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ABSTRACT

This paper describesthe architectureof an ATM schedulerthat performs cell spacingand respects
additional time constraints. The scalabletiming mechanismallows for real-timeexecutioneven in
presenceof many ATM virtual channelconnections.The algorithm is suitedasreferencefor special
purposeimplementationsand the coreideacanbeadaptedfor schedulingproblemsin IP networks.
In particular , a schedulingalgorithm for an AAL2/ATM multiplexing device is presented.

1. Intr oduction

The
�����

GenerationPartnershipProject (3GPP) is the
standardizationbody for the future Universal Mobile
TelecommunicationSystem(UMTS). UMTS will support
low-bitratereal-timeserviceslike voice, circuit switched
data,andpacket switcheddatato enablemultimediacon-
ferencesfor wirelessclients. 3GPPsuggestthe Asyn-
chronousTransferMode(ATM) asthetransmissiontech-
nology for the UMTS terrestrial radio accessnetwork
(UTRAN) [1, 2, 3] andits usein thecorenetwork is also
discussed[4].

In theUTRAN, thetraffic is oftentransportedover ex-
pensive leasedlinesandtheoperatorsof mobilenetworks
try to utilize themasefficiently aspossible.ATM cellsof-
fer afixedpayloaddataunit (PDU)of 48bytes.In caseof
compressedvoice, packetshave an averagepayloadsize
of only 20bytes,whichyieldsa low bandwidthutilization
of about40%. To overcomethis problemfor low-bitrate
data, the ATM AdaptationLayer Type 2 (AAL2) [5] is
used:Severalsmallsizedpacketsaremultiplexedinto the
PDUof asingleATM cell,which leadsto acell utilization
of almost100% [6, 7, 8]. An overview of AAL2/ATM
switchingtechnologyis given in [9, 10]. Furtherperfor-
mancestudiesfor AAL2 areaddressedin [11, 12].

The AAL2/ATM protocol suite is mandatoryin the
first andsecondreleaseof UMTS andmay be appliedto
both the accessand the core network. Hence,vendors
are forced to offer AAL2/ATM transmissionequipment.
However, theschedulingin themultiplexing devicesis not
trivial. Packetsaredelayedwhenthey aremultiplexedinto
an ATM cell using AAL2 and a timer limits the multi-

plexing interval. An ATM cell is readyfor transmission
if it is filled or if its timer hasexpired. ATM cells of
thesameATM connectionrequirea certaininter-cell dis-
tanceaccordingto the ATM traffic contract. In addition,
many ATM connectionscomposean ATM pipe. Hence,
the schedulerhas to respecttime constraintsfor AAL2
multiplexing, ATM cell spacing,andATM multiplexing.
This is depictedin Figure1.
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Figure1: Functionaldescriptionof anAAL2/ATM scheduler.

ATM cells arealsodelayedby ATM cell spacingand
ATM multiplexing. We take advantageof thatfactby im-
plementingthe threetasksin a single control unit. So,
AAL2 multiplexingcanstill beperformedduringtheATM
cell spacingtimeandATM multiplexing time. Thisyields
a betteroverallperformanceof thesystem[13]. Thealgo-
rithm mustexecutewithin the time of a singleATM cell
cycle becausethe schedulerrunsin real-time. Moreover,
the runtimeof thealgorithmmaynot exceedtheduration
of a cell cycle regardlessof how many ATM connections
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areserved.
This papergives a modular descriptionfor an ATM

schedulerwith a timing systemsuchthatits runtimeis in-
dependentof thenumberof servedATM connections.Fur-
thermore,theschedulerincorporatesa distributedspacing
algorithm.We call it theSTRSSchedulerbecauseits run-
time scaleswell with thenumberof ATM connections,it
hasatiming mechanism,thetimerscanbereset,andATM
cell spacingcan be performed. We enhancethe STRS
Schedulerto perform the above mentionedAAL2/ATM
schedulingtasks. The conceptof the STRS Scheduler
canbereusedfor thedesignof otherATM andIP packet
schedulingmechanisms.

The paper is organizedas follows. In Section 2,
ATM and AAL2 are presentedand requirementsfor the
AAL2/ATM schedulingmechanismarederived. Section
3 describesa scalabletiming system,a distributedspac-
ing algorithm, as well as the overall architectureof the
STRSScheduler. Section4 illustratestheuseof theSTRS
Schedulerby customizingit for AAL2/ATM multiplexing.
Thelastsectionsummarizesthework andgivesanoutlook
on furtherextensions.

2. Low-Bitrate Real-Time Multiplexing in
ATM Networks

In this section,we describethe UTRAN as a scenario
where low-bitrate real-time traffic prevails. We give a
short introduction to ATM and explain how AAL2 im-
provesthe utilization of the network resources.Finally,
we outline the requirementsfor an AAL2/ATM schedul-
ing algorithm.

2.1. UMTS Terrestrial Radio AccessNetwork

In UMTS, a mobile handsetcommunicatesover the air
interface with a basestation, called NodeB, which is
driven by the radio network controller (RNC). The data
travel over theRNC to theUMTS mobileswitchingcen-
ter (UMSC) andareforwardedfrom thereeitherinto the
UMTS corenetwork or into thepublicswitchedtelephone
network (PSTN). If possible,the mobile transmitsdata
over the wirelesslink to up to threeNodeBs,simultane-
ously. This is called macro-diversity and helps to im-
prove the transmissionquality in widebandCDMA sys-
tems. The dataarrive via the correspondingdrift-RNCs
(D-RNC) at the serving-RNC(S-RNC) whereupstream
signalsarecombined,i.e., the bestpacket is chosen,and
downstreamdataaremulticast(Figure2). The different
legsof macro-diversityneedto senddatasynchronouslyto
themobile terminal,therefore,evenpacket switcheddata
have real-timeconstraintsin the UTRAN. The bitrateof
thetraffic streamsrangesfrom §$¨ © kbpsfor voiceup to ©�ª
kbpsfor CSdata.Hence,mostlylow-bitratereal-timetraf-
fic is transportedin theUTRAN, soit makessenseto em-
ploy techniquesto improvetheutilizationof theresources
in thewireline partof thenetwork.
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Figure2: Macro-diversity in UMTS.

