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Abstract

Input queuing switch architectures must be controlled by a
scheduling algorithm, which solves contentions in the trans-
fer of data units from inputs to outputs. Several scheduling
algorithms were proposed in the literature for switches op-
erating on fixed-size data units. In this paper we consider the
case of packet switches, i.e., devices operating on variable-
size data units at their interfaces, but internally operating on
fixed-size data units, and we propose novel extensions of
known scheduling algorithms. We show that, in the case
of packet switches, input queuing architectures can provide
advantages over output queuing architectures.

1 Input vs. Qutput Queueing

In the recent past, significant research efforts were de-
voted by both the academic and the industrial commu-
nities to the design of efficient ATM switches for B-
ISDN [1]. Those research activities brought on the mar-
ket efficient chip-sets currently used as building blocks for
high-performance Internet routers. As a consequence, for
many advanced Internet routers, the switching fabric inter-
nally operates on cells, and input IP datagrams are internally
segmented into ATM-like cells that are transferred to output
interfaces, where they are reassembled into variable-size IP
datagrams. :

Most of the old designs of the switching fabric, i.e., of
the part of the switch that is in charge of the transfer of data
units from input to output line interfaces, assumed an output
queuing architecture. Input queuing switch architectures [2]
have recently received increasing attention, and they are cur-
rently considered by many designers as the best solution
when the line speed is pushed to technological limits.

The main disadvantage of output queuing (OQ) is that
both the switching fabric and the output queues in line cards
must operate at a speed equal to the sum of the rates of all
input lines. In applications where the number of interfaces
is large or the line rate is high, this makes OQ impracti-
cal. With respect to input queuing (IQ) schemes, OQ has
the advantage that delays through the switch can be more
easily controlled, and the implementation of (concentrated)
fair queuing algorithms at the output is relatively easy and
well understood [3].

IQ schemes permit all the components of the switch (in-
put interfaces, switching fabric, output interfaces) to operate
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at a speed which is compatible with the data rate of input
and output lines. One of the reasons why IQ was almost
ruled out by the research efforts of the ATM community is
the performance reduction due to head-of-the-line blocking
in the case of a single queue per input interface [4]. Re-
cently, Virtual Output Queuing (VOQ) or Destination Queu-
ing schemes, that largely reduce this problem, were pro-
posed [5]: in each interface card, input buffers are organized
into a set of isolated queues, each queue storing cells di-
rected toward a specific output interface.

A major issue in the design of IQ switches is that the ac-
cess to the switching fabric must be controlled by some form
of scheduling algorithm in order to avoid contention !, Sev-
eral scheduling algorithms for IQ cell switches were pro-
posed and compared in the literature [2], [7], [8], [9], [10],
[11]. They provide performance close to OQ architectures.
We consider some of these proposals, and develop novel
variations to deal with variable-size packets; more precisely,
we constrain the scheduling algorithm to deliver contigu-
ously all the cells deriving from the segmentation of the
same packet. In other words, variable-size packets are trans-
formed into “trains of cells”, and the transfer of the cells
belonging to the same train is scheduled in such a way that
they remain contiguous in the delivery to the output card,
i.e., they are not interleaved with the cells of another train.
We shall see that this constraint permits significant savings
in memory and complexity, since the reassembly of pack-
ets at the output becomes much easier. The performance
of the considered scheduling algorithms, both in the case of
cell scheduling and in the case of packet scheduling, will be
compared by simulation,

2 Logical Architecture
2.1 Cell switches
2.1.1 Input queuing cell switches

Fig. 1 shows the logical structure for an input queuing cell
switch. The switch operates on fixed-size data units, which
can be ATM cells, or have any other convenient format. Bor-
rowing from the ATM jargon, we shall use the generic term
cells to identify the internal fixed-size data units. We as-

1The term “scheduling algorithm” for switching architectures is used in
the literature for two different types of schedulers: switching matrix sched-
ulers and flow-level schedulers [6]. Switching matrix schedulers decide
which input interface is enabled to transmit in an input queuing switch; they
avoid blocking and solve contentions within the switching fabric. Flow-
level schedulers decide which cell flows must be served in accordance to
QoS requirements. In this paper the term scheduling algorithm is only used
to refer to the first class of algorithms.
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Figure 1: Logical structure of an input queuing cell switch

sume that the switch takes switching decisions at equally-
spaced time instants. The distance between two switching
decisions is called slot, and the slot is the granularity in al-
locating switch resources.

