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Chapter 1

Intr oduction

nly aboutl2yearsago- in October1988- thenumberof hostsconnectedo the Internetreached

56,000([RFC 2239). Thecommoncomputethardwareof thistime wasanINTEL 80286based
PC-compatiblevith 640 KBytes RAM anda monochromegraphicscard, 20 MBytes hard-diskand
a 1200Baudmodem. This wasjust sufficient to useelectronicmail, file transfer news, Telnetand
Gopher- the WWW wasnoteveninventedn 1988. Multimedia-capabléardwarewasnot affordable
for mostusersandprobablynobodyexpectedthe tremendousvorldwide successhe Internetwould
have duringthe next few years.

But sincethis time, lots of thingshave changed.Pawerful andcheapCPUs,2D/3D-accelerated
graphicshardware, high-quality sound cardsand high-speednetworks have becomeavailable at
quite low pricesandthe Internetgrowedto morethan100,000,00thosts(93,047,785n July 2000,
[NW-IDS]). With the availability of powerful hardware and high network bandwidths thereis an
increasedlemandor real-timemultimedianetwork applicationdik e audioon demandAoD), video
ondemandVoD), Internetradioand TV, multimediaconferencestele-working andmuchmore. In
thenext few years theseiechnologiewvill causeevolutionarychange®f economicandsocialissues
which will make the Internetoneof the mostimportantinventionsin history- if it is notalreadyone
of them.

Basically the Internetwas designedo supposea besteffort servicewhich doesnot give guar
anteedor bandwidth,end-to-enddelay lossrateandjitter (statisticalvarianceof paclet interarrval
time). This serviceis sufficientfor the elastictraffic (capableof adjustingbandwidthrequirementso
network congestionjpf TCP-basegrotocolslik e electronicmail, news, file transferor WWW. For
multimediatraffic - which hasgot tight quality requirement$or bandwidth,delay lossrateandijitter
- the besteffort serviceis of courseinsufficient. For example,a delay of somesecondsor a conti-
nouslychangingquality becausef pacletlossdueto network congestiorarenotacceptabléor video
conferencesTherefore additionalstepsfor a guaranteedjuality of service(QoS)arenecessary

To achieve QoSguaranteegwo approachebave beendevelopedandrefinedby the InternetEn-
gineeringTaskForce([IETF]): IntegratedServiceqIntServ)andDifferentiatedServiceqdDiffServ).
Thefirst one- IntServ- providesend-to-enchandwidthreserationson a perflow basis,introduced
by the ResourcdReSer\ation Protocol(RSVR [RFC 2205). All routerson the pathfrom the sender
to the recever have to storeeachflow’s reseration information and handlethe paclets appropri-
ately. Therefore the moreflows have resenations,the more CPU power is requiredto managethe
resenations. The secondapproach DiffServ- fixesthis so calledscalabilityproblemusinga setof
guality of serviceclasseqDiffServ classeshaving differentpriorities. The pacletsare mappecdby
thesendeor arouteratanetwork borderto a DiffServclassby markingthem;the expensve perflow
knowledgeis not necessaryrnymore. But sinceDiffServdoesnot provide end-to-endresenation,
QoSmanagemeris necessarpere.This hasleadedo the CORAL project.

The CorAL project(COmmunicationprotocolsfor Real-timeAccesdo digital Libraries,seealso
[AKM+00]) is a systemfor transmissiorof scalablemultimediastreamdrom onesener to several
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2 CHAPTER1. INTRODUCTION

clients. Reserationsof bandwidthare supportedusing DiffServ. The available bandwidthsof each
DiffServclassaremanagedy a QoSmanagerwhich mapsbandwidthto streamsaisingQoSdescrip-
tions of eachstream. To be costefficient, streamanay be layered. Thatis, a low-resolutionvideo
canbe transmittedover a high-priority but expensve classasbaselayer. Additional datato extend
this baselayer to high resolutioncan be transmittedover a low-priority but cheapclass(e.g. best
effort) asso calledenhancementyer. In caseof network congestionthe pacletswill be dropped
appropriateo their priorities. Therefore theimportantbaselayerwill have alowerlossratethanthe
not soimportantextensionlayer.

For constantbitrate (CBR) traffic, it is only necessaryo resere bandwidthonce- the require-
mentsdo not change.But for variable bitrate (VBR) traffic, it is not acceptabléo resene the peak
rate,sincee.g.in anMPEG Vvideoit is often 10 or moretimeslargerthantheaveragerate((Gum99).
Therefore a regular updateof the bandwidthmappingss necessatyFor alreadycompletelystored
mediaslik e video andaudiofiles, it is obviousto do an a priori analyzationof their transportprop-
erties. This information canbe usedto do the remappingas efficient as possible. Especially this
includesthe usageof cost-optimizedbuffering to reducebandwidthrequirementandthereforethe
transportcost.

Thedesignimplementatiorandevaluationof anefficientsolutionto managdayeredandscalable
variablebitrate multimediastreamsn the CORAL project,basedon a priori analyzationof the me-
dias,is theglobalgoalof this work. It is structuredasfollows: First, chapter2 givesanintroduction
into the basicsof multimediatraffic andQoS. This includestraffic descriptionsusingtraffic models,
the cost-optimizeda priori calculationof bandwidthremappingntenals, DiffServin IP networks
and efficient mappingof bandwidthusing utility functionsto evaluatethe effectsof changego the
usersatisfction. Finally, somestandardmultimediaformatslike MPEG video andMP3 audioare
examined. A detaileddescriptionof the CORAL projectandthis work’s goalsis givenin chapter3.
Chapter4 developsan a priori algorithmfor cost-optimizedcalculationof remappingintervals for
layeredstreams.Next, chapters coversthe a priori calculationof resource/utilizationists. Further
chapter6 introducesan efficient managemensystemfor multimediastreamsusing methodsdevel-
opedin previous chapters.Chapter7 describeghe implementedsystem,which is finally evaluated
by simulationsandreal network measurements chapter8. The work closeswith conclusionsn
chapter.

ThecompleteL INUX-basedmplementatiorcan N =
bedownloadedhere:

http://www.bigfoot.com/~dreibholz/gilom/

=)
ux



Chapter 2

Basics

his chaptergivesandintroductioninto the basicsof this work. First, the network fundamentals

areexplained,followed by the basicsof Quality of Service(QoS).Next, efficient descriptionof
variablebitratetraffic usingthe so calledempiricalenvelopeandits approximatiorby traffic models
areintroduced. Further an algorithmfor the a priori calculationof optimal bandwidthremapping
intenvalsis presented.This is followed by resourcemanagemenbasicsand an approximatve QoS
optimizationalgorithm. The chaptercloseswith anexplainationof standardrideoandaudioformats.

2.1 Network and Inter net Basics

Thetransportof dataover a network (e.g. file transfer)is a complex problem. Therefore,|t is useful
to divideit upinto hierachicalayerswhereeachlayersolvesa specificproblem(e.g. errorcorrection
or repetitionof lost paclets). In sucha hierarchy,layer n usesdefinedservicesof layer n-1 and
providesdefinedservicedo layern+1. Theservicesandoperation®fferedby alayerto thenext one
arespecifiedin the so calledinterface Layern on stationA communicatesvith layer n on station
B usinga definedprotocol The entitiesof the correspondindayerson eachstationcommunicating
togetherare called pees. As long asthereare no changesn the layers’ interfaces,it is possible
to replaceonelayer’s implementationby anotherone (e.g. telephoneline -> satellite connection)
withoutany changesiecessaryn otherlayers.

2.1.1 ReferenceModels

The mostimportantreferencemodelsfor layerednetworks arethe OSI ReferenceModel (seetable
2.1)andthe TCP/IPReferencéModel (seetable2.2) of thelnternetEngineeringraskForce([IETF]).

Sincethe TCP/IPmodel,whichis asimplificationof the OSI model,describeshereality moreaccu-
rately, only this modelis shortly explainedhere.Detailsaboutboth modelscanbefoundin [Tan96],

7 || ApplicationLayer ApplicationLayer || e.g.HTTR, FTR

6 || Presentatiohayer Telnet,SSH,

5 || SessiorLayer NNTP, NFS,...

4 | Transport_ayer Transport_ayer | e.g.UDPR, TCP

3 | Network Layer InternetLayer | e.g.IPv4,IPv6

2 || DataLink Layer Hostto Network | e.g.Ethernet

1 | PhysicalLayer Layer or FDDI
Table2.1: The OSI ReferenceModel Table2.2: The TCP/IPReferencéModel
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| Length || Content | | Length || Content |
4Bit || Version(4) 4 Bit || Version(6)
4 Bit InternetHeadern_ength 8 Bit || Traffic Class(< TOS)
8 Bit | Typeof Service(< Tr. Class) 20Bit || Flowlabel
16Bit || TotalLength 16Bit || PayloadLength
16Bit | ldentification 8 Bit || Next Headern(«< Protocol)
3Bit | Flags:unused/DF/MF 8Bit | HopLimit (< Timeto Live)
13Bit | FragmenOffset 128Bit | SourceAddress
8 Bit | Timeto Live (< Hop Limit) 128Bit | DestinationAddress
8 Bit Protocol(«< Next Header)
16Bit || Checksun(Header only!) Table2.4: ThelPv6 header
32Bit || SourceAddress [ Length| Content |
32Bit || DestinationAddress 8Bit | Next Header

| variable| Options | 8Bit | ExtensionHeader_ength

Table2.3: ThelPv4 header Table2.5: ThelPv6 extensionheader

sectionl.4. The TCP/IPmodelconsistf four layers,which are:

1. The Host-to-Network Layer
This layer containsthe physicaltransportbetweerntwo network nodes.Importantprotocolsof
this layerarefor exampleEthernetFDDI andATM.

2. The Internet Layer
The transportfrom a sourcehostto a destinationhost over several nodesin heterogeneous
networks is donehere. This containsrouting betweennetwork nodes. The mostimportant
protocolsof this layer areIPv4 (see[RFC 791]) and IPv6 (see[RFC 246Q), which are both
describedn section2.1.2.

3. The Transport Layer
Flow- and congestioncontrol, error correctionand repetitionof lost pacletsare donein this
layer. It containsconnection-lesprotocolslike UDP ([RFC 76§) and connection-oriented
oneslike TCP(see[RFC 761]). Both protocolsaredescribedn section2.1.3.

4. The Application Layer
Application-specifigprotocolscanbe foundin this layer Examplesarefile transfer(FTR, see
[RFC959), WWW (HTTP, segRFC 2069), Telnet(segRFC 764]) or electroniomail (SMTR,
see[RFC 821)).

It shouldbedenotedthatnotall protocolsexactly belongto oneof thislayers.For exampletheICMP
protocol(seesection2.1.4,[RFC 792] and[RFC 2464]) - which lays betweennternetandtransport
layer- or RTP (seesection2.1.5,[RFC 1889) - which laysbetweertransporiandapplicationlayer.

2.1.2 The Internet ProtocolsIiPv4 and IPv6

As mentionedabove, the IPv4 ([RFC 791)) or the newer IPv6 ([RFC 246(Q) protocol- simply called
IP in thefollowing text - areusuallyusedfor implementingthe internetlayer. IP ensuresouting of
pacletsfrom onestationthroughconnectedetworksof differentstandardge.g. EthernetFDDI and
ATM) to anotherstationusinguniquelP addressefor eachstation. ThelP headeformatsareshown
in table2.3 (IPv4) andtable2.4 (IPv6). Thefields have thefollowing functions:
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Version is thelP versionnumber:4 for IPv4 and6 for IPv6.

Source Addr ess/DestinationAddr ess arethe sourceanddestination P addres®of the paclet. IPv4
hasgot anaddresdengthof 32 bits, which resultsin atheoreticalmaximumof 4,292,967,296
possibleaddressesBut the real value is muchlower due to inefficient mapping. Sincethe
Internetis growing atexponentialrates,it will runoutof addressegery soon.Therefore]Pv6
usesl28-bitaddressesothereis atheoreticaimaximumof

340, 282, 366, 920, 938,463, 463, 374,607, 431, 768, 211, 456

addressesln reality, it allows evenin the mostinefficient mappingscenariomorethan 1,000
addresseper squaremeterof the earths surface. In morerealistic scenariol therewill be
mary trillions.

For text representationf IPv4 addresseshe dotteddecimalnotationis normally used(e.g.
131.220.88.99)But for IPv6, threenew stylesaredefinedin [RFC 1884:

e Thecolonhexadecimahotationgivestheaddressn eight16-bit blocks. Examples:
fe80:0000:0000:0000:260:9768:24b5,1080:0:0:0:800:700:6:15.

e Thecompressedolon hexadecimalnotationreplacesone groupof zerosby "::’. Exam-
ples:
fe80::260:97ffe68:24b5,1080::800:700:6:15;1 (loopback),: (unspecified)

e The notationfor IPv4/IPv6 mixed ervironments: Six blocks of 16-bit in (compressed)
colonhexadecimalotationandthe remaining4 bytesin dotteddecimalnotation. Exam-
ples:
0:0:0:0:0:fff:131.220.88.99;,ffff:131.220.88.99,:1.2.3.4,.:ffff:127.0.0.1

Hop Limit < Time to Live is a counterwhich is decreasedy one on eachrouter the paclet is
passing. If it hasreachedzero, the paclet is discarded. This is necessaryo avoid paclets
rotatingin aninfinite loop dueto misconfiguredoutingtables.The hoplimit is calledTimeto
Live (TTL) in IPv4 becausehe original ideaof this field wasto give the paclet’s timeoutin
seconds.

Protocol < Next Header is the protocol numberof the next upperlayer, e.g. TCP or UDP (see
section2.1.3).Standargrotocolnumbersarespecifiedn [RFC 1700. In IPv6,anIPv6 header
canbefollowedby anlPv6 extensionheadelseetable2.5). In this casethe Next Headerfield
containghe numberfor anIPv6 extensionheadelandthe extensionheaders Next Headerfield
containgthe protocolnumber

Inter net Header Length/Total Length < Payload Length containthe IPv4 packets headerand
total length (header+ payload)andthe IPv6 paclet’s payloadlength. Sincethe IPv6 paclet
headethasa constantengthof 40 bytes,it is only necessaryo storethelengthof the payload.
In IPv4,the heademay containadditionaloptionsof variablesizeresultingin the necessityto
storeits length.

Checksum is a checksumto detecterrorsin the IPv4 headerbut not in the payload. Sinceit is
necessaryo calculatea new checksumeverytimethe headerchangegTTL decreasesn each
router),this functionality hasbeenremaovedfor IPv6 resultingin fasterrouting.

Identification/Flags/Fragment Offset areusedin IPv4 for fragmentationif pacletsaretoo large?
to be sentover a specificunderlyingnetwork (e.g. larger then 1500 bytesin an Ethernet),

1See[RFC 1719 for detailsaboutaddressssignmenefficiency.
2All nodeshave to supportat leastanIP pacletlengthof 576.
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IP alsodoesfragmentationthatis dividing the large paclet into several smallerpacletsand
joining themat the destinationstation. Identificationis the samefor all fragmentsof a paclet.
Thefragmenbffsetis theoffsetof thepaclet’s payloadnsidetheoriginal paclket,theMF (More
Fragmentsjlag shov whetheror notthe pacletis fragmentedlf theDF (Don’t Fragmentflag
is set,the pacletmaynotbefragmentedIn IPv6, fragmentatiorcanonly bedoneby thesource
stationresultingin simplerrouting. In caseof fragmentation]Pv6 usesan extensionheadelto
storefragmentationinformation.

Traffic Class< Type of Service marksa paclet to belongto a specificDiffServ class. A detailed
descriptionof this field® canbefoundin section2.2.3.

Flowlabel canbeusedto markapacletto belongto aspecificflow. It is network-uniquein conjunc-
tion with the sourceaddress An equialentfield in IPv4 doesnot exist. Seesection2.2.2for
details.

2.1.3 The Transport ProtocolsUDP and TCP

TheunreliableUserDatagranProtocol(UDP, seelRFC 768]) andthereliable TransmissiorControl
Protocol (TCP, see[RFC 761] and [RFC 1323) protocol are the mostimportantprotocolsof the
transportlayer Both containendpointidentificationusingso called port numbes. The IP address
identifiessourceanddestinationhost, but the port numberidentifiesthe so calledsodet, thatis the
interfacebetweeranapplicationandthetransportiayer

UDP provides an unreliable,connection-lesservicecomparableo sendingand receving raw
IP paclet plusthe endpointidentificationanda checksunfor the completeUDP paclet. If flow and
congestiorcontrol,repetitionof lost paclets,etc. arenecessaryt hasto berealizedin theapplication
layer Themainusagdor this protocolaremultimediatransmissionsyherefasttransmissions more
importantthanreliability. For examplein anaudioconferencelostor damagegacletscausingafew
noiseareacceptabldut it is notacceptabléo wait for retransmission.

The reliableserviceprovided by TCPis connection-oriented it is necessaryo establisha con-
nectionbeforedatacanbesentandto releaset if thetransmissions complete.Thiscanbecompared
to aphonecall wherea connections establishedby dialing anumberandaftertransmissioneleased
by hangingup.

TCPis alsostream-orientedthatis an applicationon stationA writes a numberof bytesto the
TCP soclet, which are packagedoy TCP into one or more paclets. The applicationitself hasno
knowledgeaboutthis packaging. StationB recevesthe paclets andreconstructghe original byte
sequenc&vhichis thengivento theapplicationvia thesoclet. Sincelost pacletsarerequeste@gain,
thetransmissions reliable. Further TCP doesflow andcongestiorcontrolby reducingor increasing
the bandwidthcorrespondingo the recever’s capabilitiesand network congestion. Suchtraffic is
thereforecalledelastictraffic.

Applicationsof TCP areall kinds of reliabletransmissionsFile transfer(FTP, see[RFC 959),
WWW (HTTP, seelRFC 2069), Telnet(RFC,see[RFC 764) andmary more.Sincethemultimedia
systemdescribedn thisthesisonly usedJDP for transmissiona detaileddescriptionof TCPwill not
begivenhere.lt canbefoundin [Tan9§g or the RFCsmentionedabove.

2.1.4 The Control MessageProtocol ICMP

TheInternetControl MessagédrotocollCMP - moreexactly ICMPVv4 (see[RFC 792]) for IPv4 and
ICMPV6 (see[RFC 2464) for IPv6 - areusedfor variouscontrol purposesasedon IPv4 andIPv6.
Its mainapplicationsare:

3In RFCsbefore[RFC 2464, therewasa4-bit field calledPriority insteadof Traffic Classandthelengthof Flowlabel
was24 bits (4 bits morethannow). Thiswaschangedo be compatiblewith the Typeof Service(TOS)field of IPvA4.
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| Length | Content |
2 Bit Version(2)

1 Bit Padding

1 Bit Extension

4 Bit CSRCCount

1 Bit Marker

7 Bit PayloadType
16Bit | Sequenc&lumber
| 32Bit | Time Stamp |
| 32Bit | SSRC |
| variabele] CSRC[O..16] |

Table2.6: The RTP header

e replyingerrorsto asendere.g.adestinationTCPor UDP portisinvalid, errorsin thelP header
anlP paclet hasreachedhe maximumnumberof hops,etc.,

e routermanagemeniseeRFCsabove and[RFC 2462]for details)and

e tests.

In thiswork, only thetestfunctionalitywill beused.Sincethereis nodifferencebetweerilCMPv4and
ICMPV6 for this functionality, no distinctionbetweenboth protocolswill be madein the following
text. It will simply be calledICMP.

Thetestfunctionality consistf two messagéypes:ecorequestindedioreply. A sourcesends
an echorequestto a destinationwhich will sendit backusingan echoreply. The delay between
sendingtherequestndreceving thereply is the socalledroundtrip time.

2.1.5 The RTP Protocol

The Real-timeTransportProtocol(RTP, [RFC 1889) is a framework for the unicastand multicast
transportof multimediadata,usuallybasedon UDP. It consistsof two protocols:

e RTP for thetransporif the payloaddataitself and

e RTCP (Real-timeTransportControl Protocol)for transportof application-specificontrolin-
formationandreceptionquality feedbackrom recevers.

The RTP pacletheadeformatcanbefoundin table2.6. It consistsf thefollowing fields:

Version is the RTP protocolversion:Currentlyit is 2.

Padding/Extension/Marker canbesetto show, thatthe pacletis paddedo a specificsize!, hasgot
aheadeextensionor requiresspecialhandlingby therecever.

Payload Type is anidentificationfor the payloaddatas type, e.g. MPEGvideo. A numberof stan-
dardtypesaredefinedin [RFC 189Q (RTP profiles).

SequenceNumber increasedy onefor eachRTP pacletsent.lt canbeusedto preserethepaclets’
orderandcalculatethe numberof pacletslost.

4Paddingmaybenecessarjor encryption.For example,a packet sizeata multiple of 1024bits canberequiredto run
a certainencryptionalgorithm.
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Time Stamp increasesnonotoneoushand linearly with the systemtime. Packets belongingto a
group(e.g. avideo frame) may containthe sametime stamp. It canbe usedto calculatethe
jitter (seedefinitionbelow).

SSRC identifiesthe senderby its syndironizationsource (SSRC),a 32-bit value (seedescription
belaw) .

CSRC may identify additionalsendersontributing to the paclet’s data. For example,a so called
mixer canjoin several streamdo onestream. In this case,the senders'SSRCscanbe given
hereascontributing souices(CSRCs).

CSRC Count isthenumberof CSRCsor zerofor none.

Further somealgorithmsaredefinedin [RFC 1889 to calculatethe lossrate (fractionof pacletslost
during transmissionandthe interarrival jitter (statisticalvarianceof the paclet arrivals) from the
paclets’ sequenceumbersaandtime stampsin the RTP specificationthejitter is definedasfollows:
Let R, bethe RTP time stampand.S,, thearrival time stampof pacletn). Then,theinterarrial jitter
is:

. . 1 .
Jitteley : = Jittelyy + 0 | Dy ; — Jitteloyg| ,

where

Di,j = (RJ - Rz) - (S] - Sz)

Of course pothtimestampshave to be givenin the sameunits, e.g. microsecondsin the following
text, jitter alwaysrefersto this RTP definition of the interarrval jitter. Every mediatransmission
(e.g. audioor video) getsits own RTP session An RTP sessionconsistsof at leasttwo members
(e.g. asenderanda recever or membersof a conferencéboth actingassenderandrecever). Each
of themis identified by a session-uniqu&SRC(syndironizationsouice) number- a random32-bit
value- anda globally uniqueCNAME (canonicalend-pointidentifier) - theuserandhostname.For
example,auserwith CNAME “user@host.domain.xytanbe memberof anaudiosessiorwith ssicl
andmemberof avideosessiorwith ssic2.

While RTP is usedfor payloadtransportonly, the RTCP protocolis usedfor transmissiorof
controlinformation. Five differentpaclet typesaredefined:

e SendeReportySR):
Every senderegularly transmitsits currentNTP® timestamp(time in microsecondsinceJan-
uary 01, 1970)and RTP timestampthe amountof pacletsandbytessentandfinally recever
reports(seenext type),if thesendeiis alsoarecever (e.gvideoconference).

e ReceverReportgRR):
Thesereportsareregularly sentfrom receversto sendersgontainingossrate jitter, time stamp
of thelastrecevedsendereportandtime betweerreceptionof thesendereportandtransmis-
sionof thecurrentreceverreport. SinceRTP itself doesnotguaranteeeliabletransmissiomor
doesit realizeflow andcongestiorcontrol,errorcorrection etc.,this hasto beimplementedn
protocollayersabove RTP, basedon theserecever reports.

e SourceDescription(SDES):
This type containsvariousinformationaboutan RTP member Several subtypesare defined,

SNTP denoteghe Network Time Protocol.See[RFC 1304 for details.
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themostimportantoneis CNAME (seeabove). Otherscontainusername mail addressphone
number locationetc.. Application-specificdatacan be transmittedusingthe PRIV (private)
subtype.

e BYE: Thistypeis sentwhenamembereavesa session.

e APP: Application-specificdatais sentusingthis type. Examplesare control commanddike
change®f quality, mediaor position,sentfrom areceverto a sender

A detaileddescriptionof thesetypescanbefoundin [RFC 1889.

2.2 Quality of ServiceBasics

As alreadymentionedn section2.1.2,IP providesonly a besteffort service. For traffic which can
adaptthe datarateto the network’s currentcapacitiesthis serviceis sufficient. But for multimedia
traffic like videoandaudioconferenced is not.

2.2.1 QoSRequirements

For multimediastreamsguaranteefor thefour QoS(quality of service)requirementarenecessary:
Bandwidth maximumtransferdelay, maximumlossrateandmaximumijitter.

1. Bandwidth
Multimediastreamshave got atleasta minimumbandwidthrequiremente.g. thisis thelowest
possibleresolutionandframerateof avideo. Bandwidthresenationis necessaryherefore.

2. Maximum transfer delay
In phonecalls for example,transferdelaysof several secondsareinacceptable.Therefore,a
givenmaximumdelayshouldbe ensured.

3. Maximum lossrate
In avideotransmissiona lossof e.g. 20% of the transmittedpaclkets may be acceptablaue
to interpolationof the missingpictureparts. The samelossfor anaudiotransmissiommaye.g.
causenacceptablaoise.An upperlimit for the maximumlossrateis thereforenecessary

4. Maximum jitter
For examplein audioor video conferencefaving a very low delayrequirementpuffering of
theincomingpacletsis notpossible.In this caseajitter limit is required.
Variousdefinitionsof the jitter arepossible.Oneof them- the RTP protocol’s definition- can
befoundin section2.1.5.

Therearetwo approacheso implementbandwidthresenationsfor the internetlayer: IntServ(Inte-
gratedServicesandDiffServ(DifferentiatedServices).

2.2.2 IntServ

IntServusesperflow resenationsusingthe ResourceReSeration Protocol(RSVR see[RFC 2209
for details). The streamsareidentified by their IP addresseand port numbers(UDP or TCP). In

8t shouldbe denotedhere,thatIntServ's (inter net layer) identificationrequiresinformationfrom the Internetlayer
(IP addresspandthe transport layer (UDP/TCPport numbers)! Therefore,an accesdrom a lower layer to the upper
layer's datais necessaryThis conceptuaproblemcanbe avoidedby usingIPv6 with flowlabels.
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| Length| Content |
6 bit | DiffServCodePoint(DSCP)
2 bit | CurrentlyUnused(CU)

Table2.7: TheTraffic ClasgTypeof Servicefield

Server Domain Internet Service Provider X's Domain
Border Router Border Router Core Router Border Router
‘ o= WEEN !!"; ; o WEENR !"'H oo WEEN !"'H CosL B L L1 !""
‘ ool WEEN ""‘ T
- ISP V |
Service Level Agreement J
— BE 50 MBit/s ISPY ‘
5 AF21 15 MBit/s ISP Z
—_— EF 12 MBit/s [ 1sPu ]
—— (/)
——————————— ‘ diioll WEEN ""‘
= -E
] 9
. ; @)

\‘ W WEEE WEEE

Client Domain

Figure2.1: An examplefor DiffServdomains

IPv6, identifying streamss simplified by the flowlabel: Sourceaddressandflowlabel are network-
unique.

Thisrequiregoutersto storeresenationinformationfor eachflow andcausesntServ’s scalability
problem:Especiallyin largenetworkswith alargeamountof streamsusingresenation,therearehigh
CPU power andmemaoryrequirementsor the routersto ensuresufiicient speed.More detailsabout
this problemcanbefoundin [RFC 2208.

2.2.3 DiffServ

The secondapproach DiffServ- solvesthis problemby only reservinga small setof differentDiff-
Servclasses Therefore routersonly have to storesomeclassinformation. The streams’pacletsare
marked- eitherby the sendeiitself or arouter- to belongto oneof the DiffServclasseandarehan-
dledby therouterappropriatelyto their class.In the IP headerthis is doneusingthe Typeof Service
(IPv4, seetable2.3) or Traffic Class(IPv6, seetable2.4)field.

The allocationof the fields’ bits, which is equalfor both IP protocols,is shovn in table2.7. It
consistsof the 6-bit DiffServCode Point (DSCP)which identifiesthe DiffServ classand two bits
currentlyunused A detaileddescriptionandcodepointdefinitionscanbe foundin [RFC 2474].

The availableclassesandthe traffic limits for eachclassare negotiatedbetweernthe sener’s do-
mainownerandthe InternetServiceProvider (ISP)in a servicelevel agreemen{SLA). An example
for DiffServdomainscanbe foundin figure2.1. Every link betweenwo DiffServdomainsrequires
an SLA betweenboth providers. A routerinside a domain(core router only hasto supportthe
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domains classesFor border routers at a domains edgesadditionalfunctionality may berequired:

Classifiers determinethe DiffServ classof a paclet.

Meters measureahe traffic of the differentclasses.lt is requiredto verify whetheror not a class
exceedghe SLA' s limits.

Mark ers mapa pacletto oneof the classedy settingthe Traffic Classor Typeof Servicefield.
Shapers maydelaypacletsby buffering them. Seesection2.2.4for detailsabouttraffic shaping.

Droppers droppacletsexceedingthelimits of the SLA.

As DiffServ classesyariousimplementationsare possible. But the most commonare Expedited
Forwarding (EF) and Assued Forwarding (AF). They defineper-hop behavious (PHBs)for each
router:

The Expedited Forwarding PHB

This PHB - also called premiumservice- is definedin [RFC 2598. Its goalit to achieve assured-
bandwidth low-delay low-lossandlow-jitter serviceghroughDiffServdomainscomparabléeo “vir -
tualleasedines”. Thisis doneusingonly very smallor evennonequeuesn theroutersandtherefore
requiringthe sendeto shapadts traffic (seesection2.2.4for details).

Streamsusing the EF classmay not exceedthe given rate limit, paclets exceedingthis limit
will be dropped. EF traffic shouldbe forwardedindependenbf all othertraffic passingthe node
simultaneouslyn otherclasses.

The Assured Forwarding PHB

The AF PHB definedin [RFC 2597 consistof up to four classegAF1, AF2, AF3 andAF4) having
differentpriorities. The useramay exceedtheassuredraffic limits, but in caseof congestionpaclets
exceedingtheselimits will be dropped. Therefore,eachAF classcanhave up to threedrop prece-
dencesPaclketshaving higherdrop precedencewill be droppedat a higherprobability This results
in upto twelve’ AF classesAFnmwith 1<n<4; 1<m<3.

The forwardingbehaior of an AF classhasto beindependenof otherclassesAlso, long-term
congestiorhasto be avoidedusingan actve queuemanagemenalgorithmlike RED (randomearly
drop, [FJ93]). RED usestwo smoothedcongestionlevel thresholds. If the smoothedcongestion
is betweenlevel 1 andlevel 2, pacletsare droppedrandomlyusinglinearly increasingprobability.
Above level 2, all pacletsaredropped. The droppingprobabilityis shown if figure 2.2. Dueto its
longerqueuesthedelayandjitter areusuallyhigherthanfor the EF PHB.

2.2.4 Traffic Shaping

Mosttraffic is sentin bursts,e.g.avideoataframerateof 10 frames/swill sendasequencef usually
mary pacletsevery lioth secondSincetherouters’queuesarelimited andespeciallyfor the EF class
very small,they canbe overflovn by suchaburstof paclets. Thereforejt is necessaryor thesender
to smooththe paclet rateby buffering the paclets: For example,insteadof sendingl0 pacletsevery
1—10th second,send2 paclets every %th second. This canbe implementedusinga so called leaky
bucket (seefigure 2.3, left side). It hasgot aninput buffer of sizes, large enoughto storethewhole
burstanda constantoutputrate p. The canonicalcomparisionto this is a real leaky bucket which

"More classesinddrop precedencesiay be definedfor local usage.
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canbefilled with water(seefigure 2.3, right side). It canbefilled with ary rate but the outputrate
remainsconstant aslongasit doesnotbecomeampty

Multimedia streamshave constraintdor the maximumtransferdelay Therefore,it is necessary
to police the streams traffic runningthrougha leaky bucket. Thatis, checkingwhetherthe delay
introducedby the buffering is belon a givenmaximumbuffer delay The delayconstraints violated,
if

BufferSize > MaxBufferDelay* OutputRate (2.1)

This meansthatif therearemorebytesin the buffer thancanbe sentduring the maximumallowed
time, thedelayconstrainis violated.In this case a buffer flushis required thatis emptyingthewhole
buffer by droppingall contentsnside.

2.3 Traffic Description and Traffic Models

Using constantbitrate (CBR) streamsi,it is only necessaryo resere a constantbandwidthonce.
For variablebitrate (VBR) streamsijt would be possibleto resene the peakrate. Unfortunately for

mostmediatypesthis is extremelyinefficient. For examplein MPEG-1videos,afactor10 andmore
betweernthe long-termaveragerateandthe peakrateis not unusualseemeasurements [Gum9g,

page26). A moreefficient solutionfor thetraffic descriptionis thereforenecessary
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Frame Size [Data Units]

Frame

Figure2.4: An examplestreamconsistingof 12 frames

Delay:¢ | B*(t) | Requiredbandwidth:b(t) = Z@ | W0

Peak Rate
1 12 12.0(Peakrate) 100%
2 17 8.5 71%
3 18 6.0 50%
4 23 5.8 49 %
5 25 5.0 42 %
6 28 4.7 40 %

Table2.8: Theexamples empiricalenvelopeandbandwidthto beresened

2.3.1 Traffic Constraint Function and Empirical Envelope

Let A[t;, ts] denotethe numberof bytesgeneratedn the interval from time ¢; to time ¢,. Then,
thetraffic constaint function A* is definedasthe worst-casdraffic characterizatiorf the traffic A
([KWL+95], [LW9Q). It shouldsatisfythefollowing properties:

1. Time-invariance

Alr, 7+t < A*(t) Vt>0,7>0
Thetraffic constrainfunctionshouldbeindependentf thestartingtime . In thiscasepolicing
is independenof the startingtime, too.

2. Subadditivity

A*(t)) + A*(ts) > A*(t+ 1) Vit > 0

Thisallowsthearrivals A[t;, t] to attaintheboundgivenby A*: It will befeasible thatA[r, 7+
t] = A*(t) forany t > 0.
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Figure2.7: An examplefor long-termandshort-termburstiness

Thetightesttraffic constraintfunctionis theempiricalenvelope([KZ97]): It is definedasfollows:

E*(t) = supso Alr, 7+1t] Vt>0

In otherwords,thisis the maximumnumberof bytessentin ary interval of lengtht.
An exampleof a VBR streamof 12 framescanbe foundin figure 2.5. Eachbar shows the size of
aframe. The correspondinggmpiricalervelopecanbe foundin table2.8 alongwith the bandwidth
requiredfor eachdelay (b(t) = %@) and the fraction of the peakrate. Plots of the empirical
envelopeandthe requiredbandwidthcanbe foundin figure 2.5and2.6. As shown in table2.8 and
figure 2.6, for asmalldelayof 3 frames,the bandwidthrequirementlreadydecrease® 50% of the
originalvalue. Therateof 4.7 units/frameata delay6 framesis evenvery closeto the averagerateof
4.583units/frame.

