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his paper onsiders the pro lem o meetin the o re uirements o media streams in olla oration
s stems or use o er ide area net orks. he o parameters onsidered laten itter pa ket loss
and as n hron arespei ed and ontrolled on an end to end asis. A o ontrol proto ol or ontrol
lin these parametersis des ri ed. he proto olis ased onano el approa h.

he asi idea o the approa h is to modulari e the proto ol su h that ea h module ontrols a sin le

o parameter. urther ea h module is assi ned a priorit . hese modules an then e in
anum er o a s resultin in a ariet o priorit assi nments to the o parameters thus allo in

ormore e ile o ontrol. he per orman e o the proto ol is e aluated throu h e periments. he
e periments illustrate ho the proto ol omposition approa h is a le to su ess ull en or e a priorit
amon st the o parameters allo in the parameters to e traded o in an appropriate manner.

ntrod ction

ith the emer en e o po er ul desktop omputers inter onne ted  hi h and idth net orks people
arein reasin 1 wusin the omputer or tasksthatin ol e olla oratin  ith others. u h olla orations

taket o orms and . As n hronous olla oration in ol es a person pu lish
in arious do uments in ludin te t raphi s audio ideo et . hi h an e retrie ed at a
other people. mail e ro sers su h as Mosai and ets ape and ork o te hnolo ies
are e amples o s stems that support as n hronous olla oration. n hronous olla oration on the
other hand allo s olla oration on a ommon task at the . ome o the tasks or hih
s n hronous olla oration has een ound er use ulin lude roup desi n editin  rain stormin and
data isuali ation. M apport therphone and MM on are e amples o s stems
that permit su h a orm o olla oration. e entl anum ero s stemssu h as at neot n is

and i tonamea e ha e een used ith a reat deal o su ess or olla oration o er the nternet
stems su h as these are the o us o this paper. A note on terminolo n the rest o the paper

e ill use the term olla oration to mean s n hronous olla oration .

A olla oration s stem t pi all has a shared orkspa e onsistin o one or more indo s re erred
to as shared indo s that ser e as the medium or the olla oration and in ludes support or audio
and ideo hi h ena les the parti ipants to ommuni ate er all and isuall a out the task at hand
in addition to the te tual or raphi al orm o ommuni ation pro ided the shared orkspa e.

As the a o e media streams s stem are transported o er the net ork the aresu et to aria le
dela s and pa ket loss that impa t the o erall wualit o the olla oration. e an hara teri e the




ualit o a olla oration session e parameters laten itter pa ket loss as n hron and it

rate. e onsider the rst our o these parameters in this paper i . laten itter pa ket loss and
as n hron . it rate ontrol has een addressed other resear hers see or e. . and an e
inte rated ith this ork.

he parameter measures the dela et een the initiation o some a tion su h as a person
speakin or per ormin an operation on a shared indo to the time its impa t is elt the other

parti ipants in the s stem su h as the audio or the operation on the shared indo ein re ei ed
the other parti ipants. or ood wualit olla oration sessions lo laten ies are essential.
is important or ontinuous media streams su h as audio and ideo and is a measure o the de ree to
hi h the pla a k pro eeds ithout reaks. huslo itter is desira le. he parameter
is a measure o the le el o relia ilit desired ea h media stream in the deli er o pa kets. ertain
media stream pa kets need to e deli ered relia 1 hile ertain other media stream pa kets an e
dropped. ore ample t pi al on ersational audio an tolerate a ertain amount o pa ket loss ithout
ausin appre ia le loss in audio wualit or loss in understandin . n the other hand updates to a
shared do ument in a roup editor need to e deli ered relia 1 as pa ket loss an ause the do ument
to ein an in onsistent state. inall the parameter is important as it is o ten ne essar to
keep t o or more media streams s n hroni ed. or e ample s n hroni in a tele pointer ith a om
pan in audio is ne essar to allo or e e ti e point and speak apa ilit in olla oration s stems.
Also to preser e lips n in audio ideo s stems it is ne essar to keep the audio and ideo streams
s n hroni ed.
he wualit parameters are de ned on an end to end asis and ser e as aspei ation o the ualit
o serie o desired the appli ation rom the s stem. he o parametersintera t ith ea h
other in interestin  a s and o ten one has to tradeo one ith respe ttoothers. hist pi all in ol es
assi nin some orm o priorities to the parameters. Mu h o the earlier orkon o ontrolin ol ed
pi kin a parti ular set o priorities or the arious o parameters onsidered and then desi nin a
proto ol or this priorit assi nment. ur o ontrol proto ol on the other hand is ased on a no el
approa h. he asi idea o the approa h is to reak up the proto ol into
modules su h that ea h module ontrols asin le o parameter. hese modules an then e
in anum er o a sresultin in a ariet o priorit assi nments thus allo in or more eile o
ontrol. ur o ontrol proto olis a est e ort proto ol althou hit an einte rated ith resour e
reser ation ased proto ols to pro ide deterministi  uarantees.
he rest o the paper is or ani ed as ollo s. e tion des ri es the stru ture o a olla oration
s stem and the media streams present in the s stem. e tion ormall de nes the o re uire
ments o the indi idual media streams. e tion des ri es the ke elements o the proposed proto ol
omposition ased approa h. e tion des ri es the proto ol or o ontrol and e tion presents
the per orman e e aluation o the proto ol. e tion  ontains omparison ith related ork. inall
e tion  on ludes this paper.

