Robust Trans mission of M PEG Video Strea ms over

Lossy Packet-Sw itching Netw orks by using PET *

Andr es Albanese 1 and Giancarlo Fortino 1,2

1 Int ernational Comput er ScienceInstitut e, Berkeley, CA, US A

2 Universit y of Calabria, Rende(CS), Italy

TR-99-014

June1999

Abstract. Networ k het er ogeneit y is a major issueand multimedia applications haveto deal wit h int erconnect ed net works consist ing of many sub-net works of non-uniformly distribut ed resources.

Real-t imetraffic caused by video sources is bursty by nature, resulting in buffer overflow at the switch and unavoidablepacket losses. Thereforetheinfor mat ion is desirablebecompr essed and prioritized in a way that theapplication gracefully degrades during adversenet work condit ions.

Priority Encoding Transmission (PET)is an approach to thetransmission of prioritized infor mation over lossy packet-switched net works. Thebasic idea is that thesourceassigns differ ent priorities to differ ent segments of data, and then PET encodes thedata using multilevel redunda ncy and disperses theencoding into t hepackets to betransmitt ed. Theproperty of PET is that thedestination is ableto recover thedata in priority order based on thenumber of packets received per messa ge. This report summarizes t heresults to dat eobtained fromt hePET project and gives dir ect ion of on-going and further wor k. Thepaper describes thefunda mentals of the theory on which PET is based, theint egration of PET wit h MPEG-1, some experimental results, and an application tool RTP-based, VIC-MPET, which allows encoding and pla ying robust

MPEG video strea ms over theInt ernet MBone.

* Research supported bythe National Science Foundation operating grant NCR-9416101.

Table of Contents

Tableof Figures ................................ ................................ ................................ .......................... 3

Index of Tables ................................ ................................ ................................ ........................... 4

1. Introduct ion ................................ ................................ ................................ .................... 5

2. MPEG ................................ ................................ ................................ ............................ 8

2.1 MPEG-1 Video C ompr ession ................................ ................................ ........................ 9

2.1.1 Coding Layers ................................ ................................ ................................ ....... 9

2.1.2 Coding Techniques ................................ ................................ .............................. 10

2.1.3 BitstreamHierarchy ................................ ................................ ............................. 12

3. PET (Priority Encoding Transmission) ................................ ................................ ......... 15

3.1 ErasureCodes ................................ ................................ ................................ ............. 15

3.2 Polynomials over a Finit eField ................................ ................................ ................... 16

3.2.1 Fundamentals on t heGalois Field ................................ ................................ ........ 16

3.2.2 A possibleGalois Field for a PET System ................................ ............................ 17

3.3 Cauchy Matrices ................................ ................................ ................................ ......... 18

3.4 Basic Design Considerations ................................ ................................ ....................... 19

3.4.1 Data Partitioning ................................ ................................ ................................ .. 19

3.4.2ThePriorit y Table ................................ ................................ ................................ 21

4 Prioritized Encoding of MPEG Sequences ................................ ................................ ......... 22

4.1 Motivation ................................ ................................ ................................ .................. 22

4.2 Segmentation of MPEG Sequences ................................ ................................ ............. 24

4.2.1 Redundancy distribution ................................ ................................ ...................... 25

4.2.2 Priority TableSetup ................................ ................................ ............................. 26

4.3 SoftwareArchit ectur e ................................ ................................ ................................ . 28

4.4 Simulation experiments ................................ ................................ ............................... 31

5 PET implementation ................................ ................................ ................................ .......... 33

5.1 Striping process ................................ ................................ ................................ .......... 33

5.2 Packet format ................................ ................................ ................................ .............. 35

5.3 Data Structure ................................ ................................ ................................ ............. 37

5.3.1ThePriorit y Table ................................ ................................ ................................ 37

5.3.2TheR esult Table ................................ ................................ ................................ .. 37

5.3.3 PETmessageID ................................ ................................ ................................ .... 39

5.4 PET encoding ................................ ................................ ................................ ............. 39

5.4.1 Calculation of thepacket number ................................ ................................ ......... 39

5.4.2 Calculation of thepacket number ................................ ................................ ......... 40

5.5 Typical sender beha vior ................................ ................................ .............................. 41

5.6 PET decoding ................................ ................................ ................................ ............. 41

5.6.1 Opening a PETdecoder ................................ ................................ ........................ 41

5.6.2 Processing Received Packets ................................ ................................ ................ 42

5.6.3 Retrieving themessage ................................ ................................ ........................ 42

5.6.4 Destroying a messageand closing thedecoder ................................ ..................... 43

5.6.5 Miscellaneous functions ................................ ................................ ....................... 44

5.6.6Typical Beha vior for Receiving Messages ................................ ............................ 44

6. MPET in VIC ................................ ................................ ................................ ................... 46

6.1 MPEG decoding ................................ ................................ ................................ ......... 46

6.2 MPEG encoding ................................ ................................ ................................ ......... 46

6.3 RTP encapsulation of plain MPEG streams ................................ ................................ . 48

6.3.1 Header fields ................................ ................................ ................................ ....... 48

6.3.2 Payloa d ................................ ................................ ................................ ................ 48

6.3.3 Loss recovery and ha ndling of latepackets ................................ ........................... 48

6.4 RTP encapsulation of PET protect ed MPEG: MPET ................................ ................... 48

6.4.1Timing: when t o play a frame ................................ ................................ .............. 49

6.4.2 When arepackets too late ................................ ................................ .................... 50

6.4.3 Parallelizing PET operations by using multiplethr eads ................................ ........ 50

Protect ion against reentry ................................ ................................ ......................... 51

Parallelizing of theencoding and decoding ................................ ............................... 51

Comput ethepriority levels in parallel ................................ ................................ ...... 52

Comput ethepackets of onepriority level in parallel ................................ ................. 53

Further considerations ................................ ................................ .............................. 53

7. Conclusions and futurewor k ................................ ................................ ............................. 54

7.1 FutureWork on FEC codes ................................ ................................ ......................... 54

7.1.1Tornado codes ................................ ................................ ................................ ..... 54

7.2 FutureWork on Applications for PET ................................ ................................ ......... 56

7.3 Integration of PET with MASH ................................ ................................ .................. 56

REFERENCES ................................ ................................ ................................ ..................... 58

Table of Figures

Figur e1.1: Packet losses in a mult icast video session. ................................ ................................ . 5

Figur e2.1: Block Transfer Encoding, thebasis of JPEG and MPEG encoding. ............................ 8

Figur e2.2: MPEG coding la yers. ................................ ................................ .............................. 10

Figur e2.3: A macroblock in MPEG-1. ................................ ................................ ...................... 10

Figur e2.4. Motion Compensation (MC) in P- and B-frames. ................................ ..................... 12

Figur e2.5. Main MPEG coding loop. ................................ ................................ ........................ 12

Figur e2.6. MPEG-1 video strea m. ................................ ................................ ............................ 13

Figur e2.7. Bitstreamorder vs. Display order. ................................ ................................ ........... 14

Figur e3.1. Erasurecodes. ................................ ................................ ................................ ......... 16

Figur e3.2. Polynomia ls over Galois field GF[9] ................................ ................................ ....... 17

Figur e3.3: Representation of Galois field GF[2 16 +1] ................................ ................................ . 18

Figur e3.4. Messagestriping process. ................................ ................................ ........................ 20

Figur e4.1. Multiplexing of la yer ed data onto a singlecha nnel. ................................ ................. 22

Figur e4.2. Losses affect ing MPEG. ................................ ................................ .......................... 23

Figur e4.3. Illustration of thecoding process that is effect ivein PET. ................................ ........ 25

Figur e4.4. Multilevel redundancy distribution. ................................ ................................ ......... 26

Figur e4.5. Striping process. ................................ ................................ ................................ ...... 28

Figur e4.6. SystemArchit ectur e. ................................ ................................ ............................... 29

Figur e4.7. Redundancy distribution. ................................ ................................ ......................... 31

Figur e4.8. Packet loss statistics. ................................ ................................ ............................... 32

Figur e4.9. Packet loss statistics. ................................ ................................ ............................... 32

Figur e5.1. Sorting and striping of MPEG messages. ................................ ................................ . 35

Figur e5.2. PET packet for mat. ................................ ................................ ................................ . 36

Figur e5.3. Partial losses of messageparts. ................................ ................................ ................ 39

Figur e6.1. GUI of VIC-MPET. ................................ ................................ ................................ 47

Figur e6.2. TheMPET window. ................................ ................................ ................................ 47

Figur e6.3. Timing of MPEG frames. ................................ ................................ ........................ 49

Index of Tables

Table3.1. Priority tableinfor mation. ................................ ................................ ......................... 21

Table3.2. Infor mation distribution. ................................ ................................ ........................... 21

Table4.1. Typical framesizes. ................................ ................................ ................................ .. 25

Table4.2. Priority tablefor mat. ................................ ................................ ................................ 27

1. Intr oduc tion

Multimedia computing enables new applications such as video on-dema nd, multimedia ema il, documents and spreadsheets, deskt op video confer encing, distribut ed virtual realit y, and distributed int eractivesimulation. Being a powerful tool it will havea dramatic impact on socia l, educational and business communications:

^ The transition to distributed multimedia applications will be more significant than the transition to graphical user interfaces because it will have a greater impact on business productivity and our personal lives .~ (Prof. Larry Rowe, Universit y of California at Berkeley,

1995)

By introducing optical fiber to transmit data a tremendous incr easein net work bandwidt h has been achieved, allowing widespr ead useof mult imedia applications. Widearea net works of global dimensions offer ubiquitous access to users not only in t heresearch community but also incr easingly to businesses. Ther efor enet work het erogeneit y has becomea major issueand applications haveto copewith int erconnect ed net works consist ing of many sub-net works.

Computational power, bandwidt h, storageand congest ion control policies may unevenly vary in differ ent net work environment r esulting in unavoidable congestion, delays and losses.

Figure 1.1: Packet losses ina multicast video session.

Figur e1.1 shows thepacket loss per 100 measured at onereceiving host during a net work

video multicast session (generated by themult imedia tool nv 1 ) over theMulticast Backbone

1 ftp://ftp.parc.xerox.com/net-research testbed (MBone 2 ) fromPalo Alt o to Berkeley. Not ethat thepeak loss is 10 times gr eater than the

averageloss of 4.5%.

Thetransmission of ima ges, moving or still, requir es an enor mous amount of bandwidt h

[Crowcr oft et al., 99]. Efficient compression algorithms ha vebeen developed but still net work

traffic will be easily dominat ed by thevideo. Contrary to comput er data traffic, a set of

mechanisms is requir ed in order to providegood quality of service(QOS) guarantees. Strong

delay constraints challengethedesign and engineering of communication systems. Circuit

switching t echnology imposes constant bit-rate(CBR) utilization of t heassigned channels. Thus

video encoders areforced to generat ea CBR stream, paying thepriceof varying picturequalit y

and unsatisfying bandwidt h exploitation.

Packet-switched net works such as theInt ernet and wide area ATM net works providea basis

for variablebit-rate(VBR) video transmission and constant picturequalit y. In ATM net works

VBR coding schemes may beimplement ed wit hout sacrificing bandwidt h utilization efficiency,

sincebandwidt h can beallocat ed on dema nd. However, VBR coding and transport introduces

ot her pot ent ial obstacles.

Video traffic is bursty by nature. Thus when many sources aretransmitt ing at their peak rate

theavailablenet work bandwidth ma y be exceeded, causing buffer overflow at theswitch and

packet loss. Thus, packet loss is mor elikely to occur in bursts, rather than beevenly distributed.

