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Abstract— Several companies have introduced powerful net-
wirk processors (NPst that con be placed in rowters to execute
various tosks in the neiwork. These tasks con rapge from 1P
level table lonkup alporiibm o application besel moaltimedia
tracoding appleativns. An MNP consisis of 8 nomber of on-
chip processors to carry owt pocket [evel purallel provesdng
operallons. Easurimg mod load balancing among the processors
increases thronghput, However, such multiprocessing alse gives
rise (o incressod cel-ol-ordber departure of processed packels.
In this paper, we first proprse o Dhvppmic Rateh Co-Scheduhing
(DBCS) scheme o schedule packets in a hetepnpenesrs netwnrk
provessor aesnming thal the workload is perfectly divisible, The
provessd krads from the processors are ovdercd poerfectly, We
annlvze the thronghput and derive expressions for the halch size,
scheduling time and musim o mwmber of sclredulalle peocecaors,
To effectively schedube varisble length pockets in wn NP, we
propize 8 Ppcketived Ihpamic Batch-CoScheduling (P-DRCS}
geheme by applying a combimation of deficit roumsd robin (INRRE}
and surplus roand rohin (SRR) schemes. Ve extend the algorithm
L hawdle multiple fivws based on & fair scheduling of Aows
depending nn their reservations. [xiensive sensitivity resulis
e prn'l-il;ln:r_'l_ l:hml.t-_.qh nnnl:s-i: and simsulistesn B show thot the
proposed algarithms satisfy both the koad baluncing and in-order
requiremients i packet procesxing.

L. INTROIDCTION

With thc mdyeat of powerlol network processors [NEs)
in the marke:, many computation-intensive lasks such as
mating table look-up. Classification. IMSec, and muplimedis
Famscoding can fow be accomplished mone eastly m a router.
Soch an NP-bzscd router permits soplusticated compotations
sthan the gepwork by allowang Wl psers Wooanjec costoomized
proarums inlo he nodes of the netwosk [1f. Ar NP provides
fhet speed of ar ASKD and at the same dmse is prosramimable,
Each NP congiss of a2 mumber of an-chip processors that o
provide high Qroughpm o0 network packer processing and
application level wisks [21, [3], [4]. Howewer, processing of
packeis belonging to the same flow by different processors
gves rise 1o out-of-arder Jeparture of the packets from the NP
and icurs bigh delay jiuer lor e culgoing valfic, Por TCH
it has Deert proved thal out-of-onder lcansmission ol packets 1&
tnical w the end-to-end performange. For muny applicstions
like mowdlinsedia ranscoding [£], 1L s imperalive o midintee
this cw-of-order effect because the receiver may not be able
i reorder themn easiiy to olerdle high delay jiner.
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Todav's receivers vary widely from palin devices, PDAs
i deskions that may or may nol havwe eoouah storage and
recrdering capabilities. Lramples of mwlumedia transeoding in
an aclive rouler are ound 1o the Mol wojeer [€] nf the Thni-
versily of California, Berkeley, and the Journey network model
[7] at e NEC-USA, where rowers provide custionmizable ser-
viCes acconding o packet requests, Efficient packer scheduling
I5 necessary Im onder woguaranice both high throwghoe and
mimtal pul-ol=order departures of packets. Howcwer, these
iwd pnals are contradictory to each other because scheduling
on more number of processors imcregsoes thamehpot bor zlso
increases oul-of-coder deparmure O packers.

Puckel processing in an NP ocan be considersd us sl
ty luk agprepation echmaues hat employ multiple physical
Links friwm o sowiree o the Rame deivmation. Link aggre-
pation prowides incrensed handwidih and relabality beiween
i e desees (swaeh-ic-swilch or swilch-w-slatica) as
meore channcls are added. Tmplemeatations 1aclude the ClsCo
FErberchannel in the CISCO ONS 15000 Series based on the
propricaary Liner-Swach truaking (ISLY. Adaptec’s |Duradink
porl agereeation, JC0OM, Bay Nelwoeks, Extreme Nelworks,
Howlett Packard and Sun, e, A pracucad link srrippog
profocol, called Surplus Round Bobin (SRR, 15 propesed
by Adiseshu |81 to schedule vardable length peckets owr
multiple links with differeat capacines. They demnnstogic Lhis
stripping 1% cquivalem w the classic lead-belanciag problem
over multipie channels. They solve Llhe vanable packel suze
problem by transforming & class of fair queéuing alpnrithoes
inte luad shurivg alzuritdnos &l the seader. Alhouel their
soludion 15 ebegant and efficicnt, it reguires the recedver o
rom & comesponding resequencing Algoridom (o ensure in-order
delivery of packets,