Components o a Collaboration System

ur ie o olla oration s stemsis dra n in lar e part rom our e perien e itht o pro e ts here at
the ni ersit o Mi hi an the pper Atmospheri esear h olla orator A pro e t and the
Medi al olla orator proet. he oalo A istoallo teles ien e pro idin as stem that
allo ss ientists lo ated around the orld and onne ted  the nternet to olla orate on data in this
ase upper atmospheri spa e data  olle ted arious instruments lo ated at remote lo ations. he
Medi al olla orator pro e t aims to pro ide tele radiolo herein radiolo ists and other do tors



\/\/\\[\

Shared Window
Image, Text, Shared
Window Ops
P Shared Window -
Manager
Audio
- Audio - Network
Manager
Video Video
- | ——
Manager
i ure omponents o a olla oration s stem

an olla orate on patient data in parti ular ra s and ultrasound ima es. n oth pro e ts there is
a need to make ertain data a aila le to people lo ated at di erent sites and allo them to olla orate
on that data usin shared indo s audio and ideo.

A olla oration s stem then in eneral onsists o data hannels to support shared indo s audio
hannels to support oi e ommuni ation and ideo hannels or displa in parti ipant ima es and

other related ima es 1. . ourse in di erent olla oration s stems not all t pes o hannels
ma e present dependin on the nature o the task ein olla orated upon and a aila le resour es.

A shared indo t pi all onsists o i.e. the o e ts that make up the user in
ter a e and i.e. o e ts that are part o the underl in appli ation . ntera e

o e tsin lude indo s uttons s roll ars menus and pointers hereas appli ation o e tsin lude
a do ument ein edited the stateo a hite oard and ima es o interest su h as ra wultrasound or
upper atmospheri radar ima es. a h shared indo atea h lient has a mana er module alled the
he shared indo mana er is responsi le or or ardin operations on the
inter a e o e ts su h as telepointer mo ements s roll ar operations wutton li ks indo resi in
operations et . and operations on the appli ation o e ts su h as modi ations to a do ument ein
edited in a roup editor to other lients that share the indo en apsulatin the operations as
messa es.
he audio that eare onsiderin is primaril on ersational audio. he ideothat eare onsiderin
is used or displa in ima es o parti ipants and other interestin e ents . he and
modules in ea h lient are responsi le or transmittin and re ei in audio and ideo
pa kets and or ontrollin the re ord and pla a k o audio and ideo respe ti el .
n addition to the a o e a olla oration s stem needs to maintain ertain meta in ormation a out
ea h a ti e session. e re er to this as and it in ludes in ormation re ardin en odin s
or the media streams mem ership in ormation oor ontrol in ormation and en r ption ke s.
hus in a olla oration s stem there are our main kinds o media streams

Media streams related to appli ation o e ts  hese media streams onsist o operations on ap
pli ation o e ts.

Media streams related tointer a eo e ts  hese media streams onsist o operations on inter a e
o e ts.

Media streams related to session state  hese media streams onsist o operations on session state.



Media streams aten itter Pa ket oss

Audio and ideo o) o Allo ed
Pointer mo ed e ents o o re mt. Allo ed
ther indo e ents o) o re mt. suall none
Appli ation operations o} o re mt. suall none
a le o re uirements o the arious media streams

Audio and ideo media streams  hese media streams onsist o audio and ideo pa kets that are
re orded  the audio and ideo de i es respe ti el .

QoS e irements

ased on the a 0o e ie o a olla oration s stem e an des ri e the re uirements o ea h o the
media streams ith respe t to the o parameters laten itter pa ket loss and as n hron .

or use ul olla oration a tions su h as a parti ipant speakin or a parti ipant makin
amodi ation toashared orkspa e should edeli ered ithlo laten totheother parti ipants
in the roup. i hlaten ies an impede the pro ress o the olla oration session.

