|  METHOD AND SYSTEM FOR ENCAPSULATI NG CELLS TECHNI CAL FI ELD OF THE

| NVENTI ON This invention relates generally to the field of data

comuni cation and nore specifically to a method and system for

encapsul ating cells. BACKGROUND OF THE | NVENTI ON Encapsul ating cells in a
conmmuni cation system may involve the use of nmultiple queues for buffering
cells waiting to be encapsulated. Cells at different queues, however, may
experience different waiting tines prior to encapsul ation, also known as
cell delay variation. Cell delay wvarifation may introduce unwanted jitter
into the communi cation system Moreover, encapsul ation according to known
techni ques nmay result in sub- optimal bandvm dt h usage of a conmmuni cations
channel | Consequent I“9”%%6@6‘%11‘1“5?H%F@EIQWWUFéTMQEbW| ng jitter and
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i nventi onoRMAWedesd ﬁstggggcg}gggagsg[augg&ﬁpsul ating cells, conprising: receiving
a plurality of cells at a queue, the queue associ ated with a plurality of
deci si on points, each decision point corresponding to a nunber of cells,
-each decigAGRGRBURD 0P PSRRI AEEHloW th a threshold criterion; repeating the
following untiT satisfying a threéshold criterion: accunulating at the
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SUMMARY OF THE INVENTION

In accordance with the present invention, disadvantages and problems associated with
previous techniques for encapsulation of cells in data communication may be reduced or
eliminated.

- One aspect of the present invention provides a method for encapsulating cells,
comprising: receiving a plurality of cells at a queue, the queue associated with a plurality of
decision points, each decision point corresponding to a number of cells, cach decision point
associated with a threshold criterion; repeating the following until satisfying a threshold criterion:
accumulating at.the queue a number of cells corresponding to a decision point; predicting jitter
associated with the cells; determining whether the predicted jitter satisfies the threshold criterion

- associated with the decision point; sending the cells to a buffer coupled to the queue if the
predicted jitter satisfies the threshold criterion; and continuing to accumulate at the queue a

number of cells corresponding to a next decision point; and encapsulating the cells at the buffer.




associated wwth a threshold criterion; and a processor coupled to the queue
and operable to: repeat the followng until satisfying a threshold
criterion: accurul ating at the gqueue a nunber of cells corresponding to a
deci sion point; predicting jitter associated with the cells; determning
whether the predicted jitter satisfies the threshold criterion associ ated
with the decision point; sending the cells to a buffer coupled to the
queue if the predicted jitter satisfies the threshold criterion; and
continuing to accunul ate at the queue;a nunber of cells corresponding to a
next decision point.; and encapsulate the cells at the buffer. A further
aspect of the present invention provides a systemfor encapsulating cells,
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the queue if the predicted jitter satisfies the threshold criterion; and continuing to accumulate at
the queue a number of cells corresponding to a next decision point means for encapsulating the

cells at the buffer.

Another aspect of the present invention provides a method for encapsulating cells,
comprising: receiving a plurality of cells at a queue, the queue associated with a plurality of
decision points, each decision point corresponding to a number of cells, each decision point
associated with a threshold criterion describing a threshold number of packets at a buffer coupled
to the queue; calculating a plurality of fill time matrices associated with a plurality of other
queues by calculating a waiting period between encapsulating at a current decision point and
encapsulating at a next decision point, determining information about a plurality of sets of

packets sent to the buffer from the other queue during the waiting period, each set of packets




of packets at the buffer, and predicting the nunber of packets according to
the current nunber of packets at the buffer and the fill tinme matrices in
order to predict the jitter associated with the «cells; determ ning whether
t he predicted nunber satisfies the threshold criterion; sending the cells
to the buffer if the predicted jitter satisfies the threshold criterion;
and continuing to accunul ate at the queue a nunber of cells correspondi ng
to a next decision point; and encapsulating the cells at the buffer by
generating an encapsul ati on section bﬁ addi ng a section header and a
section footer to the cells, and pac Etizing t he encapsul ati on section
into a plurality of packets, each packet conprising a packet header and a
packet footer, CErta%ﬂ enbod| nents_of the invention may Erovide one or nore
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i |1 ust r at'SEPEEARAEH bafer BMLLBEER BPI°hg cell's to form encapsul ation

sections; FIGURE 2 illustrates a packetized encapsul ati on section; FlIGURE 3

illustrates eQFa sul atjon sections for which cell delay variation nay be
_ crtain embodiments of the invention may provide one or more te¢hnical advantages. A

- technical advantage of one embodiment may be that the number of cells to




20 calculated; FIGURE 4 is a flowchart illustrati ng a nethod for .
encapsul ating cells; and FIGQURES is a flowhart illustrating a net hod for
predicting jitter. DETAILED DESCRI PTION OF THE DRAW NGS 25 FI GURE 1
illustrat es a system 10 for encapsul ating cells to-form encapsul ation
sections. 110 adjusts the number of cells waitinBCTEstsgencapsul at ed
at a queue |n response to predicted jitter, which depends on the nunber of
cells waiting to. be encapsulated at other queues. By adjusting the nunber
of cells to be-encapsul ated, system 10 may control jitter while '
mai ntai ning efficiency. In general, 2encapsul ating a snaller, 30 nunber of
cells reduces jitter, while encapsulating a | arger nunber of cells inproves
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15  the accompanying drawings, in which:

i

FIGURE 1 illustrates a system for encapsulating cells to form encapsulation

sections;
FIGURE 2 illustrates a packetized encapsulation section;

FIGURE 3 illustrates encapsulation sections for which celi delay variation may be
20 calculated;

FIGURE 4 is a flowchart iliustrating a method for encapsulating cells; and
FIGURE 5 i is a flowchart illustrating a method for predlctmg Jitter.

DETAILED DESCRIPTION OF THE DRAWINGS

25 : FIGURE 1 illustrates a éystem 10 for encapsulating cells fo form encapsulation

sections. System 10 adjusts the number of cells waiting to be encapsulated at a queune in
- response to predicted jitter, which depends on the number of cells waiting to be
encapsulated at other queues. By adjusting the number of cells to be encapsulated, system
10 may control jitter while maintaining efficiency. In general, encapsulating a smaller.

| 30 number of cells reduces jitter, while encapsulating a larger number of cells IMProves




jitter tolerant according to any suitable . definition of "jitter tolerant,"”
and jitter intolerant traffic may conprise any traffic that is not jitter
tolerant.. For exanple, .jitter intolerant 20 traffic may include voice
traffic. System 10 incfudes a switch 26 and an encapsul ator 30. Switch 26
recei ves cwi0d/103241om vi deo fl ows 20 and from data fl owsPeRUsSMdagends cel |l s
to encapsulator 30. Switch 26 may conprise an asynchronous transfer node
(ATM switch. Switch 26 includes a video buffer 34 and a data buffer 36.

Vi deo buffer 34 receives cells fromvideo flows 20, and 25.: data buffer 36
receives cells fromdata flows 22. Saitch 26 may inplement a scheduling
priority that favors the jitter intoI erant traffic fromvideo flows 20 over
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15  traffic may be classified accordmg to jitter tolerance. According to one embodzment,

traffic that is jitter tolerant comprises data traffic, and traffic that is not jitter tolerant
comprises video traffic. Jitter tolerant traffic, however, may comprise any traffic that is ‘
jitter tolerant according. to any suitable definition of "jitter tolerant," and jitter intolerant
~ traffic may comprise any traffic that is not jitter tolerant.. For example, jitter intolerant
20  waffic may include voice traffic. |
System 10 includes a switch 26 and an encapsulator 30. Switch 26 receives cells
from video flows 20 and from data flows 22 and sends cells to encapsulator 30. Switch 26
may comprise an asynchronous transfer mode (ATM) switch. Switch 26 includes a video
buffer 34 and a data buffer 36. Video buffer 34 receives celis from video flows 20, and
25 data buffer 36 receives cells from data flows 22. Switch 26 may implement a sche;iuling
priority that favors the jitter intolerant traffic from video flows 20 over the jitter folerant
traffic from data flows 22. ‘ _
Encapsulator 30 generates encapsulation sections from cells received from switch
26. Encapsulator 30 includes an interface card 38, video queues 40, data queues 41, a
30  processor 43, a real time buffer 42, a non-real time buffer 44, and a scheduler 46.

Interface card 38 buffers cells received from switch 26, and transmits the cells to video




15 32. Data queues 41 nay form encapsul ation sections fromthe data ceI_I S

inasimlar manner or in another suitable manner. Encapsul ation sections
from queues 40 and 41 are packetized into packets. Packets of video
encapsul ati on sections are copied into real tine buffer 42, and packets of .
data ‘enc¥s#H182¢bn sections are copied into non-real PCmESBUiher 44, _ The
packets of an 20 encapsul ati on section may be copi ed sequentially into real
time buffer 42 or non-real tinme buffer 44 such that the packets are not

i nterl eaved by packets of another encapsul ation- section. An exanple of a
packeti zed encapsul ation section is gescribed with reference to FlIGURE 2.
According to one enbodi nent, buffers that buffer other types of traffic

such r ff t her affic ey be used in place of

or i addiieEn abid e el 15T LiRrct A8 Sy riaobs R HURe ¥ deo. -

encapsul aaaymhrmt;tmﬁ:rfmdmxmjndtwmltbufafceéardlZ and data encapsul ation
gi ven

sections from n rea buf.f e 4. tinme buffer 42 may be
~schedul i ng pr |0 e 9“68?/%‘#0'1?{‘ L yiden mlff'ﬁ@ﬂ%{ﬁ?‘? gyeugs 4 Sbpdfer dpfa fratigc Baels are |
transnittddeo fuene0Qwrdseddeotitaies i frem Add@Mow b adsbabted With difiiey 42 is

enpty. Accord| non-real 30 tinme buffer 44 is sufficiently large to
.store Yel Wrag 4@‘&‘{%"%&5?&? snbadiment qupvss dhat auene ofherypeafoaiticogoh as

1' CT/ usosaoubsagfﬁc Qr et %al-Aﬁe MfRRy beaked! lhrmacblbfffof—‘ in %&dlwto%ﬁ&ess the
packets accordi néqn}lgl first-in-first- out procedure. summari ze, system
* &

10 encaps¥eBEsedl- aghodaty gwrua i uiterey data éfe&iclagwsﬁomrﬁedatmﬂnwm of ceI | s
to. be encapeithat ®thahe 8RS t3[11(¥ﬂedrft510 ?xls!eu#gd 40 i d@c%h'ﬂ?tt ggac%}ﬁl c{fgrs O%ﬁ% Lo

-- predlctedjltter W th reduci ng r i alnlng :
ef fici enc‘f}emlaﬁftoféﬁetﬁﬁ@ﬂbbmmhmﬂfedulbytQf@hecsctl ating cell del ay variation, to

be SofET1 0 WokdebPLRaNGR 1 LA bVl B TS, Mo L
del ay varvigdoi gueué M0ckaches e dlireshblit vahg, tivecells rixe forméd Iﬂﬁ@iﬁﬁt{ﬁlcapﬂul@lﬁhn(:t ed to be .
R e e AT LE T A
to recei wWeper@3.in pGSeloh sheamnhmackﬁdc&et@@rml tifte budf@ A2 | FRrRAMERLEd thhere the
ASI ze of abaféﬁialmg”%! cgl (E fa%frvailgtloorlrl]l}etr\])\?ecn ﬁfe uf'\pu?Io s%ntgh 26k§r;[d the input to receiver
15 32. Data quenes 41 may form encapsulation sections from the data cells in a similar
~manner or in another suitable manner. | |

Encapsulation sections from queues 40 and 41 are packeti zed into packets. Packets
of video encapsulation sections are copled into real time buffer 42, and packets of data

' encapsulation sections are copied into non-real time buffer 44. The packets of an
20 encapsulatlon sectlon may be copied sequentlally into real time buffer 42 or non-real time
buffer 44 such that the packets are not interleaved by packets of another encapsulation
section. An example of a packetized encapsulation section is described with reference to
FIGURE 2. According to one embodiment, buffers that buffer other types of traffic such
as voice traffic or other real-time traffic may be used in place of or in addition to real time

25  buffer 42. ‘

Scheduler 46 outputs video encapsulation sections from real time buffer 42 and
data encapsulatlon sections from non-real time buffer 44. Real time buffer 42 may be
given scheduhng priority over non-real time buffer 44 such that packets are transmitted
from non-real time buffer 44 only if real time buffer 42 is empty. Accordingly, non-real -