The switch can have in general m inputs and n outputs,
but we focus on the more realistic case m = n = N (indeed,
one input and one output interface usually reside on the same
“line card”). We also assume for simplicity that all input
and output lines run at the same speed. Packets are stored
at input interfaces. Each input manages one queue for each
output, hence a total of N x N = N2 queues are present.

Cells arrive atinput ¢, 1 < 4 < NV, according to a discrete-
time random process. At most one cell per slot arrives at
each input, i.e., the data rate on input lines is no more than 1
cell per slot. When a cell with destination j arrives at input
1, it is stored in the FIFO queue @;;. The number of cells
in Q45 at time k is denoted by L;;(k). These FIFO queues
have limited capacity: each queue can store at most L cells.

The average rate of the arrival process A ;;(t) at input ¢ for
output j is denoted by A;;. For later use, we define the cell
arrival rate matrix A = [A;;], and the normalized cell arrival
rate matrix I' = [;;], with y;; = /\ij/(zilil Z;V:l Aij).

The switching fabric is non-blocking and memoryless; at
most one cell can be removed from each input and at most
one cell can be transferred to each output in every slot. Since
the speed at which cells are fed into output interfaces is
equal to the speed at which cells are fed into input inter-
faces, we have a speed-up factor equal to 1. The scheduling
algorithm decides which cells can be transferred from the
inputs to the outputs of the switch in every slot.

2.1.2  Output queuing cell switches

The output queuing cell switch needs no input buffers
(neglecting buffers used at the input to store the newly ar-
rived cell) because the switching fabric has enough capac-
ity to transfer to the desired output all the cells received in
one time slot. In the worst case (i.e., when a cell arrives
at each input, and all cells are directed to the same output),
this means that the bandwidth towards each output must be
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Figure 2: Logical architecture for an IQ packet switch

equal to the sum of the bandwidths available on all input
lines. We say that the switching fabric must have a speed-up
factor equal to V.

We can assume that the slot time is subdivided into N
minislots, and that each input can use a different minislot
to transfer a cell to a given output. The allocation of min-
islots to inputs can be fixed, time-varying, or random. We
implemented a fixed round-robin of inputs in our simulation
programs.

At each output, cells are stored in a single FIFO queue.
For a fair comparison with input queuing switches, we as-
sume that the total amount of buffer space is kept constant,
i.e., that the FIFO output queue can store N x L cells. This
assumption gives some advantage to the OQ schemes, which
can exploit some degree of buffer sharing (in IQ, we assume
that L is the capacity of each virtual queue).

2.2 Packet switches (or routers)

We consider packet switch architectures based on a cell
switching matrix, considering as reference application the
development of a high-performance IP router around an
ATM cell-switch. Each router port has line interfaces where
any data-link and physical layer protocol can be used to re-
ceive and transmit IP datagrams. Input IP datagrams are seg-
mented into cells, that will be transferred to output ports by a
high-performing switching fabric. Once cells are delivered
to an output port, they are reassembled into IP datagrams,
which are transmitted on the output line.

2.2.1 1Q packet switches

The logical architecture is shown in Fig. 2. At each input
an Input Segmentation Module (ISM) segments the incom-
ing packet into cells. Since it operates in store-and-forward
mode, it must be equipped with enough memory to store a
maximum-size packet, and the segmentation process starts
only after the complete reception of the packet.

The cells resulting from the segmentation are transferred
to the cell-switch input at a speed (called ATM/LS) equal to
the line speed (LS) incremented to account for segmentation
overheads. The capacity of input queues at the cell-switch is
limited to L, hence losses can occur. We assume that the en-
tire packet is discarded if the input queue of the cell-switch
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does not have enough free space to store all the cells deriving
from the segmentation of the packet when the first of these
cells hits the queue. This is of course a pessimistic assump-
tion, but it has the advantage of ease of implementation, and
of avoiding the transmission of packet segments through the
switch.

