.(Lm) is the steady-state value of g,.(I,m).
Since the success probability, Psuc, is equal to
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the ratio of the number of cells in the input
module to the number of normal cells on the

output port of the last stage, we have

Y ¢
Powe= S 7 00y ©

Let D(r) denote the probability that it takes ¢ time
slots for a cell to be transmitted from the IC to
the desired output port. Then, it is given by

D)= [1- Psyl’* Psyc. )]

Letting Ki» denote the buffer size of an input
queue, the input queue can be modeled as a
Kin+1 state Markov chain, where the state i
means that the input queue has i cells. Since the
input queue can transmit only a single cell, the
state of the input queue can be transferred only
to adjacent states or the state itself. If the input
queue is in state 0 and there is no cell arrival,
the input queue will remain empty. Also, although
a cell arrives at the input queue, the input queue
is still in state O if the cell is directly forwarded
without being stored. Transition from state 1 to
state 0 occurs when the cell in the input queue is
forwarded and there is no cell arrival. Let 7 (i)
denote the probability that there are i cells in the
input queue, and let A denote the probability that
a cell arrives at the input queue. Then, we have
for state O,

m0)=[A+2- Pyl - d0)+A- Pp-n(1)  (8)

where Pp is the probability that all of the IC’s in
an input module are occupied by recirculated

cells, ie., Pg= lim R, (d), and A=1-4,

TB=1_P B

For the state i (1<i<K,-1), the input queue
remains in state i itself, if there is one departure
and one arrival, or no departure and no arrival.
Transition from i-1 to state i occurs when there
is no departure and one arrival, and transition
from state i+1 to state i occurs when there is one
departure and no arrival. Hence, these cases are

described by the following equations:

m1)=A4- Pg-a(0)+[A+ Pg+ A~ Pg]- (1)
+A- Pg-a(2), if K 22 9
m)=A+ P+ a(i—1)+[A- Pp+a- P
XmD+A- Pg-a(i+1),
" for 2<i<K ;1. (10)

Since the probability that the input queue is in
any one of the possible state K, is 1, we have

P

) =1. an

0

1

By solving (8)~(11), we can easily obtain the
state probability (). Then, the cell loss

probability at the input queue, lossi, is given by

lossy = (K ) * Pp, 12)
Also, we have

Am=2 - "0)+[1—m(0)]. as

3.2 Results and Discussion

Fig. 2 shows the maximum throughputs versus
the network size with the dilation degree d as a
parameter for the dilated banyan networks with
and without recirculation. The dilated banyan
network with recirculation clearly yields better
performance than the one without recirculation.
Moreover, by using recirculation, the maximum
throughput of about 100% is achieved with d=3.
For the 1024x1024 3-dilated banyan network
with recirculation, Fig. 3 shows the cell loss
probability versus the input load with the input
queue size Ki, as a parameter. One can see from
the figure that the loss probability is below 10
for Ki»=1 at the input load of 0.8.

While recirculation significantly improves the
performance of the dilated banyan network, the
switch has to resolve the out-of-sequence in the
output module. For the resequencing function,
cells arriving at the output module with the
network delay longer than Dy are discarded.
Thus, the parameter Dy should be selected so that
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the loss probability does not exceed the allowable
limit.
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Fig. 2 Maximum throughput versus the number of stages
n for the banyan networks with and without
recirculation.
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Fig. 3 Loss probability versus the input load A for the
network  with

1024 <1024
recirculation

3-dilated  banyan

Fig. 4 shows the distribution of the network
delay at full load for the dilation degrees 2 and 3
when the switch size is 1024 X 1024. We can see
from the figure that in order to achieve the loss
probability lower than 10, Dg should be set to
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the values higher than 24 and 8 for d=2 and
d=3, respectively. But, considering that the
resequencing delay and the required output buffer
size increase as Dg increases, these values seem

too large.

analysis
B A simulation

PROBABILITY DENSITY
L

NETWORK DELAY (SLOT)

Fig. 4 Distribution of the network delay at full load for
the 1024Xx1024 dilated banyan network with
recirculation

IV. Contention Resolution by
Priority Service

Priorities can be given to cells based on the
number of recirculations to overcome the problem
that the parameter Dg should be set to large
values. In this section, we will study the
performance of the dilated banyan network with
recirculation when the contention resolution
method by priority service is applied. As
mentioned previously, the maximum priority level
U is set to the same value as Dr We first
analyze the network to investigate the throughput
performance. For the output queue, we will use
simulations to find the performances for the delay

and loss.

4.1 Performance Analysis
Similarly to the previous section, we assume
that the input traffic pattern and the traffic flow

inside the network are uniform. But the maximum
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priority level U is set to a finite value, and thus
the cell recirculated with the priority level U is
discarded by the IC.

