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Abstract—We consider input-queued switch architectures that they remain contiguous in the delivery to the output card,
dealing at their interfaces with variable-size packets, but inter- j e  they are not interleaved with cells of another train. This con-
nally operating on fixed-size cells. Packets are segmented iNto gtraint permits savings in memory and complexity, since the re-

cells at input ports, transferred through the switching fabric, and .
reassembled at output ports. Cell transfers are controlled by a assembly of packets at the output becomes much easier. We call

scheduling algorithm, which operates in packet-mode: all cells these packet-mode scheduling algorithms (PM-SAs).

belonging to the same packet are transferred from inputs to out-  In this paper, we use analysis and simulation to examine the
puts without interruption. We prove that IDpUt-quelged switches  performance of selected CM-SAs and PM-SAs, and to prove
using packet-mode scheduling can achieve 100% throughput, uonerq| results on PM-SAs. Although it is generally true that
and we show by simulation that, depending on the packet size deali ith iable-size d . bri b f
distribution, packet-mode scheduling may provide advantages 9€2/NQ wit variable-size ata _unlts may bring about perfor-
over cell-mode scheduling. mance penalties [17], we prove in this paper that the maximum

Index Terms—nput queued switched, packet switching, sched- throughput achlevablg by 1Q arChlteFtureS using PM_SAS’. IS
uling algorithms, variable size packets. 100%, as for 1Q architectures adoptlng CM—SAS. Rega}rdmg
packet delays, we show that the relative merits of switches
using CM-SAs and PM-SAs depend on traffic characteristics,

. INTRODUCTION which accords with some results found in other contexts [18].

NPUT-QUEUED (IQ) switches with virtual output The paper is organized as follows. Section Il describes the
I queueing (VOQ) buffering schemes [1]-[4] are today oftel@gical switch architecture and its major components, in the
adopted as the architecture for high-speed switches or routé@se of both fixed-size and variable-size packets. Section Il
since all the components of an 1Q switch (input interfaceBriefly overviews the considered CM-SAs, and presents our
Switching fabricy Output interfaces) Operate at a Speed Wh|6"pd|f|cat|0ns to turn them into PM-SAs. Section IV contains
is not larger than the data rate of input and output lines. Md§g proof that 1Q switches operating in packet mode can achieve
of the implemented high-speed IQ switches internally operat80% throughput, provided that adequate SAs are adopted
on fixed-size data units (cells): the Lucent GRF [5], the Cisd§ee the statement of Theorem 2). Section IV also contains
GSR [6], the Tiny-Tera [7], the AN2/DEC [3], [8], the iPointan approximate analytical model that helps to understand the
[9], and the MGR/BBN [10]. behavior of packet delays. Section V presents simulation results
A major issue in the design of IQ switches is that the access® CM-SAs and PM-SAs. Finally, Section VI concludes the
the switching fabric must be controlled by some form of sche@aP€r.
uling algorithm (SA) to avoid contention at output ports. Sev-
eral SAs for IQ cell switches were proposed and compared in
the literature (see, e.g., [2]-{4], [9], [11]-[16]). We call thes@. Input-Queued Cell Switches

cell-mode scheduling algorithms (CM-SAs). Good CM-SAs for We assume a switch with’ inputs and outputs. all runnin
IQ switches provide performance close to output-queued (05% u witeh with iInpu utputs, unhning

Il. LOGICAL ARCHITECTURE

architectures. We revisit in this paper some of these propos the same speed. The switch operates on fixed-size data units,

and develop novel variations to deal with variable-size packe%‘ ich can be ATM cells, or have any other convenient format.

more precisely, we constrain the SA to deliver contiguously a V;Q tgl(jru?;smtesr:]:rrfqoorsgv'tg?z?a(l)lpe;a“ﬂga(é?ef';(:i}]s'z:vﬂiﬁ
the cells deriving from the segmentation of the same packet. s 9 Y app y

other words, variable-size packets are transformed into “traigntrs r&gte;ﬁik:jr;gtszEg&i‘;ﬂi@giiiggi{:zeszsvci;?]itr']m%gl'i_
of cells,” and cells belonging to the same train are scheduled ’ 9

Sions is called théime slot and the slot is the granularity in the
allocation of switch resources.
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Fig. 1. Logical architecture for a packet switch based on an internal 1Q cell switch.

[19], and is called virtual output queueing (VOQ), or advanceahcket line speed. ISMs operate in store-and-forward mode,
input queueing (AIQ), or destination queueing (DQ) [1]-[4]. are equipped with enough memory to store a maximum-size

Cells arrive at input, 1 < ¢ < N, according to a dis- packet, and start the segmentation process only after the com-
crete-time random process. At most one cell per slot arrivespaete reception of the packet. The cells resulting from the seg-
each input, i.e., the data rate on input lines is no more than anentation are transferred to the cell-switch input at a speed
cell per slot. We calmgj’), wherek is a time slot index, the (called ILS) equal to the line speed PLS incremented to ac-
arrival process at inpuit for output j; the average cell arrival count for segmentation overheads. The capacity of each input
rate is denoted by (9, The aggregation of all arrival processesjueue at the cell switch is limited Q,...., hence, losses can
at inputi is A = {4%") 1 < j < N}. The aggregation occur. We assume that the entire packet is discarded if the input
of all arrival processes ig;, = {A(?), 1 <i< N} Agis Queue of the cell switch does not have enough free space to
termedadmissiblef no input and no output is overloaded, i.e. Store all the cells deriving from the segmentation of the packet
if Z?Vl A < 1,V jand> N LA < 1,4, Otherwise Ay, when the first of these cells hits the quelibis is a pessimistic

= 1 Jj= 1 . . . .

is calledinadmissible For later use, we define the cell arriva@Ssumption, but has the advantage of ease of implementation,
rate matrixA = [\(9)], and the normalized cell arrival rate@nd of avoiding the transmission of incomplete packet fractions
matrixT' = [(9)], with v = )\(ij)/(zrl:’:l er:;:l Almm)). through the switch.
We define also the averagacketarrival rate matrix, denoted by The cell-based switching fabric transfers cells from input to
Ap = [/\(ij)]_ Similarly toT, we define the normalized packetOUtp”t gueues, according to an SA. These cells are delivered

: L ; N to the output reassembly module (ORM) at speed ILS. Here,
arrival rate matrix@p = [vp”]. .

