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Chapter 1

Intr oduction

Only about12yearsago- in October1988- thenumberof hostsconnectedto theInternetreached
56,000([RFC 2235]). Thecommoncomputerhardwareof this timewasanINTEL 80286-based

PC-compatiblewith 640KBytesRAM anda monochromegraphicscard,20 MByteshard-diskand
a 1200Baudmodem.This wasjust sufficient to useelectronicmail, file transfer, news, Telnetand
Gopher- theWWW wasnoteveninventedin 1988.Multimedia-capablehardwarewasnotaffordable
for mostusersandprobablynobodyexpectedthetremendousworldwidesuccesstheInternetwould
haveduringthenext few years.

But sincethis time, lots of thingshave changed.Powerful andcheapCPUs,2D/3D-accelerated
graphicshardware, high-quality soundcardsand high-speednetworks have becomeavailable at
quite low pricesandthe Internetgrowedto morethan100,000,000hosts(93,047,785in July 2000,
[NW-IDS]). With the availability of powerful hardwareandhigh network bandwidths,thereis an
increaseddemandfor real-timemultimedianetwork applicationslikeaudioondemand(AoD), video
on demand(VoD), InternetradioandTV, multimediaconferences,tele-working andmuchmore. In
thenext few years,thesetechnologieswill causerevolutionarychangesof economicandsocialissues
which will make the Internetoneof themostimportantinventionsin history- if it is not alreadyone
of them.

Basically, the Internetwasdesignedto supposea besteffort servicewhich doesnot give guar-
anteesfor bandwidth,end-to-enddelay, lossrateandjitter (statisticalvarianceof packet interarrival
time). This serviceis sufficient for theelastictraffic (capableof adjustingbandwidthrequirementsto
network congestion)of TCP-basedprotocolslike electronicmail, news, file transferor WWW. For
multimediatraffic - which hasgot tight quality requirementsfor bandwidth,delay, lossrateandjitter
- the besteffort serviceis of courseinsufficient. For example,a delayof somesecondsor a conti-
nouslychangingqualitybecauseof packet lossdueto network congestionarenotacceptablefor video
conferences.Therefore,additionalstepsfor aguaranteedquality of service(QoS)arenecessary.

To achieveQoSguarantees,two approacheshave beendevelopedandrefinedby theInternetEn-
gineeringTaskForce([IETF]): IntegratedServices(IntServ)andDifferentiatedServices(Dif fServ).
Thefirst one- IntServ- providesend-to-endbandwidthreservationson a per-flow basis,introduced
by theResourceReSerVationProtocol(RSVP, [RFC2205]). All routerson thepathfrom thesender
to the receiver have to storeeachflow’s reservation information andhandlethe packets appropri-
ately. Therefore,the moreflows have reservations,the moreCPU power is requiredto managethe
reservations.Thesecondapproach- Dif fServ- fixesthis socalledscalabilityproblemusinga setof
quality of serviceclasses(DiffServclasses)having differentpriorities. The packetsaremappedby
thesenderor arouteratanetwork borderto aDiffServclassby markingthem;theexpensiveper-flow
knowledgeis not necessaryanymore. But sinceDiffServ doesnot provide end-to-endreservation,
QoSmanagementis necessaryhere.Thishasleadedto theCORAL project.

TheCORAL project(COmmunicationprotocolsfor Real-timeAccessto digital Libraries,seealso
[AKM+00]) is a systemfor transmissionof scalablemultimediastreamsfrom oneserver to several

1



2 CHAPTER1. INTRODUCTION

clients. Reservationsof bandwidtharesupportedusingDiffServ. Theavailablebandwidthsof each
DiffServclassaremanagedby aQoSmanager, whichmapsbandwidthto streamsusingQoSdescrip-
tions of eachstream.To be costefficient, streamsmay be layered. That is, a low-resolutionvideo
canbe transmittedover a high-priority but expensive classasbaselayer. Additional datato extend
this baselayer to high resolutioncanbe transmittedover a low-priority but cheapclass(e.g. best
effort) asso calledenhancementlayer. In caseof network congestion,the packetswill be dropped
appropriateto their priorities.Therefore,theimportantbaselayerwill havea lower lossratethanthe
notsoimportantextensionlayer.

For constantbitrate (CBR) traffic, it is only necessaryto reserve bandwidthonce- the require-
mentsdo not change.But for variablebitrate (VBR) traffic, it is not acceptableto reserve thepeak
rate,sincee.g.in anMPEGvideoit is often10or moretimeslargerthantheaveragerate([Gum98]).
Therefore,a regularupdateof thebandwidthmappingsis necessary. For alreadycompletelystored
mediaslike videoandaudiofiles, it is obvious to do ana priori analyzationof their transportprop-
erties. This informationcanbe usedto do the remappingasefficient aspossible. Especially, this
includesthe usageof cost-optimizedbuffering to reducebandwidthrequirementsandthereforethe
transportcost.

Thedesign,implementationandevaluationof anefficientsolutionto managelayeredandscalable
variablebitratemultimediastreamsin the CORAL project,basedon a priori analyzationof theme-
dias,is theglobalgoalof this work. It is structuredasfollows: First, chapter2 givesanintroduction
into thebasicsof multimediatraffic andQoS.This includestraffic descriptionsusingtraffic models,
the cost-optimized,a priori calculationof bandwidthremappingintervals, Dif fServ in IP networks
andefficient mappingof bandwidthusingutility functionsto evaluatethe effectsof changesto the
usersatisfaction. Finally, somestandardmultimediaformatslike MPEG video andMP3 audioare
examined.A detaileddescriptionof the CORAL projectandthis work’s goalsis given in chapter3.
Chapter4 developsan a priori algorithmfor cost-optimizedcalculationof remappingintervals for
layeredstreams.Next, chapter5 coversthea priori calculationof resource/utilizationlists. Further,
chapter6 introducesan efficient managementsystemfor multimediastreamsusingmethodsdevel-
opedin previous chapters.Chapter7 describesthe implementedsystem,which is finally evaluated
by simulationsandreal network measurementsin chapter8. The work closeswith conclusionsin
chapter9.

ThecompleteL INUX-basedimplementationcan
bedownloadedhere:

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



Chapter 2

Basics

This chaptergivesandintroductioninto thebasicsof this work. First, thenetwork fundamentals
areexplained,followedby thebasicsof Quality of Service(QoS).Next, efficient descriptionof

variablebitratetraffic usingthesocalledempiricalenvelopeandits approximationby traffic models
are introduced. Further, an algorithmfor the a priori calculationof optimal bandwidthremapping
intervals is presented.This is followed by resourcemanagementbasicsandan approximative QoS
optimizationalgorithm.Thechaptercloseswith anexplainationof standardvideoandaudioformats.

2.1 Network and Inter net Basics

Thetransportof dataover a network (e.g. file transfer)is a complex problem.Therefore,it is useful
to divide it up into hierachicallayerswhereeachlayersolvesaspecificproblem(e.g.errorcorrection
or repetitionof lost packets). In sucha hierarchy,layer n usesdefinedservicesof layer n-1 and
providesdefinedservicesto layern+1. Theservicesandoperationsofferedby a layerto thenext one
arespecifiedin the so called interface. Layern on stationA communicateswith layer n on station
B usinga definedprotocol. Theentitiesof thecorrespondinglayerson eachstationcommunicating
togetherare calledpeers. As long as thereare no changesin the layers’ interfaces,it is possible
to replaceone layer’s implementationby anotherone(e.g. telephoneline -> satelliteconnection)
without any changesnecessaryin otherlayers.

2.1.1 ReferenceModels

The mostimportantreferencemodelsfor layerednetworksaretheOSI ReferenceModel (seetable
2.1)andtheTCP/IPReferenceModel(seetable2.2)of theInternetEngineeringTaskForce([IETF]).
SincetheTCP/IPmodel,which is asimplificationof theOSImodel,describestherealitymoreaccu-
rately, only this modelis shortlyexplainedhere.Detailsaboutbothmodelscanbefoundin [Tan96],

7 ApplicationLayer
6 PresentationLayer
5 SessionLayer

4 TransportLayer
3 Network Layer

2 DataLink Layer
1 PhysicalLayer

Table2.1: TheOSIReferenceModel

ApplicationLayer e.g.HTTP, FTP,
Telnet,SSH,
NNTP, NFS, �����

TransportLayer e.g.UDP, TCP
InternetLayer e.g.IPv4, IPv6

Hostto Network e.g.Ethernet
Layer or FDDI

Table2.2: TheTCP/IPReferenceModel

3



4 CHAPTER2. BASICS

Length Content

4 Bit Version(4)
4 Bit InternetHeaderLength
8 Bit Typeof Service( � Tr. Class)
16Bit TotalLength

16Bit Identification
3 Bit Flags:unused/DF/MF
13Bit FragmentOffset

8 Bit Timeto Live( � HopLimit)
8 Bit Protocol( � Next Header)
16Bit Checksum(Header only!)

32Bit SourceAddress
32Bit DestinationAddress

variable Options

Table2.3: TheIPv4header

Length Content

4 Bit Version(6)
8 Bit Traffic Class( � TOS)
20Bit Flowlabel

16Bit PayloadLength
8 Bit Next Header( � Protocol)
8 Bit HopLimit ( � Timeto Live)

128Bit SourceAddress
128Bit DestinationAddress

Table2.4: TheIPv6header

Length Content

8 Bit Next Header
8 Bit ExtensionHeaderLength

Table2.5: TheIPv6 extensionheader

section1.4.TheTCP/IPmodelconsistsof four layers,whichare:

1. The Host-to-Network Layer
This layercontainsthephysicaltransportbetweentwo network nodes.Importantprotocolsof
this layerarefor exampleEthernet,FDDI andATM.

2. The Inter net Layer
The transportfrom a sourcehost to a destinationhost over several nodesin heterogeneous
networks is donehere. This containsrouting betweennetwork nodes. The most important
protocolsof this layer areIPv4 (see[RFC791]) andIPv6 (see[RFC 2460]), which areboth
describedin section2.1.2.

3. The Transport Layer
Flow- andcongestioncontrol, error correctionandrepetitionof lost packetsaredonein this
layer. It containsconnection-lessprotocolslike UDP ([RFC 768]) and connection-oriented
oneslikeTCP(see[RFC 761]). Both protocolsaredescribedin section2.1.3.

4. The Application Layer
Application-specificprotocolscanbe found in this layer. Examplesarefile transfer(FTP, see
[RFC 959]), WWW (HTTP, see[RFC 2068]), Telnet(see[RFC764]) orelectronicmail (SMTP,
see[RFC821]).

It shouldbedenoted,thatnotall protocolsexactlybelongto oneof this layers.For exampletheICMP
protocol(seesection2.1.4,[RFC792] and[RFC2464]) - which laysbetweeninternetandtransport
layer- or RTP(seesection2.1.5,[RFC1889]) - which laysbetweentransportandapplicationlayer.

2.1.2 The Inter net ProtocolsIPv4 and IPv6

As mentionedabove, theIPv4 ([RFC 791]) or thenewer IPv6 ([RFC 2460]) protocol- simply called
IP in thefollowing text - areusuallyusedfor implementingthe internetlayer. IP ensuresroutingof
packetsfrom onestationthroughconnectednetworksof differentstandards(e.g.Ethernet,FDDI and
ATM) to anotherstationusinguniqueIP addressesfor eachstation.TheIP headerformatsareshown
in table2.3(IPv4)andtable2.4(IPv6). Thefieldshave thefollowing functions:
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Version� is theIP versionnumber:4 for IPv4and6 for IPv6.

SourceAddress/DestinationAddress arethesourceanddestinationIP addressof thepacket. IPv4
hasgot anaddresslengthof 32 bits, which resultsin a theoreticalmaximumof 4,292,967,296
possibleaddresses.But the real value is much lower due to inefficient mapping. Sincethe
Internetis growing at exponentialrates,it will run outof addressesverysoon.Therefore,IPv6
uses128-bitaddresses,sothereis a theoreticalmaximumof�����
	���
���	������
	�������	�����

	������
	�������	������
	�������	����
��	�����
�	�������	������
addresses.In reality, it allows even in themostinefficient mappingscenariomorethan1,000
addressesper squaremeterof the earth’s surface. In morerealisticscenarios1, therewill be
many trillions.
For text representationof IPv4 addresses,the dotteddecimalnotationis normally used(e.g.
131.220.88.99).But for IPv6, threenew stylesaredefinedin [RFC 1884]:� Thecolonhexadecimalnotationgivestheaddressin eight16-bit blocks.Examples:

fe80:0000:0000:0000:260:97ff:fe68:24b5,1080:0:0:0:800:700:6:15.� Thecompressedcolonhexadecimalnotationreplacesonegroupof zerosby ’::’. Exam-
ples:
fe80::260:97ff:fe68:24b5,1080::800:700:6:15,::1 (loopback),:: (unspecified)� The notationfor IPv4/IPv6mixed environments: Six blocksof 16-bit in (compressed)
colonhexadecimalnotationandtheremaining4 bytesin dotteddecimalnotation.Exam-
ples:
0:0:0:0:0:ffff:131.220.88.99,::ffff:131.220.88.99,::1.2.3.4,::ffff:127.0.0.1

Hop Limit � Time to Li ve is a counterwhich is decreasedby one on eachrouter the packet is
passing. If it hasreachedzero, the packet is discarded.This is necessaryto avoid packets
rotatingin aninfinite loop dueto misconfiguredroutingtables.Thehoplimit is calledTimeto
Live (TTL) in IPv4 becausethe original ideaof this field wasto give the packet’s timeout in
seconds.

Protocol � Next Header is the protocolnumberof the next upperlayer, e.g. TCP or UDP (see
section2.1.3).Standardprotocolnumbersarespecifiedin [RFC 1700]. In IPv6,anIPv6header
canbefollowedby anIPv6extensionheader(seetable2.5). In thiscase,theNext Headerfield
containsthenumberfor anIPv6extensionheaderandtheextensionheader’sNext Headerfield
containstheprotocolnumber.

Inter net Header Length/Total Length � Payload Length contain the IPv4 packet’s headerand
total length(header+ payload)andthe IPv6 packet’s payloadlength. Sincethe IPv6 packet
headerhasa constantlengthof 40 bytes,it is only necessaryto storethelengthof thepayload.
In IPv4, theheadermaycontainadditionaloptionsof variablesizeresultingin thenecessityto
storeits length.

Checksum is a checksumto detecterrorsin the IPv4 headerbut not in the payload. Sinceit is
necessaryto calculatea new checksumeverytimetheheaderchanges(TTL decreaseson each
router),this functionalityhasbeenremovedfor IPv6 resultingin fasterrouting.

Identification/Flags/FragmentOffset areusedin IPv4 for fragmentation:If packetsaretoo large2

to be sentover a specificunderlyingnetwork (e.g. larger then 1500 bytes in an Ethernet),
1See[RFC 1715] for detailsaboutaddressassignmentefficiency.
2All nodeshave to supportat leastanIP packet lengthof 576.



6 CHAPTER2. BASICS

IP alsodoesfragmentation,that is dividing the large packet into several smallerpacketsand
joining themat thedestinationstation.Identificationis thesamefor all fragmentsof a packet.
Thefragmentoffsetis theoffsetof thepacket’spayloadinsidetheoriginalpacket,theMF (More
Fragments)flagshow whetheror not thepacket is fragmented.If theDF (Don’t Fragment)flag
is set,thepacketmaynotbefragmented.In IPv6,fragmentationcanonly bedoneby thesource
stationresultingin simplerrouting. In caseof fragmentation,IPv6 usesanextensionheaderto
storefragmentationinformation.

Traffic Class � Typeof Service marksa packet to belongto a specificDiffServclass.A detailed
descriptionof this field3 canbefoundin section2.2.3.

Flowlabel canbeusedto markapacket to belongto aspecificflow. It is network-uniquein conjunc-
tion with thesourceaddress.An equivalentfield in IPv4 doesnot exist. Seesection2.2.2for
details.

2.1.3 The Transport ProtocolsUDP and TCP

TheunreliableUserDatagramProtocol(UDP,see[RFC768]) andthereliableTransmissionControl
Protocol(TCP, see[RFC761] and [RFC1323]) protocol are the most importantprotocolsof the
transportlayer. Both containendpointidentificationusingso calledport numbers: The IP address
identifiessourceanddestinationhost,but theport numberidentifiesthesocalledsocket, that is the
interfacebetweenanapplicationandthetransportlayer.

UDP providesan unreliable,connection-lessservicecomparableto sendingandreceiving raw
IP packet plustheendpointidentificationanda checksumfor thecompleteUDP packet. If flow and
congestioncontrol,repetitionof lostpackets,etc.arenecessary, it hasto berealizedin theapplication
layer. Themainusagefor thisprotocolaremultimediatransmissions,wherefasttransmissionis more
importantthanreliability. For examplein anaudioconference,lostor damagedpacketscausingafew
noiseareacceptablebut it is not acceptableto wait for retransmission.

Thereliableserviceprovidedby TCPis connection-oriented- it is necessaryto establisha con-
nectionbeforedatacanbesentandto releaseit if thetransmissionis complete.Thiscanbecompared
to aphonecall whereaconnectionis establishedby dialinganumberandaftertransmissionreleased
by hangingup.

TCP is alsostream-oriented,that is an applicationon stationA writes a numberof bytesto the
TCP socket, which arepackagedby TCP into oneor morepackets. The applicationitself hasno
knowledgeaboutthis packaging.StationB receivesthe packetsandreconstructsthe original byte
sequencewhich is thengivento theapplicationvia thesocket. Sincelostpacketsarerequestedagain,
thetransmissionis reliable.Further, TCPdoesflow andcongestioncontrolby reducingor increasing
the bandwidthcorrespondingto the receiver’s capabilitiesandnetwork congestion.Suchtraffic is
thereforecalledelastictraffic.

Applicationsof TCPareall kinds of reliabletransmissions:File transfer(FTP, see[RFC 959]),
WWW (HTTP, see[RFC 2068]), Telnet(RFC,see[RFC764]) andmany more.Sincethemultimedia
systemdescribedin this thesisonly usesUDPfor transmission,adetaileddescriptionof TCPwill not
begivenhere.It canbefoundin [Tan96] or theRFCsmentionedabove.

2.1.4 The Control MessageProtocol ICMP

TheInternetControlMessageProtocolICMP - moreexactly ICMPv4 (see[RFC792]) for IPv4 and
ICMPv6 (see[RFC2464]) for IPv6 - areusedfor variouscontrolpurposesbasedon IPv4 andIPv6.
Its mainapplicationsare:

3In RFCsbefore[RFC 2460], therewasa4-bit field calledPriority insteadof Traffic Classandthelengthof Flowlabel
was24bits (4 bits morethannow). Thiswaschangedto becompatiblewith theTypeof Service(TOS)field of IPv4.
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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 SequenceNumber

32Bit TimeStamp

32Bit SSRC

variabele CSRC[0..16]

Table2.6: TheRTP header� replyingerrorsto asender, e.g.adestinationTCPor UDPport is invalid,errorsin theIP header,
anIP packet hasreachedthemaximumnumberof hops,etc.,� routermanagement(seeRFCsaboveand[RFC2462]for details)and� tests.

In thiswork,only thetestfunctionalitywill beused.Sincethereis nodifferencebetweenICMPv4and
ICMPv6 for this functionality, no distinctionbetweenboth protocolswill be madein the following
text. It will simplybecalledICMP.

Thetestfunctionalityconsistsof two messagetypes:echorequestandechoreply. A sourcesends
an echorequestto a destinationwhich will sendit backusingan echoreply. The delaybetween
sendingtherequestandreceiving thereply is thesocalledroundtrip time.

2.1.5 The RTP Protocol

The Real-timeTransportProtocol(RTP, [RFC1889]) is a framework for the unicastandmulticast
transportof multimediadata,usuallybasedon UDP. It consistsof two protocols:� RTP for thetransportof thepayloaddataitself and� RTCP (Real-timeTransportControl Protocol)for transportof application-specificcontrol in-

formationandreceptionquality feedbackfrom receivers.

TheRTP packet headerformatcanbefoundin table2.6. It consistsof thefollowing fields:

Version is theRTP protocolversion:Currentlyit is 2.

Padding/Extension/Marker canbesetto show, thatthepacket is paddedto aspecificsize4, hasgot
aheaderextensionor requiresspecialhandlingby thereceiver.

PayloadType is an identificationfor thepayloaddata’s type,e.g. MPEGvideo. A numberof stan-
dardtypesaredefinedin [RFC1890] (RTP profiles).

SequenceNumber increasesby onefor eachRTPpacketsent.It canbeusedto preservethepackets’
orderandcalculatethenumberof packetslost.

4Paddingmaybenecessaryfor encryption.For example,apacketsizeatamultipleof 1024bitscanberequiredto run
a certainencryptionalgorithm.
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Time Stamp increasesmonotoneouslyand linearly with the systemtime. Packetsbelongingto a
group(e.g. a video frame)may containthe sametime stamp. It canbe usedto calculatethe
jitter (seedefinitionbelow).

SSRC identifiesthe senderby its synchronizationsource (SSRC),a 32-bit value (seedescription
below) .

CSRC may identify additionalsenderscontributing to the packet’s data. For example,a so called
mixer canjoin several streamsto onestream. In this case,the senders’SSRCscanbe given
hereascontributingsources(CSRCs).

CSRCCount is thenumberof CSRCsor zerofor none.

Further, somealgorithmsaredefinedin [RFC 1889] to calculatethe lossrate(fractionof packetslost
during transmission)andthe interarrival jitter (statisticalvarianceof the packet arrivals) from the
packets’sequencenumbersandtimestamps.In theRTPspecification,thejitter is definedasfollows:
Let ��� betheRTP timestampand ��� thearrival timestampof packet  ). Then,theinterarrival jitter
is:

JitterNew !�" JitterOld # ��$�&%(' )+*-,/.10 *32 JitterOld ' 	
where

)+*-0 4 !5"76 � 482 � *:9;2 6 � 482 � *<9 �
Of course,both timestampshave to begivenin thesameunits,e.g. microseconds.In thefollowing
text, jitter always refersto this RTP definition of the interarrival jitter. Every mediatransmission
(e.g. audioor video) getsits own RTPsession. An RTP sessionconsistsof at leasttwo members
(e.g. a senderanda receiver or membersof a conferencebothactingassenderandreceiver). Each
of themis identifiedby a session-uniqueSSRC(synchronizationsource) number- a random32-bit
value- anda globally uniqueCNAME (canonicalend-pointidentifier) - theuserandhostname.For
example,auserwith CNAME “user@host.domain.xy”canbememberof anaudiosessionwith ssrc1
andmemberof avideosessionwith ssrc2.

While RTP is usedfor payloadtransportonly, the RTCP protocol is usedfor transmissionof
controlinformation.Fivedifferentpacket typesaredefined:� SenderReports(SR):

Every senderregularly transmitsits currentNTP5 timestamp(time in microsecondssinceJan-
uary01, 1970)andRTP timestamp,theamountof packetsandbytessentandfinally receiver
reports(seenext type),if thesenderis alsoa receiver (e.gvideoconference).� ReceiverReports(RR):
Thesereportsareregularlysentfrom receiversto senders,containinglossrate,jitter, timestamp
of thelastreceivedsenderreportandtimebetweenreceptionof thesenderreportandtransmis-
sionof thecurrentreceiverreport.SinceRTPitself doesnotguaranteereliabletransmissionnor
doesit realizeflow andcongestioncontrol,errorcorrection,etc.,this hasto beimplementedin
protocollayersaboveRTP, basedon thesereceiver reports.� SourceDescription(SDES):
This type containsvariousinformationaboutan RTP member. Several subtypesaredefined,

5NTP denotestheNetwork TimeProtocol.See[RFC1305] for details.
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themostimportantoneis CNAME (seeabove). Otherscontainusername,mail address,phone
number, locationetc.. Application-specificdatacanbe transmittedusing the PRIV (private)
subtype.� BYE: This typeis sentwhenamemberleavesasession.� APP: Application-specificdatais sentusingthis type. Examplesarecontrol commandslike
changesof quality, mediaor position,sentfrom areceiver to a sender.

A detaileddescriptionof thesetypescanbefoundin [RFC1889].

2.2 Quality of ServiceBasics

As alreadymentionedin section2.1.2,IP providesonly a besteffort service.For traffic which can
adaptthedatarateto thenetwork’s currentcapacities,this serviceis sufficient. But for multimedia
traffic likevideoandaudioconferencesit is not.

2.2.1 QoSRequirements

For multimediastreams,guaranteesfor thefour QoS(qualityof service)requirementsarenecessary:
Bandwidth, maximumtransferdelay, maximumlossrateandmaximumjitter.

1. Bandwidth
Multimediastreamshavegotat leastaminimumbandwidthrequirement,e.g.this is thelowest
possibleresolutionandframerateof avideo.Bandwidthreservationis necessarytherefore.

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

3. Maximum lossrate
In a video transmission,a lossof e.g. 20%of the transmittedpacketsmaybeacceptabledue
to interpolationof themissingpictureparts.Thesamelossfor anaudiotransmissionmaye.g.
causeinacceptablenoise.An upperlimit for themaximumlossrateis thereforenecessary.

4. Maximum jitter
For examplein audioor videoconferenceshaving a very low delayrequirement,buffering of
theincomingpacketsis notpossible.In this case,a jitter limit is required.
Variousdefinitionsof the jitter arepossible.Oneof them- theRTP protocol’s definition- can
befoundin section2.1.5.

Therearetwo approachesto implementbandwidthreservationsfor the internetlayer: IntServ(Inte-
gratedServices)andDiffServ(Dif ferentiatedServices).

2.2.2 IntServ

IntServusesper-flow reservationsusingtheResourceReServationProtocol(RSVP, see[RFC 2205]
for details). The streamsare identified6 by their IP addressesandport numbers(UDP or TCP). In

6It shouldbedenotedhere,that IntServ’s (internet layer) identificationrequiresinformationfrom the Internetlayer
(IP address)andthe transport layer (UDP/TCPport numbers)! Therefore,an accessfrom a lower layer to the upper
layer’sdatais necessary. This conceptualproblemcanbeavoidedby usingIPv6with flowlabels.
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Length Content

6 bit Dif fServCodePoint(DSCP)
2 bit CurrentlyUnused(CU)

Table2.7: TheTraffic Class/Typeof Servicefield

Server Domain

Client Domain

C
lie

nt

Internet Service Provider X’s Domain

ISP Z

ISP Y

ISP V

ISP W

Border Router Border Router Border RouterCore Router

S
er

ve
r

Service Level Agreement

BE 50 MBit/s

AF11 20 MBit/s

AF21 15 MBit/s

EF 12 MBit/s ISP U

Figure2.1: An examplefor Dif fServdomains

IPv6, identifying streamsis simplified by theflowlabel: Sourceaddressandflowlabelarenetwork-
unique.

Thisrequiresroutersto storereservationinformationfor eachflow andcausesIntServ’sscalability
problem:Especiallyin largenetworkswith alargeamountof streamsusingreservation,therearehigh
CPUpower andmemoryrequirementsfor theroutersto ensuresufficient speed.More detailsabout
thisproblemcanbefoundin [RFC 2208].

2.2.3 DiffServ

Thesecondapproach- Dif fServ- solvesthis problemby only reservinga smallsetof differentDiff-
Servclasses. Therefore,routersonly have to storesomeclassinformation.Thestreams’packetsare
marked- eitherby thesenderitself or a router- to belongto oneof theDiffServclassesandarehan-
dledby therouterappropriatelyto their class.In theIP header, this is doneusingtheTypeof Service
(IPv4,seetable2.3)or Traffic Class(IPv6,seetable2.4)field.

The allocationof the fields’ bits, which is equalfor both IP protocols,is shown in table2.7. It
consistsof the 6-bit DiffServCodePoint (DSCP)which identifiesthe DiffServ classand two bits
currentlyunused.A detaileddescriptionandcodepointdefinitionscanbefoundin [RFC2474].

Theavailableclassesandthetraffic limits for eachclassarenegotiatedbetweentheserver’s do-
mainownerandtheInternetServiceProvider (ISP)in a servicelevel agreement(SLA). An example
for Dif fServdomainscanbefoundin figure2.1. Every link betweentwo DiffServdomainsrequires
an SLA betweenboth providers. A router inside a domain(core router) only hasto supportthe
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domain’= sclasses.For border routersat adomain’sedges,additionalfunctionalitymayberequired:

Classifiers determinetheDiffServclassof apacket.

Meters measurethe traffic of the differentclasses.It is requiredto verify whetheror not a class
exceedstheSLA’s limits.

Mark ers mapapacket to oneof theclassesby settingtheTraffic Classor Typeof Servicefield.

Shapers maydelaypacketsby buffering them.Seesection2.2.4for detailsabouttraffic shaping.

Droppers droppacketsexceedingthelimits of theSLA.

As DiffServ classes,variousimplementationsare possible. But the most commonare Expedited
Forwarding (EF) andAssured Forwarding (AF). They defineper-hop behaviours (PHBs) for each
router:

The Expedited Forwarding PHB

This PHB - alsocalledpremiumservice- is definedin [RFC 2598]. Its goal it to achieve assured-
bandwidth,low-delay, low-lossandlow-jitter servicesthroughDiffServdomainscomparableto “vir -
tual leasedlines”. This is doneusingonly verysmallor evennonequeuesin theroutersandtherefore
requiringthesenderto shapeits traffic (seesection2.2.4for details).

Streamsusing the EF classmay not exceedthe given rate limit, packets exceedingthis limit
will be dropped. EF traffic shouldbe forwardedindependentof all other traffic passingthe node
simultaneouslyin otherclasses.

The Assured Forwarding PHB

TheAF PHB definedin [RFC2597] consistsof up to four classes(AF1, AF2, AF3 andAF4) having
differentpriorities.Theusersmayexceedtheassuredtraffic limits, but in caseof congestion,packets
exceedingtheselimits will be dropped.Therefore,eachAF classcanhave up to threedrop prece-
dences. Packetshaving higherdropprecedenceswill bedroppedat a higherprobability. This results
in up to twelve7 AF classes:AFnmwith 1 > n > 4; 1 > m > 3.

Theforwardingbehavior of anAF classhasto beindependentof otherclasses.Also, long-term
congestionhasto beavoidedusinganactive queuemanagementalgorithmlike RED (randomearly
drop, [FJ93]). RED usestwo smoothedcongestionlevel thresholds. If the smoothedcongestion
is betweenlevel 1 andlevel 2, packetsaredroppedrandomlyusinglinearly increasingprobability.
Above level 2, all packetsaredropped.The droppingprobability is shown if figure 2.2. Due to its
longerqueues,thedelayandjitter areusuallyhigherthanfor theEF PHB.

2.2.4 Traffic Shaping

Most traffic is sentin bursts,e.g.avideoataframerateof 10frames/swill sendasequenceof usually
many packetsevery ..@?$ACB second.Sincetherouters’queuesarelimited andespeciallyfor theEFclass
verysmall,they canbeoverflown by suchaburstof packets.Therefore,it is necessaryfor thesender
to smooththepacket rateby buffering thepackets:For example,insteadof sending10 packetsevery..@? ACB second,send2 packetsevery .D ? ACB second.This canbe implementedusinga so called leaky
bucket (seefigure2.3, left side). It hasgot aninput buffer of size E , largeenoughto storethewhole
burst anda constantoutput rate F . The canonicalcomparisionto this is a real leaky bucket which

7Moreclassesanddropprecedencesmaybedefinedfor localusage.
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MaxBufferSize
Average Buffer Usage

Drop Probability

MaxP

1.0

0.0

MaxThMinTh

Figure2.2: TheREDdroppingprobability

Shaped
Output Traffic

Buffer

Water

Leaky Bucket

Constant
Output Rate

Input Traffic
Bursty

Size: σ

Rate:ρ

Figure2.3: A leaky bucket andits canonicalcomparision

canbefilled with water(seefigure2.3, right side). It canbefilled with any ratebut theoutputrate
remainsconstant- aslongasit doesnotbecomeempty.

Multimediastreamshave constraintsfor themaximumtransferdelay. Therefore,it is necessary
to police the stream’s traffic running througha leaky bucket. That is, checkingwhetherthe delay
introducedby thebuffering is below a givenmaximumbuffer delay. Thedelayconstraintis violated,
if

BufferSize G MaxBufferDelay H OutputRateI (2.1)

This means,that if therearemorebytesin thebuffer thancanbesentduring themaximumallowed
time,thedelayconstraintis violated.In thiscase,abuffer flushis required,thatis emptyingthewhole
buffer by droppingall contentsinside.

2.3 Traffic Description and Traffic Models

Using constantbitrate (CBR) streams,it is only necessaryto reserve a constantbandwidthonce.
For variablebitrate(VBR) streams,it would bepossibleto reserve thepeakrate. Unfortunately, for
mostmediatypesthis is extremelyinefficient. For examplein MPEG-1videos,a factor10 andmore
betweenthelong-termaveragerateandthepeakrateis not unusual(seemeasurementsin [Gum98],
page26). A moreefficientsolutionfor thetraffic descriptionis thereforenecessary.
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Figure2.4: An examplestreamconsistingof 12 frames

Delay: J KMLON:JCP Requiredbandwidth: QRN:JCPTS UWVYX[Z]\Z ^ X[Z]\_/`baCced�a Z `
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: Theexample’sempiricalenvelopeandbandwidthto bereserved

2.3.1 Traffic Constraint Function and Empirical Envelope

Let f+ghJ�ikj/Jml�n denotethe numberof bytesgeneratedin the interval from time J�i to time Jml . Then,
the traffic constraint function f L is definedastheworst-casetraffic characterizationof the traffic f
([KWL+95], [LW96]) . It shouldsatisfythefollowing properties:

1. Time-invariance:

f;g opj/o(qrJ1n(stf L N<JCP uvJxwzy
jpo{w|y
Thetraffic constraintfunctionshouldbeindependentof thestartingtime o . In thiscase,policing
is independentof thestartingtime, too.

2. Subadditivity:

f L N:J�iYP(q}f L N:JmlkP�~�f L N:J�i�qrJmlkP uvJ�ikj�Jml�~�y
Thisallowsthearrivals f;g J�ikjpJml�n to attaintheboundgivenby f�L : It will befeasible,that f;g o , ovqJ1n�S�f�LON<JCP for any J�wzy .
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Figure2.7: An examplefor long-termandshort-termburstiness

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

K L N:JCP�S sup�����3f;g opjpoMqrJ1n7uvJxwzy
In otherwords,this is themaximumnumberof bytessentin any interval of length J .
An exampleof a VBR streamof 12 framescanbe found in figure 2.5. Eachbar shows the sizeof
a frame. Thecorrespondingempiricalenvelopecanbe found in table2.8 alongwith thebandwidth
requiredfor eachdelay ( QRN:JCP�S U V X5Z]\Z ) and the fraction of the peakrate. Plots of the empirical
envelopeandtherequiredbandwidthcanbe found in figure2.5 and2.6. As shown in table2.8 and
figure2.6, for a smalldelayof 3 frames,thebandwidthrequirementalreadydecreasesto 50%of the
originalvalue.Therateof 4.7units/frameatadelay6 framesis evenverycloseto theaveragerateof
4.583units/frame.