The cell-based switching fabric transfers cells from input
to output queues, according to a scheduling algorithm, as
previously discussed. These cells are delivered to the Output
Reassembly Module (ORM) at speed ATM/LS. Here packets
(i.e., IP datagrams) are reassembled. In general, cells be-
longing to different packets can be interleaved at the same
output, hence more than one reassembly machine can be ac-
tive in the same ORM. However, at most one cell reaches
each ORM in a slot time, hence at most one packet is com-
pleted at each ORM in a slot.

Once a packet is complete, it is sent to an output packet
queue, called packet FIFO, from which packets are sequen-
tially transmitted onto the output line.

2.2.2 Optimization of IQ packet switches

In the case of IQ packet switches, it is possible to fur-
ther simplify the structure of the switch, and to improve its
performance as we shall see, by enforcing a constraint on
the scheduling algorithm. Indeed, the cells belonging to the
same packet are stored contiguously in the input queue of
the internal cell-switch. As shown in Section 3, it is possible
to modify some well-known scheduling algorithms in such
a way that, once the transfer through the switching fabric of
the first cell of a packet has started towards the correspond-
ing output interface, no cells belonging to other packets can
be transferred to that output. Cells belonging to the same
packet are thereby kept contiguous also in the output queue,
and the ORM modules are not necessary any longer (or at
most one per output is used). We call this class of schedul-
ing algorithms packet-mode scheduling. Note that enforcing
packet contiguity is not possible in OQ switches, where cell
interleaving in output queues cannot be avoided.

If packet-mode scheduling is adopted in IQ packet
switches, the logical architecture can be simplified by re-
moving both the ORM module and the output packet FIFO
from the scheme of Fig. 2. The removal of the packet FIFO
can be achieved only if no format conversion is required in
order to transmit the packet on the output link. Since each
module operates in store-and-forward mode, hence intro-
duces a delay equal to the packet size, the delays through
the switch are reduced by twice the packet duration. Note
also that, in principle, the segmentation of the packet into
cells is no longer strictly required: the only necessary in-
formation is the (integer) number of slot times used for the
transfer of the packet.

2.2.3  0OQ packet switches

Fig. 3 shows the logical architecture of an OQ packet
switch. Packets arrive at input ports where they are seg-
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Figure 3: Logical architecture for an OQ packet switch

mented by ISM modules, similarly to what happens in 1Q
routers. The cells obtained with the segmentation are sent to
the cell-switch at speed ATM/LS, and are immediately trans-
ferred to the output queues of the cell-switch, thanks to a
speed-up NV in the switching fabric. Losses may occur at
output queues, whose capacity is limited to N x L for each
queue, since we are assuming the same buffering capacity
for OQ and IQ switches.

From the output queues of the cell-switch, cells are de-
livered at speed ATM/LS to an ORM module for reassembly.
Once a packet is completed, it is queued to a packet FIFO -
queue similar to what was seen for the IQ case.

An important difference between OQ packet switches and
IQ packet switches resides in the way of handling losses.
Cells belonging to different packets can be interleaved in
output queues. When a cell at the output of the switching
fabric does not find room in the output queue of the cell-
switch, it must be discarded. The other cells belonging to
the same packet of the discarded cell may be in the out-
put queue, or already in the ORM. We assume to be unable
to identify and discard the other cells in the output queue:
those cells will be discarded by the ORM module, which
has knowledge of the existence of the packet. This means
that cells belonging to packets that suffered partial losses re-
main in the output queues of the cell-switch, unnecessarily
using system resources.

3 Scheduling algorithms in IQ switches
3.1 Problem definition

The scheduling algorithm selects a set of input-output
pairs with no conflicts, such that each input is connected
with at most one output, and each output is connected with
at most one input. In each slot, if input ¢ is connected with
output 7, a cell is removed from @ ;;, and transferred to out-
put j by properly configuring the non-blocking switching
fabric. ,

In the technical literature, scheduling algorithms in IQ
cell switch architectures are described as solutions of the
matching problem in bipartite graphs. The switch state can
be described as a bipartite graph G = [V, E] (see Fig. 4)
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Figure 4: Bipartite graph description of the scheduling problem

in which the graph vertices in set V' are partitioned in two
subsets: subset V;, whose elements vy correspond to input
interfaces, and subset Vo, whose elements voy correspond
to output interfaces. Edges indicate the needs for cell trans-
fers from an input to an output (an edge from vy, to vom
indicates the need for cell transfers from input n to output
m), and can be labeled with a metrics that will be denoted
by Wpm. The adopted metrics is a key part of the scheduling
algorithm; as we shall see; it can be constant (or equal to
1, and usually not specified on the graph) to simply indicate
that at least one cell to be transferred exists, or it could refer
to the number of cells to be transferred, to the time waited
by the oldest cell, or to other state indicators, as we shall
discuss. ‘

