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Abstract | In this pap er we characterize the fea-
tures of good packet routing schemes for input queued
sparse crossbar based packet concen trators and pro-
pose a polling based routing algorithm whic h achiev es
near optimal performance. It has been shown by the
authors of this pap er that the performance of an input
queued packet concen trator with differen t input and
output packet rates can be mo deled by a GI [x] /D/ c
queueing system. This result was shown to giv e the
least packet loss for i:i:d batc h arriv als for fixed length
packets. W e now address the issue of finding a rout-
ing scheme whic h tries to achiev e this best possi-
ble performance specifically on a particular t yp e of
packet concen trator, the sparse crossbar concen tra-
tor with a crossp oin t structure based on the buffered
net work mo del construction prop osed by Oru�c and
G •und •uzhan. W e iden tify the constrain ts imp osed on
routing by the asymmetric crossp oin t fabric of the
sparse crossbar concen trator and the difference in in-
put and output packet rates. A round-robin polling
based heuristic algorithm is then prop osed whic h is
shown via sim ulation to achiev e very good perfor-
mance. In particular, we also show that when inputs
are saturated this algorithm emulates the GI [x] /D/ c
system, i.e., achiev es the best possible performance.

I. Intr oduction
Concentrators form an essential part of packet switching archi-
tectures. They are used extensively in packet switches as the
processof packet switching can be conceptually represented
as a combination of distribution and concentration of packets.
Distributors serve to separate the traffic streams at an in-
put to different outputs and concentrators collect the different
streams coming to an output. Many switches explicitly incor-
porate concentrators and distributors in their construction,
e.g., the Multinet switch in [1], [2] and the self-routing switch
in [3]. In theseswitches, concentrators are usedmore for their
conventional purp oseof combining many input lines into a few
output lines. Many other switches use concentrators to limit
the probabilit y of packet loss. This is called the \kno ckout"
concept and is used in [4], [5] as the basis for limiting the
maximum number of packets sent to a single output in output
queuedswitchesto a �xed number such that the probabilit y of
dropping the excesspackets, i.e., the packet loss is negligible.

When applied to packet switching, concentration can be
interpreted in more general terms to define a broad class of
connection patterns. Specifically, an n � m packet concentra-
tor with concentration capacity c can route up to c packets
to its outputs at a time. Concentration capacity, c, is the
maximum number of packets which can be concentrated at
a time. It should be noted that now concentration is defined
with respect to packets, not input-output pairs, and henceun-
lik e circuit switched concentrators there is no requirement of
one-to-onecorrespondencebetweenthe inputs and the outputs
to which packets are routed. Thus multiple inputs can share
an output and vice-versa enabling more general connectivit y
patterns for packet concentration over circuit concentration.

1This work was supported in part by NSF under grant 9981187.

Thus, packet concentrators form an important classof devices
which should be analyzed independently of their role in packet
switching particularly when multiple packet arriv als per time
slot are considered at input and output ports along with a
fabric in which the crosspoints can switch multiple packets in
a single time slot, enabling a rich classof connections to form.

Packet concentrators have traditionally been designed
speci�cally for the particular switch in which they are used
lik e the knockout concentrator [4] and the partial sharedbuffer
concentrator [1]. Since there was no good theoretical model
for constructing concentrators, thesedesignstended to be non-
optimal in terms of crosspoint complexity and moreover to our
knowledge all such constructions consider only a single packet
per unit time arriv al and departure rate.