30 time buffer 44 is sufﬁciently large to store delayed data encapsulation sections. Real time
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The foll ow ng.paraneters may be used to perform cal cul ati ons described-in
the exanples illustrated with reference to FIGURES 3 through 5. Paraneter
Definition n Total nupber of flows 20 and 22 n,. Nunber of video flows 20
nd Nunber of data flows 22 M (k) Nunber of cells in the kth encapsul ation
section 20904%t®ka ith flow CDV,". Wrst-case cell deleyr/usasiati on for
video traffic at switch 26 Swtching capacity of an output port of switch
26, in bits per second CDVca d Wrst-case cell delay variation for video
traffic up to interface card 38 within encapsulator 30 { Reard Processing
capacity of interface card 38, in biss per second D card Wrst-case
I nterdeparture tinme for two successive cells of the ith video flow I20 4
Rencap Rat. 1 .or + 3 L,n_bits r second M.Size of th ayl oa
portion ofﬁlgfr%%%%;ag@ﬁllﬂ%ﬂl%ﬁbge%rt“flénr?yip Fogﬁ%gt e acﬁet ac\%r&p&? g\ﬁt'é'ﬁ% encap
Wr st - caseoppsec¢duee cel | variation up to and including encapsul at O;(?I\)/;)
Al.l ocated bandwi dth to the ith, video, flo O0,.in bits per second_ 1
Bandwi dth ef fi cireney gy SHHFm ﬂ% afﬁéflf'f‘&[ef 6%‘%85?%%“8?“@?‘2% sqgPans gFe=
r)ap, (M QGpiribeBbf edlis@o Ok cAcapaylhienol ¢k tvided q(\j/l\&eow M&ﬁﬁcdﬁgrﬂﬁl,ﬁgg ﬂ;482f7 6
M,,& Size of a paylaad portion at a firs ecision point M. Size .of a
payl oa ‘-p(ﬂff‘{‘%?fiig‘fe\éd“g'éb‘ggﬂfs E‘?"ﬂ"&h‘“ﬁ‘o"?’m{e mapptpining sfigienqy e Y Bel | s i n
n,. Vi deo rigieutedbyEhldillatiblel BIEdelF fvakftiohSto b8 dbdRBbdd WitV icHBcH WEMGURS 3.1 =
A method for determining when to encapsulate cells is described with reference to
FIGURE 4. Predicting cell delay variation involves calculatiﬁg the number of packets
predicted to be at real time buffer 42, to be described with reference to FIGURE 5. The
10 encapsulation sections are fragmented into packets, which are transmitted to receiver 32.

Cells and packets comprise fixed-size packets, where the size of a cell may differ from the

size of a packet.

.. The fb]lowing parameters‘may be used to pérform calculations described..in the

examples illustrated with reference to FIGURES 3 through 5.

Parameter _ Definition

n Total number of flows 20 and 22

”y Number of video flows. 20

nq Number of data flows 22 :

Mi(k) Number of cells in the kth encapsulation section 200 of the ith

: flow
CDV,, - Worst-case cell delay variation for video traffic at switch 26
Rew Switching capacity of an output port of switch 26, in bits per
second _ : ‘
CDVeara Worst-case cell delay variation for video traffic up to interface
- card 38 within encapsulator 30 '
Reard Processing capacity of interface card 38, in bits per second
DY Worst-case interdeparture time for two successive cells of the ith
video flow 20

Rencap Rate of encapsulator 30, in bits per second

M; Size of the payload portion of an encapsulation section from the
' Jth video flow 20 ' : .
CDVecap Worst-case positive cell variation up to and including

‘ encapsulator 30 ‘

R; Allocated bandwidth to the ith video flow 20, in bits per second
nM) Bandwidth efficiency for an-encapsulation section of size M

Miigh = Mop(M) | Optimal size of a payload portion




QRT Nunber of packets in the real tinme buffer 42 FIGURE 2 illustrates a
packetized encapsul ati on section 200. Encapsul ation section 200 includes a
section header 210, section data 212, and a section footer 214. Section
header 210 i nclude, for exanple, digital video broadcasting (DVB) Milti
5 Prot ocolwﬁﬁgﬁ'ﬁ%‘bl ation (MPE) header data. Section datecRu®@3iset udes
packets. 216. According to one enbodi nent, encapsul ati on section 200 nay
conprise a multi-protocol encapsul ation (I\/PE) section. A packet 216

i ncl udes a packet header 218, packet data 220, and a packet footer 222.
Packet data 220 includes cells. Sectéon footer 214 may include, for
exanple, error correction codes. According to one enbodi nent, each packet
216 ‘may 1 gonpri s€ g P et—Packet—header—218, has ei ght
byt es, ypac M;eﬁgma géﬁﬂé‘bﬂémﬁ EﬁOﬁan{h& a‘?CIS%C—K‘rHHF 222 has eight byt gs,
and four hyl®s are ||<§JF3P?;?P?~Y3??FP8P‘°“6 ‘i?ﬁ%%decﬁ@é@ti’@ﬁ ng to orne|enbodi nent,
header conftessi on mgyrombnumbsd ofelnin ronidepquiuas 4hg t he cells. The header of
each’ cel | |wg renoved |awhbehe cpihh aRdinofiddoli@ededdd, i13. s, 15 1 NSErTRd into .

packet dat@,Z20. Rel YR berd oFf Tond Inllﬁl@réali vgﬁ%wﬁ- bﬁrr freatgter—+-s—epcoded into ;

a control—TcetHt—of—tie encapau. at-+-en—-Ssee ELGJRE. 3 illustrates
encapsul ati-on—sections 200 for which cell delay Val’l ation may pe
cal cul ated._The equati ons_presented in the illustrated exanple ppply to an
enbodi nent according to which ATM cells and MPEG 2 packets are used. O her
20 equations, REWEREr ilhmyatdsea qﬁﬂdniear eRapalatioihedionBIUE  FaCHLHMR 10 Wwhich
ot her cel Isgctmn2g E‘ﬁ‘tgs ar e. 31 Aﬁ@ordl ng.to _one .enbodi nment,

encapsul atToR" €2 S 386rtigp dneadder 2@ septipn” Aty @62 uid Fesestion faeter @14.1 =1,

n,,. refeSeaibntieades 2001eia§ ihcludeARRGkAniplR dikital b ed to
gueue i g e \AfEst case 2e|| del ay va[?l atlglon v(fli%{)/tv\/l %HI’Q&D% ﬁlﬁlﬁ

exper i 8nc &P Eogapslpiiong %b@aé@s@%bﬁfcw Hefa 212 onclades: padi@t03214.03241

PCTI USO3/ 2d&tding fo &2 éﬂl)odnneﬁt?' eﬁcaﬁsﬂaﬂ&n‘%&tm ’206%4-1@ c‘&@éﬁlys%%ultlev%}?tggﬂf’ AR

the sw tching capamt}\é out put port o SW t fering
st age occBREPEatpm{MP h“@@ﬁ%laﬁd’a%t in¢lodes 9 placltepheader 218, ﬁﬁhleetdah k2alel ay

vari ati onafdMyackél Red 22281l NE 0N h AL §LA2CE 53T £,38 2{?%ay tnclude,

for example, error correction codes. According to one embodiment, each packet 216 may

10 comprise a 204-byte MPEG-2 packet. Packet header 218 has eight bytes, packet data 220

/?7—

has 104 bytes, packet footer 222 has eight bytes, and four bytes are used for control
purposes.

According to one emBodiment, header -compréssion may be used when

encapsulating the cells. The header of each cell is removed and the payload of the cell is

15  inserted into packet data 220. Relevant information from the cell header is encoded into a:
contro] cell of the ehcapsulation section 200, | _

FIGURE 3 illqstrates encapsulation sections 200 fér which cell delay variation

may be calculated. The ‘equations presented in the illustrated example apply to an

embodiment accordmg to whlch ATM cells and MPEG-2 packets are used.  Other

20 equations, however, may be used for other embodlments according to which other cells or

packets are used. Accordmg to one embodiment, encapsulation sections 200 are at the ith

video queue 40, where'i =1,..., n,, referred fo as queue {. Capacity R; is the bandwidth
allocated to queue i. The worst-case cell delay variation CDV. that queue i experiences '

at switch 26 may be described by Equation (1):




described by Equation (2): CDV ttad = 424n,JR~rd (2) 10 where R-rd is the
processing capacity of interface card 38. After leaving interface card 38,
- the worst-case interdeparture tine D.(",, or delay tinme, for two successive -
cells of flowi my be described by Equation (3): D ('no = 424n,JR-"rd+
424] R1- ( 3) MR or st - case i nterdeparture tine for twd¥CEMSe¥EsI7ve cel | s
at the output of encapsulator 30 occurs when the first cell of two
successive cells happens to be the last cell of the kth encapsul ation

section, while the second successive cell is the first one of the (k+1)th
encapsul ation section. In the illustrated exanple, first cell 250a is the
| ast cell of kth encapsul ation section 200a, and second cell 250b is the

first cell of t§§V6k;g§&@xnggzgggﬁﬂ§Hlation section 200b. - | f t@ﬁ first bit
[

of first cell 250a™arrives at "ueue”i™at time t, the last bit first cel
250a arriveg at tinme t+ 424/R ,a,d. According to one enbodinent, the tine
needed tQ WZ‘GWIRW ¥ the syching eapacity 9fgrastpubport phswith$p sTheanexbbuffeiogi on 200

and to i nsgtrage@&Julsgtigégaqgcgmged}g%ﬁw]@gr@gn section 200 is assunmed to be

smal | conpared to the waiting tine of. 25 cells 250 at queue i. Simlarly,
the tinme neededTheocefjedetayatagiatiac KW Peader aidlifeladidg paaket card f0@kEbe 222 of
packet 216 s assuned to be small. To conpute. the worst-case

interdepar#ﬁ?@mFW%EMQFWPK@:output of encapsul ator 30, the difference

between the earliest possible departure tinme for the last bit of first

cell 250a and t | @t e si bl e departure time for the |ast bit of
GBr ot Sapebls @

second cell 250b 1 s*tonput'é®® 30 Once the last bit of first ce 250a

arrives_ at the queue i, header 210a and footer 214a for the kth :
encaps i at Vb5 Lacds B Prgeang cepagibnefiintaidace sird 38nA8puledving ioterfaeanidd®, 200a i s

031 105241 Bt DSEHF HAHIRku R b failatk 151eR vttt st hnpsu ati on

section ZOQgﬁsééﬁﬁﬁ%ﬁg}E@@gog@%: 184 where f -1 is the ceiling function

If the cell headers are conpressed, encapsul ati on sect.ion
D?, = 428/ corg+ 424/R; 3)
15 . The \worst~case' interdeparture time for two successive cells at the ontput of

encapsulator 30 occurs when the first cell of two successive cells happens to be the last
_cell of the kth encapsulation section, while the second successive cell is the first one of
the (k+1)th encapsulation section. In the illustrated example, first cell 250a is the last cell
of kth encapsulation section 200a, and second cell 250b is the first cell of the (k+1)th
20 encapsulatioq section 200b.
If the '_ﬁrst bit of first cell 250a arrives at quene i at time ¢, the last bit of ﬁrst cell
250a arrives at time £+ 424/R.,.. According Ito one embodiment, the time neéded to
compute header 210 and footer 214 for encapsulation section 200 and to insert cells 250
~ into encapsulation section 200 is assumed to be small compared to the ‘waiting tfme of.
25 cells 250 at quéue i. Similarly, the time needed to generaic packet header 218 and packet
footer 222 of packet 216 is assumed to be small. To compute the worst-case
interdeparture time at the outi)ut of encapsulator 30, the differeﬁce between the earliest
possible departure time for the last bit of first cell 250a and the latest possible departure
time for the last bit of second cell 250b is computed. '
30 Once the last bit of first cell 250a arrives at the queue i, rheader 210a and footer
214a _for the kth encapsulation section 2002 are computed, and encapsulation section 200;1

is packetized into the number of packets 216a given by Equation {4y
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200 includes M{k) cells 250 having a control cell that describes the
header information of subsequent cells 250 of encapsul ati on section 200
plus M{k)-1 cells with no headers. In 5 the illustrated exanple, the
16-byte termin the nunerator is the contribution™ef encapsul ation section
header 21¥%RA"%Hot er 214, and the 184-byte in the denecirnsémmsizs the size
of packet data 220 of packet 216. In the best-case scenario, packets 216 of
the kth encapsul ati on section 200a are inmediately sent from encapsul at or
30. Accordingly, the earliest possible departure tinme 10 of the last bit
of first cell 250a may be given by Bquation (5): Earliest departure tine of
last bit of first cell 250a f 48M (k)+161 (8X204) 424 184 (8)(16) =, +-+
(5) Rcard Rencap Rencap (5) where Rencap i s progessi r}(g acity of
encapsul aNembaQd pddvers 2 a6iin S M dndagstigtidnl 8étion004= i ﬁl&EU@' on (5) :
represents the tinme needed to transmt footer 2143 and8packet footer 222a