Although some loss of less important visual infor mation ma y beacceptable, theintroduct ion of

compression algorit hms using sourcecoding t echniques and mot ion compensation ma y lea d to

sever edegradation in ter ms of picturequality when losses occur. Encoded bitstrea ms using

variablelengt h codes (VLC) arevery sensit iveto losses, sincetheloss of a singlebit forces the

decoder to discard infor mation until thefollowing synchr onization sequence. In order to

guaranteea minimumquality of service, priorit y mechanisms aredesirable. TheMoving Pictures

Expert Group (MPEG)has developed a widely used standard for video compression. Alt hough

MPEG-1 does not providescalability, it may also beviewed as hierarchically structured.

Refer encefra mes (intra frames) carry thecomplet eset of paramet ers needed for frame

reconstruction at thedecoder, whereas ot her frames (inter frames) contain only infor mation about

cha nges fromtheser efer encefra mes. However, some efforts havebeen ma deadding scalabilit y

in ter ms of resolution to theMPEG-1 bitstrea m. A two layer ed scheme over ATM has been

proposed, prioritizing packets in two levels: basela yer and enhancement la yer. Thebasela yer

contains only low frequency DCT (Discret eCosineTransfor m) coefficients and can bedecoded

2 http://www.mbone.com independent ly, whereas theenhancement la yer carries high resolut ion data that is only usable

when added back to thebaselayer. By separating thebitstrea mthebit rateper frameis incr eased

by approximately 20%. Thenet work has to makesurethat thebaselayer is transmitt ed over a

mor ereliablechannel.

Several other approaches introducenet work support in order to copewit h packet loss. One

idea is based on retransmission of discarded packets. Techniques such as Automatic Repeat

Request (ARQ) havesignificant drawbacks, sincet hey introduceadditional roundtrip latency and

in a mult icast scenario causeenor mous complexit y (e.g., scalability issues).

Alt ernatively, codes based on Forward Error Correct ion (FEC) traditionally focus bot h on

det ection/correct ion of errors and recover y of lost information. In a packet-based net work, error

det ection/correct ion can bedealt wit h on a packet by packet basis. Thus, theprimary useof FEC

by theapplication would beto recover lost packets. Traditional FEC permits encoding only on a

singlepriority level.

Priority Encoding Transmission (PET)[Albanese et al, 96] is an approach regarding t he

prioritized transmission of scalablemessages over lossy packet-switched net works. It allows a

user to specify priorities for differ ent segments of data. Based on this hierarchical structurethe

sender uses thesyst emto encodet hedata into packets for transmission. Theidea is that the

infor mation is distribut ed over all thepackets sent per message. However, each packet contains

relatively mor einfor mation about thehigher priorit y segments of thedata. Hencet hereceiver is

ableto recover theinfor mation in priorit y order, based on thenumber of packets received per

message.

This report addr esses therobust transmission of MPEG video strea ms over MBoneby using

PET techniques. Its main goal is to summarizeand describet heresearch and theresults obtained

fromthePET project. Sect ion 2 is aimed at providing basic infor mation about theMPEG-1

standard. In sect ion 3 a PET systemusing erasurecoding t echniques based both on properties of

(1) polynomia ls over a finit efield and (2) Cauchy matrices is described. Section 4 mer ges PET

and MPEG. A way of packet izing MPEG-1 bitstreams is proposed. Thebasic idea is that

int er-frames (B) areless redundantly encoded t han referencefra mes (I and P). A PET-MPEG-1

simulation based on thefirst PET scheme is detailed by comment ing observed results with

differ ent MPEG movieclips. Section 5 introduces theVIC-MPET multimedia tool and t hePET-

API. Conclusions and dir ections of on-going work arefinally present ed.

2. M PEG

MPEG 3 is a compr ession standard for audio, video, and data established by theInt ernational

Telecommunications Union and Int ernationa l Standards Organization. TheMPEG-1 standard

[ISO11172], established in 1992, is designed t o produce r easonablequalit y ima ges and sound at

low bit rates (e.g., 352x240 (288) ima ges at 24-30 fps with VHS qualit y at 1.5 Mbps). The

MPEG-2 standard, established in 1994, is designed to producehigher quality ima ges at higher bit

rates (e.g., 720x485 studio qualit y CCIR-601 images at up to 15 Mbps).

Its development ther efor eaddr essed thefollowing features:

RandomAccess, Fast Forward/ReverseSearches, ReversePlayback, Audio-Visual

Synchronization, Editabilit y, and For mat Flexibilit y

Thebasic idea behind MPEG video compr ession is to removespatial redundancy within a

video frame, as in JPEG (thestandard for still ima gecompr ession spatial redundancy), and

temporal redundancy bet ween video frames. Motion compensation is used to exploit temporal

redunda ncy. Theima ges in a video strea musually do not changemuch within small time

int ervals. Theidea of mot ion-compensation is to encode a video framebased on other video

frames temporally closeto it.

Figure 2.1: BlockTransfer Encoding, the basis ofJPEG and MPEG encoding.

Imagecompression usually is achieved by applying several t echniques such as sub-sampling

of chromina ncecomponents, quant ization, frequency transformation by thecosinetransfor m

3 http://www.mpeg.org/MPEG/

(DCT - Discret eCosineTransform) and variablelengt h coding (VLC) (seeFigure2.1). MPEG

additionally introduces mot ion compensation (MC) to exploit temporal redundancy, predictive

coding and pictureint erpolation.

2.1 MPEG-1 Video Compression

A video strea mis a sequenceof video frames. Each frameis a still ima ge. A video player

displays oneframeafter anot her, usually at a ratecloseto 30 frames per second (23.976, 24, 25,

29.97, 30). Frames aredigit ized in a standard RGB format, 24 bits per pixel (8 bits each for Red,

Green, and Blue). MPEG-1 is designed to producebit rates of 1.5Mbps or less, and is int ended to

beused wit h ima ges of size352x288 at 24-30 frames per second.

TheMPEG-1 algorithmoperates on ima ges represent ed in YUV color space(Y Cr Cb). If an

ima geis stor ed in RGB for mat, it must first beconvert ed t o YUV for mat. In YUV for mat, images

arealso represent ed in 24 bits per pixel (8 bits for theluminanceinfor mation (Y) and 8 bits each

for thetwo-chrominanceinfor mation (U and V)). TheYUV for mat is sub-sampled. All

luminanceinfor mation is retained. However, chrominanceinfor mation is sub-sampled 2:1 in bot h

thehorizontal and vertical directions. Thus, ther eare2 bits each per pixel of U and V

infor mation. This sub-sampling does not drastically affect quality becausetheeyeis mor e

sensitiveto luminancet han chromina nceinformation.

Sub-sampling is a lossy step. The24 bit RGB infor mation is reduced t o 12 bit YUV

infor mation, which automatically gives 2:1 compression. Technically speaking, MPEG-1 is 4:2:0

YCrCb.

2.1.1 Coding Layers

As illustrated in Figur e2.2 an MPEG bitstreamis built up of four major components. Pictures are

theequivalent of a singlemoviefra meand represent the basic unit of display. Ther earethree

differ ent kinds of pictures, which arediscussed lat er in mor edetail. A frameis divided int o slices.

Theslices arethebasic processing unit and providefault tolerant access within a single

picture. Sincethey areindependent, they may becoded in gr oups. A slicema y bea singlelineof

theima geor consists of any number of macroblocks. Each of themcontains a hea der and six

component blocks: 4 luminanceblocks and just 2 chromina nceblocks (Figure2.3).

Figure 2.2: MPEG coding layers.

Dueto t hecharacteristics of sensit iveness of t hehuma n eye, color infor mation is sub-

sampled. That is, a macroblock of 16x16 pixels repr esents 4 blocks of luminanceY, but only one

block of chromina nceblueCb and oneof chr ominancer ed Cr. Squares of 8x8 pixels each are

called blocks, thesmallest coding entit y in theMPEG algorithm. Macroblocks aretheunits for

mot ion-compensated compression. Blocks areused for DCT compression.

Figure 2.3: A macroblockinMPEG-1.

2.1.2 Coding Techniques

MPEG uses threediffer ent types of pictures:

· Intra-frames (I), coded as a still ima ge;

· Predict ed frames (P), predict ed fromt hemost recent ly decoded I-or P-frame;

· Bidir ectional-frames (B) int erpolated fromt heclosest two I-or P-frames.

An Iframe is encoded independent ly fromany other ima ge(past or futureframes), applying

techniques similar to JPEG compr ession each 8x8 block is first transfor med fromspatial domain

into thefr equency domain using Discret eCosineTransfor m(DCT), which separates thesignal

into independent frequency band. Most frequency informat ion is in theupper left corner of t he result ing 8x8 block. Aft er this, thedata is quantized. Thecorresponding coefficients then are

quant ized in fr equency order that is low fr equency components areencoded mor eaccurately than

high fr equency ones. Quantization is theonly lossy part of thewholecompression process other

than sub-sampling. Additional compr ession is achieved by variablelengt h coding (RLE - Run

Lengt h Encoding) of theresulting data in a zig-zag or der ing. Each block is encoded

independent ly wit h thefollowing exception: thecoefficient in theupper left cor ner of theblock,

called theDC coefficient, is encoded relativet o theDC coefficient of t heprevious block (DCPM

coding).

P- frames generally refer to themost recent refer enceframe(past frame), which is eit her an I-

or a P-frame. Each macroblock in a P-framecan beencoded either as an I-ma croblock or as a P-

macroblock. An I-ma croblock is encoded just likea macroblock in an I-frame. A P-macroblock is

encoded as a 16x16 area of thepast referenceframe, plus an error term. They usemotion

compensation on a macroblock basis. Encoded aremot ion vect ors and error terms. Thevector

specifies ther elativelocation of thema croblock within ther efer enceframe, which matches the

oneto becoded best. A mot ion vect or (0, 0) means that the16x16 area is in thesa meposit ion as

themacroblock being encoded. Thediffer enceis expr essed by an error ter mor in caseof total

complia nceis skipped. In thelatter casetherefer encema croblock is simply duplicated. Motion

vectors ma y includehalf-pixel values, in which casepixels areaveraged. The error ter mis

encoded using t heDCT, quantization, and run-lengt h encoding. Therangefor motion vect ors

ma y belimit ed, sincesearching for theclosest pattern is very timeconsuming. Thesearch for

good motion vect ors (theonethat gives small error termand good compr ession) is theheart of

any MPEG-1 video encoder and it is theprimary reason why encoders areslow.

A Bframe may beint erpolated frompast and futurerefer enceframes. So B-macroblocks

ma y eit her usebackward motion compensation (MC), forward MC or both, in which casethe

16x16 area is averaged (Figur e2.4). Bi-directional frames ther efor eprovidethehighest amount

of compr ession, but may not besuitablefor all applications, sincethey requireout of sequence

transmission, which leads to lat ency.

Figure 2.4. MotionCompensation(MC) inP- and B-frames.

Figure 2.5. MainMPEG coding loop.

Figur e2.5 shows thecomplet ecoding loop for theMPEG algorithm. Not ethat thefeedback loop

is only needed for P-and B-frames.

2.1.3 BitstreamHierarchy

An MPEG video is repr esent ed by a layered and order ed bitstrea m. Thetop la yer is called

sequence. Sequencedelimit ers encapsulatea movie. It always starts wit h a sequencehea der

which contains essential infor mation such as picturesize, picturerateand bit rate. Eventually it

ends wit h a 32 bit sequenceend code.

Theheader is followed by any number of Group of Pictur es (GOP). A GOP (fig. 2.6)

provides randomaccess, sinceit is thesmallest coding unit that under certain circumstances can

beindependently decoded.

Figure 2.6. MPEG-1 video stream.

Dueto t hevariet y of picturetypes, thedesign of a GOP is constrained by thefollowing

properties [ISO11172]:

· Property 1. A group of pictures, in bitstrea morder must start with an I-framea nd ma y be

followed by any number of I-, P-or B-frames in any order.