G•und•uzhan and Oru�c [6] have proposed a buffered net-
work model which can be used to model packet concentrators
having different input and output packet rates and fast cross-
points. They give a construction in terms of crosspoints for a
speci�c class of concentrators viz. sparsecrossbar concentra-
tors which minimizes the crosspoint count. As the construc-
tion is in terms of crosspoints, it can be used as a basis for
modeling even non-optimal implementations lik e the knockout
concentrators in [7] and [8]. The authors of this paper have
previously established in [9] that a buffered network based
packet concentrator with input queueing can be modeled by
a GI [x] /D/ c queueing system. This result was shown to give
the least packet loss for i:i:d batch arriv als for fixed length
packets. In this paper we address the issue of how to achieve
this performance speci�cally on optimal sparsecrossbar con-
centrators lik e those in [6]. Since the model is for minim um
complexity crossbars, the connection pattern is sparse and
non-uniform. Thus, contention amongst inputs for an output
can develop due to non availabilit y of crosspoints. In such a
situation the specific scheme used for concentration of pack-
ets and buffering of excesspackets greatly affects the perfor-
mance. We propose a round-robin polling based scheme to
achieve packet loss performance close to the best case after
identifying the constraints posed by the speci�c structure of
the crossbar. The paper is organized as follows. Section I I
gives a brief description of the buffered concentrator model
and the main features of the sparse structure of crossbar in-
terconnection fabric. Section I I I gives the interpretation of
the representation of an input queuedbuffered packet concen-
trator by a GI [x] /D/ c queue in terms of a shared buffer. In
Section IV the constraints imposed on routing by the sparse
crossbar structure are explored. Section V presents the pro-
posed routing algorithm. An approximate analysis of the al-
gorithm using polling is presented in Section VI and in Sec-
tion VI I simulation results are given.

I I. Buffered Packet Concentra tor Model
A buffered (n; m; v; w; c)-concentrator, denoted by

Q(n; m; v; w; c), is an n-input, m-output network with a
buffer of size v at each input and a buffer of size w at each
output. The parameters should satisfy c 6 mw 6 nv. In
a Q(n; m; v; w; c) any p 6 c packets at any p input buffer
locations can be routed to some p output buffer locations.
When c = mw, the network is called a full capacity buffered
concentrator, and is denoted by Q(n; m; v; w). A special case
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Fig. 1: Full capacity buffered concentrators [6].

of a buffered concentrator, called a buffered sparse crossbar
concentrator arises when we restrict the number of switches
between the input buffers and output buffers to 1. In this
paper we will be considering only full capacity sparsecrossbar
concentrators because the minim um complexity crosspoint
structure for a sparse crossbar Q(n; m; v; w) is known and
explicitly given in [6].

When new packets are constantly arriving, we interpret the
input and output buffer parameters as the packet rates seenat
the inputs and outputs. Thus the input packet rate, v packets
per unit time, is the maximum number of packets which can
arriv e at an input in oneunit of time (the unit of time chosenis
arbitrary , we can scalethe number of packet arriv als according
to it). Similarly , the output packet rate, w packets per unit
time, is the maximum number of packets which can arriv e at
an output in one unit of time.

A. Structure of the Concentrator Construction
The following lower bound on the crosspoint complexity of a
sparsecrossbar Q(n; m; v; w) is derived in [6] using a general-
ized form of Hall's theorem:

Theorem 1 A ful l capacity sparse crossbar Q(n; m; v; w) has
a crosspoint complexity:

jQ(n; m; v; w)j > m
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The bound is tigh t for the full capacity case. This is shown
by constructing a concentrator which has crosspoint complex-
it y equal to the right hand side of the inequalit y in Theo-
rem 1. For the sake of brevit y we skip the construction of the
concentrator here, and only give the main features of such a
construction which are relevant for our purp ose. For details
see[6]. Some crosspoint structures are illustrated in Fig. 1
for various values of n; m; v and w. We make some relevant
observations about the structure of the concentrator fabric.
It will be important to keep these properties in mind when
we formulate a scheduling algorithm for the concentrator in
Section V.

1. Each output is connectedto an equal number of inputs.
This implies that the number of crosspoints seen in
each row of the constructions seen in Fig. 1 is equal.

