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Abstract

We propose the Multi-Channel Deflection Crossbar
(MCDC) as a promising architecture for broadband
ATM switching under the realistic constraints imposed
by VLSI technology. MCDC is an internally non-
blocking, buffer efficient, crossbar based architecture.
MCDC is also capable of multi-channel switching with
cell sequence integrity preserved. Through a compara-
tive study against a well-known ATM switch architec-
ture, we show that the proposed MCDC architecture is
able to incorporate a greater number of input channels
and buffers for a given IC die size and requires a lower
clocking rate.
Keywords:  Multi-Channel, Deflection Routing,
Crossbar, Concentrator, Shared Buffering, ATM
Switch, VLSI, Cell Sequence Integrity, Zero cell-loss
channels.

1 Introduction

We have recently proposed and implemented a
multi-channel ATM switching architecture, the Wash-
ington University Multi-Channel Switch (WUMCS)
[7]. A notable feature of WUMCS is that any k(< 16)
channels can be configured to form a logical bit pipe
running at kx 155 Mbps which guarantees cell se-
quence integrity while allowing cells to traverse over
distinct physical paths [6].

We now propose a architecture that can provide
a significantly larger number of channels and signifi-
cantly higher channel speed over the WUMCS archi-
tecture and other switches [1] [4].

The development of MCDC is motivated by the need
for a switch architecture which is capable of support-
ing an extremely high throughput (i.e., size and speed)
when implemented in a single IC. This approach re-

duces the IC count requirement in a switch system,
which translates directly to a lower cost and system
implementation complexity. Once we are able to de-
velop a switch architecture which is VLSI optimized,
we can utilize a Multistage Interconnection Network
(MIN) of such switch ICs.

MCDC implements the multi-channel switching ca-
pability, which has been proposed and studied [2] [3]
[5], as a means of alleviating the processing speed con-
straint of electronic switches in the broadband net-
works, and allowing for the construction of a logical
bit pipe whose bandwidth is higher than can be imple-
mented electronically in a single channel.

2 Multi-Channel Deflection Crossbar

In Figure 1, an MCDC with 8 input and 8 output
channels (N = 8) is shown. It consists of the Routing
Crossbar and the Concentrator. Recirculation paths
connect the output of the Concentrator to the input of
the Routing Crossbar. Arriving cells enter MCDC from
the input channels located at the bottom left portion
of the Routing Crossbar and are destined for the out-
put channels located at the top portion of the Routing
Crossbar.

The output channels are allocated to certain Group
Numbers (GNs). Note that there are three output
channels allocated to GN = 3, whereas for GN = 0,
1, 2, 4, 5, only one output channel is allocated to each.
Any cell destined for GN = 3 can exit from one of the
three output channels assigned to the group, and thus,
MCDC can be configured as a multi-channel switch.

Figure 2 shows a Routing Crossbar crosspoint, (2x 2
element) which can be implemented with a latch and
simple combinational logic circuit performing a logical

operation, A L B. The result of the logic operation
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Figure 1: Multi-Channel deflection crossbar architec-
ture.

determines the state of the 2 x 2 element. Readers
may view A as the GN of the vertical line (i.e., the
output address of the column), and B as the requested
GN of the cell appearing on the horizontal line where
the 2 x 2 element is located.

GN
E ----- Control Path
: ~ Data Path
v

Figure 2: Routing crossbar switch element.

The main function of a 2 x 2 element is to determine
the connection between the two inputs located at the
left and bottom of the crosspoint and two outputs lo-
cated at the right and top of the crosspoint. Each 2x 2
element can be in one of the following two states:

e Match State: This state corresponds to A = B.
The left input is connected to the top output; the
bottom input is connected to the right output.

e Bypass State: This state corresponds to A # B.
The left input is connected to the right output;
the bottom input is connected to the top output.