2.2. AsynchronousTransfer Mode

ATM networks are packet switchedand connectionori-
ented.Thebasictransportationunitsarecellswith a fixed
PDU of ª�¨ bytesanda © bytesprotocolheader.

The connectionsare virtual, i.e., the bandwidth is
sharedamongdifferentATM virtual channelconnections
(VCCs)by asynchronousmultiplexing of cellsthatbelong
to differentVCCs.Thecellsof aVCC arenot assignedto
aspecifictimeslotasin timedivisionmultiplexing (TDM)
systems,they areratherforwardedasthey arriveandcells
of differentVCCs contribute to a multiplexed ATM cell
streamin an ATM pipe. It is possiblethat more than
oneATM cell competefor the commonATM outlet at a
time but only onecanbe admitted. Therefore,an ATM
cell schedulercontrolsthe ATM outlet andassignssend-
ing permissionto theATM VCCsandATM multiplexing
delayoccurs.

For everyATM VCC,anATM traffic contractis negoti-
ated.It containsthedesiredqualityof service(QoS)anda
traffic descriptor. This informationis neededfor theband-
width managementin ATM switchesto offer real-time
guarantees.WhenanATM VCC is connectedto a differ-
entnetwork, theATM network policercontrolsthetraffic
characteristicsof the ATM cell stream.Non-conforming
cellsareeitherimmediatelydiscardedor markedwith the
cell losspriority (CLP)bit anddroppedlaterin caseof net-
work congestion.Hence,to meettheATM traffic contract
andto avoid cell lossesby policing, thetraffic sourcehas
to delaytheATM cellssuchthatthetraffic descriptorsare
met.This is calledATM cell spacing.

2.3. ATM Adaptation Layer Type2

Datacompressionbeforetransmissionis indispensablefor
wirelessapplicationsbecausethewirelesscapacityis very
expensive. So, compressionengineslike the the adap-
tive multi-rate (AMR) vocoderareemployed in the mo-
bile terminalsof UMTS. Their output consistsof a pe-
riodic streamof compressedvoice samplesof about ª¬«
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bytes. If they are carried individually in separateATM
cells, the bandwidthutilization by userdatais fairly low
(
­¯®�°²±´³ µ�¶·¹¸�°²±´³ µ�¶»º½¼�¾À¿Á¾
Â ) dueto wastedpayload.

CIDPN
SOSF LI UUI HEC

CPS-Packet

CPS-PDU

Packet

6 1 1 8 6 5 5

Figure3: TheAAL2 protocol.

To overcomethisproblem,AAL2 is conceivedfor mul-
tiplexing severalpacketsinto oneATM cell. This pertains
to low-bitratereal-timetraffic in generalandis not limited
to voiceapplications.Accordingto Figure3, thepackets
areequippedwith a ¼ bytesheaderwhich carriesamongst
othersthe oneoctetconnectionidentifier (CID), and the
length indicator (LI). User to userinformation(UUI) al-
lows for inbandsignalingandheadererror control infor-
mation (HEC) makes the protocol robust againstbit er-
rors. The packetsincluding the AAL2 packet headerare
calledcommonpartsublayer(CPS)packets.Thepayload
of anATM cell usedfor AAL2 applicationbeginswith a
onebytestarterfield. It carriesanoffsetfield (OSF)that
indicateswherethe next CPSpacket starts. A sequence
number(SN) and a parity bit (P) protect the headerin-
formation. Hence,47 bytesareleft for the commonpart
sublayerprotocoldataunit (CPS-PDU)of theAAL2 pro-
tocol. TheCPSpacketsarecontiguouslyplacedoneafter
anotherinto the CPS-PDUand,if necessary, CPSpacket
splittingoverATM cell boundariesis performed.Because
of a limited CID sizeandsomereservedvalues,only 248
differentconnectionscanbedifferentiatedwithin a single
ATM connection.They arecalledAAL2 connectionsand
their ensembleconstitutesthe AAL2 path. This is illus-
tratedfor AAL2 trunkingin Figure4. Packetsfrom differ-
entconnectionsaredelayedandaccommodatedin asingle
ATM cell. This AAL2 multiplexing time is limited by a
timer commonusage,sowe denotethemultiplexing time
by ÃÅÄ»Æ . TheCID informationis storedin theswitchesof
thetrunkingendpointsandis usedfor AAL2 multiplexing
anddemultiplexing.

If theAAL2 connectionsof a singleAAL2 pathshare
only the next link, AAL2 switching is necessary. It is
a combinationof demultiplexing the AAL2 paths, re-
groupingtheconnections,andmultiplexing theminto new
AAL2 paths. Suchan AAL2 switchingunit may be ap-
plied in UMTS network elementslike RNC andUMSC
or it may be even usedin a switching node within an
ATM/AAL2 backbonenetwork.
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Figure4: AAL2 trunking.

2.4. Requirementsfor an AAL2/ATM Scheduler

An AAL2/ATM transmissionunit performsthefollowing
tasks. It multiplexesCPSpackets from different AAL2
connectionsthat belong to the sameAAL2 path into a
commonAAL2 multiplexing queue.An ATM cell of the
correspondingVCC is senteitherif it is completelyfilled
or after ÃÅÄ»Æ time. In addition,the traffic descriptorfor
the VCC must be respected,i.e., spacingmust be per-
formed. Eventually, many VCCs fill the ATM pipe as
shown in Figure1.