The result is that buffering cansave a lot of bandwidthallowing morecustomersto usea link
simultaneously, especiallyif thereis a largevariancein theframesizes.

2.3.2 Burstiness

A measurementvaluefor thevarianceof framesizesis thesocalledburstinessof astream:
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Model Storage Traffic ConstraintFunctionN:�Wj���P �Wj3� f�L$N:JCPTS��&qr���8JNm� � ��j�� � ��P N:�p�1j/���@P f�LON<JCPTS����-�3i1�e�-�e���O�p�
qr���p��J��
D-BIND N@���ej�� �<P f�LON:JCP�S ¡ J¢�x�£i N<J¤s��OiCP¥]¦1§�¨:¥]¦ L X d�¦1§�¨1©�d�¦ \�ª«Z L X d�¦�¥]¦�©�d�¦m§�¨@¥¬¦1§�¨ \¥]¦�©�¥]¦1§�¨ N:��­ © i¯®°J�st��­ P

Table2.9: Traffic modelsandtheir traffic constraintfunctions

BurstinessS PeakRate
AverageRate±

But it is importantto denotehere,thatbuffering is only realisticfor delaysof up to a few seconds.
Short-termburstinessin the scopeof someframescan easily be smoothedby buffering. Higher
delaysareusuallynotacceptablefor theusersandalsorequirelargebuffersat theclients.Therefore,
an additionalconceptis necessaryto handlelong-termburstinessin the scopeof minutesor hours.
Thiswill bedescribedin section2.4.
An exampleis shown in figure2.7.Theleft sideshowsthecompletetraceof theMPEG-1video“The
Simpsons”8 consistingof 40000framesat 25 frames/s.Noteespeciallythelower andhigherregions
at a lengthof about500to 1000frames.Smoothingby bufferingwould resultin inacceptabledelays
of many secondshere! A small fraction - the framesfrom 2500to 2532- areshown on the right
side. This figurehasgot anotherscalingfor a betterrepresentationof theshort-timebehavior. Such
short-timeburstscaneasilybesmootedusingbuffering.

2.3.3 Traffic Models

Sinceit would be too expensive to storea completeempiricalenvelope,traffic modelsarerequired
to approximateit. Themostimportanttraffic modelsarethe N@�Wj���P and N � � ��j � � ��P models([KWL+95]
and[LW96]) andtheD-BIND (DeterministicBoundingINterval-Dependent,[KZ97] and[KWL+95])
model.Their traffic constraintfunctionsareshown in table2.9(from [KWL+95]).

The N:�Wj���P model simply describesthe traffic by giving the two parametersfor a leaky bucket
(seesection2.2.4for a description):The buffer size � andthe outputrate � . Therefore,the traffic
constraintfunctionis f L N<JCPTS��&q²�³��J ± (2.2)

Sincethis approximationis quite inaccurate,themodelhasbeenextendedto the N � � ��j � � �TP model
usinganorderedsetof leaky bucketparameters.In this model,thetraffic constraintfunctionis given
by theminimumparameterpair: f L N<JCPTS ���-�i1�e�-�e� �O�p�pqr���p��J�� ± (2.3)

Here, f L N:JCP is a convex functionconsistingof ´ piecewiselinearsegments.It is importantto denote
here,thatthis alwaysimpliesa convex traffic constraintfunction. Sincetheempiricalenvelopeitself
is notnecessarilyconvex, this alsoimpliesaninaccuracy. An examplewill begivenbelow.
Anotherproblemof thesemodelsbasedon leaky bucketparametersis thedifficulty to choose’good’
leaky bucket parameters([KZ97]): The network’s stateis dynamicandmay not even be available
at connectionsetup. If bandwidthis availableandbuffers arescarce,the sendermay choosea too
low rate � which implies a too high buffer size � , andvice versa. Such’bad’ settingsmay cause
a new connectionto be rejectedunnecessarily. For example,a stream’s traffic descriptionhasbeen
calculatedassuminga large buffer sizebut only a low-bandwidthlink. Now, the availablenetwork

8Tracesource:[Wür95], simpsons.tar.gz.
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Figure2.8: A traffic modelcomparision

bandwidthincreases,but thebuffer sizeremainsconstant(e.g. a fixed-sizeleaky bucket in a border
router).Thismayresultin new streamsto berejectedbecauseof too few buffer space.

To copewith theseproblems,theD-BIND modeldescribesthetraffic usinga setof rate/interval
length pairs N@���ej��k�:P . Thesecontainthe requireddatarate ��� for an interval of length �k� , that is���³S µpVCX ¥:¶ \¥:¶ . Theresultingtraffic constraintfunctionis thelinearinterpolationbetweentheD-BIND
points:

f L N<JCP&S ¡ J·�x�£i N<J�st�RiCP¥]¦m§�¨@¥]¦ L X d�¦m§�¨Y©�d�¦ \�ª¸Z L X d�¦�¥]¦�©�d�¦1§�¨@¥]¦m§�¨ \¥]¦�©�¥]¦m§�¨ N@��­ © i�®°J¤st��­kP ± (2.4)

Here,it is notnecessaryto approximatethetraffic constraintfunctionby a convex functionanymore.
Therefore,D-BIND hasgot a higheraccuracy thanthe N � � ��j � � ��P model.An examplecanbefoundin
figure2.8. Theright sideshows approximationsof anempiricalenvelopeusingthe N � � ��j � � �TP model
andD-BIND model. For bettervisibility, theoriginal empiricalenvelopeis plottedagainon the left
side.As it is shown, theD-BIND approximationis muchnearerto theoriginal dueto its non-convex
shape. This advantageis also proven by measurementsin [KZ97]. However, the more accurate
approximationhasgot a price: Policing a streamusinga non-convex D-BIND descriptionis more
complex. For adetaileddiscussionof this,see[KZ97].

2.4 Bandwidth Remapping

Using oneof the traffic modelsdescribedabove, it is now possibleto give a traffic constraintfor a
stream.As mentionedin section2.3.2,short-termburstinesscanbesmoothedby buffering. Now, it is
necessaryto examinelong-termburstiness.Having againa look at theleft sideof figure2.7, thereis
a largepeakof about240,000bytesat aboutframe37,000,markedby thearrow. Calculatinga traffic
descriptionusingtheD-BIND or N � � ��j � � ��P traffic modelasdescribedin section2.3.3,it is necessaryto
allocatea bandwidthnearthepeakratefor very low buffer delays.But sincethefew otherpeaksare
all below 150000bytes,a lot of bandwidthwould bewasted.This is calledover-provisioning. The
sameeffectalsocanalsobefoundfor thehigherandlowerareasof about500to 1000frames.These
arescenesof lower or higherbandwidthrequirementcausingthe long-termburstiness.In this case,
evenahighbuffer delayof up to a few secondswouldnotbeableto improvethis over-provisioning.

To copewith this problem,the tracecanbepartitionedinto several intervals. For eachinterval,
an own traffic descriptionis calculatedandused. This resultsin partshaving lower bandwidthre-
quirementsallocatinglessbandwidthandviceversa.Now, abandwidthremappingis necessaryat the
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Calculation Direction

New Interval Length

Figure2.9: Graphicalexplainationof theremappingintervalscalculation

interval borders.Therefore,theseintervalsarecalledremappingintervals.

Algorithm 1 Optimalcalculationof remappingintervalsfrom [Gum98]
01 void calculateInterv al s( N) {
02 for(i = N - 1;i ¹ 0;i--) {
03 for( length = 1; length º N - 1;i++) {
04 Calculate traffic description for interval
05 I = [i, ..., i + length - 1].
06 cost = costRemapping(I) + costBandwidth(I) + cost[i + length];
07 if( cost < cost[i]) {
08 cost[i] = cost;
09 length[i] = length;
10 }
11 }
12 }
13 }

Now, analgorithmto calculatetheinterval sizesis requiredwhichgeneratesintervalsof thelowest
cost.Suchanalgorithmhasbeendevelopedin [Gum98], its pseudocodeis shown in algorithm1. The
optimal intervals referingto the costof the bandwidth(costBandwidth) andthe costof the remapping
(costRemapping, usuallyaconstant)arecalculatedthere.

As shown in figure2.9, thealgorithmrunsfrom themedia’s last frameto thefirst one.For every
frame, all possiblelengthsto the endare tested: The interval lengthwhich causesminimum cost
concatenatedwith thealreadycalculatedminimum-costintervals to theendwill bechosen.Finally,
thealgorithmhascalculatedthe interval lengthandtraffic descriptionfor every frameof themedia.
Thealgorithm’s runtimeis »&¼@½�¾�¿ . To achive this, thetraffic descriptionhasto becalculatedin time»¯¼:½�¿ insteadof »¯¼:½WÀ�¿ (runtimefor thecalculationof theempiricalenvelopeapproximation).This is
possibleby reusingpreviouslycalculatedresultsandcalculatingonly thedifference.

2.5 ResourceManagement

While the network QoSrequirementsareonly bandwidth,maximumtransferdelay, maximumloss
rateandmaximumjitter ([CCH94a], [CCH94b], [WCH96], [NS96]),applicationshavegot theirown
requirementsor QoSdimensions([LS98], [LLR+99]). For example,theQoSdimensionsof a video
transmissionarepicture format, color depth,framesper secondandend-to-enddelayor sampling
rate,bitspersampleandchannelsfor anaudiotransmission.For theuserof thisapplication,theonly
requirementis, thatvideoor audiotransmissionlooksor sounds’good’. This is calledtheperceptual
quality, usersatisfaction([Rog98])or utilization ([LS98], [LLR+99]).

Thesedifferentrequirementsleadto asocalledlayeredQoSmodel([ACH95],[CCH94a],[NS96]
and[Rog98]),which is shown in figure2.10. A mapping(alsocalledQoStranslationby [NS96]) is
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User QoS
User Satisfaction

QoS Mapping

QoS Mapping

Figure2.10:ThelayeredQoSmodel

requiredbetweenthe dimensionsof eachlayer. For example,the userrequests’high’ quality for a
video.This requirementis translatedto asetof possibleapplicationQoSsettings,e.g.(16CIF9 pixels
at25pictures/sin 64K colors,4CIF10 pixelsat20pictures/sin 16M colors}. A ’useful’ (e.g.themost
costefficient) possiblesettinghasto bechosenandtranslatedinto network QoSrequirements,e.g.5
MBytes/sbandwidthat a maximumdelayof 1000msanda maximumacceptablelossrateof 0.5%.
Now, asolutionto evaluatetheeffectof parameterchangeson theusersatisfactionis necessary.

2.5.1 Utility Functions

For someelastictraffic like file transferor WWW, theutilization usuallyincreaseslinearly with the
bandwidth(usersatisfaction Á speed).But for multimediatransmission,this is normally not true.
For examplein an uncompressedaudiotransmission,increasingthe samplingratefrom 11,025Hz
to 22,050Hz (doublebandwidth)usuallyresultsin a significantimprovedquality. An increasefrom
22,050Hz to 44,100Hz (againdoublebandwidth)givesonly a small improvementandincreasingit
to 98,200Hz resultsin no improvement.Thereasonfor this is, that thehumanearis ableto receive
lower frequenciesbetterthanhigherones.Further, dueto thesamplingtheorem11 andtheear’s limit
to amaximumfrequency of about20,000Hz, samplingratesaboveabout40,000Hz arenotuseful.

First, it is thereforenecessaryto describetheutilization for a givensettingof a QoSdimension
(e.g. frame rate, sampingrate,picture sizeetc.) by a so calledutility function. In the next step,
the dimension-wiseutility functionshave to be composedto the usersatisfaction(total utilization,
perceptualquality).

Utility functionscanbecalculatedfor examplein the following waysfrom a mediaanda setof
differentscalingsteps(e.g. the original high-resolutionvideo at 30 frames/sandsomeresolution-
reducedversionshaving framesratesof 5 frames/sto 30 frames/sin stepsof 5 frames/s):Â A groupof userscanratethequality. But of coursethis canbevery subjective, e.g. theusers

are very interestedin a video and miss someerrorsor are boredandsearchfor errorsvery
accurately, etc..Â Anotherwayis to useasocalledqualitymetricto comparethescaledmediato theoriginalone.
If the metric alsousesa perceptualmodelwhich tries to “rate” the medialike a humanuser,

916CIF:1408Ã 1152pixels(16 Ã resolutionof theCommonIntermediateFormat352Ã 288).
104CIF:704Ã 576pixels(4 Ã resolutionof theCommonIntermediateFormat352Ã 288).
11SamplingTheorem:To recordfrequenciesup to n Hz, it is necessaryto usea samplingrateof at least2*n Hz.
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Figure2.11:Utilization points=> interpolatedandapproximatedutility function

this methodcanbevery accurate.More detailsaboutmetricsfor differentmediatypescanbe
foundin section2.6.Â Finally, a setof utility functionsfor differentmediacategories(e.g. action,sports,talk shows,
etc. for videoandclassicmusic,rock music,news,etc. for audio)canbecalculatedusingthe
two methodsabove. New mediascanbe mappedto oneof thesecategoriesusingthe corre-
spondingutility function.Seesection2.6 for anexample.

Usingoneof this methods,somesocalledutilization pointsareobtained.Thesepointsdescribethe
utilizationfor agivenresource,thatis thevalueof theQoSdimension,e.g.frameratefor avideo.For
simplicity, thelowestquality hasgot utilization 0.0 (0%) andthehighestoneutilization 1.0 (100%).
Now, a curve canbeinterpolatedfrom thesepoints.To storetheutility functionefficiently, it is also
recommendedto approximateit by a simplefunction. An examplecanbe found in figure2.11,the
approximationusestheutility functiondescribedbelow, Å¯SÇÆOÈ ±5É .In [Rog98], anutility functionis definedasfollows:

Ê N:Ë�P¤ÌÍSÏÎÐ�xÑ¬��NbÒ³��Ë;qÓQkPkj (2.5)

ÒzÌ5S ÆÅ � Æ$y j
QÔÌ5S Õ ¨Ö � ÆË max � Ë min

j
Î�ÌÍS Ë max � Ë min � Õ ¨×Ë max � Ë min

j
Ê N:Ë min P&SÏy Ø Ê N:Ë maxPTSÙÆË min and Ë max give the minimum andmaximumvaluesof the QoSdimension,e.g. 1 and30 for a

video’s framerate. ThesocalledsensitivityparameterÅ allows choosingtheshapeof the function.
In [Rog98],this is doneby theuser. Below 10,theutility functionis concave,linearfor 10andconvex
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above10. Therefore,theutilization increasesfasterfor highervaluesof Å . Thefunctionfor different
settingsof Å is plottedin figure2.12.

A secondutility functionis introducedin [LS98] and[LLR+99]:

Ê N<Ë�P¤Ì5SÜÆ � Õ a LÞÝ ª ^ (2.6)

wheretheconstantsÒ and Q aregivenby thesettingsË3ß1� and Ë3à1ß for utilizationsof 50%and95%:

y ±ÍÉ SÜÆ � Õ a LÞÝkáãâ ª ^ Ø y ±[ä�É SÜÆ � Õ a LÞÝ�å:á ª ^
Q{S Ë3à1ßÐ��Ñ-�æN � y ± y É qçÆ ± y�y�P � Ë3ß1�«��Ñ-��N � y ±5ä�É qçÆ ± y�y�PË3à1ß � Ë3ß1�

ÒÓS Ñ¬��N � y ±[ä�É qÚÆ ± y�y�P � QË3à1ßË3ß1� and Ë3à1ß aregivenby the userin [LS98] and[LLR+99]. Someexamplescanbe found in figure
2.13. As it is shown in theexamples,thefunction’s valuecango below 0 andis not exactly 1 at the
maximumx value! Therefore,valuesbelow 0 shouldbethreatenedas0 and Ê N:Ë maxP�ÌÍSÜÆ , thatis:

Ê N:Ë�P�S èéëê y NYÆ � Õ a LÞÝ ª ^ ®ìy�PÆ N:Ëí~îË maxPÆ � Õ a LÞÝ ª ^ else

Now, thedimension-wisedescriptionof utilization canbedoneusingeachdimension’s utility func-
tion. But to describethe usersatisfaction (total utilization, perceptualquality), it is necessaryto
composethem.

2.5.2 Compositionof Utility Functions

[LS98] simplysuggeststo usea weightedsum,thatis:
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ï;ð
� � ñ{ò�ó ö� øúù�û ü øpý�þ/ø ðãñ ø ò�� (2.7)

whereü ø is theweightfor the � -th QoSdimensionhaving value ñ ø andutility function þ/ø�� Thismakes
it possibleto emphasizesomedimensions.For example,table1 in [AFK+95] showsthatfor acomedy
video,framesizeis moreimportantthanframerate.Therefore,anexampleutility functionmaybe:

ï;ð � � ñ{ò&ó�� ý ð�� ����� �! !"��$#&%!� ò' (*) +, ø.-�/!021&3 ��4 /25 �76 / 8 �2� ý ð$9�: ý<;>= ð@?�: ý ñA: 8CB ò' (*) +, ø.-�/!021&3 ��4 /EDOøGF7/ 8 � ý ð�� �����IH  !" H #&% ò' (*) +JLK -møG0 �
An examplefor two dimensionsis shown in figure 2.14(Framerate: Forumla2.5, M óN�O� . Frame
size:Forumla2.6, PRQ
S óUT �.V � PRW
Q óXT �ZY ).

A secondpossibilityto composeutility functionsis presentedin [Rog98]:

ï;ð � � ñ{òTó�[¸ð þæû ðãñ û ò�� þ :RðãñA: ò�� ���>� � þ ö ðãñ ö ò�ò
This function [ shouldhave thetwo following properties:

1. If ñ û is much smallerthan eachof the \ ñA:�� �>��� �pñ ö^] , then ïÿð
� � ñ{ò must be dominatedby ñ û .
Againanexamplefrom table1 of [AFK+95]: In asportsvideo,bothframerateandframesize
areimportant. If framesizeis very high but frameratevery low (like a slideshow), thenthe
resultingusersatisfactionwill below.

2. [ ð!_`�a_`� ����� �a_Oò := s. Thisallows [¸ð<ñ û �3ñA:E� ����� �pñ ö ò to bescaled.

Onerelationshipsatisfying(1) and(2) is:
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bced�f g hjilk bmon pq r sat bu r d@h r i v ced7f g hwi k mx pr sat ty{z
|�}�z�~�� (2.8)

An examplefor two dimensionsis shown in figure2.15(Framerate: Formula2.5, � k b2�
. Frame

size:Forumla2.6, �R�
� kU� �G�^� �R�
� k�� �Z� ).
2.5.3 ResourceManagementDefinitions

Now, the effect to the usersatisfactioncausedby changinga valueof a QoSdimensioncanbe de-
scribedusingthecomposedutility functions.Thenext stepis to mapresources(e.g.bandwidth)to a
streamusingtheusersatisfactioncalculationto generatea ’useful’ mapping.Theresourcemanage-
mentapproachusedin thiswork is basedon [LS98] and[LLR+99], agraphicalview canbefoundin
figure2.16.But first, it is necessaryto introducesomedefinitionsfrom [LS98] and[LLR+99]:� Tasks(e.g.applications):� t � ��� �����>��� � p .� QoSdimensionsof task � r : � r t � � r � �����>��� � rG� z .Each � r�� is a finite setof valuesfor the � -th QoSdimensionof task � . For example,this can

bea setof allowedframerates:{1, 2, ..., 30}. Thesetof possiblequality vectorsis therefore
definedas � r k � r t�� � r � � ���>� � � r.� z .� Sharedsystemresources:� t � ��� �����>��� ��� .
Resourcescan be for examplebandwidth,CPU time, memoryor harddiskusage. Each � r
is a finite set of non-negative valuesrepresentingan allocationchoicefor resource� . The
possiblesetof resourcevectorsis � r k � t�� ��� � �>��� � ��� . It alsoincludesvector � � � } kd � � � }t � � � � }� �����>��� � �¡� }� i

sinceall resourcesarefinite.

Eachtaskis associatedwith a taskprofile consistingof a userprofile andanapplicationprofile. The
first onecomesfrom theapplicationitself andcontains� aquality space� r ,



24 CHAPTER2. BASICS� a quality index12 - a bijective function ¢ r��¤£ � r�� g ¥ b �¦�^�����>���¨§ � r�� §Z© that preserves the
ordering:If � t is betterthan �R� , then ¢ r�� d � t ijª ¢ r�� d �*� i ,� dimension-wise,non-decreasingutility functionsu r��«£ � r g­¬ (seesection2.5.1),� applicationutilities

c r®£ � r g ¬ , that is thecompositionof theutility functions(seesection
2.5.2)and� a resouceprofile: This is a relationbetweenthe resouceset � andthe quality set � r , where� § k r � describesa list of possibleresourceallocationsachieving quality � . § k r hasto respect
thepartialorderingsof � and � r , thatis¯ � t § k r � t ° ��� § k r �R� ° � t ª ���²± ³ � t ª �*�
Sinceit is possibleto achieveaquality � by morethanoneresourcesetting,it is notpossibleto
usea functioninsteadof therelationhere!Usingthis relation,two functionscanbedefined:

1. Themaximumpossibleutilization for agivenresourcesetting:´ rµ£ � g­¬ ¶ ´ r d � i kN·¹¸2º ¥ c r d � i § �µ»«� r ° � § k r � ©�� (2.9)

Usingthis function,thesocalledresource/utilizationgraph(R-U graph)canbegenerated
for eachtask.Thepoint

d � � ´ r d � i¼i is calledresource/utilizationpoint, a list of suchpoints
is asocalledresource/utilizationlist.

2. Thesetof all qualitiespossiblefor agivenresourcesetting:½ re£ � g¿¾ d � r i ¶ ½ r d � i k ¥ �À»Á� r § c r d � i k ´ r d � i ° � § k r � ©�� (2.10)

Theuserprofile containsa socalledQoSconstraint. This is thespecificationof theminimumQoS
requirements: � min

r k d � mint � � min� �����>��� � min
id z i �

For examplein anaudiotransmission,this canbeusedto definetheuser’s lowestacceptablequality
at11,025Hz samplingrateand8 bits persamplein stereo.

Finally, thesocalledsystemutility hasto bedefined.This is thecompositionof all tasks’applica-
tion utility:

c £ � g­¬ . Two conceptscanbeusedhere:� Maximizing theapplicationutilities usinga weightedsum:
ced7f g � i k x pr sat�Â r n u r d � r i , whereÂ rÄÃ � is the priority for task � . Assumingthat all priorities arethe same,this will result in

applicationshaving lower resourcerequirements(e.g. audiostreams,100KBytes/sfor 100%
utilization) gettinghigherquality easierthanapplicationshaving high resourcerequirements
(e.g.video,100KBytesfor 5%utilization).� Utility fair sharing:

ced f g � i k ·ÆÅ�Ç r sat
ÈÊÉÊÉÊÉÊÈ p ¥ u r d � r i © . The resourcemappingonly refersto the
applicationutilities. Therefore,it triestogiveall applicationsthesameutilizationindependently
of resourcerequirements!
But for examplesendingonehigh-bandwidthvideoand20 low-bandwidthaudiostreamsover
a low-speednetwork, themappingmayresultin 10%utilization for all applicationsinsteadof
giving thevideo5% andall audiostreams100%.

Now, thesocalledQoSoptimizationproblemcanbedefined:Maximize
cÀd � t � �*� �Ë�����>� � p i , where

12The quality index is necessaryif the QoSdimensionshave e.g. non-numericalvalues. For example,framerateis
numericalandthereforeno problem.But a pictureformatmaycontaine.g. QCIF, CIF, 4CIF, 16CIFetc.. In this case,a
mappingto numericalvaluesis required.
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r
for all i=1, 2, ..., n (QoSConstraints)� x pr sat � rÊ�ÍÌ � max

�
for all j=1, 2, ...,m (ResourceConstraints)and� � r § k r � r for all i=1, 2, ..., n (ResourceProfiles).

2.5.4 QoSOptimization Algorithms

In [LS98] and[LLR+99], theQoSoptimizationproblemis groupedinto four categories:� SingleResourceSingleQoSDimension(SRSD),� SingleResourceMultiple QoSDimension(SRMD,supersetof SRSD),� Multiple ResourceSingleQoSDimension(MRSD),� Multiple ResourceMultiple QoSDimension(MRMD, supersetof MRSD).

Unfortunately, SRSD,SRMD, MRSD andMRMD areall ÎÐÏ -hard. This is proven in [LS98] by
constructinga poly-timereductionfrom SRSDto the0-1-Knapsackproblem.Sincethis problemis
known to be ÎÑÏ -hard, the QoSoptimizationproblemis also ÎÑÏ -hard. Sincethe SRSDproblem
on a NTM will havea polynomialruntime(simply testingall possibilities),theproblemis also ÎÐÏ -
easy. Therefore,it is ÎÐÏ -completeandif someday somebodydevelopsa poly-time algorithmfor
this problem,then Ï k ÎÑÏ is proven.

But undertheassumptionof ÏÓÒk ÎÐÏ , it is notpossibleto getanoptimalsolutionfor thisproblem
in poly-time. Fortunately, it is possibleto approximatetheSRMD andthereforetheSRSDproblem
veryefficiently. In [LS98], threealgorithmsfor SRMDarepresentedandcomparedby measurements
in [LLR+99]:

1. ASRMD1- A simplebut fastapproximationhaving anuncontrollablebound.

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

3. SRMD- An optimalsolutionfor agivenresourcegranularityhaving inacceptableruntime.

Sinceonly the first one,ASRMD1, hasgot an acceptableruntimefor the systemdescribedin this
work, only this algorithmis explainedhere.Althoughtheboundis not limited, themeasurementsin
[LLR+99] show that thereis usuallyno significantdifferencebetweenthe resultsof ASRMD1 and
ASRMD2. See[LS98] and[LLR+99] for detailsabouttheotheralgorithms.

TheASRMD1 algorithmis shown in algorithm2. For eachtask � r , a resource/utilizationlist Ô r ,
sortedascendingby resource,is given. First, the convex hull of eachlist is calculated(line 7): ÕÔ r .
Thishasthefollowing effectsto theresource/utilizationlist:� Pointshaving lowerutilization thanpreviouspointsareremoved.Therefore:� t �ResourceÖ×�&� �Resource ³ � t �Utilization Ö×�Ø� �Utilization �� ÕÔ r will beconvex: This implies,thatpointsbelow theline from the

d � t � ´ r d � t i¼i to
d � p � ´ r d � p i¼iareremoved. Suchpointswould have got a ’bad’ resource/utilizationratio Utilization

Resource, causing
highcost(resource)at low utilization.
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Algorithm 2 TheASRMD1algorithmfrom [LS98]
01 global resAllocated[n]; // Resource allocated to task Ù r
02 global utilization[n]; // Utilization of task Ù r
03 global Resource = <Maximum resource, e.g. bandwidth from SLA>;
04
05 void asrmd1(n, Ú t , ..., Ú p ) {
06 for(i = 1;i Û n;i++) {
07 ÜÚ r = calculateConve xHul l( Ú r );
08 resAllocated[i ] = 0; // No resources for task Ù r
09 utilization[i] = -1.0; // No utilization for task Ù r
10 }
11
12 list = merge( ÜÚ t , ..., ÜÚ p ); // Order is preserved!
13 resAvailable = Resource; // Resource to be divided up
14
15 for(i = 1;i Û |list|;i++) {
16 task = list[i].Task; // Allocation trial for Ý r , task Ù&Þß�Iàâá
17 resNew = list[i].Resour ce - resAllocated[ta sk ];
18 if(resNew Û resAvailable) {
19 resAvailable -= resNew;
20 resAllocated[tas k] = list[i].Resourc e;
21 utilization[task ] = list[i].Utiliza ti on;
22 }
23 }
24 }

Next, the lists ÕÔ r aremergedto list list, preservingtheascendingorderby resource(line 12). Then,
list is iteratedfrom the first to the last element. In every iteration, the algorithm tries to allocate
resourcefor thecurrentresource/utilizationpoint: If thedifferencebetweenthecorrespondingtask’s
allocationandthepoint’s requirementis lessor equaltheavailableresource,thenew allocationwill
besuccessful.Finally, eachtask � r hasgot its allocation �`ã2ä�åçæ@æ@èOéRêìë7ãEí r andusingits function

½ r
, a

qualitycanbesetby choosingavector �î» ½ r d �`ã2ä�åçæ@æ@èOéRêìë7ãEí r i having utilization u ë���æï��ð`ê�ë��!è m r . Note,
thatalways

½ r d � i £ k�ñ for thecaseof too few resourceavailable.
A completeexamplefor resource= bandwidth:

Ô t k ò¹ó b �� � �«ô � óöõ �� �Z� ô � óø÷ �� ��ù ô � ó�ú �b � �«ôüû �Ô<� k òýó b2�� � �«ô � ó×÷ �� � � ô � ó � �� ��� ô � ó b �ì�b � �þôüû �
Here ó ÿu ô denotesutilization u for ÿ bandwidthunits. Ô t and Ô<� areplottedin figure2.17. As it

is shown, Ô t is not convex. Therefore, ó õ �� �Z� ô will beremovedin theconvex hull (seefigure2.17).

This resultsin thefollowing mergedlist:

list k ���� � tb �� � ����� 	�
 �
�� � �� �a�b2�� � ����� 	�
 �
�� � �� � t÷ �� �Zù ��� 	�
 �
�� � �� �a�÷ �� � � ��� 	�
 �
�� � �� � tú �b � ����� 	�
 �
�� � �� �a�� �� ��� ��� 	�
 �
�� � �� ���b �ì�b � ����� 	�
 �
��
� �
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Figure2.17:An examplefor theASRMD1algorithm

For a maximumbandwidthof 120 units, the allocationwill be successfulfor Ï t to ÏË� , resultingin
100%utilization for � t at bandwidth70 ( Ï � i and50% utilization for �a� at bandwidth40 ( Ï�� i . 10
bandwidthunitsremainunallocated.

It is very importantto denotehere,that this algorithmtries to maximizetheapplicationutilities.
By sortingtheresource/utilizationlists by utilization insteadof resource,thealgorithmwill generate
a fair sharing,thatis trying to giveall tasksequalutilization! In this case,list’s contentswouldbeas
follows:

listfair k � �� � tb �� � � ��� 	�
 �
�� � �� �a�bE�� � � ��� 	�
 �
�� � �� ���÷ �� � � ��� 	�
 �
�� � �� �a�� �� ��� ��� 	�
 �
�� � �� � t÷ �� �Zù ��� 	�
 �
�� � �� � tú �b � � ��� 	�
 �
�� � �� ���b �ì�b � � ��� 	�
 �
��
� �

In this case,theallocationof 120bandwidthunits resultsin 90%utilization for � t at bandwidth40
( ÏË� i and80%utilization for �a� atbandwidth80 ( Ï�� i . 0 bandwidthunitsremainunallocatedhere.

2.6 Media Types

This sectiondescribesthebasicsof themediatypesusedin this work: MPEG-1/2,H.263andMP3.
It shouldbe denotedherethat only a granularsummaryof the main conceptsand propertiescan
be given here,due to the complexity of this subject. For detailsseethe correspondingcitations
to documentationand papers. All typesof this sectiongroup their datato logical dataunits (see
[MM00], page572),socalledframes. Framestransporta certainpartof a mediaor mediaobjectsof
a specifiedduration,e.g. a singlepictureof a videoor a definedamountof samplesfor audiodata.
Thenumberof framespersecondis thesocalledframerate.

2.6.1 MPEG-1 Video

In 1990,theMotion PicturesExpertsGroup(MPEG)definedtheMPEG-1standardfor videostorage
andtransmission.It is optimizedfor bandwidthsof about1.5 MBit/s, usede.g. for video-CDsand
videoondemand.Thepropertiesthisstandardareasfollows([MPEG], [RN98]):
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Figure2.18:TheMPEGcodec� Randomaccess,� fastforwardandfastrewardarepossible,� reverseplay,� errortolerance(e.g.lost packets)implying no necessityto usereliabletransmission,� jitter tolerance(necessaryfor packet networkslike theInternetwithoutstrict guarantees),� differentresolutionsandframeratesfor supportingvariouslink speeds(e.g. telephonelines,
high-speednetworks,etc.),� possibilityfor real-timeencodinganddecodingand� low cost(affordabledecodersfor end-users).

Thebasicsof thecompressionarethediscretecosinetransformation(DCT) andmotioncompensa-
tion. MPEGusestemporalredundancy andthelimits of thehumanvisualsystemto achivecompres-
sionratiosabout1:30.

MPEG Encodingand Decoding

MPEG encodingconsistsof color transformation,DCT, quantizationand compression,seefigure
2.18for a graphicalview of theMPEGcodec.Sincethehumaneye is moresensitive for luminance
thanfor chrominance,it is not usefulto useRGB colorsto storethevideo’s pictures.Therefore,the
YUV (Y luminance;U, V chrominance- fractionsof redandblue),alsocalled � �"!#�%$ modelis used.
ThetransformationbetweenRGBandYUV is donethefollowing way ([MM00]):&' � ()+*, - &' .0/2143�3 .5/7648:9 .5/<;>=?=@ .5/A;>B?8:9 @ .5/DC?C5;>C .5/76.5/26 @ .5/E=F;�8G9 @ .5/D.?85;�C *, &'IHJKL*,&' HJKM*, - &' ;?/D. .0/N. ;?/E=G.:1;?/D. @ .5/DC�=?=5;>= @ .5/79O;>=5;>=;?/D. ;?/79?9?1 .0/N. *, &' � ()+*,
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A pictureis dividedin socalledblocksconsistingof 8 P 8 pixels. Sinceluminanceis moreimportant
thanchrominance,thechrominanceresolutionmaybehalvedhorizontallyand/orverticallyusingthe
averagevalue(color subsampling) resultingin Y:U:V ratiosof 4:2:2or 4:1:1 insteadof 4:4:4. Four
blocksof luminanceandfour, two or oneof chrominancearegroupedto amacroblock whichcontains
a 16 P 16pixel area.
After color transformation,DCT ([RN98]) is appliedon each8 P 8 block ( Q�R>S T is thevaluefor entryU�VXW ): Y[Z]\ V_^5`ba cdfe Zg\ ` e Z ^0`�hjilkRnmFo ilkTXmFoqp Q>R>S T h"r�s?tvu5wyx�zN{ Rn| c~}cg� � rys?tjuFw��#zN{ TX| c~}cg� ���e Z]� `�a � c� { Z]� a��G`� Z]���a��G`
Theinversetransformationis

Y�� c :Y � c Z U�V_WF`�a �� k� x mFo k� � mFo�� e
Zg\ ` e Z ^0`�h Y[Z]\ VX^0`�h�r�s?t���� \�Z~� U�� � `��� � r�s?t���� ^ Z�� W�� � `��� � �

Note, that due to the limited accuraryof the calculation,therewill be a small lossof information
whenapplyingreverseDCT to aDCT-transformedblock,comparedto theoriginalone.Quantization
of thecoefficientsis doneusinganown quantizationvalue ¡ x¢� for eachcoefficient ([MM00]):£Y[Z]\ VX^0`�a round

Z Y�Zg\ VX^0`¡ x¢� `n¤
Theinversecalculationis: ¥Y�Zg\ VX^0`ba £Y[Z]\ V_^5`¦h ¡ �§x ¤
But of course,thehigherthequantizationvalue ¡ x¢� thehigherthesocalledquantizationnoise.