To represent the number of cells on x parallel
links, we use the

>
a = (ag,ay,", aypsy) Where g, and a4 yqy, 0<

vector notation  as

i<U, are the numbers of normal and deflected
cells with priority level i, respectively. For x
parallel links, the vector ¢ must satisfy the
following two conditions: i) (<ag,<x for 0<i<
2U+1, and i) 0<3) %51 2 <x Let us define the

set /1, as:

A, ={ 2l0<a<x for 0<i<2U+1,

0< 2 Wit g <x ). (14)

Then, the set A; and A2 will be the state
spaces for one output port and two input ports of
an SE, respectively.

Let ¢, ,(Z) denote the probability that there are
2 cells on one output port of an SE in stage k
(I<k<n) at time slot t. In particular, let g )
denote the probability that there are ¢ cells in an
input module at time slot r Then, the probability
that two input ports of an SE in stage k receives
C(ehy) cells at time slot ¢, 7,,(7), is given

by

k0= .3 a1dD 61 lE- D)

(15)
wherte g, (@) -q, . (c—a) is the probability
that there are ¢ and ¢—a cells from two SE’s
in stage k-1, respectively.

Now, to derive the probability g4, ,(Z), we

introduce the following vector notations:

-

a" = (af, a}, -, ab)
= (ao, ays v, aU)

—>d

a’ = (af, af, -, a)

= (ays1, ayrz, . Qapsr)

-
a} = (4}, aly1, -, ah)

>4 _

d d d
ai = (af, ajy1. . ad)

Then, probability ¢, () can be expressed as

kD= 3 (M ankal1 30D
Maka! 130,50 9) 7 a6

where ¢, (al | @}, © is the probability that
aj out of ¢; normal cells with priority level i
are routed to the output port, when there are ¢
cells at two input ports and &7, normal cells

are routed to one output port. Since the routing
of the priority i cell is not affected by the cells

with priority level lower than i, we have

- -,
qwndall alv1, ©

[ ;] 27% if al<d—m(ahy)

e

[ ]2 it ar=a-m(ar

j=al

an
where m(a}) =2 2, al.

In (16), q,(a?| 2%, a". 0 is the probability
that 4f deflected cells with priority level i are
routed to the output port after 4" normal cells
and g%, deflected cells are routed to the port.

Under the conditions, let X and Y denote the
numbers of empty links on the tagged output port
and the other output port, respectively. Then, we
have

X=d- m(_c;")—m(—c)lfﬂ) (18)
Y=[d—{ m(c"—m(a™ }
—{ m(cd)—m(ad) } 1. (19)

If X=0, there is no space for deflected cells with
priority level i on the tagged output port. It
means that 4¢ should be equal to 0. If X>0 and
Y=0, then all of the deflected cells with priority

1847
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level i will be routed to the tagged output port.
Thus 4f is equal to ¢, y.+L where D is the
number of priority i cells deflected in this SE,

and it is given by
D=[m(cH—m(aH—d)"
—[m()—m(al)—d]". (20)
Finally, in case that X>0 and Y>0, assuming
that & deflected cells with priority level i are
originally destined for the tagged port, the set of
the possible b, B, is given by
B={b| a;j = min[X, b+[6i+u+1"b_ Y]+],
0<b<citp+1 b 21
Hence, the probability g, (af|a%,, %0 is
obtained as
ak,t(d? | Z:‘iﬂ,zn,:’)
Kap), X=0

= I(a;'i_ci+u+1'_D), X>0, Y=0

g;; [ Ci+1§1+1 ]Z'vaﬂ’ X350, ¥>0

@1

e 0 = (8

At the next time slot t+1, each IC removes the
deflection tag from the recirculated cell, and
increases its priority level by 1. Hence the
probability g, ,4,(2) is given by

q(),H'l(Z)
Ajn* ..E- Qn,l(—l;)y
3EACS) .
if af=1, m(aH=0
A=) oD,
= if af=0, m(a™<d, m(aH=0

Z;/@an,t(b), if af=0, m(a")=d

0, otherwise.
23)
where
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A = { —lee/ld, b{=al,
for 0<i<U—1 }

In the steady state, the normalized throughput
of the network o is given by

o= g}l drn(z") - 4.(a) (24)

where g¢,(a) is the steady state value of
(). Since cells recirculated with priority level
U are discarded by IC’s, the probability that a

cell is lost inside the network, loss.., is given by

.
2 ab-a,(a)
as g

0SSy = — a7~ .
o o+ 2 ab a.(a)
acshy

(@25)

Also, A is obtained from (13) with

Pp= ,2 q”(;)'

acly ,
m(a®—ad=d

4.2 Results and Discussion

We first investigate the throughput and lost cell
performances of the network. In Fig. 5, the
maximum throughput of the 2-dilated network is
shown as a function of U for n=6 and n=10,
respectively. The maximum throughput increases
as U increases, and then it is almost saturated at
U=2. This phenomenon is very different from that
of the network with back-pressure mechanism [13]
in which the maximum throughput slowly
decreases as U increases. It is because
recirculated cells are not transmitted at the input
ports at which they were transmitted in the
previous time slot, and thus the traffic flow inside
the network is properly distributed.