· Property 2. It must begin, in display order, wit h an I-or B-frameand must end wit h an I-or

P-frame. Thesmallest GOP might consist of only a singleI-picture, wher eas theupper

bound is unlimit ed.

· Property 3. It always begins wit h a GOP-hea der and either ends at thenext GOP-header or at

theend of sequence.

Not ethat in casea GOP starts wit h a B-framein display order, it cannot bedecoded

independent ly, sinceit requir es a refer enceframeof the previous GOP. In general, a GOP

visualizes thedependencies bet ween t heseveral types of frames wit hin a GOP or even across

their borders. As ment ioned befor e, ther earetwo different pictureorder ings: display order and bitstrea morder. Thelatter has to bediffer ent, sincefor int erpolation thedecoder first has to know

about thet wo r efer enceframes, beforehemight evaluat ethemacroblocks wit hin a B-frameslice.

Not ethat in bitstrea morder frames can only refer to past referencefra mes. In casethefirst

block of B-frames is int erpolat ed, it depends on theP-frameof thepr evious GOP. TheMPEG

standard provides a closed GOP flag. It denot es whether theGOP is open or closed. In t helatter

casea GOP can bedecoded wit hout any refer ences t o previous groups. Wit h respect to the

transmission of MPEG sequences over packet-switched net works, theclosed GOP flag could

slight ly incr easethefault toleranceof thebitstrea m.

Figur e2.7 shows thediffer encebet ween bitstrea morder and displa y order. Frames usually

carry temporal refer ences that denot ethedisplay order. In general bi-dir ectional frames change

places with refer enceframes. Thevery first GOP varies fromthesubsequent, sincetwo

refer ences areneeded in order to decodet hefirst block of B-frames. However, theI-Frameand

theP-Frameat thebeginning is a kind of init ialization and ther efor eusually is not displa yed at

all.

Anot her point worth ment ioning concer ns thesizeof t heframes. Ther eis no such thing as a

fixed sizefor all thr eeframetypes. TheI-framesizecan vary in thediffer ent GOPs of a video

sequencedepending on thescenecont ent. Thesizes of P-and B-fra mes can vary even wit hin a

GOP. In addit ion t heMPEG-1 standard allows thepattern of I-, P-and B-frames to vary

dyna mically bet ween differ ent GOPs although this is usually not done.

Figure 2.7. Bitstreamorder vs. Display order.

3. PET (Priority E nc oding Transmission)

Priority Encoding Transmission (PET 4 ) [Albanese et al., 96; Albanese et al., 96; Lamparter et

al., 95] is an approach introducing a met hod for sending messages over a lossy packet-switched

net work according to a user specified priorit ization scheme. It focuses on fault tolerant

transmission, especially suitablein caseof unpr edictablepacket losses. Its design is independent

fromany specific scalableapplication. Thebasic idea is that thesourceassigns differ ent priorit ies

to differ ent segments of data resulting in a multilevel redundancy distribution. Theinfor mation is

distributed over all thepackets sent per message. However, each packet contains relatively more

infor mation about high priority data. Hencethedest ination is ableto recover theinfor mation in

priority order based on thea mount of packets received per message.

In this chapter, two PET systems aredescribed. Thefirst uses erasurecoding t echniques

based on polynomia ls over a finit efield. Thelatter exploits erasurecoding t echniques based on

Cauchy matrices. In thefirst paragraph thenotion of erasurecodes is briefly introduced. The

second paragraph describes basic properties of polynomia ls over finit efields, wher eas thethir d

oneintroduces theCauchy matrices. Finally, a possiblei mplementation of a PET systemis

highlight ed.

3.1 Erasu r e Codes

Let us assumea messageM consists of b wor ds of lengt h w each. Consequent ly themessage

lengt h madds up to m= wb. MessageM is redundantly encoded int o codeE(m) wit h lengt h e=

nw, wher en ³ b. E is called an erasurecodeif theoriginal b words can bereconstructed froma ny

b wor ds of theencoded messageE(m) (toget her wit h the indices of theb words of encoding)

[Luby et al., 97].

Figur e3.1 displays a messageM and thecorresponding codeE. Theb words can be

recover ed fromany subset of b words of thetotal encoding. Two exa mples depict ed by the

cont inuous/ dashed lineareshown in Figur e3.1.

A possibleimplementation of erasurecodes consists in viewing theb words as thecoefficients of

a polynomia l of degreeb-1 over a finit efield. This method is described in thefollowing sect ions.

4 http://www.icsi.berkeley.edu/~fortino/PET/index.html

M

E(M) w b

n w n ³ b

Figure 3.1. Erasure codes.

3.2 Polynomials over a Finite Field

3.2.1 Fundamentals onthe Galois Field

Ther earetwo differ ent types of finit efields or Galois fields (GF) [Albanese et al., 96]: Prime

fields GF[p] and ext ension fields GF[p m ] wher e"p’’ denot es a primenumber and "m ³ 2’’ a posit ive

int eger. Respect ively they consist of q = p or q = p m elements, which in thelatter casecan be

consider ed as polynomials of degr eem-1 wit h coefficients a i

Î GF[p]:

1

1

2

2 1 0 ... -

-

+ + + + m

m x a x a x a a

In Galois field GF[p] operations arecalculated modulo p, wher eas in Galois field GF[p m ] an

irreduciblepolynomia l p(x) is needed, so calculation is donemodulo p(x). Thearithmet ic in

ext ension fields is mor ecomplicated than in primefields. Ther efor ean erasurecodeimplement ed

in a primefield was consider ed to bemoresuitablefor theproposed purposes. Onewa y to realize

erasurecodes consists in viewing theb words of messageM as thecoefficients of a polynomia l of

degr eeb-1 over a suitablechosen field. CodeE then is built up by n polynomia l values evaluated

at differ ent field elements. Hence, fromany subset of b polynomia l values (and thecorresponding

field elements at which they areevaluated) theoriginal messageca n bedet er mined by

int erpolation.

As an exa mpleit is assumed that 4 integer values (1,8,5,3) should betransmitted. Sinceall 4

values areless than 9, they can beconsider ed as elements of Galois field GF[9]. Now the4-tuple

(1,8,5,3) denot es thecoefficients of thepolynomia l p(x) mod 9. It is obvious that fromany 4

values p(i) evaluat ed at differ ent field elements i t heorigina l polynomial p(x) can be

reconstructed by int erpolation. Theredundancy is set by transmitting moretha n 4 pairs (i,p(i)).

Consequent ly in Galois field GF[9] a maximumof 9 differ ent pairs might becreat ed. All

calculations aredonemodulo 9.

1, 8, 5, 3

3 2 3 5 8 1 ) ( x x x x p + + + =

4 ) 8 ( 3 ) 8 ( 5 ) 8 ( 8 1 ) 8 (

8 ) 7 ( 3 ) 7 ( 5 ) 7 ( 8 1 ) 7 (

4 ) 6 ( 3 ) 6 ( 5 ) 6 ( 8 1 ) 6 (

5 ) 5 ( 3 ) 5 ( 5 ) 5 ( 8 1 ) 5 (

7 ) 4 ( 3 ) 4 ( 5 ) 4 ( 8 1 ) 4 (

7 ) 3 ( 3 ) 3 ( 5 ) 3 ( 8 1 ) 3 (

7 ) 2 ( 3 ) 2 ( 5 ) 2 ( 8 1 ) 2 (

8 ) 1 ( 3 ) 1 ( 5 ) 1 ( 8 1 ) 1 (

1 ) 0 ( 3 ) 0 ( 5 ) 0 ( 8 1 ) 0 (

3 2

3 2

3 2

3 2

3 2

3 2

3 2

3 2

3 2

= + + + =

= + + + =

= + + + =

= + + + =

= + + + =

= + + + =

= + + + =

= + + + =

= + + + =

p p p p p p p p p

GF[9] M od 9

Figure 3.2. Polyno mials over Galois field GF[9]

3.2.2 A possible Galois Field for a PET System

Assuming thesystem uses words of lengt h w = 16 bit or 2 bytes each, they might beconsider ed

as coefficients of a polynomial over the ext ension field GF[2 16 ]. However, froma computational

point of view it is preferablet o usea primefield. TheGalois field GF[2 16 +1] is a primefield

covering therangethat can berepresent ed by 16 bit wor ds. Multiplications within this field can

bereduced t o a constant number of int eger arithmetic operations, shifts and comparisons.

However, thevalueis not representableby 16 bits, but obviously ma y beoneof thepolynomial

values evaluated at differ ent field elements. Thereforein order to avoid overflow a PET system

has to providean additional feature.

In caset helist of transmitt ed polynomia ls contains theelement, an offset e has to bedefined

which makes surethat therangerepr esentableby two byt es is not exceeded. Theoffset per packet

is det er mined by browsing t hetransmission data for a valuethat is not a member of t hedata

within thesa mepacket. Then all values smaller than the offset x < e aremapped ont o themselves

x = xand all values x > e aremapped ont o x = x-1. Consequently within each packet, 16 bits have

to bereser ved for theoffset.

Figure 3.3: RepresentationofGalois field GF[2 16 +1]

3.3 Cauchy Matrices

Cauchy matrices [Bloemer et al., 95] can beused to implement linear, systematic codes, i. e.,

theencoding is a linear function of themessageand theunencoded messageis part of the

encoding. MDS codes based on Cauchy matrices area variant of Reed-Solomon codes [ IETF

draft FEC ].

Packets contain b words consist ing of w = 32 bit. For a codeover GF[2], a messageof m

packets is then consider ed to bean (mbx32)-matrix M over GF[2].

Sincet ypically theencoding sizeis only a constant multiple(0..5) of themessagesizet helast

property helps implement ing an efficient encoding procedurefor thesecodes. On theencoding

siderunning timeis achieved that decr eases with theamount of unencoded messager eceived.

Sinceoft en t heencoding is moderately larger than themessageitself, this is oneof ther easons

thedecoding procedur eruns in real-time for bit rates up toa few Mbps.

However, themain gain compared t o themet hod based on theevaluation and int erpolation of

polynomia ls is achieved by using a well-known repr esentation of elements in finit efields of the

for mGF[2 L ] by (LxL)-matrices over GF[2]. This allows to replacearithmet ic operations on field

elements by XOR´s of comput er words and in practiceXOR´s of comput er words aremuch more

efficient than multiplications in finit efields.

3.4 Basic DesignConsiderations

3.4.1 Data Partitioning

Thefirst step in constructing a PET systemis partitioning t hetransmission data [Leicher, 94].

Theseportions arethebasic units, called messages which areencoded oneat a time. A message

then is split int o user specified priorit y segments. A segment is divided int o blocks. Each block

represents a polynomia l of degr ee(block length) -1. Within each segment all blocks should have

thesamelengt h in order to meet t hegiven priorit y. Then each block is encoded separately by

using erasurecodes. Then polynomia l values of the erasurecodeE(m) aredispersed into n

packets. Each packet ther efor econtains only onepolynomia l valuerepr esent ed by a singlewor d.

Thefield element varies frompacket to packet, but within a singlepacket all polynomials are

evaluat ed at thesamefield element.

Figure 3.4. Message striping process.

Figur e3.4 shows an exa mplemessagepartitioned into thr eepriority segments and striped int o

packets of equal lengt h. Not ethat themaximumnumber of packets which can besent is 2 16 +1,

thesizeof theGalois field GF[2 16 +1].

Thesmallest entit y is a word w of t wo byt es. Thepriorit y of a segment is expr essed by thelengt h

of its blocks. Hencethesmaller theblocks, thehigher thepriorit y. Obviously in our sample

messagesegment S1 has thehighest priorit y, followed by S2 and S3. Consequently blocks

B11-B12 consist of t wo, B21-B22 of thr eeand B31-B32 of four words. G sb (i) denot es thevalue

of thecorresponding polynomial of degr eeequal to (block size) -1, evaluat ed at thefield element

i (indices s and b identify thesegment and block respectively). Wit hin each packet all

polynomia ls areevaluated at thesamefield element. HenceB11-B12 can bereconstructed from

any two packets, B21-B22 fromany thr eeand B31-B32 fromany four packets. By sending n=6

packets B21 now would beencoded with 50% redundancy, i. e., it can berecover ed fromany 50%

of thetransmitted packets. Each packet additionally carries at thebeginning theoffset discussed

aboveand thefield element i.