TheDCT itself resultsin no reductionof thedata(8 P 8 ¨ 8 P 8), but sincea lot of thequantized
coefficientsareusually0, a goodcompressioncanbeachieved. This is doneusingHuffmancodes
andrun-level coding.To provideerrortolerance,asequenceof macroblocksis groupedto asocalled
slice. Every slice is decodableindependently. Missing slicesmay be interpolatedfrom available
slices.

Unlesstherearesceneschangesin thevideo,thedifferencebetweentwo picturesis usuallysmall.
For example,a car moves in front of a landscape.In this case,only storing a vectorof the car’s
movementandthemissingpartsof thebackgroundwouldresultin ahugebandwidthreduction.Since
recognitionof objectsis too complex, the socalledmotioncompensationis basedon macroblocks.
For every macroblock,themotioncompensationalgorithmsearchesfor a ’best’ matchingpart in the
next pictureandstoresonly amotionvector. If necessary, anerror picture, thatis thedifferenceto the
originalpicture,is alsostored.Thequalityof themotioncompensationis dependentonthealgorithm:
Algorithmsfindingbettermatcheswill beslowerdueto morecomparisions.

MPEGvideosconsistof up to four picturetypes:

I-frames (Intra-codedpictures)containapictureindependentof otherones.Therefore,thecompres-
sionratio is low, but randomaccessis possible.

P-frames (Inter-codedpictures)containa pictureusingmotion compensation.It refersto the pre-
vious I- or P-frame. Therefore,it is only decodablein combinationwith the pictureit refers
to.

B-frames (Bidirectionalypredictive codedpictures)containmotioncompensationreferencesto the
previousand/ornext I- or P-frameandencodeonly differencesbetweenthem. Therefore,this
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Figure2.19:An MPEGexample(“TheSilenceof theLambs”, GoP:IBBPBBPBBPBB)

typeachievesthehighestcompressionratio. B-frameswill neverbeusedasmotioncompensa-
tion references!

D-frames areusedfor fast forward/fast reward only andcontainlow-quality intra-codedpictures.
Usually, this typeis usedfor storedvideosonly - it doesnot make senseto transmitit in real-
timeapplications.

Err or Tolerance

The sequenceof picture typesis given by the periodic group of pictures (GoP) pattern: Practical
experienceshows, that the GoP “IBBPBBPBB IBBPBBPBB ¤�¤>¤ ” resultsin a good compromise
betweenerrorreproductionandcompressionefficiency ([Gum98] on page20, [RN98]): Sinceerrors
in I-framesarereproducedonall PandB picturesreferingto it, theacceptablelossrateof this typeis
thelowest.Ontheotherside,errorsin B-framesonly concerntheB pictureitself. Therefore,ahigher
lossratemaybeacceptablefor this type.Theacceptablelossrateof PpicturesmaybebetweentheI
andB-frames’value- errorsremainuntil thenext I-frameis received.

An examplefor anMPEGstreamof thevideo“TheSilenceof theLambs”13 usingtheGoP“IBB-
PBBPBBPBB”canbe found in figure2.19. The I:P:B sizeratio is about10:2:1,which is usualfor
MPEGvideos([RN98]).

Online Scalability

MPEGencodingrequires- especiallyfor themotion compensation- muchCPU power. Therefore,
online scalingby decodingand re-encodinga mediawould be too inefficient. But somesimpler
methodsfor onlinescalinghavebeendeveloped:

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

Block Dropping reducesthenumberof blocksby simpleremoval ([ZL96]).

CoefficientElimination skipssomeof theup to 64 DCT coefficients([Gum98]on page88). This
canbedoneby giving a maximumnumberof coefficientsto transmit(scalarbreakpoint)or a
64-bit booleanvectorcontainingtrue/falsefor every coefficient (vectorbreakpoint).Finally, it

13Tracesource:[Wür95], lambs.tar.gz.
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is alsopossibleto limit thenumberof run-level pairs(RLPs)for thecompressionof thequan-
tizationvalues.In [Gum98] it is shown thatvectorbreakpointshavenoadvantagecomparedto
scalarbreakpointsandthelimited numberof RLPsresultsin lowerquality.

Requantization repeatsquantization([Gum98]). Thedisadvantageof this approachis that thenew
quantizationvaluehasto be a multiple of thevideo’s quantizationvalue. Therefore,it is rec-
ommendedto storethe video having the valueset to 1. Further, it is difficult to find ’good’
quantizationvalues.

Quality Metrics

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

PSNR (PeakSignalNoiseRatio,[BDT+96]) simplycomparespixels:

PSNR a � ��h"ª¬« Zy­ {® ` ¯ ® a �° ±� ² m c
Z ® ²´³¶µ?² ` { V

where ® ² representsthevalueof theoriginal image’s · -th pixel and

µ?²
the scaledimage’s · -th

pixel.

­
is thepeakvaluefor thepixels(e.g.255for 8 bits,65535for 16bitsetc.).Thissimple

metricis widely usedbut describestheuser’ssubjectivequality very inaccurately.

ITS Quantitati veVideoQuality Metric is basedon userratingsandgivesan improvementto the
PSNRresults([BDT+96]). But in [BDT+96] it is shown that this metric is inadequatefor
high-bandwidthvideo.

MPQM (MovingPicturesQualityMetric, [BDT+96]) is amorecomplex metrictrying to incorporate
thehumanvisual system’s limits. Therefore,the resultsaremuchcloserto 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

TheMPEG-2standardis anextensionof MPEG-1to provide higherquality at bandwidthsfrom 2 to
15 MBit/s. The main extensionsaremorepictureformats,somefeaturesto improve quality, some
compressionextensionsandthescalablecodingextensions:

The scalablecoding extensionsprovide supportto sendhigh-quality and low-quality versions
togetherin onestream(e.g. a standardTV versionanda HDTV version): The transportstreamis
dividedup into several layers.Thefirst layer, calledbaselayer, containsa low-quality version.The
following layers(enhancementlayers) provide additionaldatato generatea higher-quality version
from the combinationof baseandenhancementlayers. An exampleis shown in figure 2.20 (low-
quality picture)andfigure2.21(originalpicture14).

Four layeringmethodshavebeendefined:

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

Spatial Scalability usesthebaselayerfor low-resolutionpicturesandcontainsthemissingdatafor
higherresolutionsin theextensionlayers.

14Picturesource:http://www.usrailroad.com
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Figure2.20:Baselayeronly Figure2.21:Baseandenhancementlayer

SNRScalability useshigherquantizationfor the baselayer. The combinationwith the extension
layersresultsin a lowerquantization.

Data Partitioning transmitsa subsetof the DCT coefficients in the baselayer and the remaining
onesin theenhancementlayers.

In combinationwith DiffServ, the baselayer may be transmittedover high-quality but expensive
classesandtheenhancementlayersover lower-quality but cheapones(e.g. evenbesteffort). In this
case,thea low quality is guaranteedevenif all enhancementdatais lost.

2.6.3 H.263Video

TheH.263standarddefinedin [H.263] is basedonMPEGtechnology. Its mainapplicationsarevideo
telephony andvideo conferences.Therefore,it is optimizedfor real-timecompressionanddecom-
pressionandtheusageof low-bandwidthlinks. Like MPEG,it usesDCT andmotioncompensation
andtheframetypesI, P andB. TheadditionalframetypePB containsa P-frameanda B-frame;the
combinedstoragesavessomebandwidth.H.263alsocontainsthescalabilityextensionsexplainedfor
MPEG-2(seesection2.6.2).Metricsandonlinescalabilityarethesameasfor MPEG-1(seesection
2.6.1). Sincethe H.263 standardis optimizedfor real-timeencoding,scalingcanalsobe doneby
re-encoding.

An importantdifferenceto MPEGis, that H.263doesnot requirea constantGoP. Picturetypes
may be usedasnecessary, resultingin a lower bandwidthrequirement.This especiallyaffects the
usageof I-frames: H.263 is mainly usedfor real-timevideo conferences.Therefore,fast forward
andrewardareimpossibleor unnecessary. In this case,it is possibleto usean I-frameonly for the
first pictureof a stream.As long asit is ensuredthatevery partof thescreenis transmittedwithout
usingpredictionaftersomesecondswithin Por PBframes,thereis nonecessityto sendI-frames.For
example,P-frame#1 containsunpredictedblocksfor theleft upperpart,P-frame#2 thesamefor the
right lowerpartetc..Theresultwill beasmallerbandwidthrequirementanda lowerburstiness.

2.6.4 MP3 Audio

TheMPEG-1/2Layer-3 audiocompression- betterknown asMP3 - hasbeendevelopedto provide
efficientcompressionof high-qualityaudio([Bra99]). Thedecodedstreamshouldbeascloseaspos-
sibleto theoriginal,at leastfor humanlisteners.Thebasefor this is to useaperceptualmodelwhich
incorporatesthe humanear’s limits for removing unnecessaryand redundantparts. Compression
ratiosof about1:12areusualfor high-qualityoutput.
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Figure2.23:An MP3Example(GoWest)

TheMP3codecis shown in figure2.22.First,it splitstheinputsignalinto its spectralcomponents.
Basedontheperceptualmodel,thequantizationis appliedusingthe’best’ quantizationvaluefor each
component.Thequantizeddatais thencompressedusingHuffmancodes.

To enhancecompressionratiosof stereosignals(two channels:left andright), theoptionaljoint
stereo modeusesa combinedcodingof both channels.The MP3 standardallows bitratechanges
for every of the 38 framesper second.Possiblebitratesrangefrom 8 KBit/s to 320 KBit/s. But at
themoment,mostMP3 encodersonly generateconstantbitrateMP3 (CBR-MP3),that is a constant
rate is usedfor the whole file. Sincethis may reducequality for somepartsandwastebandwidth
for others,modernencoderslike the OpenSourceencoderLAME (see[LAME]) canalsogenerate
variablebitrateMP3(VBR-MP3). In thiscase,thedifferentbitrates’quality for acertainframehasto
beevaluatedusingtheperceptualmodel,resultingin usageof themostefficient choicefor encoding.
For moredetails,see[LAME ] and[TTB+98]. Figure2.23showsapartof theVBR-MP3“Go West”,
generatedusingLAME.

Using a 500MHz PentiumIII processor, it is possibleto encodeaboutthreehigh-qualityMP3
streamsusingtheLAME encodersimultaneously. Therefore,onlinedecodingandre-encodingto fit a
givenscalingis possible.Anotherwaywouldbeto dropsomespectralpartsof thestream.

Verydetaileddescriptionsof audioquality metricscanbefoundin [TTB+98]. Well-known mod-
els describedin this paperare NMR (Noise-to-MaskRatio), PerceptualAudio Quality Measure
(PAQM), PerceptualEvaluation(PERCEVAL), PerceptualObjective Measure(POM), Disturbance
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Inde¸ x (DIX), ObjectiveAudio SignalEvaluation(OASE),ToolboxandPEAQ (PerceptualEvaluation
of Audio Quality). The last one is basedon the first six modelsandwill becomethe future ITU
standardfor objectivemeasurementof perceptualaudioquality.

2.7 Summary

This chapterhasgivenan introductioninto thebasicsof this work. First, thenetwork fundamentals
areexplained:TheOSI andTCP/IPnetwork referencemodels,theInternetprotocolsIPv4 andIPv6,
the unreliable,connection-lessdatagramprotocolUDP, the reliable,connection-orientedtransmis-
sionprotocolTCP, the control messageprotocolsICMPv4 andICMPv6 andthe real-timetransport
protocolframework RTP. This hasbeenfollowedby the basicsof Quality of Service(QoS)andits
realizations:IntServusingper-flow reservationsandDiffServproviding differentclasses,especially
expeditedforwarding(EF) andassuredforwarding(AF). Further, traffic shapinghasbeenexplained.
Thenext sectionhasintroducedthe efficient descriptionof variablebitratetraffic usingapproxima-
tionsof thesocalledempiricalenvelope:TheD-BIND and

Z ³ ¨ ® V ³ ¨ µ ` traffic model.Further, analgo-
rithm for thecost-optimal,a priori calculationof bandwidthremappingintervalshasbeenpresented,
basedontraffic descriptions.In thefollowing section,socalledutility functionshavebeenintroduced
for theevaluationof qualitychangesto theusersatisfaction.Thishasbeenfollowedby someresource
managementdefinitions,especiallythesocalledresource/utilizationpointsandlists containinguser
satisfactionsfor givenresourcesettings.Finally, theapproximativealgorithmASRMD1for mapping
a resource(usuallybandwidth)to differentconcurrentstreams,basedon resource/utilizationlists for
eachstream,hasbeenpresented.Thechapterhasclosedwith a descriptionof somestandardvideo
andaudioformats: MPEG-1,MPEG-2andH.263for videoandMP3 for audio. This hasincluded
encoding,decoding,scalabilityandqualitymetrics.



Chapter 3

The CORAL Project and the Goalsof This
Work

This chaptergivesan introductionto the CORAL project’s concept.Further, a shortoverview of
animplementationexampleis shown: TheRTP AUDIO system.Thenecessaryenhancementsto

this systemfor efficient supportof variablebitratestreamsfinally leadsto thegoalsof this work.

3.1 The CORAL Concept

CORAL is the abbrevation for COmmunicationProtocolsfor Real-timeAccessto digital Libraries
([AKM+00]). Thegoalof the CORAL projectis thedevelopmentof real-timeprotocolsto transmit
scalablestreamsof differentmultimediastandardsfor audioandvideo(e.g.MPEG-1/2,H.263,MP3,¤>¤>¤ ) overa network.

The conceptcanbe found in figure 3.1. Sincereal-timemultimediatransmissionrequiresQoS
guarantees,it is necessaryto provide reservationmechanisms.This is donein theReservationMod-
ule. The transportmodulecanmark eachpacket to belongto a reserved flow (IntServ, seesection
2.2.2)or class(DiffServ, seesection2.2.3)usinge.g. the IPv6 flow label or the Typeof Serviceor
Traffic Classfield of theIP header.

Sincemultimediatransmissionsusuallyrequiretransmissionof differentmediatypesto a single
user(e.g.videoandaudio,hencethenamemultimedia),severalstreamsto thesameclientaregrouped
to a so calledsession. It consistsof oneor moreapplicationstreams, all having their own stream
priority. An exampleof asessionfor avirtual shoppingmall canbefoundin table3.1.

To provide efficient usageof reservation,CORAL usestheconceptof socalledlayeredtransmis-
sion: A stream(e.g. a video) canbe splittedinto several substreamscalled layers by the Layering
Control. Eachlayerhasgot its own QoSrequirements.For exampleusingMPEG-2,thebaselayer
canbetransmittedvia aDiffServclasslikeEFwhile theenhancementlayersusebesteffort or MPEG-

Stream Usage Type Priority

Stream#1 Interactive3D 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 thecommercialvideo MP3 Normal
Stream#6 Informationvideofor selectedproduct MPEG Highest
Stream#7 Soundfor theproduct’svideo MP3 High

Table3.1: An examplesessionfor avirtual shoppingmall

35
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Figure3.1: TheCORAL concept

1 videostreamscantransmitI-framesovera low-lossbut expensiveandP- andB-framesovercheap
but morelossyDiffServclasses.Thecompletestreamhierarchyof theCORAL conceptcanbefound
in figure3.2.

The available bandwidthof the ReservationModule’s SLA is managedby the QoSManager.
It mapsthe bandwidthto the different streams,accordinglyto their streampriority and session’s
priority. Eachsessionhasgotaconstraintfor minimumandmaximumbandwidthusedby thestreams
belongingto thesession.This ensuresthatat leasta minimum quality is possibleandthat the total
bandwidth(e.g. only 1 MBit/s link speed)andcost is limited. Further, the mappinghasto fit the
streams’QoSrequirementsfor maximumdelay, lossrateandjitter (seesection2.2.1). Theserver’s
SLA may be dynamic,that is it canbe changed.For example,the DiffServ link is sharedbetween
several servers. If oneserver hasgot lots of clientsbut a secondoneonly a few, the first server’s
SLA may be increasedwhile the secondone’s may be decreased.Thesechangesaremanagedby
theBandwidthBroker (BB). For moredetails,see[Sel01].TheCORAL bandwidthpricingconceptis

Substream #n

Substream #2

Substream #1

...
Application Stream #1

Application Stream #2...

...

...

(e.g. Audio)

(e.g. Video)

Macroflow #1

Macroflow #2

...

Server Flow
Aggregated

Figure3.2: Thestreamhierarchyof theCORAL concept
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Figure3.3: TheRTP AUDIO system

describedin [Rad01], it shows threetypesof charges:

1. Holding Charge: Thepricefor reservinga givenbandwidthof Dif fServclass¹ (but not for its
usage!).

2. UsageCharge: Thepricefor sendinga givenvolumevia DiffServclass¹ .

3. BandwidthChangeCharge: The charge for renegotiatingthe DiffServ class ¹ ’s SLA via the
bandwidthbroker.

The EndpointCongestionManagement(ECM) is necessaryto provide TCP-friendlybehavior of
streamssentoverbesteffort service.Thatis, thestreamsshouldbehavelikeTCPstreams(seesection
2.1.3)andadaptbandwidthto thenetwork’scongestion.MoredetailsabouttheECM canbefoundin
[Kar01].

3.2 RTP AUDI O - A CORAL Implementation Example

Oneexampleimplementationof theCORAL conceptis theRTP AUDIO system([DSV00], [AKM+00]
and[RTPAudio]). Figure3.3shows theRTP AUDIO server anda client. This systemtransmitsun-
compressedaudiousingRTP(seesection2.1.5)basedonUDP(seesection2.1.3)overIPv4andIPv6
(seesection2.1.2)usingDiffServ(seesection2.2.3).Thefollowing audioqualitiesaresupported:º Samplingratesfrom 4410Hz to 44,100Hz in stepsof 2205Hz,
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23 constantlevelshave beenchosenfrom these152possiblesettingsfor theQoSmanagerto select
thescaling. This uncompressedtransmissionresultsin constantbitrates from about4 KBytes/sto
about185KBytes/s.Thestreamitself is dividedinto up to threelayershaving ascendingmaximum
acceptablelossrates:

1. Theupper8 bits of theleft channel,

2. theupper8 bitsof theright channel(in stereomodeonly) and

3. thelowerbits of bothchannels(in 12/16bit modeonly).

In caseof packet losses,the left or right channels’bits canbereplacedby thecorrespondingbits of
theotherchannelresultingin monoquality. Lost packetsof lower bits resultin 8-bit quality - these
bitsaresimplysetto 0.

SinceDiffServonly guaranteesbandwidthsandnot maximumdelay, lossrateor jitter, theQoS
managerchecksthesevaluesby analyzingthe RTCP receiver reports(seesection2.1.5)anddoing
round trip time measurementsfor eachclass. If necessary, layersare mappedto other classesor
streamsarescaleddown. Theroundtrip timemeasurementusesICMP echorequestsandreplies(see
section2.1.4)sentovereveryavailableDiffServclassto thedestinationhost.This is necessarysince
theroundtrip timesof all possibleclassesarerequired.Echorepliesaresentbackvia BE. Therefore,
thetransferdelayof Class» is not simply RTTClass¼½ . Instead,thefollowing formulais used:

DelayClass¼¿¾7À RTTClass¼ÂÁ RTTBestEffortÃ Ä
Sinceroundtrip time, jitter and transferdelayareslightly varying, it is useful to smooththeir

values,thatis incorporatingtheformervalueinto theresult.Therefore:

ValueNew ¾7ÀLÅÇÆ ValueOld ÈMÉ§Ê Á�Å�Ë�Æ MeasurementÄ
A usefulvaluefor theconstantÅ is ÌÍ . Seealso[DSV00] for details.

3.3 The Goalsof This Work

The measurementsin [DSV00] show that the RTP AUDIO systemworks quite well for constant
bitratestreams.But sincemany compressedmultimediastandardslike MPEG(seesection2.6.1and
2.6.2),H.263(seesection2.6.3)andMP3 (seesection2.6.4)useor mayusevariablebitrates,some
extensionsarenecessary:Simply usingthepeakrateasbandwidthis far too inefficient (seesection
2.3).A moredetailedtraffic descriptionandbandwidthremappingis thereforenecessary.

The CORAL project’s subjectare digital libraries. Therefore,most mediaslike video and au-
dio files arealreadycompletelystored. Therefore,it is obvious to usea traffic modelfrom section
2.3.3andthealgorithmdescribedin section2.4 to calculateefficient remappingintervalsandtraffic
descriptionsa priori. But sincethe describedalgorithmdoesnot supportlayeredtransmissionand
scalablemedias,someextensionsarenecessary. This will bedescribedin chapter4. Of course,for
real-timevideo andaudioconferencesfor example,an a priori analyzationis not possible. In this
case,anonlineanalyzationis necessary. But this is notagoalof this work. For detailsaboutthis,see
[BCC+99] and[Vey01].

Sincethe mediasarescalable,it is necessaryto evaluatethe effectsof scalingto the usersatis-
faction. This canbe doneusing the resource/utilizationlists describedin section2.5.3. Basedon
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thea priori calculatedremappingintervalsandtraffic descriptions,it is now necessaryto developan
algorithmto calculate’useful’ resource/utilizationlists. This is possiblea priori, too. Detailscanbe
foundin chapter5.

Finally, in chapter6, the online bandwidthmanagementhasto be developed:The SLA’s band-
width hasto bemappedonlineto differentstreams,basedon thea priori calculatedinformation.As
it is shown in section2.3.1,bufferingmayresultin ahugebandwidthgain.Sincethecompletetraffic
descriptionis known from thea priori calculation,it is usefulto optimizethebuffer delayhere:The
userhasgot a certainmaximumtransferdelay limit, eachclass’s currentdelay is known from the
ICMP measurementsasshown in section3.2.Now, it is possibleto checktheresultingcostfor every
classandusethe cheapesttransportpossibility. For example,theexampleof section2.3.1requires
100%bandwidthfor abuffer delayof 1 framebut only 40%for abuffer delayof 6 frames.Therefore,
if class#1 permitsonly a buffer delayof 1 frameandclass#2 a buffer delayof 6 frames(due to
a lower transferdelay)but at doublecost, it is still cheaperto usethe expensive class#2 - sinceit
requiresonly 40%of theoriginal bandwidthto bereserved.

Further, thebandwidthmanagementhasto supportsessionsasdescribedin section3.1. Within a
session,thebandwidthmappingshouldbeutility-f air (seesection2.5.3): A userhaving two equal-
prioritizedstreamsin thesamesessionwantsbothhaving thesameusersatisfaction- not onestream
in bestand the other in lowestquality. But globally, it is useful for the provider to have asmuch
sessionsaspossiblegettinga high quality. For example,it is not useful if user#1 hasgot a large
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sessionof e.g. 80 MBit/s at 25%utilization andusers#2 to #21have got smallsessionsof 1 MBit/s
at25%,too. Instead,it is recommendedto useanunfair sharinghereandgiveuser#1e.g.50MBit/s
at10%utilizationandusers#2 to #21e.g.95%at 2.5MBit/s.

As described,this work consistsof two parts:

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

2. theonlinebandwidthmanagement.

A graphicalview of theapriori partcanbefoundin figure3.4,theonlinepartis shown in figure3.5.

3.4 Summary

This chapterhasgivenanintroductionto theCORAL project’s concept.Further, a shortoverview of
animplementationexamplehasbeenshown: TheRTP AUDIO system.Thenecessaryenhancements
to this systemfor efficient supportof variablebitratestreamshasfinally leadedto the goalsof this
work. Thesecanbesummarizedasfollows:

1. Theoffline part:

(a) Extensionsof theapriori remappinginterval calculationalgorithmby supportfor layered
transmissionandscalablemedias.

(b) Developmentof analgorithmto calculate’useful’ resource/utilizationlists,alsoapriori.

2. Theonlinepart- thebandwidthmanagement:º Minimizationof bandwidthcostby theusageof cost-optimizedbuffering.º Supportfor sessionsandfair bandwidthdistributionwithin thesessions.º Maximizationof theglobalutilization.



Chapter 4

The A Priori RemappingInter val Calculation

In this chapter, the a priori remappinginterval calculationalgorithm,presentedin section2.4, is
extendedto supportlayeredtransmissionasdescribedin section3.1. Further, anefficient support

for scalabilityis required.Therefore,additionsto provideframeratescalabilityandamethodto allow
framesizescalabilityof thetraffic descriptionaredeveloped.Thechaptercloseswith optimizations
for runtimeandstoragespace.

4.1 The RemappingInter val Algorithm Basics

First of all, a traffic modelhasto bechosento storethetraffic descriptions(seesection2.3.3).Since
the traffic shaper, which is necessaryfor thebuffering, is implementedin software(seealsosystem
descriptionin section7.3),theD-BIND modelhasbeenchosen.Thereasonsfor this decisionare:º D-BIND providesamoreaccuratedescription,dueto its non-convexity.º It is notnecessaryto limit theleaky bucket’ssize.This is only requiredfor traffic shapingusing

hardware(e.g. a network cardor router)having a built-in leaky bucket of fixedsize. Instead,
theserver’smainmemoryis usedfor buffering. This is availableat asufficientamount1.

Next, cost functionsfor a given D-BIND traffic descriptionandthe remappinghave to be defined.
Thecostfor thebandwidthhasbeendefinedasfollows:

costBandwidthÉ Á Î7Ï ËÐ¾7À Ñ�ÒÓ2ÔÖÕ Ï Ó ÄBandwidth¹ Ä
Thebandwidthsof everyD-BIND pair × areaddedanddividedby thetotalnumberof pairs.Thiscost
functionis thereforetheaveragebandwidthfor all delays.It hasgot thefollowing properties:º If thebandwidthrequirementsareconstantfor all bufferdelays( Ø É Ï ËÙÀ const, seesection2.3.1),

thenthefunctionrepresentsthecostof this constantbandwidth.º On theotherside,for Ø É Ï Ë decreasingwith increasingdelaythecost-advantageof buffering is
alsoincluded:It will betheaveragebandwidthcostfor thegivendelays.

Anothercost function would be weightingsomeof the delaysandthereforeemphasizinglower or
higherdelays.But sincethebuffer delayresultsfrom thedifferencebetweenthenetwork’s varying
transferdelayandtheuser’s maximumdelayrequirements,it would bedifficult to give usefuldelay
weightshere.For this reason,this approachhasnotbeenused.

1The numberof streamsandthe buffer delayis limited. Carehasbeentaken that even in the worst-casebuffering
scenario,theserver’smainmemoryof 256MByteswill notbeexceeded.

41
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Figure4.1: Thecomparisionof overlappingandnon-overlappingintervals

SinceremappingusingDiffServonly consistsof settingtheTypeof Service/Traffic 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 also recommendedin
[Gum98] onpage67.

It shouldbedenotedhere,thatthetraffic descriptionhasto becalculatedusingoverlappinginter-
vals: For a delayof ¹ÛÚ Ã , it is necessaryto includethenext interval’s ¹ Á Ê framesinto thetraffic
descriptioncalculation,too.

An examplestreamconsistingof two intervalsis shown on theleft sideof figure4.1. Interval I1
containsframes#1 to #5 andinterval I2 frames#6 to #10. Using eachinterval’s own framesonly,
thecalculatedempiricalenveloperesultsin thelowergraphon theright sideof figure4.1.Theupper
graphshows theoverlappingcalculation’s result.

Now, usinga delayof 3 frames,the non-overlappingcalculationrequiresa reservation of ÕÜÕÝ ÀÞ ÄDßGà bandwidthunitsperframe.But sendingframes#5,#6and#7 in asequenceresultsin exceeding
thedelayconstraintfor theleaky bucket (seesection2.2.4):After buffering frame#5, thebuffer con-
tains8 units.3.67aresentuntil frame#6 is buffered.Then,12.33unitsarein thebuffer whichwould
requireatimeof Õ ½_á ÝÜÝÝ_á â Ì À Þ Ä Þ ß framesto besent;thisis morethanthedelaylimit of 3 frames.Usingthe

overlappingcalculation,thereservedbandwidth Õ ÌÝ Àäã ÄNßGà ensuresthis contraint: å Í_æOç_á â ÌÜè<é Íç_á â Ì À Ê ÄNê Þ
frames.

4.2 Layering of the Media Types

Now, the remappinginterval calculationhasto be extendedto supportlayeredtransmission.But
first, the layeringhasto be describedfor the mediatypesof section2.6. In this work, only traces
of thedifferentmediatypesareused.Therefore,it is not possibleto examinee.g. applicationQoS
dimensionslike picturesize,colorsor audiosamplingrate. Instead,the genericdimensionsframe
rateandframesizeareused.In a realmediatransportscenario,anadditionalmappingbetweenthese
two valuesandthemedia-specificdimensionsis required.

For MPEG-1/2,it is recommendedto usean own layer for eachframetype sinceeachonehas
got its own QoSrequirementfor the maximumacceptablelossrate(seesection2.6.1). Therefore,
MPEG-1streamshavegot threelayers:Onefor I-, P-andB-frames.

An examplefor thefirst 25 framesof theMPEG-1video“TerminatorII ”2 canbefound in table
4.1. It uses25 framesper secondandthe GoP“IBBPBBPBBPBB”, eachtableentry containsthe

2Tracesource:[Wür95], terminator.tar.gz.
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Frame Layer#0 (I) 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 theMPEG-1video“TerminatorII ”

framesize.I-framesaresentin layer#1every12thframe,P-framesaresentin layer#2andB-frames
aresentin layer #3. It is importantto denotehere,that asit is shown in the table,a lot of entries
aresetto zero.That is, no transmissionis donein thecorrespondinglayerfor thecurrentframe.For
I-frames,thereis agapof 11andfor P-framesagapof at least2 framesbetweenevery transmission.
Therefore,abuffer delayof two or moreframeswill resultin muchlowerbandwidthrequirements!

Using MPEG-2,additionallayersfor every frametype of the MPEG-2enhancementlayerscan
be added:For exampleusingan MPEG-2streamhaving onebaseandoneenhancementlayer, six
layerscanbeused:Threefor I-, P-andB-framesof thebaselayerandthreefor thesametypesof the
enhancementlayer. Thesameschemecanalsobeappliedto H.263.But in thiscase,up to four layers
maybenecessary:Threefor I-, P- andB- framesandthefourth for PB-frames.

MP3 only consistsof rathersmall framesizes,usuallyabout600 to 700 bytesfor high-quality
audio. Therefore,it doesnot make muchsenseto uselayeringherebecauseeachpacket requires
transportheaders:IP (40 bytesfor IPv6) + UDP (8 bytes)+ RTP (at least12 bytes)+ finally a
headerfor themediaitself (e.g. 20 bytes). In this example,eachpacket contains80 bytesoverhead
which resultsin 3040bytes/sfor 38 framespersecond(MP3 framerate).Evenfor high-qualityMP3
transportat about100KBit/s = 12500bytes/s,therewould beno significantbandwidthgaindueto
this headeroverhead.
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Figure4.4: Remappingintervalscalculatedusingunweightedandweightedcost

4.3 Extensionfor LayeredTransmission

Usinglayeredtransmission,theindependenttraffic descriptionshave to becalculatedfor eachlayer.
Now, it would be possibleto do an independentremappinginterval calculationfor eachlayer, too.
But for streamscontainingmany layers(e.g.9 for MPEG-2having 3 MPEGlayersandonetransport
layerfor eachframetype),this would bevery inefficient,sinceeachlayerwould requireremappings
independently. Therefore,insteadof usingper-layer intervals, per-streamintervalsareused: The
interval bordersarethesamefor all layers,which implies remappingsfor all layerssimultaneously.
An illustrationof bothmethodsis shown in figure4.2(per-layerintervals)andfigure4.3(per-stream
intervals).

It is very importantto denotehere,thatat time of thea priori remappinginterval calculation,the
layers’ lateronlinemappingto DiffServclassesis unknown! But every layerhasgot its own known
QoSrequirementsandburstiness(a higherbuffering gain may be reachedby fasternetwork trans-
missionanda higherpossiblebuffer delay),that is somelayerswill usuallyrequiremoreexpensive
DiffServclassesthanothers.Therefore,thecostcalculationshouldusea weightingfor eachlayer:
A bandwidthchangein an ’expensive’ layershouldaffect thecostfunctionmorethana changein a
’cheap’one.Thiscanbeachievedby a weightedsum:

costBandwidthëíì î7ï�ð:ñ#ò�ó<óAó<ò¦ì î2ï�ð�ôöõø÷Nù úû üþýÖÿ���� ü � costBandwidthë§ì îNï�ð��~õ���ò
wherecostBandwidthë]ï õ denotesthecostfunction introducedin section4.1, ì î ï ð	� thetraffic description
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Figure4.5: A frameratescalabilityexample

of layer × for thecurrentinterval and � Ó theweightof layer × .
A 2-layeredexamplestreamcanbefoundon theleft sideof figure4.4. It alsoshows thesumof

bothlayers- thiscorrespondsto thecostin theunweightedcase.Now for simplification,only abuffer
delayof oneframeis usedin thisexample.Sincethecostis 6 costunits/framefor frame#1 to #3and
4 costunits/framefor frame#4 to #6, theunweightedalgorithmcreatesonly two intervals:Frame#1
to #3andframe#4 to #6.

But if layer#1is expensiveandlayer#2is cheapreferingto theirQoSrequirements,thegenerated
intervals arevery 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 avoidedusingfor examplea weight of 4 for layer #1 and1 for layer #2. This
calculationresultsin the right sideof figure4.4. Here,thebarsshow theweightedandunweighted
cost per frame for comparision. Note, that due to the buffer delaysettingof only one frame, the
peakframecosthasto beusedfor thethird interval (seetraffic descriptionbasicsin section2.3.1for
details). Now, layer #1 dominatesthe cost. This resultsin four intervals, giving frame#2 its own
interval. Therefore,bandwidthwill savedat thecostof moreremappings.

A methodfor finding ’good’ weightswould be to guesstest valuesbasedon the layers’ QoS
requirementsandburstinessandcalculatea sequenceof testintervals. Usingthis testversion,some
remappingsusinga real Dif fServ SLA canbe simulated. Then, the weightscanbe adaptedto the
simulationresults.An examplesimulationwith adetaileddescriptioncanbefoundin section8.1.2.