The resultis that buffering can save a lot of bandwidthallowing more customerdo usea link
simultaneouslyespeciallyif thereis alargevariancein theframesizes.

2.3.2 Burstiness

A measurementaluefor thevarianceof framesizesis the socalledburstinessf a stream:



2.3. TRAFFICDESCRIPTIONAND TRAFFIC MODELS 15

| Model | Storage] Traffic ConstraintFunction |
(o,p) o, p A'(t) = o+ pxt
(@, 7) | (96 pi) A*(t) = minycicpm {0i +pi x t}
D-BIND | (R;, ;) | A*(t) = Ij_lzj*(Rj_l—RIjl)jIw‘t*(RjI,-—Rj_lfj_l) (1 <t <1I)
Jj—4j—1

Table2.9: Traffic modelsandtheir traffic constrainfunctions

PeakRate
AverageRate

But it is importantto denotehere,that buffering is only realisticfor delaysof up to a few seconds.
Short-termburstinessin the scopeof someframescan easily be smoothedby buffering. Higher

delaysareusuallynot acceptabldor the usersandalsorequirelarge buffersat the clients. Therefore,
an additionalconceptis necessaryo handlelong-termburstinessin the scopeof minutesor hours.

Thiswill bedescribedn section2.4.

An exampleis shavn in figure 2.7. Theleft sideshavsthecompleteraceof theMPEG-1video“The

Simpson® consistingof 40000framesat 25 frames/s.Note especiallythe lower andhigherregions

atalengthof about500to 1000frames.Smoothingoy buffering would resultin inacceptablelelays
of mary secondshere! A smallfraction - the framesfrom 2500to 2532 - are shovn on the right

side. This figure hasgot anotherscalingfor a betterrepresentationf the short-timebehaior. Such
short-timeburstscaneasilybe smootedusingbuffering.

Burstiness=

2.3.3 Traffic Models

Sinceit would be too expensve to storea completeempirical ervelope,traffic modelsarerequired
to approximatedt. The mostimportanttraffic modelsarethe (o, p) and(%”, ) models([KWL+95]
and[LW96]) andtheD-BIND (DeterministicBoundingINterval-Dependen{KZ97] and[KWL+95])
model. Their traffic constrainfunctionsareshown in table2.9 (from [KWL+95]).

The (o, p) model simply describeghe traffic by giving the two parameterdor a leaky bucket
(seesection2.2.4for a description): The buffer sizeo andthe outputrate p. Therefore the traffic
constrainfunctionis

A*(t) = o+ pxt. (2.2)

Sincethis approximatioris quite inaccuratethe modelhasbeenextendedto the (5, 7’) model
usinganorderedsetof leaky bucket parametersin this model,thetraffic constrainfunctionis given
by the minimum parametepair:

A (t) = 1r<111<13n {oi + pi x t}. (2.3)
Here, A*(t) is acorvex functionconsistingof m pieceviselinearsggments.lt is importantto denote
here thatthis alwaysimpliesa corvex traffic constrainfunction. Sincethe empiricalervelopeitself
is notnecessarilyorvex, this alsoimpliesaninaccurag. An examplewill begivenbelow.
Anotherproblemof thesemodelsbasedn leaky bucket parameterss thedifficulty to chooségood’
leaky bucket parameterg[KZ97]): The network’s stateis dynamicand may not even be available
at connectionsetup. If bandwidthis available and buffers are scarce the sendemmay choosea too
low rate p which implies a too high buffer size o, andvice versa. Such’bad’ settingsmay cause
a new connectionto be rejectedunnecessarilyFor example,a streams traffic descriptionhasbeen
calculatedassuminga large buffer size but only a low-bandwidthlink. Now, the available network

8Tracesource[Wiir95], simpsons.tagz.
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Figure2.8: A traffic modelcomparision

bandwidthincreasesbut the buffer sizeremainsconstant(e.g. a fixed-sizeleaky bucketin a border
router). This mayresultin newv streamgo berejectedbecaus®f too few buffer space.

To copewith theseproblemsthe D-BIND modeldescribeghetraffic usinga setof rate/interal
length pairs (R; , I;). Thesecontainthe requireddatarate R; for an interval of length [;, thatis
R, = % Theresultingtraffic constrainfunctionis thelinearinterpolationbetweerthe D-BIND

3

points:

() IJ—llj*(Rj—l_RI]]');;;j(IRJIJ_RJ—llj—I) (Ij—l <t< I]) ) (2.4)
Here,it is not necessaryo approximatahetraffic constrainfunctionby a corvex functionanymore.
Therefore D-BIND hasgot a higheraccuray thanthe (&, 7) model. An examplecanbefoundin
figure 2.8. Theright sideshavs approximationsof anempiricalervelopeusingthe (5°, 7’) model
andD-BIND model. For bettervisibility, the original empiricalenvelopeis plottedagainon the left
side.As it is shovn, the D-BIND approximations muchnearerto the original dueto its non-cowex
shape. This adwantageis also proven by measurements [KZ97]. However, the more accurate
approximationhasgot a price: Policing a streamusinga non-comwvex D-BIND descriptionis more
comple. For adetaileddiscussiorof this, see[KZ97].

2.4 Bandwidth Remapping

Using oneof the traffic modelsdescribedabove, it is now possibleto give a traffic constraintfor a
stream.As mentionedn section2.3.2,short-termburstinessanbe smoothedy buffering. Now, it is
necessaryo examinelong-termburstinessHaving againalook at the left sideof figure2.7,thereis
alarge peakof about240,000bytesat aboutframe37,000,marked by thearrown. Calculatingatraffic
descriptiorusingtheD-BIND or (&, ) traffic modelasdescribedn section2.3.3,it is necessaryo
allocatea bandwidthnearthe peakratefor very low buffer delays.But sincethe few otherpeaksare
all below 150000bytes,a lot of bandwidthwould be wasted. This is called over-provisioning The
sameeffectalsocanalsobefoundfor the higherandlower areasof about500to 1000frames.These
arescenesf lower or higherbandwidthrequirementausingthe long-termburstiness.In this case,
evena high buffer delayof up to afew secondsvould notbe ableto improve this over-provisioning.
To copewith this problem,the tracecanbe partitionedinto severalintervals For eachinterval,
an own traffic descriptionis calculatedandused. This resultsin partshaving lower bandwidthre-
quirementsllocatinglessbandwidthandvice versa.Now, a bandwidthremappings necessargtthe
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interval borders.Thereforethesentervalsarecalledremappingntervals

Algorithm 1 Optimalcalculationof remappingntervalsfrom [Gum9g

01 void calculatelnterv al s(N) {

02 for(i =N- Li > 0i-) {

03 for( length= 1;length< N - 1;i++) {

04 Calculate traffic description for interval
05 I =10, .., i +length- 1].

06 CcoSt = COSkemappingl) + COSBandwidtl)  + cost]i +1 engt h];
07 if( cost < cost[i]) {

08 cost[i] =cost;

09 lengthli] =1 engt h;

10 }

11 }

12}

13}

Now, analgorithmto calculateheinterval sizesis requiredwhich generatesitervalsof thelowest
cost.Suchanalgorithmhasbeendevelopedin [Gum9§, its pseudocodes shovn in algorithml. The
optimal intervals referingto the costof the bandwidth(coskangwiat) andthe costof the remapping
(coskemapping Usuallya constantarecalculatedhere.

As shavn in figure 2.9, the algorithmrunsfrom the medias lastframeto thefirst one. For every
frame, all possiblelengthsto the end are tested: The interval length which causesminimum cost
concatenatewith the alreadycalculatedminimum-costintervals to the endwill be chosen.Finally,
the algorithmhascalculateahe interval lengthandtraffic descriptionfor every frameof the media.
Thealgorithm's runtimeis O(n?). To achie this, thetraffic descriptionhasto be calculatedn time
O(n) insteadof O(n?) (runtimefor the calculationof the empiricalenvelopeapproximation) Thisis
possibleby reusingpreviously calculatedesultsandcalculatingonly the difference.

2.5 ResoureManagement

While the network QoSrequirementsre only bandwidth,maximumtransferdelay maximumloss
rateandmaximumijitter ((CCH944, [CCH94H, [WCH96], [NS96]), applicationshave gottheir own
requirement®r QoSdimensiong[LS98], [LLR+99]). For example,the QoSdimensionsf avideo
transmissiorare picture format, color depth,framesper secondand end-to-enddelay or sampling
rate,bits persampleandchanneldor anaudiotransmissionFor the userof this application theonly
requirements, thatvideoor audiotransmissioriooksor soundsgood’. Thisis calledthe perceptual
quality, usersatisfaction([Rog98])or utilization ([LS98], [LLR+99]).
Thesdlifferentrequirementseadto asocalledlayered QoSmodel(JACH95],[CCH94a],[NS96]
and[Rog98]),which is shawn in figure2.10. A mapping(alsocalledQoStranslationby [NS96]) is
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User QoS

User Satisfaction

* QoS Mapping 4

Application QoS
Video Frame Rate (1, 2, ..., 30)
Picture Size (QCIF, CIF, 4CIF, ...)
Colors (2, 16, 256, 4096, ...)

Audio Sampling Rate (11025 Hz, 44100 Hz,}..)
Bits (4, 8, 12, 16)
Channels (Mono, Stereo)
* QoS Mapping 4
Network QoS

Bandwidth
Maximum Delay
Maximum Loss Rate
Maximum Jitter

Figure2.10: ThelayeredQoSmodel

requiredbetweenthe dimensionsof eachlayer For example,the userrequestshigh’ quality for a
video. Thisrequirements translatedo asetof possibleapplicationQoSsettingse.g. (16CIP pixels
at25 pictures/sn 64K colors,4CIF'° pixelsat 20 pictures/sn 16M colors}. A 'useful’ (e.g.themost
costefficient) possiblesettinghasto be choserandtranslatednto network QoSrequirementse.g.5
MBytes/sbandwidthat a maximumdelay of 1000msanda maximumacceptabldossrateof 0.5%.
Now, a solutionto evaluatethe effect of parametechange®n the usersatishctionis necessary

2.5.1 Utility Functions

For someelastictraffic like file transferor WWW, the utilization usuallyincreasedinearly with the
bandwidth(usersatistction ~ speed).But for multimediatransmissionthis is normally not true.
For examplein an uncompressedudiotransmissionjncreasingthe samplingratefrom 11,025Hz
to 22,050Hz (doublebandwidth)usuallyresultsin a significantimprovedquality. An increasdrom
22,050Hz to 44,100Hz (againdoublebandwidth)givesonly a smallimprovementandincreasingt
to 98,200Hz resultsin no improvement.Thereasorfor thisis, thatthe humanearis ableto receve
lower frequenciedetterthanhigherones.Further dueto the samplingtheoreni! andthe ears limit
to amaximumfrequeng of about20,000Hz, samplingratesabove about40,000Hz arenot useful.

First, it is thereforenecessaryo describethe utilization for a given settingof a QoS dimension
(e.g. framerate, sampingrate, picture size etc.) by a so called utility function In the next step,
the dimension-wiseutility functionshave to be composedo the usersatisfction (total utilization,
perceptuaguality).

Utility functionscanbe calculatedfor examplein the following waysfrom a mediaanda setof
differentscalingsteps(e.g. the original high-resolutionvideo at 30 frames/sand someresolution-
reducedversionshaving framesratesof 5 frames/go 30 frames/dn stepsof 5 frames/s):

e A groupof userscanratethe quality. But of coursethis canbe very subjectve, e.g. the users
are very interestedn a video and miss someerrorsor are boredand searchfor errorsvery
accuratelyetc..

e Anotherwayis to useasocalledquality metricto comparehescalednediato theoriginalone.
If the metric alsousesa perceptualmodelwhich triesto “rate” the medialike a humanuser

916CIF:1408x 1152pixels(16x resolutionof the CommonintermediatéFormat352x 288).
104CIF: 704x 576 pixels (4x resolutionof the CommonintermediatéFormat352x 288).
HsamplingTheorem:To recordfrequenciesip to n Hz, it is necessaryo usea samplingrateof atleast2*n Hz.
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this methodcanbe very accurate More detailsaboutmetricsfor differentmediatypescanbe

foundin section2.6.

e Finally, asetof utility functionsfor differentmediacateyories(e.g. action,sports,talk shaws,
etc. for videoandclassicmusic,rock music,news, etc. for audio) canbe calculatedusingthe
two methodsabove. New mediascan be mappedto one of thesecateyoriesusingthe corre-
spondingutility function. Seesection2.6for anexample.

Using oneof this methodssomeso calledutilization pointsareobtained.Thesepointsdescribethe

utilizationfor agivenresourcethatis thevalueof theQoSdimensiong.g.frameratefor avideo. For

simplicity, the lowestquality hasgot utilization 0.0 (0%) andthe highestoneutilization 1.0 (100%).

Now, a curve canbeinterpolatedrom thesepoints. To storethe utility function efficiently, it is also

recommendedo approximatat by a simplefunction. An examplecanbe foundin figure2.11,the

approximatiorusesthe utility functiondescribedelow, p = 12.5.
In [Rog99, anutility functionis definedasfollows:

u(z) := cxIn(a*xx +b),

1
a = ——,
p — 10
1
es — 1
b = ,
Tmax — TLmin
1
Tmax — Tmin * €n
c = ,
Tmax — Lmin

(2.5)

Zmin @and xmax give the minimum and maximumvaluesof the QoS dimension,e.g. 1 and 30 for a
video’s framerate. The so calledsensitivityparameterp allows choosingthe shapeof the function.
In [Rog98],thisis doneby theuser Below 10, theutility functionis concae, linearfor 10andcornvex
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above 10. Thereforethe utilization increasesasterfor highervaluesof p. Thefunctionfor different
settingsof p is plottedin figure2.12.
A secondutility functionis introducedn [LS98] and[LLR+99]:

u(z) == 1 — e¥@t? (2.6)

wherethe constants andb aregivenby thesettingses, andxzgs for utilizationsof 50% and95%:
0.5 =1—e»0™ 095 =1— ™t

Tos * In(—0.05 + 1.00) — x50 * In(—0.95 + 1.00)

Tgs — Ts0

b =

In(—0.95 + 1.00) — b
Zos
T50 andzgs aregivenby the userin [LS98] and[LLR+99]. Someexamplescanbe foundin figure

2.13. Asiit is shavn in the examplesthe function’s valuecango below 0 andis not exactly 1 atthe
maximumx value! Thereforeyaluesbelown 0 shouldbethreatene@s0 andu(zmax) := 1, thatis:

a =

0 (1 — et < ()
u(z) = 1 (x > ZTmax)
1 — e*tb glse

Now, the dimension-wiselescriptionof utilization canbe doneusingeachdimensions utility func-
tion. But to describethe usersatisfction (total utilization, perceptualquality), it is necessaryo
composdhem.

2.5.2 Composition of Utility Functions

[LS98] simply suggest$o usea weightedsum,thatis:
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Figure2.15: Theutility functioncompositionl/(z) = <=2+ from [Rog98]

i=1 u;(z;)

wherew; is theweightfor the:-th QoSdimensiorhaving valuez; andutility functionu;. Thismakes
it possibleo emphasizeomedimensionsFor example tablel in [AFK+95] shavsthatfor acomedy
video,framesizeis moreimportantthanframerate. Therefore anexampleutility functionmaybe:

U(T)) = Hx (1 _ ea1*a:1+b1) + 15 % (CLQ * ]n(b2 * Ty + C) + 1% (1 _ eag*xg-i—b).

i - i i

Video Fzme Rate Video F;;me Size A;gio
An examplefor two dimensionds shown in figure 2.14 (Framerate: Forumla2.5,p = 15. Frame

size:Forumla2.6,¢s5o = 0.2, gg5 = 0.8).
A secondoossibilityto composautility functionsis presentedn [Rog98]:

U(?) = f(ul(xl)v ’1,1,2(332), B un(xn))
Thisfunction f shouldhave thetwo following properties:

1. If z; is muchsmallerthan eachof the {z,, ..., 2,,}, thenU () mustbe dominatedby z;.
Againanexamplefrom tablel1 of [AFK+95]: In asportsvideo,bothframerateandframesize
areimportant. If framesizeis very high but frameratevery low (like a slideshav), thenthe
resultingusersatisfictionwill below.

2. f(s, s, ..., s) :=s.Thisallows f(z1, zs, ..., x,) to bescaled.

Onerelationshipsatisfying(1) and(2) is:
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User Profile Application Profile

[Resource Profil%

Task Profiles

for each Task

Resource Managemen .
9 -«—] Available Resource

Resource Allocatioh

for each Task

QoS Assignment

Figure2.16: Theresourcananagemenbasedn [LS98]

1 1 K1 n
LI & UR) = = (2.8)
An examplefor two dimensiongs shown in figure 2.15 (Framerate: Formula2.5,p = 15. Frame
size:Forumla2.6,¢so = 0.2, go5 = 0.8).

2.5.3 Resouilce ManagementDefinitions

Now, the effect to the usersatisfiction causedoy changinga value of a QoS dimensioncanbe de-
scribedusingthe composeditility functions.The next stepis to mapresourcege.g. bandwidth)to a
streamusingthe usersatistctioncalculationto generatea'useful’ mapping. The resourcananage-
mentapproachusedin thiswork is basedn [LS98] and[LLR+99], agraphicalview canbefoundin
figure2.16.Butfirst, it is necessaryo introducesomedefinitionsfrom [LS98] and[LLR+99]:

e Tasks(e.g.applications)T;, Ty, ..., T,.

e QoSdimensionf task’;: Qi1, Qiz, .-, Qid;-
Each();; is afinite setof valuesfor the j-th QoSdimensionof task:. For example,this can
be a setof allowedframerates:{1, 2, ..., 30}. The setof possiblequality vectorsis therefore
definedas®; = Qi1 X Qiz X ... X Qig;-

e SharedsystenresourcesR;, Ry, ..., R,.
Resourcesan be for example bandwidth, CPU time, memoryor harddiskusage. Each R;
is a finite set of non-n@ative valuesrepresentingan allocationchoicefor resourcej. The
possiblesetof resourcevectorsis R; = Ry x Ry X ... X R,,. It alsoincludesvectorr™* =

(riee, rprer L, o) sinceall resourcesirefinite.

Eachtaskis associateavith a taskprofile consistingof a userprofile andanapplicationprofile. The
first onecomesfrom the applicationitself andcontains

e aquality spaceR);,
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e a quality inde<'? - a bijective function f;; : Qi;; — {1, 2, ..., | Qi |} that preseresthe
ordering:If ¢; is betterthangs, thenf;;(¢1) > fij(q2),

o dimension-wisenon-decreasingtility functionsu;; : @; — R (seesection2.5.1),

e applicationutilities U; : @Q; — R, thatis the compositionof the utility functions(seesection
2.5.2)and

e aresouceprofile: This is arelation betweenthe resouceset R andthe quality set@;, where
r E; q describeslist of possibleresourceallocationsachieving quality . |=; hasto respect
the partialorderingsof R and@);, thatis

M Ea AN roEiq@ N mm>1r = @ >

Sinceit is possibleto achieve a quality ¢ by morethanoneresourcesetting,it is not possibleto
useafunctioninsteadof therelationhere! Usingthisrelation,two functionscanbe defined:

1. Themaximumpossibleutilization for a givenresourcesetting:

gi: R=R ;5 gi(r) = max{Ui(q) g € Qi A 7 Fi g} (2.9)
Usingthisfunction,thesocalledresource/utilizatiorgraph (R-U graph)canbegenerated

for eachtask. Thepoint(r, g;(r)) is calledresource/utilizatiorpoint, alist of suchpoints
is asocalledresource/utilizatiorist.

2. Thesetof all qualitiespossiblefor a givenresourcesetting:
hi : R—>P(Q;) ; hi(r) = {q€Q;|U(q) = gi(r) A7 =i q}- (2.10)

The userprofile containsa so calledQoSconstaint. This is the specificationof the minimum QoS
requirements:

g™ = (g™, g™, s g
For examplein anaudiotransmissionthis canbe usedto definethe users lowestacceptableuality
at11,025Hz samplingrateand8 bits persamplen stereo.
Finally, the socalledsystenutility hasto bedefined.Thisis thecompositiorof all tasks’applica-
tion utility: U : Q — R. Two conceptsanbeusedhere:

e Maximizing the applicationutilities usingaweightedsum: U(7¢’) = >, w; * u;(g:), where
w; > 0 is the priority for taski. Assumingthatall priorities arethe same,this will resultin
applicationshaving lower resourceequirementge.g. audiostreams,100 KBytes/sfor 100%
utilization) getting higher quality easierthan applicationshaving high resourcerequirements
(e.g.video,100KBytesfor 5% utilization).

e Utility fair sharing U(¢) = min;—__,{u;(¢;)}. Theresourcemappingonly refersto the
applicationutilities. Thereforeijt triesto giveall applicationghesamaeutilizationindependently
of resourceequirements!

But for examplesendingonehigh-bandwidthvideo and20 low-bandwidthaudiostreamsover
alow-speedhetwork, the mappingmay resultin 10% utilization for all applicationansteadof
giving thevideo5% andall audiostreamsl00%.

Now, the socalledQoSoptimizationproblemcanbedefined:MaximizeU (g1, g, ..., ¢.), Where

12The quality index is necessaryf the QoS dimensionshave e.g. non-numericabvalues. For example,framerateis
numericalandthereforeno problem. But a pictureformat may containe.g. QCIF, CIF, 4CIF, 16CIF etc.. In thiscasea
mappingto numericalvaluesis required.
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e ¢, > ¢Mforalli=1,2,...,n (QoSConstraints)
o > iy < ri®forall =1, 2, ..., m (Resource&Constraintsand

e 7; ; g; foralli=1, 2, ...,n (Resourcdrofiles).

2.5.4 QoSOptimization Algorithms
In [LS98] and[LLR+99], the QoSoptimizationproblemis groupednto four cateyories:

¢ SingleResourcesingleQoSDimension(SRSD),
¢ SingleResourceMultiple QoSDimension(SRMD, supersebf SRSD),
e Multiple ResourceSingleQoSDimension(MRSD),

e Multiple ResourceMultiple QoSDimension(MRMD, supersebf MRSD).

Unfortunately SRSD,SRMD, MRSD and MRMD areall N P-hard. This is provenin [LS98] by
constructinga poly-time reductionfrom SRSDto the 0-1-Knapsackroblem. Sincethis problemis
known to be N P-hard, the QoS optimizationproblemis also NV P-hard. Sincethe SRSDproblem
onaNTM will have a polynomialruntime(simply testingall possibilities) the problemis also N P-
easy Therefore,it is N P-completeandif someday somebodydevelopsa poly-time algorithmfor
this problem,thenP = NP is proven.

Butundertheassumptiorof P # N P, it is notpossibleto getanoptimalsolutionfor this problem
in poly-time. Fortunately it is possibleto approximatehe SRMD andthereforethe SRSDproblem
very efficiently. In [LS98], threealgorithmsfor SRMD arepresente@ndcomparedy measurements
in [LLR+99]:

1. ASRMD1 - A simplebut fastapproximatiorhaving anuncontrollablebound.

2. ASRMD2 - An approximationwith an upperbound. But the measurementshaw, that the
runtimeis muchhigherthanfor ASRMD1.

3. SRMD - An optimalsolutionfor a givenresourcegranularityhaving inacceptableuntime.

Sinceonly the first one, ASRMD1, hasgot an acceptableuntime for the systemdescribedn this
work, only this algorithmis explainedhere. Althoughthe boundis not limited, the measurements
[LLR+99] shaw thatthereis usuallyno significantdifferencebetweenthe resultsof ASRMD1 and
ASRMD?2. Se€[LS98] and[LLR+99] for detailsaboutthe otheralgorithms.

The ASRMD1 algorithmis shavn in algorithm2. For eachtaskT;, aresource/utilizationist Cj,
sortedascendingyy resourcejs given. First, the corvex hull of eachlist is calculated(line 7): C;.
This hasthefollowing effectsto theresource/utilizatiorist:

e Pointshaving lower utilization thanpreviouspointsareremoved. Therefore:
pi1.Resource< p,.Resource = p;.Utilization < p,.Utilization.
e C; will becorvex: Thisimplies, thatpointsbelow theline from the (1, g;(r1)) to (75, gi(ry))

areremoved. Suchpointswould have got a 'bad’ resource/utilizatiorratio ngszgﬂfc’; causing
high cost(resourceptlow utilization.




26 CHAPTERZ2. BASICS

Algorithm 2 The ASRMD1 algorithmfrom [LS98]

01 global resAllocated|n]; /I Resource allocated to task T;
02 global utilization[n]; /I Utilization of task T;

03 global Resource = <Maximum resource, e.g. bandwidth from SLA>;
04

05 void asrmdi(n, 4, ..., Cn) {

06 for(i = Li < nit+) |

07 C; = calculateConve  xHul I( Cj);

08 resAllocated[i ] = 0; /I No resources for task T;
09 utilization[i] = -1.0; /[ No utilization for task T;
10 }

11

12 list = merge( Ciy o 511); /[ Order is preserved!

13 resAvailable = Resource; /l Resource to be divided up
14

15 for(i = L < |list];i++) {

16 task = list[i]. Task; /[l Allocation trial for P, task Tigsk
17 resNew = list[i].Resour ce - resAllocated[ta sk];

18 ifresNew < resAvailable) {

19 resAvailable -= resNew;

20 resAllocated[tas k] = list[i].Resourc e;

21 utilization[task ] = list[i].Utiliza ti on;

22 }

23 }

24}

Next, thelists C; aremeigedto list list, preservinghe ascendingrderby resourcgline 12). Then,
list is iteratedfrom the first to the last element. In every iteration, the algorithmtries to allocate
resourcdor the currentresource/utilizatiompoint: If the differencebetweerthe correspondingask’s
allocationandthe point’s requirements lessor equalthe availableresourcethe new allocationwill
be successful Finally, eachtaskT; hasgot its allocationresAllocated; andusingits function h;, a
quality canbe setby choosingavectorq € h;(resAllocated;) having utilization utilization;. Note,
thatalwaysh;(0) := o for the caseof too few resourceavailable.
A completeexamplefor resource= bandwidth:

o= (o) (B) (). (1)),
= ((00) (o) (30) (1),

Here( Z ) denoteautilization u for b bandwidthunits. C; andC; areplottedin figure2.17. As it

is shown, C} is notcorvex. Therefore, 302 will beremovedin the corvex hull (seefigure2.17).
This resultsin thefollowing megedlist:
T 1 T T T T T
list = < 10 ), 15 ), 40 |, 40 |}, [ 70 |, | 80 |, | 100 >
0.0 0.0 0.9 0.5 1.0 0.8 1.0
—_— —— Y Y Y——

P1 P2 P3 P4 P5 P6 P7
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Figure2.17: An examplefor the ASRMD1 algorithm

For a maximumbandwidthof 120 units, the allocationwill be successfufor P; to Ps, resultingin
100% utilization for T} at bandwidth70 (P5) and50% utilization for 75 at bandwidth40 (P,). 10
bandwidthunitsremainunallocated.

It is very importantto denotehere,thatthis algorithmtriesto maximizethe applicationutilities.
By sortingtheresource/utilizationists by utilization insteadof resourcethe algorithmwill generate
afair sharing thatis trying to give all tasksequalutilization! In this caselist’s contentsvould be as
follows:

T1 T2 T2 T2 T1 Tl T2
listy = < 10 |, 15 ), 14 |, s |, {4 |, | 7] [ 100 >
0.0 0.0 0.5 0.8 0.9 1.0 1.0
—_— —— Y Y Y Y
P1 P2 P3 P4 P5 Pﬁ P7

In this casethe allocationof 120 bandwidthunits resultsin 90% utilization for 77 at bandwidth40
(Ps) and80% utilization for 7> atbandwidth80 (P,). 0 bandwidthunitsremainunallocatechere.

2.6 Media Types

This sectiondescribeghe basicsof the mediatypesusedin this work: MPEG-1/2,H.263andMP3.
It shouldbe denotedherethat only a granularsummaryof the main conceptsand propertiescan
be given here,due to the compleity of this subject. For details seethe correspondingcitations
to documentatiorand papers. All typesof this sectiongroup their datato logical dataunits (see
[MMOO], page572),socalledframes Framedransporta certainpartof a mediaor mediaobjectsof
a specifiedduration,e.g. a single picture of a video or a definedamountof sampledor audiodata.
Thenumberof framesperseconds thesocalledframerate

2.6.1 MPEG-1 Video

In 1990,the Motion PicturesExpertsGroup(MPEG)definedthe MPEG-1standardor videostorage
andtransmission.It is optimizedfor bandwidthsof about1.5 MBit/s, usede.g. for video-CDsand
videoondemand.Thepropertieghis standardareasfollows([IMPEQG, [RN98]):
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Figure2.18: TheMPEG codec

e Randomaccess,

e fastforwardandfastrewardarepossible,

e reverseplay,

e errortolerancge.g.lost paclets)implying no necessityto usereliabletransmission,

e jitter tolerancgnecessaryor paclet networkslik e the Internetwithout strict guarantees),

e differentresolutionsandframeratesfor supportingvariouslink speedge.g. telephondines,
high-speedetworks, etc.),

e possibilityfor real-timeencodinganddecodingand

e low cost(affordabledecodergor end-users).

The basicsof the compressiorarethe discrete cosinetransformation(DCT) and motioncompensa-
tion. MPEG usesemporalredundang andthe limits of the humanvisual systemto achive compres-
sionratiosabout1:30.

MPEG Encodingand Decoding

MPEG encodingconsistsof color transformation DCT, quantizationand compressionseefigure
2.18for agraphicalview of the MPEG codec.Sincethe humaneye is moresensitve for luminance
thanfor chrominanceit is not usefulto useRGB colorsto storethevideo’s pictures. Therefore the
YUV (Y luminanceU, V chrominance fractionsof redandblue),alsocalledY C,C, modelis used.
ThetransformatiorbetweerRGB andYUYV is donethefollowing way ([MMOO]):

Y 0.299 0.587 0.144 R

U | = —0.1687 —0.3313 0.5 G

Vv 0.5 —0.4187 —0.0813 B
R 1.0 0.0 1.402 Y
G | = 1.0 —0.34414 —-0.71414 U
B 1.0 1.772 0.0 V
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A pictureis dividedin so calledblodks consistingof 8x 8 pixels. Sinceluminanceis moreimportant
thanchrominancethe chrominanceesolutionmaybe halved horizontallyand/orvertically usingthe
averagevalue(color subsamplingresultingin Y:U:V ratiosof 4:2:2or 4:1:1insteadof 4:4:4. Four
blocksof luminanceandfour, two or oneof chrominanceregroupedo amacoblodk which contains
al6x16 pixel area.

After color transformationDCT ([RN98]) is appliedon each8x8 block (s, is the valuefor entry

z,):

F(u,v) = 1C(u)C(v) * S Z;:o [sm,y % COS (”“(21?1)> cos (%)]
«o-{7

Theinversetransformatioris F~:

7 7
_ 1 mu(2z + 1) T (2y + 1)
F! = - F R Sl S S A
(z,y) 1 ;; [C(U)C(U) * F'(u,v) % cos ( 16 ) cos ( 16
Note, that due to the limited accuraryof the calculation,therewill be a smallloss of information
whenapplyingreverseDCT to a DCT-transformedlock, comparedo the original one. Quantization
of the coeficientsis doneusinganown quantizatiorvalueg,, for eachcoeficient ((MMO0O0]):

F(u,v) = rounc(FEIU’U)).

Theinversecalculationis:

ﬁ(u, v) = ﬁ(u,v) * Qyy.-

But of coursethehigherthe quantizatiorvaluegq,, the higherthe socalledquantizatiomoise

The DCT itself resultsin no reductionof the data(8x8 — 8x8), but sincea lot of the quantized
coeficientsareusually0, a goodcompressiortanbe achiezed. This is doneusing Huffman codes
andrun-level coding.To provide errortolerancea sequencef macroblockss groupedo asocalled
slice Every slice is decodablendependently Missing slicesmay be interpolatedfrom available
slices.

Unlesstherearesceneshangesn thevideo, thedifferencebetweertwo picturesis usuallysmall.
For example,a car movesin front of a landscape.In this case,only storing a vector of the car’s
movemeniandthemissingpartsof thebackgroundvouldresultin ahugebandwidthreduction.Since
recognitionof objectsis too comple, the so called motioncompensatioms basedon macroblocks.
For every macroblock the motioncompensatiomlgorithmsearches$or a’best’ matchingpartin the
next pictureandstoresonly amotionvector. If necessaryanerror picture, thatis thedifferenceto the
original picture,is alsostored.Thequality of themotioncompensatiois dependenbnthealgorithm:
Algorithmsfinding bettermatcheswill be slowerdueto morecomparisions.

MPEG videosconsistof upto four picturetypes:

I-frames (Intra-codedpictures)containapictureindependendf otherones.Thereforethecompres-
sionratiois low, but randomaccesss possible.

P-frames (Inter-codedpictures)containa picture using motion compensationlt refersto the pre-
vious |- or P-frame. Therefore,it is only decodablen combinationwith the pictureit refers
to.

B-frames (Bidirectionalypredictive codedpictures)containmotion compensatiomeferenceso the
previous and/ornext |- or P-frameandencodeonly differencedetweerthem. Therefore this
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Figure2.19: An MPEG example(“ TheSilenceof the Lambs$, GoP:IBBPBBPBBPBB)

type achiavesthe highestcompressiomatio. B-frameswill never beusedasmotioncompensa-
tion references!

D-frames are usedfor fastforward/fastreward only and containlow-quality intra-codedpictures.
Usually, this typeis usedfor storedvideosonly - it doesnot make senseo transmitit in real-
time applications.

Err or Tolerance

The sequencef picturetypesis given by the periodic group of pictures (GoP) pattern: Practical
experienceshaws, that the GoP “IBBPBBPBB IBBPBBPBB ... ” resultsin a good compromise
betweererrorreproductiorandcompressiorefficiency ((Gum9§ on page20,[RN98]): Sinceerrors
in I-framesarereproducean all P andB picturesreferingto it, theacceptabléossrateof thistypeis
thelowest.Ontheotherside,errorsin B-framesonly concerrtheB pictureitself. Thereforeahigher
lossratemay be acceptabldor this type. The acceptabldéossrateof P picturesmaybebetweerthel
andB-frames’value- errorsremainuntil the next I-frameis receved.

An examplefor an MPEG streamof thevideo* TheSilenceof the Lamb$ '3 usingthe GoP*IBB-
PBBPBBPBB”canbefoundin figure 2.19. The l:P:B sizeratio is about10:2:1,which is usualfor
MPEG videos([RN98]).

Online Scalability

MPEG encodingrequires- especiallyfor the motion compensation much CPU power. Therefore,
online scalingby decodingand re-encodinga mediawould be too inefficient. But somesimpler
methoddor online scalinghave beendeveloped:

Frame Dropping reducesthe numberof framesper secondby skipping whole frames. First, B-
framesareremoved,thenP-framesandat lastI-framesto achiese a givenlower framerate.

Block Dropping reduceghe numberof blocksby simpleremoval ([ZL96]).

