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Abstract A traffic aggregate can be a number of flows arriving at differ-
ent input ports but going to the same destination; all thedlow

We report two fast and scalable scheduling algorithms ttwt p require the same COS.

vide exact bandwidth guarantee, low delay bound, and reasonRobust and efficient switch fabrics that support QoS are

able jitter in input-queued switches. The two schedulers finstill lacking. Existing schemes found in the literature foe

a maximum input/output matching in a single iteration. TheyQ switch that support certain QoS have limitations. They

sustain 100% throughput under both uniform and bursty traffi often are too complex, too slow, and not scalable. Some

They work many times faster than existing scheduling sclsemgchemes are based on the Slepian-Duiguid algorithm (e.g.

and their speed does not degrade with increased switch sifg, 8, 10]). Some are based on the Gale-Shapley algorithm

SRA and SRA+ algorithms are @¥(1) time complexity and (e.g.[7,9,11,16,17,20]). Both types of algorithms areaffaic-

can be implemented in simple hardware. SRA tends to intive in reserving bandwidth and can cause severe degradatio

cur different delays to flows of different classes of sendoe  throughput. They are also too complex for hardware implemen

to their different subscribed portions of the total bandWwid tation and to be scalable. Iterative maximal matching sesem

SRA+ is aweighted version of SRA. SRA+ improves over SRAe.g. [2,12,19,21]) tend to incur long delay and are notial

in that all flows undergo the same delays regardless of thefhere are also maximum-weight matching algorithms [13—15]

bandwidth shares. The schedulers operate on queue groupgoaprocess traffic of different priorities. These algorithare

the crossbar arbiters in a distributed manner. too complex (of time complexity)(N3log N)) and difficult

to be implemented in hardware. The Birkoff-von Neumann
Key Words switch runs an offline matching algorithm that is based on ma-
Input-queued switch, switching, quality of service trix decomposition and af(N*-%) complexity [3, 4] which is

clearly too complex.
. Our work offers better solutions that could be used in future
1 Introduction generation switches. In previous work, we studied a bdettef
switch fabric that implements a fast noniterative fabrivestul-
Real-time network services impose stringeptality of ser-  jng algorithm calledsingle round-robin arbitratior(SRA) and
vice(QoS) requirements on switches. Switches must guarantgg corresponding scalable architectures [5, 6]. SRA finds a
bandwidth (or rate), bound delay, and smooth jitter. This panaximum matching in a single iteration. Its time complexity
per presents two novel and efficient switch fabrics that supp O(1). SRA runs many times faster than existing algorithms fo
these QoS functions. We show how exact bandwidth guaragrossbar arbitration while operating at line rate. SRA s
tee, low delay bound, and reasonable jitter can be provitadi to implement in hardware as are its supporting architesture
switch fabric. In this work, we evaluate how well SRA supports QoS. We
Our switch fabrics are based on the input-queued (IQdhow that SRA is as efficient as it is for best-effort traffio. |
paradigm. We consider them as using crossbars with ugddition, we follow the framework of SRA for arbitration and
buffered crosspoints. 1Q switches have large packet iffepdd a credit-based weighting mechanism to form a new sys-
at the input ports. Packets arriving at an input port are-orgaem, called SRA+, for QoS assurance. The SRA+ scheme still
nized into separate queues according to their destinatitpud  ryns at line rate and is capable of fast arbitration and eRa&
and theirclass of SerViCQCOS). Such a queue is called a Vir'guarantee_ SRA+ also finds a maximum matching in a Sing'e
tual output queue (VOQ). Using VOQs removes head-of-lingeration. It is many times faster than existing QoS scheases
(HOL) blocking that occurs when FIFO queues are used. I yses SRA for arbitration. Thus it can satisfy most strimge
providing QoS, our switch fabrics operate on traffic aggrega delay requirements. Furthermore, SRA/SRA+ algorithms are
“Work supported in part by Ti University Program, NSF EIA-GT09, all of constant time which enables simple hardware implemen

Texas ARP 009741-0028-2001, NSF CCF-0309461, NSF CCFasiand  tation. SRA and SRA+ employ simple queuing structure and
Microsoft, USA. disciplines and match simple architectures.