We call this the output port connectivit y and denote
it by � . From the formula for the total number of
crosspoints given in Theorem 1 we get:

� =
�

n � m
�

w
v

�
+

�
w
v

�
if w=v 2 Z;

n � mw
v + 1 +

�
w
v

�
if w=v =2 Z

(1)

2. Basedon the crosspoint connection pattern, the inputs
can be divided into three distinct sections, each corre-
sponding to one step in the construction procedure.

� The slim (disjoin t) section: This section occurs
in the fabric only when

�
w
v

�
> 1, i.e., when the

output port rate w is greater than or equal to
the input rate v. Here each input is connected
to at most one output, and no two outputs share
an input. Thus, the connection pattern in this
region allows an input to accessonly one output.

� The ladder section: This section occurs in the
fabric only when w

v =2 Z, i.e., w is not a multiple
of v. In this section outputs can share inputs, so
the structure is not fully disjoint, but it is also
not fully connected. We can view this region as a
transition between the sparse, fully disjoint slim
section and the fully connected fat section (see
next item).

� The fat section: This section is a fully connected
crossbar, so every input in this section can con-
nect to every output. Hence, there is no blocking
constraint for these inputs.

These three sections are outlined for a Q(12; 6; 3; 5) in Fig. 2.
In the rest of the discussion we refer to inputs in the slim
section as slim inputs, inputs in the ladder section as ladder
inputs and inputs in the fat section as fat inputs.

I I I. Input Queued Packet Concentra tor as a
Shared Buffer

A Q(n; m; v; w) cannot route more than mw packets in a
single slot, but it can receive up to nv > mw packets. Thus,
we have to store the excesspackets to prevent packet loss.
We will consider input queued concentrators from now on,
i.e., a Q(n; m; v; w) with excesspackets being queued at the
individual inputs. It should be noted, that throughout the rest
of the paper, the term \buffer" refers to an input queuewhere
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the packets are being stored before routing and \buffering"
refers to the packet queueing process at the input queues.
The quantities v and w are always referred to as packet rates,
not buffers. It has been shown that under assumptions of
i:i:d: batch arriv als and a discrete time scalewith �xed length
packets (called cells, as in ATM terminology), an input queued
nv� mw concentrator can bemodeled by a GI [x] /D/ c queue,in
particular, by a Binom/D/ mw queue for a Bernoulli process.
Speci�cally , the arriv als at the input occur in batches, one
batch per slot, with a maximum batch size of v cells and the
outputs can sink up to w cells per slot. These results were
obtained assuming a work conserving queueing system, i.e.,
min( k; mw) input cells are always concentrated in a slot if
there are k; k > 1, cells at the input queues. A concentrator
with capacity mw cannot do better than this as the maximum
number of cells which can be accommodated at the outputs
in one slot is mw. Thus, this analysis illustrates the best case
performance possible for such a concentrator under identical
input traffic streams.

Thus, the queueing model indicates that a shared buffer
with an output rate of mw cells per slot would give the best
performance for a nv � mw concentrator. An obvious way to
achieve this performance is to put a shared buffer with the
concentrator. However, a physical implementation of such a
shared buffer is not scalable. It is easily seen that such a
buffer would need to operate mw=w = m times faster than
the outputs and nv=v = n time faster than the inputs. To
overcome these speed limitations shared buffers are usually
implemented as concentrators by parallel independent buffers
filled in a round-robin (cyclic sequential) manner. The sequen-
tial assignment of cells acrossparallel input queuesis enabled
by additional structures lik e reverse banyan networks [1] or
running adders [10]. All such methods increase the complex-
it y of the concentrator and thus negate the advantage gained
by reducing the complexity of the connection fabric in the
sparsecrossbar Q(n; m; v; w).

This naturally leads to the question of how to achieve or to
approach as close as possible to the performance of a shared
buffer system using independent buffers and the sparsecross-
bar fabric. Obviously, this would involve a scheme or algo-
rithm to assign output addressesto the cells at the inputs so
that they can then be routed over the crossbar, if we do not
want to increase the complexity by adding more hardware.
Moreover, in addition to the constraint of trying to emulate a
shared buffer, any such scheme also has to take into account
the limitations posedby the asymmetric nature of the sparse
fabric. Before formulating an algorithm which can route the
cellswe evaluate the limitations on routing posedby the sparse
crosspoint structure.