The increase of the maximum priority level U
also improves the lost cell performance of the
network. Fig. 6 shows the loss probability as a
function of U for d=2 and d=3 with n=10 and A
=1. We can see in the figure that the loss
probability rapidly decreases as U increases. Thus,
the loss probability below 10° can be achieved
with U=6 and U=3 for the networks of d=2 and
d=3, respectively. These are very small compared
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to the values 24 and 8 required in the networks
using the contention resolution method by random

service.
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©
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o
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Fig. 5 Maximum throughput of the 2-dilated banyan
network versus the maximum priority level U for
n=6 and n=10, respectively.

1.0E+400

—— analysis
M A simulation
1.0E-02

1.0E-04 |

LOSS PROBABILITY

1.0E-06 |

1.0E-08 L
o 1 2 3 4 5 6 7
MAXIMUM PRIORITY

Fig. 6 Loss probability versus the maximum priority level
U for d=2 and d=3 with n=10 and A =1.

The figure also shows that the deviation bet-
ween analytic and simulation results rapidly
increases as U increases. It is caused by the
assumption that the traffic flow inside the network
is uniform. In fact, since the paths of recirculated
cells are concentrated on some network outputs as
the recirculation is repeated, the possibility of
blocking is much higher than that under the

uniform assumption. Accordingly, as U increases,
the analytic results become more optimistic than
simulation.

Fig. 7 plots the maximum throughput versus the
number of stages for d=2 and d=3, respectively.
The maximum priority level U is set to 2,
because the maximum throughput of the network
is saturated at that point. Comparing Figs. 2 and
7, we can see that the throughput performances
for two contention resolution methods are almost
the same. Therefore, by employing the priority
service, we can effectively lower the maximum
time stamp value Dr without losing the through-

put performance.
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Fig. 7 Maximum throughput versus the number of stages
n for d=2 and d=3, respectively

Now, we investigate the delay and lost cell
performances in the output queue by means of
simulation. The simulation results are obtained
from a 1024 X 1024 3-dilated banyan network with
Kin=1. Fig. 8 shows the loss probability versus
the number of output buffers for different input
loads, when the parameter U is set to 4. The loss
probability decreases as the number of output
buffers increases and as the input load decreases.
Fig. 9 presents the loss probability in the output
queue versus the number of output buffers K, for
U=2, 3 and 4, respectively, when A=0.8. As
expected, it is shown that more output buffers are
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required to achieve a given loss probability when
U is set to a higher value. That is, for the loss
probability of 10, the figure shows that output
buffers of K,=30, 32 and 33 are required in case
of U=2, 3 and 4, respectively. Therefore, we can
conclude that increasing the parameter U gives
negative effects to the loss performance of the
output queue, while it gives positive effects to the

throughput and loss performances of the network.

1.0E400
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Fig. 8 Loss probability versus the number of output
buffers for different input loads when U=4
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Fig. 9 Loss probability in the output queue versus the
number of output buffers for U=2,3 and 4,
respectively, when 4 =0.8

V. Conclusion

In this paper, we have proposed a dilated
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banyan network with recirculation. The proposed
switch utilizes the wasted routing capacity of the
pure dilated banyan network by employing the
deflection routing algorithm and recirculation links.
In the output queue, a resequencing function is
implemented to handle the out-of-sequence
problem occurring in the network. Due to the
resequencing, the performance of the switch is
largely dependent on the methods that recirculated
packets are handled when conflicts occur in the
network. We first considered a contention
resolution method by random service for
processing of the recirculated packets, and
analyzed the performance. For analysis, we
assumed that the input traffic pattern and the
traffic flow inside the network are uniform. From
numerical and simulation results, we can see that
the maximum throughput of the switch is greatly
improved as compared to that of the pure dilated
banyan network. However, to perform the
resequencing function with the allowable loss
probability, the switch requires a large number of
output buffers and long resequencing delay.
Hence, in order to reduce the problems, we
considered a contention resolution method by
priority service, and analyzed the throughput
performance of the network under the uniform
assumption. Numerical and simulation results show
that the

contention resolution methods is almost the same.

throughput  performances of two
But, by employing the priority service, we can
see that a smaller value of maximum time stamp
value Dg is possible, and thus the required output
decrease

buffers and  resequencing  delay

significantly.
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