The AAL2 multiplexing time inducedby ÃÅÄ»Æ , the
ATM cell spacingtime and,finally, the ATM cell multi-
plexing time delaythe CPSpackets. Traffic delayis not
desiredfor real-timedatabut in this case,it is necessary
for AAL2 multiplexing.

Both the spacingtime and the ATM cell multiplex-
ing time are unavoidable,however, they shouldalso be
exploited for AAL2 multiplexing [13]. Therefore,all
threefunctions- AAL2 multiplexing, ATM cell spacing,
andATM multiplexing - shouldbecontrolledby a single
AAL2/ATM scheduler.

The systemtime of ATM devicesproceedsin discrete
time units,calledcell cycles,which correspondto thedu-
rationof a cell in theswitchingelement.This entailsthat
all operationstriggeredfor a specificcell cycle have to
becompletedwithin thattime. Thus,anindispensablere-
quirementfor the ATM cell schedulingalgorithmis sim-
plicity to achievethisgoal. In particular, theruntimeof the
algorithmmustbeindependentof thenumberof VCCsto
supportlargeswitchingsystems.

3. The STRSScheduler

In thissection,wepresenttheSTRSScheduler. Thename
of the ATM schedulerstandsfor runtimescalabilitywith
respectto thenumberof servedVCCs,for a timing mech-
anism,andfor timer resettingaswell for ATM cell spac-
ing capabilities. The scheduleris generic,i.e, it can be
easilymodifiedbecauseit hasasimpleandmodularstruc-
ture. The algorithm relies on a scalabletiming mecha-
nism, calledcalendar, that managestimersin a very effi-
cientway. Weconstructadistributedspacingalgorithmto
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computeATM cell spacing.Finally, wedescribetheadap-
tationof thetiming mechanismto ATM, thedatastructure
of theSTRSScheduler, andtheproceduresit canperform.

3.1. A ScalableTiming Mechanism

Timers are usedto respecttime constraintsin technical
systems. A simple implementationis a counterthat is
decreasedwith time. However, the computingexpenses
for decreasingandcheckingcountersriselinearlywith the
numberof usedtimers.This is prohibitivein real-timeap-
plicationswith many timersbecauseonly little CPUtime
canbe spentfor that task. Therefore,we needa scalable
mechanismfor thetimermanagement.

The calendaris the time referencemodelof the scal-
able timing mechanism. It is basedon a discretization
of time and the metaphor“day” is usedfor a basictime
unit. We count the time, e.g., from systemstart and in-
troduceanabsolutedatewhich is anintegralmultiple of a
day. For example,thedate Ô correspondsto time intervalÕ Ô×ÖCØCÙCÚ�ÛMÜÝÔßÞáàãâäÖ�ØCÙåÚ�â . Date variablesare marked un-
derlinedin the following. We definethe specialpurpose
variableæèçéØåÙCÚ asthepresentdate.It is automaticallyin-
creasedby thesystemassoona dayis over. Analogously,
the variable æêç�ë×ç�ì�ì�ç�í îïæêçéØCÙåÚ Þðà givesthe dateof
thenext day.

The calendarconsistsof an array of ñ slots that are
numberedfrom ò to ñôóõà . We definea many-to-one
mappingfrom the time domainto the calendarslotsus-
ing themodulofunction ( öã÷øç�ùèîúØCÙCùOû üYýVþ×ñ ). Hence,
every dateis associatedwith a certaincalendarslot but
onecalendarslot mapsto many dates.We definethat the
calendarslotscorrespondto thedatesfrom æèç�ëÿç�ì�ìéç�í to
æêçéØCÙCÚ Þ ñ , i.e., only the next ñ futuredatesarerepre-
sentedin thecalendar.

Timers are associatedwith certaineventsthat are re-
cordedin calendarentries.They areregisteredin thecal-
endarfor date æ � ëÿû���� when the timer expires. Con-
sequently, the maximumtimer valuemustnot exceed ñ
days. It is possiblethat many timersexpire at the same
date,therefore,we storea setof calendarentriesin a spe-
cific calendarslot.

It is importantthat an arbitrarycalendarentry canbe
removedfrom its setin a few hardwareclocks.Therefore,
we proposea doublelinked list asan implementationof
thecalendarentryset. This datastructureis illustratedin
Figure 5. The numbersin the calendarentriesrelateto
somespecificevents. A calendarentry is equippedwith

���
	��

�������
������
�

������� �! #" $&%

Figure5: Thedoublelinkedlist of calendarentries.

a �[ìéû(' � ç*) ö anda + û(,[ù pointerthatrecall thepredecessor
andthe successorelementin the list. A -Hû�Ù�Ø anda ùOÙ � ÷

pointer are handlesto the beginning and the end of the
list. To mark the first andthe last elementin the list, the
corresponding�Hìéû.' � ç*)�ö and + û(,[ù pointervaluesarethe
terminatingconstant+#)1÷Ý÷ . Insertinga calendarentry is
almosttrivial andcanbeperformedin shorttime. Remov-
ing a givencalendarentry from the list worksasfollows.
The + û(,[ù pointerof thecalendarentryreferredby its own�[ìéû(' � ç*) ö pointerhasto beredirectedto thecalendarentry
referencedby its own + û(,[ù pointer. Thesameholdsfor the
otherdirection.Thus,this implementationof theentryset
allows for insertinga calendarentryaswell asremoving
in asmallandconstantamountof time.