When a cell with destinatiop arrives at input according to packet§ (e, ”.3 datagrams) are reassgmbled. In general, cells
processAS”, it is stored in the FIFO queu@(®. The number belonging to different packets can be mterleav_ed at the same

: i i . (i5) output, hence, more than one reassembly machine can be active

of cells in Q%) at time k is denoted byX;"’. These FIFO

have fini L h in the same ORM. However, at most one cell reaches each ORM
ggﬁ:sues ave finite capacity: each queue can store at@host in a slot time, hence, at most one packet is completed at each

Th itching fabrici blocki d less: at OtRM in a slot time.
€ switching fabric 1S nonblocking and MEMOryless, almost i, .o 5 packet is complete, it is logically added to an output

one cell can be removed from eaqh input and at most one c;%'cket queue, callegacket FIFQ from which packets are se-
can be transferred to each output in every slot. quentially transmitted onto the output line. Thacket FIFO
functionality is typically implemented by imposing a sequential
transfer from the suitable ORM to the output line of all the cells
Each router port has line interfaces where any data link ahdlonging to the same reassembled packet.
physical layer protocols can be used to receive and transmit IAn the case of IQ packet switches using PM-SAs, it is pos-
datagrams. Within the IP layer at the input, routing functiorsble to further simplify the switch structure and to improve its
are activated to associate an output port with the destinationd@formance by enforcing additional constraints on the SA. In-
address. We neglect here issues related to the implementatierd, cells belonging to the same packet are contiguous in the
of these functions, such as table lookup. Input IP datagrams ameut queue of the internal 1Q cell switch. By using PM-SAs
segmented into cells, that will be transferred to output ports Bsee Section Il for details) cells belonging to the same packet
the switching fabric. Once cells are delivered to an output podre kept contiguous also in the output queue, and the ORM
they are reassembled into the IP datagram, which is transmitteddules are no longer necessary (or at most one per output is
on the output line according to possibly different line formatsused). In this case, the logical architecture could be simplified
The logical architecture for an 1Q packet switch is showhy removing both the ORM module and the output packet FIFO
in Fig. 1. At each input, an input segmentation module (ISMjom Fig. 1. With this modification, since each ORM operates in
segments the incoming packet into cells. PLS is the exterrsabre-and-forward mode, and hence, introduces a delay equal to

B. Input-Queued Packet Switches (or Routers)



668 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10, NO. 5, OCTOBER 2002

the packet size, the delays through the switch are reduced at least TABLE |
by a packet duration. Although this architectural simplification CHARACTERIZATION OF THE CONSIDEREDIQ SCHEDULING ALGORITHMS
may lead to interesting performance and may be implementable ~Rjgorithm || Metric Matching method
with limited effort, we will not consider this possibility in this MWM-QL || QL: Queue Length Maximum Weight
paper. MWM-CA || CA:Cell Age Maximum Weight
MSM QO: Queue Occupancy | Maximum Size
ll. CELL AND PACKET SCHEDULING ALGORITHMS %?:112 g&‘ guﬁuzLengm iterat}"e geam:
IN | SWITCHES 1 e ge terative Searc
Q iSLIP QO: Queue Occupancy | Iterative Search

A. Problem Definition

This section describes SAs, i.e., the set of rules used to de- . . .
cide which input port is granted access to the switching fabriflelG]: In this paper, we consider six proposals, namely,
Scheduling in IQ cell switch architectures can be modeled aé wee qptlmal algorithms MWM'QL.(MWM with queue Ie_ngths
matching problem in bipartite graphs. The switch state can weights), MWM-CA (MWM with cell ages as weights),

; A : - SM (maximum size matching), and three heuristics, iLQF
described as a bipartite gragh = [V, E] in which the graph . . . . )
vertices in sel” are partitioned in two subsets: subsgtwhose [22], iSLIP [23], and IOCF [22]. The choice of algorithms is

elementsu®® correspond to input interfaces, and subat somewhat arbitrary; the motivations that guided our choice are
[ P P ' . discussed at the end of this section. For the sake of brevity,

(k) ; .
whose elements,,” correspond to output interfaces. Edges Nive do not provide here a description of these algorithms. The

dicate the nee?ns) for ((:fll)l .tra.nsfers from an input to an oUtRG, yer is referred to the original works for detailed descriptions.
(an edge from;™ to v, ’ indicates the need for cell transfers

. ) . In [24], we proposed a general taxonomy for SAs. Any SA
from inputn to outputm), and can be labeled with a metric (o [24] prop 9 y y

r : )
) . .~ »~'can be decomposed into two main components:

weight) that will be denoted by""). The adopted metric s 1) Metrics cgm utationComputation Ef the weight matrix

a key part of the SA. It can be binary to simply indicate th P P 9

I AN CY)) A2 : i
at least one cell exists to be transferred. Otherwise, the adoptéed,. [t3”"]. Each one of the possibly™ edges in the bi

metric can refer to the number of cells to be transferred or to th rtite graph is a;somated with a_n;strlc dependmg(g)n the state
time the oldest cell has waited of the corresponding queue, thatwé depends oo, ", the

A matchingM is a selection of an admissible subset of edge%t.?te of the queu@”) at slotk. This metric will act as a pri-

A subset of edges is admissible if no vertex has two connecfdY for the C_e" transfer. )

edges; this means that it never happens that two cells are e i—J.SM and 'SH')D adopt the queue occupancy (QO) metric:

tracted from the same input, or that two cells are transferredte = @(X;""), wherev(-) is the unit step function.

the same output. A matching hasaximum sizé the number MWM-QL and iLQF adopt as metric the queue length (QL):

of edaes i imized: - i ighi ' = x9 MWM-CA and iOCF adopt as a metric the time
ges is maximized; a matching hmsximum weighif the k k

sum of the edge metrics is maximized. A matchingiaximal already spent in the queue by the cell at the queue head; we

if adding any edge of? makes it inadmissible. called it cell age (CA).

The need for good suboptimal matching algorithms derives2) Matching methodComputation of the matching. MSM
from the fact that the optimal solutions of the problem have vegpd iSLIP aim at a maximursizematchings, whereas all other
high complexity. The complexity i©(~N?) for the maximum algorithms try to maximize the matchingeight
weight matching (MWM) algorithm [20, ch. 8],that can be =~ MWM-QL, MWM-CA, and MSM are optimal algorithms,
proved to yield the maximum achievable throughput using able to compute the maximum weight or size matching [20].
metrics either the number of cells to be transferred, or the tir®LIP, iLQF, and iOCF generate maximal matchings using iter-
the oldest cell has waited [21]; it8(N'3/2) for the simpler and ative search [24].
less efficient maximum size matching algorithm [20]. Table | summarizes the characteristics of the considered 1Q

The N x N matrix whose elements are the edge metricSAs. Both metric and matching method have a deep impact on
in graphG = [V, E] is called theweight matrix denoted by the performance and on the complexity of the algorithm.

