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ABSTRACT

With the growing popularityof the Internet,thereis an increasinginterestin usingit for
audioandvideotransmission.Periodicnetwork overloads,leadingto burstypacket losses,
have alwaysbeena key problemfor network researchers.In a long-haul,heterogeneous
network like the Internet,handlingsuchanerrorbecomesespeciallydifficult. Perceptual
studiesof audioandvideoviewing have shown thatburstylosseshave themostannoying
effectonpeople,andhencearecritical issuesto beaddressedfor applicationssuchasInter-
netphone,videoconferencing,distancelearning,etc. Classicalerrorhandlingtechniques
have focusedon applicationslike FTP, andaregearedtowardsensuringthat thetransmis-
sionis correct,with noattentionto timeliness.For isochronoustraffic likeaudioandvideo,
timelinessis a key criterion,andgiventhehigh degreeof contentredundancy, someloss
of contentis quiteacceptable.In this reportwe introducetheconceptof error spreading,
which is a transformationtechniquethat takestheinput sequenceof packets(from anau-
dio or videostream)andpermutesthembeforetransmission.Thepacketsareun-permuted
at the receiving end. The transformationis designedto ensurethat bursty lossesin the
transformeddomainget spreadall over the sequencein the original domain. Perceptual
studieshaveshown thatusersaremuchmoretolerantto auniformly distributedlossof low
magnitude.Wethendescribeacontinuousmediatransmissionprotocolbasedon this idea,
andvalidateits performancethroughanexperimentperformedon theInternet.
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Chapter1

Intr oduction

Due to the phenomenalgrowth of multimediasystemsandtheir applications,therehave
beennumerousresearchefforts directedat providing a continuousmedia(CM) service
over varyingtypesof networks. With theboomof theInternet,continuousmedialike au-
dio andvideoareusingtheInternetastheprincipalmediumfor transmission.However, the
Internetprovidesa singleclassbesteffort service,anddoesnot provide any sortof guar-
antees[BT98]. A network characteristicof specialconcernto this reportis transmission
errors,andspecificallythedroppingof datapackets.Packetsaredroppedwhenthenetwork
becomescongested,andgiventhenatureof this phenomenon,stringsof successive pack-
etsareoften dropped[Bol93, Pax97], leadingto significantbursty errors[YCV96].This
burstylossbehavior hasbeenshown to arisefrom thedrop-tailqueuingdisciplineadopted
in many Internetrouters[PFTK98].

Handlingburstyerrorshasalwaysbeenproblematic,especiallysinceno goodmodels
exist for its prediction. On the other hand,most applications,especiallyrealtimeMul-
timediaapplications,do not toleratebursty error, makingit imperative that they be han-
dled in a goodmanner. Perceptualstudieson continuousmediaviewing have shown that
userdissatisfactionrisesdramaticallywhenbursty error goesbeyond a certainthreshold
[WSNF97,WS96,WVP

�
98]. This is especiallysofor audio,wherethethresholdis quite

small,andhencethis issueis quitepressingfor applicationslike Internetphone.
Theseobservationspoint quitesolidly to theneedfor developmentof efficient mech-

anismsto controlburstyerrorsin continuousmediastreamingthroughnetworks. Redun-
dancy is the key to handlingpacket loss/damagein standardcommunicationprotocols.
Thereare two main classesof schemes,namelythe reactiveschemesand the proactive
schemes.

Reactive schemesrespondby takingsomeactiononcetransmissionerrorhasbeende-
tected,while pro-active schemestake someactionin advanceto avoid errors. A proto-
col suchas TCP is reactive sincethe receiver sendsa feedbackto the senderupon de-
tecting an error, in responseto which the senderwill re-transmitthe lost or corrupted
packet. The reactioncan be initiated by the sourceor the sink. Source initiated re-
action occursin schemesbasedon feedbackcombinedwith retransmissionlike [BT98,
BTW94, RR93]. The feedbackcontrol canbe basedon streamrate[ZSKT96, MJV96],
bandwidth[GJS96], loss/delay[BT98] and a wide variety of network QoS parameters
[Tow93, AFKN94,RTP94].Sinkinitiatedreactionoccursin reconstructionbasedschemes
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like [WL98, ABLS94]. Codingdatain anerrorcorrectingmannerbeforetransmissionis
apro-activeschemewherecorruptedpacketscanbereconstructed([HBK98] andForward
Error CorrectionCodes[BG, BT96]).

Eachof theseclassesof schemesrequiresextra bandwidth,for feedbackandretrans-
missionin thefirst, andfor extrabits in thesecondcategory. Thisneedfor extrabandwidth
canexacerbatethe problem,especiallysincenetwork congestionis the principal culprit
for theburstyerrors.Onemoreapproachthathasbeenproposed,is to fulfill thereal time
needsof CM applicationswith otherserviceslike RSVPand RTP, which offer varying
degreeof performanceguarantees[ZDE

�
93, SCFM94]. Serviceslike RTP/RSVPrequire

that someresourceallocationand/orreservation mechanismbe provided by the network
[BT98]. Sincethesemechanismsarenotyetwidely deployedin theInternet,our focushas
notbeenon them.

Recentwork ([SJBG98,ZNAT99]) hasproposedschemeswherethe overall charac-
teristicsof the databeingtransmittedcanbe usedto control the transmissionerror. For
example,[ZNAT99] hasproposedselectively droppingvideo frameson the senderside,
basedon a cost-benefitanalysiswhich takesinto accountthe desiredQuality of Service
(QoS).This is quiteeffective in a LAN (sendersareknown andcooperative) or theInter-
netusingREDgatewayswhereduringcongestion,theprobabilitythatthegatewaynotifies
a particularconnectionto reduceits window is roughlyproportionalto that connection’s
shareof thebandwidththroughthegateway [FJ93]. While drop-tailqueuingdisciplineis
still adoptedin many routers[PFTK98], thisschememaynotbedirectlyapplicableyet.

In this reportwe proposea new type of schemefor handlingburstyerrors,which we
call error spreading. A key advantageof thisschemeis thatit is not basedon redundancy,
andhencerequiresabsolutelyno extra bandwidth.Themain ideais thatwe do not try to
reduceoverall error, but rathertradeoff burstyerror (thebaderror) for averageerror (the
gooderror). Perceptualstudyof continuousmediaviewing [WSNF97, WS96,WVP

�
98]

hasshown thatareasonableamountof overallerroris acceptable,aslongasit is spreadout,
andnot concentratedin spots.A similar approachhasbeentakenby [YCV96]. But they
have useda randomscramblingtechniqueswith redundantreconstructionfor audio,and
asstatedby themthey have not investigatedthebuffer requirements.We have established
clearly the boundsand the relationshipbetweenbuffer requirementand userperceived
quality in aboundedburstynetwork errorscenario.

In this reportwe make severalcontributions. First, we formulatetheproblemof error
handlingin continuousmediatransmissionasa tradeoff betweenthe userQoSrequire-
ments,network characteristics,and senderresourceavailability. Second,we provide a
completeanalyticalsolutionfor the specialcasewherethe network errorsarebounded.
While this solutionmaybeof actualusein somespecializednetworks,e.g.,a tightly con-
trolledreal-timenetwork, its principaluseis in providing importantmathematicalrelation-
shipsthat canbe usedasthe basisof protocolsfor generalnetworks. Next, we usethis
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analysisto developsucha protocolfor networkswherethereis no boundon theerror. Fi-
nally, we presentresultsof an experimentalevaluationthat illustratesthe benefitsof the
proposedscheme.