15 of Iasth leet 216@‘{ ich are transmtted after the last bit of first
cel | 250a™"¥R Il Anheaeiise acion. fithe ‘f'*r“rhﬁdefﬁate @ﬁ*nﬁesé@hé"@ewat@ﬁ@@tlw rives at

vi deo qu nd t ves at. time t + Dcard +; :
424 Roar ?‘ﬁ)s‘g‘éqg@eéﬁgy%ﬂﬁ%@%‘ “"“F gﬁg‘t ?"'S"'f‘@ the,beaderinformatign of g 1] +k) -2 °
addi t i onasubgeshéng celts %@nﬁleacapsﬂnmapsmioﬂtznmphsM{Id)arbeﬁé)%h noAsRFJINg to one
errbodl C i nclude a control, cell. Accordingly, 20 °
‘the Iast Ftﬁlg t‘v“h(é’t’*%’ etle\‘f |S‘6(r)$¥et fram oy they pymeraion s | the rropirbatian; pég gOOb |
becomes asnaipsalaticn sentlonctwadhe 210 akd foote 214, tndPgRI B4(U¥hd ih e dchbminafte 4 Rear s:

Once the hast ?b1'1 E&g{g&sﬁval | a Ie t he (1+k)th encapsul ati on section :
200b- may Be € #2¢654ng of newl y forned packets 216 into real .
time buffer 42nm0be@10d156 ectharid, g&kbgfgflgrof%hﬁegﬁwﬁﬁ} ﬂ@ge‘;’ at a rate

encaps

faster than r};j‘? §5 In the worst case
~ of. queue’ Qtefypseiirem eagapsiiaor 30 Mﬂﬁd%lmﬂw@ﬁﬂmt possila depaguieatnicon

sect i NS dfiMebi6f iIURH 2304 may§idifenly " and jai plus the
transm siE on of packet 216 flp?)m non- r gﬁqumoﬁéﬂbuffer 44, due to the WO

03/ 10324 FEapPre# dopertirg e of last bit of first cell 250a

48M (kY +16 -
@)204) ——
424 184 @X16) N

=t+4 + - (5)

Reard Rencap Rencap

where Rencap is processing capacity of encapsulator 30. The last term in the tight-hand side
- of E__quation (5) represents the time needed to transmit footer 214a and packet footer 222a
15 oflast packet 216a, which are transmitted after the last bit of first cell 250a.
In the worst case, the first bit of second cell 250b arrives at video queue 40 at time
D g and the Iast bit arrives at time ¢ + Deara + 424/R cora. Second cell 250b waits at queue-i
for the arrival of M{(1+k) 2 additional cells to complete cncapsulatton section 200b.
Accordmg to one cmbodlmenL the M; (1+K) cells may include a control cell, Accordmgly,
20  the last bit of the last ccll of the (1+4)th cncapsulatton section 200b becomcs avatlable in
queue i at time ¢ + Deord (M {1+k)-1) + 424/Rm,d Once the last bit becomes avallable the
i(1+k)th encapsulatlon sectton 200b may be constructed The copying of newly formed
packets 216 into real time buffer 42 and nen real time buffer 44 is assumed to be done at a .
rate faster than Rencap-
25 - In the worst case, the (1+k)th encapsulation section of queue 7 has to wait for the
transmission of n, -1 encapsulation sections fror other queues j, where /=1, ..., n, and

J#1i plus the transmission of packet 216 from non-real time buffer 44, due to the

atlon SECtIOI’l !
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9 nonpreenptive nature of scheduler 46. Mindicates the generic size of an
encapsul ation section fromqueue j. The first bit of the (I +k)th
encapsul ati on section 200b of queue i is transmtted from encapsul ator 30
no |ater than as described by Equation (6): Latest transnission tinme of the
first bit whot/heafl + k)th encapsul ati onsecti on 200b = pdyrases#idd2r( 8) (204) ri
X ;r M 161 (204)~8~ t +D(i) card (M (l+k)-1)+ + (6) Rcard Rencap Rencap
.. Wthin the (l+k)th encapsul ati on section, second cell 250b is preceded
by header 218b of the first packet 216b, a control field of packet 216D,
header 210b, and a control 10.cell.gAccording to one enbodi nent, packet
header 218b conpri ses eight bytes the control field conprises four bytes,

header 210b conpr.i ses. ei ght b d the gontrol cell.  conprises 48

b tos, 2 oRmERBr e A e Moo fadiones ggiengic S ofm AP U 2500 may
be descr i.ééafbnlﬁsbnﬂiuéaé J. OThe(fik3t: blttﬁtm(u +h)ioas ipstRtieNsektisTE200b of gsdue Pist Of
second cell 250b 15 8 204 48M. +16_ t +Dc rdé (1+k)- 1)+ 424 +( ~~ x( 184

1+( 20* 8~+1 Hapiypied from cpgapsilpiordog latpdhanas dresH M@t ions (5) and (7),

the wor st -CAGErdnIhREGSHAE bEWE filst m?oﬂﬁ@h Pk altentcé}ﬁuﬁhﬁrpéé&tmn%o@mapsul ator 30
may be glescri bed by Equation (8): 20 D~1'aP =Dl )d~M (1+k)-1)+1632 r~

148V 1 4 161r48M184) +1611647] (8) QQG@4§Q M@ﬂﬁL éase cell delay variation

CDv, (LPup to ar;qb(n)cl(wh&)eﬂga‘{%ul 8 i&n by: ©

Reard ~ Rencap Rencap

 Within the (1+k)th encapsulation section, second cell 250b is preceded by header
218b of the first packet 216b, a control field of packet 216b, header 210b, and a control .
10 cell. Accordin'g to one embodiment, packet header 218k comprises eight bytes, the control
field comprises four bytes, header 210b com;ﬁriscs eight bytes, and the control cell
comprises 48 bytes. The latest transmission time of the last bit of second cell 250b may be
described by Equation (7): |

S Latest transmission time of 1ast bit of second cell 250b =
15 ' -

ercap encap

s (8)(204)3 . [ans
(400 0,081y 22 B0z (=5 Go)e). (116)e) -
Rcard Reneap Rencap  Rencap
From Equations (5) and (7), the worst-case interdeparture time D{), at the output
of encapsulator 30 may be described by Equation (8):
20 : .
P 1632 48M; +16| [48M,(k)+16
D¢ =D® (M,a+k)-1)+ 3 - - ‘ +1.647 | (8
d ."( i) ) R ,Z,; 184 184 ®
The worst-case cell delay varratnon CDY 2 up to and including encapsulator 30 may be
given by: |
25 CDV® =D® —424/R Q)

As an example, the worst-case situation occurs when the M-value is set to its
maximurm possible size for all encapsulation sections 200. In this case, Equation (8)

reduces to Equation (10):




25 CDvf'tap = Dr,C,P = 4241 R, (9) As an exanple, the worst-case situation
‘occurs when the Mvalue is set to its { maximum possible size for all '
encapsul ati on sections 200. In this case, Equation (8) reduces to Equatlon
(10): WD 037103241 PCTI US03/ 14527 10 (D,~) o, .a =84D tjrd + 1632

{23(n. - 2)wb.o84ak41 R~. P (10) =84D() d + 1632 (23nv 44. géipsBuamrop When the
(I +k)th encapsul ati on section 200b of queue i is to be encapsul ated, the
only factor of Equation (8) that may be controlled is-M{l+k). This may be
used to reduce the 5 worst-case cell delay variation. Cell delay variation
is negatively inpacted by |arger My@lues. Reducing the M val ue, however,
may have an adverse effect on bandw dth efficiency since such reduction _
typically increases the relative gverhead of encapsul ation. To denonstrate
‘this relatlonsh(pﬁ gﬁkh@bbé)hﬂ bPr1degtri be the Mvalue of a given
encapsul ation sect '8n 10, 206" BRmeawi th efficiency 11(M is defined as the-
rati o between the nunber of payload bytes of an encapsul ati@® section 200
and the total nunber of b ) tr encapsul ati on section 00"
from encapsul ator 30. Acc%&gﬁﬁgztgw:%%"éﬁgégfnent the payl oad bytes refeg
to ATMtraffic bytes at the input of encapsulator 30 that are needed to ;

generate atlon ctio cordin band ef f.i ci ency i
my be 1 gg?%ﬁ‘ﬁi{ée CrGESH a? LN tat |02 1@0 quens ﬁ\}éq%gl‘( Wf}’s i‘&t}h OHY 48MH16 11
184 wher efa[:(o#BiVEcilﬁltldJB@B)) ]that may he comtradied 1safz[(m;; Kibitssmaylbe adfed ad redicag@s ul at i on
- .sectiopn 200 %egﬂﬂkky s.the nunber of payl oad ceIIs of an encapsul ation

sectioh 2 ﬁl‘st-c variation.
' Cell delay-vanatlon is negatively zmpacted by larger M-values. Reducing the M-

value, however, may have an adverse effect on bandwidth efficiency since such reduction
typically increases the relative overhead of encapsulation. To -demonstrate- this
relationship, variable M is used to describe the M-value of a given encapsulation section

10 200. Bandwidth efficiency n(M) is defined as the ratio between the number of payload

bytes of an encapsulation section 200 and the total number of bytes used to transport

. encapsulation section 200 from encapsulator 30. According to one embodiment, the

payload bytes refer to ATM traffic bytes at the input of encapsulator 30 that are needed to

generate an encapsulation section 200.  Accordingly, bandwidth efficiency may be

15 calculated using Equation (11):
()= 53(M 1)

' 204 48M +16
184

(1)

where [ (48M +16/184)] is the number of packets 216 of an encapsulation section 200,

and M-1 is the number of payload cells of an encapsulation section 200, _

20 In general, the larger the M-value, the higher is the efficiency. The trend, however,
is not monotonic due to the ceiling function of Equation (11), which is attributed to the
rpadding of unused bytes in packets 216. As a result of this padding, for ATM cells the
optimum efficiency is achieved at M = 84 and is described by Equation (12):

25 ose(M )= (84)=98.02% (12)
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20 In general, the larger the Mvalue, the higher is the efficiency. The
trend, however, 1is not nonotonic due to the ceiling function of Equation
(11); which is attributed to the padding of unused bytes in packets 216.
As a result of this padding, for ATMcells the .optinmumefficiency is ,
achi eved sodshoe®Bé and i s described by Equation (12): 2%crwlvgésMiszi1l(84=98. 02%
(12) WO 03/103241 PCT/US03/14827 11 Near-optimal efficiency may be

achi eved using certain values of Mthat are significantly |ess than 84,
for exanple, M= 36 or MF15. FIGURE 4 is a flowhart illustrating a nethod
for encapsulating cells. According jfo the nethod, each video queue 40 is
associated with a nunber of decision points. In the 5 illustrated exanple,
each vide ueue 40..i.s assogiated with three decisjio oi nts,..M . Mredi um
and Wi h, NeckgpBma| eficiensimy egebed ting Cﬁﬁ%é?l“%%?f%ﬁ*@ azg signifiely queue

40. Wen et Gia0s4) i eRanidle, MEAGHBSMA15leci sion point, a decision on whether to
encapsul ate the cells. at_ videg gueue 40 i s made based on the activity at

the other vi ddJORELbEs adtpwahart Hlusiratipg genethodferagnegpsulatiggealls) Agcording

activity. @ h@R@bd,\chdPAIBUBMRS0AD adBGattEath hiniBbQWrkstiside pdifks! Reheat es the
potential for high jitter. If the activity is hlgp, i ndi cati ng t hat
&