W = [w9)]. This weight matrix¥ varies with time, according  Coming back to the choice of the algorithms that will be con-
to the changes in the system parameters from which its elemesitiered in the rest of this paper, we tried to select two algorithms
are computed. When necessary, denoting: lbiye current slot, for each type of metric, the first being the optimal algorithm and
we shall writeW;, = [w,(:])]. We assumes(¥) = 0 for missing the second being a well-known heuristic approximating the op-
edges inG, i.e., when no cells from input to output; are timal algorithm. With this choice it is possible to understand
waiting in input queues. the effect of the type of metric and of the matching method
on the overall system performance. MWM-QL, MWM-CA and
B. Considered Cell-Mode Scheduling Algorithms (CM-SAs) MSM were chosen as optimum algorithms for the three types
f metric. iISLIP aims to approximate MSM and was chosen be-
ause it is very well known for its simplicity, for its implemen-
tion in the Tiny-Tera switch, and for being the precursor of
a commercial implementation. iOCF and iLQF were chosen as

INote that the literature regarding IQ switches generally reportsacomplex\’t‘{ﬁ"‘known ap.prpximations of MWM.'QL and MWM-CA. All
O(N®log N), which is incorrect (see [20, ch. 8] for details). the three heuristics run fdog V iterations.

A number of CM-SAs for IQ switch architectures have
appeared in the technical literature; see, e.g., [2]-[4], [
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Thus, our choice of algorithms aims at consideringnd identically distributed (i.i.d.) for variabtewith fixed ¢, and
well-known representatives of classes of proposals, at the ciogtependent for variablewith fixed », although this latter con-
of paying little attention to more recent schemes, and to algstraint could be partly relaxed.
rithms which slightly improve on well-known and established We indicate with||Y’|| the Euclidean norm of vectd =
proposals. (2, ) Y] = K ()2, In addition, we use
) ) E[] to indicate averages.
C. Packet-Mode Scheduling Algorithms (PM-SAs) Definition 1: A system of queues is said to k&rongly
PM-SAs introduce the additional constraint of keeping thstableif lim,, .., sup F|| X .|| is finite.
cells belonging to the same packet contiguous in the switchingWe assume that the stochastic process describing the evo-
fabric and in output lines. To achieve this, the SA must enforégtion of the system of queues is an irreducible discrete-time
that, once the transfer through the switching fabric of the firMarkov chain (DTMC), whose state vector at timeis X,
cell of a packet has started toward the corresponding output pott, € IN*. Most systems of discrete-time queues of practical
no cells belonging to other packets can be transferred to thderest can be described with models that fall in the DTMC
output, i.e., when an input is enabled to transmit the first cellass. The following general criterion for the strong stability of
of a packet comprising cells, the input/output matching mustsystems falling into this class is, therefore, useful.
persist for the followingt — 1 slots. Theorem 1: Given a system of queues with state veckgy,
This is equivalent to having an infinite weight on theand afunctio’(X,,) = X,,W X? (called Lyapunov function),
corresponding edge of graph until all the cells belonging if there exists a symmetric copositivenatrix W e R
to the packet are transferred to the output port. Note that and two positive real numbeese Rt andB € R™, such that
conflicts can arise between infinitely weighted connections, X,,: || X,|| > B

since no more than one cell can reach a given output in one EV(Xnt1) — V(X)) Xn] < —€l|Xnl
slot, hence, two connections directed to the same output cannot ) »
simultaneously have an infinite weight. then the system of queues is strongly stable. In addition, all the

We propose to extend the six considered SAs to operateqﬂlynomial moments of the queue length distributions are finite.
packet mode. The only complexity increase in the implementa-11iS i @ rephrasing of the results presented in [25, sec. IV].

tion is to add a Boolean variable at each input to flag overpridR&aders are referred to [25] for a proof. Since the identity
itized connections. matrix I is a symmetric positive semidefinite matrix, and

hence, a copositive matrix, it is possible to state the following.
Corollary 1: Given a system of queues with state vectoy,

_ _ _ if there exists: € R, B € R" such thatv X,,: || X,.|| > B
In this section, we present analytical models of 1Q packet B [Xn+1Xf+1 _ X,,,XﬂX,,,] < —| X,

switches. We first formally prove that the maximum throughput
achievable by 1Q packet switches operating in packet modetien the system of queues is strongly stable, and all the polyno-
identical to that achievable in IQ switches with CM-SAs anfnial moments of the queue length distributions are finite.

0Q cell switches. This means that packet-mode operation car?) Stability of Packet-Mode Scheduling IQ Switch€on-
achieve 100% throughput provided the input traffic is admigider an 1Q packet switch, and suppose that all input packet sizes
sible. We then show, with a simplified model, that although refire multiples of some unitlength called UL (UL may correspond
ative delays of cell-mode and packet-mode switches dependt@r bit, a byte, or a cell). Consider the system of discrete-time
traffic characteristics, itis possible to define traffic conditions iflueues comprising all input queues of the packet switch. The
which 1Q switches using PM-SAs provide lower packet de|ay§screte time unit corresponds to a continuous-time increment

IV. ANALYTICAL MODELS OFIQ PACKET-MODE SCHEDULING

than those using CM-SAs. equivalent to UL.
We assume that customers correspond to cells to be trans-
A. Maximum Achievable Throughput ferred from input to output ports. Since we consider an 1Q

I - . switch, each elementi of the departure vectaP,, can only
1) Definitions and Preliminary ResultsGiven a system of assume the values 0 and’t andV n. The arrival of a packet

M (in our case,M = N?) discrete-time queues of infinite .
- . corresponds to the arrival of a group of customers, whose
capacities, letX,, be the row vector of queue lengths at time

nie, X, = (z, 22, ..., 2M), wherez’. is the number of cardinality equals the packet size in UL units. Therefaie,

. o can be larger than 1. However, if the traffic is admissible,
customers in queugat timen. Ela’] < 1, Vi
nl — ’ :

The eyolqtion of the length of queueis described by the Definition 2: A sequence of time instants € IN* is anon-
expressions, ., = ,, + @, — d,,, Wherea, represents the defectivesequence of regeneration instants (or stopping times)

number of customers arrived at quelie time interval(n, n + for the evolution of a system of queues if, for afy the evo-
T 1
1], andd, represents the number of customers departed frcfmion of the system following,, is conditionally independent

queuei intime interval(n, n+1]. LetA,, = (al, a2, ..., a . : -
be the vector of the nlgmbers (])f arrivals at(all queues,la,mdz of the evqutpn of the system befotg, given the staQté/(tn),
(di, d2, ..., d*) be the vector of the numbers of departurersnoreover’ Ieting:,, =t =, Blzn] < o0 andBlz,] < .