At each crosspoint, the A ZB operation takes place
simultaneously, and if a match is found, the corre-
sponding 2 x 2 element goes into the match state. Oth-
erwise, it goes into the bypass state. In each time slot,
the states of 2 x 2 elements are computed first (dis-
tributedly and in parallel), and then the cells traverse
along the paths determined by the computed states

(denoted as the data path in Figure 2). A cell initially
moves horizontally rightward until one of two condi-
tions occur: (1) it encounters a 2 x 2 element in the
match state, at which point it starts to move vertically
upwards. While traveling upwards, if a cells encounters
a 2 x 2 element in the match state, it is deflected to
the right, traveling horizontally rightward again. (2)
it does not encounter a 2 x 2 element in the matched
state; the horizontal movement continues and the cell
arrives at the input to the Concentrator to be concen-
trated and recirculated.

For example, the cell appearing on input channel 0
with the requested GN=3 moves right until it reaches
the first column labeled as GN=3. At this crosspoint,
the 2 x 2 element is in the match state, and the cell
moves upward. The movement continues until it en-
counters another 2 x 2 element above in the match
state, at which point the cell is deflected to the right.
Since the next 2 x 2 element it encounters is also in
the match state, the cell moves upward again, and it
reaches an output channel with GN=3.

In order for a cell to move vertically, it must be
routed through a 2 x 2 element in the match state.
Thus, no cell with a requested GN which does not
match the GN of a particular output can exit from
that output. The state of a 2 x 2 element is determined
solely based on the requested GN on the horizontal line
it is on. This means that a cell must make a vertical
turn at the first 2 x 2 element in the match state, and
therefore, the leftmost output for a GN is utilized by
the cell appearing at the highest row with the equal
requested GN. For a cell arriving at the output, the
number of times that the cell is deflected to the right
equals the number of cells above it with the same re-
quested GN. Suppose that there are k output channels
assigned to the same GN. Consider a tagged cell arriv-
ing at the it* leftmost output in the GN. The consec-
utive nature of the output assignment indicates that
the tagged cell must have been deflected ¢ — 1 times to
the right by the i~ 1 cells appearing at horizontal rows
located above. From this we see that output channels
with the same GN are utilized from the left to right.
Since all 2 x 2 elements with the same GN go into the
match state at the same time for a given row, we can
also see that no cell may enter into the Concentrator
while there is a free output channel with the same GN.

MCDC is thus an internally nonblocking multi-
channel switch. The cells that reach one of the out-
puts of the Routing Crossbar have been delivered to
the correct output and can exit MCDC in the current
time slot. Cells which have been deflected and failed
to reach one of the outputs of the Routing Crossbar
are delivered to the Concentrator.
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The Concentrator recirculates failed cells to the in-
put of the Routing Crossbar in order to vie for the
outputs again in the following time slot. As shown in
Figure 3, the state of each 2 x 2 element is determined
by a logic operation, A+ B, where + is the logical OR
operation. A is the state of the 2 x 2 element directly
above, i.e., A = 1 if it is in the match state, and A =0
if it is in the bypass state. B indicates whether or not
there is a cell arriving from the left at the crosspoint,
i.e., B = 1 if there is a cell, and B = 0 otherwise. If
the result of the operation A + B equals 1, then the
2 x 2 element goes into the match state. Otherwise, it
goes into the bypass state.

~— Data Path

Figure 3: Concentrating crossbar switch element.

It is easy to see that the number of rows that a cell
can move up in the Concentrator equals the number
of empty rows above it, and this cannot exceed the
number of columns in the Concentrator. Since in a
time slot at most NV cells can exit MCDC, if there are
N columns in the Concentrator, then no cell is lost
from MCDC when there are idle recirculation paths.

In the Concentrator, the state of a 2 x 2 element
is determined only through combinational logic, and
thus synchronization between the two inputs A and B
are not required; after a sufficient amount of time, all
electrical signals have been propagated and the cor-
rect states of the 2 x 2 elements have been computed.
At this point, the states in the 2 x 2 elements can be
latched and the content of cells can be routed over the
computed paths (the datapath). Therefore, the latches
are clocked only at the end of path computation (i.e.,
once per time slot), which reduces the frequency of syn-
chronization, and in turn reduces power consumption
and synchronization problems. This translates to a po-
tentially higher clocking rate possible for data transfer.

The recirculation paths shown in Figure 1 provide
shared buffering for the cells experiencing output con-
tention. These cells are fed back to the input in order
to vie for the output with the freshly arriving cells in
the next time slot. Delay elements are needed to pro-
vide separation between time slots.