IV. Routing on Sparse Cr ossbar Str uctures
Recall from Section I I.A that the minim um complexity con-
nection fabric for any Q(n; m; v; w) can be divided into three
sectionsviz. the slim, ladder and fat sections. A sparsecross-
bar Q(n; m; v; w) guaranteesthe concentration of any mw cells
out of nv cells at the head of the input queueswhere each of
the n inputs contributes not more than v cells. The structure
in Section I I was developed without considering packet losses
or buffering, so an input cannot have more than v cells (equal
to the maximum input rate) in a slot for concentration. But
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Fig. 3: Blo cking due to sparse connectivit y.

if we buffer the cells then it is possiblethat an input has more
than v cells buffered while the total number of cells at all the
inputs together, say x, is lessthan mw. If the input with more
than v cells does not have the connectivit y to transfer all its
cells to the outputs then we cannot get the concentration of
these x cells even though x < mw, thus, a shared buffer can-
not be emulated in such a case. This is more lik ely at a slim
input becauseof its lower connectivit y. Such a situation is
depicted in Fig. 3.

In Fig. 3 input 1 (I 1) and input 3(I 3) have 5 and 2 cells
respectively in their queues. All the other input queues are
empty. The outputs can sink 4 packets/slot and the inputs
can have maximum batch arriv al size of 2, i.e., w = 4 and
v = 2. Assume capacity c = mw > 7. Thus, we seethat even
though the total number of cells is less than mw, the cells
at the inputs cannot be concentrated to the outputs 1 . We
observe that this situation will arise more often when the more
sparsely connected inputs have large queue sizeswhile other
input buffers have a low occupancy. Thus, this observation
indicates that the routing should be done in a fair manner
for all the inputs. When no input gets a lower/higher share
of service than rest of the inputs, then for identical traffic
arriv al patterns all the input queue lengths remain balanced
and hencethe inputs with lesserconnectivit y are not adversely
affected. Since we will consider identical traffic at all inputs,
a simple cyclic scheme should suffice to ensure fairness.

Now, if we assumethat a scheduling algorithm proceedsin
a cyclic round-robin fashion to ensure fairness amongst the
inputs, then another kind of blocking can occur when, in a
slot, we start the scheduling of cells from the fat or ladder
section and proceed in a cyclic fashion. The inputs in the fat
section can accessany output and so could easily fill up the
output which can be accessedby a slim (ladder) input if they
assign outputs to cells randomly. This can be illustrated by
the situation shown in Fig. 4.

In Fig. 4(a) we consider a Q(n; m; v; w) with capacity c (=
mw) > 2v. Assume that the slim input i has v cells to be
scheduled in this slot and the fat input j also with v cells to be
scheduled in this slot and all other inputs have no cells to be
scheduled. The only output accessibleto input i is output k,
whereasinput j is fully connected and can accessall outputs.
We start the scheduling cycle for this slot from input j as the
cycle ended at input j � 1 in the previous slot. If we assign
all the v cells at input j to output k then it is easy to see
that input i can not concentrate all its cells to the output side
even though the concentration capacity is not exceeded,i.e.,
the total number of cells at the inputs is less than c. Thus,
even though the structure of the concentrator allows up to c
cells at the inputs to be concentrated, we are not able to do
that due to injudicious scheduling of input cells. The situation

1Note that according to our model each input routes not more
than v cells per slot and hence input 1 routes only 2 cells to output
1. Even if input 1 could route faster (with faster crosspoints), it
can never route more than 4 cells to output 1 in any case, and so
capacity, c, is not achieved.
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Fig. 4: Cell blocking in a Q(n; m; v; w).

can easily be rectified by assigning the cells at input j to an
output other than k as seenin Fig. 4(b).