Audio and ideo streams need to e deli ered ithlo itter in order to ensure ontinuous
pla a k.

pi all audio and ideo streams an tolerate a ertain amount o pa ket loss.
he pointer mo ed e ent stream ma also e a le to tolerate some pa ket loss. he other media
streams ma mnot e a le to tolerate an pa ket loss.

ore e ti e ommuni ation the shared indo data stream and the audio stream
must es n hroni ed. onsider the situation here a user mo es the pointer to dra attention to
a part o the data ein displa ed and simultaneousl talks a outit. a ko oods n hroni a
tion et een the pla a k o audio and the mo ement o the telepointer in a re ei ers indo
an e hi hI onwusin . wurther hen oth audio and ideo are present there needs to e
s n hroni ation lips n et een these t o streams as ell.

a le summari es these o re uirements.

Media stream pa kets or rames are enerated at the sour e transported o er the net ork and pla ed
a k at the destination. our time instants are o interest in the li etime o a pa ket rom the time it is
enerated to the time it is pla ed a k i .

or pa ket rom media stream  denoted is the time hen the pa ket is
a aila le to the appli ation a ter re ordin .

or pa ket rom media stream  denoted is the time hen the sour e sends the
pa ket to the destination.
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i ure omponents o pa ket end to end dela
or pa ket rom media stream denoted is the time hen the pa ket is
re ei ed at the destination.
or pa ket rom media stream  denoted is the time hen the pa ket is

pla ed a k at the destination.

rom the time a pa ket is enerated to the time the pa ket is pla ed a k itissu e ttoa ariet o
dela s 1. . hesedela s an e separated into three ate ories dela at the sour e sour e dela
dela in the net ork net ork dela  and dela at the destination destination dela . he sour e dela
onsists o proto ol pro essin and pro ess s hedulin dela s and dela s due to an u erin done at
the sour e. he net ork dela onsists o the transmission dela and wueuein and proto ol pro essin
dela s at intermediate s it hin nodes. he re ei er dela onsists o possi le u erin at the re ei er
and proto ol pro essin and pro ess s hedulin dela s. n this ork dela s due to proto ol pro essin
and pro ess s hedulin dela s at the sour e and destination are assumed to e ed and small ompared
to net ork dela s.

ote that the sour e here pa kets are enerated and the destination here the are pla ed a k
an eon di erent ma hines ith di erent lo ks. e assume that these lo ks are kept appro imatel
s n hroni ed throu h the use o proto ols su h as P . he lo k ske is denoted

e anno ormall de ne laten itter and as n hron pa ket loss is strai ht or ard and needs
no urther ela oration .

aten measures the elapsed time rom pa ket eneration to pla a k. tis i en

rearran in the a o e e uation the pla a k time o the pa ketis i en

Media streams an e either media streams su h as audio or ideo or the an e

media streams su h as indo e ent streams. A ontinuous media stream is hara teri ed data
samples or pa kets ein  enerated at re ular ed inter als in time. n ontrast dis rete media
streams enerate data at irre ular instants in time. urther or proper pla a k the data pa kets
rom a ontinuous media stream need to e pla ed a k ith lo itter. itter on the other hand is
not an issue ith dis rete media streams.



or ontinuous pla a k o media stream e re uire that the time separation et een su essi e
pa kets at eneration e the same as the time separation et een them at pla a k i.e.

itter or a ap in the pla a k results hen this ondition is iolated i.e. hen e ha e the
ollo in
hen onsiderin t o or more streams another parameter is ne essar to hara teri e the

ualit o the olla oration. As n hron measures the de ree to hi h the streams are s n hroni ed
ith ea h other. n hroni ation in ol es maintainin  ertain temporal orderin s et een pa kets as
the arepla ed a k at the destination. n hronism is lost hen these temporal orderin s are iolated.
his an happen due to ariations in end to end laten ies o the pa kets.
here are t o ommonl o urrin orms o inter stream s n hroni ation. he rst audio and
indo e ent stream s n hroni ation in ol es s n hroni in a ontinuous media stream audio ith
a dis rete media stream indo e ents . he other audio and ideo stream s n hroni ation in ol es
s n hroni in t o ontinuous media streams.

Audio and indo e ent s n hroni ation attempts to ensure that indo e ents su h as mouse
e ents ke oarde ents et . hih are enerated at the sour e indo are pla ed a k at the des
tination indo at rou hl the same time as an audio that a ompanied the e ent eneration su h
as a person speakin and usin the mouse . i ure sho s the re ordin and pla a k o an audio
pa ket a ompanied  the eneration and pla a ko indo e ents and . Audio and ideo
s n hroni ation hi h in ol es maintainin lips n an e de ned in a similar manner.

