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Abstract— Ethernet Passive Optical Networks (EPONSs) are Service Providers Exidj ke
an attractive solution for meeting the broadband accessre- .
quirements of residential users. Open accessis a regulatory Veice

requirementin many countries which mandatesthat the access
infrastructur e must be open to various sewice providers for

free competition. Thus, different sewice providers may cater ,
sewicesto sameor different usersusing the sameshared access N &
channel. Open accessdemands fairnessin the use of network )
resouicesamong sharing entities, namely sewvice providers and
end users.In this study, we investigateschedulingalgorithms for
fair bandwidth sharing in the context of open accessor EPONSs.
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I. INTRODUCTION
EthernetPassie Optical Networks (EPONSs)are point-to- Fig. 1. An EPONemplojing openaccess
multipoint optical accessetworks. An Optical Line Terminal [1. FAIR QUEUING IN EPON

(OLT) atthe CentralOf ce (CO)is connectedo mary Optical )

Network Units (ONUs) at remoteendsusingoptical ber and e térm a connectionfrom a SPto a userasa ow. In

passve splitters.[1]. EPONpromisesa high bandwidthto end this work, we considerthe downstreamoperationof EPON, in

users Ethernettechnologyis inexpensie and ubiquitous,and which pacletsarebroadcastrom the OLT to.th.eONUs.Slnce
hencecomparedo othersolutionssuchasBPONandGPON, ~ trafc mayberegulatedoy the OLT, schedulingn downstream
EPON seemsmost promisingtoday operationis much ea5|erthan sc_hedulmgm the upstream
operation (ONUs to OLT) in which queuesare located at

Any broadbandaccessinfrastructureto residential cus- i o
remote ONUs. We shall considerthe upstreamoperationin

tomersshould be carrier neutral. The ability of the userto

freely choosetheir service providers (SPs)and of the Sps future work. . _

to connectto the transportnetwork and solicit customersis  For illustration, we consideranexamplewith  ve usersand

known asopenaccesg?], [3]. In recentyears,the term open two SEssharlngthe accessnetwork. A total of 60 units Qf

accesshas been expandedto include not only Internet SPs  Pandwidthis available.Users and  areaccessing
(ISPs) but also voice-overIP SPs (VoIP SPs), video SPs, ServicessimultaneousljromoneSR . Twousers and

and application SPs (ASPs). Open accessis a regulatory are accessingservicesfrom - The queuesizes for

requirementior residentialaccessetworks in mary regions, all the queues, ., ., and are 15

suchas somemunicipalitiesin the United Stateslt hasalso UNitS each.Sincethe aggregatequeuesize s greaterthanthe
beenshavn that open accessis a sustainableand pro table ~ @ilablecapacity we cannotsatisfyall the queues.
economicmodelfor an accesssolution suchas EPON [4]. The rst approactshawn in Fig. 2(a) aimsat fair sharingof
An EPONemplaying openaccesss shavn in Fig. 1. In this the channelcapacn.y consideringall the o ws mdepgndent.ly
scenarioan end user could be a home, a multi-dwelling unit A numberof algorithmshave beenproposedto achieve fair
(MDU), an apartmentpr an interfaceto a local-areanetwork ~duéuing acrossdifferent independentnetwork ows in the
(LAN). When demandis high and bandwidthis insufcient lltérature.e.g.,De cit RoundRobin(DRR)[6], Core-Stateless
for everyone,differentend uses will competefor the EPON  Fair Queuing (CSFQ), and other paclet implementationsof
bandwidth.Similarly SPscompetefor the accesandwidth. L _ _ _ _ _
L . . . . The terms bandwidth, queue size, and time slot will be used inter
Our mthaﬂon 'n_th'_s' work is to ensurefairnessin terms changeablyin this discussion An EPON channelis run in a time-dvision-
of bandwidthallocationin the sharedaccesshannelamongst multiplexing (TDM) fashionso, if its cycle time is 60 units, we say that the
both end usersand SPssimultaneoustAccompIishing both EPONbandwidthis 60 unitsor it consistsof 60 time slots.Backloggedrafc
of the above object'vesis challenging Becausethe end users in queuesat the OLT will needto usethesetime slotsto travel to the ONUSs.