2 Switch Architecture stitute one COS (COS 1). We could specify as many COSs
as there are VOQs, but defininfg COSs as above is most
Figure 1 illustrates a switch model that represents the IQractical. For instance, DiffServ classifies traffic intdyof
switch. It shows the overall architecture and the queuingst COSs [21]. Also, VOQs are FIFO queues.
ture of the 1Q switch. The model consists®finput ports, an  Time in the switch fabric is slotted. In each time slot, at nos
N x N crossbar with no buffer at cross-points, aNdoutput  one cell can arrive at each input port, each arbiter complete
ports. Arbiters sit between the input ports and the crosbar one arbitration process, selected cells are switched ghrthe
arbitrate access to the crossbar. crossbar, and each output port sends at most one cell oute The
is no speedup, i.e. the value of the speedup is 1. The fabric
operates on fixed-sized cells. Packets of variable lengths a
InpuLPOTSVOQ Groups - Ol rbers Outpot Parts segmented and padded into cells.
SRA or SRA+ is used for arbitration for all the schemes dis-
—~_ cussed in this paper. SRA or SRA+ is run at the arbiters. There
is an arbiter for each output. Arbiters are distributedicaty
- . across the fabric and operate independently of each otRéY. S
Crossbar . itself can also be used to guarantee bandwidth and to provide
an average delay bound to all COSs.
Iy SR SRA+ is a fusion of SRA and a credit-based weighting
N scheme for arbitration and enforcing QoS. It eliminates the
difference in delays of different COSs. SRA+ employs a ra-
tioning mechanism at distributed arbiters that operateain p
(a) Overall architecture allel. SRA+ is the first switch fabric scheme to use many in-
stances of a rationing mechanism in parallel and therebfyver
the feasibility of such a mechanism’s parallelization. Aiae

__ TMMew credit-based weighting scheme is deficit round-robin (DRR)
. : [18]. By initial design, DRR works on a few flows that are

— M e pooled together. DRR has been adapted into use in the Cyclone
switch where it is combined with iSLIP and used for arbitra-
tion [22].

— T o [ SRA and SRA+ are scalable in that cell delay does not de-
: grade whenV increases. Our data show that the overall cell
- w [ delay remains about the same when we varamong 8, 16,
32, and 64. Variation in standard deviation is also neglaib
Similar variation exists in variance and coefficient of eage.
(b) COS VOQs at Input Throughput remains 100% for aN values under all loads. In
Port; addition, exact bandwidth guarantee holds for all the \&ahfe
N. In all the simulation runs, input blocking has shown to be
Figure 1. The architecture of the 1Q switch. low. Cell multiplicity is no higher than 3 in about 99% of the
time at even high loads for high' values and is almost never
higher than 5.

An input port of an 1Q switch will have buffering of around Because the arbiters in SRA and SRA+ act independently
150 ms which is approximately the round-trip time of trafficof each other, there is a possibility that each input port wil
along a typical Internet path. An output port of an IQ switchreceive more than one grant to send in each time slot. That an
needs a buffer to hold cells of a number of packets becauseitiput port sends more than one cell going to different owtput
may take a few time slots for all the cells of a packet to arrivén a time slot is callednput blocking We usek to notate this
before the packet can be reassembled and sent out. There wéll multiplicity. In switching best-effort traffick has been
be only one cell arriving and to send out in each time slot wheshown to be low [5, 6]. For any, the occurrence of > 2
the fabric operates at the line rate. is only about 7%. In most cases,is 1 or 2. Instances of

Queues are organized differently in input ports and output > 5 virtually do not occur. To abate input blocking, we
ports. At input ports are VOQs which are organized in acproposed two crossbars to purposely and perfectly suppit S
cordance with the COSs; traffic going to the same output pol®, 6], although SRA and SRA+ can work on any architecture
but belonging to different COSs form a virtuglieue group that supports any existing scheduling scheme.