As n hron an e de ned either ith respe t to a lo al time line or ith respe t to a parti ular
media stream. in e the sour e and destinations o media streams are on ph si all distri uted nodes
de nin as n hron ith respe t to a lo al time line is di ult and so e de ne it ith respe t to a
parti ular media stream.

he as n hron et een media streams and denoted measured ith respe t to media
stream is de ned as

here and are the re ord and pla a k times respe ti el o pa ket rom media stream

and are the re ord and pla a k times respe ti el o pa ket rom media stream  and
and are the most re ent pa kets pla ed a k or ea h media stream.
n i. indo e ent is ahead o theaudiopa ket indo e ent ispere tl s n hroni ed
ith the audio pa ket i.e. the as n hron is and indo e ent is la in ehind the audio
pa ket.
A ke di eren e et een audio indo e ent and audio ideo s n hroni ation is the notion o
as n hron . Audio and ideo are ontinuous media and i the e er all out o s n hronism
due to ar in net ork dela s the ill remain out o s n hronism unless the s n hroni ation proto ol
attempts to dela one o the streams or drop pa kets rom one o the streams. he situation is di erent
ith audio and indo e ent pa kets. as n hron arises e ausea e indo e ents et dela ed due
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i ure Audio and indo e ents n hroni ation

to on estion in the net ork it does not impl that the as n hron ill ontinue toe ist. su se uent
indo e ents arri e on time the indo e ent stream an at h up pro ided the destination is not
P ound atpla a ko indo e ents. hus aproto ol ors n hroni in audio and indo e ent
pa kets should not introdu e laten ies in order to a hie e s n hroni ation durin periods o transient
as n hron et eenthet ostreams. t an e uitea epta le orthe audio and indo e ent pa kets
to eout o s n hronism e en  lar e amounts so lon as the o this as n hron is small.

n order or the o parametersto e ontrolled ertain a epta le alues need to espei ed oreah
parameter. or the o parameters onsidered here e ha e hosen the ollo in set o alues that
ill need to e spe i ed in order to hara teri e the wualit o as n hronous olla oration.

A epta lelaten is spe i ed usin t o thresholds _ and _ .
he rst threshold _ spe i es a desira le alue o laten hile the other
threshold _ spe i es a ma imum a epta le alue o the laten
he a epta le itter is de ned in terms o the ma imum num er o aps _ allo ed

in the pla a k o er a time period

A epta le pa ket loss is spe i ed in terms o

he ma imum allo a le pa ket loss _ o er time and

he ma imum num er o su essi e pa kets _ that an e dropped.
n addition there ma e ertain spe ial pa kets that annot e dropped e. . ramesin MP G
streams .
A epta leas n hron isspe i edin termso aninter al _ here

- - - - . - - and
spe i the amounts hi h the stream an e ahead and ehind the stream respe ti el
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i ure Approa h to meetin o re uirements

ith hi hitis ein s n hroni ed. hile as n hron an e monitored and ontrolled or ea h
pa ket it is usuall on enient to a era e it o er an inter al denoted and that is the
approa h taken in this paper.

e note the ollo in a out thea o espei ation o thea epta le alues o the o parameters

a h o parameter has an a epta le ran e o alues. or e ample or laten the a epta le

alues o laten are et een - and -
aten itter and pa ket loss are de ned or indi idual streams and are dire t1 a e ted
pre ailin s stem onditions su h as net ork dela . n the other hand a sn hron is de ned

et een streams and so it is impa ted s stem onditions in an indire t ashion.

Protocol Composition

he t pi al usa e s enario in a olla oration s stem in ol es a user initiatin a ne  olla oration
session or oinin an e istin session. At this time a state transer o wurs herein the user oinin
the session re ei es the state o the shared orkspa e in ormation a out the media streams ein used
in the session and an other state ne essar or that user to e a part o the olla oration session.

he user an then e in tosend su e t to possi le oor ontrol poli iesin e e t and re ei e media
streams. he o ontrol o the media streams re ei ed is done independentl ea h user and is thus

he o ontrol essentiall in ol es omputin the pla a k time o ea h pa ket monitorin the
arious o parameters hile the pa kets rom the media streams are ein pla ed a k and ad ustin
the pla a k time to meet the o re uirements i . he pla a k time omputation has to
determine hether to u er a pa ket eorepla ak andi so or ho lon or not pla it at all and
simpl drop it. he de ision is ased on the spe i ed alues o the o parameters and their o ser ed
alues.
he o parametersintera t ith ea h other in man interestin  a s and o ten one has to tradeo
one ith respe t to the others. or e ample itter and laten on it ith ea h other. he alueo
laten  mneeds to e hosen su h that it is lar e enou h to smooth out ariations in the net ork dela
so that a er lar e num er o pa kets an e pla ed a k ith the same laten and hen e no itter.
his an ea omplished hoosin a er lar e alue o laten so that most ariations in net ork
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i ure he inputs and outputs 0 a o module