We now summarize MCDC characteristics.

e MCDC is internally nonblocking and buffer effi-
cient: No output can be idle if there is a cell des-
tined for it, and no cells are lost when there exists
an empty buffer slot.

o Assignment of a GN to each output is software
configurable, and any number of consecutive out-
puts can be grouped to form a channel group.
Thus, MCDC is a multi-channel switch which
allows arbitrary (multi-rate) grouping of output
channels.

o Since computation of paths are done using combi-
national logic simultaneously at all 2 x 2 elements,
the processing of headers is done in a parallel and
distributed manner. This increases the processing
rate of the switch in computing the data paths.

¢ In the Routing Crossbar and Concentrator, due to
the manner by which states is determined, cells at
higher horizontal positions have priority over those
below when computing data paths. Also recircu-
lated cells appear at higher horizontal positions
than those at input channels. These facts have
the following significance: Suppose for example,
input channels 0 and 1 are grouped together. As
shown in Figure 1, in a time slot, two cells belong-
ing to the same session appear at the two input
channels. If the cell generated earlier in time is
associated with a higher horizontal position (i.e.,
channel 0), then, the operation of MCDC dictates
that the cell generated earlier in time reaches the
output of MCDC no later than the other cell (i.e.,
the one entering from input channel 1). If both
cells reach the output in the same time slot, then
the one generated earlier appears to the left of the
other. In this view, time sequence is equated with
the top-down ordering among the input channels
and is equated with the left-right ordering among
the output channels. Cells unable to exit in the
previous time slot are fed back via the recircu-
lation paths, which are located above the input
channels. Since the top-down ordering is never al-
tered along the paths of the Routing Crossbar and
Concentrator, the time sequence between the cells
can be maintained from the implicit relationship
between the location of input and output channels
at which they appear. MCDC thus provides multi-
channel switching with cell sequence integrity.

3 Scalability in an IC

In order to clearly demonstrate the merits of the
proposed MCDC architecture in these aspects, we uti-
lize a specific switch architecture known in the liter-
ature as the Batcher-banyan network [1]; the Batcher
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network sorts the arriving cells into a monotone as-
cending sequence according to their destination ad-
dresses. The sorted cells can then be delivered to the
destination addresses via the banyan network, which is
nonblocking with respect to the sorted sequence with-
out output contention. This comparison is fair in the
sense that they are both internally nonblocking and
efficiently utilize shared buffering.

3.1 Scaling Number of Channels in an IC

An important question to be answered is the maxi-
mum number of channels that can be incorporated in
an IC. Suppose that the transmission rate of each chan-
nel is fixed at a certain value, for instance, 155 Mbps.
If we fix the IC die size, how do different architectures
influence the maximum number of channels that can
be incorporated?

One advantage of the Batcher-banyan network, is
that it requires a lower number of 2 x 2 elements than
other well known architecture such as the crossbar
which requires N? elements (we have ignored the com-
plexity in the trap operation in the Batcher-banyan
network for simplicity.) However, in the VLSI environ-
ment, die size is determined from the combination of
gate and wire areas, and thus the number of 2 x 2 el-
ements alone is not sufficient to determine the efficacy
of an architecture. In [8], a comparison is made for the
die size requirement between the banyan and crossbar
networks in the context of a circuit-switched intercon-
nection of multi processor systems. It is shown in [8]
that the ratio of die size requirement between the two
architectures is bound by a small factor which is lin-
ear in N, and becomes constant as N gets large. The
Batcher network has similar interconnection patterns
as the banyan, but requires a factor of loga N higher
number of 2 x 2 elements. From this, it is suspected
that the ratio of die size between the Batcher-banyan
and crossbar architecture would be in favor of crossbar,
even in the context of ATM switching.

Figure 4 shows an example of the Batcher-banyan
architecture.

Delay

Elements Recirulation
Paths

Batcher Network
— (8

!

Banyan
Network

OUTPUTS

INPUTS

—~ -

!

Figure 4: Batcher-banyan network.

Let us, for the sake of simplicity, assume that the
2 x 2 sort elements in the Batcher network are of

roughly the same hardware complexity as the other
2 x 2 elements in the banyan network and MCDC.