The aim of this paper s to denowve an efficient packel-
scheduling algorithum in a aelwork progessar tar comprises of
a number of processors (or chznanels) for packel proccssing.
Tt shoald prowvede 1) Ioad halancing for processing varabie
length packets using a proup of belesopeneous processars, and
23 in-erder delivery of packels wathout considering receiver's
rearranging capability. A plethora of scheduling schemes for
mulapracessors hawve been proposed in paralte]l processing
community. Examples of such schemes vary ffom simple
static policies, such as round robin or raodom disteibuation
policy {11 |9, 1) o sophisticased adapbve load-sharing
policies [11], [3). [12). However, only simmple poicies such
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at¢ roumd robin afe emploved mopracuee because sdaplive
schemes are difficult o implement and invelve comsaderable
overhead. We have shown that round rohin is simple and fast,
byl provides no guaranie; o the playback quality of outpul
streamms of video signals because il causes large oul-of-poder
departure of the processed medsa onits (58 Adapove oad
sharing scheme, which we implemenied from the lileratre
[IE], achieves berser wnit order in ourpat streams, bt smvolves
higher overhead to map the media anil to an appropriate oode.
Recently, we proposed o scheduling algorithem eullsd Sic
Sequentiatized Rach CoSchedling for yvideo transcoding [13]
using homageneous nelwark peocessors. Tl considerad a single
mulimediy stresm with all the packews avaituble in the input
quene at the bepinning of the scheduling,

in this paper we derive 3 Dynamic Bach Co-Scheduling
OS] algonthm thal considers o backKloesed quens, and
can be applicd to dynamic amival of packets inoan overload
sianon. bBxpressions bor oad disroibuiion i bStertgeneouws
nerwirk processoss ore demived ficst by assuming that the
schedulable workload 15 perfecily divisible 1 termis of byles,
The diwisible load theory (THT) for paralle] processing has
boen sugacsicd in [R4], [13], Howewer, they did noo con-
sider sequential ordering of e processor exccution dmes,
as required for packet transmission over the magmit ink. Oor
wlporithin seheduoles the packets mobatches by compuonng the
opimal bawch shee, schedulinge ume, md number oF schedu-
lahle processors given the maximum packet size aod nerwork
processnr paramerers, A baich & similar to the concept of time
epochs when schedeling 15 done. Several interesting resulis are
derived reparding scalability of our algorithm.

Becanse the arriving packets cannot be distribeted 1o proces-
s in byics, we also derive 8 packetived version of the DRCS
algorithm by applying & combined version of DER and SER
alparithms [#6], [8]. The P-TYBCS algorithm produces berer
results in terms of theoughput and out=of-order rate compared
Ler round robin gl pure SRR scheanes. We then exiend the T
DBRCS alporithm to handle muldple fows having reservations.
When applying P-DBCS algorithm wo muluple Aows, Both load
halancing and e schedeling requiremcniz should be sanshicd,
Hence, we revise the expression of the bawch size and packet
dispatching condition to reflect the new requircments, Finally,
wi porform o number of simulations and sensiovity stdics
to verify the acewracies of our theory and obtain performance
over wide-ranging mpnil parameicrs.