~ predi cfedilfustratat cxamigly, prsh idgn queured Bresasisialswiy Brasrdesision oSt Mim or der t o
control jjELer and b, LR @GLSY i rbRrs!tOWnumbd Sk Es DY vidbRhudiE 86 Wngfl J i tter
~may be low, encapsufation is deferred in order to gain 'transm ssion :
ef fi ci encyideggusne 49 regchco a derssiemprinli ardevisioneercwhatie ites ensapguéitanthe nells abe
associ at eg: Wi 4 filcien | at i ng..t he nunber
of ool s it B B AR Bt SuBTS: BVt PRbo SISRTMR! LPURIC )
‘Dat a wi t hbuffer dddal Tepjcallf, logh actodty at attet valentquewaydibaderesh imataffed 42t  t he

i m,zed. ef ficiency..and. dat.a w ity Of.. .Servi \strajnts nay be |
T b5 PSR B 10 B 8 B Y
servi ce comagbe hightiisen thodelly/dre gndapsnlde! ineaititoednitl jipee A teiatgyisy inlawber  of :

packet s _at real ti.ne..{ 20 buffer 42, i.ch.incl udes the nunher of ;
packets al'fEaHp ’gf‘t ?r&i”;teq ! Wﬁér‘“‘&’ze‘ﬁﬁw afipn, 1s ARt MoPraRL KB expect ed .

to arri.veyalsmisidh dfiiircPUALRIdIAR té A8 aitdBimeni, d26h AUEHES ot mahhbeshol d
val ues. may be used to determ ne whether the activity at video queues 40 and -

: L y ‘
real ti meSHRAde}Wipan plispiter icicsncy sushdhrt spesptuintion di uanber plrellpgeihpl e, i f
the nygbedecion point may provide for maximized efficiency. Data without quality of service
constraints may be encapsulated at the maximized efficiency, and data with quality of
service constraints may be encapsulated at the maximized efficiency with respect to the

quality of service constraints.

w4 at teal time

Activity may be measured by predicting a number of packets O

20 buffer 42, which includes the number of packets already at real time buffer 42 plus the
number of packets expected to arrive at real time buffer 42 from other video queues 40.
Threshold values may be used to determine whether the activity at video queues 40 and

real time buffer 42 is sufficient to encapsulate cells, For example, if the number of
packets O satisfies a threshqld value, encapsulation is performed. In the illustrated

25  example, each video queue 40 is associated with a first threshold and a second threshold.
The first threshold is used at decision point M, to determine if encapsulation should take
place at Mj,,, or Mieq, and the second threshold is used at decision point M,,q to determine
whether cncapsulétic’m should take pléce at Mipica OF M.

The method begins at step 300, where cells are accumulated: at video queue 40.

30 The number of cells at video queue 40 is checked at step 302. If the number of cells has




packets (RTsatisfies a threshold value, encapsulation is perforned. In the
illustrated 25 exanple, each video queue 40 is associated with a first
threshold and a second threshold. The first threshold is used at decision
"point Mn, to determine if encapsul ation should take place at M., or
. Mg, andWh8/188dbnd t hreshold i s used at.deci sion poi ntctdmestidsey det er mi ne
whet her encapsul ati on shoul d take place at Mmed or Migh. The nethod begins
at step 300, where cells are accumnul ated at video queue 40. 30 The nunber
of cells at video queue 40 is checked at step 302. If the nunber of cells
has WO 03/ 103241 PCTI US03/ 14827 121pot reached decision point M,"" the
nmet hod returns to step 300 to continue accumul ating ceI | s at video queue
t he net hod

40. If the as,rea h d deC|S|on

proceeds t oﬂg{%% Q%Ef“{“d’ o AP tpvc e PREhodIRBEP 1 pt %3@&5’( Cé’“f‘ﬂ‘éﬁ acgmylating o real

time buff eﬂls&ﬂwdeoTthEummﬁéme afmpaci ek hasiecadted RERGOTRAl MG Ok iclifddt 0 a

met hod descr.i ref erence e predlcted nunber

sati sfi espmc?e%? 2‘1 ggf%hstﬂdﬂr?ﬁhcé s‘%“é‘l?eﬁe)'lfspa"FE%%‘?éWﬂUﬁF atye s fiendkt ep 398

t o encapsThatuenmiser %ﬂ‘pickcte Etﬁ?-IBS PedickédicR@ihy @a Wfedlod idesBEERitMeferencee! | S-
section, the nmethods termnates. If the

After ?nc%ﬁﬁ%ﬂ C
" predicted tto ?18?3 ‘Qfl umbersatijfies p Wr‘h@ﬁ@lddata*iepsioépth@%ﬁwﬂ he net hod
proceeds pRcieR stehBoR0 Bl%ﬂﬁéuﬁ%ea &zﬁa;ﬁ&ﬁ&i{wiaﬁ&ﬁs&%l t?lalai}lcl}f?é; LS 40 The

nunber of .10 accunul at ed s is checked at step 3 nunber of
cells hasAﬁﬁﬁenF%@H@w%ﬁ?§ﬁssﬁloﬂoﬁhﬁmemteﬂtﬂn@temt hod returns to step 310

Lo continue tafaEGHEed ﬁurﬁlﬁ:} Liéf;sar{ot Eﬁtgﬁgt ﬁfﬁ?ﬂﬁésholﬁoaa sJeI) 308 Sl ”@fﬂ of cells

has reached. decision poin ocee 0 step to .
pr edi ct tprecwémeatepo?rwga@méme ga achaanlatq aetls bmﬁm qukle 40f Thaampmcufct ed

nunbefy sabhsbhed célrsﬁg g%gefgl? Et%%@?i Ayrdfe 15 tm%%& gégedfé Ib()ge esahl&e% cgh?,%&? ? Zr to

~step 318 to encapsula i um size
encapsul apdintigicnd¢heonéthed retule torstef 310 toebntimatie sSccumbifatd dafls prvedboGluags nunber

_ i Sf th hal d.at st 316, th th ds t

Coen 590 FE e mittEr BEC e (ot B i o B B1EMGH: RERFERG 0 8D chacrod

at step 323 tolfrediticthanninbsr o¥fpaciedtd 8t RaSHHObuffeashetk ge Prshidd Rt Mj eh,
contjnue to accunulate cells. |If the

- the mathog eturns . to p. 320
nunber of %—ﬁ?@ SRepad élgcrilglg@ﬁgg) at‘ét)lﬂ%ﬁ Bethosbpraeecimiogter HE taergspwlaw aceeds to
step BR4 melienckpsedcaistlatiod REEM. %L theafMGARS Eﬂe%teﬂsomé@é?ﬁdd%}mnﬁéser
encapsul ati ng IJL cells, the nethod term nateés.
If the predicted number does not satisfy the second threshold at step 316, the
method proceeds to step 320 to continne to accumulate cells. The number of cells is
checked at step 322. If the number of cells has not reached decision point My, the
" method returns to step 320 to continne to accumulate cells. ‘If the number of cells has
20 reached decision point My, the method proceeds to step 324 to encapsulate a large sized
~ encapsulation section. After encapsulating the cells, the methiod terminates.

FIGURE 5 is a flowchart illustrating a method for predicﬁng Jjitter. The method -
predicts a number of packels Q at real time buffer 42, which is used to detenmine
whether to encapsulate cells located at queue i.. According to the method, a fill time

25  matrix 4; describes the time for other queues j to reach decision. points, while taking into
account the bandwidth allocated to the flow 20 associated with queue j. The predicted
number of packets Q7 at real time buffer 42 is determined using the current number of
packets and fill time matrix 4; _ |

The method begins at step 400, where fill time matrix Aj;is initialized. Each queue

30  j may be associated with a fill time matrix A; that has two columns. In a completed fill.




FIGURE 5 is a flowhart illustrating a nmethod for predicting. jitter. The
met hod predicts a nunber of packets Q Ted at real tinme buffer 42, which is
used to determ ne whether to encapsulate cells |ocated at queue i.
According to the method,” a fill tine 25 matrix Aj- describes the time for

ot her queuveeojnsmir each deci sion points; while taking irarusoasoszunt t he.
bandwi dth all ocated to the fl ow 20 associated with queue j. The predicted
number of packets Q at real time buffer 42 is deternined using the current
nunber of packets and fill time matrix Aj. The method begins at step 400,
where fill time matrix Al is initializzed. Each queue 30 j may be
associated with a fill time matrix AI that has tvvo col unhs In a conpl et ed
fill, WO 03/ 10%[%141 Pg;l’/hlstosl 14827 ple]es A" tdh tsc% | um
descri bes ¥T§ [ 5 P %SSH drm sc °°‘t‘.ﬁ“t| “packet s

216 pr OdU%ditlbﬁal%ﬂs{&tsfzm|pr0(ﬁbmrﬁaclﬂﬁp., E¢)nmsA,{d,1q) (spthe ¢ hh eleﬁmi‘Mf of . A
In the illustrated exanple, the decision points conprise Mow, Mred, and

Mh, gh. The® 5 decisions are gmde when the nunber of cells M, at queue i

reaches M., -1g ﬁledmlvtfhreaexamﬁtsda@ dedi@en ;mmtm Eoﬂllﬁ‘tss M,,,e,cMg,,g Al MLRPIIR02. | f
t he nunber of cells gueue i is e a decjsion is nmade

-1,
whet herd t SlegiieBH¥E P&ée wt}er tt@ npmber of ceﬂsg{u tta"&lt?rftrmﬂe Migechafdi Mee rily cel I's
until the daxdisislepdind i@ @elé@édrﬁt slep 40@aﬁhﬁ‘éinm{f&r detals e quhet heEqubPro
‘encapsul ate, the 1npact of waiting for the next decision point on the cel |
del ay var iMbi crh F§le°'§190 4% sede evhether {Qapacepiylarepsiogl M & Mab il tatwatine st ep
404. 11 ery % %&ﬂs lfitiIPAS the rlfe@istdﬂgﬂ fnt 1 reaMEES TeLdetEljgrﬁge lethroWWOr St
case queue wait for t eridd VA descr quatlon
(13): W ozntﬂpeuiatﬁ, t(lwlﬂmacmﬁmaimmf@ the modectsxonsw@m s she(@tz)ielaiﬁmtwom isg the
wai ti ngh Pef 19l other queues j may reach their respective decision points
and - nay encapsul ate using any of the three Mvalues. One of the other
gueues | is selAcetidog pﬁnodsstceatru&&ﬁ at gepdide dfieneepsihaton ivpagponed ubtienact i vity
at queue j on cell delay variation. The maxinpum néjqr/rbger of cells that coul d

m _

arrive at Mueok thenipdh WO @saaust £ hasdo st igpthe pey described by
Equation (13):
we. =M, ~M,)D?, =21D? seconds a3y

low—eed card

w—rmed

15 1 :
During the waiting period, other queues j may reach their respective decision points and

may encapsulate using any of the three M-values. One of the other queues J is selected at

step 405 to determine the impact of the activity at queue j on cell delay variation. The

maximum number of cells that could arrive at queue j within W,

low-3»med

time period is given

20 W“’

Iow—med

R,/ 424= 21DY) R, /424, There are three pOSSlblhthS to be considered,

dependmg on the fill status of queue j: m; >M,m,, M <m; <M, 1, and

low

m<M l

fow
Fill times for a queue j with m; > M, are calculated at step 406. If m, 2 M ,,

the next decision point for queue j occurs at M. The earliest time by which such

25  encapsulation could take place is given by 424 (Mg - m; - 1)/R;.  Thus, if
W{I)

low—med

2 424(M,;,, —m, —1}/ R;, then in the worst case queue j could generate at least

one encapsulation section before queue i reaches its fill level of M -1. If that happens,

queue j generates f(48 x84 +16)/184] = 22 packets 216 into the real time buffer 42, and

starts filling again.




20 by Wt,nedRj 1424 = 21Dm ;dR1l /424. There are three possi bilities to be
consi dered, depending on the fill status of queue j: m ?Mre

M ow<- mJ<Mred-1, and m <Mow 1. Fill times for a queue j with m > Me. -
are calculated at step 406. If mi ? Mmed the nextidecision point for
queue j owwumsmil M, gh. The earliest tine by whi ch su%m%@,?%apsul at-i on
could take place is given by 424 (Mh,gh - nj - 1)/R . Thus

424(Mh,gh - m -1) / R , then in the worst case queue j could generate at

| east { one encapsul ation section before queue i reaches its fill level of
Mred -1. If that happens, queue j ggnerates [(48 x 84+16)/1841 = 22
packets 216 into the real tinme buffer 42, and .:) starts filling again.