Coefficient Elimination skipssomeof the upto 64 DCT coeficients([Gum98]on page88). This
canbe doneby giving a maximumnumberof coeficientsto transmit(scalarbreakpoint)or a
64-bit booleanvectorcontainingtrue/falsefor every coeficient (vectorbreakpoint).Finally, it

BTracesourceWiir95], lambs.tagz.
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is alsopossibleto limit the numberof run-level pairs(RLPs)for the compressiomf the quan-
tizationvalues.In [Gum9] it is shovn thatvectorbreakpointdhave no advantagecomparedo
scalarbreakpointandthelimited numberof RLPsresultsin lower quality.

Requantization repeatgjuantization[Gum98]). The disadwantageof this approachs thatthe nev
guantizationvalue hasto be a multiple of the video’s quantizationvalue. Thereforei|t is rec-
ommendedo storethe video having the valuesetto 1. Further it is difficult to find 'good’
guantizatiorvalues.

Quality Metrics

Somequality metricshave beendevelopedto evaluatethe quality of videosby comparinga scaled
versionto theoriginal:

PSNR (PeakSignalNoiseRatio,[BDT+96]) simply comparegixels:
N

U2 1
PSNR= 10xlg(—) ; = — i — pi)?
0+Ie(T) 5 o= e a)
whereg; representshe value of the original images i-th pixel and p; the scaledimages i-th
pixel. ¥ is the peakvaluefor thepixels(e.g.255for 8 bits, 65535for 16 bits etc.). This simple
metricis widely usedbut describeshe users subjectve quality very inaccurately

ITS Quantitati ve Video Quality Metric is basedon userratingsand givesanimprovementto the
PSNRresults([BDT+96]). But in [BDT+96] it is shavn that this metric is inadequateor
high-bandwidthvideo.

MPQM (Moving PictureQuality Metric, [BDT+96]) isamorecomplex metrictrying to incorporate
the humanvisual systems limits. Therefore the resultsare muchcloserto realusers’ratings
for avideo.

DVQ (Digital Video Quality, [Wat98]) is anotherquality metric using a simplified model of the
humanvisualsystem.

2.6.2 MPEG-2 Video

The MPEG-2standards anextensionof MPEG-1to provide higherquality at bandwidthsrom 2 to
15 MBit/s. The main extensionsare more picture formats,somefeaturesto improve quality, some
compressiomxtensionsandthe scalablecodingextensions

The scalablecoding extensionsprovide supportto sendhigh-quality and low-quality versions
togetherin one stream(e.g. a standardTV versionanda HDTV version): The transportstreamis
dividedup into severallayers. Thefirst layer, calledbaselayer, containsa low-quality version. The
following layers(enhancemenyers) provide additionaldatato generatea higherquality version
from the combinationof baseand enhancemenayers. An exampleis shavn in figure 2.20 (low-
quality picture)andfigure 2.21 (original picture#).

Fourlayeringmethodshave beendefined:

Temporal Scalability transmitsa frame-ratereducedversionin the baselayer The enhancement
layersareusedfor additionalframesresultingin a higherframerate.

Spatial Scalability usesthe baselayerfor low-resolutionpicturesandcontainsthe missingdatafor
higherresolutiongn the extensionlayers.

picturesource:http://www.usrailroad.com
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Figure2.20: Baselayeronly Figure2.21:Baseandenhancemerityer

SNR Scalability useshigher quantizationfor the baselayer The combinationwith the extension
layersresultsin alower quantization.

Data Partitioning transmitsa subsetof the DCT coeficientsin the baselayer andthe remaining
onesin theenhancemenayers.

In combinationwith DiffSery, the baselayer may be transmittedover high-quality but expensve
classesandthe enhancemeriayersover lower-quality but cheapones(e.g. evenbesteffort). In this
casethealow quality is guarantee@venif all enhancemerdatais lost.

2.6.3 H.263Video

TheH.263standardlefinedin [H.263] is basecon MPEGtechnology Its mainapplicationsarevideo
telephory andvideo conferencesTherefore,it is optimizedfor real-timecompressioranddecom-
pressiomandthe usageof low-bandwidthlinks. Like MPEG, it usesDCT andmotion compensation
andtheframetypesl, P andB. Theadditionalframetype PB containsa P-frameanda B-frame;the
combinedstoragesavessomebandwidth.H.263alsocontainghe scalabilityextensionsexplainedfor
MPEG-2(seesection2.6.2). Metricsandonline scalabilityarethe sameasfor MPEG-1(seesection
2.6.1). Sincethe H.263 standards optimizedfor real-timeencoding,scalingcanalsobe doneby
re-encoding.

An importantdifferenceto MPEG s, that H.263 doesnot requirea constantGoR Picturetypes
may be usedas necessaryresultingin a lower bandwidthrequirement. This especiallyaffectsthe
usageof I-frames: H.263is mainly usedfor real-timevideo conferences.Therefore,fastforward
andreward areimpossibleor unnecessaryin this case,it is possibleto usean I-frame only for the
first pictureof a stream.As long asit is ensuredhatevery partof the screens transmittedwithout
usingpredictionaftersomesecondsvithin P or PBframes thereis no necessityo sendl-frames.For
example,P-frame#1 containsunpredictedlocksfor theleft upperpart, P-frame#2 the samefor the
right lower partetc.. Theresultwill beasmallerbandwidthrequirementindalower burstiness.

2.6.4 MP3 Audio

The MPEG-1/2Layer3 audiocompression betterknown asMP3 - hasbeendevelopedto provide
efficientcompressiomf high-qualityaudio([Bra99). Thedecodedtreamshouldbeascloseaspos-
sibleto theoriginal, atleastfor humanlisteners.The basefor thisis to usea perceptuamodelwhich
incorporateghe humanears limits for remaving unnecessarand redundantparts. Compression
ratiosof aboutl:12areusualfor high-qualityoutput.
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Figure2.23: An MP3 Example(Go West)

TheMP3codeds shavnin figure2.22.First, it splitstheinputsignalinto its spectracomponents.
Basedontheperceptuaimodel,thequantizatioris appliedusingthe’best’ quantizatiorvaluefor each
componentThe quantizeddatais thencompressedsingHuffmancodes.

To enhancecompressiomatiosof stereasignals(two channelsieft andright), the optionaljoint
stelreo modeusesa combinedcoding of both channels. The MP3 standardallows bitrate changes
for every of the 38 framesper second.Possiblebitratesrangefrom 8 KBit/s to 320 KBit/s. But at
the moment,mostMP3 encoder®nly generateeonstanbitrate MP3 (CBR-MP3),thatis a constant
rateis usedfor the whole file. Sincethis may reducequality for somepartsandwastebandwidth
for others,modernencoderdik e the OpenSourceencoder.AME (see[LAME]) canalsogenerate
variablebitrateMP3 (VBR-MP3). In this casethedifferentbitrates’quality for a certainframehasto
be evaluatedusingthe perceptuamodel,resultingin usageof the mostefficient choicefor encoding.
For moredetails,see[LAME ] and[TTB+98]. Figure2.23showns a partof theVBR-MP3“Go West,
generatedisingLAME.

Using a 500MHz Pentiumlll processarit is possibleto encodeaboutthree high-quality MP3
streamsusingthe LAME encodesimultaneouslyTherefore pnlinedecodingandre-encodingdo fit a
givenscalingis possible Anotherway would beto drop somespectrabpartsof the stream.

Very detaileddescriptionf audioquality metricscanbefoundin [TTB+98]. Well-known mod-
els describedin this paperare NMR (Noise-to-MaskRatio), PerceptualAudio Quality Measure
(PAQM), PerceptuaEvaluation(PERCEML), Perceptualbjectve Measure(POM), Disturbance
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Index (DIX), Objective Audio SignalEvaluation(OASE), ToolboxandPEAQ (PerceptuaEvaluation
of Audio Quality). The last oneis basedon the first six modelsand will becomethe future ITU
standardor objectve measuremerdf perceptualudioquality.

2.7 Summary

This chapterhasgivenanintroductioninto the basicsof this work. First, the network fundamentals
areexplained: The OSIand TCP/IPnetwork referencemodels the InternetprotocolsiPv4 andIPv6,
the unreliable,connection-lesslatagramprotocol UDP, the reliable, connection-orientettansmis-
sion protocol TCR the control messaggrotocolsiICMPv4 and ICMPv6 andthe real-timetransport
protocolframewnork RTP. This hasbeenfollowed by the basicsof Quality of Service(QoS)andits
realizations:IntServusingperflow reserationsandDiffServ providing differentclassesespecially
expeditedforwarding(EF) andassuredorwarding (AF). Further traffic shapinghasbeenexplained.
The next sectionhasintroducedthe efficient descriptionof variablebitratetraffic usingapproxima-
tions of the socalledempiricalernvelope: The D-BIND and (&, 7) traffic model. Furthey analgo-
rithm for the cost-optimala priori calculationof bandwidthremappingntervals hasbeenpresented,
basedntraffic descriptionsin thefollowing section socalledutility functionshave beenintroduced
for theevaluationof quality changeso theusersatisaction. This hasbeenfollowedby someresource
managemendefinitions,especiallythe so calledresource/utilizatiorpointsandlists containinguser
satishctionsfor givenresourcesettings.Finally, theapproximatve algorithmASRMD1 for mapping
aresourcgusuallybandwidth)to differentconcurrenstreamspasedon resource/utilizatiotists for
eachstream hasbeenpresented.The chapterasclosedwith a descriptionof somestandardvideo
andaudioformats: MPEG-1,MPEG-2andH.263for video and MP3 for audio. This hasincluded
encodingdecoding scalabilityandquality metrics.



Chapter 3

The CORAL Projectand the Goalsof This
Work

his chaptergivesanintroductionto the CORAL projects concept. Further a shortoverview of
animplementatiorexampleis shovn: The RTP AuDI0 system.Thenecessargnhancement®
this systemfor efficient supportof variablebitratestreamdinally leadsto the goalsof this work.

3.1 The CorAL Concept

CORAL is the abbrevation for COmmunicationProtocolsfor Real-timeAccessto digital Libraries
(JAKM+00]). The goalof the CORAL projectis the developmentof real-timeprotocolsto transmit
scalablestreamsf differentmultimediastandard$or audioandvideo(e.g. MPEG-1/2,H.263,MP3,
... ) overanetwork.

The conceptcanbe foundin figure 3.1. Sincereal-timemultimediatransmissiorrequiresQoS
guaranteesgt is necessaryo provide resenation mechanismsThis is donein the ReservatiorMod-
ule. Thetransportmodulecanmark eachpaclet to belongto a resered flow (IntSery seesection
2.2.2)or class(DiffSery seesection2.2.3)usinge.qg. the IPv6 flow label or the Type of Serviceor
Traffic Classfield of the IP header

Sincemultimediatransmissionsisuallyrequiretransmissiorof differentmediatypesto a single
user(e.g.videoandaudio,henceghenamemultimedia),seseralstreamdo thesameclientaregrouped
to a so calledsession It consistsof one or more application streams all having their own stream
priority. An exampleof a sessiorfor avirtual shoppingmall canbefoundin table3.1.

To provide efficient usageof resenation, CORAL usesthe conceptof socalledlayeredtransmis-
sion A stream(e.g. avideo) canbe splittedinto several substreamsalledlayers by the Layering
Control. Eachlayer hasgotits own QoSrequirementsFor exampleusing MPEG-2,the baselayer
canbetransmittedvia a DiffServclasdik e EF while theenhancemenayersusebesteffort or MPEG-

| Stream | Usage | Type | Priority |
Strean#1 | Interactve 3D scenario 3D High
Stream#2 | Backgroundmusic MP3 Low
Stream#3 | Commercialvideo (background) H.263 | Lowest
Stream#4 | Commercialvideo (foreground) MPEG-2 | Normal
Stream#5 | Soundof thecommercialideo MP3 Normal
Stream#6 | Informationvideofor selectecoroduct| MPEG | Highest
Stream#7 | Soundfor the productsvideo MP3 High

Table3.1: An examplesessiorfor avirtual shoppingmall
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Figure3.1: The CORAL concept

1 video streamgantransmitl-framesover alow-lossbut expensve andP- and B-framesover cheap
but morelossyDiffServclassesThe completestreamhierarchyof the CORAL concepitanbefound
in figure 3.2.

The available bandwidthof the ReservatiorModulés SLA is managedoy the QoS Manager.
It mapsthe bandwidthto the different streams,accordinglyto their streampriority and sessiors
priority. Eachsessiorhasgotaconstrainfor minimumandmaximumbandwidthusedby thestreams
belongingto the session.This ensureghat at leasta minimum quality is possibleandthat the total
bandwidth(e.g. only 1 MBit/s link speed)and costis limited. Further the mappinghasto fit the
streams’QoSrequirementgor maximumdelay lossrateandjitter (seesection2.2.1). The sener’s
SLA may be dynamic,thatis it canbe changed.For example,the DiffServlink is sharedbetween
several seners. If onesener hasgot lots of clientsbut a secondone only a few, the first sener’s
SLA may be increasedvhile the secondone’s may be decreased.Thesechangesare managedy
theBandwidthBroker (BB). For moredetails,see[Sel01]. The COrRAL bandwidthpricing concepts
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) Application Stream #2 | Macroflow #1 I \

Substream #n
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/7 \
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Figure3.2: Thestreamhierarchyof the CORAL concept
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odin:/homes/viper/rtpaudio # ./server -enable-gm
“|[RTP Audio Serwver - Copyright (C) 1999/2000 Thomas Dreibholz

Server address: [T 2500

Server 3SRC: $047dFFIL
J|Client Timeout: 12 [s]

Input Directory: .. AudicFiles

Max Packet Size: 1500

Loss Scalability: off

||26-Dec-2000 11:30:45.6130: Mew member $oc82838h added.

CHAME : wviperBodin
Source Address: Lradl:53025
Destination Address: [::1]:32949
Flow Label: $75d2c

Traffic Class: o0

=>» We have 1 member(s) now!

G6-0ec—-2000 11:30:45.6164: $oc8a838b loading media <(Testl.list>.

Figure3.3: TheRTP AuDIO system

describedn [Rad01], it shawvs threetypesof chages:

1. Holding Chage: The price for reservinga givenbandwidthof DiffServclassn (but notfor its
usage!).

2. UsageChage: Thepricefor sendinga givenvolumevia DiffServclassn.

3. BandwidthChangeChage: The chage for rengyotiatingthe DiffServ classn’s SLA via the
bandwidthbroker.

The Endpoint Congestion Management(ECM) is necessaryto provide TCP-friendly behaior of

streamsentover besteffort service.Thatis, thestreamshouldbehae like TCP streamgseesection
2.1.3)andadaptbandwidthto the network’s congestionMore detailsaboutthe ECM canbefoundin

[Kar01].

3.2 RTP AuUDIO- A CORAL Implementation Example

Oneexampleimplementatiorof the COrRAL concepistheRTP Aubio system([DSV00], [AKM+00]
and[RTP Audio]). Figure3.3shavsthe RTP Aubio seneranda client. This systemtransmitsun-
compressedudiousingRTP (seesection2.1.5)basedn UDP (seesection2.1.3)over IPv4 andIPv6
(seesection2.1.2)usingDiffServ(seesection2.2.3). Thefollowing audioqualitiesaresupported:

e Samplingratesfrom 4410Hz to 44,100Hz in stepsof 2205Hz,
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e 4,8,12o0r 16 bits persampleand

e MONOOr stereo.

23 constantevels have beenchosenfrom thesel52 possiblesettingsfor the QoSmanageto select
the scaling. This uncompressettansmissiorresultsin constantbitrates from about4 KBytes/sto
about185KBytes/s. The streamitself is dividedinto up to threelayershaving ascendingnaximum
acceptabléossrates:

1. Theupper8 bits of theleft channel,
2. theupper8 bits of theright channelin stereamodeonly) and

3. thelower bits of bothchannelgin 12/16bit modeonly).

In caseof pacletlossesthe left or right channelsbits canbe replacedby the correspondingpits of
the otherchannelresultingin monoquality. Lost paclketsof lower bits resultin 8-bit quality - these
bits aresimply setto O.

SinceDiffServonly guarantee®andwidthsand not maximumdelay lossrateor jitter, the QoS
managerchecksthesevaluesby analyzingthe RTCP recever reports(seesection2.1.5)anddoing
roundtrip time measurement®r eachclass. If necessarylayersare mappedto other classesor
streamsarescaleddown. Theroundtrip time measuremenised CMP echorequestandreplies(see
section2.1.4)sentover every availableDiffServclassto the destinatiorhost. Thisis necessargince
theroundtrip timesof all possibleclassesrerequired.Echorepliesaresentbackvia BE. Therefore,
thetransferdelayof Class is notsimply %. Insteadthefollowing formulais used:

RTTBeStEfort
—s

Sinceroundtrip time, jitter andtransferdelay are slightly varying, it is usefulto smooththeir
valuesthatis incorporatingthe formervalueinto theresult. Therefore:

Valugyey := a* Valueyy + (1 — «) * Measurement

A usefulvaluefor the constantx is g Seealso[DSV00] for details.

3.3 The Goalsof This Work

The measurements [DSVO0O0] shawv thatthe RTP Aubpio systemworks quite well for constant
bitratestreamsBut sincemary compressedhultimediastandard$ike MPEG (seesection2.6.1and
2.6.2),H.263 (seesection2.6.3)andMP3 (seesection2.6.4)useor may usevariablebitrates,some
extensionsarenecessarySimply usingthe peakrate asbandwidthis far too inefficient (seesection
2.3). A moredetailedtraffic descriptionrandbandwidthremappings thereforenecessary

The CORAL projects subjectare digital libraries. Therefore,most mediaslike video and au-
dio files arealreadycompletelystored. Therefore,it is obviousto usea traffic modelfrom section
2.3.3andthealgorithmdescribedn section2.4 to calculateefficient remappingntervals andtraffic
descriptionsa priori. But sincethe describedalgorithmdoesnot supportlayeredtransmissiorand
scalablemedias,someextensionsarenecessaryThis will be describedn chapterd. Of course for
real-timevideo and audio conferencegor example,an a priori analyzationis not possible. In this
caseanonlineanalyzations necessaryBut thisis notagoalof thiswork. For detailsaboutthis, see
[BCC+99 and[Vey01].

Sincethe mediasarescalablejt is necessaryo evaluatethe effects of scalingto the usersatis-
faction. This canbe doneusingthe resource/utilizatiorists describedn section2.5.3. Basedon
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thea priori calculatedemappingntervals andtraffic descriptionsit is now necessaryo developan
algorithmto calculate'useful’ resource/utilizatiorists. This is possiblea priori, too. Detailscanbe
foundin chapterb.

Finally, in chapter6, the online bandwidthmanagementasto be developed: The SLA's band-
width hasto be mappedonlineto differentstreamspasedon the a priori calculatednformation. As
it is shawvn in section2.3.1,buffering mayresultin a hugebandwidthgain. Sincethe completetraffic
descriptionis known from the a priori calculation,it is usefulto optimizethe buffer delayhere: The
userhasgot a certainmaximumtransferdelay limit, eachclasss currentdelayis known from the
ICMP measuremen@sshavnin section3.2. Now, it is possibleto checktheresultingcostfor every
classandusethe cheapestransportpossibility. For example,the exampleof section2.3.1requires
100%bandwidthfor a buffer delayof 1 framebut only 40%for a buffer delayof 6 frames.Therefore,
if class#1 permitsonly a buffer delayof 1 frame and class#2 a buffer delay of 6 frames(dueto
a lower transferdelay) but at doublecost, it is still cheapetto usethe expensve class#2 - sinceit
requiresonly 40% of the original bandwidthto beresened.

Further the bandwidthmanagemenasto supportsessiongsdescribedn section3.1. Within a
sessionthe bandwidthmappingshouldbe utility-f air (seesection2.5.3): A userhaving two equal-
prioritized streamsn the samesessiorwantsboth having the sameusersatisfction- not onestream
in bestandthe otherin lowestquality. But globally, it is usefulfor the provider to have as much
sessionsas possiblegetting a high quality. For example,it is not usefulif user#1 hasgot a large
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sessiorof e.g. 80 MBit/s at 25% utilization andusers#2 to #21 have got small session®f 1 MBit/s
at25%,t00. Insteadjt is recommendetb useanunfair sharinghereandgive user#1 e.g.50 MBit/s
at10%utilizationandusers#2to #21e.9.95%at 2.5 MBit/s.

As describedthis work consistsof two parts:

1. The a priori calculationsof remappingintervals, traffic descriptionsand resource/utilization
listsand

2. theonlinebandwidthmanagement.

A graphicalview of theapriori partcanbefoundin figure3.4,theonline partis shovn in figure 3.5.

3.4 Summary

This chapterhasgivenanintroductionto the CORAL projects concept.Further a shortoverview of
animplementatiorexamplehasbeenshavn: The RTP AuDIio system.The necessargnhancements
to this systemfor efficient supportof variablebitrate streamshasfinally leadedto the goalsof this
work. Thesecanbe summarizedasfollows:

1. Theoffline part:

(a) Extensionf thea priori remappingnterval calculationalgorithmby supportfor layered
transmissiorandscalablemedias.

(b) Developmentof analgorithmto calculat€useful’ resource/utilizationists, alsoa priori.
2. Theonlinepart- the bandwidthmanagement:

e Minimization of bandwidthcostby the usageof cost-optimizeduffering.
e Supportfor sessionaindfair bandwidthdistribution within the sessions.
¢ Maximizationof theglobalutilization.



Chapter 4

The A Priori Remappinginterval Calculation

n this chaptey the a priori remappinginterval calculationalgorithm, presentedn section2.4, is

extendedto supportlayeredtransmissiorasdescribedn section3.1. Further an efficient support
for scalabilityis required.Therefore additionsto provide frameratescalabilityanda methodto allow
framesizescalabilityof the traffic descriptionaredeveloped.The chaptercloseswith optimizations
for runtimeandstoragespace.

4.1 The RemappingInterval Algorithm Basics

Firstof all, atraffic modelhasto be choseno storethetraffic descriptiongseesection2.3.3). Since
the traffic shaperwhichis necessaryor the buffering, is implementedn software (seealsosystem
descriptionin section7.3),the D-BIND modelhasbeenchosen.Thereasongor this decisionare:

e D-BIND providesamoreaccuratalescriptiondueto its non-comwexity.

¢ Itisnotnecessaryo limit theleaky bucket'ssize. Thisis only requiredfor traffic shapingusing
hardware (e.g. a network cardor router) having a built-in leaky bucket of fixed size. Instead,
the sener's mainmemoryis usedfor buffering. This is availableat a sufficientamount.

Next, costfunctionsfor a given D-BIND traffic descriptionandthe remappinghave to be defined.
The costfor the bandwidthhasbeendefinedasfollows:

* t;.Bandwidth
COShandwidul £) = iy - .

Thebandwidthof every D-BIND pair: areaddedanddividedby thetotal numberof pairs. This cost
functionis thereforethe averagebandwidthfor all delays.It hasgotthefollowing properties:

¢ If thebandwidthrequirementareconstanfor all buffer delays(b(¢) = const seesection2.3.1),
thenthefunctionrepresentshe costof this constanbandwidth.

e Ontheotherside,for b(t) decreasingvith increasingdelaythe cost-adantageof buffering is
alsoincluded:It will bethe averagebandwidthcostfor thegivendelays.

Another costfunction would be weighting someof the delaysandthereforeemphasizingower or
higherdelays. But sincethe buffer delayresultsfrom the differencebetweenthe network’s varying
transferdelayandthe users maximumdelayrequirementsit would be difficult to give usefuldelay
weightshere.For this reasonthis approachasnot beenused.

1The numberof streamsandthe buffer delayis limited. Carehasbeentaken thatevenin the worst-casebuffering
scenariothe sener’'s mainmemoryof 256 MByteswill notbe exceeded.
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Figure4.1: Thecomparisiorof overlappingandnon-overlappingintervals

SinceremappingusingDiffServonly consistf settingthe Typeof ServicéTraffic Classfield of
the IP headerto anothervalue (seesection2.2.3),the only work to do is the computationof a new
remapping. Therefore,a constantvalue is usedas remappingcost. This is alsorecommendedn
[Gum9§ on page67.

It shouldbe denotechere thatthetraffic descriptionhasto be calculatedusingoverlappinginter-
vals: For adelayof n > 2, it is necessaryo includethe next interval’s n — 1 framesinto thetraffic
descriptioncalculation too.

An examplestreamconsistingof two intervalsis shovn on theleft sideof figure4.1. Interval 11
containsframes#1 to #5 andinterval 12 frames#6 to #10. Using eachinterval’s own framesonly,
the calculatedempiricalerveloperesultsin thelower graphontheright sideof figure4.1. Theupper
graphshows the overlappingcalculations result.

Now, usinga delayof 3 frames,the non-overlappingcalculationrequiresa resenation of 13—1 =
3.67 bandwidthunits perframe.But sendingframes#5, #6 and#7 in asequenceesultsin exceeding
thedelayconstrainfor theleaky bucket (seesection2.2.4): After buffering frame#5, the buffer con-
tains8 units. 3.67aresentuntil frame#6 is buffered. Then,12.33unitsarein the buffer whichwould

requireatime of % = 3.36 framegto besent;thisis morethanthedelaylimit of 3 frames.Usingthe

overlappingcalculation theresered bandwidth% = 5.67 ensureghis contraint: %ﬂ = 1.83
frames.

4.2 Layering of the Media Types

Now, the remappinginterval calculationhasto be extendedto supportlayeredtransmission. But
first, the layeringhasto be describedor the mediatypesof section2.6. In this work, only traces
of the differentmediatypesareused. Therefore,it is not possibleto examinee.g. applicationQoS
dimensiondike picturesize, colorsor audio samplingrate. Instead,the genericdimensiondrame
rateandframesizeareused.In arealmediatransporiscenarioanadditionalmappingbetweerthese
two valuesandthe media-specifidimensionss required.

For MPEG-1/2,it is recommendedo usean own layer for eachframetype sinceeachonehas
got its own QoS requiremenfor the maximumacceptabldossrate (seesection2.6.1). Therefore,
MPEG-1streamshave gotthreelayers:Onefor I-, P-andB-frames.

An examplefor thefirst 25 framesof the MPEG-1video“ Terminatorll ”? canbe foundin table
4.1. It uses25 framesper secondandthe GoP “IBBPBBPBBPBB”, eachtable entry containsthe

2Tracesource[Wiir95], terminatortargz.
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| Frame| Layer#0(l) | Layer#1(P) | Layer#2(B) |

#00 33712 0 0
#01 0 0 4224
#02 0 0 4104
#03 0 11688 0
#04 0 0 4424
#05 0 0 4256
#06 0 9896 0
#07 0 0 4184
#08 0 0 4432
#09 0 11168 0
#10 0 0 4680
#11 0 0 4808
#12 36752 0 0
#13 0 0 4704
#14 0 0 6376
#15 0 24384 0
#16 0 0 3096
#17 0 0 3424
#18 0 6800 0
#19 0 0 3096
#20 0 0 3376
#21 0 7736 0
#22 0 0 4016
#23 0 0 7072
#24 30160 0 0

Table4.1: 25 framesof the MPEG-1video* Terminatorll”

framesize.l-framesaresentin layer#1 every 12thframe,P-framesaresentin layer#2 andB-frames
aresentin layer#3. It is importantto denotehere,thatasit is shovn in the table,a lot of entries
aresetto zero. Thatis, no transmissions donein the correspondindayerfor the currentframe. For
I-frames,thereis agapof 11 andfor P-framesa gapof atleast2 framesbetweerevery transmission.
Thereforeabuffer delayof two or moreframeswill resultin muchlower bandwidthrequirements!

Using MPEG-2,additionallayersfor every frametype of the MPEG-2enhancemerlyerscan
be added: For exampleusingan MPEG-2 streamhaving one baseand one enhancementyer, six
layerscanbeused:Threefor I-, P-andB-framesof the basdayerandthreefor the sametypesof the
enhancemenayer. Thesameschemecanalsobeappliedto H.263.But in this caseupto four layers
may be necessaryThreefor |-, P-andB- framesandthe fourth for PB-frames.

MP3 only consistsof rathersmall frame sizes,usually about600 to 700 bytesfor high-quality
audio. Therefore,it doesnot make much senseto uselayering herebecauseeachpaclet requires
transportheaders:IP (40 bytesfor IPv6) + UDP (8 bytes)+ RTP (at least12 bytes)+ finally a
headerfor the mediaitself (e.g. 20 bytes). In this example,eachpaclet contains80 bytesoverhead
which resultsin 3040bytes/sfor 38 framespersecondMP3 framerate).Evenfor high-qualityMP3
transportat about100 KBit/s = 12500bytes/s therewould be no significantbandwidthgain dueto
this headeioverhead.
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4.3 Extensionfor Layered Transmission

Usinglayeredtransmissiontheindependentraffic descriptionshave to be calculatedor eachlayer.
Now, it would be possibleto do anindependentemappingnterval calculationfor eachlayer, too.
But for streamsontainingmary layers(e.g.9 for MPEG-2having 3 MPEG layersandonetransport
layerfor eachframetype), this would be very inefficient, sinceeachlayerwould requireremappings
independently Therefore,insteadof using per-layer intervals per-streamintervals are used: The
interval bordersarethe samefor all layers,which impliesremappingdor all layerssimultaneously
An illustrationof bothmethodss shown in figure 4.2 (perlayerintervals) andfigure 4.3 (perstream
intervals).

It is very importantto denotehere,thatat time of the a priori remappingnterval calculation the
layers’ later online mappingto DiffServclassess unknovn! But every layer hasgot its own known
QoSrequirementsand burstinesqa higher buffering gain may be reachedby fasternetwork trans-
missionanda higherpossiblebuffer delay),thatis somelayerswill usuallyrequiremoreexpensve
DiffServ classeghanothers. Therefore the costcalculationshouldusea weightingfor eachlayer:
A bandwidthchangen an’expensve’ layer shouldaffect the costfunctionmorethana changen a
‘'cheap’one. This canbeachievedby a weightedsum:

Cosbandwidth(?Lla ey ?Lm) = Z [wi * Cosbandwidtl‘(?Li)] )
=1

wherecoskanawiai(t) denotegshe costfunctionintroducedn section4.1, 7T thetraffic description
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Figure4.5: A frameratescalabilityexample

of layer: for thecurrentinterval andw; theweightof layer:.

A 2-layeredexamplestreamcanbe found on theleft sideof figure 4.4. It alsoshovs the sumof
bothlayers- this correspondso the costin theunweightedcase Now for simplification,only abuffer
delayof oneframeis usedin this example.Sincethecostis 6 costunits/framefor frame#1to #3 and
4 costunits/framefor frame#4 to #6, the unweightedalgorithmcreateonly two intervals: Frame#1
to #3 andframe#4 to #6.

Butif layer#1lis expensveandlayer#2is cheapeferingto their QoSrequirementshegenerated
intervals are very inefficient: For example,only for frame#2, layer #1 requiresa bandwidthof 5
bandwidthunits per frame; for frame#1 and#3 it is only 1 bandwidthunit per frame. This over
provisioning canbe avoided using for examplea weight of 4 for layer#1 and 1 for layer#2. This
calculationresultsin theright sideof figure 4.4. Here,the barsshov the weightedandunweighted
cost per frame for comparision. Note, that due to the buffer delay settingof only one frame, the
peakframecosthasto be usedfor thethird interval (seetraffic descriptionbasicsn section2.3.1for
details). Now, layer#1 dominateghe cost. This resultsin four intervals, giving frame#2 its own
interval. Therefore bandwidthwill savedatthe costof moreremappings.

A methodfor finding 'good’ weightswould be to guesstest valuesbasedon the layers’ QoS
requirement@andburstinessandcalculatea sequencef testintervals. Usingthis testversion,some
remappingausing a real DiffServ SLA canbe simulated. Then, the weightscan be adaptedo the
simulationresults.An examplesimulationwith a detaileddescriptioncanbe foundin section8.1.2.

4.4 Extensionfor ScalableMedia Types

Now, the remappinginterval calculationhasto be extendedto supportscalablemediatypes. The
basisfor scalingis to reducethe framerateand/orframesizeof the original mediato alower-quality
version.First, frameratescalabilitywill beexamined.

4.4.1 Frame Rate Scalability

Scalingof the frame rate consistsof droppingsomeof the frames(e.g. video: 30 frames/s-> 20
frames/s)or partitioningof a quality-reducedversion(seesection4.4.2) into fewer frames. Since
thetraffic descriptionfor frameraten doesnot containary informationaboutframeraten — 1, the
remappingnterval calculationdescribedn section4.1 and4.3 hasto be computedor every frame
rateto be supported.
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Using MPEG-1/2video, the framerate canbe reducedby first removing a given numberof B-
framespersecondsincethistypeis notreferencedby ary otherframes.If therearenomoreB-frames,
P-framedaveto beremovedfirst. In thiscase carehasto betakennotto remove P-framegeferenced
by otherP-framesFinally, if therearenomoreP-frames|-framescanberemoved. Theframescanbe
droppeckitherrandomlyor selectve usinge.g.oneof thequality metricsdescribedn section2.6.1to
minimizethe quality reduction.This schemecanalsobe appliedto H.263handlingPB-framesqual
to P-frames.

MP3 mediashave got a constantframe rate of 38 frames/s. Therefore,frame rate scalability
by droppingframesis not supportechere. Further joining frameswhich would reducethe header
overheadwould resultin muchworsequality in caseof paclet losses: At 38 framesper second,
a missing paclet of % secondwould hardly be perceptible. But joining framesto e.g. generate
maximum-lengthFDDI paclets of 4500bytesfor a 100 KBit/s = 12,500Bytes/shigh-quality MP3
streamwouldresultin aframerateof 3 framespersecondA singlelost pacletwould thereforecause
asignificantgapof % second.

An examplestreamhaving a framerateof 25 framesper secondcanbe found on theleft sideof
figure4.5. The samestreamscaledto 18 framesper secondoy droppingframes3, 8, 9, 12,16, 18
and23is shavn ontheright side.

4.4.2 Frame SizeScalability

The secondscalingmethodis to reducethe framesize. For MPEG-1/2andH.263 video, this can
for examplebe doneby block dropping,coeficient elimination, etc. asdescribedn section2.6.1.
If all framesarescaledby a constanffactor «, thenthe empiricalernvelopeandthereforethe traffic
descriptiongseesection2.3.1)arescalable{oo:

FrameSizgsy, = o x FrameSizgy,

E*(t) = SUpso o * Alr, 7+ 1] = a % [SUpso Alr, 7+4]] V>0,

wheret denoteghe buffer delay It shouldbe denotedchere thatit is notnecessaryo scaleall frames
usingexactly factora: Someframesmayalsobe scaledusingfactorse; aslongasa; < « for all 4.
In this case,
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FrameSizgsy, < o * FrameSizgy

andtherefore

E*(t) > suUp-so Ascaled7, T + ] vt > 0.

Thescaledempiricalerveloperemaingo beavalid traffic constrainbut the higherthe differencethe
higherthe over-provisioningdueto theintroducedinaccurag. If someframetypeshave equalQoS
requirementgndburstinesdut differentscalefactors(e.g. dueto differentscalingalgorithms),own
layersmay be usefulfor suchtypesto reducethis inaccurag.
An examplestreamcanbe found on the left sideof figure 4.6. The streams$ framesizeshave to be
scaledby scalefactora = % the new framesizesaremarked by theline. Theright sideshows the
resultbut having usedag = % anday; = i to scalethe frames#6 and#7 (seearrows). Again, theline
shavs the sizesfor a scalefactora = 0.5 for comparision.