This report is organizedasfollows: chapter2 formulatesthe problemandchapter3
presentsa mathematicalanalysisof the boundednetwork error case.Chapter4 presents
the transmissionprotocol,while chapter5 describesits evaluation. Chapter6 concludes
thereport.



Chapter2

ProblemFormulation

This chapterbriefly discussesthe contentbasedcontinuity QoS metrics introducedin
[WS96]. Then,wedefineourproblembasedon thismetrics.

2.1 QoSmetrics

For the purposeof describingQoSmetricsfor lossymediastreams,CM streamis envi-
sionedasa flow of dataunits (referredto aslogical dataunits, or LDUs, in the uniform
framework of [SB96]). In ourcase,wetakeavideoLDU to beaframe,andanaudioLDU
to consistof 8000/30,i.e. 266 samplesof audio1. Givena ratefor streamsconsistingof
theseLDUs, we envision that thereis a time slot for eachLDU to be playedout. In the
ideal casea LDU shouldappearat the beginning of its time slot. This reportusesonly
thecontentbasedcontinuitymetricsproposedin [WS96]. Issueson rateanddrift factors
(discussedin [WS96]) arenot considered.Notealsothatwe shallusethe termLDU and
frameinterchangeably, sinceframeis verycommonlyusedin Multimediacommunity.

2.0 3.0Ideal time
to appear

Time of
appearance

LDU  1 LDU  3

Unit Loss 0 1 Aggregate Loss = 2/4
Consecutive Loss = 2

appearance
Time of

LDU  2 LDU 3

Unit Loss 1 1

1.0 4.0

LDU 5 LDU  6

0

0

1

LDU  5

0 Consecutive Loss = 1
Aggregate Loss = 2/4

LDU  6

����������� �"! #�����$�%��� ��! &Stream1

Stream2 �('��$�%��� ��! � �(')��*����+�,! #
�����.-"���/*)! #

�('��������+�)! &
������*����+�,! #

�(')�.-"���0-1! &
Figure 2.1: Two SampleStreamsUsedto ExplaintheQoSMetrics

Theabove figure is from [WS96]. Idealcontentsof a CM streamarespecifiedby the�
SunAudiohas8-bit samplesat 8kHz,andanaudioframeconstitutesof 266suchsamplesequivalentto a

play timeof onevideoframe,i.e. 1/30seconds.
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ideal contentsof eachLDU. Due to loss,delivery error or resourceover-load problems,
appearanceof LDUs maydeviate from this ideal,andconsequentlyleadto discontinuity.
Themetricsof continuityaredesignedto measuretheaverageandburstydeviation from
the ideal specification.A lossor repetitionof a LDU is considereda unit lossin a CM
stream. (A moreprecisedefinition is given in [WS96].) The aggregatenumberof such
unit lossesis theaggregateloss(ALF) of a CM stream,while thelargestconsecutivenon-
zerolossis its consecutiveloss(CLF). In theexamplestreamsof Fig. 2.1,stream1 hasan
aggregatelossof 2/4 anda consecutive lossof 2, while stream2 hasanaggregatelossof
2/4 anda consecutive lossof 1. The reasonfor the lower consecutive lossin stream2 is
that its lossesaremorespread-outthanthoseof stream1. Note that the metricsalready
takescareof losses(bothconsecutiveandaggregate)thatariseduetiming drifts [WS96].

In a userstudy[WSNF97]it hasbeendeterminedthatthetolerablevaluefor consecu-
tive videoframelossesweredeterminedto betwo frames.For audiothis limit wasabout
threeframes.

2.2 ProblemStatement

Oneof themostimportantfactorsthataffect thequalityof aCM streamis theConsecutive
LossFactor [WS96](CLF).Network oftenloseframesin bursts,alternatingbetweenlossy
burstandsuccessfulburst[YCV96, Bol93, Pax97,PFTK98]. This oftencausesunaccept-
ablyhighCLF. Ourobjectiveis to reduceCLF giventhesamenetwork characteristics.The
mainideais lossspreading, or distributingconsecutive lossoversometimeperiod.

For example,supposewe senta sequenceof 2�3 consecutive videoframesnumbered2
to 243 . During transmission,a network burstyerrorof size 3 occurswhich causesthe loss
of framesnumbered3 to 2�5 , asshown in thefirst row of Table2.1. This causesthestream
to haveaCLF of 37682�3 .

Now supposewe permutethis sequenceof framesbeforetransmissionsothatconsec-
utive framesbecomefar apartin the sequence,the CLF canbe reducedsignificantly. To
illustratethis idea,considertheframetransmissionordershown in thesecondrow of Table
2.1. With exactly thesameburstyerroronceagainconsecutive framesarelost,exceptthis
time they areconsecutive only in the permuteddomain. In theoriginal domaintheseare
spreadfarapart.

Clearly, if the 243 framesweresentin this order, we would have hada CLF of only2469243 . Table2.1summarizesour exampleby giving threesequencesandtheir correspond-
ing CLFs. The first sequenceis the naturalorderof frames,the secondis the permuted
order, andthethird is theun-permutedorderobservedat thereceiver’s side.Thethird se-
quencewaspresentedto show how thelosshasbeenspreadoutovertheoriginalsequence.
Theboxednumbersrepresentlost frames.

Thisexamplemotivatesthefollowing problem.
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Framesequence CLF

In order 010203040506 07080910111213 14151617 37682�3
Permuted 010611160409 14020712170510 15030813 24682�3
Un-permuted 01 02 0304 05 06 07 0809 10 11 12 13 14 1516 17 24682�3

Table 2.1: An exampleof how theorderof framessentaffectsCLF

Bursty Err or ReductionProblem (BERD): Objective : to reducetheburstyerror, i.e. CLF, to anperceptuallyacceptablelevel
(by spreadingit outover thestream).: Input parameters:

– ; is thesender’sbuffer size,in termsof LDUs. ; is determinedby thesender’s
operatingenvironmentandits currentstatus.

– < is theupperboundon thesizeof aburstylossin thecommunicationchannel,
within awindow of ; LDUs (werelaxthisassumptionin chapter4).

– = is theuser’s maximumacceptableCLF.: Output : a permutationfunction > on �@?BA 2 ��C8� 5 �EDEDED�� ;GF whichdecidestheorder
in whichasetof ; consecutiveLDUsmustbesent.Moreover, thesystemisexpected
to give thelowerbound =7H which is theminimumCLF thatcanbesupportedin this
constrainedenvironment.: Assumption: two consecutiveburstylossareat least; LDUs apart.

Figure2.2 visualizeshow thesolutionspacefor a particularvalueof < would appear.
Theboundaryof the curve is essentiallywhatwe found. Above it is the feasibleregion,
whereintuitively if weincrease; , then = shouldstill bethesameor less.Thereis atypical
tradeoff betweenbuffer size ; andCLF = . Thegreater; is, the less = we cansupport
but alsothegreatermemoryrequirementandinitial delaytime. Given ;IH , line ; ? ;IH
cutstheboundarycurveat =7H ator abovewhichwecansupport.Conversely, given =7H , line= ? =7H intersectsthe curve at ;IH at or above which the buffer sizemustbe in orderto
support=7H .