3.4.2 The Priority Table

Oneof PET’s basic design principles is that thepriority funct ion is specified by theuser or the

application. Based on this distribution themessageis divided int o segments. A simpleand

flexiblerealization consists in specifying priorit ies in fraction of packets needed t o recover the

segment. Regarding thepreviously discussed exa mple(fig. 3.5), a possibleuser defined tablemay

look as follows:

Segment size (word) Fractionofpackets needed to recover

S1=4 0.333

S2=6 0.500

S3=8 0.667

Table 3.1. Priority table information.

Thenumber of transmitt ed packets (n) is set to 6. Consequent ly even t hough segment S1

encompasses only 22.22% of thetotal messageit covers a third of theencoding. Sinceany pair of

packets is already sufficient to recover S1, an overall over head of 200% for S1 is sent. The

corresponding values for theot her segments arelist ed below in priority order:

Segment size Fractionof message size Transmitted redundancy

S1=4 22.22% 200%

S2=6 33.33% 100%

S3=8 44.44% 50%

Table 3.2. Informationdistribution.

Thetotal encoding lengt h adds up to two times thelengt h of t heoriginal message, not included

theover head for theoffset, field element and thepriority table.

4 Prioritize d Enc oding of MPEG Seque nces

4.1 Motivation

Priority Encoding Transmission (PET)[Albanese et al., 96] is designed to bean independent

int erfacebet ween a packet-switched net work and any scalableapplication. Thelatter has to

providea priorit y schemeaccording to which PET is ableto assign redundancy. In this chapter a

scenario which should demonstratethefeasibility of the design considerations is introduced and

simulation r esults wit h MPEG sequences aredescribed. Thefocus of t his work is on ther ecovery

of infor mation sent over a lossy medium. It has to bepoint ed out onceagain that PET is not only

limit ed to this proposed application but is also aimed at coping with any scalabledata.

Froman infor mation theor etic point of view MPEG video compression represents a source

coding scheme. Even t hough PET does not provide error correction, it can beconsider ed as a kind

of channel encoding. Compared to syst ems based on Forward Error Correct ion (FEC) codes, PET

uses less redundancy overall, sincether edundancy is unevenly distribut ed. Concer ning the

net work, a singlechannel reser vation is proposed. In casethedata is already layer ed, it should be

mult iplexed ont o a singlecha nnel (fig. 4.1).

Figure 4.1. Multiplexing oflayered data onto a single channel.

Dueto t herapid development of multimedia applications, ther eis an incr easing need for

video compr ession techniques. So far, most applications useMotion JPEG, which is consider ed to

bemor efault tolerant. Only by introducing P and B frames, MPEG provides higher compr ession

rates than JPEG, but at thesamet imema kes thebitstrea meven mor evulnerableto losses:

Figur e4.2 displays a MPEG-1 bitstrea maffect ed by lost packets. Not ehow theimageis mixed

up fromseveral frames. Macroblocks arenot correct ly replaced or usethe error ter min

combination wit h an affect ed refer encefra me. Usually affect ed macroblocks might only vary

slight ly fromtheoriginal, but their blocky character distorts theima ge.

Figure 4.2. Losses affecting MPEG.

TheMPEG video compression standard is consider ed not to besuit ed for transmission over

packet net works, sinceit was designed for storageof video. However, protect ed by a PET system,

requir ements for transmission over a packet-switched net wor k could bemet by increasing the

bitstrea ms fault tolerance. Video traffic is bursty by natureand ther eforeaffects thestability of

packet net works. In or der to copewith losses ther eis an incr easing dema nd for scalablevideo.

Scalable ext ensions havebeen added to thesucceeding MPEG-2 standard, but do not promiseto

bevery effect ive. MPEG-1 has becomever y popular and many soft wareas well as hardware

coders areemer ging. It does not providescalabilit y on a picturequalit y basis, but the

dependencies between differ ent types of frames provide a priority scheme for PET. Sincet hegoal

was a feasibilit y proof of PET as an independent int erface, coding t echniques, such as

customizing MPEG encoders do not need to bechanged. Even though thegranularity in this case

might belimit ed to a framebasis, MPEG-1 provides a good basis for a preliminary PET

simulation.

4.2 SegmentationofMPEG Sequences

A MPEG (see

� 2) video sequenceis composed of sequenceheaders and groups of pictures

(GOP). Header infor mation usually has to be especially prot ect ed. It might betransmitt ed only onceat thevery beginning and end of a sequence. It not only ident ifies a bitstrea mas a MPEG movie, but also contains thefollowing essent ial paramet ers set by theencoder :

· Horizontal/ Vertical Pictur eSize

· Pel Aspect Ratio

· PictureRate

· Bit Rate

· Constrained Paramet er Flag.

As shown in Figure2.6 losses wit hin an I-frameat least affect a wholeGOP and in most cases as well thefirst block of B-frames of thesucceeding GOP. Therefor eit is obvious that within a GOP an I-framehas to havehighest priorit y. This segment should also encompass GOP hea der infor mation, sincewit hout thecorresponding I-frameit is of no use eit her. B-frames requir ean additional referenceframein order to becorrect ly decoded. This referenceusually is a

P-framewhich itself is dependent on thepr evious I-frame. Consequent ly P-frames should have higher priorit y than B-frames.

A possiblewa y to encodeMPEG is to priorit izeover a wholeGOP and map it onto a PET message. At thevery beginning themessagemight also contain sequencehea der data. This solut ion has a certain drawback, sinceseveral frames ha veto bebuffer ed first and therefore latency is added to thesyst em. Hencein this version it might not besuit ed for int eractivevideo confer encing applications, but several ot her scenarios such as broadcasting of conferences and

Video on-Dema nd (VoD) syst ems should betaken into consideration. Nevertheless in caseof a sma ll number of frames in a GOP, it might also beapplicablefor int eractiveusage.

Figure 4.3. Illustrationofthe coding process that is effective inPET.

4.2.1 Redundancy distribution

A typical MPEG-GOP framepattern is consider ed:

I B B P B B

Regarding a picturesizeof 320x240 pixels, Table4.1 shows representativeframesizes:

Frame Type Size inBytes Occurrences inGOP

Total Size Fraction

Needed

Encoding

I-Frame 12000 1 12000 60% 20000

P-Frame 4800 1 4800 80% 6000

B-Frame 2850 4 11400 95% 12000

Total 6 28200 38000

Table 4.1. Typical frame sizes.

Priorities are expr essed by fraction of packets needed to r ecover theoriginal infor mation.

According t o theaboveconsiderations, theI-framemight beencoded in a way that it can be recover ed fromany 60% of thetotal number of packets sent, theP-framefroma ny 80% and the two blocks of B-frames froma ny 95% of thepackets. Thevery first messageincludes a fourth priority segment, which contains important header data. It might beencoded highly redundant ly, so it can bereconstructed fromany 10% of thepackets.

Figur e4.4 displays this mult ilevel encoding exa mple. Not ehow t hetotal over head is unevenly distribut ed over thedata. Alt hough theoriginal messageis 74.21% thelengt h of the total encoding, 60%, 80%and 95% of theencoding is sufficient to recover theI-, P- and B-frames respectively.

Figure 4.4. Multilevel redundancy distribution.

4.2.2 Priority Table Setup

Thepriority tableis to beset up by theapplication. It should bestructured as simpleas possiblein order to simplify thecommunication process wit h thePET interface. Ther earethreemajor features, theint erfacehas to know about :

· Number of priorit y segments

· Lengt h of each segment

· Priority of each segment

A fixed number of 10 segments per messagewas consider ed t o beenough for most MPEG groups of pictures. Each segment consists of eit her only header infor mation, a singleframeor a block of frames.

Priorities areinserted by fraction of packets needed t o recover, multiplied by 1000.

Consequent ly, 750 correspond to 75%. Returning t o the exa mplepattern, thepriority tablelooks as follows:

Segment

Size

12000 5700 4800 5700 Not used

Not used

Not used

Not used

Not used

Not used

Priority 600 950 800 950 / / / / / /

Table 4.2. Priority table format.

Not ethat thegroups of two consecutiveB-frames for monepriorit y segment. In total 20 values arepassed in a zig-zag order ing (arrow) to t heint erface, even though in this caseonly eight are needed.

Wit h respect to mapping thegroup of pictures ont o packets according to thepriorit y table, the following artificial scenario is consider ed:

· Packet size190 words (380 bytes).

· Total number of packets sent : 100;

Packets might beconsider ed to beUDP packets on top of an IP protocol. Thetotal amount of packets sent is det er mined by thequot ient of thet otal encoding of 38,000 bytes (Table4.1) and thepacket size. In order to meet thepriorit ies specified in Table4.2, theI-fra mesegment has to beencoded such that it can bereconstructed by any 60 packets (60% of thet otal amount of packets sent). Ther eforet hesegments ha veto bedivided into blocks of size60 (polynomia ls of degr ee59) for theI-frame, 80, and 95 for theother segments respect ively. Figure4.5 shows the striping procedur efor thegiven exa mpleand thepartitioning of. Not ethat this works exactly only for thegiven values in this exa mple.

Figure 4.5. Striping process.

4.3 Software Architecture

SincePriority Encoding Transmission is designed to becompatiblewit h any scalableapplication or typeof net work, it should beimplement ed as an easily exchangeableint erface. An archit ecture in which theint erfaceconsists of t wo modules was introduced [Leicher, 94]: an application module handles thevideo data and passes a wholemessageat a timetoget her wit h thepriorit y tableto a PET coding module . Thelatter creates thecorresponding amount of packets needed and maps themessa ge. On thedecoding side, thePET coding modulecollects thetransmitted packets, recovers theinfor mation and passes thevideo data to theapplication module(F igur e4.6).

Figure 4.6. SystemArchitecture.

Theapplication moduleconsists of t hefollowing routines:

· MPEG_driver() identifies thebitstrea mas an MPEG sequenceand provides t heuser int erface. Theuser might init ializethepriorit y sett ings for thediffer ent frametypes and hea der infor mation. Thesizeof t hepriorit y tablecould also becustomized. According to the picturesizeand GOP lengt h it allocat es memor y spacefor themessagebuffer. All ot her routines areinvoked by MPEG_driver().

· Parse_mpeg() parses thehierarchical bitstrea m, whilerea ding a GOP into themessagebuffer.

It decodes thediffer ent priorit y types and allocates a linked list that stores relevant data such as size, posit ion in thebuffer and number of frames about each segment.

· Pet_calc() . After a messageis buffer ed MPEG_driver() calls Pet_calc(). Accor ding to the user specified priorit ies it fills in thepriority tableas shown earlier in Table4.2. It also has to ma kesurethat themessageis word aligned, sincet his is thebasic processing unit of the coding routines. Ther eforein casea segment boundary is not word aligned it perfor ms a zero byt estuffing.

Themessageand tablearethen passed t o thePET coding modulethat encompasses thefollowing routines:

· Prio_calc() . With respect to Figure4.5 a kind of ^int ernal priorit y table~ has to bedet er mined by Prio_calc(). Its input is theuser-specified priorit y table, packet sizea nd messagesize. The

^int ernal table~ has to havethesizeof a packet. Returning t o theprevious exa mpleits first valuethen would be60, thesizeof thefirst messageblock and degreeof thecorresponding polynomia l. How to fit in thesevalues exactly int o a packet and how many packets to send for a messagewill bediscussed later on.