The number of 2x 2 elements needed for the Batcher
networks with N inputs is 0.25NlogaN (loga N + 1).
While not identical functionally, we combine an addi-
tional 0.5NlogaN 2 x 2 elements in the banyan net-
work, resulting in a total of 0.25NlogyN(logaN +
1) + 0.5NlogaN elements. The number of 2 x 2 el-
ements needed for the Batcher-banyan architecture
with M inputs (N external inputs and M — N inputs
from the shared buffers) is 0.25MlogoM[loga M + 1] +
0.5NlogoN. The number of 2 x 2 elements in MCDC is
2N M. For N = 16 and M = 64, there are 704 2x 2 el-
ements required for the Batcher-banyan whereas 2048
2 x 2 elements are needed for MCDC.

However, if the long wire length and complex in-
terconnection patterns in the Batcher-banyan archi-
tecture is considered, we can show that the die size
requirement for the two architectures can change sig-
nificantly. See Figure 5 for a very efficient arrangement
of a 16 input banyan network to be incorporated in an
IC. In the figure, we assume that there are two metal
layers which can be used for interconnection of 2 x 2 el-
ements. From the arrangement shown in the figure, we
see that between stages ¢ and i+ 1, 2¢ equals the mini-
mum possible number of vertical line spaces; for exam-
ple, between stages 1 and 2, there are 3 (> 2!) vertical
line spaces, between stages 2 and 3, there are 4 (> 22),
and between stages 3 and 4, there are 9 (> 2°). We
assume that the number of vertical line spaces needed
between the stage i and i + 1 equals 2°.

Stagel Stage2 Stage3 Stage 4
b —— —
— —H =+
— — ]
—F—ll!
e
g — ]I—
e e e S § —

Figure 5: An efficient arrangement for the banyan net-
work.

Each vertical line is assumed to be w parallel wires
over which data can be transferred simultaneously. It is
required that these wires are separated by space which
is approximately equal to the width of a wire. Suppose
that the feature size of the VLSI technology is denoted
as 2\. Then, a common design rule specifies that the
wire width (and therefore also the space between wires)
is 3A, which makes the vertical spacing requirement
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between stages 7 and i + 1 to be 3A(2i*1w + 1).
Let the total width for the banyan network with ¥
channels to be W,(N). Then,

Wy(N) = (1)
logaN—1
>0 @ w+1)| + 302N w + 1)

i=1

where the extra term is needed to account for the shuf-
fle pattern in the wires after stage logo N.

Suppose that each 2 x 2 element is implemented in
an area of dimension l; x l,. We note that between
stages 7 and ¢ + 1, there are N horizontal lines for all
1<i<logaN — 1. If we assume that I, > 12wA (that
is, a side of 2 x 2 element is sufficient to fit at least two
horizontal lines, which is most likely the case) then the
2 x 2 elements can be abutted in a column for each
stage. Therefore, the height (denoted as Hy(N)) of
the banyan network,

HYN) =, @)

From (1) and (2), the area requirement for the
banyan network with N channels is Ap(N) = Wy(N) -

Hy(N).
The Batcher network of size M is constructed
from banyan networks of sizes, 2,4,8,..., M. There-

fore for the Batcher network, the width Wg(M), the
height Hg(M), and the area Ap(M) become equal
to Agp(M) = Wpg(M) - Hg(M) where Wp(M) =
S8 My (2) and Hp(M) = Y1,. The total area
for the Batcher-banyan network with N inputs and
M — N shared buffers, denoted as Ap,(N,M) is
Ap(M)+Ap(N). (We ignore the area for the recircula-
tion paths since they are very similar for the Batcher-
banyan architecture and MCDC.)