Sincethe traffic descriptionis scalable,only the original versionhasto be stored. Framesize
scaledversionscansimply be calculateconline.

4.5 Runtime Optimization

Theremappingnterval algorithmfrom section2.4 hasbeenextendedo supportiayeredtransmission
andscalability Now, it is necessaryo do someoptimizations.

First, its runtime of O(n?®) shouldbe improved. As it will be shavn in chapter6, a regular
remappings requiredin aninterval of somesecondsrnyway. Thereforejargeintervalsof e.g.several
minutesresultin no significantimprovement.But limiting the interval to a constantrangeof e.g. 2
secondgo 30 secondgyreatlyimprovesthe runtimefor the interval calculation: O(n?) insteadof
O(n®). A graphicalrepresentatiocanbe found in figure 4.7. Only the rangemarked by the grey
box hasto be checled for the cheapestength. Seealsofigure 2.9 for comparisionto the original
algorithm.

4.6 SpaceOptimization

Next, the algorithmwith its extensiongequiresenormouglisk spaceto storethe calculatedntervals
andits traffic descriptionsFor examplein an MPEG-2video of 90 minutesat 30 framespersecond,
thereare 30 differentframerates(1 frame/sto 30 frame/sin stepsof 1 frame/s)and a total of six
transportlayers: I, P andB for the baseMPEG-layerand|, P andB for the enhancememIPEG-
layer. 90 minutesat 30 framesper secondis equalto 162,000frames. The interval calculationis
donefor eachof the 30 framerates. Eachcalculationgenerateshe interval lengthfor eachframe
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| Frame| Intenval Length|  Traffic Description | Interval |
#00 3 D-BIND for eachLayer 101
#01 2 D-BIND for eachLayer *
#02 7 D-BIND for eachLayer *
#03 2 D-BIND for eachLayer 102
#04 5 D-BIND for eachLayer *
#05 9 D-BIND for eachLayer 103
#06 8 D-BIND for eachLayer *

Table4.2: Exampleof the spaceoptimization

| Intenal | FirstFrame| LastFrame| Traffic Description |

101 #00 #02 D-BIND for eachLayer
102 #03 #04 D-BIND for eachLayer
103 #05 #14 D-BIND for eachLayer

Table4.3: Theresultof the spaceoptimization

andthereforeatraffic descriptionfor eachof the 6 layers. The total numberof traffic descriptionss
therefore:

30 .
(i—1)
6 * ; [(1 =0 ) *162,000| = 15,066,000
Assumingl2 D-BIND pointsfor eachdescriptionwith 2 bytesfor lengthand4 bytesfor bandwidth,
therequiredstoragespacas 15,066,000*12*@ytes~ 1 GByte! Finally, somemorespacas required
to storetheresource/utilizationists - onefor eachinterval start,thereforel62.000(seechapters for
details)- andmanagemennformationlik e indices.Undertheassumptorf up to 32 resource/utiliz-
ationpointsperlist, this makesabout200additionalMBytesand1.2 GBytestotal. For comparision,
an averagebitrate of 5 MBit/s resultsin a size of about3.143GBytesfor the complete90-minutes
video. Thisis only about2.5timesmorethantherequiredmanagemennformation.

Obviously, this spacerequirements far too high. The problemof the interval calculationis that
thenext interval andthereforeits traffic descriptions storedfor every frame. This hasthe advantage
thatmoving to ary frameof the mediaresultsin startingwith the optimaF interval.

A simple but effective optimizationis to storeonly an interval path from frame O to the end.
This is illustratedin figure 4.8. The storagestartsat frame 0 and consistsof the length andtraffic
descriptionfor thefirst interval. If e.g. the lengthis 250 frames,the next interval to storestartsat
frame250. If thisinterval’s lengthis e.g. 300, the next onewill be 550andsoon. An examplecan
be foundin table4.2. The bold-printedrows shawv the descriptiongo be stored,all otherrows are
skipped. Table 4.3 containsthe resultingdatato store. Practicalexperienceshows, that the space
reductionis usuallyabouttwo ordersof magnitudedependingn the averageinterval length.

Movementswithin themedianow resultin jumpinginto aninterval insteadof startingatits begin
(seeframe#01in table4.3: Interval 101). But it is importantto denotehere,thatthis disadwantage
remainsonly for thefirst interval aftera movement. At the begin of the following interval, playing
will be againon the optimal path (seeframe#03in table 4.3: Interval 102 startshere). A normal
interval lengthis usuallyabout3 to 30 secondsLower valuescausegoo mary remappingandhigher

3Optimal refersto the propertyof the algorithm presentedn section2.4: The intervals are optimal referingto the
givencostfor remappingandbandwidth.
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Figure4.8: Thespace-optimizedemappingnterval calculation

valuesare not necessargincea regular remappingis necessananyway (detailsaboutthis will be
shaowvn laterin chaper6). Therefore the non-optimaltraffic descriptionlastsfor afew second®only.

4.7 Summary

In this chapterthea priori algorithmof section2.4 hasbeenextendedo supportayerediransmission
usinganown D-BIND traffic descriptionfor eachlayer anda weightedsumfor the total cost. This
weightinghasimprovedthe costfunctionto be moreaffectedby bandwidthrequirementhangef
more expensve layers,resultingin more cost-eficient bandwidthremappings.Further scalability
supporthasbeenadded:

e Differentframeratesrequiretheir own remappingnterval lists, sincethetraffic descriptioncan
usuallynot be derivedfrom anotherframeratescalings description.

e Using a constantscalefactor«a for framesize scaling,the traffic descriptionis alsoscalable.
Thereforehereis no needfor additionaltraffic descriptions.

Next, thealgorithm’s runtimehasbeenoptimizedusinga constaninterval range resultingin anim-
provementto O(n?) insteadof O(n?). Finally, anefficient storageoptimizationhasbeendeveloped:
A reductionof usuallyabouttwo ordersof magnitudecanbe achiezed by storingonly the so called
interval pathinsteadof the completetraffic descriptionbeginningatevery frame.
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Chapter 5

The A Priori Resource/Utllization List
Calculation

sdescribedn section2.5.4,anASRMD1-basedlgorithmrequiressocalledresource/utilization

listsfor eachstreanto calculateabandwidthdistribution. Thereforeanapriori algorithmfor the
calculationof 'useful’ resource/utilizationists, basedon the a priori calculatedremappingntervals
andtraffic descriptionsis developedin this chapter

5.1 Resource/Utilization Basics

Firstof all, it is necessaryo examinetheremappingntervals: As describedn section4.4.1,thereis

anindependenlist for eachsupportedramerate. Now, a resource/utilizationist for every interval

startis required. Sinceeachlist containspointsof differentframerates,it is not usefulto calculate
a resource/utilizatiorist for every remappinginterval of ary framerates list. This would cause
redundang. Instead,a globalenumeratiorfor the framescanbe used,which is valid for all frames
rates: This will be called positionand may for example be a timestampin microseconds.Frame
numbers(called frame positionsin this context) and positionscan simply be translatedusing the

following formulas:

(5.1)

. Positionx FrameRate
FramePositiofamerate= round g

PositionStepsPerSeco
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Figure5.1: Remappingnternvalsfor differentframerates
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(5.2)

. FramePositio PaositionStepsPerSeco
Position = round< AlameRate* P de

FrameRate

PositionStepsérSecondienoteghe numberof positionstepswithin oneseconde.g. 1,000,000for
onesteppermicrosecondandFrameRatehe correspondingemappingntenal list’s framerate. For
example,the position15,000,000s frameposition450for 30 frames/s300for 20 frames/sand105
for 15frames/s.

Now, aresource/utilizatiorist hasto be calculatedfor every positionhaving aninterval startin
oneof theframerates’remappingnterval lists. For example theleft sideof figure5.1shovsastream
having a framerate of 25 frames/s.A framerate scaledversionto 12 frames/scanbe found on the
right side. The interval bordersare marked by horizontallines. The 25 frames/sversioncontains
interval bordersat position0.02 s, 0.22s,0.42s,0,62s,0.82sand 1.02s. For thesepositions,a re-
source/utilizatiorlist hasto be calculatedandstored.But sincethe secondversioncontainsinterval
bordersat0.02s,0.42sand0.90sandresource/utilizatiotists for thefirst two positionshave already
beenstored,only anadditionalstoragdor position0.90swill benecessary

Possibleutility functionsaredescribedn 2.5.1. SinceQoSdimensiondik e framerateandframe
size are finite and have got minimum and maximumvalues, the following simplificationscan be
appliedto the utilization calculation:First, insteadof alwaysrecalculatinghe utility function’s con-
stantgo fit thevaryingQoSdimensionsrange(e.g. 30to 100KBytesframesizefor thefirst interval
and50to 150for the next one),a scalefactord € [0,1] C R canbeused.¥ = 0 shouldcorrespond
to thedimensions minimumvalueandrespectrely ¥ = 1 to its maximumone. Therefore:

Real\alue — MinValue

V= MaxValue — MinValue (5-3)

For examplefor MinValue=10andMaxValue=1000avalueof 865corresponds ¢ = 0.85 = 85%.

Further the utilizationscanbenormalized:lts valueshouldalsobeoutof [0, 1] C R - if thisis not
alreadyensuredy the utility functionitself. Similarly, this canalsobe appliedto the utility function
compositiongapplicationutility, seesection2.5.2and2.5.3)andfinally thesystemutility (seesection
2.5.3). Thereasorfor doingthis is to simplify comparisionof utilizations betweendifferentutility
functionsor their compositions.

Sincethe ASRMD1 algorithm describedn section2.5.4is a solution to the SRMD QoS op-
timization problem(only a single resource)an extensionto supportlayeredtransmissionseveral
bandwidthdor differentlayers)is required: Theresourcdo bedividedupis thetotal bandwidth that
isthesumof all DiffServclassesbandwidths An explainationof this media-specifitotal bandwidth
to layers’bandwidthamappingwill begivenin section5.2. As describedn sectior4.2,theusedQoS
dimensionareframerateandframesize. In this contect, framesizedenoteghereservedramesize
whichis associateavith theresenedbandwidthasfollows:

. Bandwidth
F Size= | ——— 5.4
ramesize= {FrameRatJ’ (4)
Bandwidth = [FrameRate FrameSizé. (5.5)

Thisreseredframesizecanbeviewedasthemaximumoutputof thetraffic shape(seesection2.2.4)
duringoneframetime. Sinceeachlayerhasgotits own framesize,the quality spaceor stream: (see
section2.5.3)is definedasfollows:

Q; := FrameRatgsx FrameSizeg x FrameSizes x ... x FrameSizeg,

whereFrameRatgslenoteghe setof possibleframeratesandFrameSizes the setof possibleframe
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| Resource/UtilizatiolPoint |
Utilization
Total Bandwidth (Resource)
FrameRate
Bandwidthof Layer#0
Bandwidthof Layer#1

Bandwidthof Layer#n

Table5.1: A resource/utilizatiompoint

sizesfor layerj € {1, ..., [;}. Thereforetheutility functionis:
_>
Uz( 19) = fi(UFrameRatg'(ﬁo)a UFrameSize,z’(ﬁl)a <oy UFrameSizg,z’(ﬁli)) € [0; 1] CR, (5-6)
where f; denotesthe function usedto compose(seesection2.5.2 for examples)the dimensions’
correspondingtility functionsurrameratg aNAUFramesize;,i (S€€SECtioN2.5.1for examplesjand ' €
[0, 1]%*! ¢ RI*! avectorof scalefactorsfor eachdimension.

5.2 Resource/Utilization Points

Asitisshavnin section2.5.4,the ASRMD1 algorithmcalculatesresourcd= bandwidth)allocation
resAllocated; for eachstreami. Finally, this allocationcanbe mappedo a quality settingg € @; of
the mediaby choosingone out of asetgivenby thefunctionh;: ¢ € h;(resAllocated;). To simplify
the later mapping,a resource/utilizatiorpoint will be a priori associatedvith one’useful’ choice.
Therefore fields for framerate and eachlayer’s bandwidtH for this choicehave to be added. The
resultis shavn in table5.1. Here, Total Bandwidthdenoteghe resourceof this point andis simply
the sumof all layer bandwidths. From now on, the notion resource/utilizatiorpoint refersto this
extendeddefinition. It is importantto denotehere,thatit is only necessaryo storethe bandwidthfor
a buffer delayof oneframe (seesection2.3.1and2.2.4). Thetranslationto otherbuffer delayswill
be explainedin section5.4.

Now, sucha resource/utilizatiorpoint hasto be calculatedfor a given upperbandwidthlimit.
Formally, thisis afunction

Y N — [0,1] x TotalBandwidthsx FrameRates Bandwidths x ... x Bandwidthg .
Upperbw. limit

-~

ResourcgUtilization point

This calculationcanbe splittedinto a genericmedia-independergnda media-dependemgart. The
media-independermgartis shovn in algorithm3. For every framerate,the upperbandwidthlimit is
divided up to the medias layersusingthe media-dependeralgorithm (line 6 to 8, examplefollows
belaw). Especially this media-dependergart also containsthe choiceof a’useful’ quality setting
q € h;(resAllocated;). In line 10to 11, the total bandwidthandframesizesfor eachlayer of this
settingg areusedto calculatethe settings utilization usingformula5.6. Finally, the settingsresulting
in the highestutilization arereturnedasresource/utilizatiopoint of the givenupperbandwidthlimit

(line 12t0 18).

Having a first look at the algorithm, it seemsobvious to stopif at frameraten it is not even
possibleto allocatethe minimum bandwidthrequirementgo the layers. But this is wrong due to
the independentemappingintervals for every framerate, asthe following exampleshows: Figure
5.2 shaws a streamhaving a framerate of 25 frames/qleft side)anda framerate scaledversionto

!Notethatresenedbandwidthis directly associateavith reseredframesizeby theformulas5.4and5.5.
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Algorithm 3 Calculationof a givenbandwidths resource/utilizatiorpoint
01 calculateMaxim  unUJtil ize dPoi nt (upper Bandwi dt hLimit) {
02 Resourceltili zati onPoi nt = <empty>;
03 for( franeRat e = getMinFrameRate () ;

04 franmeRat e < getMaxFrameRat e() ;

05 frameRat e = getNextFrameRa te (franeRate)) {

06 /I Divide up bandwidth to layers (media-depende nt part):
07 bandwidthToFra meSz es(upper Bandwi dt hLi mi t, franeRat e) ;
08 => frameSize;, i € {1, ..., layers}

09 t ot al Bandwi dt h = Zéiyfm [ frameSize; * frameRate];

10 utilization = calculateUtiliza ti onForSett in g(

11 frameRat e, frameSizey, ..., frameSizejgyers);
12 if( ResourceUtilizationPoint.Uilization<utilization) {
13 ResourceUtilizationPoint = {

14 utilization, total Bandw dt h,

15 frameRat e,

16 [ frameSize; x frameRate], ..., [ frameSize, x frameRate]

17 h

18 }

19 return( ResourceUtilizati onPoi nt);

20}

18 frames/qright side). For this mediatype, framesize scalabilitymay not be allowed. The frame

markedby anarrow is within thefirst interval for 25 frames/sandthe secondnterval for 18 frames/s.
Now, startingto sendat position0.2s,the first frameto sendwill be the marked onein both cases.
Assuminga buffer delayof oneframe, it is necessaryo resenre 4536 bytes/frame= 113400bytes/s
in thefirst caseand8912bytes/frame= 160416bytes/sin the secondone. Furtherassuminghatthe

availablebandwidthis only 128 KBytes/s,18 frames/awill beimpossible.Therefore stoppingtrials

at 18 frames/swvould resultin alow framerate(lessthan18) andquality, althoughhigh quality at 25

frames/awvould beachiarableat 128 KBytes/s.

As mentionedabove, the algorithmhasgot a media-dependemgart. An examplefor MPEG-1/2
is shavn in algorithm4. For eachMPEG ayer (basdayer, enhancemerayer(s)),thealgorithmtries
to mapbandwidthto eachtransportiayer’s framesize: First, the minimumallocationis tried. If this
is successfulthe maximumonewill betried. In caseof afailure here,theremainingbandwidthwill
be mappedo the transportiayersaccordingto theratio of I-, P- andB-framesof the corresponding
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Figure5.2: Examplefor lower frameratebut higherbandwidthrequirement
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Algorithm 4 Themedia-dependemesource/utilizatiotist calculationpartfor MPEG
01 bool bandwidthToFram eSiz es( bandwi dt h, franeRat e) {

02 al | Successful = true;

03 Set all layers’ frame sizes to O.

04 for(i = 0;i <MPEG.ayers;i++) {
05 Try to get minimum frame size allocation for each layer.
06 if( success) {
07 Try maximum frame size allocation for each layer.
08 if success) {
09 Allocate remaining  bandwidth to each layer
10 using ratio I:P:B.
11 }
12 }
13 else if(i == 0) {
14 al | Successful = false;
15 }
16 }
17 return(  al | Successful);
18}
1 //
B —
L/
0.3 /
OIZ/

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Resource [Bandwidth]

Figure5.3: An exampleutility functionfor theresource/utilizatiorist calculation

MPEGIlayer(seesectiod.2for detailsabouttheMPEGIlayering).Note,thatthesamaeutility function
is assumedor all transporfayersof the sameMPEG-layer

This may alsobe appliedto H.263 by addingsupportfor PB-frames.For MP3, the algorithmis
trivial sincethereis only onelayer(seesectiond.2): It is thereforesimply the applicationof formula
5.4.

5.3 Resource/Utilization Lists

Now, sortedists of resource/utilizatiopoints- thesocalledresource/utilizatiofists - haveto becal-

culatedfor thebandwidthrangegivenby a streams minimumandmaximumbandwidthrequirement.
A trivial implementatiorwould be to pick n bandwidthsettingsof equaldifferenceout of therange
andcalculatetheresource/utilizatiopointsfor them:

- 11 * (MaxBandwidth— MinBandwidth) Vi € {1, ..., n}.

step = MinBandwidth+
n —_—
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| Resource Utilization |

0% 0%
10% 55 %
20% 68 %
30% 76 %
40 % 82%
50% 86 %
60 % 90 %
70% 93 %
80 % 95%
90 % 98 %
100% 100%

Table5.2: Usingthetrival calculation

| Resource| Utilization |
0% 0%
1.5625% 24 %
3.125% 34 %
6.25% 46 %
9.125% 53%
12.5% 60 %

25% 72%
37.5% 80%
50% 86 %
75% 94 %

100% 100%

Table5.3: Usingtherecursve algorithm

Threshold exceeded Level 1 : : :
=> Add new point Level 2 : : : : :
Level 3 | | | | | | | | 1
Calculate max. Utilization T T T T T 1T 1T 1
+ Bandwidth RequirementJ Level 4 pydprndpyg—V———
levelS5 L1 11 1111 11 11 =¥
1 1 | I I D I O PO I I N O |
| I 1
MinBW } MaxBW Abort Criteria:
Utilization 0% Utilization 100% Maximum number of points
recursive or maximum depth reached

Figure5.4: Therecursve resource/utilizatiotist calculationalgorithm

An exampleutility functioncanbefoundin figure5.3 (usingformula2.5,p = 15.0 from section
2.5.1),thetrival algorithm'sresultfor n = 11 isshavnin table5.2. Thestreanreachesighquality at
aquitelow bandwidth(resourceyequiremente.g. 76%at 30%bandwidthor 82%at40%bandwidth.
Unfortunately the utilization distribution resultsin only a few points at lower and a lot of points
at higher utilizations (e.g. 8 of 11 pointsat utilizations greaterthan 75%). A more sophisticated
algorithmwould thereforebe desirable.

A graphicalview of an advancedalgorithmcanbe foundin figure 5.4, its pseudocodés shovn
in algorithm 5. It recursvely divides the bandwidthrangeand calculatesthe resource/utilization
point. As mentionedabove, the point’'s resourcas thenthe sumof all layers’bandwidthge.g. 1000
KBytes/sresultin ausageof 800KBytes/sonly, sincethenext possiblestepwouldbe1100KBytes/s).
If a point’s resourceand utilization differenceto its left andright neighborpoint is greaterthanor
equala givenbandwidththresholdor utilization threshold thenthe new pointis added:

(|pLest-Resource- p.Resource > BandwidthThreshold A
\pright-Resource- p.Resource > BandwidthThreshold v
(|pLer.Utilization — p.Utilization| > UtilizationThreshold A
|pright. Utilization — p.Utilization| > UtilizationThreshold =- Add point

An exceptionare the points at minimum and maximumbandwidth(0% and 100% utilization):
Thesepoints are always added,thereforea resource/utilizatiorist containsat leastthesetwo ele-
ments.
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Algorithm 5 Recursve resource/utilizatiotist calculation

01 const bandwi dt hThr eshol d;

02 const utilizationThreshol d;

03

04 void recursionStep( m nBandwi dt h, maxBandwi dt h, I i st[] , | evel, maxLevel) {
05 newBandwi dt h = (mi nBandw dt h + maxBandwi dt h) / 2;

06 if( | evel ==maxLevel ) {

07 Calculate maximum utilization RU point

08 =>utilization, real Bandw dt h.

09 Add point to list, if utilizationandbandw dth

10 difference between next lower and next higher
11 point in list is greater than utilizationand
12 bandwi dt h thresholds.

13 Always add point for minimum and maximum bandwidth.
14 }

15 else {

16 recursionStep( m nBandw dt h, newBandw dt h, |i st,

17 | evel + 1, maxLevel);

18 recursionStep( newBandw dt h, maxBandw dt h, |i st,

19 | evel + 1, maxLevel);

20 }

21}

22

23 void calculateList( m nBandwi dt h, maxBandwi dt h, I i st[] , maxLevel) {
24 for(i = 0;i < maxLevel;i++) {

25 recursionStep( m nBandwi dt h, raxBandwi dt h, list, 0,1 ;
26 }

27}

Theabortcriteriaof thealgorithmareareachednaximumnumberof calculatedoints(e.g.32) or
amaximumreachedecursionrdepth.Sincetheremayberecursionevelshaving pointsnot satisfying
theformulaabove, the minimumdepthfor atleastthe givennumberof pointshasto beincreased:

Depth = [log,(n)] + Additional Depth (5.7)

Practicalexperienceshaws, thatanadditionaldepthof 2 or 3 is agoodcompromiséetweerruntime
andoutputquality. It is importantto denoteherethatthe algorithmfirst completescalculationof all
possiblepointsof a givenrecursiondepth(seeright sideof figure 5.4) beforeincreasingt!

An exampleusingtheutility functionfrom figure5.3,a utilizationthresholdof 5% andaresource
thresholdof 0% canbe foundin table5.3. As it is shown, the utilization valuesare quite regularly
distributedover therangefrom 0% to 100%. Seealsotable5.2for comparisiorto thetrivial calcula-
tion. Table5.4 shavstherecursionevelsof thisexample.A recursiondepthof 4 is necessaryor the
limit of 11 points,two levelsareusedadditionally Notethatwithoutthesetwo levels,the pointsfor
1.5625%3.125%and9.125%bandwidth(24%, 34% and53% utilization) would not beincluded!

Theruntimeof the recursve algorithmis O(n) andthereforeequalto thetrivial one. Assuming
the resource/utilizatiorlists to be calculatedonline, it is necessaryo have a look at the constant
factors.Thetrival algorithmonly requiresn x |FrameRatgscalls of the media-dependertandwidth
to layer’s framesizesmapping.But for therecursve one,it is:

Calls < \FrameRatds % 9([loga(n)] + Additional Depth)
—— N

)

TV
Numberof FrameRates ResourcgUtilization PointCalculations
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| RecursiorLevel | BandwidthSteps | AddedPoints | SkippedPoints]
| Initialization | 0%, 100% | 0%,100% | - |
1 50% 50% -
2 25%, 75% 25%, 75% -
3 12.5%,37.5%,62.5%,87.5% | 12.5%,37.5% | 62.5%,87.5%
4 6.25%, 18,75%, . .. 6,25% 18.75%, ...
5 3.125%,9.125%, 15,375% ... | 3.125%,9.125% | 15,375%,...
6 1.5625%, 4,6875.. .. 1.5625% 4,6875,. ..

Table5.4: Recursiorlevelsfor theresource/utilizatiohist example

| Point| Utilization | Resource | Layer#1 | Layer#2 | Layer#3| FrameRate|

#01 0% 28,272 28,272 0 0 1
#02 8.3% 70,949 70,949 0 0 2
#03 17.9% 156,302 | 99,088 66,214 0 3
#04 29.4% 241,656 | 139,283 | 102,373 0 4
#05 41.9% 327,010 | 188,478 | 138,852 0 6
#06 51.3% 412,364 | 237,673 | 174,691 0 8
#07 55.4% 497,718 | 262,555 | 192,978 | 42,185 9
#08 59.5% 583,072 | 310,247 | 228,032 | 44,793 9
#09 65.6% 711,103 | 381,785 | 280,613 | 48,075 9
#10 73.9% 881,811 | 477,169 | 350,721 | 53,923 9
#11 77.9% 1,052,518 522,104 | 394,980 | 135,434 10
#12 83.0% 1,214,224, 604,296 | 457,160 | 152,768 11
#13 86.3% 1,393,934 692,363 | 523,784 | 177,787 13
#14 90.4% 1,564,642 805,231 | 508,651 | 250,760 24
#15 94.8% 1,735,351 901,515 | 569,472 | 264,364 24
#16 100% 2,759,600 1,373,400 1,039,000, 347,200 25

Table5.5: An exampleresource/utilizatiotist of anMPEG-1video

thatis 2AdditonalDepthtimesmore(e.g. usually4 or 8 for anadditionaldepthof 2 or 3). Assumingfurther
ascenarioof mary streamsandthereforee.g. 50 reachedemappingntervals per second64 resour-
ce/utilizationpointsper list andan additionaldepthof 3, this would resultin 50 % 30 % 21982(69+3 —
768, 000 callscomparedo 96, 000 in thetrivial case.Dueto this high CPUrequirementit is useful
to calculatetheresource/utilizatiotists lik e theremappingntervalsa priori.

An examplefor a completeresource/utilizatiorist from an MPEG-1video having 16 pointsis
showvn in table5.5. The bandwidthsaregivenin bytespersecond.As shovn in sectiond.2, layer#1
containd-frames,layer#2 P-framesandlayer#3 B-frames.

5.4 Buffer Delay Translation of Bandwidths

As mentionedn section5.2, only bandwidthdor a buffer delayof oneframe(seesection2.3.1)are
storedin theresource/utilizatiompoints. Sincethe minimumandmaximumbandwidthdor all delays
areknown from the remappinginterval’s traffic description(see2.3), it is possibleto translatethe
points’ fields:

For given bandwidth, for delaym (e.g. m = 1), traffic descriptionof the correspondindgrame
ratesinterval anddelayn to corvertthe givenbandwidthto, thetranslations computedasfollows:
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1. Calculatethe framesizescalefactora (seesectiord.4.2):
. Bandwidth,, — MinBandwidth,,
“ = MaxBandwidth, — MinBandwidth,

2. Calculatethe new bandwidth:
Bandwidth), = MinBandwidth, + [« *x (MaxBandwidth — MinBandwidth,)] .

For example, MinBandwidth = 60, MaxBandwidth = 120 and Bandwidth = 100 have to be
translatedo adelayof 6 frames.Then,
100 — 60 2
O = —— = —-.
120 — 60 3
Now, MinBandwidthy = 30, MaxBandwidtly = 60. Therefore,

Bandwidth = 30 + E * (60 — 30)-‘ = 50.

Dueto its simplicity, suchbuffer delaytranslationscanbe computedonline. Therefore jts not nec-
essaryto store bandwidthsof other buffer delaysthan one. This resultsin a lower storagespace
requirementor thelists.

5.5 Summary

Sincean ASRMD1-basedalgorithm (seesection2.5.4) requiresresource/utilizatiorlists for each
streamjt hadbeennecessaryo calculatesuchlistsfor theremappingntervalsandtraffic descriptions
of chapter. Therefordn this chapteranefficientalgorithmfor the calculationof resource/utilization
lists hasbeendeveloped:It generatesesource/utilizatiotists containinga limited numberof resour-
ce/utilizationpoints. Further all pointssatisfythe constraintof having atleasta certainconfigurable
distancéeor utilization and/orbandwidth,e.g. all points’ utilization hasto differ by atleast3%. This

resultsin ahomogeneoudistribution of thepointsoverthewholeutilization rangefrom 0%to 100%.

To simplify the usageof utility functions,the scalefactor? hasbeenintroduced. Thatis, the
utilization is not directly calculatedrom aresourcesettingbut from its scalefactord € [0,1] C R,
whered = (0 correspond$o theresources minimumandd = 1 to its maximumsetting.

The chapterhasclosedwith the demonstrationthatit is only necessaryo storea resource/uti-
lization point’s bandwidthsettingsfor a buffer delayof 1 frame. Usingthe a priori calculatedraffic
descriptionthis valuecanbe translatedor any otherbuffer delay too. This resultsin lower storage
spaceaequirementgor the calculatedists.
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Chapter 6
The Bandwidth Management

he online bandwidthmanagemenfior multimediastreamsof differentmediatypesis developed

in this chapterby extendingthe ASRMD1 algorithmdescribedn section2.5.4. This bandwidth
managemenis basedon eachstreams a priori calculatedremappingintervals and traffic descrip-
tions (seechapterd), resource/utilizatiotists (seechapters5) andeachlayers’ QoSrequirementgor
maximumacceptableéransferdelay lossrateandijitter (seesection2.2).

6.1 Bandwidth ManagementBasics

As mentionedn thedescriptiorof the CORAL concepin section3.1,eachstreambelongdo acertain
session.The propertiesof a sessiorareshavn in table6.2. Minimum and maximumbandwidthof
a sessionmay be givent. A minimum bandwidthcan be usedto ensurea minimum quality. The
bandwidthsumfor all stream®f thesessiormaynotexceedtheupperimit (e.g.theuseris connected
via a low-bandwidthlink at only 1 MBit/s). Thiswill alsobealimit for the cost(costfactorof the
mostexpensve usableclassmultiplied by the maximumbandwidth,seeexplainationbelow). It is
importantto note that a costlimit would not be a bandwidthlimit, sinceit may be possiblethat
a cheaperclassthan expectedmay be usable. In this case,more datathan expectedmay be sent,
exceedingalink’ s speedimit.

Thepropertieof astreamareshovnin table6.1. Eachstreancontainsapriority, eachlayer'sQoS
requirementgmaximumdelay acceptabléossrateandijitter, seesection2.2),theremappingntervals

LIt is possibleto give no minimum and/ormaximumbandwidthlimit(s). In this casethe minimumis simply zeroand
respectrely the maximumis the sumof all streamsmaximumrequirement.

| Property | Description |
| Priority Priority of the stream |
LayerlQoSRequirements Maximumdelay lossrateandjitter of layer#1

LayemQoSRequirementy Maximumdelay lossrateandjitter of layer#n

RemappinginteraiList | List of remappingntervalsfor eachframerate
LayerlTDescription Traffic descriptionof layer#1 for eachinterval

LayemTDescription Traffic descriptionof layer#n for eachinterval
| ResourceUtilizationLists| Setof resource/utilizatiotists |
| PossibleDSClassMappingsseesection6.1 |

Table6.1: A streamdescription

61
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| Property | Description |
Priority Priority of thesession

MinBandwidth | Minimum bandwidth

MaxBandwidth| Maximumbandwidth

Stream1 Descriptionof stream#1

Streanm Descriptionof strean#m
| MultiPointList | seesection6.2 |

Table6.2: A sessiordescription

for all framerates(seechaptert), eachlayer’straffic descriptiorfor everyinterval andframerate(see
section2.3.3)andfinally theresource/utilizatiotists for every interval start(seechapters).

The SLA (seesection2.2.3)containgheavailablebandwidthanda costfactor of eachclass.The
bandwidthpricing is doneasfollows: To simplify the costcalculationonly theresenedbandwidthis
chaged. Thatis the productBandwidth CostFRactor. Thiswill be sufiicientsincetheresenationwill
never be exceededlueto the usageof the a priori calculatedraffic descriptiongseechapter4) and
thetraffic shaperseesection2.2.4). Therefore this costfactorcanbe viewed asthe combinationof
holding chage andusagechage, describedn section3.1. Seealsosection6.5 for somecomments
onthechaging scheme.

Now, the goal of the bandwidthmanagemenis to calculatea 'good’ mappingof the classes’
availablebandwidthto thestreamslayers.Within asessiontheuserusuallyrequiresafair bandwidth
distributionfor his streams dependingon eachstreams priority. For example,avideostreamshould
have the sameusersatisfction like its audio stream. But from a global view, it might be useful
to provide as high usersatisfictionas possibleto as mary streamsas possible. To copewith this
problem, resource/utilizatiorpoints of eachsessiors streamswill first be combinedto so called
multipointsusinge.g.afair distribution (seesection6.3). Then,analgorithmbasednthe ASRMD1
algorithmdescribedn section2.5.4will beappliedto thesemultipointsto calculatee.g.anutilization-
maximizingbandwidthmapping(seesection6.4). But first, somepreparationgrenecessary

6.2 StreamDescription Initialization

Beforedoing the bandwidthmappingiit is first necessaryo incorporatethe paclet headersnto the
bandwidthggivenby thetraffic descriptionsandresource/utilizatiotists (seesection6.2.1)andthen
calculatepossibldayerto DiffServclassmappinggseesection6.2.2).

6.2.1 Packet Headersand the Payloads-Raw Translation

As shown in table6.1, the streamdescriptioncontainsthe traffic descriptionsof eachlayerfor each
interval andframerate plusthe resource/utilizationist for every interval start. But thesebandwidth
descriptiononly referto the so calledpayloaddata, thatis the numberof byteswithout any paclet
headersSincethe mediastreamhasto be packagedn orderto be sentover anetwork, this necessary
paclet overheadhasto be addedto the traffic descriptions.It is importantto denotehere,that this
is not possiblea priori, sincethe headerlengthand maximumpaclet size? arefirst known during
transmissione.g. usingIPv4 (at least20 bytesheaderseesection2.1.2) or IPv6 (40 bytesheader

2The maximum paclet size denotesthe limit of the underlyingnetwork, e.g. Ethernet,ATM or FDDI. To avoid
fragmentatiorof IP paclets(seesection2.1.2),it is recommendedotto exceedthis size.
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seesection2.1.2)over Ethernefmaximumpacletsize: 1500bytes)or FDDI (maximumpacletsize:
4500bytes).