· M_encode() then perfor ms theactual encoding according t o theint ernal tableover theGalois field GF[2 16 +1]. It evaluates thepolynomia ls and det ermines theoffset. Up to now packet sizes areassumed of a coupleof a hundr ed byt es, so thepriorit y tableis transmitt ed uncoded with each packet. Addit ionally t heGalois field element and offset contribut eto thetotal overhea d (Figure3.4).

Theseareall therout ines needed on theencoding side. Fromt hedest ination point of view the focus is on therecover y aspect:

· M_create() allocates memor y for themessageto bereconstructed and initializes t he int erpolation routines. This spacelater will be erased by invoking M_delete() .

· M_packet() . Each arriving packet is passed to M_packet(). Depending on t hefraction of packets received it tries to regain theoriginal infor mation by int erpolating thepolynomials. In thecurrent version thegranularity of recover ing is limited t o priorit y segments, i.e., at least

60% of all packets areneeded to r ecover someuseful data.

· M_retrieve() compares thea mount of received packets wit h thepriorit y tableand accor dingly erases undecodabledata. For simulation reasons it also calls anot her routine,

· create_dummy_b() , which replaces lost frames with dummy B-fra mes in order to keep the samenumber of ima ges in thebitstrea m.

4.4 Simulationexperiments

Primarily, PET has been applied to performsimulation and analysis of theresilienceof an MPEG streamPET encoded. In a particular samplestrea m, a side-by-sidecomparison of MPEG stream encoding wit h and without PET demonstrates thedramatic improvement of pictur equality dueto

PET, using only 24% redundancy on top of thestandard MPEG data. For this particular group of pictures and framesizes, this represents a moretha n 5 fold reduction in transmission rateover the

JPEG modet o achievecomparablequalit y.

For theparticular examplestrea m, priorit ies wer eassigned in a way that header infor mation can berecovered froma ny 10% of theencoded packets, I frames fromany 60%, P frames from any 75% and B frames froma ny 90%. Computing theredunda ncy distribution:

Figure 4.7. Redundancy distribution.

A total over head of 23% enables theI-framet o sustain losses of 40%. Respectively P-frames sustain losses up to 25%, B-frames up to 10% and important hea der infor mation up to 90%.

In thefollowing t wo demonstration MPEG streams, encoded packets wer erandomly thr own away in order to simulat ea lossy medium. Thefollowing viewgraph shows thenumber of packets sent and received per message. TheMPEG sequence"R ed’s Night mar e" was encoded int o 41 messages, encoding onewholeGOP at a time. A GOP consists of 1 I frame, 2 P frames and 27 B frames. Thewholesequenceencompasses 1210 frames and thepacket sizewas set to 2000 bytes.

Figure 4.8. Packet loss statistics.

Figure 4.9. Packet loss statistics.

On thedestination sidether eceived packets wer edecoded a nd missing frames wer esubstituted by "dummy" B frames that repeat thelast correctly decoded frame. MPEG clips demonstrating theresults can befound in http://www. icsi.ber keley. edu/PET.

5 PET impleme ntation

5.1 Striping process

Given a messageconsisting of messageparts wit h thecorr esponding priorities, thePET algorithm must map this ont o packets in such a way that thePET guarantees aresatisfied. For instance, if theuser requests that a given messagepart of size10KB is sent wit h priority 80%, then the messagemust beencoded in such a way that fromany 80% of thepackets sent, that part of the messagewill berecoverable[La mparter and Kalfane, 95].

PET first appends thepriorit y tableto thebeginning of themessage, sinceit must besent with t hemessage, and creat es a new priorit y tablethat contains an extra entry corresponding to thepriorit y tableand its priorit y. Then thediffer ent messageparts aresorted according to their priority, and messageparts wit h ident ical priorit ies areconcat enated, so that round-off errors in satisfying thepriorities will beminimized. This yields yet a new priorit y table, wit h shorter lengt h, sincesomemessageparts will beconcat enated, and wit h entries sorted fromlowest priority (i. e. highest redundancy) t o highest priority. Thedecoder will beable to reconstitut ethe origina l message, as theoriginal priorit y tableis sent wit h t hemessage, and fromthis table, all the modifications to thepriority tablecan bereconstructed.

Thefinal priorit y tableis theinput to thestriping algorithm, which also takes as input the lengt h of thepackets, and thelengt h of each packet segment. A packet segment is thebasic element used by the erasurecodeto encodethemessage. For instance, in thecaseof the polynomia l scheme, it is just 2 bytes, which is thespacer equir ed to stor ean element of t hefinit e field GF [2 16 +1]. In thecaseof theCauchy scheme, t hesegment sizeis 4 byt es times the dimension of thefinit efield as an algebra over GF.

Thelarger thesegment size, thelarger theround-off errors will bein trying to satisfy the priorities for themessage, as thepacket can bebroken up int o fewer segments. Sincea whole number of segments must beassigned to each priorit y level, a fraction of thelast segment for each level might bewasted becauseof round-off error. Addit ional infor mation could besent for this priorit y level wit hout using any moresegments, by adding enough infor mation to fill the wasted fraction of thelast segment. In thestriping algorit hm, thenumber of segments needed for thelowest priorit y level first is comput ed. Then it is deter mined how much extra information could besent wit hout using any moresegments, and that amount of infor mation is sent fromt he next priorit y level toget her wit h thecurrent messagepart. This mea ns that someof the infor mation fromt hesecond priorit y level will besent at a lower priority level t han what was requir ed by theuser. In fact, this choicedoes not hurt thePET guarantee, as it means that the infor mation will berecover ed fromfewer packets than theuser had asked for. Then thesizeof the second messagepart is decreased by thea mount that has been sent at thelower priorit y level, and it is kept on doing so for each priority level. Hence, for all but thelast priority level, full useof each segment of thepackets is made, by sending less important infor mation at a lower priority level than requir ed. This helps us to lower theround-off errors that occur in trying t o satisfy the priority table.

Given k messageparts, each of sizeL i byt es and of priorit y P i , wher eP i is expressed as a floating point number bet ween 0 and 1, and P i < P i+1 , and a packet consisting of S segments of lengt h l byt es each, thestriping algorit hmis as follows:

1. Comput ethet heoret ical encoding size, which is thesize needed t o encodethemessageif ther ewer eno round-off errors. Theencoding sizeis given by:

å

=

=

k i i

i

P

L

E

1

;

This gives theminimumnumber of packets needed t o encodethemessageas:

ú ú

ù ê ê

é

=

Sl

E

N ;

2. Starting at:

ú ú

ù ê ê

é

=

Sl

E

N ;

and increment ing N by 1 until thepriority tablecan besatisfied, do thefollowing steps:

(a) For i ranging from1 to k, do thefollowing steps:

i. Comput ethenumber of messa gepackets for this priority level:

ë û N P m i i

= ;

so that theassociated messageparts will indeed berecoverablefrom any P i fraction of thepackets.

ii. Comput et henumber of segments needed for this level:

ú ú

ù ê ê

é

= i

i i m

L s ;

iii. Thetotal a mount of infor mation that can besent with t his number of segment is s i x n i , so send (s i x n i )-L i info fromthenext level, and decreaseL i+1 by t his a mount. If i=k, i. e. if it is thelast level, then no infor mation can besent fromthenext level, so some of thesegment will bewasted.

(b) Comput ethetotal number of segments used:

å

=

=

k i

i

s T

1

If T>S, then all thepriorit y levels cannot besatisfied with t his number of packets.

Figure 5.1. Sorting and striping ofMPEG messages.

5.2 Packet format

Thefor mat of each packet follows thestriping processes described in theprevious paragraph

[Lamparter and Kalfane, 95]. Each PET packet (seefig. 5.2) consists of a hea der and thepriority levels. Thefirst priority level is special, becauseit has thepriority tableat its beginning. To find out thevalues of theot her priority levels when decoding a messagethepriority tablehas to be extracted first.

HEADER

Fir st pri ori ty l eve l

( includ in g Pri orit y Ta ble)

Add iti ona l pri orit y l e vel s

Figure 5.2. PET packet format.

Each hea der contains thenecessary infor mation to decode t hefirst priority level: n_packets (total number of packets), pp_tab (priority of thepriority table) and priol (priorit y tablelengt h). As soon as enough packets havearrived, thefirst priorit y tablecan bedecoded. Thefirst part of this decoded messageblock is thepriorit y table.

Even if ther earenot enough packets to decodet hefirst priority level complet ely, somet imes it is still possibleto decodet hepriorit y table: theencoding schemeguarantees t hat themessage itself is in thefirst packets as clear text, whereas theredundant infor mation is in thelast packets.

Usually thepriorit y tablecontains too few byt es to fill thefirst priorit y level complet ely. If the first few packets havearrived, thepriorit y tableis found as clear text in thosepackets. This gives theapplication at least thet ypeof each of its priority levels.

Theheader of each PET packet contains thefollowing infor mation (seeFigure5.2):

· version . ThePET version used;

· ID . An ident ifier for themessage. Thesender of thePET packets is responsibleto providea uniqueident ifier for each messagesent. Becausether eareonly 256 differ ent Ids available, theprotocol bet ween sender and receiver must ensur ethat thereceiver has never an old messagewith thesa meID in his memor y. In rarecaseof ver y high losses it may occur that thereceiver gets confused by t wo messages wit h thesame ID. Ther efore, PET perfor ms a few consist ency checks on ther eceived packets. If oneof the fields n_packets, pp_tab, or priol or thepacket lengt h doesn´t match, PET refuses to accept thepacket. Thereceiver should then abort thecurrent messageand hand thepacket again to PET;

· seq_no . A sequencenumber wit hin thecurrent message;

· n_packets . Thetotal number of packets in this message. This and thenext two values are needed t o extract thepriority table;

· pp_tab . Thepriority of thepriority table;

· priol . Thelengt h of thepriority table;

5.3 Data Structure

Ther earetwo basic data structures in PET: thepriorit y table(PETpriorit yTable) and theresult table(PETresultTable).

Thepriority tableis used during theencoding stageto storeinfor mation such as thelengt hs of thediffer ent messa geparts and their corresponding priorit ies. Theinfor mation in thepriority tableis used during thedecoding stageby t hereceiver to comput ehow t hemessageparts areto berecover ed fromt hereceived packets. Thepriorit y tableis itself encoded into thepackets, and is decoded on thereceiving host befor ethemessageparts can berecover ed. Theresult tableis used only during decoding t o get exact infor mation about which messageparts arerecoverable and which messageparts theapplication is asking PET torecover.

5.3.1 The Priority Table

An entry of thetableconsists of t hefollowing fields:

· int prio . Defines thepriority. Themessagepart can becomplet ely recover ed, if at least prio% of thepackets arriveat thereceiver.

· int length . Thelength of this part in byt es. Themaximum lengt h is defined as

PET_MAX_PRIO_LENGTH. In thecurrent version this valueis 2 32 -1=4.294.967.295.

· char type . Theapplication may send onebyt eof descriptiveinfor mation for each message part in thepriorit y table. In MPEG this is used to transmit theframet ype.

· u_char *data . A point er to thedata field of this messagepart (for encoding purposes only).

Thefollowing fields areused only at thereceiving side. PET updates this field each time it receives a new packet:

· int minpackets . Number of packets needed t o recover this part complet ely;

· int recoverable . Trueif this part can berecover ed;

· int cheapRecover . Trueif therecover process is cheap, i.e., thefla g is truewhen PET can decodet his messagepart wit hout evaluating redunda nt packets.

· int recoverT ime . PET calculates a prediction of t heCPU-time needed to r ecover this part.

Thetime is given in m sec (not yet availablefeature).