dela  ill not ause itter. o e er this on i ts ith there uirement o ha in lo enou h laten to
allo or meanin ul s n hronous olla oration. he proto ol must e a le to strike a alan e et een
these on i tin re uirements. n a similar manner as n hron on i ts ith laten too. o redu e
as n hron the laten ies an e kept hi h ut a ain this on i ts ith the lo laten re uirement.
he approa hto o ontrol that e propose hereto e a le todeal ith su htradeo sis ased on the
idea o . he asi idea o the approa his to reak up the proto ol into modules
su h that ea h module ontrols a sin le o parameter. he inputs to ea h module are the urrent
alues or the o parameters the spe i ed alues or the o parameters and the net ork dela o
the in omin pa ket. he module uses these alues to determine ne  alues or the o parameters

i
o ea letoe eti el deal ith the on i tin re uirements o the o parameters ea h module
is asssi ned a priorit . n e priorities are assi ned the approa h allo s or a linear o the
modules  here the outputs o one module are input to the ne t module. An e ample omposition is
sho nin i . . he le tmost module has the hi hest priorit the module to its immediate ri ht has
the ne t hi hest priorit and so on until the ri htmost module hi h has the lo est priorit . he
priorities are then used to ensure that hile ea h module tries to ontrol its o parameter it does
not a e t the o parameters that are ontrolled  modules o hi her priorit . hus  appropriatel

omposin the o modules it is possi le tostrikea alan e et een theoten on i tin re uirements
o the o parameters.

QoS Control Protocol

As des ri edin e tion .. thepla a k time o a pa ket is o tained addin a ertain dela the
laten  to the time that the pa ket as enerated. n order to determine an appropriate alue or
laten it is use ul to de ne the notion o a . A pa ket spurt is a roup o onse uti e

pa kets su h that ea h pa ket in the roup arri es at the re ei er at or e ore its pla a k time i.e.
the net ork dela o the pa ketis ithin the hosen laten alue. Aslon as this ontinues to happen
the pla a k ill pro eed ithout an aps. a h pa ket in this pa ket spurt is pla ed a k ith the
same laten . his laten alled the ill e denoted _ . othepla ak
time o ea h pa ket is then
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i ure An e ample omposition o the o modules

A pa ket spurt an end due to one o t o reasons. irst it is possi le that there is a reak in the
pa ket stream at the sour e itsel . or e ample in the ase o audio it is possi le that an audio pa ket
enerated at the sour e ma not e sent as it denotes silen e. n the ase o ideo it is possi le that a
ideo pa ket enerated at the sour e ma not e sent due to ompression. n oth ases the pa ket
spurt ends simpl e ause there are no more pa kets to pla in the urrent pa ket spurt. A pa ket spurt
an also end e ause a pa ket e perien es a net ork dela lar er than the spurt laten due to hi h

it arri es late or the pa ket is lost entirel in hi h ase it ne er rea hes the destination.

A ood estimate o spurt laten is needed in order to determine the pla a k point.  hile hoosin
an appropriate alue o spurt laten the on i tin re uirements o laten itter pa ket loss and
as n hron need to e traded o . elo e dis uss ho thisis a omplished.

he spurt laten is madeup o t o omponents the and the

he o the spurt laten  denoted _ isa un tion o the net ork
dela and is hosen so as to strike a tradeo et een laten itter and pa ket loss. omputation o
- isdes 11 edin e tion .. elo

he other omponent o the spurt laten is the _ . he
as n hron omponent is a un tion o the as n hron et een an stream that stream is ein
s n hroni ed ith. t is hosen so as to strike a tradeo et een laten itter pa ket loss and
as n hron . he omputation o _ isdes ri edin e tion . elo

o summari e then the pla a k time o a pa ket is o tained addin the spurt laten  to the

eneration time o the pa ket  here the spurt laten is made up o t o omponents the net ork
omponent and the as n hron omponent. he net ork omponent is a un tion o the net ork dela
hile the as n hron omponentisa un tion o theas n hron et eenthestreams ein s n hroni ed.

he laten  ontrol module is split up intot o modules the module and the
module ea ho hih an e omposed as a separate unit.