The area requirement for MCDC with the same in-
put and shared buffer requirement is simple to cal-
culate. Since in the crossbar architecture, all 2 x 2
elements can be abutted both vertically and horizon-
tally, and there is no additional wire area requirement
if I, > 12wA. Then the total area, Ay (N, M), needed
for MCDC with N inputs and M — N shared buffers
becomes

ApM(N,M) = 2MNL,2,

which account for the areas for the Routing Cross-
bar and the Concentrator. For M fixed at 4N,
Apb(2,8) = 0.08 and Am(2,8) = 0.06; Aps(4,16) =
0.4 and Ap(4,16) = 0.3; Aps(8,32) = 1.8 and
An(8,32) = 1.0; Apy(16,64) = 7.0 and Ap(16,64) =

App(64,256) = 92.9 and Ap(64,256) = 66.4;
andApy(128,512) = 334 and Ap(128,512) = 265
(given in mm? unit). In these calculations, we assumed
2A = 0.6 x 1075m, w = 8, and I, = 150, which are
realistic values for the present state of VLSI technol-
ogy. From these values, we can see clearly the die size
advantage of MCDC. The current commercial VLSI
technology can accommodate the die size requirement
of an MCDC of size N = 64. If 2] is reduced by half,
i.e., 21 = 0.3 x 107%m, then the die size requirement
of an MCDC of size N = 128 is possible in an IC.

From the exercise in this section we conclude that
for a given die size (e.g., 200 mm?), it is possible
to incorporate a greater number of input channels
and buffers via the MCDC architecture than via the
Batcher-banyan architecture. This is inconsistent with
the traditional analysis of hardware complexity which
is only based on the number of 2 x 2 elements. There-
fore, when implemented in an IC, it is essential to con-
sider wiring area.

3.2 Scaling Channel Speed in an IC

Let us investigate the case of scaling the bit rate of
each channel utilizing the Batcher-banyan network and
MCDC with N inputs and M — N bufers.

Let b be the number of words in a cell to be transmit-
ted (all bits of a word being transmitted on a parallel
bus) sequentially, i.e., b = ?—lm“—-’ﬁmm. Suppose
that switching is done such that each cell is routed
through the switch in a single time slot. This means
that in each time slot, the path for cells is computed
first and then the cells are routed through the com-
puted paths.

We consider the MCDC first. For N inputs, logs N
clock cycles are needed to transmit the requested GN
bits across the horizontal lines. Also, the concentrator
requires (N + M) - d, time to compute its states with
combinatorial logic (where d, is the delay of each 2 x 2
element). To see this, note that the worst case path is
for the leftmost M Concentrator elements to compute
down the M rows, followed by N elements to compute
diagonally through the N columns.

At the end of the loga N clock cycles, and after (N +
M)-d, delay, all the paths have been computed and the
(match or bypass) states of 2 x 2 elements have been
set in the Routing Crossbar and the Concentrator.

Cells now can traverse through the computed paths.
A little thought suggests that the longest path contains
(2N + M) 2 x 2 elements, each of which has delay of
d,. To increase the bit rate, we need to insert pipeline
stages along the path and suppose there are p of such.

4.2; App(32,128) = 25.4 and Ap(32,128) = 16.6; Ignoring synchronization overhead, the clock period,
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t., becomes,

d, 2N+ M
te = _"__(_____) (3)
p
The total number of clock cycles needed to route a
b word long cell equals loga N cycles to set the paths,
p cycles to route the first bit and & — 1 more cycles to

route the rest. Thus
(logsN +p+b—1)-t. <T—(N+ M)-d, (4)

where T is the length of a single time slot which is a
function of the external channel rate.

We are interested in determining the required clock
period t. from (4) for each value of T. By solving (3)
for p and substituting the result in (4), we get,

°= logaN+b-1

The N-input, M — N buffer Batcher-banyan network
requires 3 log, M (logy M +1)+2log, N clock cycles to
compute the paths.

To determine the worst case delay for cell routing,
we note that the number of 2 X 2 elements for all
the paths is equal to 3 logy M(logy M + 1) + logy N.
For all the paths, the total length of horizontal wires,
Dy (N, M), that cells traverse is

Dy (N, M) = Ws(M) + Wy(N) 6)
- <§ log, M (logy M + 1) + log N) 4

The total length of vertical wires is, however, de-
pendent on the paths. It is easy to show that the total
length of the vertical wires in the longest path, denoted
as Dy (N, M), equals

logaM [j-1
DV(JV,JW) = [|:Z (Z2i—l_1)J+2j—2_l

j=1 i=1

logaN—-1
+ ( Z 2i_]—1)+2‘092N—2—1]~l,
i=1

The total delay for
the worst case path is (%logz M(logoM + 1) + logzN)-
dy+(Du (N, M)+ Dy (N, M))-d,, where dy, is the de-
lay on the unit wire length. Suppose once again, along
this path, we insert p pipeline stages. Ignoring any syn-
chronization overhead, the clock period, t., becomes,