: . . . Definition 3: An 1Q packet switch follows arenewal
from all queues. With this notation, the system evolution equﬁfWM-QL schedule if at each stooping time.. a new
tion can be written as(,,.1 = X, + A4,, — D,. We assume ppIng "

in this section that the entried, of vectorsA,, are independent  2an A7 x M matrixQ is copositive ifXQX7 > 0,V X € R,
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switching configuration is selected according to the outcomeWald'’s theorerd [26, sec. 2—13] can be applied, singeis a
of MWM-QL, and the switching configuration is kept constansequence of stopping times, thereby obtaining
until tnti1- Zn—1

Definition 4: An IQ packet switch follows aincremental £ | 2° Av,+iX{, — 20Dy, X + Ds X

MWM-QL schedule if at each stopping timet, a new 2 =0

matching is selected according to the outcome of MWM-QL al- IXe, - -

gorithm. Between two consecutive stopping timgsindt,, 11, _ 2E[z] (E[An] — D, ) X;,, +2E[Ds] X,

partial updates of the switching configuration are allowed. I|X¢,, )

These reconfigurations are performed according to the outcomeygte thatE[D(g]Xt{ < MEJ[#%] < oo, since at most\/

of MWM-QL, operating on a subset of input and output portscomponents ofDs can be nonnull, no component &fs can
Lemma 1:An I1Q packet switch following a renewal exceed the value,, and, finally, a component abs can be

MWM-QL schedule is stable under any admissible i.i.d. inpyonnull only if the corresponding queue length at timeis

traffic patternA,, such thate[A4, A%] < oo, Vn. smaller thar,,. Moreover, for each admissible load and nonnull

Proof: The evolution of the system of discrete-timeyueue length vectofE[A,] - D, )XE < 0, as proved in [21].
qgueues in the 1Q packet switch is represented by a DTMfhys

whose state is defined by the vector of queue lengths; _ E[V (X )| X0 ] -V (Xe)
between consecutive stopping times, the system evolut|on”Xhﬂr1 X
satisfies i b . .
. 2E[z] (E[A] = Dy, ) Xi, + 2E[Ds]) X
= e X,
Ko = Koy + 3 (At = Dra). i (4] - Dy,) XF
=0 < 2F[z,] lim T < Elz)e
' _ 1X+,,lI—o0 (RN
Note that allD; ., ¢ < z,, refer to the same matCh'”g?whereE[zn] > 0, sincez, > 0 by definition. 0

however, they need not be all equal, since some queue schedul§thyma 2: An IQ packet switch following arincremental

for transmission at time,, may become empty before the nexjwm-QL schedulés stable under any admissible i.i.d. input
stopping time. If this happens, no packet can be transferred frgmyi patternA,, such thatE[A, AZ] < co, Vn.

empty queues. _ . Proof: The proof can be easily obtained by applying the
By using the Lyapunov functiol’ (X, ) = X, X; Lyapunov function used in Lemma 1.
Consider an 1Q packet switch with a given packet arrival
£ [V (th+1) | th] - V(X)) process running an incremental MWM-QL scheduler with stop-
Zn—1 ping times{t,, }. A particular renewal MWM-QL scheduler can
T . . .
=E (2> (At,qi—Di i) X[, be defined under the same arrival process and with the same set
i=0 of stopping times. The latter scheduler is stable due to Lemma 1.
Zp—1 Zp—1 . .
Since for the two schedulers we have the same set of stopping
3 G Ds) D i =D it g
7=0 =0
Zp—1 Zp—1
I
Thus, under the assumption th#t[A, ;AT /] is finite Z Dy, 4iXe,+i 2 Z Dy, +iXe, 4
(which corresponds to assuming finite packet size variances), =0 =0
sinceE[Dtnﬁ.DT*] is also finite WhereD{nH is the departure vector at tinag + ¢ for the incre-
mental MWM-QL schedule, anf), ., is the departure vector
_ E[V (X,,.,) | X, ] -V(x,) for the_ r_e_newal MWM-QL schedule._ O
! Xthﬂfl_)oo X, Definition 5: An 1Q packet switch follows apacket

L MWM-QL schedule if a new switching configuration is
28| S (Ap 4 — Dth)XtTn} selected according to a MWM-QL algorithm, whenever either
—  lim i=0 _of the following conditions holds.
1 Xe,, JI o0 X, + All packet transmissions end at the same time.
_ . « All the queues selected for transfer become empty.
Define nowDs = z, D, — 332, Dy, 4i; as noted before,  pefinition 6: An 1Q packet switch follows a@acket incre-

this difference may be nonzero when some queues becofgntal MWM-QL schedule if both the following conditions
empty before changes in the switch configuration. Thus hold.

21 * Whenever either all packet transmissions end at the same
E [ > (Atti— Drti) XtT} time, or all the queues selected for transfer become empty,
2 i=0 a new switching configuration is selected according to a

Xz, MWM-QL algorithm as in a packet MWM-QL schedule.
Zp—1
E { E Atn+iXtTn — 2Dy, XtTn + Do'XtTn 3Wald's theorem: Le{ X .} be a sequence of i.i.d. random variables with
-9 i=0 _ finite expectationE[X], and M a stopping time for the sequence,, with

finite expectationE[M] < oo, thenE[X-M | X,] = E[M]E[X].

i=

[| X,
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* Whenever some queues selected for transfer become idtecorrelation exists among the queues’ behavior. Thus, given
(i.e., either they are empty, or packet transmissions end) for n > ng, vk

a partial update of the switching configuration is allowed, P{all transmissions end at timg}

according to an MWM-QL algorithm among idle ports. N,
Lemma 3: Consider an IQ packet switch, following either a - H P{tx ends at timex and at queué}
packet MWM-QL schedule or a packet incremental MWM-QL kel
schedule, whose input traffic is formed by variable size packets Nooy 1
with i.i.d. random size. Packet sizes are expressed in integer > H — = >0.
multiples of UL. Assume that the average packet sizieand o ™ (mD

the packet size variance é¢ (both being finite). Assume that Consider now the sequence of instafitsat which either all
the transmission of packets from all queues selected by tbecket transmissions end, or selected queues become empty.
MWM-QL algorithm starts at the same time with exactly th&he sequencg, forms a renewal process; thus Blackwell's the-
same rate. Consider the sequence of instgnég which either orem applies.
the transmission of all the packets at the head of the selected . ) 1
queues ends at the same time, or all selected queues become® 12l transmissions end at time} = E[f,] = Elon]
empty. The sequence of stopping timtgds nondefective, i.e., whereE[f,] is the average number of regenerations at time
Zn = tat1 — t,, @re such that’[z,] < co andE[#2] < oc. since