- So, if a queuesizeis 15, it meansthatthe OLT requiresa bandwidthof 15
and SPsare connectedo oppositeendsof the accesshannel. units, or 15 time slots, to transmitthis information on the EPON channel.



A]lgcatcd size Allocated
(units) (unis) {units)
Flow based
10 15 Q, fair queuing u 10
015 g
V1w 15 o -
a3 C =60 units U 10
0 15 Q. '
U, 20
10 15 Qu
20 U, 10
10 15 Qs
(a) Independento ws
Queue
A]lgcatcd size Allocated
(units) (units) (units)
75 15 75
7.5 15 7‘5
30 7.5 15 7‘5
7.5 15 2.2 5
15 15 .
30 15
15 15
(b) SPSLA
Queue
A]lgcatcd size Allocated
(units) (units) (units)
12 15 12
% 12 15 12
12 15 12
6 15 12
6 15
18 12
12 15
(c) UserSLA
Queue
A]lgcatcd S SPSLA = Allocated
(units) (units) 25 units (units)
10 15 Q User SLA = -
10 15 . 10 units
35 = 10
10 15 C = 60 units 10
5 15

15
15

(d) Dual SLA

Fig. 2. Bandwidthallocationusing differentschemes.

GeneralizedProcessorSharing (GPS) [5]. The disadwantage
of using sucha o w-basedfair queuingmodel in an access
network suchas EPON s that we wish to be fair to SPsand
users,andnot justto o ws. In Fig. 2(a), we obsene that
is allocatedtwice the bandwidththan other users,becauset
hastwo actve o ws. Similarly, is allocatedtwice the
bandwidththan |, becauséd hasfour active o wscompared
to two for . Sucha schemeis not suitablefor an access
network becausa usersubscribingo large numberof services
may deprive otherusersof bandwidth.Similarly, a SP having
low volumeof customersnay be deniedfair competitionfrom
a SP carryinga high volume of customers.

In Fig. 2(b), we shav a solutionin which the bandwidthis

sharedequallyamongsthe SPs.This solutiondoesnt achieve
good fairnessacrossusers,e.g., now, is allocatedthree
times more bandwidththan and . In Fig. 2(c), we
shav a solution in which the bandwidthis sharedequally
amongstthe users.In this case, while users get uniform
bandwidth,SPsdo not.

From the above obsenationsand discussionswe are mo-
tivatedto investigateDual ServiceLevel Agreement{SLAS),
i.e.,, SLAs de ned for both SPsand usersin one system.A
solutionbasedon sucha schemewith a chosenUser SLA of
10 units per userand SP SLA of 25 units per SP is shavn
in Fig. 2(d), andthe correspondingalgorithmis describedn
detail in SectionlV. We obsenre that all the usersaswell as
the SPsare grantedat leastthe bandwidthspeci ed by the
Dual SLA.

We should ensurethat we do not oversubscribethe User
SLAs or the SP SLAs, i.e., the sum of the User SLAs must
be lessthan the channelcapacity; similarly, the sum of the
SP SLAs must be less than the channelcapacity as well.
However, the sum of User and SP SLAs combinedtogether
may exceedthe channelcapacity Hence it may not be always
possibleto meet both sets of SLAs. Therefore,we de ne
two levels of SLA. The primary SLA is de ned to be the
one,whosespeci ed minimum guaranteesnust be given the
highestpriority to be met. After the primary SLA has been
met, the next priority is to meetthe secondarySLA

I11. A MATHEMATICAL MODEL FOR DUAL SLAS

We de ne a mathematicalmodel for fair queuingin an
EPON systembasedon Dual SLAs. For a Dual-SLA system,
we considerthe User SLA as the primary SLA, and the
SP SLA asthe secondarySLA, althoughthis can easily be
reversed.Thus, we can statethe problemasfollows.