1
t.= %{ <§logzM(logzM +1)+ loyzN) -d,

+(DH(N,M)+DV(N,M))~d.,,} )

We can again utilize an equation analogous to (4),
and solve (7) for p and substitute it in the equation
analogous to (4). The result of this operation is the
required clock period t. for a given value of channel
speed which determines T'.

We now determine the clocking rate for different N
and T values. Suppose w = 8. If the channel rate is
620 Mbps, with M = 4N, we can see for N = 16, the
minimum clocking rate needed for MCDC equals 90
MH:z whereas it is 123 MHz for the Batcher-banyan.
Now fix the channel rate at 155 Mbps and consider
N = 64. Then, the minimum clocking rate needed for
MCDC is 23 MHz and for the Batcher-banyan, it is 38
MHz.

4 Performance Analysis

In this section we analyze the performance of the
MCDC routing networks.
4.1 System Modeling

Consider a routing network shown in Figure 6,
where the number of input channels is N, the size
of the shared buffer is R, the number of groups is
G, and the group capacity of channel group i (i.e.,
the number of output channels for channel group 9)
isl;, i=0,1, ..., G—1.

]

sy
; }s.......n.

Input channel ¢

Output chanaed 0
Input channel 1

Output group ¢ { :
Output chansel 41

Input . M . Output
channels . * channels
Output channet N- I, ,

Output group G-1 :
Output channet N-1

Input chanaei N-1

Routing Network
Figure 6: Model for routing networks.

At each input channel of the routing network, we
assume that a cell arrives with probability p, per time
slot, independently of events in any other time slot and
independently of events in any other input channel.
The channel group numbers (GN) for different cells are
assumed to be independent and identically distributed
(i.1.d.) with probability p,(i) that the channel group
number of the arriving cell is ¢.

First, we define G-dimensional random vector z(n)
to describe the state of the shared buffer at the be-
ginning of time slot n. The *# element of the vector
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z(n) denotes the number of cells in the shared buffer
for channel group i. Therefore the state space for z(n)
is given by

Ex = {(zO)IIa"‘axG—l) |l',' Z 0) (8)
G-1
i=0,1,...,G—-1, and Zx,-gR}
1=0

Since z(n + 1) depends on x(n), and input cell arrival
and routing processes which are independent of z(k),
k < n, (n) forms a Markov chain which we call M4.
To obtain the transition probabilities of M,, we de-
fine another G-dimensional random vector y(n) which
describes the state of the output channels at the end
of the time slot n shown in Figure 7, where the y(n),
n =1 2, ..., N, denotes the state of the output
channels just after the input channel n—1 is processed
while y(0) represents the state of the output channels
just after all the stored cells in the shared buffer is
processed.

x(n) where x,= -min(0, y,(n)), i=0,1,..,G-1
Cell Time

!

y(N) Virtual Time

x(n-1)
NI

y(@)=Il-x (n-1)

Figure 7: Relation between virtual time slot and cell
Time.

The state space for y(n) is as follows:

Ey = {(yo,¥1,--»¥a-1) | —R<wy: <l 9)
G-1

i=0,1,...,G-1, and — > min(0,%) < R}
1=0

where the " element of the vector y; denotes the state
of the output channels for channel group ¢; if y; is
greater than or equal to zero, it means that there are y;
channels available for transmission of the cells for chan-
nel group ¢; if y; is less than zero, it means that there
are —y; cells stored in the shared buffer for channel
group i. Also y(n) forms a Markov chain, Mg, because
y(n + 1) depends on y(n), and input cell arrival and
routing processes at each input channel. Note that the
transition probabilities for y(n) are time-homogeneous
because of the i.i.d. assumptions on the input arrival
and the routing processes. Then, considering the tim-
ing diagram in Figure 7, we can obtain the transition
probabilities of Mp as follows: For s, t € Ey,