Proof: For simplicity, assume that the packsize distri-
butions at all queues are aperiodic, i.e., the maximum common P{all transmissions end at time} > 0
divisor of all possible packet sizes expressed in UL is equal
to 1 (the proof can be easily extended to the case of periodicif§ obtainE(z,] < oco.
and further assume a switch operating according to a packef© prove that als@[=7] < oo, consider all packets trans-
MWM-QL schedule (the proof can be easily extended to rgitted from queué: between two subsequent regenerations; let
switch operating according to a packet incremental MWM-QEY be the number of such packets, ahd be their sizes ex-

schedule). pressed in UL. We can write

We suppose that switch queues have infinite length, so that [/ w 2
we negle_ct the prpbablllty that SW|t_ch queues b_ecome empty p[.2] — E%[z,| = E (L; — E[L;])
near traffic saturation; thus, we obtain an overestimat&[ef,] =
and E[22], since timeg,, are defined by only the sequence of L
instants in which the transmissions of all packets at the head of V ) )
the selected queues end at the same time. =B > (L3 - E*[Ly)

Each sequence of instants at which transmissions of packets Li=t
end at queuk forms a discrete-time renewal point proceg®., woow
a Iattic_e renewal point process yvith period equal to 1), thanks +E Z Z (L;L; — E[L;L;])
to the independence of packet sizes. Thus, for Blackwell’'s the- ==
orenf [26, sec. 2-19], the average numbigf*] of packets i
whose transmissions end at quéuat timen satisfies The second term in the sum can be easily shown to be null by

1 conditioning on the value d#; it can, therefore, be eliminated.
lim E[f*] = i (1) As a consequence
. w w

However, no more than one packet transmission can end at each E[2] - E*[zn] = E Z 2| — E2[Lj]
queue at each time (assuming no packet is of size zero); thus, o J o

Elf.] equals the probability that a packet ends. and by Wald's theorem, since regeneration points are stopping

E[f¥] = P{transmission ends at timeand at queué}. times for the sequenck;
2 2 _ 2 2 _ 2
Limit (1) implies that, for any integem > 1, there exists an £l = £°[2n] = E[W]E[LT] = E[W]E"[Lj] = E[W]o".
instantn;, such that' n > ny. SinceE[W] s finite (otherwise F[z,] would be infinite) andr
o _ 1 is finite by assumption, we have thaf2] < oc. O
P{transmISSIOH ends at timeand at queUQ} > ﬁ > 0. We can now state our main result.

Theorem 2: Any IQ packet switch following either packet
M-QL scheduler apacket incremental MWM-QL schedule
S strongly stable, provided that:

the input traffic is admissible;
“Note that the state definition in our analysis changes from number of cells « the input traffic is formed by variable size packets with
to ;‘A“mber °f| packets from now on. . y S i.i.d. random size having finite average and variance;
renewal point process is a sequence of timgssaid renewals, such that S
X, =ty —t, are iid., positive defined random variables. « the transmission of packets from all queues se_lected by the
6Blackwell’'s theorem: For discrete-time renewal processes with average MWM-QL schedule starts at the same time with the same

inter-renewal timd /i, lim,, _, . P{observing a renewal at time} = 1/u. rate.

Let N, be the number of queues selected for transmission
instantn. Then we may easily compute the probability that th
transmission of thes&’, HOL packets ends at instant since



672 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10, NO. 5, OCTOBER 2002

Proof: The proof is straightforward from Lemma 1 (fordelays refer only to the waiting time in input queues, not
packet MWM-QL schedulers), or Lemma 2 (for packet increcomprising the delays due to segmentation and reassembly.
mental MWM-QL schedulers), and Lemma 3, since the assunfirom the simplified queueing modé&F, can be estimated as
tions of Theorem 2 satisfy the conditions under which Lemma 3 2
holds. O “=1yer

Note that the packet incremental MWM-QL schedule in Def:

_— . us, the approximate analytical model predicts packet delay
!nltlon 6 corresponds to the packet ’T‘Ode M.WM'Q.L descrlbegdhains for PM-SAs in the case of packet size distributions with
in Sections 111-B and IlI-C, and used in the simulation results.

small variance ¢, < 1), whereas CM-SAs are expected to
provide lower packet delays when the packet size variance is
N . . large €, > 1).

An intuitive explanation of the relation between the average Note that similar results could have been obtained by
packet delay values in PM-SAs and CM-SAs can be providgghgeling cell-mode operation with group arrivals, and by
with the help of an approximate queueing model. interpreting individual customers as cells, and groups as

We focus on one output port, and on packets directed frqckets. Packet delays would in this case be equivalent to
the different inputs to that output port, and consider _only ”ﬁ-‘roup delays. This approach was pursued in [18], to show some
packet delay component due to virtual output queueing (thg§ssible improvement of the delays experienced by packets

disregarding the effect of segmentation and reassembly Mgl variable-size packet network with respect to a fixed-size
ules). To estimate the packet delay with a queueing model, Wgcket network (such as ATM).

also have to disregard the output conflicts in the switch; thus, our
estimates will be reasonably accurate only for low to medium
traffic loads. Still, the approximate model provides useful in-
sight into the phenomena that will be observed in analyzing sim-Ye report simulation results for packet switches with
ulation results. The transfer toward the output port correspori@@ut/output interfaces, assuming that all input/output line rates
to the packet service, and packets are modeled as customerd#@-equal, and that only unicast traffic flows are present. We
quiring a variable amount of service. As a further simplificatiorSsume finite queue sizes in the simulation models. Each input
we describe the packet arrival process at the switch ingress viteueQ ) has finite lengthQu..x; when a cell directed to
a Poisson process, without taking care of overlapping ingre®4iput,j arrives at inputi, and queue®™?) is full, the cell is
times. lost. No buffer sharing among queues at the same input port is
This simplified setting corresponds to an M/G/1 queue, whefdowed.
CM-SAs can be paralleled to processor-sharing (PS) or round- ) o
robin (RR) service, since all packets directed to the consi‘al Packet Size Distribution
ered output are simultaneously served (again because of lovour simulation models do not explicitly describe the arrival
traffic), and PM-SAs can be paralleled to FIFO service, singd IP datagrams at packet-switch inputs. We instead model the
each packet is served separately, with no interleaving of cellsasfival of cell bursts at the inputs of the internal cell switch.
different packets. These assumptions hold especially for iSLTPese cell bursts originate from the segmentation of a packet.
under low load, since iSLIP implements a round-robin mech- The cell arrival process at inputAgj), is characterized with
anisms. Since we do not model blocking of the server due &otwo-stateoN—OFF model. When the input port is in the ON
conflicts for the same output, the model is valid only for lovstate, a packet is being received. The number of slots spent in

B. Approximate Packet Delay Estimation

V. SIMULATION RESULTS

load. the ON state, i.e., the size in cells of the packet, is a discrete
We know from queueing theory that the average delagndom variabl@ (/) for packets directed from inputo output
E[Drg], in the case of PS service, is 7. No cells are received in therr state. The number of slots
pE[S] spent in theoFF state is geometrically distributed with average
E[Dpg] = 1—p Eorr = (1 — p)/p. The parametep is set so as to achieve the

desired input load.