he module tries to ontrol the laten su h that the upper ound on a epta le laten
_ is satis ed. he net ork omponent o the spurt laten _ or a
pa ket spurt is determined the rst pa ket in the pa ket spurt. his laten is then used or the
entire pa ket spurt e en thou h the a tual omputed spurt laten  or ea h pa ket in that spurt ma
e di erent. he un tion _ i. does the main ork o omputin _ .
A runnin a era e and arian e o the net ork dela is maintained and these are used to ompute
_ in a manner similar to the approa h used in .ono i, the un tion

omputes the a era e o the net ork dela denoted as a el hted sum o the net ork dela o
the urrent pa ket denoted and the pre ious alue o the runnin a era e . n a similar

manner the arian e o the net ork dela denoted is omputed as the ei hted sum o the
di eren e et een the a era e and urrent alue o the dela and the pre ious alue o the arian e.
he un tion _ then uses the net ork dela o the urrent pa ket and the
runnin a era e and arian e o the dela s to ompute _ . here are t o ases to deal
ith here.  hen the net ork dela o the pa ket is less than a threshold alled the
denoted _ then the laten is omputed usin a el hted sum o the a era e and
arian e o the net ork dela s. his s heme is a le to adapt to most t pi al ariations in net ork
dela . asionall ho e er there are er lar e and rapid u tuations in the net ork dela . u h
u tuations ill not e dete ted wui kl the el hted sums. n order to e a le to adapt rapidl
tosu h u tuations i the net ork dela is a o e the spike threshold then the _ is simpl
set to the urrent net ork dela .

A pa ket ith a net ork dela reater than the wurrent spurt laten ill e alate arri in pa ket
and ill ause the pa ket spurt to end. At this point there are t o ourses o a tion. he rstis to
pla the pa ket ith a resultant in rease in the laten o the stream. he other ourse o a tion is to
simpl drop the pa ket hi h ill a oid the laten in rease. ote ho e er that in either ase there

ill ea apinthe pla a k and hen e itter . he pa ket is pla ed ith in reased laten  aslon as
the ne laten is ithin the spe i ed ma imum tolera le laten _ . he pa ket
is dropped i the laten is a o e this limit. he proto ol is summari ed in 1 .

hen the spurt laten o a ontinuous media stream is in reased in response to a late arri in pa ket
there is an issue 0 hen it is easi le to rin the laten a kdo na ain. onsider the ase here the
net ork dela de reases uni orml or all pa kets a ter the rst pa ket in that pa ket spurt. Pa kets ill
then spend a lon er time aitin at the re ei er eore pla a k e ause o the hi her spurt laten
n su h a situation e anredu e thelaten o the stream  droppin one or more pa kets hi his
t pi all possi le to doi the spe i ed pa ket loss parameters permits this. he module
tries to a omplish this.
he proto ol determines hether the laten should e redu ed  monitorin the di eren e et een

the urrent alue o the net ork omponent o the spurt laten _ and the omputed alue
o} _ or ea h in omin pa ket. this di eren e a era ed o er a monitorin inter al is
hi her than a threshold denoted _ then it is an indi ation that pa kets are
arri in earlier on the a era e and it is possi le to redu e the _ . he num er o pa kets

to dropis i en



ode to he ki pa kets should e pla ed a k or dropped

pa ket arri es at or e ore pla a k time
u er and then pla a k pa ket

ate pa ket implies a ap in the pla a k
pdate ap ount

Pa ket needs to e dropped
pdate pa ket loss ounts

ompute ne net ork pa ket spurt laten  in reased
- min -
pla a k pa ket i

e end is the net ork dela is the runnin a era e and the runnin  arian e o the
net ork dela . he supers ript is used to denote the alue o these aria les or the pa ket o
media stream

i ure aten Ma ontrol omputin the net ork omponent o spurt laten



laten an e redu ed
e istin _ omputed _
num o pkts in time

num. pkts to drop _

i ure aten Min ontrol edu in the laten o a ontinuous media stream
here  _ is the a era e o er the monitorin inter al o the di eren e et een the urrent
e istin _ and the _ omputed or ea h pa ket and is the time
to pla a k ea h pa ket assumed here to e identi al or ea h pa ket the e tension to the ase here
the pla a k times or pa kets are di erent is strai ht or ard . his is summari ed in i .
he module is responsi le or ontrollin the as n hron et een pairs o streams that are

to e s n hroni ed. n order to meet the inter stream s n hroni ation re uirements the as n hron
module monitors the as n hron et een the streams. ased upon the o ser ed as n hron orre ti e

a tions are taken as ne essar . n parti ular onsider t o streams and . stream is ahead o
stream  and the amount it is ahead is outside the spe i ed as n hron inter al _
then stream  needs to e dela ed. his dela is the as n hron omponent o the spurt laten
_ as des ri ed at the e innin o the se tion. he _ alue is added to
the net ork omponent o the spurt laten to o tain the spurt laten
he _ alue is set su h that at an i en time one o the streams al a s has a
ero _ . 0 eore asso iatin a _ alue ith a stream e ensure that
an _ asso iated ith the other stream is rst redu ed to ero. his is done in or
der to a oid situations here oth streams ha e positi e _ alues  hi h onl leads
to in reases in the laten ies o the streams. i . summari es the omputation o _
n the ure i the a era e as n hron denoted measured o er the monitorin inter
al is outside the a epta le ran e o as n hron _ hi h is the losed inter al
_ _ _ _ then the alues o _ are

ad usted as des 11 ed a o e.

n the urrent ersion o the proto ol the and ontrol modules are simple. he itter
ontrol module monitors the ap ount o er the monitorin inter al . the ap ount is more
than _ then a o iolationis a ed and one or moreo the o parameterspe i ations

ill need to e modi ed. imilarl the pa ket loss ontrol module monitors the pa ket loss ounts.