But we have to note that input j has no way of knowing
the queuestate (number of cells) of any of the slim inputs, if j
is accessedbefore i in a slot. Hence, it doesnot know at which
output blocking can occur. This situation can be eliminated
by \marking" the requisite cells at input j for routing after
the cells which have to be concentrated at the other inputs are
routed. Note that the \mark ed" cells are not routed in the
next slot, they are routed in the sameslot but after the more
sparsely connected inputs have been allowed to route cells.
Thus, the routing algorithm needs to incorporate some sort
of a cell marking scheme or in other words a priorit y scheme
among the inputs whosecells are concentrated in the sameslot
with the most sparsely connected inputs getting the highest
priorit y.

V. The Routing Algorithm
To summarize the previous section we list the properties the
algorithm should possessto prevent blocking due to the fabric
interconnection pattern and henceachieve good performance:

1. Fairness: All the inputs should see uniform service,
which in the case of identical traffic means that the
routing algorithm should cycle through the inputs in a
round-robin fashion while assigning output addresses.

2. No blocking: The inputs should be given routing pri-
orit y for concentration within a slot in proportion to
the sparsenessof their connections to the outputs to
prevent the slim and ladder inputs from encounter-
ing blocking at the outputs. This means that the al-
gorithm should first concentrate cells at the slim and
ladder inputs in any given slot.

A. A Block-Packing Model
We show that an algorithm with the above properties can be
mapped onto a block-packing problem. Within this frame-
work, we can describe the concentration algorithm in an intu-
itiv e and geometric fashion. A block packing analogy has been
proposed for packet scheduling for multicast input queued
switches in [11]. The analogy in [11] is presented speci�cally
for a \residue concentration" scheme for multicast switches.
We develop our block packing model for concentration more
to re
ect the cross point connection pattern and the abilit y
of the outputs to accept multiple packets in a slot. First, we
define someterms used in the discussion below:

I i Input i , 1 6 i 6 n.
Oj Output j , 1 6 j 6 m.
X Incidence matrix for the sparse crossbar connection

fabric. This is a m � n matrix with X ij = 1 if input
j is connected to output i and X ij = 0 otherwise.

R i The set of all outputs which can be accessedby input
i . Formally, R i = f k : X k i = 1g 8i = 1; 2; � � � ; n. I i
can accessOj only if j 2 R i .

Consider a box of width m and height w, so that it can
hold a maximum of mw blocks. Every input cell is mapped
on to a block. Upon being scheduled for concentration, up
to v cells at the head of an input buffer are dropped into the
compartmentalized box. SeeFig. 5 which shows a box for a
Q(12; 6; 2; 3). Each of the m columns of the box holds cells
destined for a specific output, i.e., column j holds cells routed
to Oj . The label on a cell denotesthe input port from which it
has arriv ed. Note that cells with label i can only be dropped
in columns belonging to R i . We will drop cells into this box to
show the output addressassignment scheme. The cells in the
bottom row of the box in Fig. 5 at columns 1, 2 and 3 are cells
from inputs 1, 2 and 8 assignedfor concentration to outputs 1,
2 and 3 respectively. Let the output port assignment of cells
in slot t begin from I 1 , a slim input. At each input we consider
the first v cells at the head of the queue for concentration in
any given slot. A cell counter keeps track of the number of
cells pushed into the box in one slot.

The first v cells at the buffer of I 1 are now dropped into
the box in columns corresponding to its range R1