Given:
1)
2)
3)
4)

. Rateof the EPON system.
: Numberof SPsin the system.
: Numberof usersin the system.
: Minimum bandwidthguaranteedo SP by the
correspondindSLA,
We require that:
SLAs arenot oversubscribed.
: Minimum bandwidthguaranteedo User
the correspondingSLA,

, so that the

5) by

6) : The maximum schedulingtime-slot. The scheduler
at the OLT may schedulebandwidthfor a maximum
durationof in oneiteration of scheduling.This time
is limited by the maximumtolerabledelay as shall be
explainedlater.
De ne:
1) : Total capacityavailablein atime-slotof duration
2) : Minimum guaranteedandwidthby the SLA to
SPi in atime-slotof duration
: Minimum guaranteedandwidthby the SLA to

userj in atime-slotof time

3)
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4) : Queuesize for the downstreamtrafc from SP
to user attime .

5) : Minimum time by which schedulemustadvance.
Determine:

1) : The schedulingtime-slotduration.

2) : Bandwidth allocatedfor downstreamtrafc
from SP toUser intimeinterval totime . The
schedulaiis invoked at time to calculatethe allocated
bandwidthin the timeslot

Constraints:

1) , Which statesthat the band-
width allocatedmustbe lessthanthe queuesize.

2) , which statesthat the
sum of all bandwidthsallocatedmust be lessthan the
capacityavailable for the maximumtime-slotsize.

3) , Which statesthat the schedulingtime-

slot must be less than the maximum schedulingtime-
slot and greaterthan the minimum time by which the
schedulemustadwance.

Objectives:
The following objectivesarein order of priority.

1) Meet the primary SLA bandwidthrequirement
for all users.

2) Try to meet secondarySLA bandwidth requirement

for all SPs.If it is not possibleto meetSLAs of

all SPs,thenthe de cit in meetingthe SLAs for each
SPshouldbe fair.

3) Divide ary surplusbandwidthafter meetingSLAs fairly
acrossusers andthenfor eachuserfairly acrossts SPs.

IV. DUAL-SLA SCHEDULING ALGORITHM

We presentheschedulingalgorithmto implementtheabove
de ned mathematicamodel. The algorithmis presentedn a

o wchartin Fig. 3. The following two casesarise.

Casel: Demandis lessthan capacityof maximumtime-slot,
ie. , then the demandmay be
met entirely, andthe allocatedbandwidthis:

The latter equationstatesthat we would like to adwvancethe
schedulety the greaterof andthe actualtime that was
taken to transmitthe pacletsin the queues.
Case ll: Demandis greaterthan available capacity This is
theinterestingcasewherethejob of fair schedulingcomesin.
Step 1: Identify Mandatory Grants. The objective is to
identify the following two situations:
1) Userswhosecombinedqueuesize is lessthan
For suchusers,the entire demandmust be met.
2) Userswho do not satisfy the above, but who are cur-
rently subscribingto only a single SP For suchusers,
must be assignedor that particular SP because
thereis no alternatecompetingSP
Steps 2, 3, and 4 use algorithm Allocate Max-Min Fair
Bandwidth shown in Fig. 4. Givensomeavailablebandwidth,
the objective is to ensuredistribution of the bandwidthamong
asetof entities(SPs/Users)soasto achieze max-minfairness
A feasiblesolutionset ... is saidto bemax-minfair when
it is impossibleto increasahe allocationto anentity - without
losing feasibility or decreasinghe allocationof ary entity
with allocation

ALGORITHM Allocate Max-Min Fair Bandwidth
Given:

1) : The available bandwidthwhich needsto be
fairly distributed amongseveral entities(SPsor users).