_ all initiall ero

stream ahead o stream  dela stream

_ amount to redu e dela

amount to dela stream is _

stream ahead o stream  dela stream

Same as a O € €

ept roles o and inter han ed

e end

1 ure

omputin the as n hron omponent o spurt laten



- and -
pa ket arri ed out o order dela it
dela pa ket or time _

pass pkt. alon to o ontrol module

1 ure A tions taken the se uen er module
the pa ket loss ounts o er the monitorin inter al e eed either o the _
and _ onstraints then tooa o iolationis a ed and one or more o the o

parameter spe i ations ill need to e modi ed.

pa kets arri e out o order at the re ei er then the mneed to e re ordered e ore the are pla ed
a k. his is a omplished the module i . . he se uen er operates dela in

in omin pa kets that are out o order until their pla a k time at hi h time the are sent onto the
o ontrol modules or possi le pla a k i .

perimental al ation

n order to test thee e ti enesso thea o e o ontrol s heme in meetin the o re uirements e
ondu ted a series o e periments usin audio and shared indo data streams. hared indo s ere
implemented usin the 1 k toolkit. e onsidered telepointin herein the pointer mo ements in
the shared indo are reprodu ed in opies o that indo . elepointin  as a ompanied audio.
he oal asto ensure desira le laten o mse - ma imum tolera le laten
o} ms _ or oth the audio and pointer e ent streams. n addition the audio
stream re uired lo itter and a ma imum pa ket loss o _ hile the pointer
e ent stream re uired relia le deli er - and had no itter re uirement. urther
the audio and pointer e ent streams ere to e kept s n hroni ed ithin ms _ .
Audio as re orded and pla ed a k usin the audio hard are at it . he audio
pa ket si e used as tes orrespondin toa out mso audio. a h pointer e ent astrapped
at the sour e and pa ka ed into a te pa ket. he audio and pointer e ent pa kets enerated at
the sour e indo ere transported o er the net ork and deli ered to the appli ation at the re ei er.
he pa kets eresu e ttonet orkload onditions similar to those o ser ed on the nternet
n parti ular spikes and sustained ariations in net ork dela s ere introdu ed in oth the audio and
pointer e ent streams see i s. and . n order to test the ro ustness o the proto ol and also
to allo  or situations here the t o media streams ha e di erent net ork dela ariations possi |
e ause o di erent routes and di erent semanti re uirements su h as atomi it  the spikes in thet o
streams ere introdu ed at di erent times. or repeata ilit o the e periments the send and arri al
times o pa kets ere re orded in a le and these ere then used to ompute the pla a k times.



Packet-Loss Asynchrony

i ure Proto ol omposition used in the e periments

A uni orm inter al asused or monitorin the arious o parameters i.e.

hen monitorin as n hron et een audio and indo e ent streams e ensured that the as n hron

as persistent eore e took an orre ti e a tions. his as done to a oid in reasin laten ies in
response to transient as n hronies. n order to determine persisten e e re uired that the num er o
pointer e ent pa kets o er the monitorin inter al e lar er than some minimum amount de ned in an
appli ation spe i  manner

he o ontrol modules ere omposed as sho nin i . . he module has the
hi hest priorit ollo ed  the module the module the module
and nall the module.

esults o the e periments are reportedin i s. to . here eret osetso e perimentsrun oth