A match M is a selection of an admissible subset of
edges. A subset of edges is admissible if no vertex has two
connected edges; this means that it never happens that two
cells are extracted from the same input, or that two cells are
transferred to the same output. A match has maximum size
if the number of edges is maximized; a match has maximum
weight if the sum of the edge metrics is maximized.

The different IQ cell switch architectures that we shall
discuss differ in their scheduling algorithms, hence in their
matching algorithms. The need for good matching algo-
rithms derives from the fact that the optimal solutions of
the problem have very high complexity. The complexity
is O(N%log N) for the maximum weight matching [12,
Chapt. 8] algorithm, that can be proved to yield the maxi-
mum achievable throughput using as metrics either the num-
ber of cells to be transferred, or the time waited by the oldest
cell; it is O(N®/2) for the simpler and less efficient maxi-
mum size matching algorithm [12], [13], [14].

The N x N matrix whose elements are the edge metrics
in graph G = [V, E] is called the weight matrix, denoted by
W = [w;;]. This weight matrix W varies with time, ac-
cording to the changes in the system parameters from which
its elements are computed. When necessary, denoting by &
the current slot, we shall write W (k) = [w;;(k)]. We as-
sume wj; = 0 for missing edges in G, i.e., when no cells
from input j to output k are waiting in input queues.
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3.2 Classification of cell scheduling algorithms

A number of scheduling algorithms for IQ switch archi-
tectures have recently appeared in the technical literature.
In this paper we consider four such proposals, namely iS-
LIP 2], [10], iOCF [2], [S], MUCS [8] in its weighted ver-
sion, and RPA [7]. iSLIP has been chosen for its simplicity,
iOCF due to its metric based on cell age, RPA for both sim-
plicity and good performance under unbalanced traffic pat-
terns and MUCS for the very good performance obtained in
different traffic scenarios.

For the sake of brevity we do not provide a description
of these algorithms. The reader is referred to the original
works for detailed descriptions. In this section we recall
the general taxonomy for scheduling algorithms proposed
in [11], and classify accordingly the considered proposals.

The output of the scheduling algorithm at slot k is a cell
transfer matrix T'(k) = [t;;(k)], whose elements provide the
result of the matching computation:

b { 1  if the match includes the transfer i — j (1)

R 0 if it does not include the transfer i — j

‘Any 1Q scheduling algorithm can be viewed as operating -
according to following three phases. The first phase is pre-
liminary to the other two, that are instead interlaced.

1. Metrics computation. Computation of the weight matrix
W (k) = [wi; (k)] Each one of the possible N2 edges in the
bipartite graph is associated with a metrics depending on the
state of the corresponding queue.

2. Heuristic matching. Computation of the cell trans-
fer matrix T'(k) = [t;;(k)]. This phase must try to
maximize le Z;\_{__l ti;(k)wsj(k), with the constraints -
Z,N=1 tij(k) < 1 and 2;\;1 t;j(k) < 1. Since the cost
for the computation of the optimum matching (maximum
size or maximum weight) is too high, all scheduling algo-
rithms resort to heuristics with variable effectiveness and
complexity. When the matching is not optimum, but no
edges of G can be added to M without violating the above
constraints, the terms maximal size matching and maximal
weight matching are used in the literature. '
3. Contention resolution. In the execution of the heuris-
tic algorithm for the determination of a maximal match, a
strategy is necessary to solve contentions due to edges with
equal metrics, source or destination. The contention resolu-
tion typically is either random (RO, random order), or based
on a deterministic scheme; round robin (RR) and sequential
search (SS) are frequent choices in the latter case, the differ-
ence lying in the starting point chosen in the selection pro-
cess, which is state-dependent for RR, and state-independent
for SS.

As we shall see in Section 4.2, the phase that has the most
profound impact on performance is the metrics computation,
whereas the different heuristics to obtain good matches have
a deep impact on the algorithm complexity.