Thereareseveral pointsworth noticing. Firstly, we dealonly with datastreamsthat
have no inter-framedependency suchasMotion-JPEGor uncompresseddatastreams(au-
dio, video, sensordata,. . . ). The reasonfor this is that this allows us to considerevery
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Feasible Region

Infeasible Region

Buffer, J
For afixed K

UserSpecifiedCLF, L
FeasibilityCurve for afixed K , J�MONQPRKQSTLVU

Figure 2.2: Partof DeterministicSolutionSpace

frame to be equally important; thus, we canpermutethe framesin any way we would
like to. Secondly, the framesin thesetypesof streamshave relatively comparablesizes.
For example,a sequenceof MJPEGframesonly hasa changein sizesignificantlywhen
the sceneswitches. So, no matterif it is us who sendthe framesby breakingthemup
into equalsizeUDP packetsor it is the transportlayer interface(TLI) which doesso, a
consecutive packet lossimpliesa proportionalconsecutive frameloss. Finally, to satisfy
our assumptionthat two consecutive lost windows areat least ; framesapart,closerlost
windowscanbecombinedandconsiderto bea largerlostwindow.



Chapter3

BoundedNetwork Err or Case

In this chapter, we will discussthe casewherethe bound < of continuousnetwork loss
is known. For convenience,we first statethe problemin purely mathematicaltermsand
establishsomenotationsto beusedthroughouttheproof.

We are given positive integers ; and < . Let � � denotesthe set of all permuta-
tions acting on WR;YX ? A 2 ��C8�EDVDED ;GF . For any permutation> Z � � , the sets �\[]^?A > ] � > ] � � �EDEDVD > ] �7
E� � F � 2`_bac_b; arecalledthe sliding windowsof size < (of > ), where
theindicesarecalculatedmodulo ; , thenplus 2 . Thus,when 2d_eaf_\; � <dge2 , �\[]@?A > ] � > ] � � �EDEDVD > ] �7
E� � F , andwhen; � <hgc2jika	_l; , � [] ?BA > ] �EDEDVDV� > � � > � �EDVDEDV� > ] �7
��m�	� � F

For any pair of integers = and n suchthat 2o_p=qirns_t; , let W.= � nuX denotesthe setA = � =jgq2 �EDEDVD n"F . Let A�v [] F � � bethesequenceof integersdefinedasfollows.

v []j? wxxxy xxxz {}|�~ A�� W�= � nTX �$� W�= � nuX�����[] F if 2j_la	_q; � <dgq2{}|�~ A�� W�= � ;YX � g � W�2 � nuX �$� if ; � <sg�2�i�a	_l;W�= � ;YX�� A > ] �EDEDVD > � F �W(2 � nTX�� A > � �EDEDED > 
�� ] �m��� � F�F
Let � [ ? {�|�~ A�v []h� 2j_la	_l;GF . Then =7H is definedto be=�H ? {���� A � [ � >�Z � � F
Ourobjective is to find =7H asa functionof ; and< . Moreover, we alsowish to specify

apermutation> sothat � [ ? =7H .
Informally, when 2�_la	_l; � <�gI2 , v [] is themaximumnumberof consecutiveintegers

in � [] . While if ; � <}g�2�i�aji�; , v [] is the sumof two quantities� and � , where �
is the lengthof the longestconsecutive integer sequencein A > ] �EDEDVDV� > � F which endsin; , and � is the lengthof the longestconsecutive integersequencein A > � �EDVDEDV� > ] �7
��m�	� � F
which startsat 2 . The reasonfor this is that supposewe apply our permutationto two
adjacentbuffersof size ; , wewould likeourpermutationto alsodealwith thecasewhere
thenetwork lossburstoccursacrossthesetwo buffers.

Thevalueof =7H andpermutation> dependstightly on the relationshipbetween< and; . Section3.1presentsthecasewhere<�_ � �
, in which wehave morefreedomto choose

our permutation.Section3.2 discussesthe casewhere
� � iB<qi�; . Lastly, section3.3

summarizesourwork ontheboundederrorcaseby atheoremandanalgorithmwhichgives
usagoodpermutationgiven ; and< .

8
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Remark 1 If < is knownand ; is fixed,then =7H ?e� when< ?\� and =7H ? ; when<��l; .

Throughoutthischapter, we assume; and< weregiven,unlessspecifiedotherwise.

3.1 Simplecase

Lemma 1 If � i�<�_ � �
then =7H ? 2

Proof : Since<k� � , we have =�H��r2 . So, to prove =7H ? 2 it is sufficient to specify
a permutation> on �l?�A 2 � C8� 5 �EDVDED ;GF sothat � [ ? 2 . To avoid possibleconfusion,we
would like to pointout thatfor any >�Z � � , >�¡¢a�£ specifiesthepositionof a in thepermuted
sequencewhere a is sentto, while > ] is thenumberat position a in oneline notationof > .
For example,if > ?q¤ 2+5¦¥ C¨§ then > � ?�¤ , > � ? 2 , but >�¡,24£ ?\C and >	¡ C £ ?e§ .

Weconsidertwo casesbasedon theparityof ; asfollows.: Case1 : ; is odd

Let ; ?rC ;Y©ªgB2 , <«© ? {���� A
¬7��¬ �­<}®�¯7°V±�¡¢; ��¬ £ ? 2QF . Since<�_ � �
, we have<�_²;Y© . Moreover, ¯7°�±�¡%; � ;Y©³£ ? 2 , hence<«©¨_p;Y©´i � �

. We now constructa
permutation> suchthat �´[ ? 2 . Let > bedefinedasfollows.>�¡%a"£ ? ¡µ¡¢a � 24£ D < © {�¶ ±O;�£·g�2 � 2�_la	_l; (3.1)

We first needto prove that > is indeeda permutation.As ¯7°V±·¡%; � <«©�£ ? 2 , <«© gener-
atesthegroup ¸ � of integersmodulo ; ( ¸ � ?pA��8� 2 �EDEDVD ; � 2QF ). ThusthesetsA��8� 2 �EDEDVD ; � 2QF and A��ª� <«© ��C <ª© {�¶ ±c; �EDEDED ¡¢; � 24£¢<ª© {�¶ ±O;GF areidentical.So(3.1)
definesavalid >�Z � � .

Secondly, we needshow that � [ ? 2 . Let > ? > � � > � �EDEDED > � in oneline notation.If� [ � C thenthereexists a and ¬ , 2�_ea0i ¬ _e; suchthateither � > ] � >9¹ �m? 2 and
both > ] and >9¹ belongto thesameslidingwindow � [º for some2�_�=I_l; � <�gl2
or A > ] � >9¹�F ?­A 2 � ;GF andboth > ] and >9¹ belongto thesameslidingwindow �\[º for
some; � <sg�2jil=I_l; .