4.4 Extensionfor ScalableMedia Types

Now, the remappinginterval calculationhasto be extendedto supportscalablemediatypes. The
basisfor scalingis to reducetheframerateand/orframesizeof theoriginalmediato a lower-quality
version.First, frameratescalabilitywill beexamined.

4.4.1 Frame RateScalability

Scalingof the framerateconsistsof droppingsomeof the frames(e.g. video: 30 frames/s-> 20
frames/s)or partitioningof a quality-reducedversion(seesection4.4.2) into fewer frames. Since
the traffic descriptionfor framerate ¹ doesnot containany informationaboutframerate ¹ Á Ê
� the
remappinginterval calculationdescribedin section4.1 and4.3 hasto becomputedfor every frame
rateto besupported.
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Figure4.6: A framesizescalabilityexample

Using MPEG-1/2video, the frameratecanbe reducedby first removing a givennumberof B-
framespersecondsincethistypeis notreferencedby any otherframes.If therearenomoreB-frames,
P-frameshaveto beremovedfirst. In thiscase,carehasto betakennotto removeP-framesreferenced
byotherP-frames.Finally, if therearenomoreP-frames,I-framescanberemoved.Theframescanbe
droppedeitherrandomlyor selectiveusinge.g.oneof thequalitymetricsdescribedin section2.6.1to
minimizethequality reduction.This schemecanalsobeappliedto H.263handlingPB-framesequal
to P-frames.

MP3 mediashave got a constantframe rate of 38 frames/s. Therefore,frame rate scalability
by droppingframesis not supportedhere. Further, joining frameswhich would reducethe header
overheadwould result in much worsequality in caseof packet losses:At 38 framesper second,
a missingpacket of ÕÝÜÍ secondwould hardly be perceptible. But joining framesto e.g. generate
maximum-lengthFDDI packetsof 4500bytesfor a 100KBit/s = 12,500Bytes/shigh-qualityMP3
streamwouldresultin aframerateof 3 framespersecond.A singlelostpacketwould thereforecause
asignificantgapof ÕÝ second.

An examplestreamhaving a framerateof 25 framespersecondcanbefoundon the left sideof
figure4.5. Thesamestreamscaledto 18 framesper secondby droppingframes3, 8, 9, 12, 16, 18
and23 is shown on theright side.

4.4.2 Frame SizeScalability

The secondscalingmethodis to reducethe framesize. For MPEG-1/2andH.263 video, this can
for examplebe doneby block dropping,coefficient elimination,etc. asdescribedin section2.6.1.
If all framesarescaledby a constantfactor Å , thenthe empiricalenvelopeandthereforethe traffic
descriptions(seesection2.3.1)arescalable,too:

FrameSizeNew ÀLÅÇÆ FrameSizeOld ���� É Ï Ë�À sup������� ÅlÆ�� � � � � È Ï���� À Å Æ � sup����� � ��� � � È Ï���� ��Ï! #" �
whereÏ denotesthebuffer delay. It shouldbedenotedhere,thatit is notnecessaryto scaleall frames
usingexactly factor Å : SomeframesmayalsobescaledusingfactorsÅ Ó aslong as Å Ó�$ Å for all × .
In this case,
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Thescaledempiricalenveloperemainsto beavalid traffic constraintbut thehigherthedifferencethe
highertheover-provisioningdueto the introducedinaccuracy. If someframetypeshave equalQoS
requirementsandburstinessbut differentscalefactors(e.g.dueto differentscalingalgorithms),own
layersmaybeusefulfor suchtypesto reducethis inaccuracy.
An examplestreamcanbefoundon the left sideof figure4.6. Thestream’s framesizeshave to be
scaledby scalefactor '�ù ÿ; , thenew framesizesaremarkedby the line. The right sideshows the
resultbut having used'=<jù ÿ> and '@?�ù ÿA to scaletheframes#6 and#7(seearrows). Again, theline
shows thesizesfor ascalefactor ' ùB95óDC for comparision.

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

4.5 Runtime Optimization

Theremappinginterval algorithmfrom section2.4hasbeenextendedto supportlayeredtransmission
andscalability. Now, it is necessaryto dosomeoptimizations.

First, its runtime of E ëGF > õ shouldbe improved. As it will be shown in chapter6, a regular
remappingis requiredin anintervalof somesecondsanyway. Therefore,largeintervalsof e.g.several
minutesresultin no significantimprovement.But limiting the interval to a constantrangeof e.g. 2
secondsto 30 secondsgreatly improvesthe runtime for the interval calculation: E ëGF ; õ insteadofE ëHF > õ . A graphicalrepresentationcanbe found in figure 4.7. Only the rangemarked by the grey
box hasto be checked for the cheapestlength. Seealsofigure 2.9 for comparisionto the original
algorithm.

4.6 SpaceOptimization

Next, thealgorithmwith its extensionsrequiresenormousdisk spaceto storethecalculatedintervals
andits traffic descriptions.For examplein anMPEG-2videoof 90 minutesat 30 framespersecond,
thereare30 different framerates(1 frame/sto 30 frame/sin stepsof 1 frame/s)anda total of six
transportlayers: I, P andB for the baseMPEG-layerandI, P andB for the enhancementMPEG-
layer. 90 minutesat 30 framesper secondis equalto 162,000frames. The interval calculationis
donefor eachof the 30 framerates. Eachcalculationgeneratesthe interval lengthfor eachframe
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Frame Interval Length Traffic Description Interval

#00 3 D-BIND for eachLayer I01
#01 2 D-BIND for eachLayer *
#02 7 D-BIND for eachLayer *
#03 2 D-BIND for eachLayer I02
#04 5 D-BIND for eachLayer *
#05 9 D-BIND for eachLayer I03
#06 8 D-BIND for eachLayer *
... ... ... ...

Table4.2: Exampleof thespaceoptimization

Interval FirstFrame LastFrame Traffic Description

I01 #00 #02 D-BIND for eachLayer
I02 #03 #04 D-BIND for eachLayer
I03 #05 #14 D-BIND for eachLayer
... ... ... ...

Table4.3: Theresultof thespaceoptimization

andthereforea traffic descriptionfor eachof the6 layers.Thetotal numberof traffic descriptionsis
therefore: IKJML�NO P QSR TVUVWYX UGZ[X\W^]_ " ] J W Ia`cb "�"
"ed#f Whg b " I
Iib "�"
"
Assuming12 D-BIND pointsfor eachdescriptionwith 2 bytesfor lengthand4 bytesfor bandwidth,
therequiredstoragespaceis 15,066,000*12*6Bytes j 1 GByte! Finally, somemorespaceis required
to storetheresource/utilizationlists - onefor eachinterval start,therefore162.000(seechapter5 for
details)- andmanagementinformationlike indices.Undertheassumptonof up to 32 resource/utiliz-
ationpointsperlist, this makesabout200additionalMBytesand1.2GBytestotal. For comparision,
an averagebitrateof 5 MBit/s resultsin a sizeof about3.143GBytesfor the complete90-minutes
video.This is only about2.5 timesmorethantherequiredmanagementinformation.

Obviously, this spacerequirementis far too high. Theproblemof the interval calculationis that
thenext interval andthereforeits traffic descriptionis storedfor every frame.Thishastheadvantage
thatmoving to any frameof themediaresultsin startingwith theoptimal3 interval.

A simple but effective optimizationis to storeonly an interval path from frame 0 to the end.
This is illustratedin figure 4.8. The storagestartsat frame0 andconsistsof the lengthandtraffic
descriptionfor the first interval. If e.g. the lengthis 250 frames,the next interval to storestartsat
frame250. If this interval’s lengthis e.g. 300,thenext onewill be550andsoon. An examplecan
be found in table4.2. The bold-printedrows show the descriptionsto be stored,all otherrows are
skipped. Table4.3 containsthe resultingdatato store. Practicalexperienceshows, that the space
reductionis usuallyabouttwo ordersof magnitude,dependingon theaverageinterval length.

Movementswithin themedianow resultin jumpinginto aninterval insteadof startingat its begin
(seeframe#01 in table4.3: Interval I01). But it is importantto denotehere,that this disadvantage
remainsonly for thefirst interval aftera movement.At thebegin of the following interval, playing
will be againon the optimal path (seeframe#03 in table4.3: Interval I02 startshere). A normal
interval lengthis usuallyabout3 to 30seconds.Lowervaluescausetoomany remappingsandhigher

3Optimal refersto the propertyof the algorithmpresentedin section2.4: The intervals areoptimal referingto the
givencostfor remappingandbandwidth.
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Figure4.8: Thespace-optimizedremappinginterval calculation

valuesarenot necessarysincea regular remappingis necessaryanyway (detailsaboutthis will be
shown laterin chaper6). Therefore,thenon-optimaltraffic descriptionlastsfor a few secondsonly.

4.7 Summary

In thischapter, theapriori algorithmof section2.4hasbeenextendedto supportlayeredtransmission
usinganown D-BIND traffic descriptionfor eachlayeranda weightedsumfor the total cost. This
weightinghasimprovedthecostfunctionto bemoreaffectedby bandwidthrequirementchangesof
moreexpensive layers,resultingin morecost-efficient bandwidthremappings.Further, scalability
supporthasbeenadded:o Differentframeratesrequiretheirown remappinginterval lists,sincethetraffic descriptioncan

usuallynotbederivedfrom anotherframeratescaling’sdescription.o Using a constantscalefactor p for framesizescaling,the traffic descriptionis alsoscalable.
Therefore,hereis noneedfor additionaltraffic descriptions.

Next, thealgorithm’s runtimehasbeenoptimizedusinga constantinterval range,resultingin anim-
provementto q UHrtsu] insteadof q UHr L ] . Finally, anefficient storageoptimizationhasbeendeveloped:
A reductionof usuallyabouttwo ordersof magnitudecanbeachievedby storingonly thesocalled
interval path insteadof thecompletetraffic descriptionbeginningat every frame.
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Chapter 5

The A Priori Resource/Utilization List
Calculation

A sdescribedin section2.5.4,anASRMD1-basedalgorithmrequiressocalledresource/utilization
listsfor eachstreamto calculateabandwidthdistribution. Therefore,anapriori algorithmfor the

calculationof ’useful’ resource/utilizationlists, basedon thea priori calculatedremappingintervals
andtraffic descriptions,is developedin this chapter.

5.1 Resource/Utilization Basics

First of all, it is necessaryto examinetheremappingintervals: As describedin section4.4.1,thereis
an independentlist for eachsupportedframerate. Now, a resource/utilizationlist for every interval
startis required.Sinceeachlist containspointsof differentframerates,it is not usefulto calculate
a resource/utilizationlist for every remappinginterval of any frame rate’s list. This would cause
redundancy. Instead,a globalenumerationfor the framescanbeused,which is valid for all frames
rates: This will be called positionandmay for examplebe a timestampin microseconds.Frame
numbers(called framepositionsin this context) and positionscan simply be translatedusing the
following formulas:

FramePositionFrameRate
f round v Position

J
FrameRate

PositionStepsPerSecondw b (5.1)
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Figure5.1: Remappingintervalsfor differentframerates
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Position f round v FramePositionFrameRate
J

Poy itionStepsPerSecond
FrameRate w{z (5.2)

PositionStepsPerSeconddenotesthenumberof positionstepswithin onesecond(e.g. 1,000,000for
onesteppermicrosecond)andFrameRatethecorrespondingremappinginterval list’s framerate.For
example,theposition15,000,000is frameposition450for 30 frames/s,300for 20 frames/sand105
for 15 frames/s.

Now, a resource/utilizationlist hasto becalculatedfor every positionhaving an interval startin
oneof theframerates’remappinginterval lists. For example,theleft sideof figure5.1showsastream
having a framerateof 25 frames/s.A frameratescaledversionto 12 frames/scanbe foundon the
right side. The interval bordersaremarked by horizontallines. The 25 frames/sversioncontains
interval bordersat position0.02 s, 0.22s,0.42s,0,62s,0.82sand1.02s. For thesepositions,a re-
source/utilizationlist hasto becalculatedandstored.But sincethesecondversioncontainsinterval
bordersat 0.02s,0.42sand0.90sandresource/utilizationlists for thefirst two positionshavealready
beenstored,only anadditionalstoragefor position0.90swill benecessary.

Possibleutility functionsaredescribedin 2.5.1.SinceQoSdimensionslike framerateandframe
size are finite and have got minimum and maximumvalues,the following simplificationscan be
appliedto theutilization calculation:First, insteadof alwaysrecalculatingtheutility function’s con-
stantsto fit thevaryingQoSdimension’srange(e.g.30 to 100KBytesframesizefor thefirst interval
and50 to 150for thenext one),a scalefactor |{}\~�� b W������

canbeused. | f � shouldcorrespond
to thedimension’sminimumvalueandrespectively | f W

to its maximumone.Therefore:|�� f RealValue

X
MinValue

MaxValue

X
MinValuez (5.3)

For examplefor MinValue=100andMaxValue=1000,avalueof 865correspondsto | f � zD� g f � g
� .

Further, theutilizationscanbenormalized:Its valueshouldalsobeoutof ~�� b W��=�:�
- if this is not

alreadyensuredby theutility functionitself. Similarly, this canalsobeappliedto theutility function
compositions(applicationutility, seesection2.5.2and2.5.3)andfinally thesystemutility (seesection
2.5.3). The reasonfor doing this is to simplify comparisionof utilizationsbetweendifferentutility
functionsor their compositions.

Sincethe ASRMD1 algorithm describedin section2.5.4 is a solution to the SRMD QoS op-
timization problem(only a single resource),an extensionto supportlayeredtransmission(several
bandwidthsfor differentlayers)is required:Theresourceto bedividedup is thetotalbandwidth,that
is thesumof all Dif fServclasses’bandwidths.An explainationof thismedia-specifictotalbandwidth
to layers’bandwidthsmappingwill begivenin section5.2.As describedin section4.2,theusedQoS
dimensionsareframerateandframesize. In this context, framesizedenotesthereservedframesize
which is associatedwith thereservedbandwidthasfollows:

FrameSizef � Bandwidth
FrameRate� b (5.4)

Bandwidth f � FrameRate
J

FrameSize� z (5.5)

Thisreservedframesizecanbeviewedasthemaximumoutputof thetraffic shaper(seesection2.2.4)
duringoneframetime. Sinceeachlayerhasgot its own framesize,thequalityspacefor stream

Z
(see

section2.5.3)is definedasfollows:� P � f FrameRates

P@�
FrameSizes

P R � FrameSizes

P s � z�z�z � FrameSizes

P���� b
whereFrameRates

P
denotesthesetof possibleframeratesandFrameSizes

P��
thesetof possibleframe
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Resource/UtilizationPoint

Utilization
Total Bandwidth (Resource)

FrameRate
Bandwidthof Layer#0
Bandwidthof Layer#1

...
Bandwidthof Layer#n

Table5.1: A resource/utilizationpoint

sizesfor layer ��}�� W b z�z�z b�� P�� . Therefore,theutility functionis:� P U X   | ] � f¢¡ P UH£
FrameRate¤ P U | N ] b £ FrameSize¥�¤ P U | R ] b z�z�z b £ FrameSize¦ � ¤ P U | ��� ]§] }¨~�� b W��[�:� b

(5.6)

where ¡ P denotesthe function usedto compose(seesection2.5.2 for examples)the dimensions’
correspondingutility functions

£
FrameRate¤ P and

£�©4ª�«­¬@®�¯ P�° ®²± ¤ P (seesection2.5.1for examples)and

X   |³}~�� b W�� ����´ R �:� �D´ R
a vectorof scalefactorsfor eachdimension.

5.2 Resource/Utilization Points

As it is shown in section2.5.4,theASRMD1algorithmcalculatesaresource(= bandwidth)allocationµ	¶ y^· �H�G¸e¹»ºa¼ ¶^½ P for eachstream

Z
. Finally, this allocationcanbemappedto aquality setting¾¿} � P of

themediaby choosingoneoutof asetgivenby thefunction À P : ¾Á}ÂÀ P U µ�¶ yÃ· �G�H¸e¹�º
¼ ¶^½ P ] . To simplify
the later mapping,a resource/utilizationpoint will be a priori associatedwith one ’useful’ choice.
Therefore,fields for framerateandeachlayer’s bandwidth1 for this choicehave to be added.The
resultis shown in table5.1. Here,Total Bandwidthdenotestheresourceof this point andis simply
the sumof all layer bandwidths.From now on, the notion resource/utilizationpoint refersto this
extendeddefinition. It is importantto denotehere,thatit is only necessaryto storethebandwidthfor
a buffer delayof oneframe(seesection2.3.1and2.2.4). Thetranslationto otherbuffer delayswill
beexplainedin section5.4.

Now, sucha resource/utilizationpoint hasto be calculatedfor a given upperbandwidthlimit.
Formally, this is a functionÄ � ÅÆeÇ�ÈeÉ

Upperbw Ê limit

  ~�� b W�� � TotalBandwidths

�
FrameRates

�
BandwidthsR � z�z�z � BandwidthsËÆ Ç�È É

ResourceÌ Utilization point
z

This calculationcanbesplittedinto a genericmedia-independentanda media-dependentpart. The
media-independentpart is shown in algorithm3. For every framerate,theupperbandwidthlimit is
dividedup to themedia’s layersusingthemedia-dependentalgorithm(line 6 to 8, examplefollows
below). Especially, this media-dependentpart alsocontainsthe choiceof a ’useful’ quality setting¾Í}³À P U µ�¶ yÃ· �H�H¸e¹�º
¼ ¶^½ P ] . In line 10 to 11, the total bandwidthandframesizesfor eachlayerof this
setting¾ areusedto calculatethesetting’sutilizationusingformula5.6.Finally, thesettingsresulting
in thehighestutilizationarereturnedasresource/utilizationpoint of thegivenupperbandwidthlimit
(line 12 to 18).

Having a first look at the algorithm, it seemsobvious to stop if at frame rate

r
it is not even

possibleto allocatethe minimum bandwidthrequirementsto the layers. But this is wrong due to
the independentremappingintervals for every framerate,asthe following exampleshows: Figure
5.2 shows a streamhaving a framerateof 25 frames/s(left side)anda frameratescaledversionto

1Notethatreservedbandwidthis directly associatedwith reservedframesizeby theformulas5.4and5.5.
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Algorithm 3 Calculationof agivenbandwidth’s resource/utilizationpoint
01 calculateMaxim umUt il ize dPoi nt ( upperBandwidthLimit) {
02 ResourceUtilizationPoint = <empty>;
03 for( frameRate = getMinFrameRate () ;
04 frameRate Î getMaxFrameRat e() ;
05 frameRate = getNextFrameRa te ( frameRate) ) {
06 // Divide up bandwidth to layers (media-depende nt part):
07 bandwidthToFra meSiz es ( upperBandwidthLimit, frameRate) ;
08 => ÏiÐÃÑ	ÒÔÓ�Õ×ÖGØeÓ PÚÙ ÖÜÛ�ÝeÞ Ù1ß�ß�ß�Ù�à Ñ	á
ÓuÐ^âhã
09 totalBandwidth = ä � «Våæ®çª�èP QSR é ÏiÐ^ÑeÒÔÓ�ÕtÖGØeÓ P�ê ÏiÐÃÑ	ÒÔÓuëìÑ	í�Óïî ;
10 utilization = calculateUtiliza ti onForS ett in g(
11 frameRate, ÏiÐÃÑ	ÒÔÓ�Õ×ÖGØeÓ R , ..., ÏiÐ^ÑeÒÔÓ�ÕtÖGØeÓ � «­å§®Gª­è );
12 if( ResourceUtilizationPoint. Utilization < utilization) {
13 ResourceUtilizationPoint = {
14 utilization, totalBandwidth,
15 frameRate,
16 é ÏiÐÃÑ	ÒÔÓ�Õ×ÖGØeÓ R ê ÏiÐÃÑ	ÒÔÓuëìÑ	í�Óïî Ù�ß�ß�ß�Ù é ÏiÐ^Ñ	ÒÔÓ�ÕtÖGØ	Ó Ë ê ÏiÐÃÑ	ÒÔÓuëìÑ	í�Óïî
17 };
18 }
19 return( ResourceUtilizationPoint);
20 }

18 frames/s(right side). For this mediatype, framesizescalabilitymaynot beallowed. The frame
markedby anarrow is within thefirst interval for 25 frames/sandthesecondinterval 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 necessaryto reserve 4536bytes/frame= 113400bytes/s
in thefirst caseand8912bytes/frame= 160416bytes/sin thesecondone.Furtherassumingthatthe
availablebandwidthis only 128KBytes/s,18 frames/swill beimpossible.Therefore,stoppingtrials
at 18 frames/swould resultin a low framerate(lessthan18) andquality, althoughhigh quality at 25
frames/swouldbeachievableat 128KBytes/s.

As mentionedabove, thealgorithmhasgot a media-dependentpart. An examplefor MPEG-1/2
is shown in algorithm4. For eachMPEGlayer(baselayer, enhancementlayer(s)),thealgorithmtries
to mapbandwidthto eachtransportlayer’s framesize:First, theminimumallocationis tried. If this
is successful,themaximumonewill betried. In caseof a failurehere,theremainingbandwidthwill
bemappedto the transportlayersaccordingto theratio of I-, P- andB-framesof thecorresponding
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Figure5.2: Examplefor lower frameratebut higherbandwidthrequirement
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Algorithm 4 Themedia-dependentresource/utilizationlist calculationpartfor MPEG
01 bool bandwidthToFram eSiz es( bandwidth, frameRate) {
02 allSuccessful = true;
03 Set all layers’ frame sizes to 0.
04 for(i = 0;i < MPEGLayers;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 allSuccessful = false;
15 }
16 }
17 return( allSuccessful) ;
18 }
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Figure5.3: An exampleutility functionfor theresource/utilizationlist calculation

MPEGlayer(seesection4.2for detailsabouttheMPEGlayering).Note,thatthesameutility function
is assumedfor all transportlayersof thesameMPEG-layer.

This mayalsobeappliedto H.263by addingsupportfor PB-frames.For MP3, thealgorithmis
trivial sincethereis only onelayer(seesection4.2): It is thereforesimply theapplicationof formula
5.4.

5.3 Resource/Utilization Lists

Now, sortedlistsof resource/utilizationpoints- thesocalledresource/utilizationlists- haveto becal-
culatedfor thebandwidthrangegivenby astream’sminimumandmaximumbandwidthrequirement.
A trivial implementationwould be to pick

r
bandwidthsettingsof equaldifferenceout of therange

andcalculatetheresource/utilizationpointsfor them:

stepi f MinBandwidth ð Z[X\Wr�X\W�ñ U
MaxBandwidth

X
MinBandwidth

] òSZ }{� W b z�z�z b r � z
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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: Usingtherecursivealgorithm

Calculate max. Utilization
+ Bandwidth Requirements

recursive
Divide

MinBW
Utilization 0%

MaxBW
Utilization 100%

Threshold exceeded?
=> Add new point Level 2

Level 3

Level 4

Level 5

Maximum number of points
Abort Criteria:

or maximum depth reached

Level 1

Figure5.4: Therecursive resource/utilizationlist calculationalgorithm

An exampleutility functioncanbefoundin figure5.3(usingformula2.5, ó,ôöõ^÷cøDù from section
2.5.1),thetrivalalgorithm’sresultfor úûôüõ
õ is shown in table5.2.Thestreamreacheshighqualityat
aquitelow bandwidth(resource)requirement,e.g.76%at30%bandwidthor 82%at40%bandwidth.
Unfortunately, the utilization distribution resultsin only a few points at lower anda lot of points
at higher utilizations (e.g. 8 of 11 pointsat utilizations greaterthan75%). A more sophisticated
algorithmwould thereforebedesirable.

A graphicalview of an advancedalgorithmcanbe found in figure5.4, its pseudocodeis shown
in algorithm 5. It recursively divides the bandwidthrangeand calculatesthe resource/utilization
point. As mentionedabove, thepoint’s resourceis thenthesumof all layers’bandwidths(e.g. 1000
KBytes/sresultin ausageof 800KBytes/sonly, sincethenext possiblestepwouldbe1100KBytes/s).
If a point’s resourceandutilization differenceto its left andright neighborpoint is greaterthanor
equalagivenbandwidththresholdor utilization threshold, thenthenew point is added:ýuþ ó Left øResourceÿ ó[øResource

þ �
BandwidthThreshold �þ ó Right øResourceÿûó[øResource

þ �
BandwidthThreshold� �ýuþ ó Left øUtilization ÿ ó[øUtilization

þ �
UtilizationThreshold �þ ó Right øUtilization ÿ ó×øUtilization

þ �
UtilizationThreshold��� Add pointø

An exceptionare the pointsat minimum andmaximumbandwidth(0% and100%utilization):
Thesepointsarealwaysadded,thereforea resource/utilizationlist containsat leastthesetwo ele-
ments.
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Algorithm 5 Recursive resource/utilizationlist calculation
01 const bandwidthThreshold;
02 const utilizationThreshold;
03
04 void recursionStep( minBandwidth, maxBandwidth, list[] , level, maxLevel) {
05 newBandwidth = ( minBandwidth + maxBandwidth) / 2;
06 if( level == maxLevel) {
07 Calculate maximum utilization RU point
08 => utilization, realBandwidth.
09 Add point to list, if utilization and bandwidth
10 difference between next lower and next higher
11 point in list is greater than utilization and
12 bandwidth thresholds.
13 Always add point for minimum and maximum bandwidth.
14 }
15 else {
16 recursionStep( minBandwidth, newBandwidth, list,
17 level + 1, maxLevel);
18 recursionStep( newBandwidth, maxBandwidth, list,
19 level + 1, maxLevel);
20 }
21 }
22
23 void calculateList( minBandwidth, maxBandwidth, list[] , maxLevel) {
24 for(i = 0;i Î maxLevel;i++) {
25 recursionStep( minBandwidth, maxBandwidth, list, 0, i) ;
26 }
27 }

Theabortcriteriaof thealgorithmareareachedmaximumnumberof calculatedpoints(e.g.32)or
amaximumreachedrecursiondepth.Sincetheremayberecursionlevelshaving pointsnotsatisfying
theformulaabove,theminimumdepthfor at leastthegivennumberof pointshasto beincreased:

Depth � �	��

� s�� r×] ��ð AdditionalDepthz (5.7)

Practicalexperienceshows,thatanadditionaldepthof 2 or 3 is agoodcompromisebetweenruntime
andoutputquality. It is importantto denoteherethat thealgorithmfirst completescalculationof all
possiblepointsof agivenrecursiondepth(seeright sideof figure5.4)beforeincreasingit!

An exampleusingtheutility functionfrom figure5.3,autilization thresholdof 5%andaresource
thresholdof 0% canbe found in table5.3. As it is shown, theutilization valuesarequite regularly
distributedover therangefrom 0% to 100%.Seealsotable5.2for comparisionto thetrivial calcula-
tion. Table5.4showstherecursionlevelsof thisexample.A recursiondepthof 4 is necessaryfor the
limit of 11 points,two levelsareusedadditionally. Notethatwithout thesetwo levels,thepointsfor
1.5625%,3.125%and9.125%bandwidth(24%,34%and53%utilization)wouldnotbeincluded!

Theruntimeof therecursive algorithmis q � r×]
andthereforeequalto thetrivial one. Assuming

the resource/utilizationlists to be calculatedonline, it is necessaryto have a look at the constant
factors.Thetrival algorithmonly requires

r ñ��
FrameRates

�
callsof themedia-dependentbandwidth

to layer’s framesizesmapping.But for therecursiveone,it is:

Calls � �
FrameRates

�Æ Ç�È É
Numberof FrameRates

ñ ������������� � Ë"!$#&% AdditionalDepth!Æ Ç�È É
ResourceÌ Utilization PointCalculations

'
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RecursionLevel 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%, zÃzÃz 6,25% 18.75%, zÃzÃz
5 3.125%, 9.125%, 15,375% zÃz�z 3.125%, 9.125% 15,375%, zÃzÃz6 1.5625%, 4,6875,zÃzÃz 1.5625% 4,6875,zÃzÃz

Table5.4: Recursionlevelsfor theresource/utilizationlist 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/utilizationlist of anMPEG-1video

thatis
�

Additional Depthtimesmore(e.g.usually4or8 for anadditionaldepthof 2or 3). Assumingfurther
a scenarioof many streamsandthereforee.g.50 reachedremappingintervalspersecond,64 resour-
ce/utilizationpointsper list andanadditionaldepthof 3, this would resultin (�� ñ*) � ñ+� �����,�-�/.10 !2%43 �5
6 � ' �
�
� callscomparedto 7 6 ' �
�
� in thetrivial case.Dueto this high CPUrequirement,it is useful
to calculatetheresource/utilizationlists like theremappingintervalsapriori.

An examplefor a completeresource/utilizationlist from an MPEG-1video having 16 points is
shown in table5.5. Thebandwidthsaregivenin bytespersecond.As shown in section4.2, layer#1
containsI-frames,layer#2P-framesandlayer#3B-frames.

5.4 Buffer DelayTranslation of Bandwidths

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

For givenbandwidth

¬
for delay 8 (e.g. 89�;: ), traffic descriptionof thecorrespondingframe

rate’s interval anddelay

r
to convert thegivenbandwidthto, thetranslationis computedasfollows:
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1. Calculatetheframesizescalefactor p (seesection4.4.2):p<� Bandwidth

¬ X
MinBandwidthm

MaxBandwidthm

X
MinBandwidthm z

2. Calculatethenew bandwidth:

BandwidthË=� MinBandwidthn ð � p ñ �
MaxBandwidthn

X
MinBandwidthn

] � z
For example,MinBandwidth>?� 6 � , MaxBandwidth>@� : � � and Bandwidth>@� :^��� have to be
translatedto adelayof 6 frames.Then,pA� :^��� X 6 �: � � X 6 � � �) z
Now, MinBandwidth. � ) � , MaxBandwidth. � 6 � . Therefore,

Bandwidth. � ) �Yð BC�) ñ � 6 � X ) � ]1D �E(�� z
Due to its simplicity, suchbuffer delaytranslationscanbecomputedonline. Therefore,its not nec-
essaryto storebandwidthsof other buffer delaysthan one. This resultsin a lower storagespace
requirementfor thelists.

5.5 Summary

Sincean ASRMD1-basedalgorithm (seesection2.5.4) requiresresource/utilizationlists for each
stream,it hadbeennecessaryto calculatesuchlistsfor theremappingintervalsandtraffic descriptions
of chapter4. Thereforein thischapter, anefficientalgorithmfor thecalculationof resource/utilization
listshasbeendeveloped:It generatesresource/utilizationlistscontaininga limited numberof resour-
ce/utilizationpoints.Further, all pointssatisfytheconstraintof having at leasta certainconfigurable
distancefor utilization and/orbandwidth,e.g.all points’ utilization hasto differ by at least3%. This
resultsin ahomogeneousdistributionof thepointsoverthewholeutilizationrangefrom 0%to 100%.

To simplify the usageof utility functions,the scalefactor | hasbeenintroduced. That is, the
utilization is not directly calculatedfrom a resourcesettingbut from its scalefactor |Á}�~�� ' : � �Í�

,
where |?�B� correspondsto theresource’s minimumand |@�F: to its maximumsetting.

The chapterhasclosedwith the demonstration,that it is only necessaryto storea resource/uti-
lization point’s bandwidthsettingsfor a buffer delayof 1 frame.Usingthea priori calculatedtraffic
description,this valuecanbetranslatedfor any otherbuffer delay, too. This resultsin lower storage
spacerequirementsfor thecalculatedlists.
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Chapter 6

The Bandwidth Management

Theonlinebandwidthmanagementfor multimediastreamsof differentmediatypesis developed
in this chapterby extendingtheASRMD1 algorithmdescribedin section2.5.4.This bandwidth

managementis basedon eachstream’s a priori calculatedremappingintervals and traffic descrip-
tions(seechapter4), resource/utilizationlists (seechapter5) andeachlayers’QoSrequirementsfor
maximumacceptabletransferdelay, lossrateandjitter (seesection2.2).

6.1 Bandwidth ManagementBasics

As mentionedin thedescriptionof theCORAL conceptin section3.1,eachstreambelongsto acertain
session.Thepropertiesof a sessionareshown in table6.2. Minimum andmaximumbandwidthof
a sessionmay be given1. A minimum bandwidthcanbe usedto ensurea minimum quality. The
bandwidthsumfor all streamsof thesessionmaynotexceedtheupperlimit (e.g.theuseris connected
via a low-bandwidthlink at only 1 MBit/s). This will alsobea limit for thecost(costfactorof the
mostexpensive usableclassmultiplied by the maximumbandwidth,seeexplainationbelow). It is
important to note that a cost limit would not be a bandwidthlimit, sinceit may be possiblethat
a cheaperclassthanexpectedmay be usable. In this case,moredatathanexpectedmay be sent,
exceedinga link’sspeedlimit.

Thepropertiesof astreamareshown in table6.1.Eachstreamcontainsapriority, eachlayer’sQoS
requirements(maximumdelay, acceptablelossrateandjitter, seesection2.2),theremappingintervals

1It is possibleto givenominimumand/ormaximumbandwidthlimit(s). In this case,theminimumis simplyzeroand
respectively themaximumis thesumof all streams’maximumrequirement.

Property Description
Priority Priority of thestream

Layer1QoSRequirements Maximumdelay, lossrateandjitter of layer#1
... ...

LayernQoSRequirements Maximumdelay, lossrateandjitter of layer#n

RemappingIntervalList List of remappingintervalsfor eachframerate
Layer1TDescription Traffic descriptionof layer#1 for eachinterval

... ...
LayernTDescription Traffic descriptionof layer#n for eachinterval

ResourceUtilizationLists Setof resource/utilizationlists

PossibleDSClassMappingsseesection6.1

Table6.1: A streamdescription
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Property Description
Priority Priority of thesession

MinBandwidth Minimum bandwidth
MaxBandwidth Maximumbandwidth

Stream1 Descriptionof stream#1
...

Streamm Descriptionof stream#m

MultiPointList seesection6.2

Table6.2: A sessiondescription

for all framerates(seechapter4), eachlayer’s traffic descriptionfor everyinterval andframerate(see
section2.3.3)andfinally theresource/utilizationlists for every interval start(seechapter5).

TheSLA (seesection2.2.3)containstheavailablebandwidthandacostfactor of eachclass.The
bandwidthpricingis doneasfollows: To simplify thecostcalculation,only thereservedbandwidthis
charged.Thatis theproductBandwidth*CostFactor. Thiswill besufficientsincethereservationwill
never beexceededdueto theusageof thea priori calculatedtraffic descriptions(seechapter4) and
thetraffic shaper(seesection2.2.4).Therefore,this costfactorcanbeviewedasthecombinationof
holdingchargeandusagecharge,describedin section3.1. Seealsosection6.5 for somecomments
on thechargingscheme.