Global Telecommunications Conference - Globecom’99



As regards metrics, we consider the following alterna-
tives:
¢ QO (Queue occupancy). In this case w;; = u(L;;) where
u(-) is the unit step function. This is the metrics adopted by
iSLIP. The adoption of this metrics leads to the search for a
maximal size match. All other metrics lead to the search for
a maximal weight match.
o QL (Queue length). The metrics in this case is the number
of cells in the queue: w;; = L;;. This is the metrics adopted
by RPA.
o CA (Cell age). The metrics in this case is the time already
spent in the queue by the cell at the queue head. This is the
metrics adopted by iOCF.
o ML (MUCS Length). MUCS uses a metrics that is derived
from queue lengths as:

Wi = _Lij
iy~ N N
DL DL
k=1 k=1

As regards the heuristic matching, the choices adopted in
the considered 1Q scheduling algorithms are the following:
o IS (Iterative search). In this case, during a first step, each
input interface sends all its transmission requests with the
associated metrics to the relevant output interfaces (w;;(k)
is sent from input interface ¢ to output interface 7). These se-
lect one among the arriving requests by choosing the largest
metrics value, and resolving ties according to a contention
resolution scheme (output contention). The accepted re-
quests are then sent back to the input interfaces. If an input
interface receives more than one acceptance, it selects one
by choosing that with the largest metrics value, and resolv-
ing ties according to a contention resolution scheme (input
contention). The successive steps are equal to the first one,
but they concern only the transmission requests from input
interfaces that received no acceptance, as well as those that
were satisfied in previous steps (the repetition of these re-
quests is necessary to progressively freeze the match config-
uration). This heuristics is adopted by both iSLIP and iOCF.
o MG (Matrix greedy). Consider the N x N matrix W =
[w;;]. In this case the algorithm consists of (up to) NV steps,
in each of which the largest element(s) w;; of W is (are) se-
lected, and the corresponding cell transmissions are enabled
(provided that no conflict arises if ties for the largest metrics
exist; otherwise a conflict resolution is necessary) before re-
ducing the matrix by eliminating the entries corresponding
to enabled cell transfers. This is the heuristics adopted by
MUCS.

e RV (Reservation vector). In this case the algorithm is
based on a sequential access to a reservation vector with
N records, where input interfaces sequentially declare their
cell transfer needs and the associated metrics, possibly over-
writing requests with lower metrics values. A second se-
quential pass over the vector allows the confirmation of re-
quests, or the reservation of other transfers for the inputs

+ @
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Algorithm |[ Metrics | Heuristics | Contention resolution
Input Output
iSLIP QO IS RR RR
iOCF CA IS RO RO
MUCS ML MG Ss RO
RPA QL RV RO SS
' TABLEI
CHARACTERIZATION OF THE CONSIDERED I1Q SCHEDULING
ALGORITHMS

whose original reservations were overwritten. This is the
heuristics adopted by RPA.

In Table I, we summarize the characteristics of the con-
sidered IQ scheduling algorithms.

The computational complexity of an IQ scheduling algo-
rithm is a crucial parameter, since the algorithm must be run
at every cell time. We do not tackle this issue here (the inter-
ested reader is referred to [11] for details) but it is worth not-
ing that the complexity obtained with the different heuristics
is still significant, being not much less than those of the op-
timum match determination.

3.3 Packet-mode scheduling algorithms

We claimed in the last part of Section 2.2 that the archi-
tectural complexity of IQ packet switches can be reduced by
introducing packet-mode scheduling algorithms, since both
the ORM module and the output packet FIFO can be re-
moved. The additional constraint in this case is to keep the
cells belonging to the same packet contiguous also in out-
put queues. To achieve this goal, the scheduling algorithm
must enforce that, once the transfer through the switching
fabric of the first cell of a packet has started towards the cor-
responding output port, no cells belonging to other packets
can be transferred to that output, i.e., when an input is en-
abled to transmit the first cell of a packet comprising & cells,
the input/output connection must be enabled also for the fol-
lowing k — 1 slots.

This is equivalent to have an infinite weight on the corre-
sponding connection (i.e., edge of graph G). Note that no
conflicts can arise between infinitely-weighted connections,
since no more than one cell can reach a given output in one
slot, hence two connections directed to the same output can-
not simultaneously have an infinite weight. .