Notethatby definitionof > , we have a ? ¡µ¡T> ] � 24£ D <«© {�¶ ±�;�£�g\2 and ¬}? ¡1¡¢>9¹ �2�£ D <«© {�¶ ±O;�£�g�2 , thus, ¬�� a ? ¡T>9¹ � > ] £ D < © {�¶ ±O; (3.2)

– If � > ] � >9¹ �9? 2 andboth > ] and >9¹ belongto thesame�\[º for some2c_B=G_; � <»g�2 , thenwemusthave ¬�� a�io< . Moreover, � > ] � >9¹ �¼? 2 and(3.2)imply¬0� a is either<ª© or ; � <«© . As statedearlier, <�_@<«©½i�;�6 C , so ; � <«©h��<«©½�@< ,
making¬�� a	io< impossible.
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– Otherwise,supposeA > ] � >9¹EF ?bA 2 � ;GF andboth > ] and >9¹ belongto thesame
sliding window � [º for some; � <Og\2ci�=G_�; . Noticethatwe musthave; �o¬ g�a¦il< for both > ] and >9¹ to be in �\[º . Moreover, A > ] � >9¹�F ?¾A 2 � ;GF
and(3.2) imply that ¬s� a is either<«© or ; � <«© . So ; ��¬ g¿a/Z A <«© � ; � <«©�F ,
andsimilar to thepreviouscase,thismakes ; ��¬ g¿a	i�< impossible

In sum,we have just shown that v [] ? 2 �)À 2Á_Âa¦_Â; , so � [ ? 2 . Notice that the
choiceof <«© couldhavebeenany integerbetween< and ;�6 C , aslongas ¯7°V±�¡¢; � <«©�£ ?2 . In particular, <ª© ? ;Y© clearly works. However, we have chosen<ª© to be the
minimumof thesebecausewe would like thepermutedsequenceto bespreadedout
in a “bettermanner”.To illustratethis, considerthecasewhere ; ? 243 and < ?�§ .
Ourchoiceof <«© is § in thiscase,thusin two line notationwehave

> ?ÄÃ 2 C 5 ¤ § ¥ 3 Å Æ 2 � 272 2 C 2�5 2 ¤ 2 § 2�¥ 2�32 Å 2 § § 2 C C Æ 2�¥ ¥ 2�5 5 2 � 243 3 2 ¤ ¤ 2Q2YÇ
While if wechoose<«© ? ;Y© ? Å , thepermutationbecomes

> ? Ã 2 C 5 ¤ § ¥ 3 Å Æ 2 � 272 2 C 2�5 2 ¤ 2 § 2�¥ 2432 2�¥ 2 ¤ 2 C 2 � Å ¥ ¤ C 2�3 2 § 2�5 272 Æ 3 § 5 Ç
Althoughthis permutationdoessatisfy ��[ ? 2 , it hasthealternativenumbersbeing
too closeto eachother, thuswe might endup in a situationwherewe loseevery
otherframefor awhile andthenachunkof successfullyarrivedframes.Thisclearly
createsworseaffect perceptuallyon the mediastreamcomparingto the previous
choiceof <«© .: Case2 : ; is even

If A
¬7� <B_ ¬ i � � ®È¯Q°V±�¡¢; ��¬ £ ? 2¼F\É?ËÊ thenwe can just useexactly the same
permutationaswhen ; is odd.

If the setis empty, let ; ?bC <«©0� C < , so <«©0�B< . As thepreviouscase,we seeka
permutation> sothat ��[ ? 2 . Let > bedefinedasfollows.

>�¡%a"£ ? < © D ¡%a {�¶ ± C £·g¾Ì aCÎÍ � 2j_la	_l; (3.3)

If a is even,then >�¡¢a�£ ? ]�
, namelyall theevennumberswill beplacedfrom thefirst

positionto the Ï � ��ÐQÑ(Ò positionin increasingorder. When a is odd, >�¡%a"£ ? <«©�g ] � �� , so
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all theoddnumberswill beplacedfrom the ¡ � � g\24£1Ó Ñ positionto the ; Ñ(Ò position.
It is clearfrom theaboveobservationthat > is aproperpermutationon � .

We areleft to prove that ��[ ? 2 . Write > ? ¡¢> � � > � �EDEDED > � £ in oneline notation.
Firstly, noticethatfor any 2�_la	i ¬ _l; , we have

a ? < © D ¡T> ] {�¶ ± C £·g Ì > ]C¦Í¬ ? < © D ¡T>9¹ {�¶ ± C £·g Ì >9¹C Í
So,

¬�� a ? < © D ¡1¡¢>9¹ � > ] £ {�¶ ± C £·g Ì >9¹CjÍ � Ì > ]CÔÍ (3.4)

Similar to case1, if �´[O� C thenweconsidertwo subcases:

– If � > ] � >9¹ �9? 2 andboth > ] and >9¹ belongto thesame�\[º for some2c_B=G_; � <�gB2 thenwe musthave ¬�� a´i�< . Moreover, since � > ] � >9¹ �½? 2 and¬ �\a , it mustbethecasethat >9¹ is oddand > ] is even. Combiningwith (3.4),
wehave ¬s� a ? < © g Ì >9¹CjÍ � Ì > ]CÔÍ �Õ< © �@<
Thismakes ¬j� a	io< impossible.

– Otherwise,if A > ] � >9¹EF ?­A 2 � ;GF andboth > ] and >9¹ belongto thesame�\[º for
some; � <ÔgÈ2�iq=Y_q; , thenwemusthave ; �}¬ g`aÖi�< for both > ] and >9¹
to bein �\[º . By (3.3), >�¡)2�£ ? <«©Vgk2 and >�¡¢;�£ ? <«© , soit mustbethecasethat¬c? < © gq2 and a ? < © . Thus, ; ��¬ g¿a ? ; � 2��@< © �@< , contradiction! ×

Example: Let ; ? 2�¥ and< ? Å , then

> ? Ï C ¤ ¥ Å 2 � 2 C 2 ¤ 2�¥ 2 5 § 3 Æ 2Q2 2�5 2 § Ð
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3.2 Mor ecomplicatedcase

Lemma 2 If
� � io<�iØ; then =7H ?tÙ 
�	��
�� � Ú gq2

Proof : In orderto provethat =7H ? Ù 
�	��

� � Ú gq2 , wewill first prove that

=7HÔ�ÜÛ <; � <sgq29Ý g�2 (3.5)

thenspecifyapermutation> sothat �´[ ? Ù 
�	��

� � Ú gq2 .
Let Þ ? ¡%Þ � � Þ � �EDEDED Þ � £ be any permutationon � ? A 2 ��C8�EDEDVD ;GF . Let ß ?� � � � � �EDEDED � �	��
 bethesequenceobtainedfrom sorting Þ � � Þ � �EDEDVD Þ �	��
 in increasingorder.