Now, the goal of the bandwidthmanagementis to calculatea ’good’ mappingof the classes’
availablebandwidthto thestreams’layers.Within asession,theuserusuallyrequiresafair bandwidth
distributionfor hisstreams- dependingoneachstream’spriority. For example,avideostreamshould
have the sameusersatisfaction like its audio stream. But from a global view, it might be useful
to provide ashigh usersatisfactionaspossibleto asmany streamsaspossible. To copewith this
problem, resource/utilizationpoints of eachsession’s streamswill first be combinedto so called
multipointsusinge.g.a fair distribution(seesection6.3).Then,analgorithmbasedontheASRMD1
algorithmdescribedin section2.5.4will beappliedto thesemultipointsto calculatee.g.anutilization-
maximizingbandwidthmapping(seesection6.4).But first, somepreparationsarenecessary.

6.2 StreamDescription Initialization

Beforedoing thebandwidthmapping,it is first necessaryto incorporatethepacket headersinto the
bandwidthsgivenby thetraffic descriptionsandresource/utilizationlists (seesection6.2.1)andthen
calculatepossiblelayerto DiffServclassmappings(seesection6.2.2).

6.2.1 Packet Headersand the PayloadG Raw Translation

As shown in table6.1, thestreamdescriptioncontainsthe traffic descriptionsof eachlayer for each
interval andframerateplustheresource/utilizationlist for every interval start. But thesebandwidth
descriptionsonly refer to thesocalledpayloaddata, that is thenumberof byteswithout any packet
headers.Sincethemediastreamhasto bepackagedin orderto besentoveranetwork, thisnecessary
packet overheadhasto be addedto the traffic descriptions.It is importantto denotehere,that this
is not possiblea priori, sincethe headerlengthandmaximumpacket size2 arefirst known during
transmission,e.g. usingIPv4 (at least20 bytesheader, seesection2.1.2)or IPv6 (40 bytesheader,

2The maximumpacket size denotesthe limit of the underlyingnetwork, e.g. Ethernet,ATM or FDDI. To avoid
fragmentationof IP packets(seesection2.1.2),it is recommendednot to exceedthis size.
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seeH section2.1.2)overEthernet(maximumpacketsize:1500bytes)or FDDI (maximumpacket size:
4500bytes).

Algorithm 6 Conversionfrom payloadto raw bandwidth
01 PktMaxSize = 1500; // e.g. Ethernet
02 PktHeaderSize = 40+12+8+16; // IPv6+UDP+RTP+X
03
04 cardinal payloadToRaw( frameRate, payload, bufferDelay) {
05 maxPktPayload = PktMaxSize - PktHeaderSize;

06 payloadPkts = I payload
PktMaxSizeJ ;

07 maxFrameCount = getMaxFrameCoun tF or Del ay ( frameRate, bufferDelay) ;

08 maxFramePkts = I maxFrameCount
bufferDelay K frameRateJMLON ;

09 return( payload + P�Q maxFramePktsR payloadPktsS K PktHeaderSizeT );
10 }

Algorithm 6 computesthe raw bandwidthfrom the payloadbandwidth. This algorithmcanbe
explainedbestusingan example:A streamhasgot a framerateof 60 frames/sanda bandwidthof
250KBytes/s= 256,000bytes/sfor a buffer delayof 10 frames(= U. second).Thestreamshouldbe
transportedvia Ethernet(maximumpacket sizeis 1500bytes)usingIPv6 (40 bytesheader),UDP (8
bytesheader),RTP (12 bytesheaderin this example)anda media-specificprotocol(16 bytesheader
in thisexample).Therefore,thetotalheadersize40+8+12+16=76.This resultsin amaximumpacket
payloadof 1500-76=1424bytes,calculatedin line 5. Thenumberof packetsnecessaryto transport
256,000bytespersecondis VXW�Y .�Z [�[�[U]\ W \_^a`<bdcCe (line 6).

A packet belongsto only onecertainframe,thatis thelastpacket of frame fhg b will notalready
containthefirst bytesof frame f . Sincethecalculationabovedoesnot incorporatethisbehavior, it is
thereforenecessaryto addadditionalpacket headersfor these“frame starts”.Thetrivial approxima-
tion for thenumberof packetsto addis of course i FrameRatejMg b . Onepacket maybesubtracted,
sincethecalculationof line 5 to 6 alreadyincludesthefirst packet. But in somecases,this is very
inefficientasit will beshown below. A betterapproximationwouldbethemaximumframecountper
frame,convertedto themaximumframecountpersecond.For example,during thebuffer delayof
10 frames,amaximumof only 4 frameswill bereallysent.All otherframeshavegotasizeof 0 (see
alsotheframesizesof theMPEGlayeringexamplein table4.1). In thiscase,only Vk\U [*lnm eo^ g bp`rq )(line 8) packet headershave to be addedinsteadof m e g b?`ts
u . Now, the raw bandwidthcanbe
calculatedusingthegivennumberof packets(line 9):qCs mwv e
eCex y{z |

PayloadBandwidth }�~ bdcCe } q ) ] l��
mx y{z |
HeaderOverhead

` q � b v�� qocx y{z |
Raw Bandwidth �

In this example,thegainusingthemaximumframecountapproximationis only 36 packets/sor
2736bytes/s.Comparedto the total bandwidth,this is a quite few amount.But for streamshaving
smallbandwidthandframecountbut high framesratesandbuffer delays,theyield is muchhigher:
For example,using100 frames/s,150 framesbuffer delay(=1.5 seconds),a maximumframecount
of 2 framesfor the delay of 150 framesand a bandwidthof 10 KBytes/s (=10,240bytes/s),the
numberof additionalpacketsis only V WU Y [ l bde
e ^ g b�`Fb , comparedto 100-1=99usingtheframerate
approximation.In bandwidths,this is 76 bytes/sversus7524bytes/s.This is a quite large amount,
comparedto bde v q � e } c l��
m `<bde v c � c for thepayloadtransport.

Sincesuchtraffic asdescribedin the exampleabove is realistic (e.g. an audio transmissionof
100frames/s,sendinge.g. additionaltext or pictureinformationin anenhancementlayerevery 0.75
seconds),it is useful to apply the framecountapproximationand thereforeto includea so called
framecountempiricalenvelopeapproximationto thea priori traffic descriptions.That is, insteadof
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countingthe maximumnumberof bytesfor a givendelayasfor the bandwidthempiricalenvelope
approximation(seesection2.3.3),simply themaximumnumberof non-zeroframesizesis counted.

Algorithm 7 Conversionfrom raw to payloadbandwidth
01 PktMaxSize = 1500; // e.g. Ethernet
02 PktHeaderSize = 40+12+8+16; // IPv6+UDP+RTP+X
03
04 cardinal rawToPayload( frameRate, raw , bufferDelay) {
05 maxFrameCount = getMaxFrameCoun tF orD el ay ( frameRate, bufferDelay) ;

06 maxFramePkts = I maxFrameCount
bufferDelay K frameRateJ�L�N ;

07 payloadPkts = I raw ��� maxFramePkts� PktHeaderSize�
PktMaxSize J ;

08 return( raw - P�Q maxFramePktsR payloadPktsS K PktHeaderSizeT );
09 }

Thereversecalculationfrom raw to payloadframesizecanbefound in algorithm7. Again, the
settingsof the250KBytes/sstreamexampleaboveareused.First,thenumberof ’framestart’packets
is calculated(line 4-5), thereforeagain23. Then,thenumberof packetsto transportthepayloadis
calculatedfrom theraw bandwidthminustheadditional’framestart’ headers,again180.Finally, the
total numberof packetsis known andsubtractingthepacket headersfrom theraw bandwidthresults
in thepayloadbandwidth(line 8):q � b v�� q
cx y{z |

Raw Bandwidth

g ~ q ) } bdc
e ] l��
mx y{z |
HeaderOverhead

` qCs mwv e
eCex y{z |
PayloadBandwidth �

6.2.2 Layer to DiffServ ClassMappings

Now, it is possibleto check,whichof theSLA’sclassesaresufficientfor thelayers’QoSrequirements:
Bandwidth,maximumtransferdelay, acceptablelossrateandjitter. Thecurrenttransferdelayof each
classis measuredusingICMP echorequestsandrepliesasdescribedin section3.2, thecurrentloss
rateandjitter arecalculatedfrom RTCPreports(seesection2.1.5).

The bandwidthis givenby the traffic description,jitter andlossratelimits arepropertiesof the
application. The maximumtransferdelay is a limit given by the user, e.g. 750msfor video on
demand(VoD) or 150msfor avideoconference.If aclass’s transferdelayis lower, e.g.100ms,much
bandwidthcanbesavedusingbuffering (seesection2.3.1).Therefore,abuffer delayof up to 650ms
(750ms-100ms)maybeusedfor theVoD exampleandstill up to 50ms(150ms-100ms)for thevideo
conference.Sincethe transferdelayis usuallyslightly varying, a small tolerancewould be useful.
Thisvariability dependson thepropertiesof theclass:EF hasgot a very low variability dueto small
queues.On theotherside,thevariability of BE maybevery high dueto congestion.It is therefore
recommendedto useavariabilitygivenasafraction( ��� e v b{����� ) of theclass’smeasuredbandwidth.
Then,it alsoincorporatesthefactthatmorehops(= higherdelay)maycausemorevariabiliy. Finally,
asystemtolerancemaybenecessary. Dueto inaccurateprocessscheduling,datamaybebufferedtoo
earlyor too late(seesection7.3 for moredetails).Therefore,themaximumpossiblebuffer delayfor
classf is:

BufferDelay��� ` MaxTransferDelayg (6.1)~ b � e } DelayTolerance� ] l MeasuredDelay�x y{z |
Measureddelayof class� plustolerance

g SystemTolerancex y{z |
Schedulingtolerance � (6.2)

An exampletraffic descriptionfor astreamconsistingof two layersis givenin table6.3andtable
6.4. The pointsof theempiricalenvelope � ~	� ] , the traffic constraintfunction � ~	� ] andthe resulting
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Delay � [Frames] � ~	� ] [KBytes] � ~]� ] [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

Delay � [Frames] � ~	� ] [KBytes] � ~]� ] [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 framerateof 10 frames/saregiven for a buffer delayof 1 to 5 frames.
Seealso figure 6.1 for the graphicalrepresentationof the empirical envelope � ~]� ] (left side) and
the bandwidth � ~	� ] to be reserved (right side). As it is shown, the first layer’s buffering gain is
muchhighercomparedto thesecondone: For a buffer delayof 5 frames(= UW second),the required
bandwidthreducesto about33%of theoriginalvaluefor thefirst layerbut only to about77%for the
secondone.

Now, the user’s delay requirementmay be 320ms. Transferdelaysfor eachDiffServ classto
thedestinationhostareshown in table6.5. A systemdelaytoleranceof 20msis used.Thehighest
possiblebuffer delay is also shown in the table. In this case,the besteffort serviceis unusable,
sinceits delayof 500msis far too high for theuser’s delaylimit of 320ms.But theotherclassesare
possibilitiesfor the transport.For simplicity, this exampledoesnot containa maximumacceptable
lossrateandjitter. TheseQoSrequirementsarehandledlike thetransferdelay.

Usingthemaximumachievablebuffer delayof eachclass,it is now possibleto calculatethereally
requiredbandwidthfor eachclassusingthebuffer delaytranslationdescribedin section5.4. For the
exampleabove,thebandwidthof 1500KBytes/sin layer#1 (seetable6.3)and600KBytes/sin layer
#2 (seetable6.4) for a buffer delayof oneframeshrinksto thevaluesgivenby table6.6 for layer#1
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Figure6.1: Empiricalenvelopesandbandwidthto reserve for layer#1 and#2
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Class Costfactor[$] Variability Measuredclassdelay 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 0ms � ` 1 frame
BE 1.0 50% 500ms -

Table6.5: Dif fServclassdelaysfor thelayerto classmappingexample

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

EF 4.0 4 490 1960
AF31 3.0 3 770 2310
AF21 2.5 2 1000 2500
AF11 2.0 1 1500 3000

Table6.6: Costfor layer#1 for anoriginalbandwidthof 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 anoriginalbandwidthof 600KBytes/s

andtable6.7for layer#2. Thesetablesalsocontainthetotal cost,thatis thebandwidthmultipliedby
thecorrespondingDiffServclass’s costfactor. As it is shown, thefirst layer’s cheapestclassis EF -
althoughEF hasgot thehighestcostfactor! This is a resultof thelayer’s highbufferinggain.On the
otherside,thesecondlayer’s cheapestclassis AF11. Sincethis layer’s buffering gainis quite low, a
fasterbut moreexpensiveclasswouldonly increasethecost.

Using the describedcalculation,the resource/utilizationlist can now be extendedby a list of
possiblelayerto DiffServclassmappingsfor eachpoint. Eachof thesemappinglistsconsistsof class,
bandwidthandbuffer delayfor eachpossiblesettingandis sortedascendingby cost.Therefore,the
highest-qualityresource/utilizationpoint of theexampleabove is:�������� bdeCu
e KB � sbdeCe¡ bde Frames� s

¢££££££¤¦¥ U �;§ EF� uCe KB � ss Frames
v AF

) b�C� e KB � s� Frames
v AF q¨bb"eCeCe KB � s)

Frames
v AF bCbbds
eCe KB � sb Frame ©¥ W � § AF bCbm eCe KB � sb Frame

v AF qªbs
e
e KB � s)
Frames

v AF
) b� cCe KB � s� Frames

v EF�Cm e KB � ss Frames ©
«$¬¬¬¬¬¬­
®{¯¯¯¯¯¯° �

Note,that thepoint’s resourcesettingis thebandwidthsumof thebest(=first) mappingpossibilities
of eachlayer ( � uCe KBytes� s } m e
e KBytes� s `tb"eCuCe KBytes� s in theexampleabove), sincethis is
thecheapesttransportpossibility.

6.2.3 Buffering and the Resource/Utilization Lists

Now, it is necessaryto remove some’bad’ points,thatarepointswhich have got a higherresource
requirementandlower utilization thanfollowing points.For example,thea priori calculatedresour-
ce/utilizationlist containsthefollowing 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 framerateof 10 frames/s,the traffic descriptionof the examplein section6.2.2 is used(see
table6.3andfigure6.1).Then,point#mmaybetheframesizescaledversionusing ± ` U\ for ² ` U³
(seesection4.4.2).Thetraffic descriptionfor a framerateof 4 frames/smaybea constantsizeof 75
KBytesfor eachframe,which resultsin a bandwidthof 300KBytes/s.This maybea resultof frame
ratescalabilityfrom the10frames/sversionto the4 frames/sversion(seesection4.4.1),leaving only
75 KBytespeaksdueto framesizescalingof ± ` U\ . Sinceeachframehasgot thesamesizehere,
bufferingwill resultin no gain( � ~]� ] ` const).

Now, applyingthebuffer delaytranslationfor a buffer delayof 5 framesasdescribedin section
5.4,750KBytes/sshrinkto only 245KBytes/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 doesnotmakesenseto allocate300KBytesfor 55%utilization insteadof only 245KBytes/s
for 90%,point #n hasto beremoved.

6.2.4 The Sorting Value

As describedin 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 fairnessbehavior configurableandalsoincorporatea streamprior-
ity, it is usefulto introduceasocalledsortingvalue:

SortingValue � ` PriorityFactor l ~�´µ~ Resource

] l ~ b g·¶ Fairness

] } Utilization l ¶ Fairness

]x y{z |
UnprioritizedSortingValue � (6.3)

In this formula, ¶ Fairness �¸� e v b{�¹�º� setsthe fairnessfrom none(=0, the sorting valueonly
dependson resource)to maximum(=1, the sortingvalueonly dependson utilization). Therefore,
the result is moreor lessdominatedby the valueof resourceor utilization. More detailsaboutthis
fairnesssettingcanbe found in section6.5, sinceit is necessaryto explain moredetailsaboutthe
bandwidthmappingfirst.

SinceResource is given in bandwidthunits andUtilization ��� e v b{�¹�º� , it is not possibleto
comparethesetwo values(e.g. 5000 KBytes/sresourceand 0.95=95%utilization). Therefore,a
function ´ is necessaryto convert the resourcesettingto a bettercomparablevalue. For example,
simply: ´µ~]» ] � ` »SLA ¼ s TotalBandwidth� (6.4)

This representsthebandwidthfractionof theresource/utilizationpoint. It is importantto denotehere,
that ´n~½» ] � ��e v b¾�¿��� for all allocatableresource/utilizationpoints,since´µ~]» ]nÀ b impliesaresource
requirement» higherthantheSLA’s total bandwidth.

To incorporatea streampriority, theunprioritizedsortingvalue is multiplied by a socalledpri-
ority factor � ��e v b{�a�Á� . The result is calledsorting valueandcanbe viewed asa fraction of the
unprioritizedsortingvalue.So,for a factorof e.g.20%,only 20%of theoriginal valueare’counted’
for thesorting.Onepossibleformulafor thepriority factoris:
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es
eC  Ã ¶ Fairness `Äe � e ¶ Fairness `Ee � s ¶ Fairness `Fb � e
Priority -100 0.17812500 0.44531250 0.71250000
Priority -50 0.13906250 0.34765625 0.55625000
Priority 0 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

PriorityFactor � ` bqCs m ~ qCs m g ~ Priority } b�q
c ]æ] v (6.5)

wherePriority denotesa streampriority outof [-128,127].

Someexamplescanbe found in table6.8. It shows the sortingvalueof the resource/utilization

point

Â bdeCeCe
es
eC  Ã , calculatedfor differentprioritiesandsettingsof ¶ Fairness. Formula6.4with a total

bandwidthof 50000unitshasbeenusedto do theresourceconversion.Therefore,´µ~ bdeCeCeCe ] `Ee � q .

Now, sucha sortingvaluecanbeaddedto all pointsof the resource/utilizationlists. Of course,¶ Fairnesshasto beconstantfor all pointsof all lists. It is importantto denotehere,thatthesortingvalue
will is notableto changealist’ssortingby utilizationandresourceitself. Theorderof any two points
of thesamelist will alwaysbepreserved. But comparingtwo streamsof thesamemedia,thehigher
prioritizedstreamwill have lowersortingvaluesfor its pointscomparedto thelower-prioritizedone.

6.2.5 Parallelization

It is importantto denotehere,thatthestreamdescriptioninitialization for a streamis independentof
all otherstreams.Therefore,thesecomputationscanbedoneveryefficiently usingparallelizationon
multiprocessorsystems.As measurementsin section8.5 will show, thesestreamdescriptioninitial-
izationsconsumemostCPUtime duringbandwidthremapping.Therefore,parallelizationwill allow
scenariosusinghundredsor eventhousandsof streams,dependingonnumberof processorsandCPU
power.

6.3 SessionDescription Initialization

In section6.2,theinitializationof astreamdescriptionhasbeenshown. Thenext stepis to havealook
at thesessions:A sessionhasgot a sessionpriority andcontainsoneor morestreams,eachstream
hasgot its own streamdescription(seesection6.2). To useanASRMD1-basedalgorithm,it is now
necessaryto mapthestreams’resource/utilizationpointsto socalledresource/utilizationmultipoints,
containingoneresource/utilizationpoint of eachstream:
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» Total `ÄÅ �ÆÈÇ U » Æ$É ÊË
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� (6.6)

In this formula,

������ » Æ Õ ÊË Æ Õ ÊÔ Æ Õ ÊØ Æ Õ Ê
¢££££¤ �Ö�Ö��Ö�Ö��Ö�Ö��Ö�Ö��Ö�Ö�

« ¬¬¬¬­
® ¯¯¯¯° denotesthe Ý -th stream’s Þ Æ

-th resource/utilizationpoint, having

resource» Æ Õ Ê , utilization Ë Æ Õ Ê , sortingvalue Ô Æ Õ Ê andframerate
Ø Æ Õ Ê . In thebrackets,thepossiblelayer

to DiffServclassmappingsaregivenasdescribedin section6.2.2: »¾ß,àÆ Õ Ê denotesthebandwidthrequired

usingDiffServclass Ù ß-àÆ Õ Ê with a buffer delayof
Û ß-àÆ Õ Ê for layer#k. Note, that theseentriesaresorted

ascendingby the resultingcost! Finally, » Total is the total resourcewhich is simply the sumof all
points’ first (= best)mapping’s resourceand Ë

Total is the total utilization which is theaverageof all
points’ utilization. Themultipoint’ssortingvalue Ô

Multipoint will bedescribedlater.

Now, it is neccessaryto calculatea list of multipointsfor thesession’sstreams.An algorithmfor
thisproblemis shown in algorithm8. It canbeexplainedbestby anexample:A sessioncontainstwo
streamsá U and á W , which bothhave got priority -128 for simplicity. Thepriority factoris thereforeW�Y .W�Y . `âb . Let ¶ Fairness `âb (maximumfairness).Thestreamshave got thefollowing resource/utilizat-
ion lists:á U �;§ �� bde
e KB � se¡ e � e

®° v �� qoeCe KB � ss
e¡ e � s
®° v �� qCs
e KB � s� e¡ e � �

®° v �� � e
e KB � sbdeCe¡ b � e
®° © vá W � § �� s
e KB � se¡ e � e

®° v �� bds
e KB � sm e¡ e � m
®° v �� b � s KB � s� eã e � �

®° v �� ) e
e KB � sbdeCe¡ b � e
®° © �

First, a setof all possiblesortingvaluesis calculatedandsortedascending(line 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 equalvalue is searchedfrom every stream’s list.
Then,thefoundpointsof everystreamarejoinedto amultipoint (line 10 to 14). For example,for the
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Algorithm 8 Calculationof session’s resource/utilizationmultipoints.
01 calculateSessi onMult iPo in ts ( session) {
02 MultiPointList = <emtpy>;
03 SessionSortingValueSet = <empty>; // no duplicates allowed!
04 for each( stream in session. StreamSet) {
05 for each( point in stream.ResourceUtilizationList) {
06 Add point.SortingValue to SessionSortingValueSet.
07 // This includes duplicate elimination!
08 }
09 }
10 Sort SessionSortingValueSet ascending.
11 for each( value in SessionSortingValueSet) {
12 for each( stream in session. StreamSet) {
13 Find point having highest sorting value less or equal value.
14 }
15 Join points found to multiPoint.
16 if(new multipoint and previous computed one differ) {
17 Calculate multipoint’s global sorting value.
18 Append multiPoint to MultiPointList.
19 }
20 }
21 return( MultiPointList) ;
22 }

sortingvalue0.6, thepointsfoundare

�� q
eCe KBytes� ssoeã e � s
®° from streamá U and

�� b�s
e KBytes� sm e¡ e � m
®°

from streamá W � If the last addedmultipoint andthe newly createdonediffer, the new multipoint’s
sortingvalueis calculatedandthenew multipoint is appendedto themultipoint list. Themultipoint’s
sortingvalueis thesamelike thevaluefor points,exceptthat thenew constant¶ SessionFairnessis used
insteadof ¶ Fairness. This will betheglobaldistribution fairness.It is calculatedfrom themultipoint’s
resourceandutilizationsettingasdescribedin formula6.6.Seesection6.5for moredetailsaboutthis
fairnesssetting.

Therefore,theexample’s resultingmultipoint list using ¶ SessionFairness `äe for anutilization-maximiz-
ing globalsharingand ´n~½» ] � ` åU [�[�[
æèçké¾ê�ë�ì�í s is shown in figure6.2.

It is importantto denotehere,thattheinitialization of asession’smultipoint list is independentof all
othersessions.Therefore,its calculationcansimply beparallelized,too.

6.4 The Bandwidth Mapping

Finally, the last stepbeforethe bandwidthremappingis to join the resource/utilizationmultipoint
lists of eachsessionandsortingthe resultingglobal list by its multipoint sortingvalue. Again, this
sortingdoesnotchangetheorderof eachsession’sresource/utilizationmultipoints.Only theposition
comparedto othersessionsmay change,dependingon the session’s priority. Now, the bandwidth
remappingcan be appliedon this multipoint list. This is called completeremappingand will be
describedin thenext subsection.An optimizationwhich doesa partial remappingonly for a single
stream,thereforecalledpartial remapping, will bedescribedin subsection6.4.2.
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Figure6.2: Theexample’s resultingmultipoint list

Algorithm 9 Thecompleteremapping
01 void completeRemappi ng() {
02 Get available bandwidth for each DiffServ class from SLA.
03 Subtract bandwidths reserved for partial remappings.
04 MultiPointList = <empty>;
05 for each( session in SessionSet) {
06 sessionPoints = calculateSessi onMul ti Poin ts (se ss io n) ;
07 MultiPointList ïñð sessionPoints;
08 for each( multipoint in sessionPoints) {
09 if(!tryAllocati on( multipoint, session.MinBandwidth)) {
10 break;
11 }
12 else multipoint.AlreadyUsed = true;
13 }
14 }
15 Sort ResouceUtilizationMultiPointList by global sorting value.
16 for each( multipoint in MultiPointList) {
17 if((! multipoint.AlreadyUsed) &&
18 (! multipoint.session.NoMoreTrials)) {
19 if(!tryAllocati on( multipoint, session.MaxBandwidth)) {
20 multipoint.session.NoMoreTrials = true;
21 }
22 }
23 }
24 Add bandwidths reserved for partial remappings
25 to available bandwidths.
26 }
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6.4.1 The CompleteRemapping

Thealgorithmfor thecompleteremappingis shown in algorithm9. First, theavailablebandwidths
arefetchedfrom theSLA (line 2). Line 3, 24 to 25 arenecessaryfor thepartial remappingandwill
bedescribedlaterin subsection6.4.2.At themoment,they canbeignored.Thenext stepis to create
a globalmultipoint list, usingthecalculationdescribedin section6.2 to get themultipointsof each
session(line 6, seealsoalgorithm8), joining them(line 7) andfinally sortingthecompletelist (line
15). In line 8 to 13, it is tried to allocatepointsup to thesession’s minimumbandwidth,usedpoints
are marked. The allocationof the remainingbandwidthup to the session’s maximumbandwidth
is finally donein lines 16 to 23; pointsmarked during the minimum bandwidthallocationwill be
skipped.

Algorithm 10 An allocationtrial for a resource/utilizationmultipoint
01 bool tryAllocationFo rMult iP oi nt ( multipoint, limit) {
02 allSuccessful = true;
03 for each( point in multipoint) {
04 if(!tryAllocat ion ForP oi nt ( point, limit))
05 allSuccessful = false;
06 }
07 }
08 return( allSuccessful);
09 }

Thepseudocodeof theallocationtrial for a resource/utilizationmultipoint canbefound in algo-
rithm 10. For eachpoint within the multipoint, a resource/utilizationpoint allocationtrial will be
done(line 4). Note, that thepoint allocationmay fail for someof thestreams(e.g. high-bandwidth
video streams)while the allocationof otherstreamsmay be successful(e.g. low-bandwidthaudio
streams).This is calledpartial multipoint allocation. In this case,the sessionis marked for doing
no moreallocationtrials (line 20 of algorithm9). This is donebecausefor examplein thecaseof a
highbandwidthvideostreamandlow bandwidthaudiostream,theuserdoesnot wantto receiveand
pay for a film having high-qualityaudiobut only very poorpicture! Theparameterlimit denotesa
bandwidthlimit for thetotalbandwidthof themultipoint’ssession.It is passedto thepointallocation
trial.

The algorithmfor the resource/utilizationpoint allocationtrial is shown in algorithm11. Here,
bandwidthis allocatedto thelayersof thestreamto which thepoint belongsto. In this case,a trial is
only successful,if all layersgettheir allocation.This is comparableto a databasetransaction,where
several changesaremadein the database.In caseof a failure, a so calledrollback hasto be done.
After the rollback, the database’s contentsarethe sameasbeforethe transaction’s start. In line 2,
thecompleteallocationstateis saved. Now, thestream’s old allocationis releasedin line 3. In line
4 to 20, it is tried to allocateeachlayer to thecheapestpossibleDiffServclass(seedescriptionsand
examplesin section6.2.2):For eachlayer, all possiblelayerto DiffServclassmappingsarechecked
(line 6). If the classhasgot enoughfree bandwidth(line 6) andthe allocationwill not exceedthe
session’s bandwidthlimit (line 7), theallocationwill bemade(line 9 to 11). Sincethepossibilities
aresortedascendingby cost,no morechecksarenecessaryaftera successfulallocation(line 13). If
oneof the layerscannot getanallocation,a completerollbackof all allocationsis done(line 16 to
19). Then,thestream’sallocationwill bethesameasbeforetheallocationtrial.

Now, it is the time to give an example. Onesessioncontainingtwo streamsis given. The first
streamhasgot onelayer, thesecondonetwo. Theglobalmultipoint list containsthe following two
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Algorithm 11 An allocationtrial for a resource/utilizationpoint
01 bool tryAllocationFo rP oi nt( point, limit) {
02 Set savepoint.
03 Release old allocation.
04 for each( layer in point) {
05 success = false;
06 for each( dsClass in layer.PossibleDSClassMappings) {
07 if(( dsClass.Available ò layer.Bandwidth[ dsClass] ) &&
08 (resulting total bandwidth of session below limit)) {
09 layer.DiffServClass = dsClass;
10 layer.Allocated = layer.Bandwidth[ dsClass] ;
11 dsClass.Available -= layer.Bandwidth[ dsClass];
12 success = true;
13 break;
14 }
15 }
16 if(! success) {
17 Do rollback.
18 return(false);
19 }
20 }
21 return(true);
22 }

Class Costfactor Bandwidth

EF 4.0 500KBytes/s
AF31 3.0 2200KBytes/s

Class Costfactor Bandwidth

EF 4.0 500KBytes/s
AF31 3.0 3500KBytes/s

Table6.9: SLAs for thebandwidthmanagementexample
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Table6.9 shows two exampleSLAs. First, the left one is 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 and600 KBytes/sAF31 to layer #2. Now, 100 KBytes/sEF and900
KBytes/sAF31 areremaining. For the next multipoint (formula 6.8), additional100 KBytes/sEF
(200KBytes/s- 100KBytes/sarealreadyallocated)areallocatedto theonly layerof stream#1. Now
- sincethereis no remainingEF bandwidth- it is not possibleto allocateadditional300 KBytes/s
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(600ø KBytes/stotal) to layer #1 of stream#2. Instead,1500KBytes/sof AF31 canbe used. The
previously allocated300KBytes/sEF arefreed.Layer#2 requires700KBytes/sof EF or additional
1200KBytes/sAF31 (600KBytes/sarealreadyallocatedto this layer). Sinceboth is not available,
this layer’s allocationfails here. As mentionedin the descriptionof the resource/utilizationpoint
allocation,arollbackhasnow to bedonefor all layersof thisstream.Note,thatstream#1’sallocation
wassuccessful,thereforethis allocationwill bekept. However, sincethesessionhasgot onefailed
point allocationfor this multipoint, no moreallocationtrails will bemadefor following multipoints
of thissession.Theresultingbandwidthmappingis 200KBytes/sfor theonly layerof stream#1and
300KBytes/sEF (layer#1)/600KBytes/sAF31 for stream#2.

Now, usingtheright SLA of table6.9, the resultingbandwidthmappingis 200KBytes/sEF for
theonly layerof stream#1 and1500KBytes/sAF31 (layer#1)/1800KBytes/sAF31 (layer#2) for
stream#2. Thetotal costwill thereforebe:q
eCe ln� � ex y{z |

Streamù U } bds
eCe l ) � e } bdcCeCe l ) � ex y{z |
Streamù W `úbde vX� eCe �

AssuminganSLA thatcontainsenoughbandwidthto allocateall layersto thefirst (= best)layer to
DiffServmappingpossibility, theresultingmappingwouldbe200KBytes/sEFfor stream#1and600
KBytes/sEF(layer#1)/700KBytes/sEF(layer#2) for stream#2. Then,thetotalcostwouldonly be:qoeCe lµ� � ex y{z |

Streamù U } m eCe ln� � e } � eCe ln� � ex y{z |
Streamù W ` mwv e
eCe �

To solve theproblemof suchinefficient SLAs, theCORAL conceptdescribedin section3.1contains
a dynamicSLA, managedby the bandwidthbroker. In caseof a ’bad’ bandwidthdistribution of
theclasses,the bandwidthmanagermay requestthe bandwidthbroker to e.g. increaseEF by 1000
KBytes/sanddecreaseAF31 by 3500KBytes/sin the exampleabove. This canbe donee.g. by
automaticallyrenegotiatingthe SLA with an ISP or changingthe SLAs of othermanagedservers.
Suchchangerequestscansimply becalculatedusingeachstream’s resource/utilizationpoint finally
allocatedandsumup the differencebetweenthe real allocationandthe bestpossiblechoice. The
bandwidthbroker itself is not partof this work. Therefore,see[Sel01] for moredetails.

6.4.2 The Partial Remapping

Everytimea streamreachesa new remappinginterval, it is necessarydoa remappingfor this stream.
Althoughmeasurementsin section8.5will show, that thecompleteremappingis quiteefficient, it is
desirableto optimizeit for usagein scenariosusinghundredsor eventhousandsof streams.A simple
but effective optimizationfor theremappingin caseof reachedinterval bordersis to do a remapping
only for thestreamitself. Thiswill becalledpartial remapping.

Algorithm 12 Thepartialremapping
01 void partialRemappin g( stream) {
02 // Get resource/utiliz at io n point nearest to utilization
03 // of last complete remapping and below session’s bw. limit.
04 point = getNerestForLas tU ti li za ti on( stream);
05 if( point != NULL) {
06 if(!tryAllocat ion ForP oi nt ( point, point.Session.MaxBandwidth)) {
07 doCompleteRemapp in g( );
08 }
09 } else {
10 doCompleteRema ppi ng() ;
11 }
12 }
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The pseudocodeof sucha partial remappingis shown in algorithm12. As describedin section
5.1, the resource/utilizationlist changesfor every new remappinginterval. In this case,thepayload
to raw translation(seesection6.2.1)andcalculationof possiblelayerto DiffServclassmappings(see
section6.2.2)have to becalculatedfor theresource/utilizationpoint having nearestutilization to the
stream’sutilizationresultingfrom thelastcompleteremapping.To avoid extremequalitychanges,the
point’sutilizationmayalsonotdiffer from thelastcompleteremapping’sutilizationby morethan5%.
Further, it mayof coursenotexceedthesession’smaximumbandwidthlimit. Thispoint’scalculation
is donein line 4. Next, anallocationfor thispoint is triedasdescribedin section6.4.1(line 6). If this
allocationtrial fails, a completeremappingwill beinvoked(line 7). Thesamehappens,if 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 reserved for partial remappings.
This is donein lines 3 and 24 to 25 of algorithm 9. Due to the varying bandwidthrequirements
of variablebitratestreams,somestreamsmayallocatesomeadditionalbandwidthwhile otherones
free some. Therefore,the fraction necessaryto reserve for partial remappingsduring a complete
remappingdependson thetraffic propertiesof thescenario’sstreams.