Algorithm 6 Corversionfrom payloadto raw bandwidth

01 Pkt MaxSi ze = 1500; Il e.q. Ethernet
02 Pkt Header Si ze = 40+12+8+16; /I IPv6+UDP+RTP+X
03

04 cardinal payloadToRaw( franmeRat e, payl oad, bufferDel ay) {
05 max Pkt Payl oad = Pkt MaxSi ze - Pkt Header Si ze;

_ load 7.
06  payloadPkts =[RS
07 max Fr ameCount = getMaxFrameCoun tF or Del ay (fr ameRat e, buf f er Del ay) ;
08 maxFr anePkts = %m% frameRatg[x —1

09 return( payl oad + [(maxFramePkts- payloadPkts+ PktHeaderSizp;
10}

Algorithm 6 computeghe raw bandwidthfrom the payloadbandwidth. This algorithm canbe
explainedbestusingan example: A streamhasgot a framerate of 60 frames/sanda bandwidthof
250 KBytes/s= 256,000bytes/sfor a buffer delayof 10 frames(:é second).The streamshouldbe
transportedvia Ethernetmaximumpaclet sizeis 1500bytes)usingIPv6 (40 bytesheader) UDP (8
bytesheader) RTP (12 bytesheadelin this example)anda media-specifiprotocol (16 bytesheader
in thisexample).Thereforethetotal headesize40+8+12+16=76This resultsin amaximumpaclet
payloadof 1500-76=142%ytes,calculatedn line 5. The numberof pacletsnecessaryo transport
256,000bytesperseconds [ 2590 = 180 (line 6).

A pacletbelongsto only onecertainframe,thatis thelastpaclet of framen — 1 will notalready
containthefirst bytesof framen. Sincethe calculationabove doesnotincorporatehis behaior, it is
thereforenecessaryo addadditionalpaclet headergor these‘frame starts”. Thetrivial approxima-
tion for the numberof pacletsto addis of course[FrameRaté — 1. Onepaclet may be subtracted,
sincethe calculationof line 5 to 6 alreadyincludesthe first paclet. But in somecasesthis is very
inefficientasit will beshavn below. A betterapproximatiorwould bethe maximumframecountper
frame, corvertedto the maximumframe countper second.For example,during the buffer delay of
10 frames,a maximumof only 4 frameswill bereally sent.All otherframeshave gotasizeof O (see
alsotheframesizesof theMPEGlayeringexamplein table4.1). In thiscasepnly |5 *60] —1 = 23
(line 8) paclet headerdhave to be addedinsteadof 60 — 1 = 59. Now, the raw bandwidthcanbe
calculatedusingthe givennumberof paclets(line 9):

256,000 + (1804 23) %76 = 271,428 .
W A Vv -
PayloadBandwidth HeaderOverhead Rav Bandwidth

In this example,the gain usingthe maximumframe countapproximations only 36 paclets/sor
2736bytes/s.Comparedo the total bandwidth,this is a quite few amount. But for streamshaving
small bandwidthandframe countbut high framesratesandbuffer delays,theyield is muchhigher:
For example,using 100 frames/s 150 framesbuffer delay (=1.5 seconds)a maximumframe count
of 2 framesfor the delay of 150 framesand a bandwidthof 10 KBytes/s (=10,240bytes/s),the
numberof additionalpacletsis only [1§—0 * 100} —1 =1, comparedo 100-1=99usingtheframerate
approximation.In bandwidthsthis is 76 bytes/sversus7524bytes/s. This is a quite large amount,
comparedo 10, 240 + 8 x 76 = 10, 848 for the payloadtransport.

Sincesuchtraffic asdescribedn the exampleabove is realistic (e.g. an audiotransmissiorof
100frames/ssendinge.g. additionaltext or pictureinformationin anenhancemerayerevery 0.75
seconds)ijt is usefulto apply the frame count approximationand thereforeto include a so called
framecountempirical envelopeapproximatiorto the a priori traffic descriptions.Thatis, insteadof
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countingthe maximumnumberof bytesfor a given delayasfor the bandwidthempiricalernvelope
approximationseesection2.3.3),simply the maximumnumberof non-zerdramesizesis counted.

Algorithm 7 Corversionfrom raw to payloadbandwidth

01 Pkt MaxSi ze = 1500; Il e.q. Ethernet
02 Pkt Header Si ze = 40+12+8+16; /Il IPv6+UDP+RTP+X
03

04 cardinal rawToPayload( franmeRate, raw, bufferDel ay) {
05 max Fr ameCount = getMaxFrameCoun tF orD el ay(franmeRat e, buf f er Del ay) ;

06 maxFr anePkts = [%m% frameRat%— 1;

_ | raw—(maxFramePkisPktHeaderSizge| .
07 payl oadPkts = PKIMaxSize ;

08 return( raw- [(maxFramePkts- payloadPkts+ PktHeaderSizp;
09}

Thereversecalculationfrom raw to payloadframesizecanbe foundin algorithm7. Again, the
settingof the250KBytes/sstreamexampleabove areused.First,thenumberof 'frame start’ paclets
is calculated(line 4-5), thereforeagain23. Then,the numberof pacletsto transportthe payloadis
calculatedrom theraw bandwidthminusthe additional'frame start’ headersagain180. Finally, the
total numberof pacletsis known andsubtractinghe paclet headergrom the raw bandwidthresults
in the payloadbandwidth(line 8):

271,428 — (23+180)x76 = 256,000
——— ~ v ~——

Rav Bandwidth Headegverhead PayloadBandwidth

6.2.2 Layer to DiffServ ClassMappings

Now, it is possibleo check whichof the SLA'sclassesresuficientfor thelayers’QoSrequirements:
Bandwidth,maximumtransferdelay acceptabléossrateandjitter. Thecurrenttransferdelayof each
classis measuredisinglCMP echorequestsandrepliesasdescribedn section3.2, the currentloss
rateandjitter arecalculatedrom RTCPreports(seesection2.1.5).

The bandwidthis given by the traffic description jitter andlossratelimits are propertiesof the
application. The maximumtransferdelay is a limit given by the user e.g. 750msfor video on
demandVoD) or 150msfor avideoconferencelf aclassstransferdelayis lower, e.g. 100ms,much
bandwidthcanbe saved usingbuffering (seesection2.3.1). Therefore a buffer delayof up to 650ms
(750ms-100msijnay be usedfor the VoD exampleandstill up to 50ms(150ms-100msior thevideo
conference.Sincethe transferdelayis usually slightly varying, a small tolerancewould be useful.
This variability depend®n the propertiesof the class:EF hasgot a very low variability dueto small
gueues.On the otherside, the variability of BE may be very high dueto congestion.It is therefore
recommendetb useavariability givenasafraction(€ [0, 1] C R) of theclasss measuredandwidth.
Then,it alsoincorporateshefactthatmorehops(= higherdelay)maycausemorevariabiliy. Finally,
asystentolerancanaybenecessaryDueto inaccuratgrocesschedulingdatamay be bufferedtoo
earlyor too late (seesection7.3for moredetails). Therefore the maximumpossiblebuffer delayfor
classn is:

BufferDelay, := MaxTransferDelay- (6.1)
(1.0 + DelayTolerancg) x MeasuredDelgy— System®lerance (6.2)
Measuredielayof EE\SSn plustolerance Schedulﬁ]rgolerance

An exampletraffic descriptionfor a streamconsistingof two layersis givenin table6.3andtable
6.4. The pointsof the empiricalervelope E(t), the traffic constraintfunctionb(¢) andthe resulting
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| Delayt [Frames]| E(t) [KBytes] | b(t) [KBytes/Frame]| Bandwidth[KBytes/s] |

1 150 150 1500
2 200 100 1000
3 231 77 770
4 240 60 600
5 245 49 490

Table6.3: Exampletraffic constraintfor layer#1

| Delayt [Frames]| E(t) [KBytes] | b(t) [KBytes/Frame]| Bandwidth[KBytes/s] |

1 60 60 600
2 100 50 500
3 144 48 480
4 188 47 470
5 230 46 460

Table6.4: Exampletraffic constraintfor layer#2

bandwidthper secondfor a framerate of 10 frames/saregivenfor a buffer delayof 1 to 5 frames.
Seealsofigure 6.1 for the graphicalrepresentatiorof the empirical envelope E(t) (left side)and
the bandwidthb(t) to be resened (right side). As it is shown, the first layer’s buffering gain is
muchhighercomparedo the secondone: For a buffer delayof 5 frames(=; second)the required
bandwidthreducedo about33% of the original valuefor thefirst layerbut only to about77%for the
secondne.

Now, the users delay requirementmay be 320ms. Transferdelaysfor eachDiffServ classto
the destinationhostareshown in table6.5. A systemdelaytoleranceof 20msis used. The highest
possiblebuffer delay is also shown in the table. In this case,the besteffort serviceis unusable,
sinceits delayof 500msis far too high for the users delaylimit of 320ms.But the otherclassesre
possibilitiesfor the transport. For simplicity, this exampledoesnot containa maximumacceptable
lossrateandjitter. TheseQoSrequirementarehandledik e thetransferdelay

Usingthe maximumachievablebuffer delayof eachclassit is now possibleto calculatethereally
requiredbandwidthfor eachclassusingthe buffer delaytranslationdescribedn section5.4. For the
exampleabove, thebandwidthof 1500KBytes/sin layer#1 (seetable6.3)and600KBytes/sin layer
#2 (seetable6.4) for a buffer delayof oneframeshrinksto the valuesgivenby table6.6 for layer#1
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| Class| Costfactor[$] | Variability | Measurectlassdelay | Possiblebuffer delay |

EF 4.0 5% 100ms 200ms= 5 frames
AF31 3.0 10% 140ms 160ms= 4 frames
AF21 2.5 10% 180ms 120ms= 3 frames
AF11 2.0 10% 280ms Oms= 1 frame

BE 1.0 50% 500ms -

Table6.5: DiffServclassdelaysfor the layerto classmappingexample

| Class| Costfactor[$] | Delay[Frames]| Bandwidth[KBytes/s] | Cost[Bw*$] |

EF 4.0 4 490 1960
AF31 3.0 3 770 2310
AF21 25 2 1000 2500
AF11 2.0 1 1500 3000

Table6.6: Costfor layer#1 for anoriginal bandwidthof 1500KBytes/s

| Class| Costfactor[$] | Delay[Frames]| Bandwidth[KBytes/s] | Cost[Bw*$] |

EF 4.0 4 460 1840
AF31 3.0 3 480 1440
AF21 2.5 2 500 1250
AF11 2.0 1 600 1200

Table6.7: Costfor layer#2 for anoriginal bandwidthof 600 KBytes/s

andtable6.7for layer#2. Thesetablesalsocontainthetotal cost,thatis the bandwidthmultiplied by
the correspondin@iffServ classs costfactor As it is shavn, thefirst layer’s cheapestlassis EF -
althoughEF hasgot the highestcostfactor! This is aresultof thelayer’s high buffering gain. Onthe
otherside,the secondayer’s cheapestlassis AF11. Sincethis layer’s buffering gainis quite low, a
fasterbut moreexpensve classwould only increasehe cost.

Using the describedcalculation,the resource/utilizatiorlist can now be extendedby a list of
possibldayerto DiffServclassmappingdor eachpoint. Eachof thesemappingdlists consistsof class,
bandwidthandbuffer delayfor eachpossiblesettingandis sortedascendingy cost. Therefore the
highest-qualityresource/utilizationpoint of the exampleaboveis:

EF AF31 AF21 AF11
L : 490KB/s, 770KB/s, 1000KB/s, 1500KB/s
1090KB/s
100 % 5Frames 4Frames 3 Frames 1 Frame
10 Framegs AF11 AF21 AF31 EF
Ly : < 600KB/s, 500KB/s, 480KB/s, 460KB/s >
| 1Frame  3Frames 4Frames 5Frames

Note,thatthe point’s resourcesettingis the bandwidthsumof the best(=first) mappingpossibilities
of eachlayer (490 KBytes/s + 600 KBytes/s = 1090 KBytes/s in the exampleabore), sincethis is
thecheapestransporipossibility.

6.2.3 Buffering and the Resource/Utilization Lists

Now, it is necessaryo remove some’bad’ points,thatare pointswhich have got a higherresource
requirementndlower utilization thanfollowing points. For example,the a priori calculatedesour-
cel/utilizationlist containsthe following two points:
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| Point| Utilization | Resource | Layer#1 | Framerate|

#n 55% 300KBytes/s| 300KBytes/s 4
#m 90% 750KBytes/s| 750KBytes/s 10

For a framerate of 10 frames/sthe traffic descriptionof the examplein section6.2.2is used(see
table6.3andfigure6.1). Then,point#m maybetheframesizescaledversionusingy = i fora = %
(seesection4.4.2). Thetraffic descriptionfor a framerateof 4 frames/anaybea constansizeof 75
KBytesfor eachframe,which resultsin a bandwidthof 300 KBytes/s.This maybearesultof frame
ratescalabilityfrom the 10 frames/sversionto the4 frames/srersion(seesectiord.4.1),leaving only
75 KBytes peaksdueto framesizescalingof ¢ = i Sinceeachframehasgot the samesize here,
buffering will resultin nogain(b(t) = cons).

Now, applyingthe buffer delaytranslationfor a buffer delayof 5 framesasdescribedn section
5.4, 750KBytes/sshrinkto only 245 KBytes/sfor point#m. But for point#n, thereareno changes!
Therefore:

#n | 55% | 300KBytes/s| 300KBytes/s| 4
#m | 90% | 245KBytes/s| 245KBytes/s| 10

Sinceit doesnot make senseo allocate300KBytesfor 55%utilization insteadof only 245KBytes/s
for 90%, point#n hasto beremoved.

6.2.4 The Sorting Value

As describedn section2.5.4,the ASRMD1 algorithmwould generatea fair sharingif the resour-
ce/utilizationpoints are sortedby utilization and a utilization-maximizingdistribution (unfair) for
sortingby resource.To make this fairnessbehaior configurableandalsoincorporatea streamprior-
ity, it is usefulto introducea socalledsortingvalue

Sorting\alue := PriorityFactors (¢(Resource* (1 — wraimesd + Ultilization * wrgimesd - (6.3)

~
UnprioritizedSortingValue

In this formula, wraimess € [0,1] C R setsthe fairnessfrom none (=0, the sorting value only
dependson resourcexo maximum(=1, the sorting value only dependson utilization). Therefore,
the resultis moreor lessdominatedby the value of resourceor utilization. More detailsaboutthis
fairnesssettingcan be foundin section6.5, sinceit is necessaryo explain more detailsaboutthe
bandwidthmappingfirst.

Since Resouce is given in bandwidthunits and Utilization € [0,1] C R, it is not possibleto
comparethesetwo values(e.g. 5000 KBytes/sresourceand 0.95=95%ultilization). Therefore,a
function ¢ is necessaryo corvert the resourcesettingto a bettercomparablevalue. For example,
simply:

L T
#() = SLasTotaiBandwidth
Thisrepresentghe bandwidthfractionof theresource/utilizatiopoint. It is importantto denotehere,
thato(r) €]0, 1] C R for all allocatableesource/utilizatiopoints,sincey(r) > 1 impliesaresource
requirement higherthanthe SLA' s total bandwidth.

To incorporatea streampriority, the unprioritizedsorting valueis multiplied by a so called pri-
ority factore]0,1] ¢ R. Theresultis called sorting value and can be viewed as a fraction of the
unprioritizedsortingvalue.So, for afactorof e.g.20%,only 20%of the original valueare’counted’
for thesorting. Onepossibleformulafor the priority factoris:

(6.4)
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( 15000(%0 ) Wrairness = 0.0 | Wraimess = 0.5 | Wrainess = 1.0
Priority -100 || 0.17812500| 0.44531250| 0.71250000
Priority -50 0.13906250 | 0.34765625| 0.55625000
Priority O 0.10000000 | 0.25000000 | 0.40000000
Priority 50 0.06093750 | 0.15234375| 0.24375000
Priority 100 || 0.02187500| 0.05468750| 0.08750000

Table6.8: Sortingvaluesfor differentprioritiesandfairnesssettings

o 1 L
PriorityFactor := %(256 — (Priority + 128)),

wherePriority denotesa streampriority outof [-128,127].

(6.5)

Someexamplescanbe foundin table6.8. It shavs the sortingvalue of the resource/utilization
10000
50%
bandwidthof 50000unitshasbeenusedto do theresourcecorversion.Therefore»(10000) = 0.2.

point , calculatedor differentpriorities andsettingsof wraimess FOrmula6.4 with atotal

Now, sucha sortingvaluecanbe addedto all pointsof the resource/utilizatiorists. Of course,
wraimesshNasto beconstantor all pointsof all lists. It isimportantto denotehere thatthesortingvalue
will is notableto changealist’s sortingby utilization andresourcatself. Theorderof ary two points
of the samélist will alwaysbe presered. But comparingtwo streamsof the samemedia,the higher
prioritizedstreamwill have lower sortingvaluesfor its pointscomparedo the lower-prioritizedone.

6.2.5 Parallelization

It is importantto denotehere thatthe streamdescriptioninitialization for a streamis independenof
all otherstreamsThereforethesecomputations€anbedonevery efficiently usingparallelizationon
multiprocessosystems.As measurements section8.5will shaw, thesestreamdescriptioninitial-
izationsconsumemostCPUtime duringbandwidthremapping.Therefore parallelizationwill allow
scenariosisinghundredsr eventhousandef streamsgdependingon numberof processorandCPU
power.

6.3 SessiorDescription Initialization

In section6.2,theinitialization of a streandescriptiorhasbeenshovn. Thenext stepis to have alook

atthe sessionsA sessiorhasgot a sessiormpriority and containsone or more streamsgachstream
hasgot its own streamdescription(seesection6.2). To usean ASRMD1-basedlgorithm,it is now

necessaryo mapthe streamsresource/utilizatiompointsto socalledresource/utilizationmultipoints

containingoneresource/utilizatiompoint of eachstream:
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In this formula, Pi denoteghe i-th streams p;-th resource/utilizatiorpoint, having
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resourcer;,,, utilizationu;,,, sortingvalues;,, andframerate f;,,. In the braclets,the possiblelayer
to DiffServclassmappingsaregivenasdescribedn sectiorﬁ.Z.Z:r{Ii denoteshebandwidthrequired

using DiffServ cIassCZ.’;fi with a buffer delay of d{l’ji for layer#k. Note,thattheseentriesaresorted
ascendinduy the resultingcost! Finally, r1oy IS the total resourcewhich is simply the sum of all
points’ first (= best)mappings resourceanduoty IS the total utilization which is the averageof all
points’ utilization. The multipoint’s sortingvalue suuiipoint Will be describedater.

Now, it is neccessaryo calculatealist of multipointsfor the sessiors streams An algorithmfor
this problemis shown in algorithm8. It canbeexplainedbestby anexample:A sessiorcontaingwo

streamsS; andS;, which both have got priority -128for simplicity. The priority factoris therefore
% = 1. Let wraimess = 1 (Maximumfairness).The streamshave got the following resource/utilizat-

ion lists:

100KB /s 200KB/s 250KB/s 400KB/s
S < 0% : 50% |, 0% |, 100% > :
0.0 0.5 0.7 1.0
50KB/s 150KB/s 175KB/s 300KB/s
Sy : < 0% |, 60% |, 0% |, 100% >
0.0 0.6 0.7 1.0

First, a setof all possiblesorting valuesis calculatedand sortedascendingline 2 to 9): Sorting-
ValueSet{0.0, 0.5,0.6,0.7, 1.0}. Next, for every valuevalueout of this set,a resource/utilization
point having highestpossiblesortingvaluelessor equalvalueis searchedrom every streams list.
Then,thefoundpointsof every streamarejoinedto a multipoint (line 10to 14). For example,for the
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Algorithm 8 Calculationof sessiors resource/utilizatiomultipoints.

01 calculateSessi onMut iPoin ts (session) {

02 Mul ti Poi ntLi st = <emtpy>;

03 Sessi onSorti ngVal ueSet = <empty>; // no duplicates allowed!
04 for each( streamin session. Streantet) {

05 for each( point in stream ResourceltilizationList) {
06 Add poi nt. Sorti ngVal ueto Sessi onSortingVal ueSet.
07 /[ This includes duplicate elimination!

08 }

09 }

10 Sort Sessi onSortingVal ueSet ascending.
11 for each( val uein Sessi onSortingVal ueSet) ({

12 for each( streamin session. Streanet) {
13 Find point having highest sorting value less or equal val ue.
14 }
15 Join points found to nulti Point.
16 if(new  multipoint and previous computed one differ) {
17 Calculate multipoint’s global sorting  value.
18 Append mul ti Point to Ml tiPointlList.
19 }
20 }
21 return(  Mul ti Poi ntList);
22}
200 KBytes/s 150 KBytes/s
sortingvalue0.6, the pointsfound are 50 % from streamS; and 60 %
0.5 0.6

from streamS;. If the lastaddedmultipoint andthe newly createdonediffer, the nev multipoint’s
sortingvalueis calculatecandthe nev multipointis appendedo the multipointlist. The multipoint’s
sortingvalueis the samelik e the valuefor points,exceptthatthe new constantusessiongimessiS used
insteadof wraimess Thiswill betheglobaldistribution fairness.lt is calculatedrom the multipoint’s
resourceandutilization settingasdescribedn formula6.6. Seesection6.5for moredetailsaboutthis
fairnesssetting.

Therefore the examples resultingmultipoint list usingwsessionaimess= 0 for anutilization-maximiz-

ing globalsharingandp(r) := m is shavnin figure 6.2.

It is importantto denotehere,thattheinitialization of a sessiors multipointlist is independenof all
othersessionsThereforejts calculationcansimply be parallelizedtoo.

6.4 The Bandwidth Mapping

Finally, the last stepbeforethe bandwidthremappingis to join the resource/utilizatiormultipoint
lists of eachsessiorandsortingthe resultinggloballist by its multipoint sortingvalue. Again, this
sortingdoesnotchangeheorderof eachsessiors resource/utilizatiomultipoints. Only the position
comparedo other sessionsnay change,dependingon the sessiors priority. Now, the bandwidth
remappingcan be appliedon this multipoint list. This is called completeremappingand will be
describedn the next subsection.An optimizationwhich doesa partial remappingonly for a single
streamthereforecalledpartial remappingwill bedescribedn subsectior6.4.2.
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Algorithm 9 The completeremapping

01 void

02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26}

completeRemappi
Get available
Subtract

bandwidths

ng() {
bandwidth  for

reserved

Mul ti Poi ntLi st = <empty>;
for each( sessionin SessionSet) {

sessi onPoi nt s = calculateSessi

each DiffServ
for partial

Mul ti PointList U= sessionPoints;
for each( nmul ti point in sessionPoi nts) {

if('tryAllocati
break;

}

on( mul ti poi nt, sessi on. M nBandwi dt h)) {

else multipoint. AlreadyUsed = true;

}
}

Sort ResouceUtilizationMuilti PointlList by global

for each( nultipoint in MultiPointList) {
if(  multipoint. Al readyUsed) &&
(! mul tipoint.session. NoMoreTrials)) {

if("tryAllocati

on( mul ti poi nt, sessi on. MaxBandwi dt h)) {

class
remappings.

onMulti Poin ts (se ssio n) ;

sorting

nmul ti poi nt. session. NoMoreTrial s = true;

}
}
}
Add bandwidths
to available

reserved for
bandwidths.

partial

remappings

from SLA.

value.
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6.4.1 The Complete Remapping

The algorithmfor the completeremappings shavn in algorithm9. First, the availablebandwidths
arefetchedfrom the SLA (line 2). Line 3, 24 to 25 arenecessaryor the partialremappingandwill
bedescribedaterin subsectior6.4.2. At the momentthey canbeignored. The next stepis to create
a global multipoint list, usingthe calculationdescribedn section6.2 to getthe multipointsof each
sessior(line 6, seealsoalgorithm8), joining them(line 7) andfinally sortingthe completelist (line
15). In line 8 to 13, it is tried to allocatepointsup to the sessiors minimum bandwidth,usedpoints
are marked. The allocationof the remainingbandwidthup to the sessiors maximum bandwidth
is finally donein lines 16 to 23; points marked during the minimum bandwidthallocationwill be
skipped.

Algorithm 10 An allocationtrial for aresource/utilizatiomultipoint
01 bool tryAllocationFo rMult iPoint(nultipoint,limt) {
02 al | Successful = true;

03 for each( point in multipoint) {

04 if('tryAllocat ion ForPoi nt (point,limt))
05 al | Successful = false;

06 }

07 }

08 return(  al | Successful);

09}

The pseudocodef the allocationtrial for a resource/utilizationmultipoint canbe foundin algo-
rithm 10. For eachpoint within the multipoint, a resource/utilizatiorpoint allocationtrial will be
done(line 4). Note, thatthe point allocationmay fail for someof the streamge.g. high-bandwidth
video streams)while the allocationof other streamamay be successfule.g. low-bandwidthaudio
streams).This is called partial multipointallocation In this case the sessions marked for doing
no moreallocationtrials (line 20 of algorithm9). This is donebecausdor examplein the caseof a
high bandwidthvideo streamandlow bandwidthaudiostream the userdoesnot wantto receve and
pay for afilm having high-qualityaudiobut only very poor picture! The parametetimit denotesa
bandwidthlimit for thetotal bandwidthof the multipoint’s sessionlt is passedo thepointallocation
trial.

The algorithmfor the resource/utilizatiorpoint allocationtrial is shovn in algorithm11. Here,
bandwidthis allocatedo the layersof the streamto which the pointbelongsto. In this caseatrial is
only successfulif all layersgettheirallocation.Thisis comparableo a databaséransactionwhere
several changesare madein the databaseln caseof a failure, a so calledrollback hasto be done.
After the rollback, the database’ contentsare the sameas beforethe transactiors start. In line 2,
the completeallocationstateis saved. Now, the streams old allocationis releasedn line 3. In line
410 20, it is tried to allocateeachlayerto the cheapespossibleDiffServ class(seedescriptionsand
examplesin section6.2.2): For eachlayer, all possiblelayerto DiffServclassmappingsarechecled
(line 6). If the classhasgot enoughfree bandwidth(line 6) andthe allocationwill not exceedthe
sessiors bandwidthlimit (line 7), the allocationwill be made(line 9 to 11). Sincethe possibilities
aresortedascendindyy cost,no morechecksarenecessargftera successfuéllocation(line 13). If
oneof thelayerscannot getan allocation,a completerollback of all allocationsis done(line 16 to
19). Then,thestreams$ allocationwill bethe sameasbeforetheallocationtrial.

Now, it is the time to give an example. One sessiorncontainingtwo streamss given. The first
streamhasgot onelayer, the secondonetwo. The globalmultipoint list containsthe following two
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Algorithm 11 An allocationtrial for aresource/utilizatiomoint
01 bool tryAllocationFo rPoi nt( point,limt) {

02 Set savepoint.

03 Release old allocation.

04 for each( | ayer in point) {

05 success = false;
06 for each( dsC assin | ayer. Possi bl eDSC assMappi ngs) {
07 if(( dsd ass. Avai |l abl e > | ayer. Bandwi dt h[ dsCl ass]) &&
08 (resulting total bandwidth of session below limit)) {
09 | ayer. Di ff ServCl ass =dsC ass;
10 | ayer. Al | ocat ed =| ayer. Bandwi dt h[ dsC ass] ;
11 dsC ass. Avai |l abl e -= | ayer. Bandwi dt h[ dsC ass];
12 success = true;
13 break;
14 }
15 }
16 ifl success) {
17 Do rollback.
18 return(false);
19 }
20 }
21 return(true);
22}
| Class| Costfactor| Bandwidth | | Class| Costfactor| Bandwidth |
EF 4.0 500KBytes/s EF 4.0 500KBytes/s
AF31 3.0 2200KBytes/s AF31 3.0 3500KBytes/s

Table6.9: SLAs for the bandwidthmanagemengxample

multipoints(For simplification,thefieldsfor framerate,sortingvalueandbuffer delayarenotshowvn):

100KB/s EF AF31
50 % 100KB/s’ 200KB/s

EF AF31 6.7)
900 KB/s 300KB/s’ 700KB/s ’ '
80 % AF31 EF
< 600KB/s’ 500KB/s >
200KB/s EF AF31
( 60 % [< 200KB/s’ 400KB/s >D
EF AF31 > 6.8)
1300KB/s 600KB/s’ 1500KB/s '
95 % EF AF31
< 7T00KB/s’ 1800KB/s >

Table 6.9 shavs two example SLAs. First, the left oneis used. For the first multipoint (formula
6.7), the allocationconsistsof allocating100 KBytes/sEF to stream#1, layer#1 andto stream#2
300 KBytes/sEF to layer #1 and 600 KBytes/sAF31 to layer#2. Now, 100 KBytes/sEF and 900
KBytes/sAF31 areremaining. For the next multipoint (formula 6.8), additional 100 KBytes/sEF
(200KBytes/s- 100KBytes/sarealreadyallocated)areallocatedo theonly layerof stream#1. Now
- sincethereis no remainingEF bandwidth- it is not possibleto allocateadditional300 KBytes/s
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(600 KBytes/stotal) to layer #1 of stream#2. Instead,1500 KBytes/sof AF31 canbe used. The
previously allocated300 KBytes/sEF arefreed. Layer#2 requires700 KBytes/sof EF or additional
1200KBytes/sAF31 (600 KBytes/sarealreadyallocatedto this layer). Sincebothis not available,
this layer’s allocationfails here. As mentionedin the descriptionof the resource/utilizatiorpoint
allocation,arollbackhasnow to bedonefor all layersof this stream Note,thatstrean#1’s allocation
wassuccessfulthereforethis allocationwill be kept. However, sincethe sessiorhasgot onefailed
point allocationfor this multipoint, no moreallocationtrails will be madefor following multipoints
of this sessionTheresultingbandwidthmappingis 200 KBytes/sfor theonly layerof strean#1 and
300KBytes/sEF (layer#1)/600KBytes/sAF31 for stream#2.

Now, usingtheright SLA of table6.9, the resultingbandwidthmappingis 200 KBytes/sEF for
the only layer of stream#1 and 1500KBytes/sAF31 (layer#1)/1800KBytes/sAF31 (layer #2) for
stream#2. Thetotal costwill thereforebe:

200 * 4.0 4+ 1500 * 3.0 + 1800 * 3.0 = 10, 700.
A,—/ N ~ )
Stream#t1 Stream#2

Assumingan SLA that containsenoughbandwidthto allocateall layersto thefirst (= best)layerto
DiffServmappingpossibility, theresultingmappingwould be200KBytes/sEF for stream#1 and600
KBytes/sEF (layer#1)/700KBytes/sEF (layer#2) for strean#2. Then,thetotal costwould only be:

200 % 4.0 4+ 600 * 4.0 + 700 x 4.0 = 6, 000.
w_/ . ~- 7
Streamyt1 Stream#2

To solve the problemof suchinefficient SLAs, the CORAL conceptdescribedn section3.1 contains
a dynamicSLA, managedoy the bandwidthbroker. In caseof a’bad’ bandwidthdistribution of

the classesthe bandwidthmanagemay requestthe bandwidthbroker to e.g. increaseEF by 1000
KBytes/sand decreaséAF31 by 3500 KBytes/sin the exampleabove. This canbe donee.g. by

automaticallyrenegotiatingthe SLA with an ISP or changingthe SLAs of othermanagedseners.
Suchchangerequestansimply be calculatedusingeachstreams resource/utilizatiompoint finally

allocatedand sumup the differencebetweenthe real allocationandthe bestpossiblechoice. The
bandwidthbroker itself is not partof thiswork. Therefore seg[Sel0]] for moredetails.

6.4.2 The Partial Remapping

Everytimea streamreaches new remappingnterval, it is necessarglo aremappingor this stream.
Although measurements section8.5will shaw, thatthe completeremappings quite efficient, it is

desirableo optimizeit for usagan scenariosisinghundredsor eventhousandsf streamsA simple
but effective optimizationfor theremappingn caseof reachednterval bordersis to do aremapping
only for the streamitself. Thiswill be calledpartial remapping

Algorithm 12 Thepartialremapping

01 void partialRemappin  g(stream {

02 /I Get resource/utiliz atio n point nearest to utilization

03 /[ of last complete remapping and below session’s bw. limit.
04 poi nt = getNerestForLas tUti |i zati on( stream;

05 if( poi nt != NULL) {

06 if('tryAllocat ion ForP oi nt (poi nt, poi nt. Sessi on. MaxBandw dt h)) {
07 doCompleteRemapp in g();

08 }

09 } else {

10 doCompleteRema ppi ng() ;

11}

12}
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The pseudocodef sucha partial remappings shovn in algorithm12. As describedn section
5.1, theresource/utilizationist changedor every new remappingnterval. In this case the payload
to raw translation(seesection6.2.1)andcalculationof possibldayerto DiffServclassmappinggsee
section6.2.2)have to be calculatedor the resource/utilizationpoint having nearesutilization to the
streams utilizationresultingfrom thelastcompleteremapping.To avoid extremequality changesthe
point’s utilizationmayalsonotdiffer from thelastcompleteremappings utilization by morethan5%.
Further it mayof coursenot exceedthe sessiors maximumbandwidthlimit. This point’s calculation
is donein line 4. Next, anallocationfor this pointis tried asdescribedn section6.4.1(line 6). If this
allocationtrial fails, a completeremappingwill beinvoked (line 7). The samehappensif no usable
point hasbeenfound(line 10).

To make a partial remappingpossible,it is useful not to allocatethe SLA's whole bandwidth
at the completeremapping. Instead,a certainfraction hasto be resened for partial remappings.
This is donein lines 3 and 24 to 25 of algorithm 9. Due to the varying bandwidthrequirements
of variablebitrate streamssomestreamanay allocatesomeadditionalbandwidthwhile otherones
free some. Therefore,the fraction necessaryo resene for partial remappingsduring a complete
remappingdepend®n thetraffic propertiesof the scenarics streams.

Using partial remappingsthe bandwidthdistribution possibly differs from a completeremap-
ping’s calculation:Thepartialremappingonly triesto keepthe streams utilization atalmostthesame
level andensureghe sessiors bandwidthlimit. If for examplein avideo, a small-bandwidthscene
is followed by a high-bandwidthactionscene a large amountof additionalbandwidthis requiredto
keeptheformerutilization. To copewith this problem,it is recommendetb forcea completeremap-
ping regularly, e.g. atleastevery 5 to 10 secondsThiswill resultin keepingthe differencebetween
the currentmappinganda completeremappings resultsmall.

Of course the settingsfor the maximumtime betweentwo completeremappingsandthe band-
width fraction to be resened exclusively for partial remappingsare strongly dependenbn the sce-
nario. For example,the maximumtime betweentwo completeremappingsmay be higherandthe
resened bandwidthfractionlower for scenariosontainingonly streamsf low bandwidthvariance
(orevenCBR) andviceversa.lf sufiicientbandwidthis availablefor all stream®f ascenariothereis
nodifferenceof quality, costandbandwidthbetweercompleteremappingsndpartialremappingsin
this casethepartialremappingvould alwaysselectthe 100%utilized resource/utilizatiopoint. This
is thesameasa completeremappinginally would do. But if bandwidthis scarcepartialremappings
may introduceinefficiengy, sincethey only take carefor keepingthe invoking streams utilization
level, but notfor bandwidthdistributionamongotherstreamsThereforan section8.4,examinations
of parametechangesremadeon alarge andrealisticvideo/audicon demandscenario.