Intuitively, ß is thecomplementof �������

� � with respectto � .
Now, for conviniencelet �¼H ?r� and � ����

� � ? ;rgB2 . Let � ] ?àA ��áâ� ] � � i��ei� ] � ��Z � F , where 2j_la	_l; � <jg�2 . � ] is simply thesetof numbersbetween� ] � � and � ]

in � . �QH ?e� 2 C 5 DEDEDã ä�å æç�è � � DEDEDã ä,å æç�é � � DEDED0DEDEDã ä,å æç
ê � ] DEDVDeDEDVDã ä�å æç�ë½ì�í � ����
 DEDVD ;ã ä,å æç
ëhì�í�î7è ;ïg�2 ? � ����

� �
It is clearthat �	��
�� �ð ](ñ � �R� ] �¼? <
Since � ��ò � � ò DEDED ò � ����

� � ? �������

� � , where ò denotesdisjoint union,it mustbe

thecasethat v ��	��

� � � �R� ] �ó��À a�Z A 2 ��CfDEDED�� ; � <sg�2QF . Thus,wehave

< ? �	��
�� �ð ](ñ � �R� ] � _ ����

� �ð ](ñ � v �����

� � ? ¡%; � <sg�24£ Dóv �����

� �
This implies � � � v ��	��
�� � �Üô <; � <sg�29õ
this inequalityholdsfor all Þ�Z � � ’s,consequently=7H �Üô <; � <cgq2 õ (3.6)

Inequality(3.6) is not astight as(3.5). To prove that (3.5)holds,we needto consider
two cases.
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��� � �����

� � � ��	��

� �Þ � � Þ � �EDEDED Þ ����
 Þ �	��

� � �EDEDED Þ 
 Þ 

� � �EDEDED Þ �� �� ��� � ��
Table 3.1: Pictorialillustrationof ���� � ����	��

� � ����� ���� and ��� �������

� �

Case(i) : ¡¢; � <sg�2�£¨É � < . In thiscase,ö 
�	��

� ��÷ ?pø 
����

� ��ù g�2 , so(3.6) implies(3.5).

Case(ii) : ¡%; � <cgq24£ � < . In thiscase,let � ? ö 
�	��

� � ÷ ?rø 
����

� � ù .
Suppose=7H ? � and let Þ ? Þ � � Þ � �VDEDED Þ � be a particularpermutationon � so
that � � ? � . From the definition of � � , for any 2È_ÜaY_²; � <�g�2 , we must
have v �] _ú� . Considertwo specialsliding windows ���� ? A Þ � � Þ � �VDEDED Þ 
 F and����	��
�� � ?BA Þ �	��

� � � Þ �	��
�� � �EDEDED Þ � F . Table3.1 illustratesthesituation.

We have C <o��; , so <@��; � < . Hence,thereis no overlappingbetween��� ����
and �¿� ����	��

� � . From the previousanalysis,=7H ? � holdsif andonly if �R� ] ��?=7H �,À a�Z A 2 ��C8�EDVDED�� ; � <sg�2¼F . Soit mustbethecasethat

� ] ? a D ¡�=7Hâg�24£ �)À a ? 2 ��C9�EDEDED ; � < (3.7)

becauseif ûªa �Q�ü� ] � iq=7H , then

; ? ý �	��

� �]�ñ � �ü� ] � g\¡%; � <½£i ¡%; � <dg�24£ D =7H�g\¡¢; � <½£? ¡%; � <dg�24£ D 
�	��

� � ge¡%; � <½£? ; � contradiction!

Thepreviousanalysiswasdonebasedon thewindow ����	��

� � containingthelast <
elementsof Þ . Sowe have A � � � � � �EDVDEDVD³D�D � �	��
 F ?B�o� ����	��

� � . Noticethatexactly
thesameresultholdsif wedotheanalysiswith respectto ���� , in whichcasethe � ] ’s
arealsodeterminedby (3.7).So,wehave thefollowing :

A 2m¡þ=�H�gq24£ ��C ¡�=7H�g�24£ �EDEDED
� ¡%; � <½£�¡�=7H�g�24£ F ?���� � �����

� � ?���� � ��
This is impossiblesince ¡ �È� ���� £ and ¡ �Õ� ����	��

� � £ aredisjoint. Consequently=7H�É? � , so =Y�l��gq2 ? Ù 
����

� � Ú gq2 .



14

Finally, to show that =7H ? Ù 
�	��

� � Ú gq2 , it is sufficient to specifyapermutation> on �
suchthat ��[ ? Ù 
�	��
�� � Ú gq2 .

Beforespecifying > , we needto observe somefacts.Let ÿ ? ; � < , � ? Ù 
��� � Ú , and� ? Ù ��,� � Ú , then ÿO�­2 becauseÿ ? ; � <`� � . Moreover, since<`�l; � < ? ÿ , we have<��lÿ g�2 . Thus �c��2 andwecanwrite < as:< ? ¡¢ÿ g�24£�� g��4© �B� _��4©½_lÿ
In addition, ; ? <´goÿ ? ¡¢ÿ/g¿24£���g��4©Egoÿc�lÿ	��g�ÿ/g
�c����g C , so

� ��2 andwecan
write ; as: ; ? ¡��+g C £ � g � © �B� _ � © _��fg�2

Now, wespecify > in oneline notationby considering2 casesasfollows.

Case(i) :
� © ? �fg�2 .

Wehave ; ? <dgÕÿ� ¡
� g C £ D � g\¡
� g�2�£ ? ¡%ÿ gq24£ D �+g���©¼gÕÿ? ¡%ÿ � 2�£ D ¡�� g C £·g��fg��4© � ÿ g�� g C� ¡
� g C £ D � g\¡
� g�2�£ ? ¡%ÿ � 2�£ D ¡�� g C £·g\¡
��© � ÿQ£·g C9D � g C� ¡�� g C £ D � ? ¡%ÿ � 2�£ D ¡�� g C £·g\¡
��© � ÿQ£·g��+g�2
Moreover, since�4©½_lÿ , we get¡�� g C £ D � _ ¡¢ÿ � 24£ D ¡��+g C £�g�� g�2� � _ ¡¢ÿ � 24£·g ��� ���� �
�

and ÿ arenaturalnumbers,so � _qÿ � 2 (3.8)

Wearereadyto describeour > now. Noticethatwewouldlike � [ to be ��gI2 , making=7H ? ��gk2 asdesired.Firstwedefine2 specialarrays� ?BA�� ] F Ñ � �� and � ?­A�� ] F Ñ � ��
asfollows.

� ] ? 20ge¡%a � 24£ D ¡
�+g C £ � 2�_qa	_ � gq2� ] ? ¡
� g�2�£·g\¡%a � 2�£ D ¡��+g C £ � 2�_qa	_ � gq2
It is obviousthat 2Y_ � ] _ ; and 2�_ � ] _ ; , thus � and � aresubsequencesof� . Let � ?bA�v ] F �	� � ��� Ñ � ���� be the increasingsequenceof numbersin � but not in �
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and � . Noticethat if we write numbers2 ��C8�EDVDED ; in increasingorder, we have the
following picture:

� � � � � Ñ � �2 D³D � gq2 D³D � gk5 D³D­C �+g¿5 D³D­C � g § D³D�D³D³D�D³D�D³D³D�D³D 2/g � ¡�� g C £ D�D ;� � � � ��� � Ñ � �
andtherestof thenumbers(thedotsin thepicture)contributesequence� . Finally,
hereis our > in oneline notation:> ? ¡ � Ñ � � ��� Ñ �EDEDED�� �ã ä�å æ� � v �	� � ��� Ñ � ��� �ED9D8D9D9D8D9D8D9D9D8D9� v �ã ä�å æ� ñ ç � � � � � Ñ � � �!� Ñ �EDVDED�� �ã ä,å æ� £
To provethatthisis avalid permutation,it sufficesto observethatthesequencesA�� ] F
and A�� ] F don’t intersect,since� ]#" 2 ¡ {�¶ ±$� g C £ , while � ¹ " � g`2 ¡ {�¶ ±$� g C £ .
We are left to prove that for every 2l_ =Â_ ; , � [ doesn’t containmore than
�+g�2 consecutiveintegers,whereasusual,when ; � <sgq2�iq=I_l; we interprete
consecutivenessa little differently.