Using partial remappings,the bandwidthdistribution possiblydiffers from a completeremap-
ping’scalculation:Thepartialremappingonly triesto keepthestream’sutilizationatalmostthesame
level andensuresthesession’s bandwidthlimit. If for examplein a video,a small-bandwidthscene
is followedby a high-bandwidthactionscene,a largeamountof additionalbandwidthis requiredto
keeptheformerutilization. To copewith thisproblem,it is recommendedto forceacompleteremap-
ping regularly, e.g. at leastevery 5 to 10 seconds.This will resultin keepingthedifferencebetween
thecurrentmappinganda completeremapping’s resultsmall.

Of course,thesettingsfor themaximumtime betweentwo completeremappingsandtheband-
width fraction to be reserved exclusively for partial remappingsarestronglydependenton the sce-
nario. For example,the maximumtime betweentwo completeremappingsmay be higherandthe
reservedbandwidthfraction lower for scenarioscontainingonly streamsof low bandwidthvariance
(or evenCBR)andviceversa.If sufficientbandwidthis availablefor all streamsof ascenario,thereis
nodifferenceof quality, costandbandwidthbetweencompleteremappingsandpartialremappings.In
thiscase,thepartialremappingwouldalwaysselectthe100%utilizedresource/utilizationpoint. This
is thesameasacompleteremappingfinally woulddo. But if bandwidthis scarce,partialremappings
may introduceinefficiency, sincethey only take carefor keepingthe invoking stream’s utilization
level, but not for bandwidthdistributionamongotherstreams.Thereforein section8.4,examinations
of parameterchangesaremadeona largeandrealisticvideo/audioondemandscenario.

6.5 Commentson the Bandwidth Remapping

Fairnessfor sessionsand streams

As describedin section6.2.4,6.2 and6.3, the fairnessis controlledusing the constant¶ Fairness �� e v b{�û�ü� for streamsand ¶ SessionFairness ��� e v b{����� for sessions.Sincetheuserprobablywantsafair
distribution for thestreamswithin hissession(e.g.avideoto havethesame3 utilizationasits sound),
it is thereforerecommendedto useahighvaluefor ¶ Fairness, e.g.example¶ Fairness `Fb � But globally, it
is usefulfor theprovider to have asmuchsessionsaspossiblegettinga high quality. For example,it
is notusefulif user#1hasgota largesessionof e.g.80MBit/s at25%utilizationandusers#2 to #21
have got smallsessionsof 1 MBit/s at 25%,too. Instead,it is recommendedto useanunfair sharing
hereandgive user#1 e.g. 50 MBit/s at 10%utilization andusers#2 to #21e.g. 95%at 2.5MBit/s.¶ SessionFairnessshouldthereforebelow, e.g. ¶ SessionFairness `Äe .

3Of course,only if bothstreamshavegotequalstreampriorities.
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Figure6.3: Someconcave functions

Bandwidth pricing

As describedin section3.1, the bandwidthpricing conceptfor CORAL introducesthreecharges:
Theholdingcharge for reservingthebandwidth,theusagecharge for sendingdataanda charge for
changingthereservation. Sincethereservedbandwidthwill never beexceeded,holdingchargeand
usagechargemaysimplybejoined.Changingthereservationis notrecommendedto bechargedsince
changesmaybenecessarydueto addingnew streams,removing streams,new remappingintervals,
partial remappingnot possible,loss scaling,changingbandwidthof other streams,etc.. Further,
reservationsusingDiffServdo not requireto sendcontrol informationover thenetwork. Therefore,
chargingbandwidthchangeswouldonly make thepricingcomplicatedandconfusing.

ASRMD1’s convexhull and the bandwidth mapping

As describedin section2.5.4,theASRMD1algorithmusestheconvex hull of theresource/utilization
list to remove’bad’ points.Thismayalsobeappliedto theresource/utilizationlist of eachstreamand
theresource/utilizationmultipoint list of eachsession.But in thecaseof concaveor partiallyconcave
utility functions,thiswill beveryinefficient. For example,figure6.3showssomeconcavefunctions4.
Theconvex hull of all thesefunctionsonly containstwo points:(0.0,0.0)and(1.0,1.0)- thesearethe
minimumandmaximumpoints.Sincesucha quality granularityis absolutelyinacceptableandthere
is no evidencefor theassumptionof only non-concave utility functions,theconvex hull calculation
hasbeenskipped. The costof this decisionis possiblya slightly highercost,sincepointsof high
resourcebut low utilization remainin thelists.

Someimplementation recommendations

As it isshown in section6.2and6.3,thestreamandsessiondescriptioninitilizationsareparallelizable.
But evenif a single-CPUsystemis used,thecalculationcanbeoptimizedby calculatingandstoring
the streamdescriptioninitialization directly after the streamhasreacheda new resource/utilization
list. Theresultis, that it is alreadyavailablewhenthecompleteremappingis executed.Further, the
CPUusagedistributeshomogeneously. And sinceit is storedandvalid until thenext resource/utiliz-
ationlist is reached,it maybeusedfor morethanonecompleteremapping.This smalloptimization

4Thesefunctionsuseformula2.5,parameterýpþñÿ�� � to ýpþ���� � .
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will save a lot of CPUpower, sincethestreamdescriptioninitialization is themostCPU-consuming
partof thebandwidthmanagement(seesection8.5).

6.6 Summary

In this chapter, the online bandwidthmanagementfor multimediastreamsof differentmediatypes
hasbeendevelopedby extendingtheASRMD1 algorithmof section2.5.4. This hasbeenbasedon
eachstream’s a priori calculatedremappingintervalsandtraffic descriptionsfrom chapter4, resour-
ce/utilizationlistsfrom chapter5andeachlayers’QoSrequirementsfor maximumacceptabletransfer
delay, lossrateandjitter. First, someonlinepreparationsfor the resource/utilizationlists have been
necessary;this hasbeencalledstreamdescriptioninitialization:

� Sincethesizeof necessarypacket headersfor transportvia a network is usuallynot known a
priori, a payload� raw translationhasbeendeveloped,first. That is, thenecessarynumberof
packetsis calculatedandtheheadersizesareaddedto theresource/utilizationlists’ bandwidth
settings.

� Thenext stephasbeentheoptimizationof buffer delayandcost:Basedon formula6.2,acost-
sortedlist of all possiblelayerto DiffServclassmappingsis calculated.This leadsto theusage
of themostefficient class.

Sucha streamdescriptioninitialization maybecomputedassoonaspossible,leadingto a homoge-
neousdistributionof CPUusageandareduceddurationof thelaterremappingitself. Further, efficient
parallelizationis possible.

Finally, theASRMD1algorithmhasbeenextendedby

� supportfor sessionsby theusageof socalledresource/utilizationmultipoints,

� independentlyconfigurablefairnessfor streamsandsessions,

� prioritiesfor streamsandsessionsand

� usageof severalDif fServclassesinsteadof only oneresource(= bandwidth).

To save CPUpower, a reducedversionof this completebandwidthremappinghasalsobeendevel-
oped: The so calledpartial remappingonly doesthe remappingfor a singlestream. Its efficiency
is dependenton two parameters:The maximumtime betweentwo completeremappingsand the
bandwidthfractionexclusively reservedfor partialremappings.

Thechapterhasclosedwith somecommentson thedevelopedbandwidthremappingalgorithm,
concerningfairness,bandwidthpricingandimplementationissues.
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Chapter 7

The Tracesand the System

First, this chapterdescribestheusedMPEG-1,MPEG-2,H.263andMP3tracesusingsomestatis-
tics. Then,theremappinginterval calculationparametersareexplained.Next, thechoiceof utility

functionsandcompositionsis presented.Finally, a shortoverview of importantimplementationde-
tails andtherealnetwork scenariois given,sincethis is necessaryto understandthesimulationsand
measurementsin chapter8.

7.1 The Traces

Thesystemis evaluatedusingtracesof MPEG-1,MPEG-2,H.263andMP3 medias.For MPEG-1,
the tracesof the University of Würzburg ([Wür95]) areused. H.263traceshave beenfound at the
TechnicalUniversity of Berlin ([Ber00]) andthe University of Bonn (part of an MPEG-4project).
Sincetherewere no tracesof VBR-MP3s available, suchtraceshave beengeneratedfrom VBR-
MP3s,encodedfrom CD tracksusingtheOpenSourceencoderLAME (see[LAME ]) anddownloads
via NAPSTER (see[Napster]),aspartof this work.

7.1.1 MPEG-1 and MPEG-2

The MPEG-1(seesection2.6.1)tracesarelayeredasexplainedin section4.2: Onelayer for I-, P-
andB-frames.Statisticsof theusedtracescanbefoundin tableA.1. All traceshave got a lengthof
25,000framesata framerateof 25 frames/sandthereforeaplaytimeof 1,000seconds.Their GoPis
“IBBPBBPBBPBB”. Theframeratemaybescaledin stepsof onefrom 1 frame/sto 25 frames/s(see
section4.5for detailsaboutframeratescalability).Theframesizemaybescaledatamaximumscale
factor � =0.5(seesection4.6 for detailsaboutframesizescalability).Usingmethodslike coefficient
eliminationandblockdropping(seesection2.6.1),this is a reasonablevalue.

Sincetherewere no layeredMPEG-2 mediasor tracesavailable, MPEG-2 (seesection2.6.2)
tracesarecalculatedfrom theMPEG-1tracesby addingtwo MPEGenhancementlayers.Therefore,
thenumberof transportlayersis 9 (seesection4.2): EachMPEGlayer(onebase+ two enhancement

IB PB BB IE 	 PE 	 BE 	 IE
 PE
 BE

10000 0 0 20000 0 0 30000 0 0

0 0 2500 0 0 5000 0 0 7500
0 5000 0 0 10000 0 0 15000 0

Base 1stEnhancement 2ndEnhancement

Table7.1: An MPEG-2traceexamplewith framesizesin bytes
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layers)consistsof threetransportlayersfor eachframetype: I-, P- andB-frames.Thefirst enhance-
mentlayer is calculatedfrom thebaselayer (= original MPEG-1trace)multiplying the framesizes
by 2. Thesecondonemultipliesthesesizesby 3. An exampleis shown in table7.1: Thebaselayer’s
I-framesizeof 10,000bytesresultsin 20,000bytesand30,000bytesfor thefirst andsecondenhance-
mentlayer. Factorsof 2 and3 seemto beuseful,sincetheresultingpartitionshave got a fractionof
about17% for the baselayer, 33% for the first and50% for the secondenhancementlayer. This
is achievableusingSNR scalability, datapartitioningandspatialscalabilityasexplainedin section
2.6.2.Statisticsfor theresultingMPEG-2tracescanbefoundin tableA.2.

7.1.2 H.263

TheH.263(seesection2.6.3)tracesarelayeredasexplainedin section4.2: Onelayerfor I-, P-,PB-
andB-frames.Statisticsof theusedtracescanbefoundin tableA.3, theirplaytimeis alsogiventhere.
All tracesusea maximumframerateof 30 frames/s,it maybescaledin stepsof onefrom 1 frame/s
to 30 frames/s.The framesizemaybescaledat a maximumscalefactor � =0.5. Again, seesection
4.5,section4.4.2andsection2.6.1for detailsaboutscalability.

7.1.3 MP3

TheMP3 (seesection2.6.4)tracescontainonly onelayer. As it is describedin section4.2, layering
would betoo inefficient for MP3 dueto theheaderoverhead.Theusedtracesareall generatedfrom
VBR-MP3files. Theseareencodedfrom CD tracksusingtheOpenSourceMP3encoderLAME with
highestquality setting1 at a maximumrateof 320 KBit/s or downloadedvia NAPSTER. Statistics
of the tracescanbe found in tableA.4. Their playtimeis alsogiven there. All traceshave got the
constantframerateof 38 frames/s.As explainedin section2.6.4,MP3 doesnot provide framerate
scalability. The framesizemay be scaledat a maximumscalefactor � =0.25. This will reducethe
bandwidthrequirementby amaximumof 75%andthereforeresultsin anaverageframesizeof about
150 to 180 bytes,which is an achievablevalue. Seealsosection4.4.2andsection2.6.4for details
aboutscalability.

7.1.4 The RemappingInter vals

Fromevery MPEG-1,MPEG-2andH.263trace,two remappinginterval versionshave beengener-
ated:Oneversionwithout layerweightingandoneweightedversion.Seesection4.3for details.The
usedweightsfor thecorrespondinglayersare:

� MPEG-1: ���
����
I

/
)��
����
P

/ ���
����
B

� MPEG-2: ��� ) ���� 
�� �
Baselayer

/ ����������� ) �������� 
�� �	 st Enhancement

/ ������������ !�����" � 
�� �
 ndEnhancement

,

� H.263: ���
����
I

/
)��
����
P

/
)��
����

PB

/ ���
����
B

and

� MP3: 1.

Thesesettingsaremadeunderthe assumptionthat I-framesusually requiremoreexpensive band-
width thanP-frames,P-framesmorethanB-framesandMPEG-2enhancementlayersmay useBE

1LAME parameters:-V 0.
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Low framesize High framesize

Low framerate Talk, Testpattern Comedy, Snooker
High framerate Advertisements,Stationbreak Music,Sports

Table7.2: Theresultsof [AFK+95]

Low framesize High framesize

Low framerate Talk Comedy, Movie, News
High framerate Cartoon Action, Music,Sports

Table7.3: Usedgenremappingsfor thetraces

bandwidth. PB-framesof H.263 are handledlike P-frames. SinceMP3 hasgot only one layer,
weightingis senselesshere.

Theremappingcost(seesection2.4)hasbeensetto 500,000for thevideotracesand50,000for
theMP3traces2. Themaximumbuffer delayhasbeensetto 1000msfor theMPEGtracesand500ms
for theH.263andMP3 traces.To limit thecalculationtime (seesection4.5),a minimumremapping
interval length of one secondand a maximumone of 20 secondshave beenused. As explained
in section6.4.2, there is a completeremappingregularly anyway, due to the partial remappings.
Therefore,longerintervalswouldnotbeuseful.Usingthesesettings,theaveragecalculationtime for
theremappingintervalsof onetraceareabout3 daysfor MPEG-1,4.5 daysfor H.263and6.5 days
for MPEG-2ona300MHz Pentium-IIsystem.Thetracestatisticsof tableA.1 (MPEG-1),tableA.2
(MPEG-2),tableA.3 (H.263)andtableA.4 (MP3) show thenumberof remappingintervals for the
highestframeratein theNFrameRatecolumn.

7.2 The Resource/Utilization Lists

Finally, resource/utilizationlistsarecalculatedfor thetracesusingthealgorithmdescribedin chapter
5. Therefore,it is necessaryto chooseutility functionsfor the framerateand framesizeof each
layer. Sinceonly tracesareused,it is not possibleto usequality metricsto calculatesuchfunctions
asdescribedin section2.5.1.Instead,thefollowing approximationis made:

In [AFK+95], userratingsfor theimportanceof framerate(calledtemporalcomponent)andframe
size(calledvisual component)usingvideo sequencesof differentgenres(e.g. sports,comedy, talk
etc.) have beenmade. The resultsof theseso calledvideowatchability experimentsareshown in
table7.2: Basedon theseresults,theMPEG-1/2andH.263traces’genresaremappedto thedifferent
framerateandframesizerequirementsasshown in table7.3. ’Action’ maybecomparedto ’Sports’,
’News’ and ’Movie’ do not have sucha high frame rate requirementas sportsand music, but its
visual componentis important. ’Cartoons’ (here: “Simpsons” and“Asterix”) may be comparedto
’Advertisements’,having a high temporalcomponentbut a low visualone.

Next, utility functionsfor eachgenrehadto be chosenfor framerateandframesize. For both
dimensions,theutility function from [Rog98],shown in formula2.5 anddescribedin section2.5.1,
is used,dueto its properties:

�$#�%  &�� ('*)+ ,�� , #�% ���" ('*)-���� and

�$#�%/. ' maybeconvex, linearor concave,dependingon thesensitivity parameter0 .

2In caseof 500,000for theMP3 traces,all intervalswouldhave themaximumlengthof 20 seconds- dueto thesmall
sizeof MP3files. Therefore,50,000is usedhere.
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As described1 in section2.5.1,theutility function from [LS98] and[LLR+99] (seeformula2.6) has
got thedisadvantagesof beingunsteadyat 23)+ ,�" and 24)-���� andalwaysbeingconvex. Therefore,
this functionis notusedhere.

For simplification,eachlayer’s framesizehasgot the sameutility function. To emphasizethe
different importancesof eachlayer, a weighting is useful here. Therefore,it is reasonableto use
the weightedsum(seeformula 2.7) from [LS98] and [LLR+99] to composethe framesizeutility
functionsof all layers.Formula2.8presentsthecompositionfunctionfrom [Rog98]. Its advantageis,
thatsettingslike100%framesizeutilizationand0%framerateutilizationresultin atotalutiliztion of
0%,whichis muchmorerealisticthane.g.50%asfor aweightedsum.For example,aviewerusually
doesnot acceptto view a sportsvideo at bestpicturequality but only 1 frame/s(like a slideshow).
Therefore,formula 2.8 is usedto composethe framerateutilization andthe normalized weighted
utilizationsumof all layers.Theresultingutility functionis therefore:

5 %76 8 . '9) �	:
FrameRate;�<>=@?BA 	

�CEDFHG 	JI F
DK
FLG 	

M I FON # FrameSizeP %Q. F '@R� 
�� �
FrameSizeUtilization Sum� 
�� �

NormalizedFrameSizeUtilization

S (7.1)

whereT denotesthenumberof layersand 6 8 .VU M  S ��R D�W 	YX[Z D"W 	 thescalefactorvectorasdescribedin
section5.1.Theutility functionsfor framerateandsizeare:

#
FrameRate

%/. '3\�)^]`_ N�acb %ed(f N . A$g f ' S#
FrameSizeh %/. '3\�)^]ji NYakb %ed i N . Alg iQ'`�

For eachQoSdimensionm , d�n , g n and ] n arecalculatedfrom thecorrespondingsensitivity parameter0 n asdescribedin section2.5.1. I F denotesthe weight for layer #n. Theseweightsareset to the
following values:

� MPEG-1:
)��
����
I

/ ���
����
P

/ ���
����
B

� MPEG-2: oY�*p!��q� 
�� �
Baselayer

/ r!�����s�� 
�� �	 st Enhancement

/
) �������� 
�� �
 ndEnhancement

,

� H.263:
)��
����
I

/ ���
����
P

/ ���
����
PB

/ ���
����
B

and

� MP3: 1.

It is importantto makeadistinctionbetweenthelayerweightsusedfor theremappinginterval calcu-
lationandtheutilizationweightshere:Thefirst onesreferto thelayers’costduringtransmission,but
thesevaluesreferto thelayers’importancefor theusersatisfaction!

For low requirementsof framerateor framesize,theparameter0 Low )t���&��� is used.This results
in a convex utility function, giving higher utilization alreadyfor low settings. On the other side,
for high frame rateor frame size requirements,the parameter0 High )uqJ�v� is used. The resulting
concave utility functionresultsin low utilization for low settings.Theseselectionsof thesensitivity
parameter0 shouldbereasonablefor theusedsetof traces.Both functionsareplottedin figure7.1.
For comparision,it alsoincludesthelinearutility function # Linear

%/. '�) . . Now, it is possibleto plot
theusersatisfactionof all four possibleframerate/framesizerequirementcombinations:Low/Low,
Low/High, High/Low andHigh/High. Table7.4shows theresults.
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Table7.4: Usersatisfactionfor differentframerateandframesizerequirements
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Figure7.1: Utility functionsfor videoframerateandsize
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Figure7.2: Utility functionfor audioframesize

For theutilization of theMP3 audiotraces,no division into differentgenresis done,sincethere
werenosuchuserratingsavailableasfor videogenresin [AFK+95]. Therefore,agenericutility func-
tion for all typesis used,basedon theutility functionfrom [LS98] and[LLR+99] (seeformula2.6).
Sincethis functioncanbeconfiguredby giving utilizationsfor 50%and95%resource,this function
seemsto bea goodchoicehere:As mentionedin section2.6.4,MP3 is optimizedto compresshigh
quality audioat a bandwidthof about112 to 128 KBit/s. Thesearealso the mostcommonband-
widthsusedfor CBR files downloadablevia NAPSTER. The LAME encoderusedfor creatingmost
of theusedMP3ssupportsbandwidthsfrom 8 KBit/s to 320KBit/s, alwaysselectingthebestchoice
for thecurrentframein VBR mode. Therefore,it seemsto be reasonableto set95%utilization for
40%bandwidth(comparableto about125KBit/s usingCBR)and50%utilizationfor 10%bandwidth
(comparableto about32 KBit/s usingCBR).Theresultingutility functionis plottedin figure7.2.

The QoSrequirementsof eachmediatype’s layersfor maximumjitter and loss rateare given
in table7.5. Thesevaluesareusedfor the simulationsandmeasurementsin chapter8. The maxi-
mum transferdelaydependson eachsimulationor measurement.Therefore,it will be given in its
explaination.
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H.263

Layer MaxLossRate MaxJitter

#1 (I) 0.5% -
#2 (P) 1.0% -
#3 (PB) 1.0% -
#4 (B) 2.0% -

MP3

Layer MaxLossRate MaxJitter

#1 5 % 100ms

MPEG-1/2

Layer MaxLossRate MaxJitter

#1 (IB) 0.5% -
#2 (PB) 1.0% -
#3 (BB) 2.0% -

#4 (IE 	 ) - -
#5 (PE 	 ) - -
#6 (BE 	 ) - -
#7 (IE
 ) - -
#8 (PE
 ) - -
#9 (BE
 ) - -

Table7.5: Usedjitter andlossratelimits for eachmediatype

...

Packaging PackagingRTP Packetizing

Layering Control

Traffic Shaping

Buffer Delay
Bandwidth

Traffic Class

Bucket
Leaky

... Packaging

Layer #nLayer #2Layer #1

Bucket
Leaky

Bucket
Leaky

Transport IPv4 or IPv6 Datagram Socket

MarkerMarker Marker

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

7.3 The System

For betterunderstandabilityof the simulationsandmeasurementsin chapter8, a few detailsof the
system’s implementationhave to be explained. This canonly be a shortoverview, sincea detailed
introductionwould be out of this work’s scope.Detailscanbe found in the RTP AUDIO project’s
documentations(see[DSV00] and[RTP Audio]), sincelargepartsof this projectarereused.

As shown in figure7.3,eachtransportlayerhasgot its own leaky bucketbuffer, but all outputuses
thesameUDP/IPv4or UDP/IPv6socket. Beforetransmission,thepacket’s traffic class/TOSfield is
setto the correspondingtransportlayer’s value,mappedto it by the bandwidthmanager. Sincethe
buffer implementationconsistsonly of aqueueof packets,theusageof 9 transportlayersto transmit
a 3-layeredMPEG-2streamdoesnot consumesignificantlymoreCPU power thanusinga single
transportlayerfor all MPEG-2enhancementlayers.Dueto thesingleUDP/IPsocket,it alsodoesnot
requiremoreUDPports.Eachleaky bucket is policedusingformula2.1.But this assumes,thateach
frameis scheduledaccurately, that is e.g. at a framerateof 25 frames/s,thenext frameis appended
to the queueexactly after wxzyL{}| second.Of course,sincea standardL INUX systemis usedfor the
measurements,suchanaccuracy cannot beguaranteed.Therefore,somesystemdelaytoleranceas
describedin 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: Standardclasssettingsfor thebuffering, layeringandweightingsimulations

Themeasurementsof chapter8 consistof simulationsandmeasurementson a realDif fServsce-
nario.Theusageof simulationshasgot thefollowing reasons:

� Dueto theinaccuracy introducedby schedulingandvaryingnetwork delays,differentcostand
bandwidthmeasurementsaredifficult to compare. Of course,the samemeasurementis not
exactly repeatable,too. Thismakesverificationextremelydifficult.

� Further, the real systemusesan own threadto serve eachclient. Sinceeachclient sendsits
commandsvia RTCPAPPmessagesto theserver, no servingordercanbeguaranteedfor the
clients.

� TherealDif fServscenario(seeexplainationbelow) consistsof only two DiffServroutersin a
local network, their distanceis only a few meters.Therefore,thedelaysof eachDiffServclass
only differ in therangeof a few microseconds.This is muchtoo low for a realisticexamination
of thecost-optimizedbuffering.

To copewith theseproblems,mostmeasurementsaredoneusingsimulations:Insteadof sendingdata
via a real network, bandwidthmanagementstatisticsarerecorded.The settingsfor lossrate, jitter
andtransferdelayareset to constantvalues. Further, taskschedulingandthe simulationtime are
controlledby thesimulatoritself. This makescostandbandwidthsimulationsof differentscenarios
comparableandrepeatable.Figure7.4givesanoverview of thesimulator’sscope.Theotherpartsof
thisfigurebelongto therealscenarioandwill bedescribedbelow.

Table7.6 shows thestandardDiffServclasssettingsfor mostsimulationsof chapter8: BE, four
AF classesandEF areused. All classeshave got a given constanttransferdelay, lossrateandjit-
ter. Thesevaluesareconstantto simplify the comparisionof differentsimulations. The effectsof
changingthesevaluesareexaminedin section8.2.1. Thereasonsfor this choiceof settingsin table
7.6areasfollows: A transferdistanceof 15,000km(e.g.Bonn/Germany to Los Angeles/U.S.A.)via
opticalfibre linesis assumed,implying asignalspeedof 
~ ] f ( ] fY� )  � S  � � km� s is thevacuumlight
speed).Therefore,thesignalrequires75msfor thegivendistance.An averageamountof 25 hopsis
assumed.Eachhop introducesa delayfor receiving, queuingandtransmittinga packet. For receiv-
ing andsending,a 100 MBit/s line is assumed.Therefore,120� s arerequiredto sendor receive a
packetof 1500bytes,implying 240� sperpacket total. For theroutingitself (checkingthedestination
address,decrementingthehop limit, calculatingtheIPv4 checksum,appendingthepacket to oneof
thequeues,etc.),500� s areassumed.For eachDiffServclass,differentaveragequeuingdelaysare
assumed:

� EF: An averageof 2 packetsis assumedalreadybeingin thequeue,sinceEF queuesarequite
small (seesection2.2.3). Therefore,the total delayper hop is (2*120� s) + 240� s + 500� s =
980� s. For 25 hopsand75msreal transfertime, this makesabout100mstotal transferdelay.
Further, small queuesintroduceonly a small jitter. SinceEF’s bandwidthlimit may not be
exceeded,thelossratesettingis very low.
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Figure7.4: TherealDif fServscenario

� AF: Averagesof 35(AF41),45(AF31),55(AF21)and70(AF11)packetsareassumedalready
beingin thequeue,sinceAF classeshavegot longerqueuesanddifferentpriorities(seesection
2.2.3).Theresultingtotal transferdelaysarethereforeabout200ms,230ms,260msand300ms.
Further, higherjitters areassumed.Dueto allowedcongestionin AF andtheRED algorithm’s
droppingstrategy (seesection2.2.3),thelossratesarehigherthanfor EF.

� BE: Testsusingpingvia BE from Bonn/Germany to LosAngeles/U.S.A.resultedin roundtrip
timesof about1100msto 1200ms.Therefore,a transferdelayof 600msis quiterealistic.Note,
thatthebesteffort datamayberoutedvia satellite,which is cheaperbut muchslower thanvia
cable! A satellitelink introducesa transferdelayof 270ms(see[Tan96],page328)perusage.
Dueto congestionandlongerqueues,ahigh lossrateandjitter is chosen.

Thevariability columngivesthedelayvariabilityof eachclass,usedin formula6.2(seesection6.2.2).
Further, thebandwidthof eachclassis setto anamountsufficient to alwaysensure100%utilization
andusageof the mostcost-efficient class.Due to the possibility of renegotiatingthe SLA with the
bandwidthbroker (see[Sel01]),this is a realisticassumption.

In the caseof simulation,a buffer overflow may only happenonceaftera framerate3 or buffer
delaychange:If alayerhasgotahighbuffer delay(e.g.dueto usingEF)andnow changesto aslower
class(e.g. BE) having a smallerbuffer delay, thebuffer contentsarenot necessarilyflushed.If pos-
sible,they areadaptedto thenew settingsof bandwidthandbuffer delay. This hasbeencalledspeed
adjustmentapproach andis doneto avoid visible or audibleerrorscausedby droppedpackets. The
resultmaybea singlebuffer overflow, possiblysometime later, dependingon thetraffic’s behavior.
But after sucha buffer overflow andcompletelyemtyingthebuffer (buffer flush),no moreexceeds
arepossibleuntil thenext qualitychange,dueto theapriori calculatedtraffic descriptions.

Using a real system,additionalbuffer overflows canbe causedby inaccurateprocessschedul-
ing, e.g. a setof packets is addedto the leaky bucket’s queuetoo early or too late. Therefore,the
measurementsin section8.5examinedifferentdelaytolerancesettingsin a realsystemconsistingof
two DiffServrouters.TheusedDiffServscenariois shown in figure7.4. All hostsrun L INUX using
2.2.x kernels. The traceserver runson corona (Pentium-III, 500 MHz), sendingdatavia the Diff-
Servroutersgrolsch andholsten(bothDual Pentium-II,300MHz) to theclientsrunningon andechs

3Sinceeachframeratehasgot its own remappingintervalsandthereforetraffic descriptions.



88 CHAPTER7. THE TRACESAND THE SYSTEM

Class Bandwidth Costfactor Variability

BE 1,250,000Bytes/s(10 MBit/s) 1.0 25%
AF11 1,250,000Bytes/s(10 MBit/s) 2.0 10%
AF21 1,250,000Bytes/s(10 MBit/s) 2.5 10%
EF 625,000Bytes/s(5 MBit/s) 4.0 5 %

Table7.7: TheDiffServscenario’s SLA

(Pentium-II,300 MHz). The routersusethe DIFFSERV ON L INUX implemenation.A detailedde-
scriptioncanbefoundat [LinuxDS]. Thescenario’s supportedclassesareBE, AF11, AF21 andEF,
therouters’SLA is shown in table7.7. detmolder(Dual Pentium-II,300MHz), amstel(Pentium-II,
300MHz) andgaffel (Pentium-II,175MHz) areusedto generatebackgroundtraffic, e.g. UDP and
TCP traffic via BE. As explainedin section3.2, the transferdelayof eachclassis measuredusing
ICMP echorequestsandreplies. Lossrateandjitter areobtainedfrom RTCP receiver reports(see
section2.1.5). It is importantto denotehere,thatbuffer flushesdo not causeincreasedlossratecal-
culation,sincetheRTPsequencenumbersareadjustedafteraflush.This is useful,sincethelossrate
hasto measurethenetwork’squality.

7.4 Summary

ThischapterhasdescribedtheusedMPEG-1,MPEG-2,H.263andMP3tracesusingsomestatistics.
Then,theusedremappinginterval calculationparametershavebeenexplained.Further, thechoiceof
utility functionsandcompositionshasbeenpresented.Finally, a shortoverview of importantimple-
mentationdetailsandtherealnetwork scenariohasbeengiven,sincethis is necessaryto understand
thesimulationsandmeasurementsin chapter8.



Chapter 8

Measurementsand Evaluation

Evaluationof thesystemby simulationsandrealnetwork measurementsis thegoalof thischapter.
First, theeffectsof buffering andtheweightedremappinginterval calculationareexplainedby

comprehensive examples.Then,buffering, layering,weightingandscalabilityareexaminedfor all
tracesdescribedin section7.1.Further, thesystem’sbehavior onnetwork qualitychanges(e.g.packet
losses)andthe functionality of the priority systemareshown. Next, the systemis examinedusing
a large,realisticvideo/audioon demandscenarioto show its practicalusability. Then,completeand
partial remappingsettingsaretestedusingthis scenario.Finally, differentsystemdelaytolerances
areexaminedin a realnetwork scenario.This alsoincludesthemeasurementof durationsfor stream
descriptioninitializationsandcompleteremappings.

8.1 Buffering, Layering, Weighting and Scalability Simulations

8.1.1 A Buffering Example

This simulation’s intentionis to explain the buffering andthe delayoptimizationof the bandwidth
managerby a detailedexample. No comparisionbetweendifferenttransferdelaylimits andcost is
donehere.Suchsimulationscanbefoundin section8.1.3.

In this example,theMPEG-1video“TheSilenceof theLambs” with a maximumtransferdelay
of 350mshasbeentransmittedfor a durationof 120 seconds.The usedDiffServ classsettingsare
shown in table7.6.Dueto thelayers’QoSsettingsfor maximumlossrateasshown in table7.5,layer
#1(I-frames)canonly useEFandAF41. Layer#2(P-frames)mayalsouseAF31andAF21. Finally,
layer#3 (B-frames)canalsouseAF11. Dueto BE’s lossrateof 10%,this classis unusablehere.

Figure 8.1 presentsthe buffering gain of layer #1 (I-frames)on the left side: The “Layer #1,
With Buffering” graphshowsthereservedbandwidthfor usingthemaximumpossiblebuffer delayas
describedin section6.2.2by formula6.2.For comparision,therequiredbandwidthwithoutbuffering
is presentedby the“Layer#1, Without Buffering” graph.As it is shown, this requirementis usually
about4 timeshigher. Therefore,thereis ahugebufferinggainfor layer#1. Ontheright sideof figure
8.1, the layer’s mappingto the DiffServ classescanbe found: In this case,only EF is usedfor the
completetransmission.Dueto thehigh short-termburstinessof I-frames(oneI-frameafter11 other
framesfor this video,seesection7.1), it is cheapestto transmitvia the expensive but fastEF class
hereandusethesavedtime for buffering.

Next, figure8.2showsthesamecontentsfor layer#2 (P-frames).As expected,thebufferinggain
is slightly smaller, sincethereareonly two B-framesor 4 B-framesandoneI-frame betweentwo
P-frames.Therefore,this layer usesAF21 morethanhalf of the time, sometimesAF31 andAF41
andsomemorefrequentlyEF. SincetheAF classesareslower, a muchsmallerbufferinggaincanbe
noticedwhentheseclassesareused.However, theusedclassis cheapest,sincethegainof a faster
classwouldnotexceedits additionalcost(seesection6.2.2).

89
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Figure8.1: BufferinggainandDiffServclassusagefor layer#1 (I-frames)
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Figure8.2: BufferinggainandDiffServclassusagefor layer#2 (P-frames)
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Figure8.4: Reservedbandwidthfor MPEG-1video“TheSilenceof theLambs”

Finally, the buffering gain andDiffServclassmappingsof layer #3 (B-frames)canbe found in
figure 8.3. Sincethe short-termburstinessfor B-framesis low (only oneI- or P-framebetween4
B-framesfor this video, seesection7.1), AF11 is cheapestmostof the time. Due to the transfer
delaylimit of 350msandAF11’s transferdelayof 300msanddelayvarianceof 10%,no buffering is
possiblehere(seeformula6.2): A delayof only 20msis availablefor buffering,but 40msarerequired
to buffer anadditionalframe( ��z�H�}� second,dueto theframerateof 25 frames/s).Only in a few cases,
buffering is efficient for this layer. In thesecases,AF31 andAF41 areused,asshown on the right
sideof figure8.3.