2 . The cell
counter is updated by the total number of cells dropped in the
box. Now we move to I 2 and drop the first v cells in its buffer
into the columns corresponding to R2 , update the cell counter
by the number of cells dropped and proceedto the next input.
If an input is in the fat or ladder section then the cells are
not immediately dropped but are \mark ed", i.e., reserved for
being dropped into the box at the end of the slot and the cell
counter increased by the number of cells marked. We go on
until the cell counter equals mw or we return back to I 1 . If
there are any marked cells, then starting from the marked cells
at the ladder inputs and proceeding towards the fat inputs,
the marked cells are dropped into the remaining empty spaces.
The column in which a cell is dropped corresponds to the
output to which it is assigned. All the columns are cleared at
the end of the slot by routing the cells to their outputs. Let
the last input in this cycle be denoted by I last . In slot t + 1,
the round is started from the input immediately after I last in
cyclic order, i.e., if I last = n, then in t + 1 concentration starts
from input 1. There is an exception to this rule when I last
has k; k 6 v cells at the head of its buffer but can drop only
someof them, say k0; k0 < k into the box becausethe box fills
up to its capacity. In such a situation in slot t + 1 we start
from I last itself and drop the first k � k0 cells into the box or
mark them, depending on whether I last is a slim or ladder/fat
input. These k � k0 cells are referred to as the residue.

By applying this algorithm to the example of Fig. 5(a) it is
easy to seethat when we start from input 1 in slot t , I last =
input 12 and one cell from input 12 cannot be put into the
box. Thus, in slot t + 1, we will start from input 12 itself

2 If the number of cells in the buffer are less than v then all the
cells in the buffer are dropp ed in the box. Since I 1 is slim, there is
only one column in its range and we can route to it unambiguously.
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Fig. 5: Blo ck-packing analogy.

and this excesscell will be marked and dropped into the box
only after the slim and ladder inputs have been served. See
Fig. 5(b). We can seethat if the cell from input 12 in Fig. 5(b)
is not marked and instead routed to either of the outputs
among f 1; 3; 4; 5g then one input cell from inputs in the set
f 1; 3; 4; 5g is blocked.

We now give a heuristic to implement the algorithm out-
lined above. In the discussion below, scheduling of a cell at
an input refers to routing of that cell to its output if the input
is slim, and marking of a cell for subsequent routing at the
end of the slot if the input is in the fat/ladder section. The
sequenceof steps is for a given slot, say t. For t = 0 we start
from input 1. The steps in sequenceare:

1. Go to the starting input.
2. If the current input is the starting input and it has

a residue from slot t � 1 then schedule the first
min( mw; size of residue) cells in the buffer.
elseschedule the first min( kt ; v; mw � N t ) cells at the
head of the current input's buffer where kt is the total
number of cells in the current buffer in slot t and N t
is the number of cells scheduled at all inputs till now
in slot t .

3. If (N t < mw and the starting input for slot t is not
accesseda secondtime) go to the next input in cyclic
order and repeat step 2 elseproceedto step 4.

4. If mw cells have been scheduled, i.e., N t = mw and
if a residue exists at the last input accessedin slot t
(I last ) then set starting input for slot t + 1 as I last .
else if N t = mw and no residue exists at I last then set
starting input for t + 1 as the next input in cyclic order
after I last .
else (starting input is accesseda second time) if cur-
rent input (which is the starting input) buffer being
accessedis non empty and has less than v cells sched-
uled for slot t then schedule additional cells at this
input until N t = mw or the buffer has no more cells,
whichever comes first. Set the starting input for slot
t + 1 as the next input in cyclic order.

5. Route all the marked cells for slot t to empty spaces.
Advance time to t + 1 and repeat from step 1.

This algorithm ensures that the concentration capabilit y

of the crossbar structure is fully utilized in the sense that
whenever there are k 6 mw cells in the first nv locations at the
input buffers, they are always concentrated in one slot. Note
that this algorithm is not always work conserving as we do
not consider more than v cells for concentration at one input
in any slot. This is due to the limitation on the speed of the
internal cross-points, if we can speedup the fabric then work
conserving schemes can be implemented in the same fashion
by considering more than v cells at an input for concentration
in a slot.

Another observation which can be made is that we can
use the concept of marking cells in a more general fashion
to reserve output bandwidth for selected inputs. This can be
achieved by using a suitable criterion, lik e a weight assignment
to inputs basedon a cost function to mark more cells at some
inputs as compared to others.