Noticethat À a	Z A 2 �EDEDVD�� � F , thenumbersof integersbetween� ] and � ] � � exclusively
is ��g­2 , which we shall call the internal distancebetween� ] and � ] � � . Similarly,
theinternaldistancebetween� ] and � ] � � is also ��g¿2 . Now, considerthefirst sliding
window �\[� of size< of > :

> ? ��� � Ñ � ��� %'& �)(+*�� Óå æ�ã ä� Ñ � � �!� Ñ �EDVDED�� � � v �	� � ��� Ñ � ��� �ED8D9D9D8D9Dã ä�å æ,.-è �0/ �VD9D9Dª� v � ��� Ñ � � ��� Ñ �EDEDED�� �
Thiswindow cannotcontainany � ] ’s,sincefrom (3.8)wehave � ��[� �Q? < ? ; � ÿc_; � ¡ � g�24£ . As we have noticedearlier, the internaldistancebetween� ] and � ] � �
is �cgÂ2 for all a�Z A 2 � C8�EDEDED � F , thus it is easyto seethat v [ � _1�sg�2 . We will
prove that this propertyholdsfor all sliding windows �\[º by inductionon = , where2�_�=I_l; � <sgq2 , namelyÀ =IZ A 2 ��C9�EDEDED ; � <dg�2¼F � v [º _�� g�2 .: Basecase: v [ � _��+g�2 asdiscussed.: Supposewehave v [ º _�� g�2 for some2j_�=Áik; � <sgq2 .: Let’s look at � [º � � . If � [º � � doesnot containany elementof � then v [ º � � _

�¦g�2 holdstrivially. Otherwise,suppose�\[º � � doescontainsomesetof more
than �hg�2 consecutiveintegers.Let a betheleastintegersuchthat � ] Z��\[º � � . It
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is clearthat � [º doesn’t contains� ] , becauseintuitivelywehavejustmoved � [º
onestepto theright of > andadded� ] into � [º to obtain � [º � � . Theonly way
for �\[º � � to containa setof morethan � g\2 consecutive integersis whenthis
setcontains� ] , sinceby inductionhypothesis,justbeforethispoint, v [ º _���g�2 .
Additionally, sincethesizeof �\[º � � is < , it’ s easyto seethatif � ] Z���[º � � then� ¹�6Z`��[º � � �)Àª¬ �qa .
However, if � ] is containedin someset 2 of more than ��g¾2 consecutive
integers,then 2 hasto eithercontain� ] or � ] � � because� ] i � ] i � ] � � andthe
internaldistancebetween� ] and � ] � � is � gq2 . Contradiction!

So � [º � � doesnot containany setof morethan �¦g�2 consecutive integers.In
otherwords, v [ º � � _�� g�2 . ×

Wealsohave to show thatv [ º _3�fg�2 � when ; � <sg�2�iq=Y_q; (3.9): If � ? 2 , then ; ? 5 � g C ; thus, C ¡ � gÈ24£ ? ; � � �È<ÔgÈ2 . Consequently, none
of �\[º � ; � <sg�2ji�=Á_q; containsboth � � ? 2 and � Ñ � � ? ; . (3.9) follows
trivially.: If ����2 , then v � ?�C and v �	� � � Ñ � ��� ? ; � 2 . Moreover, clearly v �	� � � Ñ � ��� 6ZA > º �EDEDVD > � F and v � 6Z A > � �EDEDED > 
�� º �m��� � F whenever ; � <�gG2siq=Y_q; . Thus,
for thesevaluesof = , v [ º is at most C , which is at most � g\2 , which completes
ourproof. ×

Example: Let ; ? 243 , < ? Æ . Thus, =�H ? Ù 
�	��

� � Ú g­2 ? Ù 4��5 � 4 � � Ú g 2 ?ÜC .
� ? 2 and 243 ? 5 D$§ g C , so

� © ?�Cd? � ge2 in this case.Thesequences� and � are
asfollows. � ? 2 � ¤ª� 3 � 2 �8� 2�5 � 2E¥ . � ?�C8��§8� Å � 272 � 2 ¤«� 243 . And lastly, applyingour
schemegivesuspermutation

> ? Ï 2�¥ 2�5 2 � 3 ¤ 2 2 § 2 C Æ ¥ 5 2�3 2 ¤ 272 Å § C Ð
Case(ii) : � _ � ©½i6�+g�2 .

Wehave ; ? <sgÕÿ� ¡
� g C £ D � g � © ? ¡¢ÿ g�2�£ D � g��4©¼g¿ÿ? ÿ D ¡�� g C £·g�� g���© � ÿ� ¡
�+g C £ D � ? ÿ D ¡�� g C £·g\¡
��© � ÿQ£·g�� � � ©
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Moreover, since� © _lÿ , we get¡
� g C £ D � _ ÿ«¡
�+g C £·g�� � � ©� � _ ÿ+g �µ� Ñ87��� ��
and ÿ arenaturalnumbers,so � _lÿ (3.10)

Similar to the case(i), we define2 specialarrays � ? A�� ] F Ñ � and � ? A�� ] F Ñ � as
follows. � ] ? � ©Qgq2/ge¡%a � 24£ D ¡
�+g C £ 2j_la	_ �

� ] ? a D ¡
� g C £ 2j_la	_ �
It is obviousthat 2Y_ � ] _ ; and 2�_ � ] _ ; , thus � and � aresubsequencesof� . �39�� ?rÊ since ¡
�´g C £ divides � ] anddoesnot divide � ¹ for all a and ¬ . Let� ?­A�v ] F ��� � Ñ� betheincreasingsequenceof numbersin � but not in � and � . If we
write numbers2 ��C8�EDVDED ; in increasingorder, this timewehavethefollowing picture
:

� � � Ñ2 D�D � © g�2 D³D � g C D�D³D³D�D³D�D³D³D � © gq20g\¡ � � 24£�¡�� g C £ D�D � ¡
� g C £ D³D ;� � � Ñ
andtherestof thenumbers(thedotsin thepicture)contributesequence� . > in one
line notationis asfollows.> ? ¡ � Ñ �!� Ñ � � �EDEDVD�� �ã ä,å æ� � v ��� � Ñ �VD8D9D8D9D9D8D9D8D9D9D8� v �ã ä�å æ� ñ ç � � � � � Ñ �!� Ñ � � �EDEDED:� �ã ä�å æ� £
Theproof goesalmostthesameasin case(i). Due to

� _ïÿ , � [� doesnot contain
any of the � ] ’s. Straightforward inductionshows that when 2�_²=q_r; � <Yg 2 ,
noneof �\[º containmorethan � gq2 consecutive integers.On theotherhand,when; � <sg�2�iq=I_l; , wealwayshavev � 6Z A > � �EDEDED�� > 

� º �m�	� � F and v ��� � Ñ 6Z A > º �VDEDEDV� > � F
If
� © ?�� , then v � ?�C and v ��� � Ñ ? ; � 2 , so v [ º _ C _3� gq2 . If

� ©�� � , then v � ? 2
and v �	� � Ñ ? ; , so v [ º ?\� . ×
For example,let ; ? 243 , < ? 2 C . =7H ? Ù 
����

� � Ú gÁ2 ? Ù � ���5 � � � � �
Ú g�2 ? 5 . � ?\C and2�3 ?�¤«D�¤ gq2 , so

� © ? 2�i6� gq2 in thiscase.Thesequences� and � areasfollows.
� ?q¤«� Å � 2 C8� 2�¥ . � ?\C8� ¥ � 2 �ª� 2 ¤ . Applying ourschemegivesuspermutation� © ? ¡)2�¥j2 C Å ¤ 243j2 § 2�5�272fÆ¨3 § 5j2¨2 ¤ 2 � ¥ C £
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3.3 Summary and Benefitsof the BoundedErr or Case

Thefollowing theoremsummarizesourwork on thedeterministiccases.