Thetotal bandwidthgainfor all layersis shown in figure8.4. Again, thebandwidthrequiredfor
buffering enabledcanbefoundin the“Bandwidth,With Buffering” plot. Theotherplot “Bandwidth,
Without Buffering” shows the bandwidthrequiredwithout any buffering. As it is shown, thereis a
hugebufferinggainof about75%in this example- althoughonly a few millisecondshavebeenused
for buffering!

Results

As it is shown for the video example“TheSilenceof the Lambs”, buffering may result in a huge
bandwidthgain. Further, thesystemalwaysusesthemostcost-efficient classfor thetransport.Now,
thetotalgainhasto beexaminedfor awiderangeof maximumtransferdelaylimits andthecomplete
setof traces.This is donein section8.1.3.

8.1.2 A Weighting Example

Beforethebandwidthandcostcomparisionsimulationcanberealized,it is first necessaryto explain
anotherfact: The weightedremappinginterval calculation.As shown in section4.3, the traffic de-
scription’sbandwidthof eachlayeris weighted.Thiswill resultin highercostfor ’expensive’ layers.
Therefore,new remappingintervalsarestartedearlier, trying to save expensive bandwidth.The in-
tentionof this simulationis to show this behavior by a detailedexample.Comparisionsof different
tracesandtransferdelaylimits canbefoundin section8.1.3.

Again, this simulationhasusedthe DiffServclasssettingsshown in table7.6. Two versionsof
the MPEG-1video “TerminatorII ” have beentransmitted,both with a maximumtransferdelayof
400ms:Thefirst one’s remappingintervalshavebeencalculatedwithoutweighting,thesecondone’s
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Figure8.5: Unweightedremappingintervals
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Figure8.6: Weightedremappingintervals:4/3/2

usingthe 4/3/2-weightingasexplainedin section7.1.4. Figure8.5 shows the unweightedstream’s
reservedbandwidthfor thesimulationtime of 120seconds- total andfor eachlayer. Theweighted
version’s resultscanbefoundin figure8.6.

As acomparisionbetweenthesetwo figuresshows, theweightedcasecontainsmuchmorepeaks
for thereasonof morebandwidthremappings.Noteespeciallythetwo largeblocksfrom about8sto
25sand30sto 50sin theunweightedcase.Theseblocksaresplit into severalpeaksin theweighted
case,resultingin a lower total bandwidthrequirement.It shouldbe denotedhere,that somepeaks
in the weightedcaseare higher than in the unweightedone, e.g. at 29s to 31s (marked by two
arrows in bothfigures):About 1.1 MBytes/sinsteadof 1.0MBytes/s.Thereasonfor this is that the
remappingintervalsof theunweightedcaseareindependentof theweightedcase’s ones.Therefore,
thecurrenttraffic descriptionfor a certaintime stamp(e.g. 29s)in both simulationsmay differ. In
this example(29sto 31s), the layer is mappedto AF21 in the unweightedcase,leadingto a lower
bandwidthrequirementdueto buffering. For theweightedcase,thedifferenttraffic descriptionresults
in a transportvia AF11,wherethebufferinggainis lowerandthereforethebandwidthrequirementis
higher.

Finally, theresultingtotal bandwidthandcostrequirementsfor theplaytimeof 120sare:

Trace Bandwidth[Bytes] Cost[Bytes*$] Avg. costfactor[ �Byte� s]
Unweighted 86,051,278 260,921,343 3.03216
Weighted 80,141,161 235,831,582 2.94270

The weighing reducedthe total cost by 25,089,761Bytes*$, this is a reductionof 9.61%for this
example.Thetotal reservedbandwidthreducedby 5,910,117bytes,leadingto a reductionof 6.87%.
Theaveragecostfactoris simply thequotient Total cost

Totalbandwidth.

Results

As it is shown for the “TerminatorII ” video example,the layer-weightedcalculationof remapping
intervals may result in a significantcost gain. Changesof more expensive layerswill affect the
calculation’s costmorethancheaperones.This impliesearlierbandwidthremappingsandtherefore
a shorterusageof expensive bandwidth.Now, thetotal gainhasto beexaminedfor a wide rangeof
maximumtransferdelaylimits andthecompletesetof traces.This is donein section8.1.3.
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8.1.3� The Buffering, Layering and Weighting Comparision

As mentionedabove, this simulationwill comparethegainof buffering andweightedremappingin-
terval calculationusingall tracesmentionedin section7.1andawiderangeof buffer delays.Further,
theeffectsof layered(eachtransportlayermayuseits ownDiffServclass)andunlayeredtransmission
(all transportlayersmustusethesameDiffServclass)areexamined.

Intr oduction

Again, the DiffServ classsettingsof table7.6 have beenusedto enableusageof the cost-optimal
class.As explainedin section7.3, this is realisticbecauseof thebandwidthbroker. Dueto the loss
raterequirementsof table7.5,BE is only usablefor theMPEG-2enhancementlayers.The transfer
delaylimit rangesfrom 100msto 1000msin stepsof 50ms.For this simulation,utilization is always
100%,examinationsof the scalabilitybehavior canbe found in section8.1.4. For eachtrace,four
simulationshavebeencomputed,eachhaving aduration800seconds:

1. Weightedremappinginterval calculationandlayeredtransmission,

2. weightedremappinginterval calculationbut only unlayeredtransmission,

3. unweightedremappinginterval calculationandlayeredtransmission,

4. unweightedremappinginterval calculationandunlayeredtransmission.

SinceMP3 tracescontainonly one layer, simulation#2 to #4 aresenselessfor this type andhave
thereforebeenskipped.To fill theplaytimeof 800secondsfor shortermedias,they areauto-repeated.
Theresultsfor eachtracecanbefoundin appendixB.

MPEG-1

For MPEG-1,figure 8.7 (left side)shows the averagecostfor simulation#1 to simulation#4. The
cost incrementin percent,comparedto simulation#1 (weightedand layered)canbe found on the
right side. Analogousplotsarepresentedin figure8.8 for theaveragebandwidthandfigure8.9 for
theaveragecostfactor( TotalCost

TotalBandwidth� .
First of all, a large buffering gain is noticable. Even for a very small maximumtransferdelay

of 200ms,the costandbandwidthrequirementsnearlyhalve. For maximumtransferdelaysabove
600ms,they evenreduceby up to about85%for costand75%for bandwidth.

As shown ontheleft sideof figure8.9,theaveragecostfactorfor all simulationsis almost4.0for
transferdelaysupto 250ms.Thismeans,thatmostlayersaretransportedvia EF(costfactor4.0),due
to its highbufferinggain.Therefore,thecostincrementfor unlayeredtransmissionis very low (0 for
transferdelayslessthan200ms).At transferdelaylimits of 200msandmore,otherclassesthanEF
becomeusableandtheaveragecostfactorof thelayeredtransmissionsdecreasesto lessthan3.0 for
300msandmore. This resultsin a cost incrementfor the unlayeredtransmissionto 15%andmore
(seeright sideof figure8.7).

The usableclassesfor layer #1 areonly EF andAF41, for layer #2 EF, AF41, AF31 andAF21
and for layer #3 EF andall AF classesbut not BE. Due to the different loss rate requirementsas
explainedin section8.1.1,thecostincrementfor unlayeredtransmissionis highestfor transferdelays
above 600ms- morethan20% (for weightedremappingintervals)! Here,cheapclasses(AF11 for
layer #3 andAF21 for layer #2) couldbe used.But sincelayer #1 requiresat leastthe lossrateof
AF41, thesameexpensiveclassasfor layer#1 hasto beused.Dueto thealreadyhigh transferdelay
andthereforehigh possiblebuffer delay, theadditionalpossiblebuffer delayintroducedby thefaster
classresultsin no gain anymore. This canbe viewed on the right sideof figure 8.8: For transfer
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Figure8.7: MPEG-1averagecost/delaycomparision
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delays� below 600ms,theunlayeredtransmissions’bandwidthis usuallylessthanthe layeredcase’s
one.Here,thefasterclass’s higherbuffering gainis ableto partially compensatethecostincrement.
For exampleat300mstransferdelay, theunlayeredtransmissions’bandwidthdecrementis about10%
(for weightedremappingintervals).But at thesametime, thecostfactor(seeright sideof figure8.9)
increasesby about25%.

As it is shown on theright sideof figure8.7, thecostincrementfor usingunweightedremapping
intervalsis about10%for transferdelaysupto 350msandsteadilydecreasesto about5%for atransfer
delayof 1000ms.Theeffecton thecostis thereforehighest,whenexpensiveclassesareused.This is
alsotheexpectedbehavior.

MPEG-2

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

Due to the DiffServ classsettingsof table7.6, the layers’ lossraterequirements(seetable7.5)
allow usageof BE for the MPEG-2enhancementlayers(transportlayer #4 to #9). Again, a large
buffering gain is noticable:Thecostrequirementreducedby about92%andthebandwidthrequire-
mentby about78% for a transferdelayof 1000ms.Further, layeredtransmissionresultsin a huge
costgain here,asexpected:For a maximumtransferdelayof 1000ms,the unlayeredtransmission
incrementsthe costby morethan100%(seeright sideof figure 8.10). Due to the limit of at least
AF41 for layer#1,all 9 layershave to useat leastthis classin theunlayeredcase.Therefore,no cost
reductionis possible.

Especiallyfor transferdelaysof 600msandmore,a hugecost incrementcomparedto layered
transmissioncanbe viewed, introducedby the availability of BE (600mstransferdelay, seetable
7.6). Theaveragecostfactorremainsat 3.0 (AF41) for 500msandmoretransferdelay(seeleft side
of figure8.12). The layeredtransmissionmanagesto reducethis valueto about1.2. This is a cost
factorincrementof 250%for theunlayeredtransmission(seeright sideof figure8.12).

As shown on the right sideof figure 8.11,the requiredbandwidthfor unlayeredtransmissionis
usuallymuchlower, in two casesby up to about30%. Again, asexplainedfor MPEG-1,thehigher
bandwidthcostis partially compensatedby ahigherbufferinggain.But of course,this gainis far too
low to completelycompensatethelow costof BE.

As explainedfor MPEG-2in section7.1,theenhancementlayers’fractionof thestreamsis about
83%. Sincetheweightsmainly affect theexpensiveMPEG-2baselayer(transportlayer#1 to #3 - a
sizefractionof about17%only), thevisibleeffectof theweightedremappingintervalsis muchlower
comparedto MPEG-1:Only about1.5%to 0.5%.

H.263

Now, correspondingto the resultsof MPEG-1andMPEG-2,the resultsfor H.263canbe found in
figure 8.13 (averagecost), figure 8.14 (averagebandwidth)and figure 8.15 (averagecost factor).
Futher, the left sideagainshows theabsolutevaluesandtheright onethe incrementsfor simulation
#2 to #4 in percent.

This simulationis comparableto MPEG-1,exceptthatanotherframetype,PB-frames,is sentin
an additionallayer. The PB-frames’QoSrequirementsaresetto the samevaluesasP-frames(see
table7.5). Noneof theusedtraceshasgot B-frames,thereforeAF11 is not usablefor H.263dueto
thelossratesettingsof table7.6.

Theleft sideof figure8.13shows, thatthebufferinggainof theH.263tracesis not sohigh asfor
theMPEG-1traces:Only about65%for costand40%for bandwidthat 500mstransferdelayin the
layeredandweightedcase.SinceH.263is mainlyusedfor videoconferences,it is usefulto haveonly
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low� bandwidthvariances- evenfor variablebitrates.This is achievedusingPB-framesandusually
no I-frames(seesection2.6.3).Thegeneratedstreamsarethereforesmootherthanfor MPEG-1.

As it is shown on the right sideof figure 8.13, the cost incrementfor unlayeredtransmissionis
muchhigherthanfor MPEG-1: More than20%. The unweightedremappingintervals increasethe
costalmoststeadilyupto about25%,similar to MPEG-1.Thetotalcostincrementfor theunweighted
andunlayeredcaseis thereforeup to morethan50%- comparedto up to about30%for MPEG-1.

MP3

Finally, MP3 hasto beexamined.Sincethereis only onelayer, weightedandunweightedremapping
interval calculationandlayeredandunlayeredtransmissionareequalhere.Theresultscanbefound
in figure8.16(averagecost),figure8.17(averagebandwidth)andfigure8.18(averagecostfactor).

In figure 8.16,a large buffering gain is noticable. At a maximumtransferdelayof 300ms,the
costrequirementnearlyhalves.For maximumtransferdelaysabove600ms,it evenreducesby up to
about64%. But the bandwidthrequirementfor transferdelaysup to 300msis varying. For 300ms
transferdelay, it is ashigh asfor 100ms(seefigure8.17). The reasonfor this is thedecreasedcost
factor: It is mostefficient to usemorebut cheaperbandwidththanlessbut expensive. As it is shown
in figure8.18,it is 4.0(EF) for 100mstransferdelayandit decreasesto 2.0(AF11)ata transferdelay
of 300ms.Therefore,thetotal costkeepsalwaysdecreasing.

Results

As it is shown, thereis ahugegainusingbufferingcombinedwith transportvia themostcost-efficient
Dif fServclassfor all examinedmediatypes.Additionalgainscanbeachievedby layeredtransmission
andtheusageof layer-weightingfor theremappinginterval calculations.

8.1.4 The Scalability Comparision

Now, theeffectsof scalabilityto bufferingandcosthave to beexaminedfor eachmediatype.There-
fore,simulation#1of section8.1.3(weightedremappingintervalsandlayeredtransmission)hasbeen
repeatedfor maximumutilization limits of 25%, 50%, 75% and100%. Again, the sameDiffServ
classsettingsasdescribedin table7.6havebeenused.

For thevideomediatypes(MPEG-1/2andH.263),theresultsof eachtraceareaveraged,grouped
by framerate/framesizerequirementsasdescribedin section7.1: High/High (action,sports,music),
Low/High (comedy, movie, news), High/Low (cartoon)andLow/Low (talk). Sincethe usedMP3
tracesarenot grouped,thecompleteMP3 setis averaged.Thefull resultsof this simulationfor each
tracecanbefoundin appendixC.

MPEG-1

Theresultsfor MPEG-1canbefoundin figure8.19(100%utilization),figure8.20(75%utilization),
figure8.21(50%utilization),andfigure8.22(25%utilization). As it is shown in figure8.19for 100%
utilization,thereis alreadyacostdifferenceof about15%to 30%betweenthecurvesfor highandlow
frameraterequirement.As expected,videoslike talk showshavegota lowerbandwidthrequirement
thane.g. actionandsports.Sincetheutilization is 100%here,no significantdifferencebetweenthe
framesizerequirementscanbenoticed.Thebuffering gainfor all typesis almostequal,about85%
for 600mstransferdelay.

Theutilizationreductionto amaximumof 75%in figure8.20alreadyshowsadifferenceof about
15% to 20% betweenhigh and low framesizerequirementfor a high frameraterequirement.As
expected,the High/High curve hasgot a higherbandwidthrequirement.But the buffering gain for
bothcurvesis nearlyunchangedcomparedto the100%case:Still about85%. Thereasonfor this is,
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Figure8.19:MPEG-1costfor 100%utilization
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Figure8.20:MPEG-1costfor 75%utilization
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thatbothcurveshavegotahighframeraterequirement.Therefore,theframeratefor 75%utilization
limit is largeenoughto provide a hugebuffering gain. In contrast,the low frameraterequirement’s
curveshave got a gain of about60% for 600mstransferdelayonly. Due to the lower framerate,
more B-framesandP-framesare missing. Therefore,the I- andP-frame’gaps’ (seetable 4.1 for
comparision)aresmaller, resultingin lower buffering ability. The continuationof thesebuffering
resultscanbenoticedfor 50%utilization (seefigure8.21)by 80%buffering gainfor high and50%
for low frameraterequirementat 600mstransferdelay. Finally for 25%utilization (seefigure8.22),
the gain for a high frameraterequirementis still about70%(600mstransferdelay). But for a low
requirement,almostno gainis noticableanymore.

As expected,thecurvesof thefour requirementcombinationssteadilyseparate.While for 100%
utilization the low andhigh framesizerequirementsaremainly overlapping,they separatewith de-
creasingutilization. Finally, theresultsshow, thatlow framerate/low framesizeis cheapestandhigh
framerate/highframesizeis mostexpensive. Thetotal scalabilitygainis about60%for High/High,
70%for High/Low, 85%for Low/High and95%for Low/Low framerate/framesizerequirementsat
25%utilization limit, comparedto the100%case.

MPEG-2

Theresultsfor MPEG-2canbefoundin figure8.23(100%utilization),figure8.24(75%utilization),
figure8.25(50%utilization),andfigure8.26(25%utilization).

Thebuffering resultsarecomparableto MPEG-1. Therefore,it is not necessaryto explain them
again. As expected,thereis a hugescalabilitygain: About 95% for High/High andHigh/Low and
about99,5%for Low/High andLow/Low framerate/framesizerequirements.The reasonsfor this
is, thattheMPEG-2enhancementlayers,having a fractionof about83%of thetotal size(seesection
7.1),maysimply beskipped.This resultsin anexcellentscalabilitygain.

H.263

Now, theH.263tracesareexamined:Theresultsareshown in figure8.27(100%utilization), figure
8.28(75%utilization),figure8.29(50%utilization),andfigure8.30(25%utilization). It is important
to denotehere,that the video “Sendungmit der Maus IP” is not includedin the High/Low frame
rate/framesizerequirementsplots,dueto its very unusualconstantGoP“IPIP �H��� ”. Theresultsfor
this tracecanbefoundin appendixC.

Asexpected,thebufferingresultslook similarto theMPEG-1resultsandthereforeneednofurther
explaination.As shown in section8.1.3,thebufferinggainfor H.263is lower thanfor MPEG-1.This
canalsobe found for the75%,50%and25%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/framesizerequirementsat 25%utilization.

MP3

Finally, figure 8.31 shows the resultsfor MP3 at 100%,75%, 50% and25% utilization limit. As
mentionedin section7.2,all traceshave got thesameutility function. Dueto thereasonsexplained
there,95% utilization is given to 40% bandwidthand50% utilization to 10%. This is reflectedby
figure 8.31: Comparedto the 100% utilization curve, the cost decreasesby about60% for 75%
utilization. The cost curves for 75%, 50% and 25% are tight togetherdue to the low bandwidth
differencesof theseutilizations. As expected,the buffering gain is independentof the utilization
limit: About 60% for all limits. Sincethe framerateof MP3 remainsconstant(38 frames/s),the
buffering gainis not affectedby frameratescalability. And framesizescalabilitydoesnot affect the
buffering. Therefore,thereis no reductionof its gainfor reducedutilization.
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Figure8.23:MPEG-2costfor 100%utilization

0102030405060708090

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Average Cost [1000000 Bytes*$] �

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

M
P

E
G

-2
 D

el
ay

/A
ve

ra
ge

 C
os

t S
ta

tis
tic

s 
fo

r 
75

%
 U

til
iz

at
io

n

H
ig

h/
H

ig
h,

 7
5%

Lo
w

/H
ig

h,
 7

5%
H

ig
h/

Lo
w

, 7
5%

Lo
w

/L
ow

, 7
5%

Figure8.24:MPEG-2costfor 75%utilization
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Figure8.25:MPEG-2costfor 50%utilization
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Figure8.26:MPEG-2costfor 25%utilization
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Figure8.27:H.263costfor 100%utilization
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Figure8.28:H.263costfor 75%utilization
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Figure8.29:H.263costfor 50%utilization
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Figure8.31:MP3costfor differentutilizations

Class Bandwidth Costfactor Variability Delay Lossrate Jitter

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

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

Table8.1: TheDiffServclasssettingsof thenetwork qualityexample

Results

As expected,the costrequirementof eachvideostreamdependson its genre.Streamshaving high
requirementsneedmorebandwidththanstreamshaving lowerones.As it is shown, streamsof higher
frameratehave got a smallerbuffering gain dueto the greateramountof ’zero-sized’frames. For
MP3, high scalabilitygainscanbenoticedfor utilizationsbelow 75%,dueto its utilization of 95%
for only 40%bandwidth.As expected,buffering is notaffectedby lowerutilizations,sincetheframe
ratefor MP3remainsconstant.

8.2 Bandwidth and QoSManagementFunctionality

8.2.1 A Network Quality ChangeExample

Thissimulationdemonstratesthebandwidthmanager’s behavior on changesof thenetwork’squality
of serviceandtheSLA’s bandwidthsettingsby a comprehensiveexample.Only oneMPEG-1video
hasbeenused: “Formula OneRace”, at a maximumtransferdelayof 375msfor a durationof 180
seconds.The usedDiffServ classsettingsare shown in table 8.1. Scalability is not usedin this
simulation,theutilizationwill alwaysbe100%.First, thesimulationhasbeencomputedwithoutany
changes.Next, somequality changeshavebeenapplied:

� From30sto 60s:
TheavailableEFbandwidthhasbeensetto 0.
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Figure8.32:Total costcomparisionwithout (left) andwith (right) network quality changes

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

� From120sto 150s:
Thelossrateof AF21 hasbeenchangedfrom 0.02%to 10%.

Figure8.32showsthecost(totalandfor eachlayer)of simulation#1(left side)andsimulation#2
(right side). Thecomparisionof the layer to DiffServclassmappingsfor layer#1 (I-frames)canbe
found in figure8.33. Hereandin thefollowing figures,eachDiffServclass’s bandwidthreservation
for the correspondinglayer is shown. The quality changeintervals describedabove aremarked by
linesandarrows. 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, thebuffer delayis lower. Therefore,the total bandwidthrequirementis
significantlyincreased:A largepeakcanbefoundatabout55s(seeright sideof figure8.33),resulting
in an aboutnearlydoubledbandwidthrequirement.But dueto the lower costfactorof AF21 (2.5)
comparedto EF (4.0), the cost is only about10% higher (comparelayer #1 in figure 8.32). The
transferdelay improvementof AF11 from 300msto 75ms(see75s to 105sin figure 8.33) causes
layer#1 to bemappedfrom EF to AF11,sinceits costfactoris only 2.0comparedto 4.0of EF. Due
to its smalltransferdelayof 75ms,thebuffer delaycanbeincreased,resultingin anabout10%lower
bandwidthrequirement.But dueto thequite low costof this class,thereis a hugecostreductionof
about60%(comparelayer#1 in figure8.32).An effect of theincreasedlossrateof AF21 from 120s
to 150scanonly be viewed for the small interval from 140sto 142s,wherelayer #1 usesAF21 in
simulation#1 (seeleft sideof figure8.33). Insteadof AF21,EF is usedhere(seeright sideof figure
8.33), resultingin a slightly lower bandwidthrequirementdueto a higherbuffer delayat a slightly
highercost(seelayer#1 in figure8.32).

In figure8.34,theresultsfor layer#2 (P-frames)arepresented:This layer is not affectedby the
removal of EF bandwidth(30sto 60s)andthe increasedAF21 lossrate(120sto 150s),sinceit uses
AF11 mostof thetime. ThefastAF11 bandwidthfrom 75sto 105sresultsin asignificantbandwidth
andcostgainof about25%(comparelayer#2 in figure8.32).

Finally, figure 8.35presentsthe mappingsof layer #3 (I-frames). Sincethis layer’s usualclass
is AF21, thereareno effectsintroducedby the removal of EF bandwidthfrom 30sto 60s. During
accelerationof AF11from 75sto 105s,AF11is usedinsteadof AF21,implying decreasedbandwidth
(sinceit is faster)andcost(sinceit is cheaper, too) requirements.The increasedlossrateof AF21
makesthis classunusablefrom 120sto 150s,resultingin usageof AF11 anda significantlyhigher
bandwidthrequirementof about25%(seefigure8.35),dueto thelowerbuffer delay. But becauseof
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Figure8.34:Dif fServclassfor layer#2 (P) 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 1 MBytes/s 2.0 10 % 300ms 2.00% 100ms
AF21 1 MBytes/s 2.35 10 % 260ms 1.00% 80 ms
AF31 0,75MBytes/s 2.65 10 % 230ms 0.75% 65 ms
AF41 0,75MBytes/s 3.0 10 % 200ms 0.25% 50 ms
EF 0.5MBytes/s 4.0 5 % 100ms 0.05% 10 ms

Table8.2: TheDiffServclasssettingsof thepriority example

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

Session#1,Priority 0

#1 Talk MPEG-1 0 96.2% 74.6%
#2 Go West MP3 -100 96.6% 51.8%
#3 Born to 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: Thesessionandstreampriority examplescenarioinclusiveresultingutilizations

AF11’s lower costfactor(2.0 insteadof 2.5 for AF21), thecostonly slightly increasesby about2%
(comparelayer#3 in figure8.32).

Results

Thesystem’s behavior on changesof thenetwork quality is asexpected:Layersaremappedto other
Dif fServclassesto keepsatisfyingtheir givenQoSrequirements.Further, thecost-optimizational-
waysusesthemostcost-efficient class,reducingthesystem’s total cost. As it is shown, it is tried to
keeptheadditionalcostaslow aspossible.

8.2.2 A Sessionand StreamPriority Example

Theintentionof this simulationis to show thesystem’s behavior on differentsettingsof sessionand
streampriorities. Its scenariois shown in table8.3andconsistsof two sessions,eachcontainingone
MPEG-1videoandthreeMP3audiostreams.Thesimulationdurationis 180s,themaximumtransfer
delayis 400msfor thevideosand100msfor theMP3 streams.TheusedDiffServclasssettingsare
shown in table8.2. For the fairnessconstants,the settings� SessionFairness �^� (sessionfairness,see
section6.3) and � Fairness ��� (streamfairness,seesection6.2.4)areused. Therefore,the resulting
bandwidthdistribution is utility-f air within sessions,but it maximizesthesystemutilizationglobally.
Thesesettingsseemto beusefulin mostcases,sinceusersget fair sharingwithin their sessionsand
theprovidercanserveasmany customersaspossiblewith ahigh-qualitytransmission.

First,thesimulationhasbeencomputedusingpriority 0 for all streamsandsessions.Theresulting
averageutilization of eachstreamcanbe found in the“Sim. #1” row of table8.3. Thesportsvideo
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“Super  Bowl” of session#2hasgotasignificantlyhigherbandwidthrequirement,comparedto thetalk
show video“Talk” of session#1 (seetableA.1 for tracestatistics).Therefore,theunfair bandwidth
distribution for sessionsresultsin about96%averageutilization for thefirst, but only about70%for
thesecondsession.But within eachsession,thedistribution is utility-f air. This is provenby thequite
similarutilizationsin table8.3.

Now, thesimulationhasbeenrepeatedusingthepriority valuesgivenin table8.3. Theresulting
averageutilizationsare shown in the “Sim. #2” row of the table. Due to session#2’s priority of
100,the “SuperBowl” videohasgot anaverageutilization of 91.3%now. TheMP3 streamsof this
sessionhavealsoincreasedtheiraverageutilizationsto aboutthesamelevel. Session#1’sbandwidth
is decreased,implying a decreasedaverageutilization. But sincethe priority of the MP3 stream
“Hellraiser” hasbeenincreasedto 100, it now hasgot 99.3%utilization. On the other side, the
reductionof the“Go West” MP3stream’spriority to -100decreasedits averageutilization to 51.8%.

Results

Thesessionandstreampriority systemworksasexpected.The distribution is fair within a session
to provide thesamequality to inhomogeneousstreamsfor thesameuser. Globally, thesystemmax-
imizesthe averageutilization of the completescenarioto provide bestpossiblequality to asmany
usersaspossible.

8.3 A SystemLoad Scenario

The intention of this simulationis to demonstratethe system’s buffering, layering and scalability
behavior usinga comprehensiveexampleof a realisticandlargescenario,consistingof serveralhet-
erogeneousmediastreamshaving differentmaximumtransferdelays.Table8.4shows thescenario.
It containsseveralmovies,actionandsportvideosbut only onetalk show andonenews video. This
seemsto berealisticfor a videoandaudioon demandservice.Themaximumtransferdelaysareset
accordinglyto the streams’bandwidthrequirements:Large streamsget higherdelaysthansmaller
ones,sinceit maybeassumedthatuserstry to reducetheir cost.For example,receiving full-quality
MPEG-2streamshaving amaximumtransferdelayof 1000msat �� th of thecostcomparedto 100ms.
TheDiffServclasssettingsfrom table7.6areusedagainto provideusageof theoptimalclass.Dueto
theusageof a bandwidthbroker (see[Sel01]for details),inefficientSLAs canbeminimized.There-
fore,suchanassumptionis realistic.Fivesimulationshavebeencomputedfor thegivenscenario:

1. No buffering, lowestpossibletransferdelay, no weightedremappingintervals,no layering:
All streamshave got a maximumtransferdelay limit of 100ms. Therefore,only EF without
buffering is usable.Theunweightedremappingintervalsareused.Maximumutilization is not
limited (100%).

2. Bufferingenabled:
Likesimulation#1,but usingthemaximumtransferdelaysettingsasshown in table8.4. Now,
the AF classesandBE (for MPEG-2enhancementlayersonly) areusable,too. But layered
transmissionis still disabled:All layersof astreamhave to usethesameDiffServclass!

3. Layeredtransmissionenabled:
Additionally, differentlayersmayusedifferentDif fServclasses.

4. Weightedremappingintervals:
Further, theweightedremappingintervalsareused.
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Stream Priority Media Mediatype Transferdelay

Session#1,Priority 0

#1 -100 Talk MPEG-2 1,000ms
#2 -50 TheSilenceof theLambs MPEG-1 350ms
#3 0 Music MPEG-2 1,000ms
#4 50 Go West MP3 300ms
#5 -50 Born to beWild MP3 250ms

Session#2,Priority 100

#1 0 Hellraiser MP3 350ms
#2 0 ChristmasTime ... MP3 300ms
#3 100 Siegfried-Idyll MP3 200ms
#4 50 StarWars H.263 300ms

Session#3,Priority 0

#1 -100 TheSilenceof theLambs MPEG-1 350ms
#2 -100 Hellraiser MP3 450ms
#3 100 GoodbyeBoraBora MP3 350ms

Session#4,Priority -50

#1 0 JamesBond MPEG-2 900ms
#2 100 TerminatorII MPEG-1 350ms
#3 0 Mr. Bean H.263 300ms

Session#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

Session#6,Priority 100

#1 0 JurassicPark 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[ �Byte� s]
#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 5,043,425,335(-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%) 3,820,986,675(-94.5%) 1.81933(-54.5%)

Table8.5: Systemloadresults
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5.¡ Maximumutilization limit of 75%:
Only resource/utilizationpoints having an utilization of lessor equal75% are usedfor the
bandwidthremapping.

Figure8.36showsbandwidth(left side)andcost(right side)of thefirst simulation.Costreduction
(left side)andbandwidthreduction(right side) in percentfor simulation#2 to #5 canbe found in
figure 8.37. Table8.5 shows the total reserved bandwidthandcostandthe averagecost factor for
eachsimulationfor bettercomparision.Thevalueswithin bracketspresentthedifferencecompared
to simulation#1 in percent.

As it is shown, the enabledbuffering andthe usageof all availableclassesalreadyreducesthe
bandwidthrequirementof this exampleby 75.3%andthecostby 81.7%.Allowing anown DiffServ
classfor eachlayerin simulation#3givesanadditionalcostreductionof 7.8%.As it is shown by the
averagecostfactor, muchmoreBE bandwidthis usedhereby theenhancementlayersof theMPEG-2
streams(1.46215,that is muchlower thanthecostfactorof thecheapestreservedclassAF11: 2.0).
On theotherside,thebandwidthis slightly increasedby about4.1%,dueto thelowerbufferinggain
usingcheaperclassesfor somelayers.

Sincethisscenarioconsumesmostof theavailablebandwidthby largeMPEG-2streams(6 times
larger thanMPEG-1,seesection7.1), theweightedremappinginterval calculation’s gainof simula-
tion #4 is only very small: 0.3%. TheMPEG-2streamshave got a high maximumtransferdelayfor
thereasonsexplainedabove. Sinceall layersmapto cheapclasses(usuallyAF for thebaselayersand
BE for theenhancementlayers),weightingdoesnotresultin asignificantgainhere.Thiscorresponds
to theMPEG-2simulationresultsof section8.1.3.

Finally, the maximumutilization limitation of 75% resultsin a bandwidthreductionby 88.0%
anda cost reductionby 94.5%at an averageutilization of 69.2%1. This means,that by accepting
maximumtransferdelaysof up to 1000msasgivenin table8.4 anda utilization reductionto about
70%,thesamescenariomaybetransportednearly 20times to reachthesamecostasfor using100ms
transferdelayand100%utilization!

Results

As it is shown, the buffering, layering,weighting andscalability simulationsof section8.1.3and
section8.1.4arealsousefulfor arealisticscenarioof inhomogeneousstreams.Thedevelopedsystem
worksasexpectedandprovidesanexcellentcostandbandwidthgain.

8.4 Completeand Partial Remappings

Thissimulationexaminestheeffectsof differentpartialremappingconfigurations.If sufficientband-
width is availablefor all streamsof a scenario,thereis no differenceof quality, costandbandwidth
betweencompleteremappingsandpartial remappings.In this case,thepartial remappingwould al-
waysselectthe100%utilized resource/utilizationpoint. This is thesameasa completeremapping
finally would do. But if bandwidthis scarce,partial remappingsmay introduceinefficiency, since
they only takecarefor keepingtheinvokingstream’sutilization level, but not for bandwidthdistribu-
tion amongotherstreams(seesection6.4.2for details).Therefore,theDiffServclasssettingsof table
8.6areusedto reachthedesiredeffect for theusedscenario.Thescenarioof systemloadsimulation
#4 (no utilization limit) of section8.3 hasbeenreused(seetable8.4 for the scenario),becausean
evaluationis only possiblefor aspecificscenario:Thesettingsfor maximumtimebetweentwo com-
plete remappingsandbandwidthfraction to be reserved exclusively for partial remappings(again,

1Only resource/utilizationpointshaving utilization lessor equal75%areused.If thereis nopointavailableatexactly
75%,theaverageutilization will bebelow 75%.
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Figure8.36:Total reservedbandwidthandcostof thefirst systemloadsimulation
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Figure8.37:Reductionof bandwidthandcost,comparedto figure8.36
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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 3 MBytes/s 4.0 5 % 100ms 0.05% 10ms

Table8.6: Classsettingsfor thepartialremappingsimulations

seesection6.4.2for detailedexplainations)arestronglydependenton thescenario.For example,the
maximumtimebetweentwo completeremappingsmaybehigherandthereservedbandwidthfraction
lowerfor scenarioscontainingonly streamsof low bandwidthvariance(or evenCBR)andviceversa.