We consider the following packet size distributiché.
UNIFORM(a, b). Packet sizes are uniformly distributed be-
tweena andb cells. In the following,e = 1 andb = 192. The

whereE[S] is the average service time apds the queue traffic
(or utilization factor). Instead, for an M/G/1 queue with FIFO
service, we know that

E{Drrro] = pE[S] y 1+C? value ofb comes from the maximum transmission unit (MTU)
1-p 2 of IP over ATM.
where C,, is the coefficient of variation of the service time, BIMODAL (a, b;p,). Packet sizes are chosen equal to either
which, in our case, refers to packet sizes. a cells with probabilityp,,, or b cells with probabilityl — p,,.

Note thatE[Dps] is equal to the average delay in an M/M/1 EXPONENTIAL(a). Packet sizes have exponential distribu-
queue with FIFO service, so thB{ Dps] = F[Driro] fornega- tion with meana.
tive exponential distribution of packet sizes (thatis@gr= 1). TRIMODAL (a, b, ¢;pa., py). Packets sizes are chosen equal
We define thepacket-mode gajndenoted(, as the ratio to eithera cells with probabilityp,,, or b cells with probability
between the average packet delay experienced with CM-Sps or ¢ cells with probabilityl —p, — p. The trimodal distribu-
and the average packet delay experienced with PM-SAs. then was chosen to accurately describe the IP packet-size distri-
noted before, in our simplified analysis these average packeition measured at the ports of the router gateway of the Politec-
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Fig. 2. Average packet delay for CM-SAs and PM-SAs in the uniform traffic scenario.

nico di Torino. Measurements were collected with TSTAT [27}ate modeling of real traffic patterns in packet networks is out-
[28], an IP-measurement tool developed by our research grosijgle the scope of this paper.
The collected traffic trace refers to 13 days of January 2001,
and contains about 1 billion IP packets. Similar packet size dis- Performance Indices
tl‘ibutions were found W|th Other trafﬁC traces. The mea.sured Resu'ts are presented W|th graphs Where the fo"owing perfor_
distribution was approximated byRIMODAL (1, 12, 32; 0.559, mance indices are plotted versus the switch normalized traffic
0.200). TCP acknowledgments (ACKs) correspond to one cqllad. The latter is defined as the ratio between the input traffic
576-byte packets to 12 cells, and 1500-byte packets to 32 calgad and the total capacity of input/output lines, both of them
computed at the cell level (hence, the normalized load varies
between 0 and 1).
We consider the following three traffic scenarios, which are « Cell delay. This is the time spent by cells in the cell-switch
described through their correspondBigandI' » matrices (see queues.
their definitions in Section II-A), ané () random variables. e Packet delay This is the overall delay of a packet, con-
Uniform Scenario. In this casey™) = ~\i) = 1/N2, sidering the ISM module, the internal cell-switch queues, the
V4, j (uniform traffic). Packet sizes are chosen according ©RM module, and the final packet FIFO. It is computed only
UNIFORM(1, 192). Numerical results for this scenario will befor packets completely delivered at switch outputs, measuring
shown in the cas&/ = 16. the time from the ingress of the last cell of the packet into the
Spotted Scenario In this case, an unbalanced load is gensM module until the egress of that same last cell from the final
erated toward different outputs, to emphasize the performanggket FIFO. Constant delay components are removed; hence, a
limitations of simpler SAs. In addition, packet sizes are chosgihgle-cell packet traverses an empty packet switch in null time,
according to BVoDAL (3, 100; 0.5), to highlight possible star-and a packet comprising cells has a best-case delay equal to
vation effects in the service of long or short packets. We assumg: — 1) slots, due to wait in the segmentation and reassembly
N = 8, and set phases.

B. Traffic Scenarios

11101010 e Packet expansion This metric is computed as the ratio
61011101 between the number of slots necessary to transfer all the cells of
10101110 the packet from the input to the output of the switching fabric,

r=Tp= L 1101 0101 and the size of the observed packet. For PM-SAs, the packet

0110101011 expansion is always one, but when a CM-SA is adopted, the

61010111 transfer of the cells belonging to a packet can be interleaved
10111010 with the cells of other packets, and the packet expansion can be
01110101 larger than one.

Diagonal Scenario In this caseygfj) = 1/N? (the traffic Simulation runs were executed until the estimate of the

is uniform at the packet level), and packets sizes are chog¢rage cell delay reached with probability 0.95 a relative
according to BVODAL (100, 1;1;—;), beingl;—; equal to 1 if width of the confidence interval equal to 2%. The estimation of
i = j, and 0, otherwise (packets on the diagonal have fixdlge confidence interval width is obtained with a batch means
size equal to 100 cells, else equal to 1). Numerical results fpproach.
this scenario will be shown in the cagé= 16. The reason for
considering this scenario is to highlight the starvation effect
the service of short packets due to the transfer of long packets.Fig. 2 shows the curves of the average packet delay for the
Note that these traffic scenarios were chosen to illustrate ciitnsidered CM-SAs and PM-SAs. No losses were experienced
ical differences in the behavior of PM-SAs and CM-SAs. Accuwwith queue lengths equal to 30 000 cells.

R Uniform Scenario
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Consider first the curves of CM-SAs. Three different regior 16 "

can be identified, corresponding to low, medium, and highloa 4 }

—8-— MWM-QL-CM
/| —a— MWM-CA-CM
{1—e— MsM-cM

respectively. When the load is low (sayx 0.1), all algorithms e 116%1;811:44
yield almost identical performance, since contention aris§ 2 gt ISLIP-CM

with very low probability, and the matching is often unique. Fc g olh
medium load (in this case, with1 < p < 0.8), the effect of &
metrics is predominant on the SA performance. For high loig s}
(aboutp > 0.8), on the contrary, the matching method has thr§
largest impact on performance. Indeed, looking at the meditg
load region, we see that iLQF-CM and MWM-QL-CM behavis 4 |
almost identically, and worse than all other algorithms, whic s
yield practically the same average packet delay. This does | 2 [——g= e
contradict the common belief that MWM-QL-CM yields the A ; I
best average cell delay: If the average cell (rather than pack 01 02 03 04 05 06 07 08 09 10

delay is plotted, MWM-QL-CM actually yields the lowest Normalized Load

curve. However, here we focus on packet delays, since they ] ) ] ] )
better reflect the performance experienced by higher Ia))ag.& Average packet expansion for CM-SAs in the uniform traffic scenario.
protocols. To understand the reason for the different influence _. - .
of the three considered metrics (QL, CA, and QO), we rephrafe':'g' 4 plots the coefficient of variation of the packet delay