5.3.2 The Result Table

This tableis used when theapplication decides to ask PET to retrievet hemessage(or parts there of). Theapplication allocat es memor y for this tableand fills in much of theinfor mation, although

PET fills in someof theinfor mation. Thestructureof this tablemust match thestructureof the corresponding priorit y table. Each entry consists of thefollowing fields:

· int recover . Set to trueby theapplication if it wa nts PET to recover this messagepart.

· int valid . Set to trueby PET if this part was recover ed complet ely.

· int length . Thelength of this messagepart in byt es 5 .

· char type . Theapplication provided descriptivebyt eof infor mation 6 .

· char * data . Thedata of themessagepart (Set by PET, pointing int o a application provided pieceof memory).

Someapplications ma y want to evaluateportions of a messageeven if themessagepart wasn’t recover ed complet ely. Thefollowing fields dea l with t his issue. They areonly valid if the part wasn’t recover ed complet ely, i. e. thevalid field is false. They contain exact infor mation of va lid and invalid portions of themessagepart. All invalid portions areset to zero. Unliket herest of t he result table, PET allocat es memor y for this additional portion of ther esult tableand fills in the infor mation.

· int Lsegs . Sizeof a segment in byt es. Segments aretheint ernal units wit h which PET deals.

· int Nsegs . Number of segments in this part (partial and complet esegments).

· int Ngoodsegs . Number of recover ed segments.

· int offset . Themessagepart usually starts partway into thefirst segment that contains infor mation about thepart. This is theoffset into thefirst segment wheret hemessagepart starts (seeFigure5.3).

· int *RecIndex . An array wit h a boolean valuefor each segment. Thevalueis true, if the segment was recover ed, falseot her wise. Attent ion: Thesevalues areundefined after destroying t hecorresponding message. A given byt ej in a messagepart is valid if and only if

RecIndex [(j+offset)/Lsegs] is true.

5 The length and type field is a copyof the ones in PETpriorityTable. Theywere added for theconvenience of theapplication programmer.

6 The length and type field is a copyof the ones in PETpriorityTable. Theywere added for theconvenience of theapplication programmer.

Figure 5.3. Partial losses of message parts.

5.3.3 PETmessageID

ThePETmessageID is a simpleint eger variablein therange0..255. It is used to dist inguish bet ween several messages arriving fromonesender. This sender is responsiblefor choosing appropriateID’s. If ther earemor ethan onesender, it is important that thereceiver opens a unique

PETdecoder for each sender. If two senders areusing thesamePETmessageID at thesamet ime,

PET will get confused.

5.4 PET encoding

Ther eareonly 2 funct ions for theencoding of a message:

· PET numberO fPackets

· PETencode .

5.4.1 Calculationofthe packet number

Theapplication has to allocat ememor y for thepackets to belat er filled in by PET. In order to know how ma ny packets areneeded for thegiven message:

int PET numberO fPackets( PETpriorityTable *, int prioLength, int priopriotab, int *packetLength)

Themea ning of theparamet ers is as follows:

· int PETnumberOfPackets(�) returns thenumber of packets needed to encodet hegiven message;

· PETpriorityTable* pt. A Priorit y Table(TP) as described in Section 5.1;

· int prioLength. Length of thepriority table;

· int priopriotab. Thepriorit y of thepriorit y table. Thepriorit y tableis encoded in thepackets in thesamewa y as themessageparts. PET insures that theactual priority of t hepriorit y table is set at least as high as thepriority of any messagepart. For example, theapplication ma y set thevaluet o 100 (i. e., no protection) and then PET would automatica lly re-a djust this priorit y to thehighest level specified for themessageparts;

· int *packetLengt h. Theapplication gives PET themaximum lengt h of a packet. Becauseof theint ernal organization of thedata (segmentation) somet imes PET cannot usethefull lengt h and will return theused lengt h of thepacket her e.

PETnumberOfPackets() uses only thefields length and prio of thepriority table.

5.4.2 Calculationofthe packet number

Aft er allocating thememory for thepackets and setting thedata point ers in thepriorit y table, the application may usePETencode() to encodethepackets:

int PETencode( PETpriorityTable* pt, int prioLength, int priopriotab, int MessageID, Number **packets, int Npackets, int packetLength )

· int PETencode() returns trueif no error was found and theencoding was donecorrectly, ot herwiseit returns false. Possible errors are: Messagepart too long, an invalid priority, or an incorrect number of packets;

· PETpriorityTable* pt. Thepriority tableshould bethesa meas in the call to

PETnumberOfPackets(), but addit iona lly thedata pointers must befilled in by theapplication and theapplication may also fill in thet ypefield;

· int prioLength. Sameas above;

· int priopriotab. Sameas above;

· int MessageID. Thesender is responsiblefor assigning a uniqueid to each message. If ther e areonly a few messages activeat any point in time, t heapplication may cyclet hrough a limit ed number of ids. If ma ny messages areactiveat once, theapplication may requirea larger rangeof messageids. A typica l solut ion is for thesender to cyclethr ough themessage ids 0 through 255;

· Number **packets is an array of point ers to memor y for thepackets. Thememor y must be aligned to multiples of four byt es;

· int Npackets is thenumber of packets in thearray of packets. PET checks if this number corresponds to thenumber of packets needed to encodet hegiven messa ge.

5.5 Typical sender behavior

Usually thesender loop looks likeas follows:

MessageID := 0 for ever collect data for themessage set priorit ies and lengths in thepriorit y table call PETnumberOfPackets() allocatememor y for thepackets set data point ers and typefields call PETencode() send thepackets freethepackets

MessageID := (MessageID+1) % 256

5.6 PET decoding

Theprocess of decoding is somewhat morecomplicat ed. Thereceiver has to collect thepackets, hand them over to PET, and at somepoint decidet o decodet hemessage. Theapplication also has to distinguish bet ween several senders.

5.6.1 Opening a PETdecoder

To takecareof several senders, theapplication opens a PETdecoder for each sender:

PETdecoder *PETopenDecoder( unsigned int flags, PEToption*po)

PETopenDecoder() uses thesamestructureto init ializeas PETinit(). Unset values arefilled with thevaluegiven in PETinit(). It is permitt ed to usetheNULL point er. Thefunction returns a point er that is used in calls to decoderoutines of PET.

5.6.2 Processing Received Packets

For each packet received t heapplication calls a processing routine:

PET messageID PETprocessPacket( PETdecoder *pd, Byte *packet, int length, PETpriorityTable** pt, int *prioLength, int *MessageSize )

· PETmessageID PETprocessPacket(�). Thereturn value is themessageid of theprocessed packet. Fromthis infor mation theapplication can tell whet her thepacket belongs to an old messageor to a new one.

· PETdecoder *pd. Thesender id creat ed by PETopenDecoder() for each sender.

· Byt e*packet. Thepacket PET should process. PET copies thepacket into its own memor y area so thememor y may bereused.

· int length. Lengt h of thepacket. PET checks if all packets havethesa melength.

· PETpriorityTable** pt. PET puts a point er to thepriority tableat this addr ess. Aft er destroying t hemessaget his point er is not longer va lid (seeremar ks for MessageSize).

· int *prioLength. PET writes thelengt h of thepriorit y tableat this addr ess.

· int *MessageSize. PET writes thetotal lengt h of themessageat this address. Thelengt h includes theint er nal overhea d used by PET for thedecoding of thepriority table.

Thethr eevalues areonly set if thr eecondit ions hold:

1. pt is not theNULL point er,

2. prioLengt h is not theNULL point er,

3. PET has enough packets to decodet hepriorit y table.

5.6.3 Retrieving the message

Theapplication has to decidewhen it has enough packets to decodet hepackets that havearrived.

It may usetiming for this purposeor simply start decoding of thecurrent messagewhen t hefirst packet of thenext messagearrives. Theapplication may call PETretrieveMessage() several times for thesamemessage, so it can retrievetheimportant parts earlier than less important ones. In a mult ithr eaded environment theroutinema y beinvoked several times, each time on a differ ent set of messa geparts, for parallel retrieval of theent ir emessage. PET has been designed with coordination mecha nisms that ensur einconsist encies do not arisein a multit hrea ded environment.

Befor ecalling PETretrieveMessage() theapplication has to allocat ea buffer for themessa geto be retrieved. PET assigns a point er to each decoded messagepart. Thosememor y areas arein the buffer allocat ed by theapplication. Hencet heapplication ma y fr eethis buffer whenever it no longer needs themessageparts. In addition, theapplication has to allocat ememor y for theresult tableand fill in values to indicat ewhich messageparts areto beretrieved.

int PETretrieveMessage( PETdecoder *pd, PET messageID message,

Byte *buffer, PETresultTable *outputTable, int prioLength)

· int PETretrieveMessage() returns trueif no error occurred.

· PETdecoder *pd. Thesender id for thePETdecoder.

· PETmessageID message. Themessageid as returned by PETprocessPacket ().

· Byt e*buffer. This is a buffer spaceused by PET to decodet hemessage. Themessageparts arelocat ed in this area. Theapplication has to providethis buffer wit h at least thesize assigned to MessageS izein PETprocessPacket().

· PETresultTable*outputTable. This tableis used in two ways: First theapplication specifies which parts of themessageshould bedecoded, and second PET describes t heresult of the decoding process. In contrast to thepriorit y table, theapplication is responsiblefor allocating thememor y of theresult table. It should haveentries corresponding to theentries in the priority table.

· int prioLength. Theapplication has to tell PET thelengt h of ther esult tableso PET can compareit wit h thepriorit y tablePET created.

5.6.4 Destroying a message and closing the decoder

Aft er retrieving a messageand evaluating theresult theapplication should havePET destroy all infor mation PET created associat ed wit h themessa ge, i. e., thepackets, thepriorit y tableand portions of theresult tableoriginally allocat ed by PET. This call delet es all thememor y cr eated and used by PET during processing of themessage. Not e: Thereceiveindex (RecIndex) in the result tableis also delet ed.

PET messageDestroy( PETdecoder *ph, PET messageID message )

· void PETmessageDestroy(). Destroys all memor y associated with thegiven messagecr eated and used by PET.

· PETdecoder *ph. Thedecoder.

· PETmessageID message. Theid of themessage.

void PETclose(PETdecoder *ph) . Closes thedecoder for thegiven handler. This function should becalled when t heaccor ding incoming data streamis closed.

5.6.5 Miscellaneous functions

Thefollowing two functions allow theapplication to ask thePET decoder for someint ernal values:

int PETrecPackets() returns thenumber of received packets whileint PETnumPackets() r eturns thenumber of thet otal amount of expect ed packets. Bot h functions havethesa meparamet ers

(xxx stands for rec and num):

int PETxxxPackets( PETdecoder *ph, PET messageID id)

· PETdecoder *ph. Thedecoder.

· PETmessageID id. Theid of themessage.

If themessageid is invalid then thefunct ions return a PET error code.

5.6.6 Typical Behavior for Receiving Messages

A simpleversion of theloop for thereceiver is thefollowing (it is assumed ther eis only one sender active):

for ever receivepacket newid := PETprocessPacket() if newid != id allocatet hebuffer for themessage call PETretrieveMessage evaluat emessage delet ememor y for themessage call PETdestroyMessage id := newid

6. M PET in VIC

VIC is a popular application for int eractivevideo developed at UCB/LBL. VIC stands for video int eractiveconfer encing [McCanne, 95]. It consists of several encoding schemes (NV, h.261,

JPEG, CuSeeMe, etc.) and runs on workstations and PC of all major vendors. ThePC version has been ported and impr oved at UCL 7 .

6.1 MPEG decoding

As first step MPEG was built into VIC. Thedecoding process is donein soft warewit h a modified version of t heMPEG player developed by Stefan Eckhart and theMPEG Software

Simulation Group at theUniversit y of Munich, Germa ny.