(Qij, 1 < 4,5 < N, in Figure 1(a)). Traffic over the entire SRA and SRA+ use only one layer of round-robin arbiters
switch is classified intd{ COSs. There are a total df K (for outputs only), unlike some maximal matching schemas th
VOQs in each input port. Traffic of a COS can be stripedise two layers (at both inputs and outputs). SRA and SRA+ all
over all N input ports and allV output ports. As an exam- have a time complexity oD (1) since all the operations take
ple,Qi11,Qiz21, - ,Qin1, 1 <i<N,inFigure 1(b) con- constant time to complete. Particularly, the way the quantu
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accretes in SRA+ ensures when the FIFO head element getstiie tail of the status queue, else the status element fovy®@t
turn, at least one cell or a burst of cells will be sent. Thigseh is gone.

is no queue traversal in a time slot which would take lineaeti (2) At the inputs: Upon receiving a grant, the input checks
SRA and SRA+ find a maximum matching in each time slot irif the corresponding VOQ is to become empty if the cell has
a single iteration. We proved in [5, 6] that SRA sustains 100%een sent. If yes, it sends a status signal to the outpuearbit
throughput and is fair. We showed in simulations that SRA ifndicating the VOQ is to be empty, so the output arbiter will
many times faster than traditional maximal matching scleemenot keep an element for this VOQ in its FIFO queue again.
[5,6]. Following the same frameworks of proof in [5, 6] for Then the input port sends a cell from the VOQ to the crossbar
best-effort traffic, we can easily prove that these propemif  with the designated output information. The input sendsista
SRA hold true for COS-differentiated traffic and for SRA+ forinformation about any of its VOQs to the corresponding otitpu
cells and packets. These properties were clearly shown to baly when the VOQ changes from being empty to having a cell
true in our simulations to be described in the followinggetd.  arrived and from having cells to becoming empty.

Moreover, SRA and SRA+ are far simpler than other existing

QoS schemes. 3.2 Bandwidth Guarantee

The fairness property of SRA implies that a stream of traffic
3 SRA for QoS going from an input porito an output porj always gets its fair
share of service. By the same token, with traffic differeidig
SRA was initially devised to fast switch best-effort traffut 5 cOS will always get its fair share of bandwidth. This can be
it has the ability to guarantee bandwidth. In addition, #8l  yjewed as an extension of our previous fairmess result (fEmeo
performance does not degrade when used to guarantee baggy[s,6)). In fact, we found by simulation that the guaranté
width. Furthermore, it guarantees bandwidth exactly. We cayandwidth is exact. In the simulations, we also found thaA SR
find a delay bound that is the same for all COSs. Service COBerforms well regardless of the values Sfand is therefore
tracts can be practically enacted by specifying the banttwidgcgiaple.
required. We simulated the working of SRA withv = 8,16, 32, 64
and K = 6 under incoming traffic of i.i.d. Bernoulli with des-
_ tination uniformly distributed. We set the bandwidth ports
31 TheSRA Algorithm of the K COSs to be 0.5, 0.3, 0.1, 0.05, 0.03, and 0.02. At all
loads, the bandwidth of every COS is exactly guaranteed. On
The switch scheduling problem can be modeled as a bipaiHl accounts, the overall throughput is sustained at 100%.
tite matching problem as follows. Ld} and O; denote in-  Figures 2 and 3 show the results wh&his 8. The COSs
put porti and output poryj, respectively. Lel’OQ; ; denote ynderwent different mean delays due to their bandwidtheshar
the VOQ at/; holding cells destined fo0;, andVOQ; ;(t)  as can be clearly seen in Figure 2. COS 1, with a bandwidth
the length of’OQ; ; at time slott. In each time slot, we  share of 50% suffered the most delay whereas COS 5 the least.
construct a bipartite grap&¥(V, E') such thatV” = Vi U Va2, While each COS gets its bandwidth share, the one with a higher
Vi ={VOQ;|1 <i,j <N} Vo ={0;|1 <j <N} and portionwill only get the samé/m of the chances as the others
E ={(VOQ:; 0;)|VOQ; ;(t) > 0,1 <i,j < N}. Graph if there arem COSs all having queued cells. This variation is
G is called amodified I/O mapping graphNote thatVOQ; ;  also evident in some other statistic properties of cellyala
represents the queue groupfofVOQs at input porf; destined obtained.
to the same output po?;. SRA works in such a way thatat  Figure 3 shows the standard deviation of the COS delays
most one VOQ in a queue group can transmit in a time slot. Avhich clearly varies among the COSs. The variance and co-
matchingis defined as the se¥t C E such that no two edges efficient of variance of the COS delays display the same vari-
in M are incident to the same node ¥ but multiple edges ation. These statistics measure the degree of dispersimmwh
are allowed to be incident to the same nod&inA maximum s indicative of jitter. Jitter measures variation in ceélaly.