The rest of the paper 1% orgam®ed 29 follows, In section 11,
we present the prelimineries and certain design issues m 2
MNetwork Processor. In o section IIE we design the Dwvoamic
Baich CoScheduling algorithm (DBCS) by doing thecretical
derivatinn and analysis, Tn secrion TV, we propose and design s
packetized version of the DBCS algonthm culled Packetized-
DBCS (P-DBCS) 1o dewl with winzhle lenpth packels, In
setuon ¥V, we prescnl how © achieve famness among muluple
nerwark flows usimg P-DBRCS. Simulation results are presented
in section VI in comporison wilh severa other schemes.
Finally, in section VII, we conchxde the paper with fumire

possibie extensions related to this paper.

IT, MODEL FOR PACKET SCHEDULING
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Figure | iltuswrates the multiprocessor architecture imodel of
A router nsing @ nerwork processor (N, The NE* copsists of
one dispatching processor Ms, a few worker processors.
trongeh Pry. mind 8 ransaniving processar Py, Iniel TXP NP
divides ig g1 of microengings this way fHr packet progessing
[2]. The dispaiching and wransmitling processors commumicale
wilh he D poris sequentiatly, The dispachunge processor
Hy schedules incoming packets among the wocker processors
for packet processing. The ransmitting processor M, receives
packets from processors ) through Py and sends them oo e
output port. The aim of the packet scheduling algorithm is twe
[ald: 1) the inpat load is baluneed snnme e processors B
through Py 2) the flow oeder is maintained when the packess
E1e bunsudbled @ e ransmdlbng processar Py,

A similar problem called channel stmpping has been ad-
dressed in the lilerature by Adiseshu [5], There are N channets
between Lhe sender and the receiver, The sender implements
the stripping algorithm SRR to strip incoming waffic across
the N chuannels, apd the recerver implements a resequencing
algowithin oy combine the wallic b a single strenne. The simp-
ping algorithm aims o provigde load sharing pmong miltiple
chaonels. 1L does a0l copsider the ransnossionl wder aong
the packets in different channels, Henge, the neeciver negds 1o
run a resequencing algorithm 1o restore the packee order in the
oniginal Aoer. A stract synchronizofion berwesn the sender and
the receaver is difficult 1 mplement,

Although the packer scheduling problem lonks different
from the channc! siripping problem, there are many similan-
nes. First, in channel siripping, the packets are ransmitied in
the chanmzls. In MNP, the packets are processced on the worker
processars. These LW times are equivalent and proportional o
the Juad size in byies. Secomd, in channel smipping, the une w
move packets Irom the single inpul parl 1w dillerent channels
is assumed to be negligible in [8]. Actually, there should be
& time overhead in cxeonting SRR at the TF level processing.
Ay for packet schedoling in an NI the ome to move packets
Irom Lthe dispalching proCessor W o worker processc? Cannot
be ipnored because of the ome eken by the dispatching
processor and the rransmission berween the [Wn Processors.
Finally, the wansmitling processor in an NPP removes the
packets from the worker processors on an FCFS basis, whereas
the receiving processor im the smppimg model execuies a
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resequencny wlgontm Hence e maodels developed e this
paper arc apphiczhle bodh to packet proccssing in an NP oc
packel ransmission over muliple channels.

For e rest of the paper, we will expladn our mod-
elsfalgoriihms ust in erms of NPg withou! [nss of penerality,
To describe the whole procedure expenienced by one packet
when it t5 processed i oan NP there are thoee seps: 1)
De-step: the dispatching processor dispaches the packer 10 a
wiwker processor; 23 -siep: the worker procsssor procosses
the packer, 3) T-step: the worker processor sends the packern
ror the rransmitiing processar, Comespondimgly, in the channel
stoppeng problem, only ong stép, namely P-stép, 15 mogeled,
il we tnke wransoussion of @ packel ns a tvpe of processing.
Hence, the packer schedubing problem in an NP is mome
camplicaied,
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Fig. 2. D[rynemic Batch CoScheduling