Theorem 1 If < and ; arebothdetermined,then: =7H ?e� when< ?e� and =7H ? ; when<��l;: =7H ? Ù 
�	��

� � Ú g�2 when� i�<�i�; .

Proof: sinceif � i�<@_ � �
then Ù 
����

� � Ú ?ï� , this is immediatefrom thepreceding

lemmasandremark. Also notethat if the desired=7H is given, theseformulasallow us to
find theminimumbuffer size ;IH to achieve =7H .

Algorithm v;� n v0< n � ��=?>.= ��; < � � � aA@�B»¡%; � <½£ is a permutationgeneratorwhich generates
permutation> with ��[ ? =7H on input ; and< . Noticethatit takesonly lineartime.

calculatePermutation(m, p)
if <�_ � or <��l; then

outputtheidentitypermutation
end if
if <�_ � �

thenC D A
¬7� <�_ ¬ _ � � ®�¯7°V±�¡¢; ��¬ £ ? 2QF
if
C É?\Ê then<ª© D {���� A
¬7��¬ Z C F
for a D 2 to ; do>�¡%a"£ D ¡µ¡¢a � 24£¢<ª© {�¶ ±�;�£·gq2
end for

else
**

C ?eÊ , ; mustbeeven**< © ? � �
for a D 2 to ; do>�¡%a"£ D < © D ¡%a {�¶ ± C £·g E ]�GF
end for

end if
elseÿ D ; � <
� D Ù 
��� � Ú� D Ù ��,� � Ú� © D ; {�¶ ±�¡
� g C £

if
� © ? �fg�2 then
for a D 2 to

� gq2 do� ] D 20g\¡%a � 2�£ D ¡��+g C £� ] D ¡�� gq24£·g\¡¢a � 24£ D ¡��fg C £
end for� D A 2 � C8�EDEDED ;GF �ØA�� ] F �kA�� ] F� is extractedin increasingorder.
for a D 2 to

� gq2 do>�¡ � Ñ � � � ] £ D a
end for
for a D � g C to ; � ¡ � gq24£ do>�¡ v �	� ] � Ñ £ D a
end for
for a D ; � �

to ; do>�¡ � �	� ] � � £ D a
end for

else
** i.e. � _ � ©h_�� **
for a D 2 to

�
do� ] D � ©¼g�20g\¡¢a � 24£ D ¡��+g C £� ] D a D ¡�� g C £

end for� D A 2 � C8�EDEDED ;GF �ØA�� ] F �kA�� ] F
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� is extractedin increasingorder.
for a D 2 to

�
do>�¡ � Ñ � � � ] £ D a

end for
for a D � gq2 to ; � �

do>�¡ v ��� ] � Ñ � � £ D a
end for
for a D ; � � gq2 to ; do>�¡ � �	� ] � � £ D a
end for

end if
end if

Benefitsof solving the boundederror case
Theassumptionthat < is known canbeenvisionedin futurenetworkswheresomesort

of QoSguaranteesareprovided,suchasATM, Internet2,etc. . More importantly, it gives
usa rigid backgroundto solve theunboundederrorcase.



Chapter4

UnboundedNetwork Err or Case

4.1 Feedbackbasedpermutation adjustment protocol

Ourprotocolis asimplefeedbackbasedprotocol.SomeCM systemsuseTCP/IPfor com-
munication[HK92]. But it hasbeenshown in [Smi94] thatCM applicationsbasedonTCP
areunstablewhenthe real time bandwidthrequirementsfall below availablebandwidth.
Thusin this protocol,we usethe UDP communicationmodel(like [Smi, SRY93]). We
dynamicallyusethe solutionprovided in the deterministiccasesasa mechanismfor the
non-deterministicscenariopresentedhere.We assumethat ; , thebuffer size,is known in
advanceby bothclientandserver. This canalsobepartof a initial negotiation.

At theserver side,a buffer of size ; is kept. Server permutesframes(actuallyframe
indices)basedoncurrentsetof parameters,theninitiatestransmissionof theframesin the
buffer. Server changesthepermutationschemebasedon client’s feedback.Thepermuta-
tion schemechangesonly at thestartof thenext buffer of frames.

At theclient side,theclientwaitsfor a periodof ;�6IHJ� � ; =?K � ��= ( time neededfor the
client’s buffer to befilled up ) andcalculatesconsecutivenetwork lossfor this buffer win-
dow. Theclient keepstrackof thepreviouswindow’s estimatednetwork consecutive loss
andsendsits next estimationbackto theserver. It sendsfeedback(ACK) in aUDPpacket.
Note thatACK packet is alsogivena sequencenumberso thatout of orderACK packets
will be ignored. The server makesdecisionbasedon the maximumsequencenumbered
ACK.

Givenabuffer of size ; , initially theserverassumestheaveragecasewhere< ? Ù � � Ú .
Denote< ] as the actualconsecutive network loss,and <ML] as the estimatednetwork loss
in the a Ñ(Ò window. We useexponentialaveragingto estimatenext loss. Supposewe are
currentlyat the B Ñ(Ò window, <ML% is determinedby< L%j? E+N D < % ge¡)2 � N £ D < L% � � F

In this experiment,we have picked
N ? ��

. This valueturnsout to work just fine, as
shown in chapter5. Whetheror not thereexistsanoptimalvaluefor

N
is subjectto further

investigation.Basically,
N

measureshow muchweightwewould like to giveto thecurrent
network status.Thelarger

N
is, thelessweightwegive to thehistoryof network behavior.<ML% is roundedupbecausewewantto assumetheworseerror.
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4.2 Illustration of the protocol

Figure4.1 illustratean exampleof how client andserver interact. i ¬7� > ] � is the time
whereserversendsthe a Ñ(Ò frameof the ¬ Ñ(Ò buffer window. �¦�PO�¹ containingtheestimated<ML¹ sentbackby theclient. By thetimeservergets�¨�.Os¹ , it couldbein the ¡þ= � 24£ Ñ(Ò buffer
window. So,it uses�¦�PO�¹ for the = Ñ(Ò buffer window. Lastly, �¨�.Os¹ � � is lost, sowe have
notusedit for transmissionof any of thebuffer window subsequently.