To set a timer, the calendarentry for the concerning
eventis insertedinto theentrysetin calendarslot æ � ëÿû����
ü ý�þ×ñ that correspondsto the expiration date æ � ëÿû����
of the timer. The timer canbe cancelledby removing its
entry from therespective entryset. With a doublelinked
list, it is not necessaryto know the positionof the entry
in the calendar. A timer for an event canbe resetby re-
moving it from its setandinsertingit to anew one.At the
endof the presentday, the setof calendarentriesin slot
æêç�ë×ç�ìãìéç�í ü ýVþßñ is removed from the calendar. The
timer for the associatedeventshasexpired and they are
preparedfor execution.

Thestrengthof thecalendarmechanismis thatthenum-
ber of operationsin the calendaris independentof the
numberof timers.Furthermore,theinsertroutineexecutes
in shortandconstanttime becausethe modulooperation
definestheslotwherethecalendarentryis insertedinto the
entryset.Thanksto theimplementationof theentrysetby
a doublelinked list, the removing of timersfrom thecal-
endaris easyandinexpensive. The restrictionof this ap-
proachis thediscretizedtime axis. However, many tech-
nical systemscan toleratethat and, therefore,this timer
managementframework is widely applicable. It may be
usedfor schedulingmechanismsin IP andATM systems
wheremany timeconstraintshaveto berespected.

3.2. A Distrib uted SpacingAlgorithm

A network providing QoSto its customersneedsto house-
hold its resourceslikebandwidthandbuffer spaceandhas
to carethat packetsarenot extensively delayed.To real-
ize that,a traffic contractis negotiatedwherethenetwork
commitsa certainQoSandin turn, thecustomerdeclares
a traffic descriptor. Packets that arenot conformto this
declarationmaybepoliced.Thetraffic characteristicsare
often givenasa leaky or token bucket descriptionwith a
certainrateandbucketdepth[14, 15]. In thefollowing,we
illustratefirst thetokenbucketon thebasisof theGeneric
Cell RateAlgorithm ( /103234 ) thatis usedin ATM. Then,
we conceiveadistributedspacingalgorithmthatproduces
a conformingATM cell stream.This is necessaryto avoid
lossesdueto policing.

In thissection,time is againcountedfrom systemstart.
But now, we do not rely on integral time valuesbut on
arbitrarily accurateaccounting.We markthesetime vari-
ablesby anglebrackets.Thesystemvariable 5�6 ç�í87 tells
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thecurrenttime, i.e., thepassedtime sincesystemstart.

3.2.1. The GenericCell Rate Algorithm

Whenan ATM VCC is established,an ATM traffic con-
tract is negotiated. A PeakCell Rate( 91:3; ) anda Cell
Delay VariationTolerance( :3<>=@? ) aredeclaredfor the
servicecategory ConstantBit Rate (CBR). The confor-
manceof the ATM cell streamis controlledby policers
at thebordersof anATM network usingthe A1:3;3B .

With every ATM VCC, a variable CD?8BE?8F is associated
thattells thetheoreticalarrival time for its next ATM cell.
Thisvariablemaybeinitializedwith G8H . Algorithm 1 is
invokedwhenever an ATM cell arrives. The arrival time
of anATM cell is givenby thesystemtime C�IKJ*L8F . If an
ATM cell arrivesnot soonerthan CD?8BE?8F respectingsome
toleranceM (limit), theATM cell is conformaccordingtoA1:3;3BON�PRQSM�T , otherwisenot. If theATM cell is conform,
thevariable CD?UBU?8F is updatedusingtheincrementP that
denotesnegotiatedinter-cell distanceof two consecutive
cells of a VCC. In IP networks, P is proportionalto the
respective packet length. If the ATM cell is sentearlier
than CD?8BE?8F , thenew theoreticalarrival timeis CD?UBU?8F*VWP
to log theclaimingof thetoleranceM . Otherwise,it is set
to C�IKJ*L8F�VXP .

Algorithm 1: Y[Z]\]^ .

Input: IncrementP , Limit M
if CD?8BE?8FUG_Ma`bC�IKJ*L8F then c cell arrives late
enoughd:3J*egf
J*h*ikjlenmpoOqsrutvh*wxo

if C�IyJ*L8F{zbC�?UBE?|F then c cell arrives earlier
than CD?UBU?8F}dC�?UBE?|F~q�r�CDenJ*L��UFnVXP
else c cell arriveslateror equalto CD?UBU?8F}dC�?UBE?|F~q�r�CD?UBU?8F#V�P
end if

else c cell arrivestoo earlyd:3J*egf
J*h*ikjlenmpoOqsr�f
j����(o
end if

Output: :3J*egf
J*h*ikjlenmpo

3.3. A Distrib uted SpacingAlgorithm

For servicecategory CBR, the ATM cell streamhas to
complywith thenegotiated91:3; within acertain:3<�=1? .
It mustbe A1:3;3BON��*��91:3;�Q}:3<>=3?8T conform. To avoid
lossesdueto policing, theATM traffic contracthasto be
respectedwhenanATM cell streamis generated.To that
aim, a spacerdelaystheATM cell so long that they com-
ply with theATM traffic contract.We presentnow a dis-
tributedspacingalgorithmthat helpsgeneratingan ATM
cell streamthatis A1:3;3B conform.