Simulationsfor everyof thefollowing settingshavebeencomputed:

� Maximumtimesbetweentwo completeremappings:0 to 10,000msin stepsof 1000ms.Here,
0msmeansalwaysusingcompleteandthereforeno partialremappings.

� Bandwidthfractionsreservedfor partialremappings:2.5%,5.0%,7.5%and10.0%.

The resultingaveragebandwidthandcostareplottedin figure 8.38, the averageutilizationscanbe
foundin figure8.39.Figure8.40showsthetotalamountof complete(left side)andpartialremappings
(right side)for everysetting.As shown on theleft side,theamountof completeremappingsfor 120s
simulationtime is reducedto lessthan10% by the usageof partial remappings.But asexpected,
partial remappingsusuallyincreasecostandbandwidthrequirements(seefigure 8.38). The reason
for thesefactsis the simplified bandwidthremapping,basedonly on the utilization of the stream
which requiresremapping(seesection6.4.2for details). Therefore,morebandwidthmay be given
to a streamwith increasingrequirements.In this situation,a completeremappingwould, assuming
bandwidthis scarce,possiblydecreasethe stream’s utilization. This is proven by figure 8.39: The
averageutilization is higherwhenpartialremappingsareused.

Further, thebandwidthandcostincrementis higherfor alowerreservedbandwidthfraction:Since
bandwidthis scarcedueto thebandwidthsettingsof table8.6,mostcheapbandwidthhasalreadybeen
allocatedduring completeremappings.Therefore,only the reserved amountof cheapbandwidthis
still available.Therefore,smallerreservationscausehighercost.

Comparingcostandbandwidthfor differentmaximumtimesbetweentwo completeremappings,
decreasingcostandbandwidthrequirementscanbenoticed(seefigure8.38). Obviously, inefficient
allocationsarecompensatedby efficientonesdueto averagingover longerintervals.But further, also
theaverageutilization is decreased(seefigure8.39).

Results

Partial remappingssavea largeamountof completeremappingsbut mayincreasecostandbandwidth
requirementsto increasethe system’s total utilization. Thesevariationsarestronglydependenton
thescenarioandthebothsettingsfor partialremappings:Themaximumtime betweentwo complete
remappingsandthebandwidthfractionexclusively reservedfor partialremappings.Theseparameters
have to be adaptedby a systemadministratorto achieve a good compromisebetweenremapping
efficiency, additionalcostandbandwidthrequirementsandtheoverall usersatisfaction.
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Stream Session Media Type Transferdelay

#1 #1 TheSilenceof theLambs MPEG-2 1000ms
#2 #2 Talk MPEG-1 1000ms
#3 #3 Born to beWild MP3 1000ms
#4 #4 ARD News H.263 1000ms

Table8.7: Therealnetwork scenario

Delaytolerance[ms] 0 10 20 30 40 50 60 70 80 90 100

Measurementset#1 386 275 126 46 39 23 20 13 14 10 11
Measurementset#2 391 274 120 47 36 24 19 15 11 17 11

Average 388�� 274�� 123 46 �� 37 �� 23 �� 19 �� 14 12 �� 13 �� 11

Averageperminute 194�¦ 137�¦ 61 §¦ 23 �¦ 18 §¦ 11 §¦ 9 �� 7 6 �¦ 6 §¦ 5 ��
Average

Layers� Minutes 11.43 8.07 3.62 1.37 1.10 0.69 0.57 0.41 0.37 0.40 0.32

Table8.8: Totalnumberof buffer flushesfor differentsystemdelaytolerances

8.5 Measurementson a Real Transport Scenario

As thesimulationresultsof theprevioussectionsshow, thecompletesystemworksquitewell. But
usingarealsystem,inaccuracy is introducedby processschedulingasexplainedin section7.3: Trans-
missionsmaybestartedtooearlyor toolate,causingoverflowsof theleaky bucketbuffers.Therefore,
it is necessaryto checkwhichsystemdelaytolerance(seesection6.2.2for details,especiallyformula
6.2) is necessaryto provide a reliableservice,that is having a low numberof buffer flushes. Fur-
ther, somedurationmeasurementsfor thestreamdescriptioninitializations(seesection6.2) andthe
completeremappings(seesection6.4.1)arenecessaryto show thesystem’s real-timeusability.

Thesystemis configuredasexplainedin section7.3,seealsofigure7.4for thescenario.An UDP
sendertransmitsbackgroundtraffic via BE from amstelto gaffel ataconstantrateof 375,000Bytes/s
(3 MBit/s). The availablebandwidthfor the traceserver is set to 1,000,000Bytes/s(8 MBit/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 beoverloadedby 10%in caseof full usage.Table8.7 shows thescenario,
it containsonestreamof eachexaminedtype. Eachstreamhasgot its own session,all prioritiesare
setto zero.Themaximumtransferdelayis setto 1000msto ensureahighbuffer usage.

A measurementsetfor all systemdelaytolerancesfrom 0ms(none)to 100msin stepsof 10ms
hasbeenrun. Eachof the singlemeasurementshasgot a durationof 120 seconds.To ensure,that
the resultsarenot affectedby other runningprocesseslike CPU- and I/O-intensive cron jobs, the
completemeasurementsethasbeenrepeatedsometime later. For comparision,a simulationis done
to find out thenumberof ’allowed’ buffer flushes,causedby thespeedadjustmentapproachatquality
changesasexplainedin section7.3.

Table8.8 shows the total numberof buffer flushesfor both sets. A plot of theseresultscanbe
found in figure 8.41. Further, table8.8 alsoshows the averageof both measurements,the average
buffer flushesperminute(totalplaytime:120s)andpertransportlayerandminute.Thereis a totalof
17 layershere:9 for MPEG-2,3 for MPEG-1,4 for H.263and1 for MP3(seesection4.2for details).
As it is shown, bothmeasurementsonly differ by asmallinaccuracy, exceptfor anoutlierat90msfor
set#2. Thenumberof ’allowed’ buffer flushes(seesection7.3) in thesimulationis 6, thereforean
averageof 3 perminuteand0.18perminuteandlayer. Note,that thetable’s valuesalsoincorporate
these’allowed’ flushes!

As expected,thenumberof buffer flushesis extremelyhigh for no systemdelaytolerance.This
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Mediatype Averageduration

MPEG-1 6 ms
MPEG-2 16 ms- 18 ms

H.263 6 ms- 8 ms
MP3 1 ms

Table8.9: Averagedurationsof streamdescriptioninitializations

numberdecreasesashigherthetoleranceis set- by about90%for 40msandmorethan95%for 70ms.
As a result,systemdelaytolerancesbetween50msand70msseemto berealisticvaluesfor theused
INTEL-basedL INUX system,leadingto aboutonebuffer flushperlayerwithin two minutes(inclusive
’allowed’ ones!). For applicationslike video andaudioon demand,this delaytoleranceis realistic
andacceptable.As the simulationsin section8.1.3show, no significantreductionof the buffering
gain is introducedfor maximumtransferdelayrequirementsof morethanabout600ms(somewhat
more for MPEG-2). But if very low delay tolerancesarereally needed,this could be achieved by
portingthesystemto a real-timeoperatingsystemlike RTL INUX (see[RTLinux]). In this case,very
strict schedulinglimits canbespecified,leadingto expecteddelaytolerancesof about1ms.

Finally, table8.9showstheaveragedurationsof streamdescriptioninitializationsasexplainedin
section6.1. Thatis, translatingthepayloadbandwidthsto raw ones,findingoutall possibleDiffServ
classesandbuffer delaysfor eachlayer, calculatingbandwidthandcostrequirementsfor eachlayer
andpossibleDiffServclass,sortingthechoicesby costandeliminatinginefficient resource/utilizat-
ion points. Sucha streamdescriptioninitilization is alwaysnecessaryif the mediareachesa new
resource/utilizationlist. Sincethis is independentof all otherstreams,thesecalculationsaredone
assoonaspossibleandnot just during the completeremapping(seesection6.5). Therefore,they
distributehomogeneouslyoverthecompleteplaytime.As it is shown in table8.9,theresultsarequite
acceptablefor a real-timesystem.Theresultingaveragedurationof a completeremappingis about
6.5msto 7.5msfor thescenario’s four streams,which is quiteefficient.

Results

As it is shown, the usedINTEL-basedL INUX systemproducesquite acceptableresultsfor system
delaytolerancesof about50msto 70ms. Therefore,the simulationresultsof the previous sections
canbeadaptedto therealsystemby addingthis smallsystemdelaytolerance.Further, thedurations
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of streamdescriptioninitializationsandcompleteremappingsarequitelow andprovideefficientreal-
timeusageof thesystem.

8.6 Summary

Thegoalof this chapterhasbeentheevaluationof thesystemby simulationsandrealnetwork mea-
surements.Thefirst partof thesimulationshasexaminedbuffering,theweightedremappingintervals,
layeredtransmissionandscalability. Thishasbegunwith two comprehensiveexamplesfor theeffects
of bufferingandtheusageof weightedremappingintervals.Then,buffering,theweightedremapping
intervalsandlayeredtransmissionhave beenexaminedfor a largesetof tracesanda wide rangeof
maximumtransferdelaylimits. Thishasleadedto thefollowing results:

� Thecostoptimizationworksasexpected:Thesystemalwaysusesto mostcost-efficient Dif f-
Servclass.

� Buffering resultsin ahugecostandbandwidthgain,evenfor smallbuffer delays.

� Weightedremappinginterval calculationcausesthechoiceof remappingintervals to bemore
affectedby ’expensive’ layers:EspeciallywhenexpensiveDiffServclassesareused,thereis a
significantcostgainnoticable.

� Layeredtransmissionreducescostby the ability of usingcheaperDif fServ classesfor layers
having lower QoSrequirements.Especiallyfor largeQoSdifferences(seeMPEG-2),this cost
gaincanbehuge.

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

� Streamsof low framerateand/orframesizerequirementsneeda smalleramountof bandwidth
whenscaled.

� Frameratescalingreducesthe buffering ability due to smallerframe ’gaps’. Therefore,the
highertheframerate,thehigherthebufferinggain.

� MP3 doesnot useframeratescalability. This resultsin no reductionof the buffering ability
whenscaled.

The secondpart of the simulationsfirst hasexaminedthe system’s behavior on changesof the net-
work’squalityof service.As it hasbeenshown, thesystemworksasexpectedandadaptsthelayerto
DiffServclassmappingsasnecessaryto fit thegivenQoSrequirements.Further, thecostoptimization
tries to keepthe additionalcostaslow aspossible.The next simulationhasshown the behavior of
thepriority systemfor a utility-f air distribution within sessionsanda utilization-maximizingglobal
mapping.

Finally, the last part of the simulationshasexaminedthe system’s behavior on a large, realistic
video/audioon demandscenarioof inhomogeneousstreams.As it hasbeenshown, thesystemalso
workswell for suchscenarios.Further, theeffectsof usingpartial remappingsto reducetheamount
of completeremappingsfor saving CPUpower havebeenexaminedon thescenarioabove. As it has
beenshown, this amountcanbehighly decreased.But theeffectson cost,bandwidthandutilization
arestronglydependentonthescenarioandthetwo partialremappingparameters:Themaximumtime
betweentwo completeremappingsandthebandwidthfraction to beexclusively reserved for partial
remappings.Theseparametershave to be tunedby a systemadministratorfor a certainsystemto
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achie© ve a goodcompromisebetweenthereductionof completeremappingsandcost,bandwidthand
utilization.

Thechapterhasclosedwith somemeasurementson a realDif fServnetwork scenarioto examine
systemdelaytolerancesanddurations.Theresultshaveshown, thattolerancesof about50msto 70ms
for theusedL INUX systemaresufficient. Therefore,thesimulationresultscanbeadaptedto a real
system.Further, themeasurementof durationsfor thestreamdescriptioninitializationsandcomplete
remappingshasshown thesystem’s real-timeusability.
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Chapter 9

Conclusions

Thedesign,implementationandevaluationof anefficientsolutionto managelayeredandscalable
variablebitratemultimediastreamsin the CORAL project,basedon a priori analyzationof the

medias,hasbeentheglobalgoalof this work.

Designand Implementation

First, theapriori analyzationof multimediastreamshasbeendeveloped,consistingof two steps:

1. The a priori remappinginterval calculationalgorithm of section2.4 has beenextendedto
supportlayeredtransmissionusing an own D-BIND traffic descriptionfor eachlayer and a
weightedsumfor the total cost. This weightinghasimproved the cost function to be more
affectedby bandwidthrequirementchangesof moreexpensive layers,resultingin morecost-
efficientbandwidthremappings.Further, scalabilitysupporthasbeenadded.

2. An efficient algorithm for the calculationof the so called resource/utilizationlists hasbeen
developed. It generatesa homogeneousdistribution of the pointsover the whole utilization
rangefrom 0% to 100%.

Next, the online bandwidthmanagementfor multimediastreamsof differentmediatypeshasbeen
developedby extendinga QoSoptimizationalgorithm(ASRMD1, seesection2.5.4). Theresulting
algorithm’spropertiesare:

� Usageof severalDif fServclassesinsteadof only oneresource(= bandwidth),

� cost-optimizedusageof buffering,

� supportfor sessionsby theusageof socalledresource/utilizationmultipoints,

� independentlyconfigurablefairnessfor streamsandsessionsand

� prioritiesfor streamsandsessions.

Evaluation

To evalutethe implementedsystem,simulationsandmeasurementshave beenmade.Thesesimula-
tionshave shown that thesystemworksasexpectedandprovidesa costefficient transmissionfor a
priori analyzed,variablebitratemultimediastreamsby theusageof cost-optimizedbuffering, layered
transmissionandweightedremappingintervals. Further, dueto the usageof utility functions,it is
possibleto evaluatetheeffectsof bandwidthchangesto theusersatisfaction.Therefore,it is possible
to provideutility-f air sharingandthemaximizationof theglobalutilization. Sinceglobalfairnessand
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fairnesswithin sessionsareindependentlyconfigurable,it is possibleto provide utility-f air sharing
for streamswithin a session(desiredby theuser, e.g. 50%utilization for a videoandits audio),but
to maximizethesystemutilizationglobally (desiredby theprovider, e.g.only give10%utilization to
a largevideosessionand100%to 20 smallaudiosessions,insteadof e.g.20%to all). To emphasize
differentimportancesof somesessionsor streams,prioritiescanbegivenfor both.

Finally, it hasbeenshown, thatthesimulations’resultsmayalsobeappliedto arealL INUX-based
network scenarioof INTEL-basedPCsby allowing a smallsystemdelaytoleranceof 50msto 70ms.
Althoughthispreventsthesystemfrom usagefor extremelylow transferdelayrequirements,it should
besufficient for mostaudio/videoondemandpurposes.In thiscase,it maybeassumedthattheusers
acceptsometransferdelay, sincebuffering highly reducestheir cost. Section8.1.3hasshown, that
e.g. full-quality MPEG-2streamshaving a maximumtransferdelayof 1000mscanbetransmittedat�� th of thecostcomparedto 100mstransferdelay.

Further Examinations and Ideas

Thereareseveral issueswhich could not be discussedin this work but which shouldbe examined
morecloselyin thefuture:

� At themoment,thebandwidthbroker (seesection3.1)is still underdevelopment(see[Sel01]).
Therefore,no measurementshave beenpossible. It would be interestingto examinethe effi-
ciency of ascenarioof severalservershaving their SLAs managedby thebandwidthbroker.

� Further, moreexaminationsof thepartialremappingconfigurationarenecessary. In this work,
only constantsettingsareused.It maybeassumed,thatadynamicadaptionmayhighly improve
its efficiency. This resultsin thechallengeto developanalgorithmfor thisadaption.

� Next, moretestsof differentfairnessconfigurationscanbemade.This especiallyincludesthe
fairnesssettings’between’utility-f airnessandsystemutilizationmaximization.

� An additionalcostandbandwidthreductionis assumedby theadaptivechoiceof layerweights
during the remappinginterval calculation. Adapting theseweightsto the currentposition’s
traffic behavior will probablyresult in betterremappingintervals thanusingconstantsfor the
wholestream.Especially, thisseemsto beeffective for H.263,wherenoconstantGoPis used.

� The simulationsdescribedin this work only concernthe bandwidthmanagement.Network
quality is only introducedby constantsettings.Therefore,it would bevery interestingto do a
simulationof thecompletesystemin a largeDiffServnetwork scenario,usingfor examplethe
network simulatorns2.

� If extremelylow transferdelayrequirementsarenecessary, thedelaytolerancesof theL INUX-
basedimplementationmaybetoohigh. In thiscase,portingthesystemto areal-timeoperating
systemlike RTL INUX (see[RTLinux]) will probablyhighly decreasethis necessarydelaytol-
erance.Thiscouldbeexaminedmoreclosely.

� In [Vey01], thetransmissionof variablebitratestreamswithoutapriori knowledgeis examined.
An efficiency comparisionof bothmethodsfor thesamescenariowouldthereforebeinteresting.

� Finally, it wouldbevery interestingto implementthetransportof realmediasinsteadof traces.
This would leadto the possibility of usingquality metricsfor the utility function calculation
andto douserratingsto evaluatetheclients’ outputs.



Appendix A

TraceStatistics

This appendixcontainsthetracestatisticsasexplainedin section7.1. FSMin, FSMax andFSAvg denote
theminimum,maximumandaverageoriginal framesizefor all layersandBTotal denotestheglobal
burstiness.BI, BP andBB show theburstinessof thecorrespondingframetypeonly. It is important
to denotehere,that theburstinesscalculationalsoincludesframesizesof 0. For example,asshown
in thelayeringexampleof table4.1,anI-frameis sentevery12thframe.Sincezero-sizedframesare
importantfor thebufferinggain,it is usefulto alsoincludetheminto thecalculationof burstiness.

Note,thatsincetheenhancementlayersof theMPEG-2tracesarearesultof themultiplicationby
a constantfactor(seesection7.1),theirburstinessis thesameasfor thebaselayer.

Futher, it is importantto explain somevaluesfor theH.263tracesof tableA.3: Sincethe traces
containonly one,two or evenno(see“ARDTalk”) I-framesfor thereasonsdescribedin section2.6.3,
the calculatedI-burstinessis extremelyhigh. The only exceptionis “Sendungmit der Maus IP”,
which usestheconstantGoP“IPIP ���H� ”. Further, sinceit is usuallymostefficient to usePB-frames
(seesection2.6.3for details),no B-framesareusedin any trace.

Name Genre N �z� FSMin FSMax FSAvg BTotal BI BP BB

Asterix Cartoon 530 304 147376 20522 7.18 26.3 18.2 10.1
JamesBond 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 11.4
News News 366 1760 194416 19929 7.76 27.8 22.4 12.8
Formula1 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 10.4
Talk Talk 304 2728 106768 14274 7.48 19.9 19.5 6.8
TerminatorII Action 390 320 79560 11168 7.12 25.6 16.9 9.2

Total BaseLayer

TableA.1: MPEG-1tracestatistics
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Name Genre N �z� FSMin FSMax FSAvg BTotal

Asterix Cartoon 774 1824 884256 123132 7.18
JamesBond 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
Formula1 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
TerminatorII Action 737 1920 477360 67006 7.12

Total

Name BI BP BB BE ª I BE ª P BE ª B BE« I BE« P BE« B
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 33.0 22.3 11.4 33.0 22.3 11.4 33.0 22.3 11.4
News 27.8 22.4 12.8 27.8 22.4 12.8 27.8 22.4 12.8
Formula1 28.0 16.0 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 13.9 10.4 25.1 13.9 10.4 25.1 13.9 10.4
Talk 19.9 19.5 6.8 19.9 19.5 6.8 19.9 19.5 6.8
TerminatorII 25.6 16.9 9.2 25.6 16.9 9.2 25.6 16.9 9.2

BaseLayer Enhacement1 Enhancement2

TableA.2: MPEG-2tracestatistics
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Name Genre Length Source N §z¬
ARD News News 833s [Ber00] 123
ARD Talk Talk 833s [Ber00] 123
Die Firma Movie 833s [Ber00] 142
Sendungmit derMausIP Cartoon 55s Bonn 17
Sendungmit derMausHQ Cartoon 160s Bonn 31
Sendungmit derMausLQ Cartoon 160s Bonn 18
Formula1 Sports 833s [Ber00] 337
JurassicPark Movie 833s [Ber00] 279
Mr. Bean Comedy 833s [Ber00] 235
N3 Talk Talk 833s [Ber00] 201
StarWars Action 833s [Ber00] 106
TagesschauHQ News 83s Bonn 23
TagesschauLQ News 83s Bonn 14

Name FSMin FSMax FSAvg BTotal 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 -
Sendungmit derMausIP 56 18807 6211 3.03 3.5 12.4 - -
Sendungmit derMausHQ 56 18807 2875 6.54 4680 6.5 - -
Sendungmit derMausLQ 56 7318 931 7.86 4680 7.9 - -
Formula1 438 14114 3924 3.60 24990 7.0 6.59 -
JurassicPark 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 -
TagesschauHQ 199 24416 3068 7.91 2490 7.9 - -
TagesschauLQ 75 8722 746 11.70 2490 11.7 - -

TableA.3: H.263tracestatistics
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Name Length Source N §z­ FSMin FSMax FSAvg BTotal

Born to beWild 211s LAME 24 104 1044 754 1.38
ChristmasTime Is ... 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’sChristmas... 153s LAME 17 104 1044 661 1.58
Old Popin anOak 213s LAME 23 104 1044 690 1.51
PositiveNRG 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 via NAPSTER 22 104 1044 706 1.48
Siegfried-Idyll 913s via NAPSTER 89 104 835 514 1.62
SpeedyGonzales 154s LAME 17 104 1044 666 1.57
Summerin theCity 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
WeWishYou a ... 76 s LAME 7 104 1044 714 1.46
WhiteChristmas 187s LAME 31 313 1044 696 1.50

TableA.4: MP3 tracestatistics



Appendix B

Buffering MeasurementResults

This appendixcontainsthe buffering simulationresultsfor eachtraceasexplainedin section8.1.3.
Eachtableshows the plots for theaverage(dividedby the simulationdurationof 800s)bandwidth,
costor costfactorof simulation#1 in absolutevalues.For bettercomparisionof simulation#1 with
theresultsof simulation#2to #4,theseplotsdisplaythedifference(value�¯® value� ) to simulation#1
in percent!
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Weightedinterval calculation Unweightedinterval calculation
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FigureB.1: MPEG-1cost/delaycomparision
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Weightedinterval calculation Unweightedinterval calculation
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FigureB.2: MPEG-1bandwidth/delaycomparision
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FigureB.3: MPEG-1averagecostfactor/delaycomparision



129

Weightedinterval calculation Unweightedinterval calculation

N
ot

la
ye

re
d

−
25025507510

0

12
5

15
0

17
5

20
0 10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00

Average Cost Difference [%]

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

A
ll 

S
tr

ea
m

s 
D

el
ay

/A
ve

ra
ge

 C
os

t D
iff

er
en

ce
 S

ta
tis

tic
s

A
st

er
ix

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
Ja

m
es

 B
on

d 
−

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
he

 S
ile

nc
e 

of
 th

e 
La

m
bs

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

r.
 B

ea
n 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

T
V

 #
1 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
N

ew
s 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

F
or

m
ul

a 
O

ne
 R

ac
e 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

im
ps

on
s 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

up
er

 B
ow

l −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
T

al
k 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
er

m
in

at
or

 II
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

−
25025507510

0

12
5

15
0

17
5

20
0 10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00

Average Cost Difference [%]

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

A
ll 

S
tr

ea
m

s 
D

el
ay

/A
ve

ra
ge

 C
os

t D
iff

er
en

ce
 S

ta
tis

tic
s

A
st

er
ix

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
Ja

m
es

 B
on

d 
−

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
he

 S
ile

nc
e 

of
 th

e 
La

m
bs

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

r.
 B

ea
n 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

T
V

 #
1 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
N

ew
s 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

F
or

m
ul

a 
O

ne
 R

ac
e 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

im
ps

on
s 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

up
er

 B
ow

l −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
T

al
k 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
er

m
in

at
or

 II
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

La
ye

re
d

02040608010
0

12
0 10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00

Average Cost [1000000 Bytes*$/s] °

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

A
ll 

S
tr

ea
m

s 
D

el
ay

/A
ve

ra
ge

 C
os

t S
ta

tis
tic

s

A
st

er
ix

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
Ja

m
es

 B
on

d 
−

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
he

 S
ile

nc
e 

of
 th

e 
La

m
bs

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

r.
 B

ea
n 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

T
V

 #
1 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
N

ew
s 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

F
or

m
ul

a 
O

ne
 R

ac
e 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

im
ps

on
s 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

up
er

 B
ow

l −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
T

al
k 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
er

m
in

at
or

 II
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

−
25025507510

0

12
5

15
0

17
5

20
0 10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00

Average Cost Difference [%]

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

A
ll 

S
tr

ea
m

s 
D

el
ay

/A
ve

ra
ge

 C
os

t D
iff

er
en

ce
 S

ta
tis

tic
s

A
st

er
ix

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
Ja

m
es

 B
on

d 
−

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
he

 S
ile

nc
e 

of
 th

e 
La

m
bs

 −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

r.
 B

ea
n 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
M

T
V

 #
1 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
N

ew
s 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

F
or

m
ul

a 
O

ne
 R

ac
e 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

im
ps

on
s 

−
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
S

up
er

 B
ow

l −
 M

P
E

G
−

II 
V

id
eo

 T
ra

ce
T

al
k 

#1
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

T
er

m
in

at
or

 II
 −

 M
P

E
G

−
II 

V
id

eo
 T

ra
ce

FigureB.4: MPEG-2cost/delaycomparision
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FigureB.5: MPEG-2bandwidth/delaycomparision
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FigureB.6: MPEG-2averagecostfactor/delaycomparision
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FigureB.9: H.263averagecostfactor/delaycomparision
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Appendix C

Scalability MeasurementResults

This appendixcontainsthescalabilitysimulationresultsfor eachtraceasexplainedin section8.1.4.
Theaverage(dividedby thesimulationdurationof 800s)cost,bandwidthandcostfactorareshown
for 100%utilization. For bettercomparision,thefiguresfor 25%,50%and75%utilizationlimit show
thecost,bandwidthor costfactorreductioncomparedto the100%figurein percent.
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FigureC.1: MPEG-1cost,original
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FigureC.2: Costreductionfor 75%util.
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FigureC.3: Costreductionfor 50%util.
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FigureC.4: Costreductionfor 25%util.
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FigureC.5: MPEG-1bandwidth,original
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FigureC.6: Bandwidthreductionfor 75%util.
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FigureC.7: Bandwidthreductionfor 50%util.
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FigureC.8: Bandwidthreductionfor 25%util.
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FigureC.9: MPEG-1costfactor, original
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FigureC.10:Costfactorreductionfor 75%util.
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FigureC.11:Costfactorreductionfor 50%util.
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FigureC.13:MPEG-2cost,original
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FigureC.14:Costreductionfor 75%util.
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FigureC.15:Costreductionfor 50%util.
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FigureC.16:Costreductionfor 25%util.
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FigureC.17:MPEG-2bandwidth,original
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FigureC.18:Bandwidthreductionfor 75%util.
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FigureC.19:Bandwidthreductionfor 50%util.
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FigureC.20:Bandwidthreductionfor 25%util.
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FigureC.21:MPEG-2costfactor, original
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FigureC.22:Costfactorreductionfor 75%util.
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FigureC.23:Costfactorreductionfor 50%util.
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FigureC.26:Costreductionfor 75%util.
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FigureC.27:Costreductionfor 50%util.
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FigureC.28:Costreductionfor 25%util.
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FigureC.29:H.263bandwidth,original
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FigureC.30:Bandwidthreductionfor 75%util.
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FigureC.31:Bandwidthreductionfor 50%util.
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FigureC.32:Bandwidthreductionfor 25%util.
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FigureC.33:H.263costfactor, original
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FigureC.34:Costfactorreductionfor 75%util.

−
40

−
2002040608010

0 10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Average Cost Factor Difference [%] ¼

M
ax

im
um

 T
ra

ns
fe

r 
D

el
ay

 [m
s]

A
ll 

S
tr

ea
m

s 
D

el
ay

/A
ve

ra
ge

 C
os

t F
ac

to
r 

D
iff

er
en

ce
 S

ta
tis

tic
s

A
R

D
 N

ew
s 

−
 H

.2
63

 V
id

eo
 T

ra
ce

A
R

D
 T

al
k 

−
 H

.2
63

 V
id

eo
 T

ra
ce

D
ie

 F
irm

a 
−

 H
.2

63
 V

id
eo

 T
ra

ce
D

ie
 S

en
du

ng
 m

it 
de

r 
M

au
s 

H
Q

 −
 H

.2
63

 V
id

eo
 T

ra
ce

D
ie

 S
en

du
ng

 m
it 

de
r 

M
au

s 
H

Q
−

IP
P

I −
 H

.2
63

 V
id

eo
 T

ra
ce

D
ie

 S
en

du
ng

 m
it 

de
r 

M
au

s 
LQ

 −
 H

.2
63

 V
id

eo
 T

ra
ce

F
or

m
ul

a 
O

ne
 R

ac
e 

−
 H

.2
63

 V
id

eo
 T

ra
ce

Ju
ra

ss
ic

 P
ar

k 
−

 H
.2

63
 V

id
eo

 T
ra

ce
M

r.
 B

ea
n 

−
 H

.2
63

 V
id

eo
 T

ra
ce

N
3 

T
al

k 
−

 H
.2

63
 V

id
eo

 T
ra

ce
S

oc
ce

r 
−

 H
.2

63
 V

id
eo

 T
ra

ce
S

ta
r 

W
ar

s 
−

 H
.2

63
 V

id
eo

 T
ra

ce
T

ag
es

sc
ha

u 
H

Q
 −

 H
.2

63
 V

id
eo

 T
ra

ce
T

ag
es

sc
ha

u 
LQ

 −
 H

.2
63

 V
id

eo
 T

ra
ce

FigureC.35:Costfactorreductionfor 50%util.
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FigureC.36:Costfactorreductionfor 25%util.
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FigureC.40:Costreductionfor 25%utilization
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FigureC.42:Bandwidthreductionfor 75%utilization
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FigureC.43:Bandwidthreductionfor 50%utilization
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FigureC.44:Bandwidthreductionfor 25%utilization
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FigureC.46:Costfactorreductionfor 75%utilization
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FigureC.47:Costfactorreductionfor 50%utilization
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Appendix D

Abbrevations Index

4CIF 4 ¾ CIF resolution:704¾ 576pixels

16CIF 16 ¾ CIF resolution:1408¾ 1152pixels

AF AssuredForwarding(seesection2.2.3)

AoD Audioon Demand(seechaper2)

ASRMD1 Apporoximationalgorithm#1 for theSRMDproblem
(seesection2.5.4and[LS98])

ATM AsynchronousTransferMode

BB BandwidthBroker (seesection3.1and[Sel01])

BE BestEffort (seesection2.2.3)

CBR ConstantBit-Rate

CD CompactDisc

CDDA CompactDisc Digital Audio

CIF CommonIntermediateFormat(352¾ 288pixels)

CORAL COmmunicationProtocolsfor Real-TimeAccessto Digital Libraries
(seesection3.1)

CPU CentralProcessingUnit

CSRC ContributingSouRCe(seesection2.1.5)

DCT DiscreteCosineTransformation(seesection2.6.1)

DFT DiscreteFourierTransformation

DSCP DiffServCodePoint (seesection2.2.3)

DiffServ DifferentiatedServices(seesection2.2.3)

DVQ Digital VideoQuality, videoquality metric(seesection2.6.1).

ECM EndpointCongestionManagement(seesection3.1and[Kar01])
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EF ExpeditedForwarding(seesection2.2.3)

FDDI FibreDistributedDataInterface(see[Tan96])

FTP File TransferProtocol

GoP Groupof Pictures(seesection2.6.1)

H.263 ITU-T RecommendationH.263,videostandard(seesection2.6.3)

HDTV High-DefinitionTV

HTTP Hyper-Text TransportProtocol

ICMP InternetControlMessageProtocol(seesection2.1.4)

ICMPv4 InternetControlMessageProtocol,Version4 (seesection2.1.4andIPv4)

ICMPv6 InternetControlMessageProtocol,Version6 (seesection2.1.4andIPv6)

IETF InternetEngineeringTaskForce,http://www.ietf.org

IntServ IntegratedServices(seesection2.2.2).

IP InternetProtocol(seesection2.1.2)

IPv4 InternetProtocol,Version4 (seesection2.1.2)

IPv6 InternetProtocol,Version6 (seesection2.1.2)

ITU InternationalTelecommunicationUnion,http://www.itu.int

MP3 MPEG-1/2Layer3, audiostandard(seesection2.6.4)

MPEG Motion PicturesExpertsGroup,videostandard(seesection2.6.1and2.6.2)

MPQM Moving PicturesQuality Metric,videoquality metric(seesection2.6.1).

MRSD Multiple ResourceSingleQoSDimension(seesection2.5.4)

MRMD Multiple ResourceMultiple QoSDimension(seesection2.5.4)

PHB Per-HopBehavoir (seesection2.2.3)

RGB RedGreenBlue,color model(seesection2.6.1)

PSNR PeakSignalNoiseRatio,videoquality metric(seesection2.6.1)

RSVP ResourceReSerVationProtocol(seesection2.2.2)

RTCP RTPControlProtocol(seesection2.1.5andRTP)

RTP Real-TimeTransportProtocol(seesection2.1.5)

RTT RoundTrip Time(seesection2.1.4and3.1)

RU Resource/Utilization(seesection2.5)

SDES SourceDEScription (seesection2.1.5)



155

SDTV Standard-DefinitionTV

SLA ServiceLevel Agreement(seesection2.2.3)

SMTP Simple Mail TransportProtocol

SSRC SynchronizationSouRCe(seesection2.1.5)

SQCIF ¿¿/À ¾ CIF resolution:88 ¾ 72 pixels

SRSD SingleResourceSingleQoSDimension(seesection2.5.4)

SRMD SingleResourceMultiple QoSDimension(seesection2.5.4)

TCP TransmissionControlProtocol(seesection2.1.3)

TTL Time To Live,field of IPv4header(seesection2.1.2)

TOS Typeof Service,field of IPv4header(seesection2.1.2)

TV TeleVision

PEAQ PerceptualEvaluationof Audio Quality, audioquality metric(seesection2.6.4)

QCIF ¿Á ¾ CIF resolution:176¾ 144pixels

QoS Quality of Service(seesection2.2).

UDP UserDatagramProtocol(seesection2.1.3)

UMTS UniversalMobileTransmissionSystem

VBR VariableBit-Rate

VoD Videoon Demand(seechaper2)

WWW World-Wide Web

YUV LuminanceY, ChrominanceU, V, colormodel(= YCrCb, seesection2.6.1)
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TCP-friendly, 37
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Temporalscalability, MPEG-2,31
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Transmission,reliable,6
Transmission,unreliable,6
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UDP, protocol,6
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