usin the same proto ol omposition des ri ed a 0 e. heonl di eren e asthatinthe rstrun there
as no inter stream s n hroni ation per ormed hile in the se ond run inter stream s n hroni ation
as per ormed. he net ork dela s e perien ed ea h stream in oth runs are similar and are
plotted in i s. and . is. and are rom the run here inter stream s n hroni ation
as per ormed. i . plots the laten o the audio stream i . plotstheas n hron et een the
audio and pointer e ents and 1 . plots the pa ket drops and aps durin the pla a k o the audio
stream. i . plots the as n hron rom the run hen no s n hroni ation as per ormed.
et us look at the audio laten plottedin i . . helaten in reases in response to the in reases
in the net ork dela sa around times and ms . he in rease in the laten is ounded
a oe the _ spe i ation o ms. in e aten Ma hasalo er priorit than
pa ket loss an in reases in the laten are su h that the the pa ket loss spe i ations are not iolated.
n a tsin e pa ket loss has the hi hest priorit noti e that the pa ket loss plottedin i . durin the
entire run is held at or elo the spe i ed alue o _ . urther on e the laten has
in reased a o e the _ spe i ation o ms e orts are made to lo er the laten
pro ided the pa ket loss ounts permit it. hus a ter the laten in reases around times and
ms i. laten is rou ht do n in a step like ashion respe tin the pa ket loss onstraints.
et us ne t look at the as n hron plots ienin 1. and i. . eallthat i. plots the
as n hron e perien ed the pointer e ents in the run  hen s n hroni ation as per ormed hile
i. plots the as n hron rom the run here no s n hroni ation as per ormed. oti e that the
as n hron in the run hen s n hroni ation as per ormed 1 . is maintained to et een
ms or most o the time. n parti ular durin the times to se hen the net ork dela o the
audio stream aries idel and to se hen the net ork dela o the pointer e ent stream
aries idel  the as n hron is held to et een ms most o the time. he times hen it is
outside the inter al orrespond to the times hen the pa ket loss parameters restri t the as n hron
ontrol respe tin the hi her priorit o pa ket loss o er as n hron . n the other hand as n hron
in the no s n hroni ation ase i . is outside the spe i ed inter al _ o} ms a
lar e num er o times.
urthermore et een times and se the audio stream is dela ed in order to maintain s n
hroni ation and the audio laten in reases rom a out ms to ms . . oti e that
the laten sta s at this le el until a out time se hen the ide ariations in the pointer e ent



net ork dela s ease 1. and then the laten is lo ered in a step like ashion respe tin the

pa ket loss rate limit. Durin this period no e ort as made tolo er thelaten to the desired ms

le el in order to preser e the s n hroni ation sin e laten min has a lo er priorit than as n hron .
hus the e periments illustrate ho the proto ol ompositionisa letosu essull en or e a priorit

amon st the o parameters allo in them to e traded o in an appropriate manner.
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elated or

Proto ol omposition has een used in other onte tsas ell. t asori inall proposed or use ith
ommuni ation proto ols su h as P Pand P in the ernel s stem . t as later used to
ompose roup ommuni ation proto olsin in the onsul s stem and re entl in the orus stem
o eer earenota areo itsuse or o ontrol.
he o parameters onsidered here are essentiall similar to those onsidered others in the
eld e. . . heneed or s n hroni in audio ith a tions in shared indo s
and a ormali ation o this s n hroni ation as reported in . Audio and ideo s n hroni ation as
onsidered in . nthe urrent ersion o the proto ol s n hroni ation et een pairs o streams
is onsidered. Approa hes to s n hroni in multiple streams ere des ri ed in and these
an e adapted to our approa h.
ork on pla in  a k stored media streams in s n hronism e. . are also also related
toour ork. o e er sin elaten isnotasmu ho a on ernasin olla oration s stems i.e. stored
media stream pla a k an tolerate hi her laten ies solutions tend to e di erent.
arlier orkon o ontrolin ol ed pi kin a parti ular set o priorities or the arious o param
eters onsidered and then desi nin a proto ol or this priorit assi nment .
ur o ontrol proto ol on the other hand hi his ased on is modulari ed in
a manner su h that the indi idual modules an e inanum er o a sresultin in a ariet
o priorit assi nments thus allo in ormore e ile o ontrol

Concl sions

his paper has onsidered the pro lem o o meetin the o re uirements o the media streams in
olla oration s stems or use o er ide area net orks. he o parameters onsidered laten itter
pa ket loss and as n hron arespe i ed and ontrolled on an end to end asis. A o ontrol proto ol
or ontrollin these parameters as des ri ed. he proto ol is ased on a no el
approa h. he asi idea o the approa h is to modulari e the proto ol su h that ea h module

ontrols a sin le o parameter. hese modules an then e in a num er o a s resultin
in a ariet o priorit assi nments to the o parameters thus allo in ormore e i le o ontrol
he per orman e o the proto ol as e aluated throu h e periments. he load onditions used ere
similar to those seen on the nternet. he proto ol as ound to per orm ell under these onditions.
he e periments illustrated ho the proto ol omposition as a le to su essull en or e a priorit
amon st the o parameters allo in them to e traded o in an appropriate manner. n the uture
e hope to stud other possi le proto ol ompositions to e a le to apture a ider ran e o o

ontrol trade o s.

his ork is supported in part the ational ien e oundation under ooperati e a reement
and under rant
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