6.5 Commentson the Bandwidth Remapping

Fairnessfor sessionsaind streams

As describedn section6.2.4,6.2 and 6.3, the fairnessis controlledusing the constantwraimess €

[0, 1] C R for stream@&andwsessionaimess€ [0, 1] C R for sessionsSincetheuserprobablywantsa fair

distribution for the streamswithin his sessior(e.g.avideoto have thesamé utilization asits sound),
it is thereforerecommendetb usea high valuefor wrajmess €.9. €xamplewraimess= 1. But globally; it

is usefulfor the provider to have asmuchsessiongspossiblegettinga high quality. For example,it

is notusefulif user#1 hasgotalarge sessiorof e.g.80 MBit/s at 25%utilization andusers#2to #21
have got smallsession®f 1 MBit/s at 25%, too. Instead |t is recommendetb usean unfair sharing
hereandgive user#1 e.g. 50 MBit/s at 10% utilization andusers#2 to #21e.g. 95%at 2.5 MBit/s.

wsessionsimessShouldthereforebe low, €.0. Wsessionkirness= 0.

30f coursepnly if bothstreamshave gotequalstreampriorities.
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Figure6.3: Someconcae functions

Bandwidth pricing

As describedin section3.1, the bandwidthpricing conceptfor CORAL introducesthree chages:
The holding chage for reservingthe bandwidth,the usagechage for sendingdataanda chage for

changingthe resenation. Sincethe resened bandwidthwill never be exceededholding chage and
usagechagemaysimply bejoined. Changingheresenationis notrecommendetb bechagedsince
changesnay be necessarylueto addingnew streamsyemoving streamsnew remappingntervals,
partial remappingnot possible,loss scaling, changingbandwidthof other streams.etc.. Further

resenationsusingDiffServdo not requireto sendcontrolinformationover the network. Therefore,
chaging bandwidthchangesvould only make the pricing complicatedandconfusing.

ASRMD1’s corvex hull and the bandwidth mapping

As describedn section2.5.4,the ASRMD1 algorithmusesthe convex hull of theresource/utilization
list to remove’bad’ points. This mayalsobeappliedto theresource/utilizatiotist of eachstreamand
theresource/utilizatiomultipointlist of eachsessionBut in the caseof concae or partially concae
utility functions thiswill beveryinefficient. For example figure6.3shavs someconcae functions'.
Thecornvex hull of all thesefunctionsonly containgwo points: (0.0,0.0)and(1.0,1.0) - thesearethe
minimumandmaximumpoints. Sincesucha quality granularityis absolutelyinacceptablendthere
is no evidencefor the assumptiorof only non-concae utility functions,the corvex hull calculation
hasbeenskipped. The costof this decisionis possiblya slightly higher cost, since points of high
resourcebut low utilization remainin thelists.

Someimplementation recommendations

Asit isshavnin section6.2and6.3,thestreamandsessiordescriptiorinitilizationsareparallelizable.
But evenif asingle-CPUsystemis used the calculationcanbe optimizedby calculatingandstoring
the streamdescriptioninitialization directly after the streamhasreacheda new resource/utilization
list. Theresultis, thatit is alreadyavailablewhenthe completeremappings executed.Further the
CPUusagdlistributeshomogeneouslyAnd sinceit is storedandvalid until the next resource/utiliz-
ationlist is reachedijt maybe usedfor morethanonecompleteremapping.This small optimization

4Thesefunctionsuseformula2.5,parametep = 9.0top = 1.0.
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will save alot of CPU power, sincethe streamdescriptioninitialization is the mostCPU-consuming
partof the bandwidthmanagemen(seesection8.5).

6.6 Summary

In this chaptey the online bandwidthmanagementor multimediastreamsof differentmediatypes
hasbeendevelopedby extendingthe ASRMD1 algorithmof section2.5.4. This hasbeenbasedon
eachstreams a priori calculatedremappingntervals andtraffic descriptiondrom chapter4, resour-
ce/utilizationlistsfrom chaptet5 andeachlayers’QoSrequirement$or maximumacceptabléransfer
delay lossrateandjitter. First, someonline preparationgor the resource/utilizatiorists have been
necessarythis hasbeencalledstreamdescriptioninitialization:

e Sincethe sizeof necessarpaclet headerdor transportvia a network is usuallynot known a
priori, a payload=raw translationhasbeendeveloped first. Thatis, the necessarjmumberof
pacletsis calculatedandthe headersizesareaddedto theresource/utilizatiotists’ bandwidth
settings.

e Thenext stephasbeenthe optimizationof buffer delayandcost: Basedon formula6.2,a cost-
sortedlist of all possibldayerto DiffServclassmappingss calculated.This leadsto theusage
of the mostefficient class.

Sucha streamdescriptioninitialization may be computedassoonaspossible Jeadingto a homoge-
neoudistributionof CPUusageandareducedurationof thelaterremappingtself. Further efficient
parallelizationis possible.

Finally, the ASRMD1 algorithmhasbeenextendedby

e supportfor sessiondy the usageof socalledresource/utilizatiomultipoints,
¢ independentlyonfigurableairnesdor streamsandsessions,
e prioritiesfor streamsandsessionsnd

e usageof several DiffServclassesnsteadof only oneresource= bandwidth).

To sare CPU power, areducedversionof this completebandwidthremappinghasalsobeendevel-
oped: The so called partial remappingonly doesthe remappingfor a single stream. Its efficiency
is dependenbn two parameters:The maximumtime betweentwo completeremappingsand the
bandwidthfractionexclusively reseredfor partialremappings.

The chapterhasclosedwith somecommentson the developedbandwidthremappingalgorithm,
concerningairnesspandwidthpricing andimplementatiorissues.
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Chapter 7

The Tracesand the System

irst, this chapterdescribesheusedMPEG-1,MPEG-2,H.263andMP3 tracesusingsomestatis-

tics. Then,theremappingnterval calculationparameterareexplained.Next, the choiceof utility
functionsandcompositiongs presentedFinally, a shortoverview of importantimplementatiorde-
tails andtherealnetwork scenarids given,sincethis is necessaryo understandhe simulationsand
measuremenis chapter8.

7.1 The Traces

The systemis evaluatedusingtracesof MPEG-1,MPEG-2,H.263andMP3 medias.For MPEG-1,
the tracesof the University of Wirzlkurg ([WUr95]) areused. H.263 traceshave beenfound at the
TechnicalUniversity of Berlin ([Ber00]) andthe University of Bonn (part of an MPEG-4 project).
Sincetherewere no tracesof VBR-MP3s available, suchtraceshave beengeneratedrom VBR-

MP3s,encodedrom CD tracksusingthe OpenSourceencodel. AME (se€[LAME ]) anddownloads
via NAPSTER (see[Napster]),aspartof thiswork.

7.1.1 MPEG-1 and MPEG-2

The MPEG-1(seesection2.6.1)tracesare layeredasexplainedin section4.2: Onelayerfor I-, P-
andB-frames. Statisticsof the usedtracescanbefoundin tableA.1. All traceshave got alengthof
25,000framesat a framerateof 25 frames/sandthereforea playtimeof 1,000secondsTheir GoPis
“IBBPBBPBBPBB”. Theframeratemaybescaledn stepsof onefrom 1 frame/sto 25 frames/qsee
sectiord.5for detailsaboutframeratescalability). Theframesizemaybe scaledata maximumscale
factora=0.5 (seesectiond.6 for detailsaboutframesizescalability). Using methoddik e coeficient
eliminationandblock dropping(seesection2.6.1),this is areasonablealue.

Sincetherewere no layeredMPEG-2 mediasor tracesavailable, MPEG-2 (seesection2.6.2)
tracesarecalculatedrom the MPEG-1tracesby addingtwo MPEG enhancemenrayers. Therefore,
thenumberof transportayersis 9 (seesection4.2): EachMPEG layer(onebaset+ two enhancement

| e | Ps [ Be | lee | Pa | Baa || Iz | P | Be |
10000| O 0 20000 0 0 30000 0 0
0 0 2500 0 0 5000 0 0 7500
0 5000 O 0 10000| O 0 15000, O
| Base | 1stEnhancement | 2ndEnhancement |

Table7.1: An MPEG-2traceexamplewith framesizesin bytes
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layers)consistf threetransporiayersfor eachframetype: I-, P- andB-frames.Thefirst enhance-
mentlayeris calculatedrom the baselayer (= original MPEG-1trace)multiplying the framesizes
by 2. Thesecondnemultipliesthesesizesby 3. An exampleis shavnin table7.1: Thebaseayer’s
I-framesizeof 10,000bytesresultsin 20,000bytesand30,000bytesfor thefirstandsecondenhance-
mentlayer. Factorsof 2 and3 seemto be useful,sincethe resultingpartitionshave got a fraction of
about17% for the baselayer, 33% for the first and 50% for the secondenhancementayer. This
is achievable using SNR scalability datapartitioningand spatialscalability as explainedin section
2.6.2. Statisticsfor theresultingMPEG-2tracescanbefoundin tableA.2.

7.1.2 H.263

TheH.263(seesection2.6.3)tracesarelayeredasexplainedin sectiond.2: Onelayerfor I-, P-, PB-
andB-frames.Statisticsof theusediracescanbefoundin tableA.3, their playtimeis alsogiventhere.
All tracesusea maximumframerateof 30 frames/sjt maybe scaledn stepsof onefrom 1 frame/s
to 30 frames/s.The frame sizemay be scaledat a maximumscalefactora=0.5. Again, seesection
4.5,sectiond.4.2andsection2.6.1for detailsaboutscalability

7.1.3 MP3

The MP3 (seesection2.6.4)tracescontainonly onelayer. As it is describedn section4.2,layering
would betoo inefficient for MP3 dueto the headeoverhead.The usedtracesareall generatedrom

VBR-MP3files. Theseareencodedrom CD tracksusingthe OpenSourceMP3 encodel. AME with

highestquality setting at a maximumrate of 320 KBit/s or downloadedvia NAPSTER. Statistics
of the tracescanbe foundin table A.4. Their playtimeis alsogiventhere. All traceshave got the
constanframerate of 38 frames/s.As explainedin section2.6.4,MP3 doesnot provide framerate
scalability The framesize may be scaledat a maximumscalefactora=0.25. This will reducethe
bandwidthrequiremenby a maximumof 75%andthereforeresultsin anaverageframesizeof about
150to 180 bytes,which is an achievablevalue. Seealsosection4.4.2andsection2.6.4for details
aboutscalability

7.1.4 The RemappinglIntervals

Fromevery MPEG-1,MPEG-2andH.263trace,two remappingnterval versionshave beengener
ated:Oneversionwithoutlayerweightingandoneweightedversion.Seesectiord.3for details.The
usedweightsfor the correspondindayersare:

e MPEG-1: 4 [/ 3 [_2
Iy

e MPEG-2:4/3/2/1.5/1.3/1.2/1.1/1.0/1.0,
\ AN B BN y

TV
Baselayer 1stEnhancement  2nd Enhancement

e H263: 4 /| 3 [/ 3 / 2 and
Y Y Y

e MP3: 1.

Thesesettingsare madeunderthe assumptiorthat I-framesusually requiremore expensve band-
width thanP-frames,P-framesmorethan B-framesand MPEG-2 enhancemernitayersmay use BE

LAME parameters:V 0.
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| | Low framesize | High framesize |

Low framerate Talk, Testpattern Comedy Snooler
High framerate | AdvertisementsStationbreak| Music, Sports

Table7.2: Theresultsof [AFK+95]

| | Low framesize|  High framesize |
Low framerate Talk ComedyMovie, News
High framerate Cartoon Action, Music, Sports

Table7.3: Usedgenremappingdor thetraces

bandwidth. PB-framesof H.263 are handledlike P-frames. Since MP3 hasgot only one layer,
weightingis senseleskere.

Theremappingcost(seesection2.4) hasbeensetto 500,000for the videotracesand50,000for
the MP3traces$. Themaximumbuffer delayhasbeensetto 1000msfor the MPEGtracesand500ms
for theH.263andMP3 traces.To limit the calculationtime (seesection4.5),a minimumremapping
interval length of one secondand a maximumone of 20 secondshave beenused. As explained
in section6.4.2, thereis a completeremappingregularly aryway, due to the partial remappings.
Therefore)ongerintervalswould not be useful. Usingthesesettingsthe averagecalculationtime for
the remappingntenals of onetraceareabout3 daysfor MPEG-1,4.5 daysfor H.263and6.5 days
for MPEG-20ona300MHz Pentium-lIsystem.Thetracestatisticsof tableA.1 (MPEG-1),tableA.2
(MPEG-2),tableA.3 (H.263)andtable A.4 (MP3) shov the numberof remappingntervals for the
highestframeratein the NgamerateCOlUMN.

7.2 The Resource/Utilization Lists

Finally, resource/utilizatiotists arecalculatedor thetracesusingthe algorithmdescribedn chapter
5. Therefore,it is necessaryo chooseutility functionsfor the frame rate and frame size of each
layer. Sinceonly tracesareused,it is not possibleto usequality metricsto calculatesuchfunctions
asdescribedn section2.5.1.Insteadthefollowing approximatiornis made:

In [AFK+95], userratingsfor theimportanceof framerate(calledtemporakcomponentandframe
size (calledvisual componentusingvideo sequencesf differentgenreg(e.g. sports,comedy talk
etc.) have beenmade. The resultsof theseso called video watdhability experimentsare shaovn in
table7.2: Basedontheseresults the MPEG-1/2andH.263traces’genresaremappedo the different
framerateandframesizerequirementasshovn in table7.3.’Action’ maybecomparedo 'Sports’,
'News’ and’Movie’ do not have sucha high frame rate requirementas sportsand music, but its
visual componenis important. 'Cartoons’ (here: “ Simpsons and “ AsteriX) may be comparedo
'Adv ertisements’having a high temporalcomponenbut alow visualone.

Next, utility functionsfor eachgenrehadto be chosenfor framerate andframesize. For both
dimensionsthe utility functionfrom [Rog98], shovn in formula2.5 anddescribedn section2.5.1,
is used dueto its properties:

e %(0.0) = 0.0, u(1.0) = 1.0 and

e u(1¥) maybecorvex, linearor concae, dependingnthe sensitvity parametep.

2In caseof 500,000for the MP3 traces all intervalswould have the maximumlengthof 20 seconds dueto thesmall
sizeof MP3files. Therefore 50,000is usedhere.
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As describedn section2.5.1,the utility functionfrom [LS98] and[LLR+99] (seeformula2.6) has
gotthedisadwantage®f beingunsteadyatz = 0.0 andx = 1.0 andalwaysbeingcorvex. Therefore,
thisfunctionis notusedhere.

For simplification, eachlayer’s frame size hasgot the sameutility function. To emphasizeéhe
differentimportancesof eachlayer, a weightingis useful here. Therefore,it is reasonabldo use
the weightedsum (seeformula 2.7) from [LS98] and [LLR+99] to composethe frame size utility
functionsof all layers.Formula2.8 presentshe compositiorfunctionfrom [Rog98]. Its adwvantagas,
thatsettingdik e 100%framesizeutilization and0% framerateutilizationresultin atotal utiliztion of
0%, whichis muchmorerealisticthane.g.50%asfor aweightedsum.For example,aviewerusually
doesnot acceptto view a sportsvideo at bestpicture quality but only 1 frame/s(like a slideshav).
Therefore formula 2.8 is usedto composethe framerate utilization andthe normalized weighted
utilization sumof all layers.Theresultingutility functionis therefore:

. 2
U( N ) — T n 1 ) (71)
UFrameRatéP0) 1 i
- [wn * UFrameSizg (ﬁn)]
Zn:l Wn @:1 v

~
FrameSizeUtilization Sum .

[\

Vv
NormalizedFrameSizeUtilization

wherel denoteghe numberof Iayersand?e [0,1]"! C R"*! thescalefactorvectorasdescribedn
section5.1. Theutility functionsfor framerateandsizeare:

uFrameRatéﬁ) = Cg * ln(ao x 1+ bo),
uFrameSize(ﬁ) = Gk ln(ai x 0+ bz)

For eachQoSdimensiony, a;, b; andc; arecalculatedrom the correspondingensitvity parameter
p; asdescribedn section2.5.1. w,, denoteshe weightfor layer#n. Theseweightsaresetto the
following values:

e MPEG-1:_3 | 2 |
Y

e MPEG-2:9/8/7/ 6/5/4 |

3/2/1 ,
—_— = N——
Baselayer 1stEnhancement 2nd Enhancement

1
~
B

o

e H263: 3 / 2 [/ 2 / 1 and
Y YR Y

e MP3: 1.

It is importantto make adistinctionbetweerthelayerweightsusedfor theremappingnterval calcu-
lation andthe utilization weightshere: Thefirst onesreferto thelayers’ costduringtransmissionbut
thesevaluesreferto thelayers’importanceor the usersatishction!

For low requirement®f framerateor framesize,the parametep o, = 12.5 is used.This results
in a convex utility function, giving higher utilization alreadyfor low settings. On the other side,
for high frame rate or frame size requirementsthe parametempyig, = 7.5 is used. The resulting
concae utility functionresultsin low utilization for low settings.Theseselectionsf the sensitvity
parametep shouldbe reasonabléor the usedsetof traces.Both functionsareplottedin figure 7.1.
For comparisionjt alsoincludesthelinear utility functionuinea(?) = 9. Now, it is possibleto plot
the usersatisactionof all four possibleframerate/framesizerequirementombinations:Low/Low,
Low/High, High/Low andHigh/High. Table7.4 showns theresults.
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Figure7.1: Utility functionsfor videoframerateandsize

12 T J T
X60=0.0925/xg5=0.4 ———

1.1

1

0.9

0.8

0.7

0.6
0.5

0.4 /
0.3 /
0.2 /
o]

0

Utilization

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Resource [Bandwidth]

Figure7.2: Utility functionfor audioframesize

For the utilization of the MP3 audiotracesno division into differentgenress done,sincethere
werenosuchuserratingsavailableasfor videogenresn [AFK+95]. Thereforeagenericutility func-
tion for all typesis used,basedon the utility functionfrom [LS98] and[LLR+99] (seeformula2.6).
Sincethis function canbe configuredby giving utilizationsfor 50% and95% resourcethis function
seemdo be agoodchoicehere: As mentionedn section2.6.4,MP3 is optimizedto compressigh
quality audio at a bandwidthof about112 to 128 KBit/s. Theseare alsothe mostcommonband-
widths usedfor CBR files downloadablevia NAPSTER. The LAME encoderusedfor creatingmost
of theusedMP3ssupportshandwidthsdrom 8 KBit/s to 320KBit/s, alwaysselectingthe bestchoice
for the currentframein VBR mode. Therefore,it seemdo be reasonabléo set95% utilization for
40%bandwidth(comparableo aboutl25KBit/s usingCBR) and50%utilization for 10%bandwidth
(comparableo about32 KBit/s usingCBR). Theresultingutility functionis plottedin figure7.2.

The QoSrequirement®f eachmediatype’s layersfor maximumyjitter and lossrate are given
in table 7.5. Thesevaluesare usedfor the simulationsand measurements chapter8. The maxi-
mum transferdelay dependson eachsimulationor measurementTherefore,it will be givenin its
explaination.
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| H.263 | | MPEG-1/2 |
| Layer | MaxLossRate MaxJitter | | Layer | MaxLossRatg MaxJitter |
#1 (1) 0.5% - #1 (I5) 0.5% -
#2 (P) 1.0% - #2 (Pg) 1.0% -
#3(PB) 1.0% - #3(Bg) 2.0% -
#4 (B) 2.0% - #4 (Ig1) - -

#5 (Pe1) - -
| MP3 | #6 (Bey) - -
| Layer | MaxLossRatd MaxJitter | #7 (I2) - -
[#1 | 5% [ 100ms | #8 (Pe2) - -

#9 (Be2) - -

Table7.5: Usedjitter andlossratelimits for eachmediatype

Packaging

Traffic Shaping
Le aky Leaky Leaky
Bucket Bucket Buck
Buffer Delay

Bandwidth
CMarker> -

Layering Control[ Layer #1 ] [ Layer #2 ]

RTP Packetizing[ Packaging] [ Packaging]

Traffic Class

Transport [ IPv4 or IPv6 Datagram Socket ]

Figure7.3: An overview of thelayering,RTP transportandtraffic shapingmplementation

7.3 The System

For betterunderstandabilityf the simulationsand measurements chapter8, a few detailsof the
systems implementatiorhave to be explained. This canonly be a shortoverview, sincea detailed
introductionwould be out of this work’s scope. Detailscanbe foundin the RTP AuDIO projects
documentationgsee[DSV00] and[RTP Audio]), sincelarge partsof this projectarereused.

As shownin figure7.3,eachtransporfayerhasgotits own leaky bucketbuffer, but all outputuses
thesameUDP/IPv4or UDP/IPv6soclet. Beforetransmissionthe paclet’s traffic class/TOSfield is
setto the correspondindransportlayer’s value, mappedo it by the bandwidthmanager Sincethe
buffer implementatiorconsistsonly of a queueof paclets,the usageof 9 transporiayersto transmit
a 3-layeredMPEG-2 streamdoesnot consumesignificantly more CPU power than using a single
transportayerfor all MPEG-2enhancemenayers.Dueto thesingleUDP/IP soclet, it alsodoesnot
requiremoreUDP ports. Eachleaky bucketis policedusingformula2.1. But thisassumegshateach
frameis schedulechccuratelythatis e.g. ataframerateof 25 frames/sthe next frameis appended
to the queueexactly after ssth second. Of course,sincea standard.INUX systemis usedfor the
measurementsuchan accuray cannot be guaranteedTherefore somesystemdelaytoleranceas
describedn section6.2.2hasto beallowedto avoid buffer overflows.
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| Class| Bandwidth| Costfactor| Variability | Delay | Lossrate| Jitter |

BE | 1 GBytes/s 1.0 25% 600ms | 10.00% | 200ms
AF11 | 1 GBytes/s 2.0 10% 300ms| 2.00% | 100ms
AF21 | 1 GBytes/s 2.35 10% 260ms| 1.00% | 80ms
AF31 | 1 GBytes/s 2.65 10% 230ms| 0.75% | 65ms
AF41 | 1 GBytes/s 3.0 10% 200ms| 0.25% | 50ms

EF | 1 GBytes/s 4.0 5% 100ms| 0.05% | 10ms

Table7.6: Standardtlasssettingsfor the buffering, layeringandweightingsimulations

The measurementsf chapter8 consistof simulationsandmeasurementsn areal DiffServ sce-
nario. Theusageof simulationshasgotthefollowing reasons:

e Dueto theinaccurag introducedby schedulingandvarying network delays differentcostand
bandwidthmeasurementare difficult to compare. Of course,the samemeasuremenis not
exactly repeatabletoo. This makesverificationextremelydifficult.

e Further the real systemusesan own threadto sene eachclient. Sinceeachclient sendsits
commandsia RTCP APP messageto the sener, no servingordercanbe guaranteedor the
clients.

e Thereal DiffServscenario(seeexplainationbelon) consistsof only two DiffServroutersin a
local network, their distances only a few meters.Therefore the delaysof eachDiffServclass
only differ in therangeof afew microsecondsThisis muchtoo low for arealisticexamination
of the cost-optimizeduffering.

To copewith theseproblemsmostmeasuremen@redoneusingsimulations:insteadof sendingdata
via a real network, bandwidthmanagemenstatisticsare recorded. The settingsfor lossrate, jitter
andtransferdelay are setto constantvalues. Further task schedulingand the simulationtime are
controlledby the simulatoritself. This makescostandbandwidthsimulationsof differentscenarios
comparablendrepeatableFigure7.4 givesanoverview of the simulators scope.The otherpartsof
thisfigure belongto therealscenaricandwill be describedelow.

Table 7.6 shavs the standardiffServ classsettingsfor mostsimulationsof chapter8: BE, four
AF classesandEF areused. All classedhave got a given constantransferdelay lossrate andjit-
ter. Thesevaluesare constanto simplify the comparisionof differentsimulations. The effects of
changingthesevaluesareexaminedin section8.2.1. Thereasondor this choiceof settingsin table
7.6 areasfollows: A transferdistanceof 15,000km(e.g. Bonn/Germamw to Los Angeles/U.S.A.yia
opticalfibrelinesis assumedmplying a signalspeedf %co (co =~ 300,000 km/sis thevacuumlight
speed).Therefore the signalrequires75msfor the givendistance An averageamountof 25 hopsis
assumedEachhopintroducesa delayfor receving, queuingandtransmittinga paclet. For recev-
ing andsending,a 100 MBit/s line is assumed.Therefore,120us arerequiredto sendor receve a
pacletof 1500bytes,implying 240us perpaclettotal. For theroutingitself (checkingthedestination
addressdecrementindhe hoplimit, calculatingthe IPv4 checksumappendinghe paclet to oneof
the queuesetc.),500us areassumed For eachDiffServ class,differentaveragequeuingdelaysare
assumed:

e EF: An averageof 2 pacletsis assumealreadybeingin the queue sinceEF queuesarequite
small (seesection2.2.3). Therefore the total delay perhopis (2*120us) + 240us + 500us =
980us. For 25 hopsand 75msreal transfertime, this makesabout100mstotal transferdelay
Further small queuesintroduceonly a smalljitter. Since EF’'s bandwidthlimit may not be
exceededthelossratesettingis very low.
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Figure7.4: Thereal DiffServscenario

e AF: Averageof 35(AF41),45(AF31),55(AF21)and70 (AF11) pacletsareassumealready
beingin thequeuesinceAF classehave gotlongerqueuesanddifferentpriorities (seesection
2.2.3).Theresultingtotal transferdelaysarethereforeabout200ms ,230ms,260msand300ms.
Further higherjitters areassumedDueto allowed congestionn AF andthe RED algorithm’s
droppingstrategy (seesection2.2.3),thelossratesarehigherthanfor EF.

e BE: Testsusingping via BE from Bonn/Germam to Los Angeles/U.S.Aresultedn roundtrip
timesof about1100mso 1200ms.Therefore atransferdelayof 600msis quiterealistic. Note,
thatthe besteffort datamaybe routedvia satellite,which is cheapebut muchslower thanvia
cable! A satellitelink introducesa transferdelayof 270ms(see[Tan96],page328) perusage.
Dueto congestiorandlongerqueuesa high lossrateandijitter is chosen.

Thevariability columngivesthedelayvariability of eachclassusedn formula6.2(seesection6.2.2).
Further the bandwidthof eachclassis setto anamountsufficient to alwaysensurel00%utilization
andusageof the mostcost-eficient class. Due to the possibility of renegyotiatingthe SLA with the
bandwidthbroker (seg[Sel01]),thisis arealisticassumption.

In the caseof simulation,a buffer overflov may only happenonceafter a framerate® or buffer
delaychangelf alayerhasgotahighbuffer delay(e.g.dueto usingeF)andnow changeso aslower
class(e.g. BE) having a smallerbuffer delay the buffer contentsarenot necessarilyflushed.If pos-
sible,they areadaptedo the new settingsof bandwidthandbuffer delay This hasbeencalledspeed
adjustmentapproad andis doneto avoid visible or audibleerrorscausedy droppedpaclets. The
resultmay be a singlebuffer overflow, possiblysometime later, dependingn the traffic’'s behavior.
But after sucha buffer overflov and completelyemtyingthe buffer (buffer flush), no more exceeds
arepossibleuntil the next quality changegdueto thea priori calculatedraffic descriptions.

Using a real system,additionalbuffer overflowns can be causedby inaccurateprocessschedul-
ing, e.g. asetof pacletsis addedto the leaky bucket's queuetoo early or too late. Therefore the
measuremenis section8.5 examinedifferentdelaytolerancesettingsin arealsystemconsistingof
two DiffServrouters.The usedDiffServscenarias shavn in figure 7.4. All hostsrun LINUX using
2.2.x kernels. The tracesener runson corona (Pentium-111, 500 MHz), sendingdatavia the Diff-
Servroutersgrolsch andholsten(both Dual Pentium-11,300 MHZz) to the clientsrunningon andets

3Sinceeachframeratehasgot its own remappingntervalsandthereforetraffic descriptions.
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| Class| Bandwidth | Costfactor | Variability |
BE | 1,250,00Bytes/s(10 MBiIt/s) 1.0 25%
AF11 | 1,250,00Bytes/s(10 MBit/s) 2.0 10%
AF21 | 1,250,00Bytes/s(10 MBit/s) 2.5 10%
EF 625,000Bytes/s(5 MBit/s) 4.0 5%

Table7.7: TheDiffServscenarics SLA

(Pentium-I1,300 MHz). The routersusethe DIFFSERV ON LINUX implemenation.A detailedde-
scriptioncanbefoundat [LinuxDS]. The scenarics supportectlassesareBE, AF11, AF21 andEF,

therouters’SLA is showvn in table7.7. detmolderDual Pentium-I11,300 MHz), amstel(Pentium-II,
300 MHz) andgaffel (Pentium-11,175MHz) areusedto generatdackgroundraffic, e.g. UDP and
TCP traffic via BE. As explainedin section3.2, the transferdelay of eachclassis measuredising
ICMP echorequestsandreplies. Lossrate andjitter are obtainedfrom RTCP recever reports(see
section2.1.5). It is importantto denotehere,thatbuffer flushesdo not causeincreasedossratecal-
culation,sincethe RTP sequenceumbersareadjustedafteraflush. Thisis useful,sincethelossrate
hasto measurghe network’s quality.

7.4 Summary

This chaptethasdescribedhe usedMPEG-1,MPEG-2,H.263andMP3 tracesusingsomestatistics.
Then,theusedremappingnterval calculationparametertave beenexplained.Further the choiceof
utility functionsandcompositionhasbeenpresentedFinally, a shortovervien of importantimple-
mentationdetailsandthe real network scenarichasbeengiven, sincethis is necessaryo understand
thesimulationsandmeasuremenis chapter8.



Chapter 8

Measurementsand Evaluation

valuationof the systemby simulationsandrealnetwork measuremenis the goalof this chapter

First, the effectsof buffering andthe weightedremappingnterval calculationare explainedby
comprehensie examples. Then, buffering, layering, weightingand scalability are examinedfor all
tracegdescribedn section7.1. Further thesystemsbehaior onnetwork quality changege.g.paclket
losses)andthe functionality of the priority systemare shavn. Next, the systemis examinedusing
alarge, realisticvideo/audioon demandscenariao show its practicalusability Then,completeand
partial remappingsettingsare testedusing this scenario. Finally, differentsystemdelaytolerances
areexaminedin arealnetwork scenario.This alsoincludesthe measuremeruf durationsfor stream
descriptioninitializationsandcompleteremappings.

8.1 Buffering, Layering, Weighting and Scalability Simulations

8.1.1 A Buffering Example

This simulations intentionis to explain the buffering andthe delay optimizationof the bandwidth
managelmby a detailedexample. No comparisionbetweendifferenttransferdelaylimits andcostis
donehere.Suchsimulationscanbefoundin section8.1.3.

In this example,the MPEG-1video“ The Silenceof the Lambg$ with a maximumtransferdelay
of 350mshasbeentransmittedfor a durationof 120 seconds.The usedDiffServ classsettingsare
shovnin table7.6. Dueto thelayers’QoSsettingdor maximumlossrateasshowvn in table7.5,layer
#1 (I-frames)canonly useEF andAF41. Layer#2 (P-frames)nayalsouseAF31 andAF21. Finally,
layer#3 (B-frames)canalsouseAF11. Dueto BE'slossrateof 10%,this classis unusablenere.

Figure 8.1 presentdhe buffering gain of layer #1 (I-frames)on the left side: The “Layer #1,
With Buffering’ graphshaowvsthereseredbandwidthfor usingthe maximumpossiblebuffer delayas
describedn section6.2.2by formula6.2. For comparisiontherequiredbandwidthwithout buffering
is presentedy the“Layer#1, Without Buffering” graph. As it is shavn, this requirements usually
about4 timeshigher Thereforethereis ahugebuffering gainfor layer#1. Ontheright sideof figure
8.1, the layer’s mappingto the DiffServ classesanbe found: In this case,only EF is usedfor the
completetransmissionDueto the high short-termburstinesof I-frames(onel-frame after 11 other
framesfor this video, seesection7.1), it is cheapesto transmitvia the expensve but fastEF class
hereandusethe savedtime for buffering.

Next, figure 8.2 shavs the samecontentdor layer#2 (P-frames) As expected the buffering gain
is slightly smaller sincethereare only two B-framesor 4 B-framesand one I-frame betweentwo
P-frames. Therefore this layer usesAF21 morethan half of the time, sometimesAF31 and AF41
andsomemorefrequentlyEF. Sincethe AF classesreslower, amuchsmallerbuffering gaincanbe
noticedwhentheseclassesare used. However, the usedclassis cheapestsincethe gain of a faster
classwould not exceedits additionalcost(seesection6.2.2).

89



Reserved Bandwidth [MBytes/s]

CHAPTERS8. MEASUREMENTSAND EVALUATION

Bandwidth/Delay Comparision Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-I Video Trace Layer #1 -> DiffServ Class Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-I Video Trace

T T
Layer #1, Without Buffering
Layer #1, With Buffering =======

N

L

A1 T

Reserved Bandwidth [MBytes/s]

0 20 40 60 80 100 120

Time [s] Time [s]

Figure8.1: Buffering gainandDiffServclassusageor layer#1 (I-frames)

Bandwidth/Delay Comparision Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-| Video Trace Layer #2 -> DiffServ Class Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-| Video Trace

Reserved Bandwidth [MBytes/s]

Reserved Bandwidth [MBytes/s]

T T 0.45
Layer #2, Without Buffering BE —
Layer #2, With Buffering ======= AF11 ==ssues
0.4
2 0.35
@
3
2 03
)
15 )
£ 025
b=}
2
R
— 5 02
g o
1 5 "
g :
2 015
o :
F 2 S N+ S - BB ATR SO :
05 f 0.1 :
0.05 '
i
i
0 0 L
0 20 40 60 120
Time [s] Time [s]

25

Bandwidth/Delay Comparision Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-I Video Trace

Figure8.2: Buffering gainandDiffServclassusagefor layer#2 (P-frames)

Layer #3 -> DiffServ Class Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-I Video Trace

T T 0.45
Layer #3, Without Buffering
Lay With Buffering =======
0.4 4
2 0.35
o
g
£ o3
)
15 =
£ 025
k<t .
3 H
] '
s 02 i
Q : i
1 > i
o
2
g 015
4]
4
05 0.1
F|_|_|_'—|J’J_U-|_Lr—\.ﬂ—u—lr 1[,_‘_1_|]-L|~ "
0 - - e 0 .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time [s] Time [s]

Figure8.3: Buffering gainandDiffServclassusagegor layer#3 (B-frames)



8.1. BUFFERING,LAYERING, WEIGHTING AND SCALABILITY SIMULATIONS 91

Bandwidth/Delay Comparision Statistics for Stream #1 (S1): The Silence of the Lambs - MPEG-I Video Trace

4 T T
Bandwidth, Without Buffgying =——

35 L

3 SEE

25 ]

Jl AL
| -I_I._IL _1|J_r|_

1

Reserved Bandwidth [MBytes/s]

05 s

0 1 1 1
0 20 40 60 80 100 120

Time [s]

Figure8.4: Reseredbandwidthfor MPEG-1video* TheSilenceof theLamb$

Finally, the buffering gain and DiffServ classmappingsof layer #3 (B-frames)canbe foundin
figure 8.3. Sincethe short-termburstinessfor B-framesis low (only onel- or P-framebetweerd4
B-framesfor this video, seesection7.1), AF11 is cheapesmostof the time. Due to the transfer
delaylimit of 350msandAF11’s transferdelayof 300msanddelayvarianceof 10%,no bufferingis
possiblehere(seeformula6.2): A delayof only 20msis availablefor buffering, but 40msarerequired
to buffer an additionalframe(;—5th seconddueto theframerateof 25frames/s) Only in afew cases,
buffering is efficient for this layer In thesecasesAF31 andAF41 areused,asshovn on the right
sideof figure8.3.