l=pat Zkr:‘E,;(s) Pa - pr(k)
if _Zg:-ol min(0, s;) = R and s = ¢,

1- Pa
= if — fo_.‘OI min(0, s;) < R and s =,
Pa - pr (i)

if s; =t; +1 and S; th vj # i,
\ 0 otherwise,

where Ey(8) is the set of the indexes of the ele-
ments of the vector 8 which are less than or equal
to zero. We also obtain the n-step transition proba-

bility P}, £ P{y(k +n) =t | y(k) = s} using the
one-step transition probability Py 4 and the following
Chapman-Kolmogorov equations: Forn = 2,3,...,N,

o= Z Pg,;;.Py,t (11)
YYeEy

Now, considering the relations between ®(n) and y(n)
shown in Figure 7, we can obtain the transition prob-
ability of M4 as follows: For u, v € Ey,

Plz(n+1)=v | z(n)=u} = Z Ple-u,y (12)
YeEy (V)

where I = (I, 1, ..., lg-1) ,and
EY(”) = {(yO;yly"')yG—l)I (13)
—min(0,y;) =v, 1=0,1,...,G -1}

With these transition probabilities of M4, we can fi-
nally obtain the steady-state probability of the shared
buffer, W(x)élimn_.oo P{z(n) ==z}. !
4.2 Cell Loss Probabilities

Let Pp, be the conditional probability that a tagged
cell is lost due to buffer overflow conditioned on that
the tagged cell arrives at input channel i. Also, we
define Py, ; as the conditional probability that a tagged
cell is lost due to buffer overflow conditioned on that
the tagged cell arrives at input channel 7 and that the
tagged cell has a channel group number j. Consider
a tagged cell which arrives at input channel i with a
channel group number j. Since the tagged cell is lost
if there is no output channel for channel group j and
no room in the shared buffer after processing all the
input channels from 0 to i — 1, Py, ; is given by

PL.‘,,’= Z ( Z Pli_m’yﬂ'(z)) (14)

vYeL; VEEEx

!For numerical calculation of 7(z), it is necessary to form a
transition matrix for Markov chain Mg, which requires mapping
of the multi-dimensional state space Ex into a corresponding

Py 2 Ply(n+1) =t |y(n) = s} (10)

one-dimensional state-space. Refer to [9] for the details.
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where L; is a subset of Ey which is defined as follows:

FOI' (yO’ Yiy, ooy yG—l) € EY)
Li £ {(v0, v1, ---» YG-1) | (15)
G-1
yj <0and — Z min(0, yx) = R}
k=0

Note that PJ, becomes é(|s — t|) where §(z) is 1 if
z = 0 or 0 otherwise. So we can easily obtain Py, as
follows:

G-1
P, = Z PL.‘,jpr(j) (16)
j=0
From these results, the cell loss probability Py, or the
probability that a tagged cell is lost due to buffer over-
flow is given by

(17

4.3 Numerical Results and Discussions

In Figure 8 we show the average cell loss proba-
bility (PL) and the cell loss probability at each input
port (Pp;) together with the corresponding simulation
results. We set the number of channels N to 8, the size
of the shared buffer R to 4, and the number of groups
Gtod4withl;=2,i=0,1, 2, 3.

1e+00

1e-01 ¢

-
)

&
N

1e-03 |

1e-04 |

Cell Loss Probability

16-05 |7

1e-06 |

10-07 L .
0.3 04 0.5 0.6 0.7 0.8
Cell Arrival Probability (p,)

0:9 1
Figure 8: Cell loss probability vs. cell arrival probabil-
ityfor N=8,G=4,R=4,and;=2,i=0, 1, 2, 3.

From this example we can verify the accuracy of the
analytical results in this paper. Note that in Figure 8,
there are no curves for the top two ports (IPN=0 and
1) which also corresponds to the configuration with
min; l; = 2 where 0 < 7 < G — 1. The reason is that
the cell loss probability for cells entering on the the top
two ports is zero.

In [9] we show that with channel group i as the chan-
nel group with minimum group capacity (I; = lnin),
the first /5, input channels will have zero cell loss.
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