VI. An Appr oximate Anal ysis

We now present an approximate analysis of the Q(n; m; v; w)
with routing of cells according to the presented algorithm for
saturated inputs. By saturation we mean that a new cell is
always available to fill up the buffer as soon as a cell is routed
to the outputs. It is easy to see that in the saturated case
all the �rst nv locations at the headsof the input buffers will
be full. Hence, we will always be able to find mw cells for
concentration in a slot which in turn meansthat the system is
work conserving. Thus, we expect the algorithm to emulate a
shared buffer with mw servers and a work conserving service
discipline on the input queued concentrator when the queues
are saturated.

A polling model is used to analyze our routing algorithm
in the saturated case. A polling model is a multiple queue (n
queuesin our case)cyclic service system where a server polls
the queuesfor service in cyclic order [12]. Someterms used in
describing polling systems are:

� Cycle time (C){The time taken (in terms of number of
slots in our case)betweentwo successive pollings of the
sameinput queue.

� Walk time or switch-over time (si ){The amount of time
taken to switch from input i to input i + 1 in cyclic order.

� Gated system{A polling system is called a gated system
when an input port transmits all the cells in its buffer
when it is polled, but none of the messagesthat arriv e
after it is polled.

� Limited service{A limit is placed on the maximum num-
ber of cells which can be transmitted before the next
input in sequenceis polled.

Therefore, our system is best described by a v-limited gated
service polling system. Note that in our system there is no
time taken to switch from one input to the next except at
the slot boundaries. For a gated limited system the following
conditions are required for stabilit y of the queues[13]:

nX

i =1

� i = � < 1 (2a)

where � i is the offered load at input i and � is the total
offered load, � i = � i �hi where � i is the input cell rate and �hi
is averageservice time for input i .

� i �s
1 � �

< ki (2b)

where ki is the maximum number served at input i and
�s =

P n
i =1 �si is the mean ring latency.

For the symmetric system of the concentrator k i = v 8 1 6
i 6 n and for the Bernoulli arriv al processwith parameter
p, � i = vp. E[C] and �s are related by the following balance
equation:

E[C] =
�s

1 � �
(3)
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Substituting (3) in (2b) we get

vp � E[C] < v

) E[C] <
1
p

(4)

Since we always find mw cells at the head of the queues,

E[C] =
nv
mw

(5)

From (4) and (5) we get the stabilit y criterion

nvp
mw

< 1 (6)

Recall that this is the same criterion for stabilit y as for
the shared buffer system. Also, even from (2a) we again get
the same result as that in (6). Thus, we seethat our system
approaches the work conserving Binom/D/ mw system near
saturation for Bernoulli arriv als. Similar results can be shown
for other i:i:d: arriv al processesas well.

VI I. Simula tion Resul ts
We simulated the performance of the proposed routing algo-
rithm for a Q(8; 6; 1; 1). The interconnection structure of the
fabric is shown in Fig. 6. The simulations were run until the
estimate of the averagequeuelength reached with probabilit y
0.95 a relativ e width of the confidence interval equal to 5%.
The estimation of the confidence interval width was obtained
by the replication method [14].

The plots for the average queue length at an input �Q and
the average queueing cell delay at an input �Wq are given in
Fig. 7 and Fig. 8 respectively. The equivalent shared buffer
quantities are also plotted for comparison. Obviously, the
average queue length at an individual input is 1=n times the
value for �Q for the total queuefor the shared buffer GI [x] /D/ c
system, while the average delay, �Wq is the same. Therefore,
for the caseof routing using our algorithm we have added the
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Fig. 7: Mean queue length, �Q for a Q(8; 6; 1; 1)
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Fig. 8: Mean queue delay, �Wq for a Q(8; 6; 1; 1)

average queue lengths for all the n inputs and then plotted
the result to enable a comparison. We seethat the two plots
are almost identical. This shows that the algorithm is able to
successfullyemulate the shared buffer to a good degree.
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