We propose to extend the four considered scheduling al-
gorithms in order to operate in packet mode. The only com-
plexity increase in the implementation is to store a boolean
variable at each input to flag over-prioritized connections.
Furthermore, maximal size matching algorithms must oper-
ate on ternary weights, i.e., w;; = 0if L;; = 0, wy; = 1if
L;; > 0, and wy; = oo if a packet is being transferred.

4 Simulation results

To evaluate the performance of IQ and OQ switching ar-
chitectures, we conducted a number of simulation experi-
ments. We report results only for packet switches with N =
16 input/output interfaces, assuming that all input/output
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line rates are equal. Only unicast traffic flows are consid-
ered.

In IQ switches, each input queue @) ;; can store up to L =
1000 cells; when a cell directed to output j arrives at input
1, and queue Q;; is full, the cell is lost. No buffer sharing
among queues is allowed.

4.1 Traffic scenarios and performance indices

In our simulation model we represent the arrivals of IP
datagrams at the input of the packet-switch as arrivals of
cell bursts at the input of the internal cell-switch. These cell
bursts are assumed to be originated by the segmentation of
a packet.

The cell arrival processes at input ¢ is generated by a two-
state model: _

+ ON state. When the input line is in this state, a packet is
being received. The duration in slots of the ON state, i.e.,
the size in cells of the packet, is a discrete random variable
uniformly distributed between 1 and 192. The upper value
comes from the Maximum Transmission Unit (MTU) of IP
over ATM [15], which is equal to 9180 octets (9140 octets of
user payload, and 20 + 20 octets of TCP and IPv4 headers),
to which 8 octets are added for LLC/SNAP encapsulation.
AALS turns 9188 octets into 192 ATM cells.

o OFF state. In this state no cells are generated. The
probability that the OFF state is equal to j slots is P(j) =
p(1 — p)?, with j > 0. The average idle period duration is
Eorr = (1 — p)/p. The parameter p is set so as to achieve
the desired input load.

We shall consider two types of input/output flows, which
can be described through their corresponding normalized
cell arrival rate matrices:

Uniform traffic. In this case v;; = 1/N%, Vi = 1,...,N
andVj=1,...,N.

Hot-spot traffic. All input interfaces are equally loaded, but
one of the outputs receives twice as much traffic as all oth-
ers; this produces a normalized cell arrival rate matrix of the
following type (using N = 4 as an example):

2 111
ro 1 2 11 1
“MrN|2 111
2 111

Results are presented with graphs where the performance
indices defined next are plotted versus the switch load. The
load is defined as the ratio between the input traffic load
and the total capacity of input/output lines; load values are
comprised between 0 and 1.

e Cell delay. This is the time spent by cells in the cell-
switch queues. For this metrics we shall consider the aver-
age value only.

o Packet delay. This is the overall delay of a packet con-
sidering the ISM module, the internal cell-switch queues,
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the ORM module, and the final packet FIFO. It is com-
puted only for packets completely delivered at switch out-
puts, measuring the time from the exit of the first cell of
the packet from the ISM module until the exit of the last
cell from the final packet FIFO. Constant components to the
delay are removed; hence a single-cell packet traverses an
empty packet switch in null time, and a packet comprising k&
cells has a best-case delay equal to k — 1 slots, due to wait
in the packet FIFO. We shall consider the average value and
the standard deviation of packet delay.

« Throughput. This is the ratio between the total number
of cells forwarded to output interfaces, and the total number
of cells arrived at input interfaces. It is essentially a measure
of the cell loss probability at input or output queues.

o Maximum number of reassembly machines. This is the
maximum number of reassembly machines simultaneously
active, i.e. assembling packets, in all the N ORM modules.
In the case of IQ architectures, the reassembly machines al-
ways act on packets that will be completed. In the OQ case,
instead, a reassembly machine can start to assemble a packet
that will suffer cell losses; we assume that the reassembly
machine immediately discards the entire packet when the
first loss occurs. As a consequence, the maximum number
of simultaneously active reassembly machines can never be
larger than N2, For packet-mode scheduling algorithms in
1Q switches, at most one reassembly machine can be active
at each output, hence the largest value taken by this perfor-
mance index is V.