-------------------- --- - WD 03/103241 PCTI US03/ 14827 14 In the
wor st case, suBdkgtienst caé?aé@lps«memnemulamorquewupj witthhi the thE , \deded m d
period are r[efrfor med Thus, the g’?m mum nunber of encapsul ati on

M,
sections JO8°HHELd UHRg e gP‘&@EQB"F‘i’WH&QﬁE FHW%H@“FWBOWM per| od

d )24
I{ \SN Qe/\? Crsi??ggbpﬁomg%ﬁ@lué&ﬁ)dhn%r%e /{ﬁ"“)“f%"( P/ﬁﬁﬁf' i %%? ’%q!éﬁrllm)ﬁ{s“’ msnt [ oned

above, the flrst fill results in twenty-two packets 216 and each

subsequent fill produces 1 ﬁ&xngJ,QM ckets 216. The earliest
time for produbibgPhe. X lr‘%—%—e&aMihe interval @ascribed by

Equation 10 (15): 424(M 1) TnIM}wyLRI seconds (15) | Subsequent
fills occur-at intervals described by Equation (16):
where |-| is the floor function. As ‘mentioned above, the first fill results in twenty-two

packets 216, and each subsequent fill produces r(48x15 +16)/184_| = 4 packets 216. The

carliest time for prodqcing the first fill occurs after the interval described by Equation
16 (15): . A

424(M high 1M 1y
R.

J

IO ()= séconds _ (15)

Subsequent fills occur at intervals described by Equatioﬁ (16):
15 ' ' '

424(Miow~1) _ 5936

R 7 seconds for m=23,..., Siign s ergz—med) (16)

Tig(f) =

Fill times for a queue j with M, < m; <M med ~1 are calculated at step 408. If
20 M oo S <M, -1, the next decision point for queue j occurs at My..s. The earllest

| tlme by which such encapsulation couid take place is gzvcn by 424 (Mmed m; -I)IR
seconds. Thus, if W2 = >424(Meq - m; - 1)R;, then in the worst case queue j generates
at least one encapsulation secthn before queue { reaches its ﬁIl level of Mpeq -1. If that
happens, queue J generates r(48 x36+16)/184 -] = 10 i)ackets 216 into real time buffer 40,

25 and starts filling again |

In the worst case, subsequent encapsulations at queue j during W

low—smed time
- period are performed using My, Thus, the maximum number of encapsulation sections
200 that may be produced from queue j during the W, . period is described by

- Equation (17):




et g e 1 i em s fonr st e -

15 7 gk(j) = 424(Mm+ 1) 5936 seconds for m= 2,3 fnrgh (j> Wjt ) (16) R
R mvnee Fill times for a queue | with MO <m <Mred -1 are cal cul ated at
Step 408. If 20 M,~.< m <Mred -1, the next decision point for queue j
occurs at Mred. The earliest time by which such encapsul ation could take
pl ace i s WOPMHORB4 424 (M a - m -1)/RR seconds. ThusPCTPSH¥1487 and
>-424(M,,ed - m -1)/R, then in the worst case queue | generates at
| east one encapsul ati on section before queue i reaches its fill |evel of
Mred -1. If that happens, queue j generates [(48 x 36 + 16)/1841 = 10
packets 216 into real tine buffer 40, 25 and starts filling again In the
wor st case, subsequent encapsul ations at queue j during Wo'' Med tine
period are performed using M., ~. Thus, the maxi mum nunber of encapsul ation -
"sections 200 that may be praduced, fr eue . j duking the Wo' ned period
is described b =Gp@at | oL im0 - 4p03114827 | A ((mel (/>
VKW > 1, rme + e 24- (M, d-Mym)d d)-1 (17) Mow (-IE{)SExcept f or
the first fill which produces terl packets 216, every subsequent fill
. produces 5 four ke 16. The earl| iLme for.producin he first
TP ocouPZeet e MRORECHR oD aro s 381 phsBE B0 ol Top Pl hobid
T, t ~e(§) =ford pMEE 20%.- The sadien disme(dBprodinpsthe Ustt flf bdcuss dier e iaterviaht er val s
descri beddb¥.lﬁg§a ionﬂ;g&}; 10 424M 1) 5936 Tea (j) = ( rw = seconds for m-
= 2,3, . 9% Yﬁiﬂ&a‘ “med) (19) R R Fill times for a queue j with
miS Maw -1 are cal ed.at-1step 410. If mJ :S Mow -1,
o ' Tn('z,( = ﬁﬂ(ﬁ"“; i 1§s.ecq::nrrzl)ds ' . ~ (18)
Y .

Subsequent fills occur at intervals described by EQuation {19):

10

A24M y, — l), = 3936 seconds for m =2,3,.. :, Sonea U W;o(?,_,m;, (19

Ta)=—7 X
Fill times for a queue j with m; < My, -1 are calculated at step 410. Ifm; < Mipw -1,
the next decision point for queue j occurs at Miow. The earliest time such eﬁéa;:sulation
15  could take place is given by 424(Mje\, - m; - 1)/R; seconds. Thus, if W, > 424(Mj,, -
m; - 1)/R;, then in the worst case queue j could generate at least one encapsulation section
before queue i reaches its fill level of M,,.q -1. If that happens, queue j generates four

packets 216 into real time buffer 40, and starts filling again 7 '
~In the worst case, subsequent encapsulations of queue j during the W2, period -

20 are performed using Mj,,. Thus, the maximum number of encapsulation sections 200 that ‘

may be produced-from queue j during the W, period is described by Equation (20):

" we
ﬁnw(f,m‘(,z'_,med)—_—l_{_l _ low—rmed

Rif424 - (Miow -1- m,-)J

20
Miow~1 ( : )

25  The earliest time for producing the first fill occurs after the interval described by Equation
20y

424(Miow —mj ~1)
R;

Tm(D= seconds ‘ @1




t he next decision point for queue j occurs at Mo",. The earliest tinme such
encapsul ation 15 could take place is given by 424(Mow - n - 1)/ R~
seconds. Thus, if Wt ,, , -> 424(Mow m - 1)/R, then in the worst case
queue] could generate at |east one encapsul ation section before queue i
-reaches i wo @ithd2el evel of Mm& -1. If that happens, -queyg-igsgiengsat es four
packets 216 into real tinme buffer 40, and starts filling again In the worst
case, subsequent encapsul ations of queue j during the W~), ,d period 20
are perforned using M ... Thus; the maxi num nunber of encapsul ation
sections.200 that my be produced om queue j during the W' ,t,,,, period
is described by Equation (20): [Lml?1424 - (M- - | - m) :
. (j, Wow_med) =1+ Maw1 J! (20 25 The earliest tinme for producing the
f| rst fil ﬁ“‘?f&‘l;‘{??%ﬁ%ﬁo&@}f at ptsryalpdssopiied BiB@ptiond2by Equation  (20): T, P2u),
424( M oW - 1) seconds (21) R WD 03/103241 PCT/ USO3/ 14827 16 Subsequént

fills occur I nt epMals,. sle bed by Equation (22): T,o "'t (j) =
424(M ma 1) :%meﬁe%nﬂsf %@56 of—trseco@sIor, m.= Rhw(lf,,,,)(‘byw,j’ﬁ;),wx 22P2DR R 5 Fill
matrix ‘Al for queue j 1% updatRed at step 412 with fill times determined at

steps _406 thr ﬁgh 410. The estimted worst-case scenario for the
generafion of % QA fapquepe f is gpoated b 5i€B 412 with fill timesgetermingd #t steps used t o

predict thss oy Fhl&l@f ms%&mﬁdtéaew&@ttéas‘ésc%aarﬁﬁoﬁhé era}%ﬁm'fw%ac %”E

peri od. The evolution of the nunber of packets at rea er 42 is
the  same %qﬂﬁifﬁf ofl, & -Wat/ich? Brsqd topredict thastahngf Bﬂ}btmﬁbuiﬁrmhﬁMe starting-

i d ts, that ¢ f

cach 1 npul/eares 8BRS R, e ping: Braites frsthorpe i i e Ex'ce”‘éf

f the f t fi the patch f dat f ket

I the i1 PR aéaof@xzaﬁ%a bl n‘é“eet‘lﬁ‘%ssg’?t@‘il“gﬁbg’i%@t S feh oy
is, sel.ected as . a ti The, first .col um of -

1632/ Ren
cach b0t iR ERenS Sl hDisl EnSERGhERRRR! fines 0T ereh fisint &3 RerFipRts <
i ndi cat edbut warty ff&mnomheﬁut of ariothieE  BlcoftFor the first fill of each input, the batch size is

fixed at four packets. In the iltustrated exémpl‘e, the time to serve a packet is given by
. 1'6,32fRe,,mp seconds, which is selected as a time slot. The first colurnn of each matrix A;
méy be normalized so that the time for each fill is indicated in the number of time slots.

15  The floor function may be taken to proﬁucc an integer number of time slots.
If there is a next other queue J at step 414, the method retﬁms to step 405 to select
the next other queue j. If there is no next other queue J at step 414, the method proceeds to

-

 step 416 to determine the current number of packets Oy in real time buffer 40. The fyture
‘number of packets Qfr after W), Rencqp /1632 time slots is predicted using the
20  current number of packets Qs at step 418. The gr(ﬁvth of real time buffer 42 may be
simulated for the number of time slots using fill'timc matrix 4; for j, j # i The following
procedure may be used to predict Q2. In the procedure, the parameter next_fill[j}

provides the index to the next fill time at queue j,

_ initialize med = Ogrr
25 Set Smax = W,50 g Rencap/1632 /* maximum number of slots */

forj=1,...,n,j#ido
set next _ﬁll[f] =1

end-for
7 fore=1,2,..., Spa do
30 ’ forj=1,2,...,n,,j;&i,do

if A; (next_fiilfj], 1) =1




- 15 The floor function may be taken to produce an integer nunber of tine

slots. If there is a next other queue j at step 414, the nethod returns to
step 405 to select the next other queue j. If there is no next other queue
j at step 414, the nethbd proceeds to step 416-to determ ne the current

nunber of wiagkehs QRT in real tine buffer 40. The f ut upgp bRy Of packets
QRT after W ,dReaCGP /1632 tine slots-is predicted using the 20 current :
nunber of packets QRT at step 418. The growth of real tinme buffer 42 may be

si-mul ated for the nunmber of time slots using fill time matrix A for j, j *
i. The follow ng procedure may be ysed to predict Q7. In the procedure,
the paraneter next ft11[1l provides the index to the next fill tinme at
queue j. initialize QorRT4 =QRT 25 set Smax Re, aad1632 /* maxi mum number of
slots */ F ‘forj= 1. = P?fj#ﬂj{"@hfgb}ﬂhextftlI(/] =1 end-for fort = 1,

2, Smax, do 30 forjm&r,eﬁ‘mntnexz_r]ﬁl[;]j 31 i,do ifA (next flI[j], 1) =1 WO
031103241 PCT/ USO?;;@SZ? 17 |~ [~ Q RT QRTed +A. #ext 11(j], 2) increnent
next fzl1(j] end-| end-for pred ,- pre 5 QRT QRT - 1 ' end-for The

wor st - case ext r 45 Tay caused by postponing encapsul ati on at queue i may be
esti mafed u5|ngQEhua&hen~023) 10 ,

end-for

The worst-case extra delay caused by postponing encapsulation at queue i may be

o estimated using Equation (23):
10
- 40 o B0 — Or)

low—ymed = +D o

R card

encap

The prediction is reported at step 420 The decision whether to encapsulate using

(M med -M Iuw) 7' (23)

Miow OF not can be made by comparing Q”’“’ to a threshold Ny, —3 mes described by

Equation (24):-
df [48M,,, +167] & [48(36)+16
Nppors — —med T —e = 10(n, ~1)
- iowsmat Z[ 184 ] ,,z,[ 184 ] (r, ~1)
15 j=1 (24)

J#i

I O 2 Now->mes, encapsulation section 200 is formed using Mj,,. Otherwise,”
encapsulation is postponed until the next decision point. After reporting the predicted
value, the method terminates.- '

If decision point M. is. 'selécted at step 402, the decision was made to not

20 encapsulate using My, but to wait until #= Miyes-1. At m; = My -1, a decision is made

whether to proceed with encapsulation ﬁsing Mpea or to wait until m; = M;}gh -1. The basis
for making such a decision depends on the ifnpact of waiting on the cell delay variation at
encapsulator 30. _ _

A waiting period is calculated at step 404. If éncapsulation is postponed until m; =

25 Mg —1, then in the worst case queue i has to wait for the period WD, ug described by

Equation (25):