The algorithm relies on two functions. The function�
� jlmp��e
�R� �x� jlt�o is calledwhenan ATM cell is sentand
recordsthe next theoreticaltransmissiontime ( CD?E?U?8F ),

which is analogousto C�?UBE?8F in the A1:3;|B . Initially,CD?E?U?8F maybe alsosetto G8H . Whena sendingrequest
is made,the function

�
� jlmp��e
��Iyo(�Rt computesthe next
transmissiontime C�I�?E?|F accordingto the A1:3;|B�N�MUQ�P�T .
3.3.1. The UpdateAlgorithm

�#� j�m���e
�&� ��� j�t�o
The function

�
� j�m���e
�R� ��� jlt�o , given in Algorithm 2, is
calledwhenanATM cell is sent.So,thevariable C�IyJ*L|F
containsthesendingtimeof thelastATM cell. In casethat
theATM cellwassentearlierthanthetheoreticaltransmis-
sion time, the C�?E?E?8F is incrementedby P . Otherwise,it
is set to C�IyJ*L8F[V�P . In caseof servicecategory CBR,
the incrementcorrespondsagainto ��n�g  . Setting P¡r£¢
suppressesATM cell spacing.

Algorithm 2: ¤�¥�¦�§�¨�©�ªl«�¥�¬­¦­®�¯ .
Input: °

if C�IyJ*L|FXz±C�?E?E?8F then c cell was sendbeforeC�?E?E?8F�dCD?E?U?8F²q�r³C�?E?E?8F
VXP
else c cell wassentafteror at C�?E?E?8F�dCD?E?U?8F²q�r³C�IyJ*L8F´V�P
end if

Output: °

3.3.2. The Query Algorithm
�
� jlmp��e
��Iyo(�Rt

WhenanATM cell is to besentat a desiredtransmission
time C�<µ?E?8F , theATM traffic contracthasto berespected.
Theprocedure

�
� j�m���e
��Iyo(��tpN�C�<¶?E?8F�T in Algorithm 3 re-
turns the earliestcell cycle C�I�?U?8F when the cell is al-
lowedto besent.

If the cell wantsto be sentearlier thanthe theoretical
transmissiontime with sometoleranceM , it canbe only
sentat time CD?E?E?|F·GXM . Otherwise,it canbesentat the
desiredtransmissiontime C�<µ?E?8F . In caseof servicecat-
egoryCBR, thelimit M correspondsagainto :3<>=1? .

Algorithm 3: ¤�¥�¦�§S¨D©�ª!¸W¯�¹l® .
Input: DesiredTransmissionTime C�<µ?E?8F

if C�<µ?U?8F�z_C�?E?E?8FlGWM then c cell is to besenttoo
earlydC�I�?U?8F�q�r�CD?E?E?|FnGºM
else c cell is to besentlateenoughdC�I�?U?8F�q�r�C�<µ?E?|F
end if

Output: Next TransmissionTime C�I�?U?8F
Procedure

�
� j�m���e
�R� ��� jlt�o recordsthesendingtimeof
thelastcell of anATM VCC andprocedure

�
� j�m���e
��Iyo(��t
is asked to find the next transmissiontime C�Iy?E?8F when
a certaindesiredtransmissiontime C�<µ?U?8F is requested.
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The procedure»
¼�½�¾�¿�À
Á�ÂyÃ(ÄRÅ usesthe theoreticaltrans-
missiontime ÆDÇUÇEÇ8È which is only correctif theprevious
cell is alreadysentandthe function »
¼�½�¾�¿�À
ÁRÉ�¼�Êl½lÅ�Ã has
beencalled. If only onetransmissionrequestis active for
anATM VCC at a time, thealgorithmworksproperly.

The conceptof the distributed spacingalgorithm is
very modular. Thepair of functions »
¼�½�¾�¿�À
ÁRÉ�¼�Êl½lÅ�Ã and»
¼x½l¾p¿�À
Á�ÂyÃ(ÄRÅ encapsulatesa spacingmechanism. The
presentedsolution is easily adaptableto other spacing
paradigms.Only minor changesarenecessaryto imple-
mentspacingfor traffic contractsof the servicecategory
real-time Variable Bitrate (rt-VBR) in ATM or for the
GuaranteedQuality of Serviceclassin IP networks.

3.4. Ar chitectureof the STRSScheduler

Now, weput thepiecestogetherto presentthearchitecture
of theSTRSScheduler. First,we adaptthetiming mecha-
nismto ATM systems,then,wedescribethedatastructure
of thescheduler, andfinally, we specifyits procedures.

3.4.1. Adaptation of the Timing Mechanismfor
ATM

The timing mechanismrequiresthe introduction of an
atomic time unit on which the discretizationof time is
based.All ATM cellshavethesamelengthand,therefore,
thesametransmissiontime. ATM transmittersproceedin
theseso called“cell cycles” becausethe cell cycle is the
naturaltime basefor ATM switchingsystems.Therefore,
its granularityis alsosufficient for timing purposesin the
ATM scheduler. Hence,we definea “day” asa cell cy-
clesandthe“date” correspondsto a specificcell cycleaf-
ter systemstart. At a speedof STM1 (155 Mbps),a day
correspondsto an interval of 2.73 ËgÌ(Ã*¾ . Allowing a date
variableto bestoredasa 64 bit word,a dateis uniqueforÍ�Î�Ï8Ð�Ñ�Ò Ó3Ô!Ñ.Õ!Î

yearsin real-time.
In the following, the variables ÆDÇEÇEÇ|È , Æ�ÖµÇEÇ8È , andÆ�ÂyÇEÇ8È are of any accuracy while ÇU×­Êl½�Ø , ÇU×*ÙÚ×*Û*Û­×*Ü ,

and ÇE¿�ÙkÃ�É�¼ are always integer valuesand meter the
passedtime sincesystemstart in cell cycles. In neces-
sary, a timevariablemaybeconvertedinto adatevariable
andviceversa.