Since the aim of the performance evaluation is a compari-
son of IQ and OQ architectures, we usually consider relative
performance indices, i.e., we divide the absolute value taken
by a performance index in the case of IQ architectures by the
value taken by the same performance index in an OQ packet
switch loaded with the same traffic pattern.

Simulation runs were executed until the estimate of the
average cell delay reaches with probability 0.95 a relative
width of the confidence interval equal to 2%. The estimation
of the confidence interval width is obtained with the batch
means approach.

4.2 Performance of IQ switches
4.2.1 Uniform traffic — Cell-mode scheduling

Fig. 5 shows, for the four considered scheduling algo-
rithms not operating in packet mode, curves of the normal-
ized average packet delay, i.e., the average packet delay of
1Q switches divided by the average packet delay of an OQ
switch loaded with the same traffic. Note that delay values
are always larger than 1 (the reference value for OQ), i.e.,
IQ switches always yield longer delays, but differences are
limited within a factor 2.5.

For loads less than 0.90, MUCS and RPA generate longer
delays than iSLIP and iOCF. This is mainly due to the
QL and ML metrics, which tend to equalize queue lengths:
when a large packet arrives at a particular queue, the queues
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Figure 5: Relative average packet delay under uniform traffic
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Figure 6: Packet throughput under uniform traffic

(at other inputs) that store small packets directed to the same
output suffer a temporary starvation. iOFC, instead, pro-
vides the lowest delays.

For loads above 0.90, losses occur, as shown in Fig. 6,
where the packet throughput is plotted. Note that MUCS and
RPA now provide the highest throughput (i.e., less losses);
this is again due to the used metrics. iSLIP exhibits the
largest losses: the QO metrics tends in general to provide
low delays but large losses. iOCF probably achieves in this
scenario the best compromise between delay and losses. The
0OQ architecture produces fewer losses than all IQ architec-
tures.

Fig. 7 shows curves of the relative standard deviation of
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—d N

A

~0~isLIP
—0—iOCF
~4~MUCS
-%— RPA

Relative standard dev. of delay
@

0.IQ 0.20 0.30 040 0.50 0.60 0.70 0.80 090 1.00
Normalized load

Figure 7: Relative standard deviation of packet delays under uniform traffic
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chines under uniform traffic
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Figure 9: Relative average packet delay in packet mode under uniform
traffic

packet delays. Note the very good behavior of iOCF, which
provides delay variations very close to the OQ architecture.

Fig. 8 shows curves of the maximum observed number of
simultaneously active reassembly machines. OQ switches
perform best, with a maximum below 50 for all admissible
loads. This is due to the fact that OQ architectures only in-
terleave two packets directed to the same output when the
first cell of one packet arrives (at another input) before the
last cell of the other packet. This is not true for IQ architec-
tures, in which cells may be delayed at the input.

The metrics used by MUCS and RPA leads to the largest
values for the maximum number of reassembly machines,
reaching values around 256, which is the total number of
reassembly machines available in the ORM modules of our
16 x 16 switch.

4.2.2 Uniform traffic — Packet-mode scheduling

Performance results are significantly different from what
we observed above if the packet-mode scheduling proposed
in this paper is considered. To be fair in the comparison
with OQ switches, we take into account, for IQ switches,
delays due to ORM modules and to packet FIFOs, although
these modules are not necessary in packet-mode operation,
as discussed in Section 2.2.2.

Curves of the relative average delays are shown in Fig. 9.
Differences between the four algorithms are limited, but we
observe advantages over OQ switches for loads up to around
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Figure 10: Relative average cell delay in packet mode under uniform traffic
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Figure 11: Relative average packet delay in packet mode under uniform
traffic for the optimized IQ architecture

0.6. IQ exhibits the largest delay advantage over OQ at loads
around 0.4. Note that cell-level delays in this same scenario
(shown in Fig. 10) are larger for all IQ architectures with
respect to OQ at all loads where losses do not occur.

The reductions in packet delays are interesting, specially
if we consider the negligible additional cost of implementing
packet-mode schedulers. More complex scheduling algo-
rithms, better tailored to the statistics of packet traffic, could
probably provide even larger gains.