Thecomplet eplayer was translated fromC to C++ and all global variables beca meclass members of theMPEG decoder class. Theold progra mwas only ableto pla y oneMPEG strea m at a time, wher eas in VIC several incoming MPEG streamarepossible. Thesecond changewas thebuffering mechanism. Theold version reads a chunk fromfile and stores it in a buffer. When this chunk has been consumed, a new chunk was read. That assumes an independent consumer process, which can rea d moredata whenever necessary. In VIC thedecoding process is driven by incoming data not by theconsumer. VIC stores incoming packets in a buffer and as soon as a frameis complet e, it starts theMPEG decoder to decompr ess this frame.

6.2 MPEG encoding

For theencoding theSUNVIDEO board has been used. Through theGUI of VIC (Figur e6.1) theuser can specify thedesir ed frameand bit rate. An additional window (Figur e6.2) allows the user to set thepattern of theMPEG frames and various PET paramet ers.

Ther eis thepossibilit y to chooset hesourcebet ween either an MPEG fileor a live camera through XIL.

7 http://www-mice.cs.ucl.ac.uk/multimedia/

Figure 6.1. GUI ofVIC-MPET.

Figure 6.2. The MPET window.

6.3 RTP encapsulationofplainMPEG streams

6.3.1 Header fields

TheMPEG packets areRTP encapsulated [Schulzrinne et al., 96], but currently uses noneof the

MPEG specific header fields. It is planned t o support RTP-encapsulation as defined in [Hoffma n et al., 98]. Current ly theMPEG specific hea der is four byt es long, non is set, and all ignor ed (see

§2).

6.3.2 Payload

According t o [Hoffma n et al., 98] theframeshould befragment ed in packets at thebeginning of slices, so that theMPEG decoder can immediat ely resumedecoding after a packet loss. This results in packets of differ ent size. Theframer in VIC fills all packets despit et helast one, but the re-assembler does not expect thepackets to ha veequal lengt h.

6.3.3 Loss recovery and handling oflate packets

Losses arehandled differ ent ly according to thetypeof theaffect ed frame. Hit B-frames are discarded wher eas I-and P-frames arehanded to thedecoder as they are. As soon as thedecoder finds out, that somet hing is wrong (i. e., it did not find theend marking of a macro block), it will skip to t henext slicestart. This means, that B-and P-frames may refer encet o wrong data. But skipping all wrong data means to skip thewholeGOP if only onepacket of theI-fra meis lost. In a lossy transmission this could result in a complet est op. If packets arearriving too late, it might bea sign that thedecoder is too slow to keep up with the incoming data strea m. Eventually that behavior will result in packet losses dueto an overflow of thebuffer for incoming packets. It is henceimportant to reducethecomputational burden on theCPU. Frames wit h at least one

^nonlate~ packet areconsider ed to bein timeand decoded. ^Late~ B-frames arediscarded, I-and

P-frames aredecoded anyway. This scheme gives I-and P-fra mea higher chanceto survivebut ma y result in mor ehit B-fra mes.

6.4 RTP encapsulationofPET protected MPEG: MPET

Theoptional RTP header for PET is defined t o havefour byt es:

<type> <subtype>

Thetypefield in theRTP header is set to PET (33). Thetypeof theencoding in theoptional hea der is used as defined in [Schulzirinneat al., 96]. Thesubtypeis additional infor mation on the exact encoding used. In MPEG encoding thr eedifferent schemes arecurrently used:

· PET I: Encodes theI-frameonly.

· PET IP: Encodes theI-and t heP-frames, but each as a separatemessage.

· PET IPB: Encodes thewholeGOP in onePET message. That is theusually used version despit eits largedelay.

6.4.1 Timing: whento play a frame

Figur e6.3 shows thetiming for a MPEG streamwit h the framepattern IBBPBB.

Figure 6.3. Timing ofMPEG frames.

Theframes aregrabbed and compressed to theappropriatetime(or read fromfile) and send to t he framer. Theframer stores thefra mes unt il thenext GOP header is received. Then it starts thePET encoding process. If the encoding is short enough or donein a separatethread, thenext framewill not miss to begrabbed. Aft er encoding of thePET packets, they aresend out spaced, i. e., they arenot send all at once, becausethat would lea d to a highly bursty traffic. Inst ead thesending times arespread over thetimefor thenext GOP. Theframer sets thetimesta mp in all packets to thetimewhen t helast framewas captured (unfortunately t heXIL-library refuses to giveus the real capturetime. So it is picked-up by theoperating syst em). Thereceiver ma y start thedecoding when hereceives thefirst packet of thenext GOP. Hecan then calculat ethediffer enceof the timesta mps for theactual and thenext GOP and hencefind t hetimes between t heframes. It then

PET-decodes theGOP and start a Tcl-timer to init iatetheMPEG decoding and displaying of the frames. TheMPEG decoding of thesingleframes is initiat ed by theTcl-t imer routine. First it is checked thecorrect time schedule. In casea delay occurred and if ther eis a B-frameto decode, theframeis discarded and theTcl-t imer restarted. If a P-framehas to bemanaged and there is only oneframebehind, theframeis decoded and displayed. If ther eis an I-frame, it is decoded and displayed in any case.

Wit h this scheme theoverloading of theCPU, which would result in a loss of packets in the incoming buffer, is avoided. Aft er decoding and displaying of a framethet imefor thenext frame is calculat ed and theTcl-timer restarted. No new timer is started after thelast frameof a GOP.

In PET modeall packets areequally important, the^late~ fla g is ignored. It should bemadesure that thebuffer is emptied fr equent ly. Thesimplest wa y would be, to givethecorresponding

Tcl-routinea high priorit y. Unfortunately, theTcl event mechanismhas no priorit y scheme.

Henceit should bema desure, that thetiming mechanism lea ves at least a few milliseconds till thenext frameis due. TheTcl scheduler calls thepacket reader in this gap and empt ies thebuffer.

6.4.2 Whenare packets too late

RTP has a field for a timesta mp set by thesender. Henceit is possiblet o comput ean average delay and mark packets which arrived at a certain valuelat er as ^late~. On theother ha nd, the ma in concern is not thedelay in thenet work, lat epackets occur whenever theCPU is not ableto process packets fast enough. Packets will then bebuffer ed and rea d too late. A ^real~ lat e calculation would only bepossible, if theoperating systemwould tag packets as soon as they come in fromt henet work int erface.

A possibilit y to know whet her or not theframes arebehind t hescheduleis given by taking a look at thebuffer lengt h. Aft er reading a packet fromt hequeueit is checked if ther earemor epackets available. In t his caset hepacket is forwarded wit h late-fla g set and thenext packet is read immediat ely ther eaft er.

Thedecoder can now decidewhet her to drop thecurrent frameor to decodeit and risk t heloss of a packet and hencehurt a frame.

6.4.3 Parallelizing PET operations by using multiple threads

Many modern UNIX variants havesupport for mult iplethr eads. Thesethr eads run in parallel within oneUNIX process. This gives advantages for many applications even if ther eis only one processor in theworkstations. Thoseapplications may delegat ea job (for exa mplePET encoding) to a separatethread and in themea nwhileprocess ot her events (e. i. updating of theuser int erface). Thoseapplications ma y even call funct ions of thePET library whileanother call is in progr ess. PET has to protect himself against thepot ential danger to theint egrit y of its data.

In addition PET itself may takeadvantageof multipleprocessors in a machine. It ma y comput e priority levels or packets in parallel.

Protection against reentry

If several threa ds manipulat ethesameset of data, inconsist encies may occur. Therefor eit is needed t o protect each set of data in a way, that only one t hrea d is working on each. Thereare two basic mechanismfor synchronization in mult it hreaded environments: mutual exclusion

(mut ex) and semaphor es. Mutex-operations aresimpler to useand faster, but they protect only certain pieces of codeagainst concurrent execut ion. PET uses several mut ex for protect ion of the following codeparts:

· No prot ection is used on theencoding side, sincether eareonly two functions (PETnumberOfPackets and PETencode) and they arecalled oneaft er theot her. Ther eis no concurrency possible. Applications ma y createa thread to execut ePETencode, but ther eis no second call possibleon thesa medata.

· Ther eis onemut ex for each decoder. It protects thecr eation and lookup of messa ges.

· Each messageis prot ect ed by an own mut ex. This mut ex is themost important one, because applications may start threads for decoding as soon as onepriorit y level is available. Then the application may add morepackets to themessageas they arrive. Thereforetheprocedure

PETprocessPacket and thecritical parts of PETretrieveMessageareprotect ed by onemut ex.

In this wa y it is possibleto add mor epackets to a messagewit hout int erfering with the decoding process.

Wher eas a mutex is used to protect a certain data set, semaphor es aremor egeneral. It is a general mechanismfor synchronization bet ween several thr eads. In PET semaphor es areused to signa l theend of a thread to several other thr eads.

Parallelizing of theencoding and decoding

PET comput es a matrix consisting of packets and thesegments of thepackets, wher ethelater packets consist of theredundant parts. Hencet herearebasically thr eepossibilities to parallelize encoding and decoding of PET messages:

· Comput ediffer ent priorities in parallel.

· Comput ea bunch of packets in parallel.

· Parallelizethecomputation of thesegments of each prior ity. That’s an ext ension of thefirst approach.

Thebest speedup is reached by thesecond approach, becausethediffer ent tasks areequal in computational effort and thelinear part of thealgorit hm is small. Thedrawback is that some values will becalculat ed in each thr ead newly. A second problemoccurs when theaccording priority level contains only a few segments. Theover hea d in creating threa ds may betoo large.

It is implement ed t hefirst and second approach for encoding, and thefirst onefor decoding only.

Compute thepriority levels in parallel

Thediffer ent priorities arealready comput ed in a separatefunction call, so thesecalls had to run in parallel. A new thr ead is started for each call and then wait for theend of them. Theproblem with t his approach is, that theCPU timefor each of theset hrea ds is rather differ ent. So some threads can end earlier and henceonly a part of theCPUs (eventually only one) can bekept busy.

Let’s consider an exa mplefor this beha vior:

· 4 processors

· priority levels wit h 1, 2, 3, 4, 5 and 6s CPU-usage

On a processor machinet his computation would take21s. But what is happening on our 4 processor machine? Thefirst 1.5s all 6 tasks arerunning on 4 CPUs, then it runs anot her 1.2 s with 5 thr eads, and after another second oneCPU gets out of usage. Thelast second only one

CPU is busy. That gives a speedup of only 21/6.7 » 3. A bett er scheduling of thetasks would help, as long as thenumber of task is as largeas thenumber of CPUs. In the exa mplea speedup of 21/6 = 3.5 has been obtained. Theimplementation of theparallelization of thediffer ent priorities is straightforward. But on thedecoding side, things aremor ecomplicated. The application may start several decoding thr eads wher eit wa nts to havediffer ent messageparts. It mea ns that PET has to takecareof already running thr eads, which aredecoding oneor mor e priority levels.

PET uses thefollowing algorit hm:

mutex lock for each priority level if the application wishes a message part of this level and no thread isworking on it, then start a newthread to decode this level mutex unlock for each priority level if the application wishes a message part of this level if the thread isstarted wait forit for each otherthread waiting for this priority level free the semaphore else wait forthe semaphore of the thread mutex lock combine the message partsinto the memory provided by the application mutex unlock

Whenever an incarnation of PETretrieveMessage() finds a priorit y level with an attached thr ead, it incr ements a specific count er. Later it waits for a specific semaphor e. Theincarnation of

PETretrieveMessage(), which started theaccording thr ead, frees thesemaphor eaccording to the count er and wit h that all thewait ing incarnations of PETretrieveMessage() arerestarted.

Compute thepackets of one prioritylevel in parallel

To encodea priority level t wo types of packets need to beproduced: in a first step themessageis copied int o theclear text packets and in thesecond theredundant packets arecomput ed. Both steps can takeadvantageof mult ipleprocessors, if thereare enough packets to produceand the priority level has enough packets. This approach is also possiblefor decoding, but it is much mor ecomplicat ed to implement.