matchingis one with the maximum number of edges that carrhe most effective jitter indicator of all is standard deida

be matched in a time slot. SRA finds a maximum matching ivhich with a value ofs plainly means that the jitter is cell

G in one iteration [5, 6]. times above or below the mean delay. We see that dispersion
With COS distinction, the SRA algorithm works as follows. and hence jitter is high at high load values but is within 10 ce
(1) At the outputs: Each output arbiter maintains a FIFQimes when the load is lower than 95%. When the load ap-

queue of status information of the input VOQs that have cellgroaches 1, the system becomes less stable and is said to have

destined to the output. This queue can be no longer fiah been overloaded. Overcharge should not occur in normal pro-

at any time. The arbiter always chooses the VOQ (correspondisioning of the system.

ing to one input) at the head of the queue to send in each timelf the sole purpose of a system is to guarantee bandwidth,

slot. Then the arbiter sends a grant to the input that theethosthen SRA is workable. But it is usually more desirable to sub-

VOQ belongs to and removes the VOQ from the head of thgct all COSs to the same overall delay or a COS to a delay less

status queue. After the input has sent a cell from the VOQ, than the overall delay. The delay dispersion problem of SiRA i

the VOQ still has cells queued, that VOQ is queued again intensuring bandwidth will be remedied in a weighted version of



Giobal —=— sume that every packet has been segmented to cells and SRA+

cosz - operates on these cells without regard to their adjacentyein
coss original packet. We consider SRA+ switching cells of a packe
001 Goss —o— contiguously in the next section. SRA+ for cells works as fol

lows.

(1) At the outputs: Each output arbiter maintains a FIFO
gueue of status information of the input VOQs that have cells
destined to the output. This queue can be no longer Man
at any time. The arbiter always picks the head element of the
gueue (corresponding to VOQIf] of input : and COSf) to
send in the time slot. Then the arbiter sends a grant to input
porti. When the credit for VOQ] f] is exhausted or insuffi-

cient for the next burst or when VOQI[f] has become empty,
01 02 03 04 05 06 07 08 09 1 . . y
Normalized Load (Cells/Slof) the arbiter dequeues the element representing VOQpff the
status queue and gets to its next element. When the credit for
) VOQYIi, f] has been exhausted or become insulfficient for the
Figure 2. Mean cell delays under SRA. next burst, if VOQY, f] is still backlogged, it notifies the input
to stop sending and inserts the element representing ¥GQ[
back into the status queue immediately or after as many time

10

Mean Cell Delay (Cell Times)

Slobal —— ‘ slots as the number of cells in the burst. When VO@I has
COS2 —x— become empty, its credit is reset to zero until it gets baydyéal