6

the result of Section IV-B: When the coefficient of variation of°” CM-SAs and PM-SAs. Under cell mode, metrics have the

the packet size is small”, < 1), the interleaving of transfers ighes_t influence on the packet_delay varia_nce, but also the
of cells belonging to different packets should be avoided {Batchlng methoq becomes significant for h]ghlload. As ex-

minimize packet delays, because the packet-mode gaion‘s‘?ted’ the algorithms based on the CA metric yield the lowest
greater than one. On the’ contrary, whep > 1, interleaving variance, exactly because they select cells to be transferred

is beneficial, because the packet-mode gain is less than di@sed on the time they spent in input queues. On the contrary,

Observe that the QL metric under cell mode tends to interlea Bder pa_cket mode, only the met_ric determines the packet
packets: to understand why, consider two packets of the saffg@y variance, whereas the matching method has hardly any

size contending for the same output: One cell from each pac uence. Hence, for the variance of packet delays, PM-SAs

will be transferred alternatively. Also, the QO metric under cefiMPhasize the effect of the metric and reduce the effect of the

mode aims to distribute services among all nonempty queuBtching method.
hence, tends to interleave the cells of all packets contending for
the same output. However, the QL metric interleaves packéis Spotted Scenario
more than the QO metric, since it tends to equalize all queue_.
lengths and, thus, interleaves for a longer period of time the Fig. 5 plots the average packet deIay; When_CM-SAs and
most V) packets directed to the same output. On the contra .'SAS aré adppted, under spotteq traffic. In ﬂ."s case, as for
the CA metric under cell mode tends to avoid interleavin _mform traffic, it is possible to identify thrge regions, the first
Indeed, whenever a packet is interleaved, the CA for all tf. € (_Iow load, not shown) where QH algorithms behave almo_st
remaining cells belonging to the interleaved packet grOV\) ,_e”t'ca”y' the secand one (m‘?d'”m Ioad) where the metric
thus decreasing the probability of future interleaving. Und&fves performance, and the third one (high load) where the
the uniform traffic scenario(, is very low (€, =~ 0.287), matching method domlnatgs. Also in this c#seis less .than
and to minimize the average packet delay it is better to avdi§€ (C» = 0.94), so that interleaving should be avoided to
interleaving: The QL metric is thus worse than QO and CANNiMize delays. Qualitatively, the performance at medium
To be better persuaded about these arguments, the reader/ @& 1S very similar to the case of uniform traffic. As soon as the
refer to the plots of the mean packet expansion for cM-sAqad increases, the_matchlng method becomes_ less efficient for
in Fig. 3. For medium load, MWM-QL-CM and iLQF-CM all sqboptlmal algo_rlth_ms, and losses are experienced (here,_the
show the highest interleaving, whereas the algorithms badBgXimum queue size is set equal to 10 000 cells). The flattening
on the CA and QO metrics exhibit similar interleaving, but, af delay curves to horizontal asymptotes is an indication of
expected, CA minimizes the interleaving. packet losses: Each packet enters an almost full queue and faces
Return to CM-SAs in Fig. 2; for high load (about- 0.8), the  @n almost constant delay. On the contrary, optimal algorithms
matching method has the most impact on the SA performan¥€ld much lower delays and do not experience losses. This
All the optimal algorithms (MWM-QL, MWM-CA and MSM) traffic scenario thus highlights the performance differences
show lower packet delays, whereas the suboptimal matchipgtween optimal and suboptimal algorithms working in cell
methods (except for iLQF, which is very efficient) show muchode.
higher delays, but only for very high logd > 0.99). The two graphs of Fig. 5 again show that PM-SAs decrease
Now consider the curves of the average packet delay fitve effect of both metric and matching method. Thanks to
PM-SAs in Fig. 2. We can immediately observe that PM-SABM-SAs, suboptimal algorithms with very simple metrics (such
reduces the differences among the metrics and the matcha#ggSLIP) can achieve throughputs very similar to those of much
methods. However, we will show later that this is true onlynore complex algorithms. In this particular case, however,
when considering aggregate performance indexes, thus, p&-IP-PM can experience some delay penalty with respect
sibly hiding some underlying unfairness among the delays the other PM-SAs, since the traffic scenario was expressly
experienced by packets with different sizes. designed so as to “break” the round robin mechanisms of iSLIP.
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Fig. 4. Coefficient of variation of packet delay for CM-SAs and PM-SAs in the uniform traffic scenario.
100000 100000
Cell mode gg] =— MWM-QL-PM Packet mode
; —+— MWM-CA-PM
o — M(S)M-PM
= e oo ILOF-PM
g 10000 £l ioCF-pM 10000
5 ] iSLIP-PM
4 MWM-QL-CM
& MWM-CA-CM
8 MSM-CM
§ 1000 iLQF-CM 1000
- iOCF-CM
iSLIP-CM
100 . l ; 100 r |
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 09 1.0
Normalized Load Normalized Load

Fig. 5. Average packet delay for CM-SAs and PM-SAs in the spotted traffic scenario.

The throughput improvement for suboptimal PM-SAs can Fig. 6 plots the average packet delay experienced by long
be explained in the following way. When a packet transmigackets (on the main diagonal of the traffic matrix, with size
sion is completed, PM-SAs compute the new matching only fa00 cells), for CM-SAs and PM-SAs. Fig. 7 plots the average
all those inputs and outputs that are not currently involved pgacket delay experienced by short packets (with size equal to
packet transfers; whereas the outcome of a complete matchi@ cell), for CM-SAs and PM-SAs. Consider first the delays
is generally not maximal, by reducing the number of inputs fr CM-SAs. For high load, iSLIP-CM and MSM-CM vyield
be matched, it becomes easier to compute a maximal matchip@r.y short delays for short packets, but very long delays for
For example, iSLIP and iOCF always find a maximal matchingng packets. This is mainly due to the QO metric, which is
when the number of iterations of the algorithm is not smallggsensitive to the arrivals of large batches of cells generated by
than the number of inputs available for the matching. Whenigng packets. Long packets experience losses under iSLIP-CM,
PM-SA is adopted, the matching changes very little in Subsgay the maximum throughput of the overall packet flow is
quent time slots. In fact, results not reported here indicate t%out 0.89. Short packets are served a short time after arrival,
the average ”“r.“ber of edges which areocommon {0 tWO SUCCERL 6 their weight is equivalent to that of long packets at the
Zlgj/e match(;ngs |s'falways %reatettrtza}[n ?_f? /O_I(_);Fhe total nltjt:n?erh ad of their queues. Hence, short packets experience very

ges, uncer unitorm and spotted trattic. “his means that Uy, delays, as can be seen in Fig. 7, at the price of the
ally at most one or two edges are changed. . S

very long delays incurred by long packets observed in Fig. 6.
F. Diagonal Scenario Thus, the QO metric induces temporary starvation for long