3.4.2. Data Structur eof the STRSScheduler

Theasynchronousmultiplexing of ATM cellsfrom differ-
entVCC ontoa commonATM pipe inducesATM multi-
plexing delay. Thecellsmaybestoredin the ATM VCC
queueuntil they canbetransmitted.Theservingdiscipline
is first-in-first-out (FIFO). A long VCC queuedenotesa
potentiallylong delayfor ATM cells which is not tolera-
ble in caseof real-timetraffic. Thus,a thresholdindicates
themaximumnumberof cells in the queue.If a cell sur-
passesthatthreshold,it is discarded.

TheSTRSSchedulermanagestheATM cell transmis-
sion amongthe VCCs. It hasa calendarandevery ATM
VCC hasacalendarentryto registerthetransmissiontime
of the next cell in its queuein the calendar. This entry

maycontainthevirtual connectionidentifier(VCI) of the
ATM VCC. TheVCI for anentryremainsconstant,a fact
that shouldbe exploited by a smartandmemorysaving
hardwareimplementation.

Traffic shapingis neededfor VCCs that will be po-
licedin laternetworkentities.TheSTRSSchedulerimple-
mentsspacingwhich meansthat every ATM VCC stores
its own set of spacingvariablesand traffic parameters
(e.g., ÆDÇEÇUÇ8È , Ý1Þ3ß , and Þ3Ö>à1Ç ).

Whenthe calendarentriesleave the calendar, they are
processedfor execution,i.e.,therespectiveVCCsaretrig-
geredto sendtheir first ATM cell. However, only one
ATM cell canbe sentwithin a cell cycle and, therefore,
theoutdatedcalendarentriesarestoredin anATM multi-
plexing requestqueuewith FIFO discipline. It may also
beimplementedby a doublelinkedlist like theentry lists
in thecalendar. In theSTRSSchedulercontext, theentries
in thecalendarrefer to VCCsfor which thetimer hasnot
yet expired whereasthe entriesin the ATM multiplexing
requestqueuepoint to VCCs thatarereadyfor transmis-
sion.Thecomponentsof theSTRSScheduleraredepicted
in Figure6.
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Figure6: Thecomponentsof theSTRSScheduler.

3.4.3. Registeringan ATM VCC in the Calendar

We can set the timer for a VCC to send its first cell
in the following way. We wish a specific transmis-
sion time Æ�Ö¶ÇEÇ8È for the cell. But the minimum inter-
cell distancemust be respected,therefore,the next pos-
sible transmissiontime is determinedby Æ�Â�ÇEÇ|È Ð
»
¼�½�¾�¿�À
Á�ÂyÃ(ÄRÅ ¢ Æ�ÖµÇEÇ|È¤£ . Thistimevalueis convertedinto
a datevariable Â�ÇEÇ andthe calendarentry of the ATM
VCC is insertedinto the calendarslot with the numberÂ�ÇEÇ ¥§¦©¨«ª . This courseof actionsis denotedby the
function ß3Ã.Ál¿�Ì.Å�Ã(Û ¢ Æ�ÖµÇUÇ8È5£ . We can cancela timer of
an ATM VCC just by removing the correspondingcalen-
darentry from its doublelinkedentry list in thecalendar.
We canchangea timer to anew desiredtransmissiontimeÆ�ÖµÇUÇ8È by cancellingtheold oneandregisteringthenew
one.
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Every ATM VCC hasonly onecalendarentryto regis-
teratransmissionrequestin thecalendar. Thisassuresthat
thedistributedspacingalgorithmworksalwayscorrectly.
Therearetwo simplealternativesfor addingacalendaren-
try to theentry list in a calendarslot. Insertinga calendar
entryat thebeginningintroducesa last-in-first-out(LIFO)
orderwithin theentrylist in thesendqueue.Appendingit
at theendmatchestheFIFO order. We considertheseal-
ternativesin thepresenceof spacing.An ATM VCC with
a large ¬®­]¯ hasa small inter-cell distanceandits next
possibletransmissiontime is in the nearfuture. Hence,
a cell cycle in the far future will be first claimedby an
ATM VCC with a small ¬®­]¯ . From a fairnesspoint of
view, it makessenseto serve theATM VCCswith a high
¬®­]¯ earlier than thosewith a low ¬®­]¯ becausethey
aremoreaffectedby thesameabsoluteATM multiplexing
jitter. Therefore,we recommendappendingthe calendar
entriesat thebeginningof theentry list to achieve higher
priority for fast VCCs when they competefor the same
cell cycle.

3.4.4. Actions at the End of a Cell Cycle

At theendof acell cycle, theentrylist in thecalendarslot°²±9³´±9µ9µ9±9¶ ·§¸©¹»º
containscalendarentriesthat refer

to ATM VCCsthatareallowedto sendin thenext cell cy-
cle. Therefore,this entrylist is removedfrom its calendar
slotandit is appendedto theendof theATM multiplexing
requestqueue.TheFIFO orderin the ATM multiplexing
requestqueuepreservesthe temporalorderof the events
that wasgiven in the calendar. The time that a calendar
entry passesin the ATM multiplexing requestqueueun-
til transmissionis exactly theATM multiplexing delayfor
theassociatedATM cell.

3.4.5. Actions at the Begin of a Cell Cycle

At the begin of a cell cycle, the systemvariables
°²±l¼¾½¾¿

and
°²±9³´±9µÀµl±9¶

areincreasedby one. If theATM multi-
plexing requestqueueis not empty, thetransmissionof an
ATM cell is initiated. Thefirst calendarentry is removed
from theATM muliplexing requestqueueandthe therein
referencedATM VCC is triggeredto start the transmis-
sion of its first cell. A sendflag ÁÃÂ is set in the cell
context to avoid any read-write inconsistencieson that
cell in the current cell cycle. Furthermore,the proce-
dure ÁÅÄ ½1Æ>Ç�ÈÅÉ�Ê Ä ¼¾½¾Ë�Ì

is invoked to updatethe spacing
variablesof thesendingATM VCC. Eventually, theATM
VCC maybeagainregisteredin thecalendarif morecells
arewaiting for transmission.