Server ClientQSR�TVU � WQSR�TVU 'XWQSR�TVU�Y W
QSR�TVU�Z WQSR�TVU Z\[ � W
QSR�TVU�] WQSR_^ � T`U � W
QSR_^ � T`U ] W
QSR_^ba�T`U � W

c�dfeMg ��h�ig �
uses

h�ig
for scrambling

jlknm�oAp�j#q
rsp � qCycletimeof

c�d e g+t ����h�ig+t � �

Figure 4.1: A samplesession



Chapter5

Experimental Evaluation

Thefollowing two sectionspresentstheevaluationof ourschemein two scenarios.In one
casetheprotocoldescribedin section4.1hasbeenimplementedandtestedoveralonghaul
network. In thesecondcase,we usea datasetextractedfrom a real-timeapplicationsuch
as InternetPhoneandsimulateour protocol. We show the reductionin CLF in both the
cases.OurprotocolhassmoothedoutCLF tobewithin therangeof perceptuallyacceptable
tolerance.Also, it adaptsquitewell with abnormalityin network losspattern.Moreover,
almostall of CLF valuesarewithin therangeof perceptualtolerance(seesection2.1.Thus
thisapproachof of usingEndUserQoSasadirectmeansto controlMediaDeliveryshows
alot of promise.Thereareanumberof extensionsto theprotocolwhichwehavebeenand
arecurrentlylooking into. Thesearebriefly discussedin chapter6;

5.1 VideoExperiment : Actual Media Delivery over a Long Haul Net-
work

We have conductedexperimentsof sendingtwo MJPEGvideoclips overLAN andWAN.
Due to limited space,only the result of WAN is shown here. However, the behav-
ior of our protocol is the samein both cases. We transfereddatafrom a UltraSparc1
(rawana.cs.umn.edu)in ComputerSciencedepartment,Universityof Minnesotato another
SunSparc(lombok.cs.uwm.edu)in ComputerSciencedepartment,Universityof Wiscon-
sin, Mil waukee1. The experimentwasconductedat 9:45amwhennetwork traffic is ex-
pectedto beaverage.Bothclipshave resolution§ 2 Cvu 5QÅ ¤ . Clip 1 framesizesvariesfrom§7C 3Q¥ to 57¥75Q¥ ¤ byteswith Æ §¼¤Q¤ bytesasthemedian, 2 � Å ¤m§ bytesasthemeanand ¤Q¤m§Q�ªD 3
is the standardvariation. Thesenumbersfor clip 2 respectively are §Q� 3 C , 5 ¤7¤�� Å , 2 ��C Å C ,2 � Æª2�¥ and 57¥ ¤�C8D Å . Clip 1 contains C ¥ � 3 framesandclip 2 contains 243Q5Q¥ frames. Our
buffer window is of size §Q� . Threetimes“traceroute”2 told usthatthepacketstypically go
through14hopsin between.A sampletraceroutesessionis asfollows.�

Thanksto Mr. ThanhC. Nguyenat theDepartmentof ComputerScience,Universityof Wisconsin,Mil-
waukeefor helpingusin conductingthisexperiment�

Thanksto Mr. LuanV. Nguyenby the time wasa systemstaff at theDepartmentof ComputerScience,
Universityof Minnesota,for providing uswith this tracerouteresult
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1 eecscix.router.umn.edu (160.94.148.254) 2 ms 1 ms 1 ms
2 tc8x.router.umn.edu (128.101.192.254) 23 ms 4 ms 3 ms
3 tc0x.router.umn.edu (128.101.120.254) 6 ms 1 ms 1 ms
4 t3-gw.mixnet.net (198.174.96.5) 1 ms 1 ms 1 ms
5 border5-hssi1-0.Chicago.cw.net (204.70.186.5) 11 ms 11 ms 29 ms
6 core2-fddi-0.Chicago.cw.net (204.70.185.49) 11 ms 11 ms 11 ms
7 core2-hssi-3.WillowSprings.cw.net (204.70.1.225) 13 ms 13 ms 15 ms
8 core3.WillowSprings.cw.net (204.70.4.25) 310 ms 52 ms 123 ms
9 * ameritech-nap.WillowSprings.cw.net (204.70.1.198) 245 ms 35 ms
10 aads.nap.net (198.32.130.39) 18 ms 18 ms 21 ms
11 r-milwaukee-hub-a9-0-21.wiscnet.net (207.112.247.5) 25 ms 22 ms 27 ms
12 205.213.126.39 (205.213.126.39) 19 ms 20 ms 23 ms
13 miller.cs.uwm.edu (129.89.139.22) 24 ms 25 ms 21 ms
14 lombok.cs.uwm.edu (129.89.142.52) 24 ms * 25 ms

Figure5.1showstheresult.As canbeseenfrom thefigure,ourschemehasdonequite
well smoothingnetwork consecutivelosses.In a few casesourCLF is 1 higher(clip 2) but
thatwasdueto rapidchangesin network lossbehavior andit is expected.Mostof thetime
CLF is well below andalsowithin tolerableperceptuallimits (seesection2.1).
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Figure 5.1: Performanceof ourprotocolwhentransmittingvideoover longhaulnetwork

5.2 Simulation: Using data fr om a real time application lik e Inter net
Phone

Thedata3 wascollectedfor an InternetVoiceor Voiceon Networks(VON) application.
The server is vermouth.ee.umanitoba.ca(Canada)and the Client is rawana.cs.umn.edu
(Minnesota,USA). vermouthandrawanais aSUNUltraSparc1, runningSolarisV2.6 and
V2.5 respectively. Eachhostis ona10MbpsEthernet(LAN). Thetransmissionis overthe*

Thanksto Mr. Difu Su,ComputerScienceDepartment,Universityof Minnesota,for providing uswith the
dataset
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Internetandthedatasetwascollectedon a Saturday, from 10 amto 2 pm. The two files
presentedhereareof voicepacketsof sizes160and480bytes.As canbeseenfrom figure
5.2 the actualCLF’s of network lossesarevaryingwhile the CLF basedon our protocol
alwayshaslowerCLF (in thiscaseCLF=1,implying noconsecutive losses).
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Chapter6

Conclusions

In thisreportwehaveaddressedtheproblemof handlingburstylossesin continuousmedia
transmission.We formulatedthe problemin termsof a numberof parametersincluding
userQoSrequirements,senderresourceavailability, andnetwork lossbehavior. We in-
troducedthe ideaof error spreading, which takesspotsof concentratedbursty lossesand
spreadsit evenly over the entirestream.This makesthe streammoreacceptablefrom a
perceptualviewpoint [WSNF97].Our experimentsover theInternetshow thatthescheme
is quiteeffective.

Our ongoingwork is addressinga numberof issues. First, we want to develop an
analyticalformulationfor theunboundednetwork errorcase.Second,we wantto develop
metricswhichhelpustochoosewhichpermutationtobeusedwhenthefirst levelparameter
( =�H ) is not enoughto breakthe tie. Finally, we want to extend this idea to groupsof
synchronizedstreams.

An extensionof this work hasalreadybeendoneandis presentedin Srivatsan’s Mas-
ter’s report. In the report,heextendsthis ideato hanldestreamswith inter-framedepen-
dency suchasMPEG andshows that error spreadingcould be usedin conjunctionwith
otherexistingprotocolswithoutchangingtheunderliningprotocol.

From a Combinatorialpoint of view, it would be interestingto answerthe following
question: given ; and < , howmany>�Z � � are theresuch that � [ ? =7H ? Theanswerto
this is probablynot sodifficult to find, but it will be tediouswith variousboundarycases
involved.
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