Thetotal bandwidthgainfor all layersis shown in figure 8.4. Again, the bandwidthrequiredfor
buffering enabledccanbefoundin the“Bandwidth Wth Buffering” plot. The otherplot “Bandwidth,
Without Buffering” shaws the bandwidthrequiredwithout ary buffering. As it is shown, thereis a
hugebuffering gainof about75%in this example- althoughonly afew millisecondshave beenused
for buffering!

Results

As it is shown for the video example*” The Silenceof the Lamb$, buffering may resultin a huge
bandwidthgain. Further the systemalwaysusesthe mostcost-eficient classfor the transport.Now,
thetotal gainhasto beexaminedfor awide rangeof maximumtransferdelaylimits andthe complete
setof traces.Thisis donein section8.1.3.

8.1.2 A Weighting Example

Beforethe bandwidthandcostcomparisiorsimulationcanberealized,it is first necessaryo explain
anotherfact: The weightedremappingnterval calculation. As shavn in section4.3, the traffic de-
scription’s bandwidthof eachlayeris weighted.This will resultin highercostfor 'expensve’ layers.
Therefore,new remappingntervals are startedearlier trying to save expensve bandwidth. The in-
tentionof this simulationis to shav this behaior by a detailedexample. Comparisionf different
tracesandtransferdelaylimits canbefoundin section8.1.3.

Again, this simulationhasusedthe DiffServ classsettingsshavn in table 7.6. Two versionsof
the MPEG-1video “Terminatorll” have beentransmitted both with a maximumtransferdelay of
400ms:Thefirst one’s remappingntenvalshave beencalculatedvithout weighting,the seconcdone’s
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usingthe 4/3/2-weightingas explainedin section7.1.4. Figure 8.5 shavs the unweightedstreams
resered bandwidthfor the simulationtime of 120 seconds total andfor eachlayer. The weighted
versionsresultscanbefoundin figure8.6.

As acomparisiorbetweerthesetwo figuresshows, the weightedcasecontainsmuchmorepeaks
for thereasorof morebandwidthremappingsNote especiallythe two large blocksfrom about8sto
25sand30sto 50sin the unweightedcase.Theseblocksaresplit into several peaksin the weighted
case resultingin a lower total bandwidthrequirement.It shouldbe denotedhere,thatsomepeaks
in the weightedcaseare higher thanin the unweightedone, e.g. at 29sto 31s (marked by two
arrows in bothfigures): About 1.1 MBytes/sinsteadof 1.0 MBytes/s. Thereasorfor thisis thatthe
remappingntervals of the unweightedcaseareindependenof the weightedcases ones.Therefore,
the currenttraffic descriptionfor a certaintime stamp(e.g. 29s)in both simulationsmay differ. In
this example(29sto 31s),the layeris mappedio AF21 in the unweightedcase,leadingto a lower
bandwidthrequirementueto buffering. For theweightedcasethedifferenttraffic descriptiorresults
in atransportvia AF11, wherethebuffering gainis lower andthereforethe bandwidthrequirements
higher

Finally, theresultingtotal bandwidthandcostrequirementgor the playtimeof 120sare:

Trace | Bandwidth[Bytes] | Cost[Bytes*$] | Avg. costfactor[g ] |

Unweighted 86,051,278 260,921,343 3.03216
Weighted 80,141,161 235,831,582 2.94270

The weighing reducedthe total costby 25,089,761Bytes*$, this is a reductionof 9.61%for this
example.Thetotal reseredbandwidthreducedoy 5,910,11 bytes,leadingto areductionof 6.87%.

i i i Total cost
Theaveragecostfactoris simply the quotient—_7 > ==

Results

As it is shavn for the “Terminatorll” video example,the layerweightedcalculationof remapping
intervals may resultin a significantcostgain. Changesof more expensve layerswill affect the
calculations costmorethancheapewones. This implies earlierbandwidthremappingsandtherefore
a shorterusageof expensve bandwidth.Now, the total gain hasto be examinedfor a wide rangeof

maximumtransferdelaylimits andthe completesetof traces.Thisis donein section8.1.3.
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8.1.3 The Buffering, Layering and Weighting Comparision

As mentionedabove, this simulationwill comparethe gain of buffering andweightedremappingn-
terval calculationusingall tracesmentionedn section7.1andawide rangeof buffer delays.Further
theeffectsof layered(eachtransportayermayuseits own DiffServclass)andunlayeredransmission
(all transportayersmustusethe sameDiffServclass)areexamined.

Intr oduction

Again, the DiffServ classsettingsof table 7.6 have beenusedto enableusageof the cost-optimal
class.As explainedin section7.3, this is realisticbecausef the bandwidthbroker. Dueto the loss
raterequirement®f table7.5, BE is only usablefor the MPEG-2enhancemenayers. The transfer
delaylimit rangedrom 100msto 1000msin stepsof 50ms.For this simulation,utilization is always
100%, examinationsof the scalability behaior canbe found in section8.1.4. For eachtrace,four
simulationshave beencomputedeachhaving a duration800seconds:

1. Weightedremappingnterval calculationandlayeredtransmission,

2. weightedremappingnterval calculationbut only unlayeredransmission,
3. unweightedemappingnterval calculationandlayeredtransmission,
4.

unweightedemappingnterval calculationandunlayeredransmission.

SinceMP3 tracescontainonly one layer, simulation#2 to #4 are senseles$or this type and have
thereforebeenskipped.Tofill theplaytimeof 800secondgor shortermediasthey areauto-repeated.
Theresultsfor eachtracecanbefoundin appendixB.

MPEG-1

For MPEG-1,figure 8.7 (left side)shaws the averagecostfor simulation#1 to simulation#4. The
costincrementin percent,comparedo simulation#1 (weightedand layered)canbe found on the
right side. Analogousplots are presentedn figure 8.8 for the averagebandwidthandfigure 8.9 for
the averagecostfactor(-To@lcost ),

First of all, a large buffering gainis noticable. Even for a very small maximumtransferdelay
of 200ms,the costand bandwidthrequirementsiearly halve. For maximumtransferdelaysabove
600ms they evenreduceby up to about85%for costand75%for bandwidth.

As showvn ontheleft sideof figure 8.9,the averagecostfactorfor all simulationss almost4.0for
transferdelaysup to 250ms.This meansthatmostlayersaretransportedia EF (costfactor4.0),due
to its high buffering gain. Therefore the costincrementfor unlayeredransmissions very low (O for
transferdelayslessthan200ms). At transferdelaylimits of 200msandmore,otherclasseshanEF
becomeusableandthe averagecostfactorof the layeredtransmissionslecreaseto lessthan3.0for
300msandmore. This resultsin a costincrementfor the unlayeredransmissiorto 15% andmore
(seeright sideof figure8.7).

The usableclassedor layer#1 areonly EF and AF41, for layer#2 EF, AF41, AF31 andAF21
andfor layer #3 EF andall AF classeshut not BE. Due to the differentloss rate requirementsas
explainedin section8.1.1,thecostincrementor unlayeredransmissions highestfor transferdelays
above 600ms- morethan20% (for weightedremappingintenals)! Here,cheapclasseqAF11 for
layer #3 and AF21 for layer#2) could be used. But sincelayer#1 requiresat leastthe lossrate of
AF41,thesameexpensve classasfor layer#1 hasto beused.Dueto thealreadyhigh transferdelay
andthereforehigh possiblebuffer delay the additionalpossiblebuffer delayintroducedby thefaster
classresultsin no gain anymore. This can be viewed on the right side of figure 8.8: For transfer
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delaysbelov 600ms,the unlayeredransmissionsbandwidthis usuallylessthanthe layeredcases
one. Here,thefasterclasss higherbuffering gainis ableto partially compensat¢he costincrement.
For exampleat300mstransferdelay theunlayeredransmissionshandwidthdecrements about10%
(for weightedremappingntervals). But atthe sametime, the costfactor(seeright sideof figure 8.9)
increasedy about25%.

As it is shovn on theright sideof figure 8.7, the costincrementor usingunweightedemapping
intervalsis aboutl0%for transferdelaysup to 350msandsteadilydecreaset aboutc% for atransfer
delayof 1000ms.Theeffect onthecostis thereforehighestwhenexpensve classesreused.Thisis
alsotheexpectedbehaior.

MPEG-2

Correspondingo theresultsof MPEG-1,theresultsfor MPEG-2canbefoundin figure8.10(average
cost),figure8.11(averagebandwidth)andfigure8.12(averagecostfactor).Again, theleft sideshows
the absolutevaluesandtheright onetheincrementdor simulation#2to #4 in percent.

Dueto the DiffServ classsettingsof table 7.6, the layers’ lossrate requirementgseetable 7.5)
allow usageof BE for the MPEG-2 enhancementyers(transportlayer #4 to #9). Again, a large
buffering gainis noticable: The costrequirementeducedby about92% andthe bandwidthrequire-
mentby about78% for a transferdelay of 1000ms. Further layeredtransmissiorresultsin a huge
costgain here,as expected: For a maximumtransferdelay of 1000ms,the unlayerediransmission
incrementghe costby morethan 100% (seeright side of figure 8.10). Dueto the limit of at least
AF41for layer#1,all 9 layershave to useatleastthis classin theunlayeredcase. Therefore no cost
reductionis possible.

Especiallyfor transferdelaysof 600msand more, a huge costincrementcomparedo layered
transmissiorncan be viewed, introducedby the availability of BE (600mstransferdelay seetable
7.6). Theaveragecostfactorremainsat 3.0 (AF41) for 500msandmoretransferdelay(seeleft side
of figure 8.12). The layeredtransmissiormanagedo reducethis valueto about1.2. Thisis a cost
factorincrementof 250%for the unlayeredransmissior{seeright sideof figure 8.12).

As shown on theright side of figure 8.11,the requiredbandwidthfor unlayeredransmissions
usuallymuchlower, in two casedy up to about30%. Again, asexplainedfor MPEG-1,the higher
bandwidthcostis partially compensatetly a higherbuffering gain. But of coursethis gainis fartoo
low to completelycompensatéhelow costof BE.

As explainedfor MPEG-2in section7.1,theenhancemenayers’fractionof the streamss about
83%. Sincethe weightsmainly affect the expensve MPEG-2baselayer (transportiayer#1to #3- a
sizefractionof aboutl7%only), thevisible effect of theweightedremappingntervalsis muchlower
comparedo MPEG-1:Only aboutl.5%to 0.5%.

H.263

Now, correspondindo the resultsof MPEG-1and MPEG-2,the resultsfor H.263 canbe found in
figure 8.13 (averagecost), figure 8.14 (averagebandwidth)and figure 8.15 (averagecost factor).
Futher the left sideagainshaws the absolutevaluesandthe right onethe incrementdor simulation
#2to #4in percent.

This simulationis comparabldéo MPEG-1,exceptthatanotherframetype, PB-framesjs sentin
an additionallayer The PB-frames’QoSrequirementsare setto the samevaluesas P-frames(see
table7.5). Noneof the usedtraceshasgot B-frames,thereforeAF11 is not usablefor H.263dueto
thelossratesettingsof table7.6.

Theleft sideof figure 8.13shaows, thatthe buffering gainof the H.263tracess not so high asfor
the MPEG-1traces:Only about65%for costand40%for bandwidthat 500mstransferdelayin the
layeredandweightedcase.SinceH.263is mainly usedfor videoconferencest is usefulto have only
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low bandwidthvariances evenfor variablebitrates. This is achiezed using PB-framesand usually
no I-frames(seesection2.6.3). The generatedtreamsarethereforesmootheithanfor MPEG-1.

As it is shavn on the right side of figure 8.13,the costincrementfor unlayeredtiransmissions
muchhigherthanfor MPEG-1: More than20%. The unweightedremappingntervals increasethe
costalmoststeadilyupto about25%,similarto MPEG-1. Thetotal costincremenfor theunweighted
andunlayeredcases thereforeup to morethan50%- comparedo upto about30%for MPEG-1.

MP3

Finally, MP3 hasto be examined.Sincethereis only onelayer, weightedandunweightedemapping
interval calculationandlayeredandunlayeredransmissiorareequalhere. Theresultscanbefound
in figure 8.16 (averagecost),figure 8.17 (averagebandwidth)andfigure 8.18(averagecostfactor).

In figure 8.16, a large buffering gainis noticable. At a maximumtransferdelay of 300ms,the
costrequiremennearlyhalves. For maximumtransferdelaysabove 600ms,it evenreducesy up to
about64%. But the bandwidthrequiremenftor transferdelaysup to 300msis varying. For 300ms
transferdelay it is ashigh asfor 100ms(seefigure 8.17). The reasorfor this is the decreasedost
factor: It is mostefficient to usemorebut cheapebandwidththanlessbut expensve. As it is shovn
in figure 8.18,it is 4.0 (EF) for 100mstransferdelayandit decrease® 2.0(AF11) atatransferdelay
of 300ms.Thereforethetotal costkeepsalwaysdecreasing.

Results

Asit is shawvn, thereis ahugegainusingbufferingcombinedwith transportvia themostcost-eficient
DiffServclasdfor all examinedmediatypes.Additionalgainscanbeachievedby layeredransmission
andtheusageof layerweightingfor theremappingnterval calculations.

8.1.4 The Scalability Comparision

Now, the effectsof scalabilityto buffering andcosthave to be examinedfor eachmediatype. There-
fore, simulation#1 of section8.1.3(weightedremappingntervalsandlayerediransmissionhasbeen
repeatedor maximumultilization limits of 25%, 50%, 75% and 100%. Again, the sameDiffServ
classsettingsasdescribedn table7.6 have beenused.

For thevideomediatypes(MPEG-1/2andH.263),theresultsof eachtraceareaveragedgrouped
by framerate/framesizerequirementasdescribedn section7.1: High/High (action,sportsmusic),
Low/High (comedy movie, news), High/Low (cartoon)and Low/Low (talk). Sincethe usedMP3
tracesarenot groupedthe completeMP3 setis averaged.Thefull resultsof this simulationfor each
tracecanbefoundin appendixC.

MPEG-1

Theresultsfor MPEG-1canbefoundin figure8.19(100%utilization), figure 8.20(75% utilization),
figure8.21(50%utilization), andfigure8.22(25%utilization). As it is shavnin figure 8.19for 100%
utilization, thereis alreadya costdifferenceof about15%to 30%betweerthecurvesfor highandlow
frameraterequirementAs expectedyideoslik e talk shavs have got alower bandwidthrequirement
thane.g. actionandsports.Sincethe utilization is 100%here,no significantdifferencebetweerthe
framesizerequirementganbe noticed. The buffering gainfor all typesis almostequal,about85%
for 600mstransferdelay

Theutilization reductionto amaximumof 75%in figure 8.20alreadyshows a differenceof about
15% to 20% betweenhigh andlow frame size requirementor a high frame raterequirement.As
expected,the High/High curve hasgot a higherbandwidthrequirement.But the buffering gain for
both curvesis nearlyunchangead¢omparedo the 100%case:Still about85%. Thereasorfor thisis,
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Figure8.20: MPEG-1costfor 75%utilization

Figure8.19: MPEG-1costfor 100%utilization
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Figure8.21: MPEG-1costfor 50% utilization
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thatbothcurveshave gotahigh frameraterequirementThereforetheframeratefor 75%utilization
limit is large enoughto provide a hugebuffering gain. In contrastthe low frameraterequiremens
curves have got a gain of about60% for 600mstransferdelay only. Due to the lower framerate,
more B-framesand P-framesare missing. Therefore,the |- and P-frame’gaps’ (seetable 4.1 for
comparision)are smaller resultingin lower buffering ability. The continuationof thesebuffering
resultscanbe noticedfor 50% utilization (seefigure 8.21) by 80% buffering gainfor high and50%
for low frameraterequirementit 600mstransferdelay Finally for 25% utilization (seefigure 8.22),
the gainfor a high frameraterequirements still about70% (600mstransferdelay). But for a low
requirementalmostno gainis noticablearymore.

As expectedthe curvesof thefour requirementombinationssteadilyseparateWhile for 100%
utilization the low andhigh framesizerequirementsre mainly overlapping,they separatevith de-
creasingutilization. Finally, theresultsshow, thatlow framerate/lov framesizeis cheapesandhigh
framerate/highframesizeis mostexpensve. Thetotal scalabilitygainis about60% for High/High,
70%for High/Low, 85%for Low/High and95%for Low/Low framerate/framesizerequirementst
25% utilization limit, comparedo the 100%case.

MPEG-2

Theresultsfor MPEG-2canbefoundin figure8.23(100%utilization), figure 8.24 (75% utilization),
figure8.25(50% utilization), andfigure 8.26 (25% utilization).

The buffering resultsarecomparabléo MPEG-1. Therefore,it is not necessaryo explain them
again. As expected thereis a hugescalabilitygain: About 95% for High/High and High/Low and
about99,5%for Low/High andLow/Low framerate/framesizerequirements.The reasondor this
is, thatthe MPEG-2enhancemeriaiyers,having a fraction of about83% of thetotal size(seesection
7.1),maysimply be skipped.This resultsin anexcellentscalabilitygain.

H.263

Now, the H.263tracesareexamined: Theresultsareshavn in figure 8.27 (100%utilization), figure
8.28(75% utilization), figure 8.29(50% utilization), andfigure 8.30(25%utilization). It is important
to denotehere,that the video “ Sendungmit der MausIP” is not includedin the High/Low frame
rate/framesizerequirementgplots, dueto its very unusualconstantGoP“IPIP ... ”. Theresultsfor
this tracecanbefoundin appendixC.

As expectedthebufferingresultdook similarto theMPEG-1resultsandthereforeneednofurther
explaination.As shavn in section8.1.3,the buffering gainfor H.263is lowerthanfor MPEG-1.This
canalsobe found for the 75%, 50% and 25% utilization limit results. The total scalabilityis about
75%for High/High, 80%for High/Low, 90%for Low/High andslightly morethan90%for Low/Low
framerate/framesizerequirementst 25% utilization.

MP3

Finally, figure 8.31 shaws the resultsfor MP3 at 100%, 75%, 50% and 25% utilization limit. As
mentionedn section7.2, all traceshave got the sameutility function. Due to the reasonsxplained
there,95% utilization is givento 40% bandwidthand 50% utilization to 10%. This is reflectedby
figure 8.31: Comparedto the 100% utilization curve, the cost decrease®y about60% for 75%
utilization. The costcurvesfor 75%, 50% and 25% are tight togetherdue to the low bandwidth
differencesof theseutilizations. As expected,the buffering gain is independentf the utilization
limit: About 60% for all limits. Sincethe frame rate of MP3 remainsconstant(38 frames/s)the
buffering gainis not affectedby frameratescalability And framesizescalabilitydoesnot affectthe
buffering. Thereforethereis no reductionof its gainfor reducedutilization.
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Figure8.25: MPEG-2costfor 50% utilization
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Figure8.27:H.263costfor 100%utilization
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MP3 Delay/Average Cost Statistics For All Utilizations
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Figure8.31: MP3 costfor differentutilizations

| Class| Bandwidth | Costfactor| Variability | Delay | Lossrate| Jitter |

BE | 20MBytes/s 1.0 25% 600ms| 10.00% | 200ms
AF11 | 5MBytes/s 2.0 10% 300ms| 0.05% | 100ms
AF21 | 5MBytes/s 2.5 10% 200ms| 0.02% | 50ms

EF | 5MBytes/s 4.0 5% 100ms| 0.01% | 10ms

Table8.1: The DiffServclasssettingsof the network quality example

Results

As expected the costrequiremenpf eachvideo streamdependson its genre. Streamshaving high
requirementsieedmorebandwidththanstreamdaving lowerones.As it is shavn, streamof higher
framerate have got a smallerbuffering gain dueto the greateramountof 'zero-sized’frames. For
MP3, high scalabilitygainscanbe noticedfor utilizationsbelov 75%, dueto its utilization of 95%
for only 40% bandwidth.As expected puffering is not affectedby lower utilizations,sincethe frame
ratefor MP3 remainsconstant.

8.2 Bandwidth and QoSManagementFunctionality

8.2.1 A Network Quality ChangeExample

This simulationdemonstratethe bandwidthmanages behaior on change®f the network’s quality
of serviceandthe SLA's bandwidthsettingsby a comprehensie example.Only oneMPEG-1video
hasbeenused:“FormulaOneRaceé, at a maximumtransferdelay of 375msfor a durationof 180
seconds. The usedDiffServ classsettingsare shavn in table 8.1. Scalability is not usedin this
simulation,the utilization will alwaysbe 100%.First, the simulationhasbeencomputedvithoutany
changesNext, somequality change$ave beenapplied:

e From30sto 60s:
TheavailableEF bandwidthhasbeensetto 0.
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Real Cost Statistics for Stream #1 (S1): Formula One Race - MPEG-| Video Trace Real Cost Statistics for Stream #1 (S1): Formula One Race - MPEG-I Video Trace
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Figure8.32: Total costcomparisiorwithout (left) andwith (right) network quality changes

e From75sto 105s:
Thetransferdelayof AF11 hasbeenimprovedfrom 300msto 75ms.

e From120sto 150s:
Thelossrateof AF21 hasbeenchangedrom 0.02%to 10%.

Figure8.32shavsthecost(total andfor eachlayer)of simulation#1 (left side)andsimulation#2
(right side). The comparisionof the layerto DiffServclassmappingdor layer#1 (I-frames)canbe
foundin figure 8.33. Hereandin the following figures,eachDiffServ classs bandwidthresenation
for the correspondindayeris shavn. The quality changeintervals describedaborve are marked by
linesandarrans. Again, theresultof simulation#1 canbefoundon theleft sideandsimulation#2’s
resulton theright side. As expected AF21 bandwidthis usedinsteadof EF from 30sto 60s. Since
its transferdelayis higher the buffer delayis lower. Therefore the total bandwidthrequiremenis
significantlyincreasedA largepeakcanbefoundatabouts5s(seeright sideof figure 8.33),resulting
in an aboutnearlydoubledbandwidthrequirement.But dueto the lower costfactorof AF21 (2.5)
comparedo EF (4.0), the costis only about10% higher (comparelayer #1 in figure 8.32). The
transferdelay improvementof AF11 from 300msto 75ms(see75sto 105sin figure 8.33) causes
layer#1 to be mappedrom EF to AF11, sinceits costfactoris only 2.0 comparedo 4.0 of EF. Due
to its smalltransferdelayof 75ms,the buffer delaycanbeincreasedsesultingin anabout10%lower
bandwidthrequirement But dueto the quite low costof this class,thereis a hugecostreductionof
about60% (compardayer#1in figure 8.32). An effect of theincreasedossrateof AF21 from 120s
to 150scanonly be viewed for the smallinterval from 140sto 142s,wherelayer #1 usesAF21 in
simulation#1 (seeleft sideof figure 8.33). Insteadof AF21, EF is usedhere(seeright sideof figure
8.33), resultingin a slightly lower bandwidthrequirementdueto a higherbuffer delayat a slightly
highercost(seelayer#1in figure8.32).

In figure 8.34,theresultsfor layer#2 (P-frames)are presentedThis layeris not affectedby the
removal of EF bandwidth(30sto 60s)andtheincreasedAF21 lossrate(120sto 150s),sinceit uses
AF11 mostof thetime. ThefastAF11 bandwidthfrom 75sto 105sresultsin a significantbandwidth
andcostgainof about25% (compardayer#2in figure 8.32).

Finally, figure 8.35 presentghe mappingsof layer #3 (I-frames). Sincethis layer’s usualclass
is AF21, thereare no effectsintroducedby the removal of EF bandwidthfrom 30sto 60s. During
acceleratiorof AF11from 75sto 105s,AF11is usedinsteadof AF21,implying decreasetiandwidth
(sinceit is faster)andcost(sinceit is cheapertoo) requirements.The increasedossrate of AF21
malkesthis classunusablgrom 120sto 150s,resultingin usageof AF11 anda significantly higher
bandwidthrequiremenbf about25% (seefigure 8.35),dueto the lower buffer delay But becaus®f
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Figure8.33: DiffServclassfor layer#1 (I) for both network quality simulations
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Figure8.35: DiffServclassfor layer#3 (B) for bothnetwork quality simulations
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| Class| Bandwidth | Costfactor| Variability | Delay | Lossrate| Jitter |

BE 2 MBytes/s 1.0 25% 600ms | 10.00% | 200ms
AF11| 1MBytes/s 2.0 10% 300ms| 2.00% | 100ms
AF21| 1MBytes/s 2.35 10% 260ms| 1.00% | 80ms
AF31 | 0,75MBytes/s 2.65 10% 230ms| 0.75% | 65ms
AF41 | 0,75MBytes/s 3.0 10% 200ms| 0.25% | 50ms

EF | 0.5MBytes/s 4.0 5% 100ms| 0.05% | 10ms

Table8.2: The DiffServclasssettingsof the priority example

| Stream| Media | Type | Streampriority || Sim.#1 | Sim. #2 |

| Sessior#1, Priority 0 |
#1 | Talk MPEG-1 0 96.2% | 74.6%
#2 | GoWest MP3 -100 96.6% | 51.8%
#3 Bornto beWild MP3 0 95.9% | 72.3%
#4 Hellraiser MP3 100 95.0% | 99.3%

Session#2, Priority 100

#1 | SuperBowl MPEG-1 0 71.1% | 91.3%
#2 SanFrancisco MP3 0 70.3% | 90.7%
#3 Die glorreichenSieben| MP3 0 69,6% | 90.9%
#4 SevenTears MP3 0 68.6% | 89.6%

Table8.3: The sessiorandstreampriority examplescenaridnclusive resultingutilizations

AF11’s lower costfactor (2.0 insteadof 2.5 for AF21), the costonly slightly increasedy about2%
(compardayer#3in figure 8.32).

Results

The systems behaior on change®f the network quality is asexpected:Layersaremappedo other
DiffServ classedo keepsatisfyingtheir given QoSrequirements Further the cost-optimizatioral-
waysusesthe mostcost-eficient class,reducingthe systems total cost. As it is shawvn, it is tried to
keepthe additionalcostaslow aspossible.

8.2.2 A Sessiomand StreamPriority Example

The intentionof this simulationis to shawv the systems behaior on differentsettingsof sessiorand
streampriorities. Its scenarids shown in table8.3 andconsistf two sessionseachcontainingone
MPEG-1videoandthreeMP3 audiostreamsThesimulationdurationis 180s,the maximumtransfer
delayis 400msfor the videosand100msfor the MP3 streams.The usedDiffServ classsettingsare
shawvn in table8.2. For the fairnessconstantsthe settingSwsessionsimess = 0 (Sessiorfairness see
section6.3) andwraimess = 1 (Streamfairness seesection6.2.4) are used. Therefore the resulting
bandwidthdistribution is utility-f air within sessionshut it maximizesthe systemutilization globally.
Thesesettingsseemto be usefulin mostcasessinceusersgetfair sharingwithin their sessionand
the provider cansere asmary customersspossiblewith a high-qualitytransmission.
First,thesimulationhasbeencomputedisingpriority O for all streamsandsessionsTheresulting
averageutilization of eachstreamcanbe foundin the“Sim. #1” row of table8.3. The sportsvideo
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“SupeBowl’ of sessio#2 hasgotasignificantlyhigherbandwidthrequirementcomparedo thetalk
shaow video“Talk” of sessior#l (seetableA.1 for tracestatistics). Therefore the unfair bandwidth
distribution for sessionsesultsin about96% averageutilization for thefirst, but only about70%for
thesecondsessionBut within eachsessionthedistributionis utility-f air. Thisis provenby the quite
similar utilizationsin table8.3.

Now, the simulationhasbeenrepeatedisingthe priority valuesgivenin table8.3. Theresulting
averageutilizations are shovn in the “Sim. #2” row of the table. Due to sessior#2’s priority of
100,the“SuperBowl’ video hasgot an averageutilization of 91.3%now. The MP3 streamf this
sessiorhave alsoincreasedheir averageutilizationsto aboutthe samelevel. Sessior#1’s bandwidth
is decreasedimplying a decrease@verageutilization. But sincethe priority of the MP3 stream
“Hellraiser’ hasbeenincreasedo 100, it now hasgot 99.3% utilization. On the other side, the
reductionof the“GoWest MP3 streams priority to -100decreaseds averageutilizationto 51.8%.

Results

The sessiorandstreampriority systemworks asexpected. The distribution is fair within a session
to provide the samequality to inhomogeneoustreamdor the sameuser Globally, the systemmax-

imizesthe averageutilization of the completescenarioto provide bestpossiblequality to asmary

usersaspossible.

8.3 A SystemLoad Scenario

The intention of this simulationis to demonstratehe systems buffering, layering and scalability
behaior usinga comprehensie exampleof arealisticandlarge scenarioconsistingof seneralhet-

erogeneoumediastreamdhaving differentmaximumtransferdelays. Table 8.4 shavs the scenario.
It containsseveral movies, actionandsportvideosbut only onetalk shov andonenews video. This

seemdo berealisticfor avideoandaudioon demandservice. The maximumtransferdelaysareset
accordinglyto the streams’bandwidthrequirementsLarge streamsget higherdelaysthansmaller
ones,sinceit may be assumedhatuserstry to reducetheir cost. For example,receving full-quality

MPEG-2streamsaving a maximumtransferdelayof 1000msat %th of thecostcomparedo 100ms.
TheDiffServclasssettingsdrom table7.6 areusedagainto provide usageof theoptimalclass.Dueto

theusageof abandwidthbroker (see[Sel01]for details),inefficient SLAs canbe minimized. There-
fore, suchanassumptions realistic. Five simulationshave beencomputedor the givenscenario:

1. No buffering, lowestpossibletransferdelay no weightedremappingntervals,no layering:
All streamshave got a maximumtransferdelaylimit of 100ms. Therefore,only EF without
buffering is usable.The unweightedemappingnternalsareused.Maximum utilization is not
limited (100%).

2. Bufferingenabled:
Like simulation#1, but usingthe maximumtransferdelaysettingsasshavn in table8.4. Now,
the AF classesand BE (for MPEG-2 enhancementiyersonly) are usable,too. But layered
transmissions still disabled:All layersof a streamhave to usethe sameDiffServclass!

3. Layeredtransmissiorenabled:
Additionally, differentlayersmayusedifferentDiffServclasses.

4. Weightedremappingntenals:
Further theweightedremappingntervalsareused.



8.3. ASYSTEMLOAD SCENARIO

| Stream| Priority | Media | Mediatype | Transferdelay |

| Session#1, Priority O |
#1 -100 Talk MPEG-2 1,000ms
#2 -50 TheSilenceof theLambs| MPEG-1 350ms
#3 0 Music MPEG-2 1,000ms
#4 50 GoWest MP3 300ms
#5 -50 Bornto beWild MP3 250ms

| Sessior#2, Priority 100 |
#1 0 Hellraiser MP3 350ms
#2 0 ChristmasTime.... MP3 300ms
#3 100 Siggfried-1dyll MP3 200ms
#4 50 StarWars H.263 300ms

| Sessio#3, Priority 0 |
#1 -100 | TheSilenceof theLambs| MPEG-1 350ms
#2 -100 Hellraiser MP3 450ms
#3 100 GoodbyeBoraBora MP3 350ms

| Sessior#4, Priority -50 |
#1 0 Jamesond MPEG-2 900ms
#2 100 Terminatorll MPEG-1 350ms
#3 0 Mr. Bean H.263 300ms

| Sessio#5, Priority 0 |
#1 0 Asterix MPEG-1 350ms
#2 0 Simpsons MPEG-1 350ms
#3 -100 News MPEG-2 1,000ms
#4 100 SpeedyGonzales MP3 500ms

| Sessior#6, Priority 100 |
#1 0 JurassidPark H.263 300ms
#2 50 Die Firma H.263 300ms
#3 0 FormulaOneRace MPEG-2 1,000ms
#4 100 SuperBowl MPEG-2 1,000ms
#5 100 SevenTears MP3 150ms

Table8.4: Thesystemloadscenario

‘ Sim. ‘ Bandwidth*Time [Bytes] ‘

$

Cost*Time [Bytes*$] ‘ Avg. costfactor[v

texs

#1 17,493,311,686 69,973,246,704 4.00000
#2 | 4,151,937,309-75.3%) | 12,805,231,022-81.7%) | 3.08416(-22.9%)
#3 | 5,043,42533%71.2%) | 7,374,236,772-89.5%) | 1.46215(-63.4%)
#4 | 4,961,449,479-71.7%) | 7,124,407,931-89.8%) | 1.43595(-64.1%)
#5 | 2,100,218,331-88.0%) | 3,820,986,67%-94.5%) | 1.81933(-54.5%)

Table8.5: Systemloadresults
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5. Maximumutilization limit of 75%:
Only resource/utilizatiorpoints having an utilization of lessor equal 75% are usedfor the
bandwidthremapping.

Figure8.36shovs bandwidth(left side)andcost(right side)of thefirst simulation.Costreduction
(left side) and bandwidthreduction(right side)in percentfor simulation#2 to #5 canbe foundin
figure 8.37. Table 8.5 shows the total resened bandwidthand costandthe averagecostfactor for
eachsimulationfor bettercomparision.The valueswithin bracletspresenthe differencecompared
to simulation#1in percent.

As it is shawn, the enabledbuffering andthe usageof all available classesalreadyreducegshe
bandwidthrequiremenbf this exampleby 75.3%andthe costby 81.7%. Allowing anown DiffServ
classfor eachlayerin simulation#3 givesanadditionalcostreductionof 7.8%. As it is shovn by the
averagecostfactor muchmoreBE bandwidthis usedhereby theenhancemenayersof the MPEG-2
streamq1.46215 thatis muchlower thanthe costfactorof the cheapesteseredclassAF11: 2.0).
Ontheotherside,the bandwidthis slightly increasedy about4.1%,dueto the lower buffering gain
usingcheaperlassegor somelayers.

Sincethis scenaricconsumesnostof the availablebandwidthby large MPEG-2streamg6 times
largerthanMPEG-1,seesection7.1), the weightedremappingnterval calculations gain of simula-
tion #4 is only very small: 0.3%. The MPEG-2streamshave got a high maximumtransferdelayfor
thereasongxplainedabove. Sinceall layersmapto cheapclassegusuallyAF for thebasdayersand
BE for theenhancemerayers),weightingdoesnotresultin asignificantgainhere.This corresponds
to the MPEG-2simulationresultsof section8.1.3.