100 £083 - i again. The quantum of credit for each COS isits weight didide
cose - by the smallest of weights of all the COSs (times the maximum

packet length in terms of number of cells if traffic is bursty)

(2) At the inputs: Upon receiving a grant, the input checks
if the corresponding VOQ is to become empty if the cell has
been sent. If yes, it sends a status signal to the outpuearbit
indicating the VOQ is to be empty, so the output arbiter woll n
keep an element for this VOQ in its FIFO queue again. Then
the input port sends a cell in each time slot onward from the
VOQ to the crossbar with the designated output information

01 02 03 04 05 06 07 08 09 1 until it receives a notification from the arbiter that the VBQ
Normalized Load (Cells/Slot) credit has been exhausted or become insufficient for the next
burst or the VOQ has become empty. The input sends status
Figure 3. Standard deviation of cell delays under SRA,  information about any of its VOQs to the corresponding otitpu
only when the VOQ changes from being empty to having a cell
arrived and from having cells to becoming empty.

Standard Deviation of Cell Delay (Cell Times)

SRA, called SRA+, which we present in the next section.
P 4.2 QoS Guarantees

4 SRA+ In simulating SRA+, we found that SRA+ matches almost ex-
actly to SRA on all of the overall performance metrics. For in
SRA+ is a weighted version of SRA. It micrifies the dispersiorividual COSs, SRA+ shows that the dispersion of their Stati
of statistics of COSs taking different bandwidth propams@t tics found in running SRA is greatly alleviated.
high loads observed in using SRA as discussed in the last secWe simulated the working of SRA+ withv = 8,16, 32, 64
tion. SRA+ maintains the low delay and low jitter propertsés and K = 6 under incoming traffic of i.i.d. Bernoulli with des-
SRA in bandwidth guarantee. It sustains 100% throughput amation uniformly distributed. We set the bandwidth ponis
SRA. The SRA+ algorithm runs i@ (1) time and is amenable of the K COSs to be 0.5, 0.3, 0.1, 0.05, 0.03, and 0.02. As

to simple hardware implementation. in running SRA, at all loads, the bandwidth of every COS is
exactly guaranteed. On all accounts, the overall througispu
41 TheSRA+ Algorithm sustained at 100%.

Figures 4 and 5 show the mean and standard deviation of cell
SRA+ follows the graph-theoretic definition of the switofpin delays for the COSs. The dispersion of cell delays is almost
problem as for SRA which is described in Subsection 3.1. Onlgompletely gone. Variance and coefficient of variance of the
an input port now has to handié COS flows with weight con- delays show the same effect. This can be clearly seen if these
straint such that each COS gets its share of the bandwidth witigures are compared with those for SRA shown in Figures 2
the same delay as other COSs across the switch fabric. We asd 3.



Giobal —=— loads, the bandwidth of every COS is exactly guaranteed. On

oSz —— all accounts, the overall throughputis sustained at 100%.
goss o Figures 6 and 7 show the mean and standard deviation of the
Tg 100 coss —o— COS cell delays. Variance and coefficient of variance shaw th
E same effect. The dispersion of cell delays is almost notesxis
8 except at low-end loads where a COS with lower bandwidth
g proportion gets far fewer packets arriving and thereby show
2 2
= lower variation.
] 10
O
g
3]
s 1000 Global ——
A
01 02 03 04 05 06 07 08 09 1 E
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)
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Figure 4. Mean cell delays under SRA+. %
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Figure 6. Mean cell delays under SRA+ for packets.
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Standard Deviation of Cell Delay (Cell Times)

01 02 03 04 05 06 07 08 09 1 100

Normalized Load (Cells/Slot)

Figure 5. Standard deviation of cell delays under SRA+. 10

The global mean cell delay shown in Figure 4 matches nearly
perfectly with that in Figure 2 as does the global standard de
viation in Figure 5 with Figure 3. Global metrics are summary 01
measures of all cells switched through the fabric during the 01 02 03 04 05 06 07 08 09 1
simulation interval. Normalized Load (Cells/Slot)