3.5. Schedulingfr om the Perspectiveof an ATM Cell

Whenan ATM cell is composed,it is placedin theATM
VCC queue. When the ATM cell hasreachedthe front
position in the queue,it is registeredin the calendarfor
transmissionin cell cycle, therebyrespectingthe spacing
constraints.When the timer expires, the completeentry
list of the respective calendarslot is removed from the

calendarandappendedto the ATM multiplexing request
queue.Whenthe ATM VCC obtainssendingpermission
from the ATM multiplexing requestqueue,the ATM cell
is sentandits transmissiontimeis recordedfor thespacing
of thenext ATM cell in theVCC.

3.6. Runtime Considerationsand Scalability Issues

We have alreadystatedthat theexecutiontime of therou-
tines for insertingandremoving a calendarentry into or
from the calendarcanbe achieved in constantandshort
time becausewe usea double linked list for the imple-
mentationof theentrylists. Theschedulerproceduresuse
only simplearithmeticandrenounceon inpredictablere-
cursionsor loops. In particular, the runtime is indepen-
dentof the numberof ATM VCCs that arecontrolledby
the scheduler. This meansthat the schedulerscaleswell
for large switching systems.The overall runtime of the
algorithmdependsonly onhow oftenATM VCCsarereg-
isteredandhow oftensucha requestis changed.

After all, theATM VCC queues,thecalendar, andthe
ATM multiplexing requestqueueinteractin a way such
thatspacingandATM multiplexingcanbeachievedwithin
few hardware clocks. Thus, the STRS Scheduleris an
ATM cell schedulingmechanismfor real-timeimplemen-
tations.

4. An AAL2/ATM Scheduler

An AAL2/ATM schedulerperformsAAL2 multiplexing,
ATM cell spacing,and ATM multiplexing. As outlined
in Section2, all threefunctionsshouldbe integratedin
a single module to exploit the spacingand ATM multi-
plexing delayalso for AAL2 multiplexing. The baseof
ourAAL2/ATM scheduleris theSTRSScheduler. Wede-
finesomealgorithmsthatcontroltheinteractionsbetween
AAL2 multiplexing andtheSTRSSchedulerandconsider
againtheruntimeof thescheduler.

4.1. Ar chitectureof the AAL2/ATM Scheduler

The STRS Scheduleris the base for the AAL2/ATM
scheduler. The VCC queuesare enhancedwith some
AAL2 multiplexingcapabilities.TheATM cellsarestored
in theVCCqueuesduringtheAAL2 multiplexing interval,
theATM VCC spacingtime,andATM multiplexing time.
Cell constructionby AAL2 multiplexingcanbeperformed
until theATM cell is sent,i.e.,aslongasthesendflag ÁÍÂ
is not set,yet. Hence,spacingandATM multiplexing de-
lay canbefully exploitedfor AAL2 multiplexing. A new
ATM cell is openedfor AAL2 multiplexing if theprevious
oneis alreadysent,lockedby thesendflag ÁÍÂ , or already
completed.ThealgorithmsÎ ÈÐÏÀÌÀµÀË ¬ ½1ÆCÑÒÌHË

and Á ÌHÈÓ¼ ­ Ì9ÔÕÔ
realizetheAAL2 multiplexing processandcontrolthein-
teractionwith theSTRSScheduler.
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4.2. Inserting a CPSPacket into the ATM VCC
Queue

Thealgorithm Ö(×ÐØÀÙÀÚÀÛ�ÜÞÝ1ßCàÒÙHÛ (Figure7) is invokedwhen
aCPSpacketis insertedintoanATM cell of acertainVCC
queue.Thisprocedureenforcesthetimeconstraintsfor the
AAL2 multiplexing processandinteractswith the STRS
Scheduler. Weexplaintheactionsthathappenuponarrival
of aCPSpacket.
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Figure7: Flowchartof thealgorithm Ø4Ù�Ú�Û�Ü�ÝBÞàß
á�âãÛ�Ý .

If theCPSpacket surpassestheVCC queuethreshold,
it is simply discarded.Otherwise,if the queuedoesnot
hold any otherATM cells that arenot involved in a cur-
renttransmissionprocess,theCPSpacket is placedinto a
newly constructedATM cell. We seta timer to make the
ATM cell readyfor sendingafter äæåèç time eventhough
it shouldnot becompletelyfilled by then.For everyATM
VCC, thereis a variableäêé�ë´Ù4çàì íîäðï4ñ¾Ý�ò óôäæåèç that
tells the expiration time of its timer. This can be done
becauseonly oneATM cell perVCC queueis beingmul-
tiplexed.

We saythat the VCC queueis emptyif it containsno
ATM cellsor if theATM cell it containsis beingsent,i.e.,
it hasits sendflag õ÷ö set. If the VCC queueis empty,
a new cell is startedfor AAL2 multiplexing andthe CPS
packetis accommodatedinto theVCC queue.In thiscase,
thedatevariable äêé�ë´Ù
çøì íùäðï4ñ¾Ý�ò óúäæåèç is updated.
We assumethatCPSpacketsarenot larger than46 bytes

sothata singleCPSpacket cannot completelyfill a fresh
ATM cell. If the ATM VCC queuewas not empty, the
CPSpacket is placedinto the last ATM cell in the VCC
queue. If this is the first cell and if the CPSpacket fills
thatcell andtheAAL2 multiplexing timer hasnot yet ex-
pired,thentheATM VCC is registeredfor äðï�ëûï9ÚÀÚ4ï�ü in
thecalendarby calling ý]Ù,þÿé¤ØHÛ�ÙÀÚ�� äðï�ëûï9Ú9Ú4ï�ü � . It is pos-
sible that thereis not enoughspaceavailablein theATM
cell, so, a new cell is openedfor AAL2 multiplexing. If
thequeuewasemptybeforeAAL2 multiplexing this CPS
packet,theATM VCC is registeredin thecalendarfor time
äêé�ë»Ù
çøì byusingtheinsertfunction ý Ù,þÿé�ØCÛ�ÙÀÚ�� äðé�ë´Ù
çøì �
of theSTRSScheduler.