Further considerations

More experiments need t o bedoneto find out, how many parallel thr eads should bestarted to comput ea singlepriority level. Ther eareseveral paramet ers to det er minet his number: available processors, sizeof theclear text and redundancy data area (e. i. thenumber of packets in each category times t henumber of segments), computing power of theCPUs and theover head of creating a thread.

Thecr eation of a thread is rather cheap ( » 50 m s according to t hehandbook), but ther eis a cheaper possibilit y: it is a client/server model with mult ipleservers for theencoding. A dispatcher is then responsiblet o hand theencoding task to thenext freeserver t hread and a mechanismis needed to infor mtheclients when thetask is done. All that can bedonewit h semaphor es which arecheaper to createand to deal wit h compared to thecr eation of a new thr ead.

7. Conclusions and f uture wor k

PET can beused wit h any packet -switching net work hardwareor protocol. It wor ks as a layer abovet hetransmission of packets (ATM cells, etc.). By using coding techniques, PET improves thequalit y of transmission over packet net works that haveunpr edictablelosses. PET uses a uniquemult ilevel forward error correction (FEC) scheme [Albanese et al., 97]which introduces a minimumincreasein thetransmission rate. PET makes it possibleMPEG transmission over

Int ernet, which has not been practical dueto bursty losses. PET has been also embedded into a version of thevideo-confer encing tool VIC to prot ect thereal-t imetransmission of MPEG streams, and this worked successfully.

7.1 Future WorkonFEC codes

Thevery first implementation of FEC codes t hat was used in PET werenot fast enough even for encoding and decoding moderatesized files. As reported pr eviously, this led to t heinvent ion of somefa irly fast FEC codes for PET implementations. Although thesecodes arereasonably fast for moderatesized files, they arenot adequatefor real-timeencoding and decoding of largefiles, as thetimescalequadratically with thesizeof thefile. As reported earlier, somefaster FEC codes wer einvent ed and point ed out in [Alon and Luby, 96].

7.1.1 Tornado codes

Thepot ential for FEC codes in net working applications has not yet been fully rea lized, primarily becauseprevious soft wareimplementations of FEC codes havebeen too slow. Their running times areonly reasonablewhen t henumber of redundant packets is small, e.g., at most 100 packets. Thereason for this slowness is that the encoding and decoding time of standard FEC codes areproportional to thelengt h of theencoding times t henumber of redundant packets. Other known codes based on theFast Fourier transfor mha veasympt otically much bett er decoding times, but in practicetheir complexity also makes them too slow to decodelargemessages (t her e areimplementations of such codes in customdesigned hardwarethat run quit efast).

Over thepast two years, a complet ely new class of codes has been implement ed, called Tornado codes , which promiseto ma ketheFEC solution practical [Luby et al., 97]. Tornado codes have theproperty that slightly more than theideal number of encoding packets must bereceived t o decodet hemessa ge: it is called t heper cent needed over theidea l number the lengthoverhead

(recall that theideal number is theoriginal number of messagepackets). By allowing some length overhea d, much faster coding schemes can bedeveloped. Tornado codes can beencoded and decoded in timeproportional to thelengt h of theencoding t imes a small constant that is independent of thenumber of redundant packets. This small constant, which is called t he time overhead , is typically around 6.

Thesecodes wer eimplement ed in soft ware, and theresults arever y encouraging. As an exa mple, a 32M bytes filewas took and partitioned it int o 64K messa gepackets of 512 bytes each. Using

Tornado codes, 128K encoding packets fromt hese64K messagepackets wer eproduced. 10,000 trials wererun, wher e each trial consist ed of randomly choosing and receiving encoding packets until ther eareenough to decodeall of theoriginal 32M byt efile. In t hese10,000 trials, the averagelength overhea d was only 3.2%; in other words, about 66K encoding packets wer e enough to decode. Further more, in less than 1% of t hetrials thelength overhea d was moretha n

4.0%.

Although ther eis a modest lengt h over head using Tornado codes, theadvantageis that the encoding and decoding times arevery small. On a DEC Alpha machine, thet imet o producet he

128K encoding packets fromt he64K messagepackets is just under 2s, and thetime to decodet he

32M bytefilefrom66K encoding packets is also just under two seconds. Theencoding and decoding times for a messageand encoding of this sizeusing standard FEC codes would beat least 10,000 times slower, i.e., tens of hours. Thus, theadvent of Tornado codes makes software solut ions possiblefor problems that areorders of ma gnitudelarger than wer epreviously conceivable.

It worth emphasizing t hat Tornado codes ha vea number of important features:

· Simplicity: Tornado codes useonly simpleXOR operations, and no complicat ed data structures arerequir ed for their implementation.

· Generality: techniques wer edeveloped t o design Tornado codes for whatever rate, or redunda ncy level, is specified. (In a rate4/5 code, for exa mple, 4/5 of theencoding is the origina l message, and 1/5 of theencoding is redundancy.) Mor eover, codes wer edesigned to decreasethelengt h over hea d at thecost of a small incr easein thetimeover head.

· Provability: a mathemat ical for mulation of Tornado codes was developed that allows us to provehow well they will perfor m. Further more, an infinit efa mily of codes was found for which it can beproved that thelengt h over head decr eases very quickly as a function of a growing timeoverhea d. In [Luby et al., 98], a new analysis of Tornado codes that can beused to analyzea number of ot her problems as well has been found.

· Applicability: Tornado codes can beused to encodeand decodelargefiles in real-time. This ma kes Tornado codes attractivet o usefor a number of net wor king applications.

Over thenext year, it has been planned to aggressively pursuetheincorporation of Tornado codes into net working prot ocols. A mult icast distribution protocol writt en in JAVA that uses Tornado codes has been implement ed. Preliminary tests of this nascent protocol ha vebeen ver y encouraging.

7.2 Future WorkonApplications for PET

Current ly thepriorit izing is used only for MPEG GOP coding. Anot her possibleschemeca n prioritizetheDCT matrix coefficients according to their level of importance[Storn, 95]. This approach is also useful for JPEG ima ges or movies. Wit h thecurrent scheme, thevideo becomes jerky in thepr esenceof losses. Wit h this approach, thevideo rateis smooth, but, on theot her hand, thequalit y of singleframes varies according to t helosses. An adva ntageof theDCT prioritizing is ther educed dela yed compared to theGOP priorit izing. However, to split theDCT matrix means to decodet hehuffma n encoding, split thematrix, and huffma n encodet hetwo or mor eparts. This is not only a computational effort but will also result in a coding over head becauseof mult iple^End of Block~ tags of theDCT-matrix. A third, natural schemecould be applied if theencoding is la yer ed in subbands, e.g., the3-D subband coding [Taubman and

Zakhor, 93]. Thelayer can easily bemapped to thePET priorit y levels.

7.3 IntegrationofPET withMASH

MASH Toolkit [McCanne et al., 97] is an outgrowt h of theInt er net MBonet ools. It is based on

IETF standards including IP-multicast, RTP, RTSP, SIP, and SAP. In addition, it supports application-level protocols, such as SRM and SNAP, being developed t o support flexible collaboration and media processing. MASH is going t o betheplatfor m[Rowe, 99] on which researchers will beableto experiment wit h comput er-based confer encing and collaboration. A contribution to this initiativeis to int egratePET wit h MASH 8 . PET is already implement ed as a module. According to theMASH source/filt er/sink abstraction it can beviewed as a filt er object.

For instance, a sourceis a video capturedevicewit h an MPEG encoder, thefilt er is thePET module, and thesink is a net work transmission prot ocol (e. g., RTP). Thus, MASH has to be

8 http://www-mash.cs.berkeley.edu/mash/ enhanced by introducing several new objects such as MPEG grabber through XIL, MPEG decoder, etc.

REFERENCES

[Albanese et al., 96] A. Albanese, J. Blomer, J. Edmonds, M. Luby, and M. Sudan, ^Priority

Encoding Transmission,~ IEEE Transactions on Infor mation Theor y (special issuedevot ed to coding theory) Vol. 42, No. 6, November 1996.

[Albanese et al., 97] A. Albanese, M. Luby, J. Blomer, and J. Edmonds, ^Systemfor Packet izing

Data Encoded Corresponding to Priorit y Levels wher eReconstructed Data Corresponds to

Fractionalized Priorit y Level and Received Fractionalized Packets,~ US Patent, N. 5617541,

April 1997.

[Alon and Luby, 96] N. Alon and M. Luby, ^A Linear TimeErasure-Resilient CodeWit h Nearly

Optimal R ecovery,~ IEEE Transactions on Infor mation Theory (special issuedevot ed to coding theory) Vol. 42, No. 6, November 1996.

[Blomer et al., 95] J. Blomer, M. Kalfane, R. Karp, M. Karpiski, M. Luby, and D. Zucker man,

^An XOR-based erasure-resilient coding scheme, ~ ICSI Technical Report TR-95-048 August

1995.

[Crowcr oft et al., 99] J. Crowcr oft, M. Handley, and I. Wakema n, ^Inter net working Mult imedia,~

UCL press, 1999.

[Hoffma n et al., 98] D. Hoffman, G. Fernando, V. Goyal, and M. Civanlar, ^RTP Payload For mat for MPEG1/MPEG2 Video,~ IETF RFC 2250, January 1998.

[ISO11172] CCITT Recommendat ion MPEG-1; Coded R epresentation of Picture, Audio and

Multimedia/Hyper media Infor mation; ISO/IEC 11172 GeneveSwitzer land, 1993.

[Lamparter and Kalfane, 95] B. Lamparter and M. Kalfane, ^TheImplementation of PET,~ ICSI

Technical Report TR-95-047 August 1995.

[Lamparter et al., 95] B. Lamparter, A. Albanese, M. Kalfane, and M. Luby, ^PET -Priority

Encoding Transmission: A New, Robust and Efficient Video Broadcast Technology,~ ICSI

Technical Report TR-95-046 August 1995.

[Leicher, 94] C. Leicher, ^Hierarchical Encoding of MPEG Sequences Using Priorit y Encoding

Transmission (PET),~ ICSI Technical R eport TR-94-058 November 1994.

[Luby et al., 97] M. Luby, M. Mitzenmacher, A. Shokrolla hi, D. Spielma n, and V. Stemann,

^Practical Loss-R esilient Codes,~ 29 th ACM Symposium on Theory of Comput ing 1997.

[Luby et al., 98] M. Luby, M. Mitzenmacher, and A. Shokr ollahi, ^Analysis of RandomProcesses via Or-And TreeEvaluation,~ in Proc. of Symposiumof Discr et eAlgorit hms, 1998.

[McCanne et al., 97]S. McCanne, & others, ^Toward a common infrastructurefor mult imedianet working middleware,~ in Proc. of the7 th Int. Workshop on Net work and Operating Syst ems

Support for Digital Audio and Video (NOSSDAV ´97), St. Louis, Missouri, May 1997.

[McCanneand Jacobson, 95] S. McCanneand V. Jacobson, ^vic: a flexiblefra mework for packet video,~ In Proc. of ACM Multimedia ´95, November 1995.

[Rowe, 99] L. Rowe, ^Cont inuous Media MiddlewareConsortium,~ Proposal submitt ed to NSF,

March 1999.

[Schulzrinne et al., 96] H. Schulzrinne, S. Casner, R. Frederick, and V. Jacobson, ^RTP: a

Transport Protocol for Real-TimeApplications~, IETF RFC1889, January 1996.

[Storn, 95] R. Storn, ^Modeling and Optimization of PET-Redundancy Assignment for MPEG

Sequences,~ ICSI Technical R eport TR-95-018 May 1995.

[Taubman and Zakhor, 93] D. Taubman and A. Zakhor, ^Multi-rate3-D subband coding of video,~ In IEEE Transactions on ImageProcessing, April 1993.