W,,fg_,,"s,, =M., — M, D, =48D? seconds 25)




dc) (8)(204)(QRT -QRT) (n frmv-*nmed = R + Dcard (M -M..) (23) mc"P The
prediction is reported at step 420. The deci sion whet her to encapsul ate
using M"w or not can be nmade by conparing QRTed to a threshold N10 ->,"ed
descri bed by Equation (24): ~I 48M',, +161 48(36)+161 Nzm ned - El1

| =10(n"-1WOavB4rj , jx; 184 15 j=1 (24) |If QRT d ? NpcwusiiiRshs

encapsul ati on section 200 is forned using Me"w. O herwi se, encapsulation

i s postponed until the next decision point. After reporting the predicted
value, the nethod termnates. If decision point M is. selected at step
402, the decision was made to not 3 encapsulate using M., but to wait

until m= Ma -1. At nz = Mm -1, a decision is made whether to proceed
for

wi th enca ‘thyleo‘pa.tusi n% or to . wait ugti . nmz M gh -1. The basis
maki ng such a-decl ai o 8g'e(ﬁ'éf§q8ﬂ"ef¥1é"a?’ﬁﬁ"§ bt regpertivenigll kvels 1sad amy|  del ay
vari at i on estapsubmecasiiiingiod the ke AY-Vidick Ode BEIhE Bthet Guetdd Gy kAt & Al egt ep 404.

| f encaps%satti gr} I S st.Prg)ned until nz = 25 Miigh -1 then in ,tﬁ'u wor st
case queué ] “hEFTHIC MPAT qfnthe gelivilypt\gueue J g cell gdelayr yasiatiohy Thequat i on
(25) 1 ( 25maxoldl i 5 | : . coQ.=.48%]ar'd seconds - WO .
03/ 103241)115’(&/%%'6%/};“1"91@5"7‘% ?1%{ %S’F‘f ‘J’r\fgg%%‘\%\‘gﬁft‘?ﬁ‘g‘;“ bhéf’?ﬁw-;wgaogfﬁéﬁ’ Ses | may |
- reach shebfvek 0i vepf j il | i} ncapsul ate usi.ng any of the -
three M vgﬁae?p%ﬁ”’é‘“{ﬁ?‘}z{ )hdezldotﬁ\é)?”%ﬂ%%s' n}a¥l|lfjsrgsaer e@f%dpﬁ?%élt% 0488 to

det er mi necdrsidededPépehding o 16 fifl Glatuébf a{uela& Li: HASURT, )., M0, §9,{'.J.L p?g{,m,ghgqar i ation.

‘The maxi mum nypber of cells that coul d arrive at quelie I ™t he
W''-.high ti | Hees 58 my g Mpeq are calculated at step 406. If m; > M., the next decision -

point for queue j occurs at M. The earliest time by which such encapsulation could take

place is given by 424(Miugs - m; - 1V/R;. It W, .. > 424(Myigs - m; - 1)/R;, then queue i
10 | generates a maximum of figs(j, W,D).,,..,) encapsulation sections 200 within the %

m med— high

period, where fi;z4 is described by Equation (26):

WL rrics RIA24 - (Mo -1 - m,-)J 6

) me:
. lf-}"‘gh (Jmeed—-)kigh) = 1+[ ! Mow"""l

15 As discussed previously, the first encapsulation section has twenty-two packets 216,

- while each subsequent encapsulation section has four packets 216. At best, encapsulation
sections  are generated  at  times Tan (D> T N+ ( jj,
LN +TE( j)+r,,5.;},_( J)s-- -, where TE)(j) is described by Equations (15) and (16), -
for m=1and m > 1, respectively. _ |

20 - Fill times for My, < m; < Mipen —1 are calculatédrat step 408. If W, .. > 424 |

(Myuea - m; - 1)/R;, then in the worst case queue j produces at least one encapsulation
section within a W, .., period, and may produce a maximum of fredlj, W, ,;,,,.g,,) |

encapsulation sections, whete f,,.q is described by Equation 27n:

A . we
25 .ﬁ"ed(]" lW’::Lﬂhfgh) - 1 o med—rhigh

Ry424-(M,, -1 -m,.)J @ :

M, -1

low

The first encapsulation section 200 yields ten packets 216 in real time buffer 40, while
“each subsequent encapsulation section 200 yields four packets 216 in real time buffer 40.




5 given by WZ, n; g4Rl/ 424=48DD 1dRJ]/ 424. There are three possibilities-to - -

be considered depending on the fill status of queue j: nl ~ Mned, M. <
m. <Mved, M <M O . Fill tines for nj > Mned are cal cul ated at step 406.
If m} > Mned, the next. decision point for queue: occurs at Mfgh. The
earliest Wwo@abgsawhi ch such encapsul ation could take pkagSosiies29! ven by
424(Mh;gh - m - I)/RR |If WidiWhigh > 424(vh gh - nj - 1)/R"' then queue |
10 generates a maxi mumof f.gh(j, W(1_njn) encapsul ation sections 200
within the W1)~nrgn period, where fh;gh is described by Equation (26):
fhsgh(J. W~.ngn) =l +1Wi-. e, gh R /42446Mrgh-1- md) M..-1 J (26) 15 As

di scussed previously, the first encapsul ati on section has twenty-two
packets 216, = while each subsequent encapsul ation section has, four packets
216. At bdde interasagatinnaimesnof the cpqaphdation sceione amle queveinie SYeB 1R ), 7
(J)+T; g~(j5)1uaﬁ‘gmg@g)z)ngglsgh(j )+T;gh(j), ..., where 7 (f) is described by
Equations (15) and (16), for m=1 and m> 1, respectively. 20 Fill tines
for M., < m Fillvides for by &ride..cdl wetatudadedstt sep dp0. 400 £ \W 48dMchlgh > 424
(Mres - mp - I)IR" then in the worst case queue j produces at |east one
encapsul atilyR, Sectn te wersthiase the\jugyalj pergtatgser inaximuandl iy, 7 Gduse a
maxi-mum of fined j, WM)yhlgh ) encapsul ation sections, where fined is
descri Bed ehsppiptian iseptiostifore ahe quagel £ igaghdsi itsall level ofdduie: I-1.nwimse fewried| |

Wid- hi gh k=L ' .Mow -1 The first encapsul ation section 200

yi el ds te)gesﬁg%ideb}']s qgeit%%i@\g)’r eal tinme buffer 40, while each subsequent

encapsul ati on section 200 vyi f Qa2 etg. 446 in real tine buffer 40.
WO 03/ 103241 RGHUBHR/44817 e mﬂﬁ” A ion tines of28 he
encapsul ation sections fromthe que fojv‘ére giv in Equations (18) and

(19). Fill times for M <MD, V-1 are calculated at step 410. If W .high ?
424 (M . " Each efibapsulation/sRtioh ReMisipackeliedif f&ir paokete 21 i The geteatibn gRBEHAL €S A

TSR ek bbbl g 2 TR BB P LB bl qveve
about fill times and the poténtial number of generated packets is stored in fill time matrix
Ajat step 412, If there is a next other queue j at step 414, the method returns to step405 to
select the next other quene j. If there is no next other queue j at step 414, the method
proceeds to step 416.

15 The current number Qryof packets in real time buffer 42 is determined at step 416.

The predicted number Qf;“’ packets in real time buffer 42 is predicted at step 418 from

the current number Qgr and the fill matrices. The procedure described previously, but

with W, replacing W), . in the second line, may be used to compute the

predicted number Qf* representing the number of cells after Wy, period. Once

20 7+ s obtained, the worst-case extra delay causcd by postponing the encapsulation
decision at queue i may be estimated usingr Equation (29):
; (Y20 = Osr) | ¢ '
d:::d-mgh = R AL + Dc(a)rd (M i ~ M i) (29

encap

The predicted value 1s reported at step 420. The decision whether to encapsulate
25  using Mae0r not may be made by comparing Q% to the threshold M,.eq—y s, described

by Equation (30):




described by Equation (28): ( W.1lhish /424-(MD.-1-n¥) JI'D r Wred- Thi gh) -
1+ (28) Mn-1 Each encapsul ation section 200 is packetized in four
packets 216. The generation tinmes for 10 these encapsul ati on sections nmay
be obtained from Equations (21) and (22). Informati'on about fill times and’
t he pot enwioabtesantber of generated packets is stored inphbighkosiig® matrix Al
at step 412. If there is-a next other queue j at step 414; the nethod
returns to step 405 to select the next other queue j. |If there is no next
ot her queue | at step 414, the method proceeds to step 416. 15 The current
nunber QRTof packets in real time bgffer 42 is determned at step 416. The
predi cted nunber QRT packets in real tinme buffer 42 is predicted at step

41.8 from the current nunber and he fill rratri ces. The procedure
descri bed previyous! y:< r43Mﬁ$ﬁ1 ji] 48(15) & @nguxio w,,,1Ld in the
second |ine, may*BE us t o I84nput e 5; pg4edi QRT representlng

the nunber of cells aften WVa, high peri od. Once 20 Q" is o i ned, the
wor st -case extra del ayjegused by postponing the encapsul ation “deci siorny at
gueue i may be estlnated usi ng Equation (29): dt7 - (8)(204Q . ed -QRT)

+D(1) M - QFFA N, 5,,,R aoatafsubiigh semidh if Fmellaamg e @edbgbAfsyal ue i s
reported at step 420. The deci sion whether to encapsulate 25 usi hg Ma or

not nay bRECPRsHEtGYismespenadnmtiORT =t MuiiHe ARereshaliog Nregtedibied alugemer i bed by
Equat i on ,gg@gdtemgnggg 103241 _ PCTI US03/ 14827 20 & 48Maw + 16 _ 48(15)+16
Nmed- , - ~~ 184 184 j=1 (30) j*i I|f Qred > Nned-, h, gh, an
encapssul at | on meulalmg <lls aceveding so g Mistratedehéthod flah @EMicS Gitter while

maintaining efficiency. Ifan encapsuiation section 200 from queue i is formed asing M.,
cells, then the worst-case interdeparture time at the output of encapsulator 30 may be
obtairied usmg Equation (8) by substituting My, for M; (1 + k), M;..g;, for M;, and M, for
M{k), yzeldmg Equation (31):

10 D& ) =14p®, 4 1632 |5 {(48)(84)-1—16 _[eg)as)+16
| ,,),o,, ot + ,Z 51 o | H1647

encap

1632

=1409 4 (22n, ~24.353) : @31

encap

If encapsulation is postponed until 7; = M,..; -1, then the worst-case interdeparture

time is upper bounded as described by Bquation (32):

‘ i s o 16321( .. :
15 (D;;F) =M, ., -1)D2, + {;;,‘—-[ﬁw]ﬂ.m}
oap 184 |
<351);;1,, 1632 {10(n, ~1)~2.353} (32)
encap '
= 351_)53, 1632 100, ~12.353)

encap
| The first term of the right-hand side of Equation (32) is the result of having to wait for the
artival of Meq —1 cells before encapsulation. The other terms account for the impact of
20 encapsulation sections 200 from queues j other than queue i and for the impact of the
prc\fiqus encapsulation section 200 from queue i.
- Finally, if encapsulation is postponed until m; = Mign — 1, then the worst-case |

: interfieparturc time is upper bounded as described by Equation (33):




encapsul ation is postponed until m = Mgh-i. After reporting the predicted
value, the nethod termnates. 5 Encapsulating cells according to the
i'llustrated method may reduce jitter while maintaining efficiency. If an

encapsul ati on section 200 fromqueue i is fornediusing M. cells, then
t he wor st va@esaoeszat er departure time at the output of enq&nmbgﬁgﬁ 30 may be
obt ai ned using Equation (8) by substituting mM",,, for M{l + k), Whgh for _

M and M"", for M (k), yielding Equation (31): (DO 1 t; 1632
{r(48)(84)+161r(48)(15)+16116} 10 D) mr1l4Dro +Ren ap ix 184 184 =14D.a +
1632 R(22n" - 24.353) (31) encap I|f sg¢ncapsulation is postponed until m =
Mrid -1, then the worst- case |nterdeparture time i s upper bounded as

described by Equation (32): (,) 1632 e-[( (15) +16~ 1 is (Denaap =
~Mre 1-Dea d +(k @ D@m @2} Fsmsgﬂlﬁ 110(n" -1)-2.353}
JJJ (32) encaé ""‘“Pg@ﬁ by~ + I“B’BZRLJP "’12 353)18Reac first termof the
ri ght-hand side of Equation (%Q Is the result of haV| ng to wait for the
arrival of M -1 cel k83b8ferc-sitlapsi)iatisah. The ot her ‘ter mg3Bccount for
the i npact of 20 encapsul atifawsecti ons 200 from queues j other than queue