Finally, the maximumutilization limitation of 75% resultsin a bandwidthreductionby 88.0%
anda costreductionby 94.5%at an averageutilization of 69.29¢. This meansthat by accepting
maximumtransferdelaysof up to 1000msasgivenin table 8.4 anda utilization reductionto about
70%,thesamescenarianaybetransportedhearly 20timesto reachthe samecostasfor using100ms
transferdelayand100%utilization!

Results

As it is shavn, the buffering, layering, weighting and scalability simulationsof section8.1.3and
section8.1.4arealsousefulfor arealisticscenariaf inhomogeneoustreamsThedevelopedsystem
worksasexpectedandprovidesanexcellentcostandbandwidthgain.

8.4 Completeand Partial Remappings

This simulationexamineshe effectsof differentpartialremappingconfigurationsIf sufiicientband-
width is availablefor all streamsf a scenariothereis no differenceof quality, costandbandwidth
betweencompleteremappingsndpartialremappingsin this case the partial remappingwould al-

ways selectthe 100% utilized resource/utilizatiorpoint. This is the sameasa completeremapping
finally would do. But if bandwidthis scarce partial remappingsmay introduceinefficiengy, since
they only take carefor keepingtheinvoking streams utilization level, but not for bandwidthdistribu-

tion amongotherstreamgseesection6.4.2for details). ThereforetheDiffServclasssettingsof table
8.6 areusedto reachthe desiredeffect for the usedscenario.The scenaricof systemload simulation
#4 (no utilization limit) of section8.3 hasbeenreused(seetable 8.4 for the scenario) becausen

evaluationis only possiblefor a specificscenarioThe settingsfor maximumtime betweertwo com-
plete remappingsand bandwidthfraction to be resened exclusively for partial remappingqagain,

1Only resource/utilizatiopointshaving utilization lessor equal 75%areused.If thereis no point availableat exactly
75%,the averageutilization will bebelov 75%.
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8.4. COMPLETEAND PARTIAL REMAPPINGS
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Figure8.36: Total resened bandwidthandcostof thefirst systemloadsimulation
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Figure8.38: Averagecostandbandwidthfor differentmaximumcompleteremappingntenval settings
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| Class| Bandwidth | Costfactor | Variability | Delay | Lossrate| Jitter |

BE | 4 MBytes/s 1.0 25% 600ms | 10.00% | 200ms
AF11 | 8 MBytes/s 2.0 10% 300ms| 2.00% | 100ms
AF21 | 7 MBytes/s 2.35 10% 260ms| 1.00% | 80ms
AF31 | 6 MBytes/s 2.65 10% 230ms| 0.75% | 65ms
AF41 | 5 MBytes/s 3.0 10% 200ms| 0.25% | 50ms

EF | 3MBytes/s 4.0 5% 100ms| 0.05% | 10ms

Table8.6: Classsettingsfor the partialremappingsimulations

seesection6.4.2for detailedexplainations)arestronglydependentn the scenario For example,the

maximumtime betweertwo completeremappingsnaybehigherandtheresenedbandwidthfraction

lowerfor scenariogontainingonly streamf low bandwidthvarianceor evenCBR) andvice versa.
Simulationsfor every of thefollowing settingshave beencomputed:

e Maximumtimesbetweenwo completeremappings0 to 10,000msn stepsof 1000ms.Here,
Omsmeansalwaysusingcompleteandthereforeno partialremappings.

e Bandwidthfractionsresenedfor partialremappings2.5%,5.0%,7.5%and10.0%.

The resultingaveragebandwidthand costare plottedin figure 8.38,the averageutilizationscanbe
foundin figure8.39. Figure8.40shavsthetotalamountof completgqleft side)andpartialremappings
(right side)for every setting.As shovn ontheleft side,theamountof completeremappinggor 120s
simulationtime is reducedto lessthan 10% by the usageof partial remappings.But as expected,
partial remappingsusuallyincreasecostand bandwidthrequirementgseefigure 8.38). The reason
for thesefactsis the simplified bandwidthremapping,basedonly on the utilization of the stream
which requiresremapping(seesection6.4.2for details). Therefore,more bandwidthmay be given
to a streamwith increasingrequirementsin this situation,a completeremappingwould, assuming
bandwidthis scarce possiblydecreaséhe streams utilization. This is proven by figure 8.39: The
averageutilization is higherwhenpartialremappingsareused.

Furtherthebandwidthandcostincrements higherfor alowerresenedbandwidthfraction: Since
bandwidthis scarcedueto thebandwidthsettingsof table8.6, mostcheapghandwidthhasalreadybeen
allocatedduring completeremappings.Therefore,only the resered amountof cheapbandwidthis
still available. Therefore smallerresenationscausehighercost.

Comparingcostandbandwidthfor differentmaximumtimesbetweerntwo completeremappings,
decreasingostandbandwidthrequirementganbe noticed(seefigure 8.38). Obviously, inefficient
allocationsarecompensatetly efficientonesdueto averagingoverlongerintervals. But further, also
theaverageutilizationis decrease(seefigure 8.39).

Results

Partial remappingsave alargeamountof completeremappingdut mayincreasecostandbandwidth
requirementgo increasethe systems total utilization. Thesevariationsare strongly dependenbn
the scenaricandthe both settingsfor partialremappingsThe maximumtime betweenwo complete
remapping&ndthe bandwidthfractionexclusively reseredfor partialremappingsThesegparameters
have to be adaptedby a systemadministratorto achieze a good compromisebetweenremapping
efficiency, additionalcostandbandwidthrequirementsindthe overall usersatisaction.
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| Stream| Session| Media | Type | Transferdelay|
#1 #1 TheSilenceof theLambs| MPEG-2 1000ms
#2 #2 Talk MPEG-1 1000ms
#3 #3 Bornto be Wild MP3 1000ms
#4 #4 ARD News H.263 1000ms

Table8.7: Therealnetwork scenario

| Delaytolerancgms] | 0 | 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 |
Measuremenset#1 | 386 | 275 | 126 | 46 | 39 | 23 | 20 | 13 | 14 | 10 | 11
Measuremenset#2 | 391 274 | 120 | 47 36 24 19 15 11 17 11

| Average | 388} |274L [ 123 | 46] [ 375 | 237 [19) | 14 [12] |13} | 11 |
| Averageperminute | 1941 | 137: [ 612 [ 231 [ 18 [ 113 | ol | 7 [ 6 | 62 | 5L |
| Gyeenies | 1143|807 [362] 137|110/ 0.69| 0.57] 0.41] 0.37] 0.40] 0.32]

LayersMinutes

Table8.8: Total numberof buffer flushesfor differentsystemdelaytolerances

8.5 Measurementson a Real Transport Scenario

As the simulationresultsof the previous sectionsshav, the completesystemworks quite well. But
usingarealsystemjnaccurag is introducedy processchedulingasexplainedin section7.3: Trans-
missionamaybestartedooearlyor too late,causingoverflows of theleaky bucketbuffers. Therefore,
it is necessaryo checkwhich systemdelaytolerancgseesection6.2.2for details,especiallyfformula
6.2) is necessaryo provide a reliable service,thatis having a low numberof buffer flushes. Fur
ther, somedurationmeasurement®r the streamdescriptioninitializations (seesection6.2) andthe
completeremappinggseesection6.4.1)arenecessaryo shav the systemsreal-timeusability.

Thesystemis configuredasexplainedin section7.3,seealsofigure 7.4 for thescenarioAn UDP
sendetransmitsbackgroundraffic via BE from amstelto gaffel ata constantateof 375,000Bytes/s
(3 MBit/s). The available bandwidthfor the tracesener is setto 1,000,000Bytes/s(8 MBiIt/s) for
BE, 1,250,000Bytes/s(10 MBit/s) for eachof both AF classesand625,000Bytes/s(5 MBIt/s) for
EF. Therefore BE would be overloadedby 10%in caseof full usage.Table8.7 showns the scenario,
it containsonestreamof eachexaminedtype. Eachstreamhasgotits own sessionall prioritiesare
setto zero. The maximumtransferdelayis setto 1000msto ensurea high buffer usage.

A measuremenrgetfor all systemdelaytolerancedrom Oms(none)to 100msin stepsof 10ms
hasbeenrun. Eachof the single measurementsasgot a durationof 120 seconds.To ensure that
the resultsare not affected by other running processesike CPU- and I/O-intensie cron jobs, the
completemeasuremergethasbeenrepeatedometime later. For comparisiona simulationis done
to find outthenumberof 'allowed’ buffer flushescausedy the speedadjustmentpproachat quality
changessexplainedin section7.3.

Table 8.8 shaws the total numberof buffer flushesfor both sets. A plot of theseresultscanbe
foundin figure 8.41. Further table 8.8 also shaws the averageof both measurementshe average
buffer flushesperminute(total playtime: 120s)andpertransporiayerandminute. Thereis atotal of
17layershere:9 for MPEG-2,3 for MPEG-1,4 for H.263and1 for MP3 (seesectiord.2for detalils).
As it is shovn, bothmeasurementsnly differ by asmallinaccurag, exceptfor anoutlier at 90msfor
set#2. The numberof "allowed’ buffer flushes(seesection7.3) in the simulationis 6, thereforean
averageof 3 perminuteand0.18perminuteandlayer. Note,thatthetable’s valuesalsoincorporate
theseallowed’ flushes!

As expected the numberof buffer flushesis extremelyhigh for no systemdelaytolerance.This
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Buffer Flush Count Statistics
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Figure8.41: Total numberof buffer flushesfor differentsystemdelaytolerances

| Mediatype | Averageduration|

MPEG-1 6 ms
MPEG-2 16 ms-18ms
H.263 6ms-8ms

MP3 1ms

Table8.9: Averagedurationsof streamdescriptioninitializations

numberdecreaseashigherthetolerances set- by about90%for 40msandmorethan95%for 70ms.
As aresult,systemdelaytolerancedetweerbOmsand 70msseemto berealisticvaluesfor the used
INTEL-basedLINUX system]eadingto aboutonebuffer flushperlayerwithin two minutes(inclusive
'allowed’ ones!). For applicationdik e video and audioon demandhis delaytoleranceis realistic
andacceptable.As the simulationsin section8.1.3shaw, no significantreductionof the buffering
gainis introducedfor maximumtransferdelayrequirement®f morethanabout600ms(someavhat
more for MPEG-2). But if very low delaytolerancesare really neededthis could be achieved by
portingthe systemto areal-timeoperatingsystemike RTLINUX (see[RTLinux]). In thiscaseyery
strict schedulindimits canbe specifiedJeadingto expecteddelaytolerance®f aboutlms.

Finally, table8.9 shonsthe averagedurationsof streamdescriptionnitializationsasexplainedin
section6.1. Thatis, translatingthe payloadbandwidthgo raw ones finding out all possibleDiffServ
classesandbuffer delaysfor eachlayer, calculatingbandwidthandcostrequirementgor eachlayer
andpossibleDiffServ class,sortingthe choicesby costandeliminatinginefficient resource/utilizat-
ion points. Sucha streamdescriptioninitilization is always necessaryf the mediareachesa new
resource/utilizatiorist. Sincethis is independenbf all other streamsthesecalculationsare done
assoonas possibleand not just during the completeremapping(seesection6.5). Therefore,they
distributehomogeneouslgverthecompleteplaytime.As it is shavn in table8.9,theresultsarequite
acceptabldor areal-timesystem.The resultingaveragedurationof a completeremappings about
6.5msto 7.5msfor the scenarios four streamswhichis quite efficient.

Results

As it is shawvn, the usedINTEL-basedLINUX systemproducesquite acceptableesultsfor system
delaytoleranceof about50msto 70ms. Therefore the simulationresultsof the previous sections
canbeadaptedo thereal systemby addingthis smallsystemdelaytolerance Further the durations
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of streandescriptionnitializationsandcompleteremappingsrequitelow andprovide efficientreal-
time usageof the system.

8.6 Summary

Thegoalof this chaptermasbeenthe evaluationof the systemby simulationsandreal network mea-
surementsThefirst partof thesimulationshasexaminedbuffering, theweightedremappingntervals,

layeredtransmissiorandscalability This hasbegunwith two comprehensie exampledor theeffects
of buffering andthe usageof weightedremappingntervals. Then,buffering, theweightedremapping
intervals andlayeredtransmissiorhave beenexaminedfor a large setof tracesanda wide rangeof

maximumtransferdelaylimits. This hasleadedo thefollowing results:

e Thecostoptimizationworks asexpected: The systemalwaysusesto mostcost-eficient Diff-
Servclass.

¢ Bufferingresultsin ahugecostandbandwidthgain,evenfor smallbuffer delays.

¢ Weightedremappingnterval calculationcauseghe choiceof remappingntervalsto be more
affectedby 'expensve’ layers: Especiallywhenexpensve DiffServclassesreused thereis a
significantcostgainnoticable.

e Layeredtransmissiorreducescostby the ability of usingcheapeDiffServ classedor layers
having lower QoSrequirementsEspeciallyfor large QoSdifferencegseeMPEG-2),this cost
gaincanbehuge.

Next, the effects of scalability have beenexaminedusing differentutilization limits from 25% to
100%with thefollowing results:

e Streamof low framerateand/orframesizerequirementsieeda smalleramountof bandwidth
whenscaled.

e Framerate scalingreducesthe buffering ability dueto smallerframe’gaps’. Therefore,the
highertheframerate,the higherthe buffering gain.

e MP3 doesnot useframerate scalability This resultsin no reductionof the buffering ability
whenscaled.

The secondpart of the simulationsfirst hasexaminedthe systems$ behaior on changesf the net-
work’s quality of service.As it hasbeenshavn, the systemworksasexpectedandadaptghelayerto
DiffServclassmappingsasnecessario fit thegivenQoSrequirementskFurther thecostoptimization
triesto keepthe additionalcostaslow aspossible. The next simulationhasshavn the behaior of
the priority systemfor a utility-f air distribution within sessionsnda utilization-maximizingglobal
mapping.

Finally, the last part of the simulationshasexaminedthe systems behaior on a large, realistic
video/audioon demandscenarioof inhomogeneoustreams.As it hasbeenshavn, the systemalso
workswell for suchscenariosFurther the effectsof usingpartialremappinggo reducethe amount
of completeremappingdor saving CPU power have beenexaminedon the scenaricabove. As it has
beenshawvn, thisamountcanbe highly decreasedBut the effectson cost,bandwidthandutilization
arestronglydependenbnthescenariandthetwo partialremappingparametersThe maximumtime
betweentwo completeremappingsandthe bandwidthfractionto be exclusively resened for partial
remappings.Theseparameterdiave to be tunedby a systemadministratorfor a certainsystemto
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achieze agoodcompromisebetweernthe reductionof completeremappingsndcost,bandwidthand
utilization.

The chapterhasclosedwith somemeasurementsn areal DiffServnetwork scenariado examine
systemdelaytolerancesnddurations.Theresultshave shavn, thattolerance®f about50msto 70ms
for theusedLINUX systemaresufficient. Therefore the simulationresultscanbe adaptedo areal
system.Further the measuremerdf durationsfor the streamdescriptioninitializationsandcomplete
remapping$asshovn the systems real-timeusability.
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Chapter 9

Conclusions

he designjmplementatiorandevaluationof anefficient solutionto managdayeredandscalable
variablebitrate multimediastreamsn the CORAL project,basedon a priori analyzationof the
medias hasbeenthe globalgoal of this work.

Designand Implementation

First, thea priori analyzatiorof multimediastreamshasbeendeveloped,consistingof two steps:

1. The a priori remappinginterval calculationalgorithm of section2.4 has beenextendedto
supportlayeredtransmissiorusing an own D-BIND traffic descriptionfor eachlayer and a
weightedsumfor the total cost. This weighting hasimproved the costfunction to be more
affectedby bandwidthrequirementhangeof more expensve layers,resultingin more cost-
efficientbandwidthremappingsFurther scalabilitysupporthasbeenadded.

2. An efficient algorithmfor the calculationof the so called resource/utilizatiorists hasbeen
developed. It generates homogeneouslistribution of the points over the whole utilization
rangefrom 0% to 100%.

Next, the online bandwidthmanagementor multimediastreamsof differentmediatypeshasbeen
developedby extendinga QoS optimizationalgorithm (ASRMD1, seesection2.5.4). Theresulting
algorithm’s propertiesare:

e Usageof several DiffServclassesnsteadof only oneresourcg= bandwidth),

cost-optimizedusageof buffering,

supportfor sessiondy the usageof socalledresource/utilizatiomultipoints,

independentlyonfigurableairnesdor streamsandsessionand

prioritiesfor streamsandsessions.

Evaluation

To evalutethe implementedsystem simulationsand measurementsave beenmade. Thesesimula-
tions have shown thatthe systemworks asexpectedandprovidesa costefficient transmissiorfor a
priori analyzedyariablebitratemultimediastreamd$y the usageof cost-optimizeduffering, layered
transmissiorand weightedremappingintenals. Further dueto the usageof utility functions,it is

possibleto evaluatethe effectsof bandwidthchangego the usersatishction. Thereforeijt is possible
to provide utility-f air sharingandthe maximizationof theglobalutilization. Sinceglobalfairnessand

119
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fairnesswithin sessionsreindependentlyconfigurablejt is possibleto provide utility-f air sharing
for streamswithin a sessior(desiredby the user e.g. 50% utilization for a video andits audio),but
to maximizethe systemutilization globally (desiredoy the provider, e.g.only give 10%utilizationto
alargevideosessiorand100%to 20 smallaudiosessionsinsteadof e.g.20%to all). To emphasize
differentimportance®f somesession®r streamsprioritiescanbe givenfor both.

Finally, it hasbeenshaowvn, thatthesimulations’resultsmayalsobeappliedto arealLINUX-based
network scenarioof INTEL-basedPCsby allowing a smallsystemdelaytoleranceof 50msto 70ms.
Althoughthis preventsthesystenfrom usagdor extremelylow transferdelayrequirementst should
be sufiicientfor mostaudio/videcon demandpurposesin this casejt maybeassumedhattheusers
acceptsometransferdelay sincebuffering highly reducegheir cost. Section8.1.3hasshown, that
e.g.full-quality MPEG-2streamshaving a maximumtransferdelayof 1000mscanbetransmittecht
%th of the costcomparedo 100mstransferdelay

Further Examinations and Ideas

Thereare several issueswhich could not be discussedn this work but which shouldbe examined
morecloselyin thefuture:

e At themomentthebandwidthbroker (seesection3.1)is still underdevelopmentsee[Sel01]).
Therefore,no measurementsave beenpossible. It would be interestingto examinethe effi-
cieng of ascenarioof severalsenershaving their SLAs managedy the bandwidthbroker.

e Further moreexaminationsof the partialremappingconfigurationarenecessaryin this work,
only constansettingsareused.lt maybeassumedhatadynamicadaptiomrmayhighly improve
its efficiengy. Thisresultsin the challengeo developanalgorithmfor this adaption.

e Next, moretestsof differentfairnessconfigurationsanbe made. This especiallyincludesthe
fairnesssettingsbetween’utility-f airnessandsystemutilization maximization.

e An additionalcostandbandwidthreductionis assumedby the adaptve choiceof layerweights
during the remappinginterval calculation. Adapting theseweightsto the currentposition’s
traffic behavior will probablyresultin betterremappingntervalsthanusingconstantdor the
whole stream Especially this seemdo be effective for H.263,whereno constantGoPis used.

e The simulationsdescribedn this work only concernthe bandwidthmanagement.Network
quality is only introducedby constantsettings.Therefore it would be very interestingto do a
simulationof the completesystemin alarge DiffServnetwork scenariousingfor examplethe
network simulatorns2

o If extremelylow transferdelayrequirementarenecessarythe delaytolerance®f the LINUX-
basedmplementatiormaybetoo high. In this case portingthe systemto areal-timeoperating
systemlike RTLINUX (see[RTLinux]) will probablyhighly decreasghis necessargelaytol-
erance.This couldbe examinedmoreclosely

e In[Vey0l], thetransmissiorof variablebitratestreamsvithoutapriori knowledgeis examined.
An efficiengy comparisiorof bothmethoddor thesamescenariovouldthereforebeinteresting.

e Finally, it would beveryinterestingo implementthetransporiof realmediasnsteadof traces.
This would leadto the possibility of using quality metricsfor the utility function calculation
andto do userratingsto evaluatethe clients’ outputs.



Appendix A

Trace Statistics

This appendixcontainghe tracestatisticsasexplainedin section7.1. FSyin, FSuax andFSag denote
the minimum, maximumand averageoriginal framesizefor all layersand By denoteghe global

burstiness.B,, Bp andBg shaw the burstinesf the correspondindrametype only. It is important
to denotehere,thatthe burstinesscalculationalsoincludesframesizesof 0. For example,asshovn

in thelayeringexampleof table4.1,anl-frameis sentevery 12thframe. Sincezero-sizedramesare
importantfor the buffering gain, it is usefulto alsoincludetheminto the calculationof burstiness.

Note,thatsincetheenhancemenayersof the MPEG-2tracesarearesultof the multiplicationby
aconstanfactor(seesection7.1),their burstinesss the sameasfor the basdayer.

Futher it is importantto explain somevaluesfor the H.263tracesof table A.3: Sincethetraces
containonly one,two or evenno (se€* ARDTalk”) I-framesfor thereasonslescribedn section2.6.3,
the calculatedl-burstinessis extremely high. The only exceptionis “Sendungnit der Maus IP”,
which usesthe constaniGoP“IPIP ... ”. Further sinceit is usuallymostefficient to usePB-frames
(seesection2.6.3for details),no B-framesareusedin ary trace.

‘ Name H Genre ‘ N25 H FSvin ‘ FSviax ‘ FSAvg ‘ Brotal H B ‘ Bp ‘ Bs ‘
Asterix Cartoon| 530 | 304 | 147376| 20522| 7.18 || 26.3| 18.2| 10.1
Jame®ond Movie | 443 | 1912 | 168608| 22229| 7.58 || 26.2| 15.7| 8.3
Lambs Movie | 306 | 304 | 134224| 7530 | 17.82| 41.1| 45.9| 23.6
Mr. Bean Comedy| 297 || 1760 | 229072| 16490| 13.89| 22.6| 26.8| 37.1
MTV Music | 620 | 816 | 229200| 25733| 8.90 || 33.0| 22.3| 114
News News | 366 | 1760 | 194416| 19929| 7.76 || 27.8| 22.4| 12.8
Formulal Sports | 549 || 4192 | 186048| 30867| 6.03 || 28.0| 16.0| 6.4
Simpsons Cartoon| 563 || 336 | 148496| 19204| 7.73 || 23.8| 24.6| 10.1
SuperBowl Sports | 494 || 312 | 140840| 23279| 6.05 || 25.1| 13.9| 104
Talk Talk | 304 | 2728 | 106768| 14274| 7.48 || 19.9| 19.5| 6.8
Terminatorll || Action | 390| 320 | 79560 | 11168| 7.12 || 25.6| 16.9| 9.2

| | Total | BaselLayer |

TableA.1: MPEG-1tracestatistics
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Name H Genre ‘ N25 H FSvin ‘ FSviax ‘ FSAvg ‘ Brotal ‘
Asterix Cartoon| 774 | 1824 | 884256 | 123132| 7.18
Jame$ond Movie | 693 | 11472| 1011648| 133374| 7.58
Lambs Movie | 521| 1824 | 805344 | 45182 | 17.82
Mr. Bean Comedy| 501 || 10560| 1374432| 98941 | 13.89
MTV Music | 837 | 4896 | 1375200| 154399| 8.90
News News | 551 | 10560| 1166496| 119577 7.76
Formulal Sports | 796 | 25152| 1116288| 185200| 6.03
Simpsons Cartoon| 794 || 2016 | 890976 | 115226| 7.73
SuperBowl Sports | 769 | 1872 | 845040 | 139672 6.05
Talk Talk | 543 | 16386| 640608 | 85643 | 7.48
Terminatorll || Action | 737| 1920 | 477360 | 67006 | 7.12
Total |
‘ Name H B, ‘ Bp ‘ Bs H Be, | ‘ Be.p ‘ Be.s H Be,i ‘ Be.p ‘ Be.s ‘
Asterix 26.3| 18.2| 10.1| 26.3| 18.2| 10.1 || 26.3| 18.2| 10.1
JamesBond | 26.2| 15.7| 8.3 || 26.2| 15.7| 8.3 || 26.2| 15.7| 8.3
Lambs 41.1]45.9| 23.6| 41.1| 45.9| 23.6 | 41.1| 45.9| 23.6
Mr. Bean 22.6| 26.8| 37.1| 22.6| 26.8| 37.1|| 22.6| 26.8| 37.1
MTV 33.01 223/ 11.4|33.0/223|11.4| 33.0| 22.3| 114
News 27.8| 22.4|12.8| 27.8| 22.4| 12.8 || 27.8| 22.4| 12.8
Formulal 28.0116.0| 6.4 || 28.0| 16.0| 6.4 | 28.0| 16.0| 6.4
Simpsons 23.8| 24.6| 10.1| 23.8| 24.6| 10.1 || 23.8| 24.6| 10.1
SuperBowl 25.1|113.9| 104 25.1| 13.9| 104 || 25.1| 13.9| 104
Talk 19.9| 19.5| 6.8 | 19.9| 195| 6.8 | 19.9| 195| 6.8
Terminatorll || 25.6| 16.9| 9.2 || 25.6| 16.9| 9.2 || 25.6| 16.9| 9.2
| | Baselayer | Enhacement | Enhancemer? |

TableA.2: MPEG-2tracestatistics



Name | Genre | Length| Source| Ny |

ARD News News | 833s | [BerOQ | 123

ARD Talk Talk 833s | [Ber0(Q | 123

Die Firma Movie | 833s | [BerOQ | 142

Sendungnit derMausIP Cartoon| 55s Bonn | 17

Sendungnit derMausHQ || Cartoon| 160s | Bonn | 31

Sendungnit derMausLQ | Cartoon| 160s | Bonn | 18

Formulal Sports | 833s | [Ber0Q | 337

JurassidPark Movie | 833s | [Ber0Q | 279

Mr. Bean Comedy| 833s | [Ber0(Q | 235

N3 Talk Talk 833s | [Ber0(Q | 201

StarWars Action | 833s | [Ber0( | 106

TagesschatlQ News 83s Bonn | 23

TagesschauQ News 83s Bonn | 14
Name H I:S\/Iin ‘ FS\/Iax ‘ FSAvg ‘ BTotal H BI ‘ BP ‘ BPB ‘ BB ‘
ARD News 54 | 15310| 3445 | 4.44 - 20.8| 5.6
ARD Talk 449 | 9562 | 2299 | 4.16 || 14932| 55.6| 3.9
Die Firma 34 | 9173 | 1453 | 6.31 || 12984| 38.9| 7.4
Sendungnit derMausIP 56 | 18807| 6211 | 3.03 35 | 124| -
SendungnitderMausHQ || 56 | 18807| 2875 | 6.54 || 4680 | 6.5 -
Sendungnit derMausLQ 56 | 7318 | 931 | 7.86 || 4680 | 7.9 -
Formulal 438 | 14114| 3924 | 3.60 || 24990| 7.0 | 6.59
JurassidPark 24 | 18168| 4180 | 4.35 || 24990| 15.3| 5.4
Mr. Bean 54 | 16221| 2995 | 5.41 || 24990| 21.5| 7.0
N3 Talk 68 | 13956| 2267 | 6.16 | 13748| 50.1| 4.7
StarWars 20 | 8989 | 1092 | 8.23 || 24990| 21.1| 10.7
TagesschatlQ 199 | 24416| 3068 | 7.91 | 2490 | 7.9 -
TagesschauQ 75 | 8722 | 746 | 11.70| 2490 | 11.7| -

TableA.3: H.263tracestatistics
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| Name | Length|  Source | Nss | FSuin | FSuax | FSavg | Brotal |
Bornto beWild 211s LAME 24 104 | 1044 | 754 | 1.38
ChristmaslTimels ... 173s LAME 19 104 | 1044 | 656 | 1.59
Die glorreichenSieben|| 340s LAME 42 | 104 | 1044 | 696 | 1.50
DoggyDoggWorld 271s LAME 29 | 104 | 1044 | 671 | 1.56
EattheRich 277s LAME 41 104 | 1044 | 746 | 1.40
Go West 305s LAME 28 104 | 1044 | 697 | 1.50
BoraBora 236s LAME 26 104 | 1044 | 685 | 1.53
Hellraiser 277s LAME 36 104 | 1044 | 681 | 1.53
Iron Fist 170s LAME 24 | 104 | 1044 | 665 | 1.57
It's Christmas.. 153s LAME 17 104 | 1044 | 661 | 1.58
Old Popin anOak 213s LAME 23 104 | 1044 | 690 | 1.51
Positve NRG 172s LAME 17 104 | 1044 | 688 | 1.52
Reincarnation 405s LAME 38 104 | 1044 | 670 | 1.53
RobinHood 353s LAME 46 104 | 1044 | 682 | 1.53
SanFrancisco 178s LAME 27 313 | 1044 | 683 | 1.53
SevenTears 229s | viaNAPSTER | 22 104 | 1044 | 706 | 1.48
Siggfried-Idyll 913s | viaNAPSTER | 89 104 | 835 | 514 | 1.62
SpeedyGonzales 154s LAME 17 | 104 | 1044 | 666 | 1.57
Summeilin the City 161s LAME 19 | 104 | 1044 | 822 | 1.27
Terminator 128s LAME 28 104 | 1044 | 691 | 1.51
Tutti Frutti 121s LAME 16 | 313 | 1044 | 768 | 1.36
WeWishYoua... 76s LAME 7 104 | 1044 | 714 | 1.46
White Christmas 187s LAME 31 313 | 1044 | 696 | 1.50

TableA.4: MP3tracestatistics



Appendix B

Buffering MeasurementResults

This appendixcontainsthe buffering simulationresultsfor eachtraceasexplainedin section8.1.3.
Eachtable shaws the plots for the average(divided by the simulationdurationof 800s)bandwidth,
costor costfactorof simulation#1 in absolutevalues.For bettercomparisiorof simulation#1 with

theresultsof simulation#2 to #4, theseplotsdisplaythedifferenceg(value, — valug ) to simulation#1
in percent!
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Unweightednterval calculation

Weightedinterval calculation
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Unweightednterval calculation

Weightedinterval calculation
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Unweightednterval calculation

Weightedinterval calculation
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Unweightednterval calculation

Weightedinterval calculation
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Weightedinterval calculation
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Weightedinterval calculation
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Appendix C

Scalability MeasurementResults

This appendixcontainsthe scalabilitysimulationresultsfor eachtraceasexplainedin section8.1.4.
The average(divided by the simulationdurationof 800s)cost, bandwidthandcostfactorareshovn
for 100%utilization. For bettercomparisionthefiguresfor 25%,50%and75%utilization limit shav
the cost,bandwidthor costfactorreductioncomparedo the 100%figurein percent.
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Appendix D

Abbrevations Index

4CIF
16CIF
AF
AoD

ASRMD1

ATM
BB

BE
CBR
CD
CDDA
CIF

CORAL

CPU
CSRC
DCT
DFT
DSCP
DiffServ
DVQ
ECM

4x CIF resolution:704x 576 pixels
16x CIF resolution:1408x 1152pixels
AssuredForwarding(seesection2.2.3)
Audio on Demand(seechaper?)

Apporoximationalgorithm#1 for the SRMD problem
(seesection2.5.4and[LS98])

AsynchronoudransferMode
BandwidthBroker (seesection3.1and[Sel01])
BestEffort (seesection2.2.3)
ConstantBBit-Rate

CompactDisc

CompactDisc Digital Audio
Common]ntermediatd=ormat(352x 288 pixels)

COmmunicationProtocolsfor Real-Time Accesgo Digital Libraries
(seesection3.1)

CentralProcessingJnit

Contributing SouRGe (seesection2.1.5)
DiscreteCosineTransformatior{seesection2.6.1)
DiscreteFourier Transformation

DiffServ CodePoint (seesection2.2.3)
DifferentiatedServices(seesection2.2.3)

Digital Video Quality, videoquality metric (seesection2.6.1).

EndpointCongestiorManagemenfseesection3.1and[Kar01])
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EF ExpeditedForwarding(seesection2.2.3)
FDDI Fibre DistributedDatalnterface(see[Tan96])
FTP File TransferProtocol

GoP Groupof Pictures(seesection2.6.1)

H.263 ITU-T Recommendatiohl.263,video standardseesection2.6.3)
HDTV High-Definition TV

HTTP HyperText TransportProtocol

ICMP InternetControlMessagédProtocol(seesection2.1.4)

ICMPv4  InternetControlMessagdProtocol,Version4 (seesection2.1.4andIPv4)
ICMPv6 InternetControlMessagdProtocol,Version6 (seesection2.1.4andIPv6)
IETF InternetEngineeringraskForce,http://www.ietf.org

IntServ  IntegratedServicegseesection2.2.2).

IP InternetProtocol(seesection2.1.2)

IPv4 InternetProtocol,Version4 (seesection2.1.2)

IPv6 InternetProtocol,Version6 (seesection2.1.2)

ITU Internationallelecommunicatiotynion, http://www.itu.int
MP3 MPEG-1/2Layer 3, audiostandardseesection2.6.4)

MPEG Motion PicturesExpertsGroup,video standardseesection2.6.1and2.6.2)
MPQM Moving PicturesQuality Metric, videoquality metric (seesection2.6.1).
MRSD Multiple Resourcesingle QoSDimension(seesection2.5.4)

MRMD Multiple ResourceMultiple QoSDimension(seesection2.5.4)

PHB Per-Hop Behavoir (seesection2.2.3)

RGB RedGreenBlue, color model(seesection2.6.1)

PSNR PeakSignalNoiseRatio,videoquality metric (seesection2.6.1)

RSVP ResourceReSrVation Protocol (seesection2.2.2)

RTCP RTP Control Protocol (seesection2.1.5andRTP)

RTP Real-Time TransportProtocol (seesection2.1.5)
RTT RoundTrip Time (seesection2.1.4and3.1)
RU Resource/Utilizatioriseesection2.5)

SDES SourceDEcription (seesection2.1.5)



SDTV
SLA
SMTP
SSRC
SQCIF
SRSD
SRMD
TCP
TTL
TOS
TV
PEAQ
QCIF
QoS
UDP
UMTS
VBR

VoD

YUV

155

Standard-2finition TV

ServiceLevel Agreemen{seesection2.2.3)

Simple Mail TransportProtocol

SynchronizatiorSouRCe (seesection2.1.5)

#=x CIF resolution:88x 72 pixels

Single ResourceSingle QoSDimension(seesection2.5.4)
Single ResourceMultiple QoSDimension(seesection2.5.4)
TransmissiorControl Protocol (seesection2.1.3)

TimeTo Live,field of IPv4 headel(seesection2.1.2)
Typeof Service field of IPv4 headel(seesection2.1.2)
TeleVision

PerceptuaEvaluationof Audio Quality, audioquality metric (seesection2.6.4)
1% CIF resolution:176x 144 pixels

Quiality of Service(seesection2.2).

UserDatagramProtocol (seesection2.1.3)
UniversalMobile TransmissiorSystem

VariableBit-Rate

Videoon Demand(seechaper2)

World-Wide Web

LuminanceY, ChrominanceJ, V, color model(= YC,C,, seesection2.6.1)
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