The diagonal traffic scenario is used to highlight the differem@ackets. On the contrary, the QL metric of MWM-QL-CM and
delays experienced by packets belonging to two classes: shlb@F-CM has the opposite effect: When a large batch of cells is
and long packets. We want to quantify the temporary starvatiganerated due to a long packet arrival, the corresponding input
in the service of a class of packets due to the transfer of packgteue increases its weight, and a long packet is served after
of the other class. Simulation results will tell us that the maia short delay, at the expense of short packets. This behavior
responsible of this temporary starvation phenomena is the $luces temporary starvation for short packets. Finally, the
metric, and that starvation, which is related to unfairness in sé¥A metric minimizes the delay variance, as showed before,
vices, exists for both CM-SAs and PM-SAs. hence, minimizes the differences in the delays experienced
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Fig. 6. Average packet delay for long packets in the diagonal traffic scenario with CM-SAs and PM-SAs.
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Fig. 7. Average packet delay for short packets in the diagonal traffic scenario with CM-SAs and PM-SAs.

by long and short packets. This effect is visible by comparinghereas in cell mode short packets could be interleaved with
Figs. 6 and 7, where MWM-CA-CM shows packet delaybng packets.

equal to about 280 slots for both long and short packets at loadn conclusion, under diagonal traffic, the QO metric can
p = 0.95. It can also be observed that, with cell mode, thmduce starvation in the service of a class of packets at expense
delay difference produced by different matching methods @g the other; this can also reduce the maximum achievable
relevant; indeed, optimal algorithms are always able to achieeoughput, if the optimal matching method (MSM) is not
100% throughput, even if the metric induces starvation foradopted. This conclusion holds both for CM-SAs and PM-SAs.
class of packets (like in the case of QO for long packets). Whetowever, when a PM-SA is adopted, the overall maximum
PM-SAs are considered, although the differences between theoughput is higher. The CA metric avoids starvation
curves are again reduced, the effect of metrics is predomingsttenomena for both CM-SAs and PM-SAs, whereas the QL
and the effect of the matching method is almost negligible. Tineetric behaves very similarly in both modes, also if it always
QO metric, used by iSLIP-PM and MSM-PM, gives very shoduffers temporary starvation for short packets.

delays for long packets, at the expense of short packets, as

shown by plots in Figs. 6 and 7. iSLIP-PM does not delay lorfg- Packet-Mode Gains

packets, since its round-robin mechanism tends to synchronizén this section, we show simulation results concerning the
the services of long packets of the traffic matrix diagonaactual packet-mode gain values under different packet size
Note that now losses are experienced for short packets, Hidtributions, for iSLIP, which is the SA that is better described
the overall maximum throughput for iSLIP-PM is about 0.97yy the approximate model of Section IV-B. We assume packet
which is much better than the value 0.89 reached by iSLIP-CMources and destinations to be uniformly distributed, as in the
For MWM-CA-PM and iOCF-PM, the CA metric, as usualuniform traffic scenario. We consider four different packet-size
tends to equalize packet delays experienced by long and shibstributions: uniform, bimodal, exponential, and trimodal.
packets. The QL metric of MWM-QL-PM and iLQF-PM Table Il shows, for each distribution, the coefficient of variation
behaves very similarly to cell mode. Only the delays of shotf,, which is the parameter that drives the delay performance,
packets increase slightly, because their temporary starvatemcording to our simplified model. We chose uniform, expo-
increases due to the complete transmission of long packetsntial, and bimodal distributions to study the packet mode
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TABLE I
THEORETICAL PACKET-MODE GAINS FOR DIFFERENT
PACKET SizE DISTRIBUTION

Distribution C, | Theoretical packet mode gain G
UNIFORM(1,192) 0.287 1.84
EXPONENTIAL(100) 1.00 1.00
TRIMODAL(1,12, 32;0.559,0.200) | 1.20 0.82
BimMoDAL(1,101;0.99) 4975 0.077
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We analytically proved that no throughput limitations exist
by operating a switch in packet mode, showed that delays in IQ
switches operating in cell or packet mode depend on the traffic
characteristics, and validated our analytical findings with simu-
lation experiments.

In particular, this paper contains the first proof that
packet-mode scheduling in an 1Q switch allows 100%
throughput to be obtained (under the conditions of Theorem 2),
as well as an approximate analytical model to show the depen-
dence on the packet size distribution of the delay improvements
possible with packet-mode schedulers. Another important con-
tribution of this paper is the insight provided by the simulation
results, which clearly indicates that packet-mode schedulers
can offer very good performance, almost independent from the
matching method and the metric. This is quite an interesting re-
sult, which indicates that by adopting packet-mode scheduling
it is possible to use simple metrics as well as matching methods
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Fig.8. Packet-mode gaf for iSLIP under different packet size distributions.  [3]
gainforC, < 1, C, = 1, andC, > 1. We also chose trimodal 4]

distribution to study a more realistic traffic pattern.

Fig. 8 and Table Il show the simulated and theoretical packet[S]
mode gains for iSLIP. Simulation results clearly show that the
predictions of the approximate queueing model of Section IV-B [€]
are reliable for low loads. For high load, our approximation fails, -,
because of the contentions among HOL packets destined to the
same output, which is not described in the approximate model.[B]

Note also that, according to the results just shown for the
trimodal distribution, CM-SAs for iSLIP could be considered
better suited to Internet traffic than PM-SAs. This conclusion is
however incorrect, since the gain is not very low (being always
greater than 0.7) and iSLIP-PM is much more robust to unbal[-w]
anced traffic patterns than iSLIP-CM, as shown by the simula-
tion results presented in the previous sections. In addition, ift1]
the cases where we observed an improvement in the maximum
achievable throughput (as under spotted and diagonal trafficji2]
the packet-mode gain becomes infinite, since the packet delay
is finite only for PM-SAs. [13]

VI. CONCLUSION [14]

This paper focused on architectures and scheduling
algorithms for IQ packet switches dealing with variable-size[1s
packets.

We considered six previously proposed scheduling algo-
rithms for the transfer of fixed-size data units, and proposedis;
novel modifications of these scheduling algorithms to deal with
variable-size packets, having in mind IP routers internally using17
cell-based switching engines. These packet-mode scheduling
algorithms require a negligible complexity increase with re-
spect to cell scheduling, and can yield performance advantagéls8 ]
in terms of packet delays over cell-mode schedulers.

with reduced complexity with little sacrifice in performance.
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