I and f.or the inpact of e 1;652 us apsul ation section 200 from queue
i. Finally, if encapsUI B E‘{j@tpﬁjﬁgg until m = M;Bh - 1, then the

wor st - case |nterdeparture t| m§“”| S upper bounded as descri bed by Equati on
(33): WD 03/103241 PCT/ USO3/ 14527 21 t~ 1632 {Q +161 1 (Dp high (Migh -

- *RTd 184 ii‘h%‘ w%l-cﬁé Ly Heléy variation for the M-values may be obtained from Equation (9)
5 by replacing Dg’mp by the corresponding worst-case interdeparture time at the givén M-

value. The reduction in ceH detay variation is the highest when M, is used and the
lowest when Mg is used. The average reduction in cell delay variation depends on-the
distribution of encapsulation sections 200 that are encapsulated using My, My, and |
Mg, which in turn depends on the traffic conditions, because the heavier the'load_,' the

10  higher is the tendency to encapsulate using a larger M:value. If the load is light for a large
fraction of the time, then most of the encapsulation sections are encapsulated using Mps
and to a lesser extent M4 '

If the resulting cell delay variation bounds are too loose, then one can contrgl these

.« and N,

med- —bfugh For

bounds for both M. and My 'by modifying the values of N,

ow—rm

/15 example, using a smaller value for N, than the one used in Equation (24) increases

the number of encapsulation sections that are encapsulated using Mj,,, and hence .
decreases the average worst-case cell delay variation. According to one embodiment, the

sizes of the encapsulation sections may be monitored, and the thresholds ‘N, ., and

N i may be adjusted so that a desired cell delay variation performance may be

20  provided.
Certain embodiments of the invention may provide one or more technical
- advantages. A technical advantage of one embodiment may be that the number of cells to
be encapsulated is adjusted in response to predicted jitter inan effort to control jitter while
maintaining efficiency. If the predicted jitter is high, fewer cells are encapsulated to
25  control jitter. If the predicted jitter is too low, more cells are encapsulated to maintain -

efficiency. Another technical advantage of one embodiment may provide prediction of




<83D, (ad+1632 (4(nv-1)-2.353} (33) R 83Dt~;d + 1632 (4nv-6.353) Renenp
The worst-case cell delay variation for the Mvalues may be obtained from
Equation (9) 5 by replacing D(') p by the correspondi ng worst-case
interdeparture tine at the given M value. The reduction in cell delay .
vari at i onWO03f1§#34thi ghest when M o" is used and the | owestuswdasezMVhi gh is
used. The average reduction in cell delay variation depends on the

di stribution of encapsul ation sections 200 that are encapsul ated using
Mn", Md nm& an WMigh, which in turn depends on the traffic conditions,
because the heavier the load; the 29 higher is the tendency to encapsul ate
using a larger Mvalue. If the load is Iight for a large fraction of the

time, the n ons e e ng Mi gh
and to a p tetgggtw%z}uhg?] Ki)ﬂ%ﬁ@rqﬂca@%‘?a'}; esul H‘ge'b@‘PF ﬁgﬁ‘%ﬂf‘%} ‘f&‘f‘?ul?fﬁ bounds
are too | obeds istHigh thenitec Brpredicied ol betHighs elf tttw;uélﬂeted AimBe b cddshewand I\/h| gh
by modi fypn med and Nned. For high 15 exarrple usi ng
a snmall erh"vlgt’lfh Eﬁ?nfprﬁ&,%t,eamtfar}gﬁ t he one used in Equation (24) increases(

the nunber of Aiftwagsuh @mbodineRCs MBSn¥dAasn AAE itSREARBLEARLR ISR M ow. and
hence _de reﬂses th lzqdzlg e Wor case cell delay variation. According to

* one enbodfiidthe Peispski CAKt §M ’@ﬂ@avﬁglﬁ‘l’saﬁ“ie@ﬁ°'§eé(iqﬂém§ andriisioneni t or ed,

- and the t hithanabshstiny. from tl@d‘ﬂ)mt'\lﬂﬂcsooﬁgbf ﬂ@?r&@ntngéﬁﬁ&?% 39ﬁ(¥eﬁq% r‘g e desired
cell del a‘){mva({l ation perfornance may be provi ded. Certaln odi ments .

of ‘the i niRBRAdedRIaMy provi de one or nore technical advantages. A technical

~advant age of one enbodi rent nmay be that the nunber of cells to be

* encapsul ated is adjusted in response to predicted jitter in-an effort to

“control jitter while mintaining efficiency. If the predicted jitter is

hi gh, fewer cells are encapsulated to 25 control jitter. If the predicted

- jitter is too low, nore cells are encapsulated to maintain efficiency.

Anot her techni cal advantage of one enbodi ment may provide prediction of WO

03/ 103241 PCT/ US03/ 14827 '




22 jitter by estimating the nunber of cells at a buffer at a given tine. If
the predicted nunber of cells is high, the jitter is predicted to be high.
I'f the predicted nunber of cells is low, then the jitter is predicted to
be I ow. Although an enbodi nent of the invention-and its advantages are
descri bedwowsnBs2det ai |, a person skilled in the art cowcaroseksazari ous
alterations, additions, and om ssions wthout departing fromthe spirit
and scope of the present invention as defined by the appended clains. r, ,
WD 03/ 103241 PCT/ US03/ 14827 23 WHAT IS CLAIMED IS: 1. A nethod for
encapsul ating cells, conprising: reggiving a plurality of cells at a queue;
t he queue aSSOCIated with a plurality of decision points, each decision
poi nt corgﬁﬁgiﬁggﬂgpg nunber of cells, each decision 5 point associated
with thr " repeating the following until satisfying a

t hreshol d criterion&mamﬁwﬂﬂbﬁhhmgmmgcahﬁmﬁmaﬁaga number of cells
correspondi ng to.a decisi.0 itter, associated with the

cell's: 10 dete&ﬂfﬁlﬂﬂ%ga&m@#hefgfﬁ%gtta i 'f‘*%ifiﬁg'?%%%?cwéfa%wgb.aé%“f?mqhresho|d

Criterionded@sPpbint, e&cmndééi31$m§oﬂeedr&bwﬂdmglt@ta ; uiRfl b Bells N Bach RlebigichO 2
buffer coupled to the queue if the predicted jitter satisfies the

1 hr eshél dPeipt sssaciagad; Wiladheesheld GieTHY: t o accunul ate at the queue a nunber of

celI's” correspog aﬂﬁgih@fcﬁlo“%é&ﬁﬁanﬂ?ﬁg%%}&hgﬂ'cﬁfwmoﬁ’nd encapsul ating the
cells at the buffer: 2. The nethod of Caim1, wherein: predicting jitter

‘associ ated with theﬂc%@ull%meeh’fbﬁuqy@@ w@ab%tqfﬁgll%cqmmedmgﬁo paﬂ@mrps 20 at

t he buffebmnend

predicting jitter associated with the cells; _
10 determining whether the predicted jitter satisfies the threshold criterion
associated with the decision point; '
sending the cells to a buffer coupled to the queue if the predicted jitter
satisfies the threshold criterion; and ' i
~ continuing to accumulate at the queue 2 number of cells corresponding to'a.
15" next declslon point; and

encapsulating the cells at the buffer.

2. The method of Claim 1, wherein: _
predicting jitter associated with the cells comprises predicting a number of packets
20 atthe buffer; and: ,
determining whether the predicted jitter satisﬁcs the threshold criterion associated
with the decision point comprises determining whether the predicted nuthﬁér satisfies the
thréshold criterion, the threshold criterion describing a thresixold number of péckets at the
buffer.




det er mi ni ng whet her the predicted jitter sati sfies the threshold cri ter| on
associated w th the decision point conprises deternining whether the
predi cted nunber satisfies the threshold criterion, the threshold
criterion describing a threshol d nunber of packets-at the buffer. WO

03/ 103241 WeOB/108813/ 14827 24 3. The nethod of d ai m 1, perasseimasnr edi cting

jitter associated with the cells conprises: V accessing a fill time matrix
associated with another queue, the fill time matrix conprising a plurality
of fill tinmes,-each fill tinme associated with a set of packets sent toi 5

the buffer fromthe other queue; de2érm ning a current nunber of packets at
the buffer; and predicting the number of packets according to the current

prodict tbnpitber DeabRed e, £k Eblbtng 4 SRRl B B i 2 1,
unerei n pr S0 CL) CloPlinh o AP R SRASk 800 B e, RRTRY Rl oS 0 @

plurality of f i ces” aSsoci at Rer
queues egothprisiigl a plimakity rodl tfilli tines peroh ifidli ting: avsqeiaedakith ¥ safoff;ia&ldetstdenﬁfﬂ& eacf
fill- dﬂ% ﬁgﬁaotegw ﬁ\]nth a set of packets sent to the buffer fromthe
assom ate er quea Y et ermi ning a current number of packets at the

buf fer; and prdmhrmhiinggaduh%tmumbﬁfofgﬁcm@ﬁkméﬁuﬂ?&%ﬁdl ng to the current
-nunber of packe%cﬁ?tat t he and the fill time nmatrices in order to

predict the jiff §§l§eor&‘inﬁ’f’% Rﬂﬁ’lfeltﬁ LFadipgte e curent pambsriof perkels aQbhai m 1,
further cowirind the fill @l el idGrder fd ﬂr&dlét'ﬂ@zﬁ@?ﬂsb&atc{?@ﬁ@ﬁé%%sat ed wth

. another queue by: calculating a waiting period between encapsul ating at a
current decision point and encapsul ating-at a next deC| SI on poi nt ;

det er gy ni ng i nf, or maHi %tha@gpblaﬁngl Whalein ﬁéecﬁétm Sﬁér Q.Jso sent to the

buffer from the other queue durihg tﬁe wal t erlo eac ﬂ%‘f‘%f packet s
associ at e8P™AE:a fill time; .. 25 and storing the information in the fill

ti .ma matrix, ta@&sgiﬁé L ﬁh'irgﬁ"ty r@tﬁli )fm{ésl%gn&% ngt?cgdtgc{ with a plurality of other
quenes,-each fill time matrix comprising a plurality of fill times, each fill time associated
_ witha set of packets sent to the buffer from the associated other queue;
15 determining a current number of packets at the buffer; and
predicting the number of packets according to the current number of packets at the

buffer and the fill time matrices in order to predict the jitter associated with the cells.

5. The method of Claim 1, further comprising calculating a fill time matrix
20  associated with another queue by:

calculating a waiting period between encapsulating at a current decxsnon point and
encapsulatmg at anext decision point;
detennmmg information about a plurality of sets of packets sent to the buffer from
, the other queue during the waiting period, each set of packeis associated with a fill time; . |
25 and
storing the information in the fill time matrix, the fill time matrix used to predict

the jitter associated with the cells.

6. The method of Claim 1, wherein encapsulating the cells at the buffer

30 comprises encapsulating the cells to generate a multi-protocol encapsulation section.




the jitter associated with the cells. 6. The nethod of Claim1l, wherein
encapsul ating the cells at the buffer 30 conprises encapsul ating the cells
to generate a nulti-protocol encapsulation section. WO 03/103241

PCT1t JS03/ 14827 25 7.° The nmethod of Claim 1, wherein encapsul ating the

cel | s at wihwednadier conprises: generating an encapsul gidrakesasis on by
adding a section header and a section footer to the cells; and 5

packeti zing the encapsul ation section into a plurality of packets, each
packet conprising a packet header and a packet footer. 8. The nethod of
Claim1., wherein: each decision po?gt conprises, an optim zed efficiency;
and 10 encapsulating the cells .at the buffer conprises encapsul ating the
cells at a maximzed efficiency. 9. The method of Claim1, wherein the
cel I's conpri se?t r affiecmetbpd of &dpimy bnwhereigragipselating e ¢rlfs ¢ s Befereraffi c,
voi ce trafficice.and real-tinme traffic. 15 "*.",.. 10. A systemfor
encapsulatlngmcells, conprising: a queue receiving a plurality of cells,
the queue assoginatatiug i enqapsulplionrsastiombyafiding e s¢otipe header and 9 seatign foadReci si on
poi nt cor&;&ggﬁ%lgﬁ to a nunber of cells, each decision point associated
with a threshold’criterion; and 20 a processor coupled to the queue and
oper ablse to: r pakaizinghthe fenkdpouiptivg seotiod iata plinaling ofi padkess kadhdpackétt er i on:

accurul ati ng at the gueue a nber. of cells corresponding to a decision
poi nt: pr SHNRTTIRS Rirts Bradgtud PERSSRE L ( he cel I st 25 determ ning whet her

- 'the predicted jitter satisfies the threshold .1 cri t_eri on associated wth
_ _EEZ S(raghislct?gdpgl nt ’Th%%]ectjﬂor&%fwa?mi% esrei%:o a buffer coupled to the queue if

each decision point comprises,an optimized efficiency; and
10 encapsulating the cells at the buffer comprises encapsulating the cells at a

maximized efficiency.