The trajectory of global mean cell delay represents the
amount of delay that every COS experiences under a serigigure 7. Standard deviation of cell delays under SRA+ for
of loads. Similarly, the global standard deviation curveiin Packets.
cates how much jitter there will be for every COS under vasiou
loads. For both metrics, the values for a COS are independent
of its subscribed rate. In terms of cell delay, SRA+ is a number of times faster

We also tested how SRA+ performs under bursty traffic. wi1an HDS and PQWRR under bursty traffic [21] although burst
devised a special bursty loading process which can be nbdelf€n9th we used is a bit shorter than theirs. But SRA+ shows
as a modified Interrupted Bernoulli Process (IBP) with an a/ligher jitter under high loads than HDS and PQWRR.
erage burst length of 10.885536 cells. Each burst correlspon
to a packet-worth of cells; the cells of each arrived packet a5 Concluding Remarks
sent back-to-back. We simulated the working of SRA+ with
N = 8,16, 32,64 and K = 6. We set the bandwidth portions Our two noniterative schedulers SRA and SRA+ are many
of the K COSs to be 0.5, 0.3, 0.1, 0.05, 0.03, and 0.02. At alimes faster than known conventional QoS schedulers. They

Standard Deviation of Cell Delay (Cell Times)




have good QoS performance. They are capable of exact band-
width guarantee and tight delay bound. They sustain 100%

throughput and make subscribing out total available badtdwi

[7]

possible. They are also scalable. Their performance daes no
degrade with switch size. They can all operate on the same

supporting switch fabric architectures. Their constitego-

Architectures, Algorithms, and Networks (I-SPAN 20@&lges
230-235, Las Vegas, NV, USA, Dec. 2005.

S.-T. Chuang, A. Goel, N. McKeown, and B. Prabhakar.
Matching output queueing with a combined input/outputiwpde
switch. |IEEE Journal on Selected Areas in Communicatjons
17(6):1030-1039, June 1999.

rithms run in constant time and are easy to implement in hard{8] A. Hung, G. Kesidis, and N. McKeown. ATM input-buffered

ware.

With SRA+, we subjected the switch fabric to two modes of =31 : _
cell switching. The first mode is to switch cells as they ase di [9] A. C. KamandK.-Y. Siu. Linear-complexity algorithmsrfQoS

patched to the switch fabric in an i.i.d. Bernoulli pattetn.

switches with the guaranteed-rate property. Phoceedings of
IEEE ISCC '98 pages 331-335, June 1998.

supportin input-queued switches with no speediERE Journal

this mode, cells of packets can not be sent as soon as the pack- on Selected Areas in Communicatipd§(6):1040-1056, June
ets arrive and are segmented because they have to be shaped 1999.

according to the i.i.d. Bernoulli pattern. In the second mod [10] C. E. Koksal, R. G. Gallager, and C. E. Rohrs. Rate qaatitin
cell traffic is bursty as cells of each packet are sent contigu
ously to the fabric as the packet arrives and is segmented. It
can be estimated that the delays suffered by the packetg in th
two modes are only slightly different. But overall, SRA+ is[11]

more efficient than other existing schemes regardless ffittra

patterns.

Two quantities make SRA and SRA+ to be many times fastét2]

than conventional QoS schedulers. In simulations, celydel

e

incurred by SRA and SRA+ is several times less than that
a conventional scheduler such as one using iterative méxi

matching. Secondly, SRA and SRA+ all finds a maximum

matching in one iteration and their time complexity($1),

whereas existing schedulers need much more time to findl
matching. To compute a matching, iterative matching sched-

ulers such as PIM and iSLIP are shown to fflog N) itera-
tions to converge (their worst case time complexit@isV?)),

SDA-based schedulers takk N?3) time, and GSA-based ones

[15]

are Q(N?) times slower. Thus, compared with any of these

schedulers, our SRA/SRA+ algorithms are much faster.
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