If the IQ switch architecture is further simplified to take
advantage of packet-mode scheduling by removing ORM
modules and output packet FIFOs, the gain in average de-
lays over OQ becomes much larger, as shown in Fig. 11.
At low loads, IQ architectures gain more than one order of
magnitude in average packet delays over OQ (note the loga-
rithmic vertical scale).

It can be observed in Fig. 9 that the metrics used by
MUCS and RPA tend to provide longer delays than iOCF
and iSLIP. Throughput and loss results, not reported here,
show instead a behavior very similar to that of Fig. 6: iSLIP
and iOCF suffer larger losses than MUCS and RPA. Again,
the OQ architecture produces less losses than all IQ setups:
this is due to a beneficial buffer sharing effect at each output,
as previously mentioned.

The graph in Fig. 12 shows curves of the relative standard
deviation of packet delays for packet-mode scheduling algo-
rithms. Smaller variations than OQ are observed for low and
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Figure 12: Relative standard deviation of packet delay in packet mode
under uniform traffic
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Figure 13: Relative average packet delay in packet mode under hot-spot
traffic

moderate traffic. Similarly to Fig. 7, iOCF is very effective
in achieving small delay variations.

4.2.3 Hot-spot traffic — Packet-mode scheduling

This scenario concentrates traffic towards one output. The
maximum admissible switch load can be analytically com-
puted: it is equal to 17/32 ~ 0.53 when N = 16.

Fig. 13 shows curves of the relative average packet delay
in the hot-spot traffic scenario. The four considered algo-
rithms, modified to operate in packet mode, exhibit smaller
delays than the OQ switch for all loads where losses do
not occur (throughput results, not reported here, show that
losses occur when the load is equal to 0.5 or larger). Aver-
age delays are smaller than those of OQ both for the heavily
loaded output and for the NV — 1 lightly loaded outputs.

Fig. 14 shows curves of the relative standard deviation of
packet delays in the hot-spot traffic scenario. Delay vari-
ations are similar to those produced by OQ, with marginal
reductions (ratios are around 0.8) at loads not larger than
0.3. At larger loads, while iOCF always provides smaller
variations than OQ, MUCS and RPA, and iSLIP at a lesser
extent, tend to exhibit larger variations (ratios are however
limited to less than 1.4).

These results are very encouraging, and tell us that the
uniform traffic scenario, in which contentions involve all
outputs in the same fashion, is a worst-case situation for the
comparison of both IQ scheduling algorithms with OQ ar-
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Figure 15: Relative average packet delay in cell mode under hot-spot traffic

chitectures. Similarly, the uniform traffic scenario is a worst
case scenario when measuring the merits of packet-mode vs
cell-mode scheduling algorithm, as can be seen comparing
Fig. 13 with Fig. 15.

5 Conclusions

The paper focused on architectures and scheduling algo-
rithms for input queuing packet switches, comparing them
with output queuing switches in the case of variable-size
data units. Similar performance results were observed for
IQ, and OQ, with a tradeoff between algorithmic complex-
ity of the scheduling algorithm on one side, and hardware
complexity due to the internal speed-up on the other side.

We considered four previously proposed scheduling algo-
rithms for the transfer of fixed-size data units in input queu-
ing architectures. These algorithms exhibited performances
very close to output queuing switches.

We proposed novel modifications of the scheduling algo-
rithms in order to deal with variable-size packets, having
in mind IP routers internally using ATM switching engines.
These packet-mode scheduling algorithms require a negli-
gible complexity increase with respect to cell scheduling,
and yield performance advantages over output queuing ar-
chitectures. This is an important result, which can impact
the design of next-generation packet switches.

Note that packet-mode scheduling can in principle avoid
the segmentation of variable-size packets into fixed-size
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cells: the activation of the scheduling algorithm must oc-
cur at instants that are spaced in time by fixed time intervals
(called slots), and each packet “freezes” an input/output con-
nection for a sufficient number of slots.

Obviously, a drawback of packet-mode scheduling is that
long packets keep busy an input/output pair for a long time,
thereby possibly delaying short, time-sensitive packets. This
behavior is typical of packet switches and can be avoided
by permitting either preemption and retransmission of lower
priority packets, or interruption and restart of the transfer
of lower priority packets using one output buffer per packet
priority.
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