2) : The demandarray of the respectie entities.
3) : Bandwidthalreadyassignedo the entities.
4) : The numberof entities.
To compute:
1) : Bandwidth allocated by the algorithm to the
respectie entitiesout of .
Algorithm:

1) SortpreAssigned[in increasingorder;andarrangethe other
arraysin this sortedorder

2) Letcount=1

3) For the rst countitems:

a) Dene
Increment by
b) Reduce by the correspondingamount.

4) Incrementcountby 1 andrepeat(3) until
or .
5) Return and

Runningtime compleity =

Fig. 4. Algorithm Allocate Max-Min Fair Bandwidth.
Step2: Meet SecondarySLA. Let usde ne thefollowing:



)

We use algorithm Allocate Max-Min Fair Bandwidth to
distribute amongSPs.Thedemandf the SPsis
de ned by Equation(1). Thedemandor a SPis the minimum
of the SP SLA and the queuesize, thus ensuringthat the
secondarySLA is met in this step,if sufcient bandwidth
wereavailable.Let usde ne asthe bandwidth
allocatedby the algorithm to the SPs.Once
has been determined,we distribute for each
SP amongits usersusing the samealgorithmAllocate Max-
Min Fair Bandwidth. Note that, since the demandis con-
strainedby the SP SLA, if all the SP SLAs wereto be met,
would be surplus.
Step 3: Meet Primary SLA. We use the surplus
from Step 2 to meetthe primary SLA. We
de ne the following parameters:

We use algorithm Allocate Max-Min Fair Bandwidth to
distribute amongtheusersAfter this step,if the
returned , it implies that the primary SLA
requirementmay not have beensatis ed for someof the users.
SinceSLAs arenot oversubscribedt impliesthat someusers
have beengrantedbandwidthin excessof the primary SLA
in the computationsn Step2. Our objective is to satisfy the
primary SLA requiremenby recoseringbandwidthfrom these
usersWhile recoveringandreassignindandwidth,secondary
SLAs maybeviolated,theaimis befair to SPsin this process.
ALGORITHM Recover Bandwidth shavn in Fig. 5 is called
for all userswhoseprimary SLA is not met.

Step 4: Distribute surplus bandwidth. If surplusband-
width is still availableafter Step3, it impliesthatthe primary
and secondarySLAs have beenmet. Any surplusbandwidth
is distributedamongusersusingALGORITHM Allocate Fair
Bandwidth. For eachuser the bandwidthis divided amongst
SPsusing the samealgorithm.

In the above algorithm,a packet arriving at thetime interval

to may be delayedby a maximumtime of  before
the schedulingalgorithmruns. Thus, mustbe boundedby
somevalue , which we call maximumschedulingtime-slot,
for delay tolerance.Since ITU G.114 recommendghat the
maximumtolerabledelayin an accesssystembe 1.5 ms, we
believe that anideal valueof  would be 500

V. ILLUSTRATIVE NUMERICAL EXAMPLES

We simulatean openaccesssystemon an EPON using a
Java-basedliscreteeventsimulator Thevariousparametersf

ALGORITHM Recover Bandwidth ( )
Algorithm:

1) Calculate:

2) Sort SPsfor which active connectionsexist for user in
descendingrder of cumulatve bandwidthgrantedto them.

a) Call ALGORITHM Recorer Bandwidth From SP for
SPsin sortedorderuntil de cit is reducedto zero.

b) Grant bandwidth recovered from a SP to the corre-
spondingSP for user .

3) If thencall ALGORITHM Recover Bandwidth
From Diff SPs Distribute the recovered bandwidthacross
all active SPsfor user usingALGORITHM Allocate Max
Min Fair Bandwidth.

ALGORITHM Recover Bandwidth From SP.