We proposc a sequential complenon pattern of (we packer
procesting and thus & sequential data delivery try the wocker
PROCESENRL, b5 theximaredd an Prgre 2. [ ez e A worko
processars in the rower, each Worker processor £ Wi, first
FECCIVES stune packcts rood the dlspaiching processar Fa
(Drsten), then processes these packets (P-siep). and finally
seads the packets to the rapsmiting processor #, (T-step)
sequentiaily. We propose to led the dispatching processor Fy
diztribute e packers among the N worker processors om
o thremgh PPy 1 seh 3 way dhar cach worker processor
pomnpleces propessing and fransmission 5u:qu|..r|l|.5|l} Im another
wird, the worker processaor Fy for (=2 -~ N s1ans debvering
the packets to the I immediately afier F; | completes is =
elep, Therefore, sequential packer delivery is ensured, as well
a5 1be lead s halanced among mmlliple poocessors, We call &
seheduling algorithm thar prodeces such a scheduling patiern
Pyviamic Balch CoSchedulimg (DBCSE A niee moperty of
the above moadel 15 that sequential data delivery is achievead
without any additional coarrel, Simply by arranging the con-
polition and cowmunicason phascs, a schedoling algorithim 15
ohbtained,

However, o design a practeal alporithm, there are many
1550es 10 be addressed. First, hwow many packes zhould be
dispatched to cach worker processor 1o produce the desined
patiern? Second, what il e packets are of vaishlke lengths?
Thirdly, given a nerwork processor configuraton amd any
packel wrival rale, can we always find 8 way o schedule
packess in such a sequential delivery partern? Foarthly, how
ey enzure frir scheduling among mulapie Aows bhaving dif-
ferent reservations? Rest of the paper anempes (o analvze the

silualions ad provide answers o e dbove Qoestios

Table 1 detines the aotetions that are nsed chroughout the
rese of the paper. Firsl, we devise a DBCS algarthm assuming
that the workload is perfecdy divisible, In the theoretical
approach, a load distribution o = {0y L. ap) 18 ATS
determaned o produce 1he sequentia scheduling paitern o one
scheduling round, To further enable dynamic scheduling, we
derive cxpressions for e sinimal barcl size [oand be Bach
Size B based on (he maximal possible packer leneth L. Then,
the cownplete DBCS algorithm is designed o schedule packes
over malaple schodnling rounds with 4 care to always keop the
sequential delivery of multple batches of data. The scalabiliny
of the DBCS alzorithm is analyecd and imporlant conclusion
reaches. Too schotule variable length packeis. s packetized
versaion of the DBCS algonithm (P-DBCS) 15 dewised based
o1y Lhe combination of DRI and SKERE, In this way, we aleavs
minimize the absolute difference between the acioal Ioad
diswribution and the ideal load Qistribution, Finally, the P-
DBCS alpeatnn 15 extended 10 handle rauluple Dows baving
reservaions,

I, DymamMIc BarcH COSCHEDULING

Inn (hig scozion, we boild a theovggcal meadel Ffor the goncral
packer scheduling problem in an NP and dewelop a Inad
scheduling algorithm Dynamic Batch CoScheduling (DGCS;
i prochoce 2 schodnling pattern descnbed in Fepure 2. Therc
are two desipn goals of DBCE. The first 15 1w epnsure nad
balancing for 2 group ol helerogencows processors, The seoond
18 o ensur: et in-oriler dl:.l'i'l.u;_'r_'!.l Gl algin, In ih= rl.1|.ll':l'-'l|l1'.llll
derivation, we assume iat the inpul koad 15 divisthie gl the
pranolarily of ong byle.

Fig. 3 Load Schadubmg Mo

A, Load Distribattion ik A Singls Baich

For an NP, we set up the following mathematical mpdel
for the casc of theorctical analysis, Az shown in 13pure
3, there are (N + 2] processors and 2.V links inside the
router. The worker processors Py, My Py oame comeciad
o the dispurching processor Py via links {., L aodo e
Meanwhile, each worker processor has a direct link 4, ; 1o the
rinsmoting processor &M The dispalching proCesson receives
packets from the input Jink, divides the ioput foad inio N parts
and ther distribuges thess load fractions to the comespoending
worker processos. Each worker processor F; sLans processing
nrnedimely upon receaving 108 load Faction o, and Continpes
o do g0 unl this fraction is finished. Finally, #| sends the
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