9. The method of Claim 1, wherein the célls comprise traffic selected from a

group consisting of video traffic, voice traffic, and real-time traffic.
15

0. A system for encapsulating cells, compﬁsing: _

a queue receiving a plurality of cells, the qdeue associated with a plurality of
decision points, each decision point corresponding to a number of cells, each decision
point associated with a threshold criterion; and

20 a processbr coupled to the queue and operable to:
repeat the following until satisfying a threshold criterion: _
7 accumulating at the queue a number of cells corresponding to a
decision point;
predicting jitter associated with the cells; _
25 detcrmining whether “the predicted jitier satisfies the threshold
criteriqn associated with the decision point;
! sending the cells to a buffer coupled to the queue if the predicted
jitter satisfies the threshold criterion; and 7o
™ continuing to accumulate at the queue a number of cells
30 comresponding to a next decision point.; and

encapsulate thércclls at the buffer.




jitter satisfies the threshold criterion; and , continuing to accunul ate
at the queue a nunber of cells 30 corresponding to a next decision point.;
and encapsul ate the cells at the buffer. -----------uuono-- WO 03/ 103241
PCT/ US03/ 14827 26 11. The system of C aim 10, wherei n the processor

oper at es Wwoosfmisedi ct jitter associated with the cells gppREdsags7Predicti ng
a nunber of packets at the buffer; and determ ne whether the predicted
jitter satisfies the threshold cri terion associated 5 with the decision
poi nt conprises determ ning whether the predicted nunber satisfies the
threshold criterion, the threshold gsiterion describing a threshold nunber
of packets at the buffer. 12. The systemof C aim 10, wherein the
processor operat es to predict jitter 10 associated with the cells by:
accessing a fillt tReSHmafClansi9evherein thenrocessepensartesfoeue, the fill tine

matrix conprigybdid }lﬁexpiséﬂ'cﬁtddtvylﬂptile Eélis cofnpAES préaftfifle b nlinbls JFa83RQ¢! at ed
wth a set of packets sent to buf fer fromthe ot her queue; determ ning

a current thabwiaiandf packets at the buffer; and 15 predicti ng the nunber; of =~
packets accor ¢jeRgne il f?\excf‘l’lE é&f" sat?sfﬁepﬁféktﬁfe%o% <k ﬁ %gt[errl]and the

fill time matrix 1 n order oprelc J1tter associa e cells.
13. The syih thedetisioh pdint m,pnmde@nmmﬂgevfml@c asm:dmgbmanm s:ltxsﬁqmr theli ct

it Fill ti
bt 1§ ces DRGIALAEPH Id dribofifins R oo f RARRSIHEn Bt g fickidd by e .' "
matri x comdfer.sing a plurality of fill tines, each fill tine assoqated

with a set of packets sent to the buffer fromthe associ ated ot her queue; .
determ ni ng a ,gurregnt numbe f ckts.ﬁbthe buff-er; and edicting the
nunmber of pac Igét s EE%WF?%%{ F%‘"E‘ﬁ FPate RIpRESer Wer%%?c?éirg{%tﬁt{eﬁe 25
buf f et0 anadsdchueediviith thé éaMebyrat ri ces in order to predi ct the jitter associated .
Wth t he cells. ?
accessing a fill fime matrix associated with another queue, the fill time rnatrix
comprising a plurality of fill times, each fill time associated with a set of packets sent to
the buffer from the other queue;
determining a current number of packets at the buffer; and
15 predicting the number of packets according to the current number of packets at the

buffer and the fill time matrix in order to predict the jitter associated with the cells.

13.  The system of Claim 10, wherein the processor operates to predict jitter
associated with the cells by:
20 accessing a plurality of fill time matrices associated with a plixra!ity of other
queues, each fill time matrix comprising a plurality of fill times, each fill tifne associated
'with a set of packets sent to the buffer from the 'assoi:ia_te'd other queue; |
determining a current number of packets at the buffer; and
predicting the number of packets according to the current number of packets at the

25  buffer and the fill time matrices in order to predict the jitte_f associated with the cells.

~




A

WD 03/ 103241.PCT/ US03/ 14827 27 14. The systemof O aim 10, wherein the
processor operates to calculate a fill time matrix associated wt

gueue by:
deci si on

cal cul ating a waiting period between encapsul ating at a
poi nt and encapsulating at a next decision point; 5 dete

h anot her
current
rmning

informati ovoedaospdi a plurality of sets of packets sent trRETIUS@3/B8IT er from
t he ot her queue during the waiting period, each set of packets associ ated

with a fi

Il time; and storing the information in the fill time na

fill time matrix used to predict the jitter associated with the ¢
15. The system of C aim 10, wherei n2fhe processor operates to encapsul ate

the cell

s at the buffer by encapsulating the cells to generate a

cessor

mul tii - pr ot ocol 6 Encaﬁeuslggg,g%@ Clﬁﬁgbgﬁg%%ég?%ﬁgc%%g Oﬁ%%llteg g(} g{lcuﬁ%%‘ﬁ %Ll

wherein the pr

per at €s

trix, the
ells. 10

10,
ffer by:

gener at i ngindemaric apsdidted witlnarméet quene byy addi ng a secti on header and a
section footer Hggthe cel

into a plurali£3°

|'s: . ket zi th |.at i tion
ing e il e BaD Tt s e 415 PR R iR BERIEE e ader

and a packféaphfingrat a Akt dEh®ongptt;em of . G ai m 10, wherein: each deci sion
poi nt conprises an . optim zed efficiency; and the processor Js.oper
Encapsdlate ¢ heCIGEIPEE HOPREAIPHG PGS SE SRR g o TEE RoD
(maxi m zed g dthériqBsdurih the MastinpytiodNcadh ot of pachdls asbgited with AGiIC@hes

conprise traffic selected froma group consisting of video traffic, voice

traffic,

A real-tine traffic. { J -..----- —. e .. WO

PCTI US03/ 14827storing the information in the fill time matrix, the fill time matrix used to predict
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the jitter associated with the cells.

15.  The system of Claim 10, wherein the procéssor operates to encapsulate the
cells at the buffer by encapsulating the cells to generate a multi-protocot encapsulation

section.

16.  The system of Claim 10, wherein the processor operates to encapsulate the
cells at the buffer by:

generating an éncapsulalion section by adding a section header and a section footer
to the cells; and

packetizing the encapsulation section into a plurality of packets, each packet

comprising a packet header and a packet footer.

17.  The system of Claim 10, wherein:
each decision point comprises an optimized efficiency; and
the processor is operable to encapsulate the cells at the buffer by encapsulating the

cells at a maximized efficiency.

18.  The system of Claim 10, wherein the cells comprise traffic selected from a

group consisting of video traffic, voice traffic, and real-time traffic.

able to
at a
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28 19. A systemfor encapsulating cells, conprising: neans for receiving a
plurality of cells at a queue, the queue associated with a plurality of
deci si on points, each decision point corresponding to a nunber of cells,
each decision point associated with a threshold, criterion; 5 neans for
repeat i ngwidhs/idkl owi ng until satisfying a threshol d. egiripessnQs;

accunmul ating at the queue a nunber of cells corresponding to a decision
point; predicting jitter associated with the cells; determ ning whether the
predicted jitter satisfies the threshold criterion 10 associated with the
deci sion point; sending the cells tgga buffer. coupled to the queue if the
predicted jitter satisfies the threshold criterion; and continuing to.

accunul ate at -@he %ueue nunber.  of Cﬁ| | s corresponding to a next decision
point. 15 nean¥-fo Sé’ﬁ‘&@&%&ﬁﬂé%ﬂﬂﬂ@“ft&f@ LEPTESHE t he buffer. WD 03/103241,.
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receiving, urality of cells at a queue, the queue associated with a

! .a qu .
pl ur al i t yPHRIbGGeasIBn PRiisneash derition priRtcemenoptinmto aoppkes gbedllsngpcho a

- number of gedidnSpoir? abeislefivith 9 thresRQH BliteAssOCi ated with a threshold cri terion
describing a threshold nunber of packets at a 5 buffer coupled to the :
queue; 3 cal cul anfagfosreppating thet fylloyying pntil satisfyingrethrephodderitedaci ated with a

lurality of oth / | Ak istd '
plurality of other . QHGHESs BYmE Anbk Pﬁﬁn‘?&r%g\r%gis doﬂgﬁygﬁ{iﬁang?ong%gfﬁgﬂ'next

~encapsul ating at a current” deci si on pol nt enca
deci si on pafit, determ ning informati on about a plurality of sets of

packets sent to the fer from.ih r.queue during the waiting period, :
each.set 10 of pacgléepfgl;g@%%?%&el%}e(gmwﬁmgc?ll?ﬁ’I time, and storing the :
i nformation in thedéterindinitg whetiet thiexpredicted ittt gaisfidsetht othltesiwild gritéfibn |

satistyin -1h ld criterion: accunmulating at the queue a nunber of
cel l si(zor%&ﬂ)%?\d’d”ﬁﬁgg% gecéfmdlé’é’i“gi on

sending the cells to a buffcr.coﬁplcd to the queue if the predicted jitter
satisfies the threshold critcrion; and

continuing to accumulate at the queue'é number of cells corresponding to a
next decision point. \

15 means for encapsulating the cells at the buffer.




point; predicting jitter associated with the cells by predicting a nunber
of packets 15 at the buffer by accessing the fill tinme matrices,

determ ning a current nunber of packets at the buffer, and predicting the
nunber of packets accoriding to the current nunber of packets at the buffer
and the fyybloskdsp® matrices in order to predict the jite@rusassgei ated with
the cells; determ ning whether the predicted nunber satisfies the threshold
criterion; 20 sending the cells to the buffer if the predicted jitter
satisfies the threshold criterion; and continuing to accunulate at the
gueue a nunber of cells correspondigag to a next decision point; and
encapsul ating the cells at the buffer by generating an encapsul ati on
section by 25 adding a section header and a.section footer to the cells,
and packetizi fd t hé 'gﬁﬁ%@p@h?’ﬁfﬂsﬁ‘ﬁt’“%%@st’%‘ﬂpqﬁ'ﬂgo a plurality of packets,
each packet cqoiRvifd £ glusaliBAskels hengeie, ané qRevd agdociated At £plufality of

decision points, each decision point corresponding to a number of cells, each decision
point associated with a thréshbld criterion describing a threshold number of packets at a

5 buffer coupled to the queus;
calculating a pluraiity of fill time matrices associated with a plurality of other
queues by calculating a waiting period between encapsulating at a current decision point
and encapsulating at a next decision point, dcteﬁnining iﬁfonnation about a plurality of

‘sets of packets sent to the buffer from the other queue during the waiting period, each set

10 of packets associated with a fill time, and storing the information in the fill time matrix.

repeating the following umtil satisfying a threshold criterion:
accumulating at the queue a number of cells corresponding to a decision
point; A -
predicting jitter associated with the cells by predicting a number of packets
15 at the buffer by accessing the fill time matrices, determining a current number of packets
at the buffer, and predicting the number of packets according to the current number of
packets at the buffer and the fill time matrices in order to predict the jitter associated with
the cells: -
determining whether the predicted humber satisfies the threshold'criteribn;
20 sending the cells to the buffer if the predicted jitter satisfies the threshold
criterion; and
continuing to accumulate at the queue a number of cells corresponding to a
next decision point; and_ h
encapéulat_ing the cells at the buffer by generating an encapsulation section by
25 addinga seétion header and a section footér to the cells, and packetizing the encapsulation
section into a plurahity of péckets, each packet comprising a packet header and a pa'cket

footer.