Algorithm:

Theideahereis thatgivenauser , SP and , thealgorithm
tries to recover previously grantedbandwidthuntil the de cit, for

SP to all usersexcept , withoutviolating the primary SLA of ary

user

ALGORITHM Recorer Bandwidth From Diff SPs (

)
Algorithm:
1) Sort SPsin descendingorderof bandwidthalreadygranted.
2) In thesortedorder recover bandwidthfor a SPfrom all users
exceptuser withoutviolating primary SLA of ary user until
a bandwidthof de cit hasbeenrecorered.

Fig. 5. Algorithm Recover Bandwidth.
TABLE |

PARAMETERS FOR SIMULATION OF THE EPON SYSTEM.

Variable | Description Value
Numberof SPs 6
Numberof users 16
Rateof EPON 1 Gbps
Line Rateof trafc generated 100 Mbps
Maximum buffer sizein eachqueue 1 MB
Maximum schedulingtime-slot
Minimum adwancetime of schedular
TABLE 1l
TRAFFIC FROM SPS TO USERS.
Time SPs User Set Trafc Rate | Aggregate
Load
0s-100s | 1 1-9 (Setl) + 10-12 | 40 Mbps 0.64
(Setll) + 13-14(Set
1) + 15-16(SetlV)
20s-100s| 2, 3, | 10-12(Setll) 50 Mbps 1.09
and4
40s—100s| 5 13—14(Setl) 75 Mbps 1.24
60s—100s| 6 15-16(SetlV) 75 Mbps 1.39

our EPONsystemare showvn in Tablel. Thetrafc patternis
shavn in Tablell. All trafc is generatedo be self-similar
with a Hurst Parameterof 0.8. Our intention is to analyze
the performanceof the algorithm under very heary load,
particularly becauseinternet and video trafc is extremely
bursty, and accessnetworks are frequently subjectedto very
high loadsfor small durationsof time. EachSPin the setSPs
has a total demandof 150 Mbps to their respectie
subscribersHence, we would expect that a fair algorithm
assignalmostequalbandwidthto the above SPs.
In Fig. 6, we show theresultswhenthe De cit RoundRobin
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Fig. 6. Bandwidthallocationusingthe DRR scheduler

(DRR) algorithmis chosemasa schedulerWe obsene that, at
high load ( ), the bandwidthgrantedto SP
1, which has 16 subscriberds quite high (550 Mbps) at the
cost of the other SPs.SPs5 and 6 having lessernumberof
active o ws getfar lessbandwidththan SPs2, 3 and4. User
Setll which hasfour active o ws receveshigh bandwidthat
the costof User Setl (with oneactive ow), which receires
approximately30 Mbps of bandwidth.

Our objective in using Dual SLAs is to ensure some
minimum degree of serviceto both SPsand users.Hence,
we choosea SP SLA of 150 Mbps so that SPs are
allocatedcloseto their requireddemand Similarly, we choose
a UserSLA of 50 Mbps, sothat setl of userswhich demand
averagebandwidthof 40 Mbps, get the requiredbandwidth.

Figures7(a) and 7(b) shav the throughputwhenthe Dual-
SLA scheduleris employed. We obsene that the bandwidth
allocatedto SPs at high load is much more fair than
thatin DRR. The bandwidthassigneds usually closeto 150
Mbps. Similarly, User Setl is grantedcloseto its demandof
40 Mbps. We obsene thata Dual-SLA basedschedulemeets
therequirement®f guaranteeing minimumdegreeof service
to both SPsandusers,andit is fair to both entities.

Bandwidth granted to SPs by Dual SLA Scheduling Algorithm
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Fig. 7. Bandwidthallocationusing Dual-SLA basedscheduler
VI. CONCLUSION

In this study we presentedand investigatedthe charac-
teristics of a novel approachof achieving fair sharing of
bandwidthin accessnetworks by employing Dual Service-
Level Agreements.The proposedalgorithm was shavn to
deliver much betterfairnessthan fair queuingalgorithmsfor
independento ws with respectto usersand SPs.
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