The AAL2 multiplexing processfor a cell is over ei-
ther if the cell is completedor if its sendflag õ÷ö is set.
This is possiblesincethecalendarentry is transferredaf-
ter äêé�ë»Ù
çøì automaticallyinto theATM multiplexing re-
questqueueandwhen it is electedfor transmission,the
sendflag õ÷ö of the correspondingcell is set. Next, we
considerthe actionsthat are necessaryupon ATM cell
transmission.

4.3. Sendingan ATM Cell

At thebeginningof a cell cycle, theSTRSSchedulertrig-
gersthe transmissionof an ATM cell if the ATM multi-
plexing requestqueueis not empty. In this case,the first
calendarentryof the ATM multiplexing requestqueueis
removed and sendingpermissionis given to the therein
referencedATM VCC. If further ATM cells are waiting
in the sameATM VCC queue,the calendarentry of this
ATM VCC is againinsertedinto thecalendar. This action
mustbeslightly enhancedfor AAL2 multiplexing. In Fig-
ure 8, a flowchartfor algorithmSend-ATM-Cell specifies
this action.
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Figure8: Flowchartof thealgorithm Ý�Û�Ù*ÞàßàÛ�á�á .

The send flag õ÷ö in the context of the first ATM
cell of the sendingVCC is set. This is to avoid further
write operationsinto this cell. Thealgorithmtriggersthe
ATM VCC to sendits first ATM cell and the function
call õ�ìãÝ1ß�é�×�þ»çøì�ñ¾Ý¾Û�Ù updatesthespacingvariablesof the
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ATM VCC. If theATM VCC queueis now empty, no fur-
ther actionis taken. If thereis an ATM cell in the ATM
VCC queue,thealgorithmdiffers from theSTRSSched-
uler. If this ATM cell is not yet completelyfilled with
CPSpacketsandthe timer hasnot yet expired, the ATM
VCC is registeredin the calendarfor the date âäãJåÁæ	çéè .
Otherwise,it is registeredfor âëê
åÁê
ì
ì0ê
í . By calling theî æZï�ã"ðZñ"æ�ì function, the spacingconditionsareautomati-
cally respected.

4.4. Runtime Considerations

We assumean AAL2 switchingunit with the sameinput
andoutputspeed,i.e.,atmostoneATM cell arrivesandat
mostoneATM cell is sentpercell cycle. In this context,
we considerthe runtime of the AAL2/ATM scheduler.
Userdatahave at leastthe sizeof onebyte. In UTRAN
applications,an additionaluserplaneheaderof at least
3 bytesis added. Additional 3 bytesAAL2 CPSpacket
headeroverheadyield a minimum CPSpacket sizeof 7
bytes. Hence,at most7 CPSpacketsneedto be inserted
into the datastructurewithin a cell cycle. This givesthe
upperboundfor how often the functions ò�óÔð�æ�ì�ñ"ôöõø÷�ù*æZñ
and ú�æZó�ûøüýæ
þÿþ are performed. Registeringthe calendar
entry of an ATM VCC in the calendarand determining
the sendingATM VCC in the ATM multiplexing request
queueareboth feasiblein constanttime accordingto the
architectureof the STRSScheduler. Therefore,the pre-
sentedschedulingmechanismruns for a short time that
dependsonly on the hardwareimplementationof that al-
gorithmby a linearfactor. Hence,this schedulerarchitec-
tureis appropriatefor thereal-timesupportof AAL2/ATM
transmissiontechnology.

5. Conclusionand Outlook

Thispaperproposesthealgorithmfor theSTRSScheduler
whichperformsATM cell multiplexing. Its runtimescales
well with thenumberof servedATM VCCs. It possesses
a timing mechanismthat allows for resettingthe timers.
Its ATM cell spacingcapability relieson a modularand
distributedapproachwhich makesit easyto substitutethe
currentspacingalgorithmby a differentone.

Especially in accessnetworks like the UTRAN, the
AAL2 is usedto achieveanefficientutilizationof thelink
bandwidthin presenceof low-bitratereal-timetraffic. We
describedaninterworkingof theATM andtheAAL2 layer
in anAAL2/ATM scheduler. Thethreerequiredfunctions
AAL2 muliplexing,ATM cell spacing,andATM cell mul-
tiplexing are realizedin a singledevice. The advantage
of thepresentedarchitectureovera naiveapproachis that
ATM cell spacing,andATM multiplexing delayarealso
usedfor theAAL2 multiplexing process.TheAAL2/ATM
scheduleris basedon theSTRSSchedulerandcan,there-
fore, serve several (somehundreds)AAL2 pathsin real-
time. Furthermore,thealgorithmis easyto realizein hard-
ware.

We concludethat the STRSScheduleris a reference
architecturefor otherATM appliances.In future studies,
it canbe extendedto priority schedulingandspacingon
ATM virtual pathconnectionbasiswhile maintainingits
runtimescalability. Thescalabletimermanagementmech-
anismmayevenbereusedin IP or othertechnologies,e.g.,
for therealizationof RTP/UDP/IPmultiplexing [16, 17].
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