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SUMMARY

In asynchlonous transfèr mode (ATiVi) netwollis [1] based on fast packet switciring tech-

niques, cells rnay be lost due to tr-ansmissiorÌ elr-olsl switching er-lors) mislouting, and net-

rvolk congestion. Because of the ver-y high speecl of cell tlansmission in these netu'olks, in

acldition to a neeci to support real tirne services, in this thesis, we shall investigate methods

fol- recovery of this lost infolmation using folu,alcl en'ol contlol coding techniclues.

Firstly, this thesis studies the statistical chalacteristics of cell loss due to netwolli conges-

tion using ì:oth analytical rrethocl ancl simulation, Attention is focussecl on a designated

traffic strearr as it goes thlough the netwolk along a virtual path. Both lanclorl and

bursty tlaffic ale conside'-ed.

Secondly, coding schemes f'or tblwa,rd recovely of cell loss at the cell level are ploposed.

This is done by a two-dimensional code [8], in wirich erlo-,.' cletection fol a single cell is

replesentecl b5r ¿þs e-axis, u'hile the cell erroL cor-rection and lost cell recovery arrong

a block of consecutive cells is lepresented by the y-axis. The coding schemes opelate

between netwolk edges for the viltual path connections (VPCs) ol between end-to-encl

soulce-clestination pairs fol the viltual channel connections (VCCs) [66]. The pelf'ormance

with cocling, and the design of suitable coding schemes utilizing the statistics of cell loss,

ale investigated.

Finally, the stlategies of folrvalcl cell loss contlol at the burst level at'e studied. A powellìrl

apploach of folwald errol recover')/ along a virtual patl-r ol a viltual channel b¿sed on a

joint usage of threshold controllecl selective discalding of cells, tu'o-climensional coding,

and intelleaving is desclibed. The long-term perfolmance is evaluatecl in telms oT avelage

cell loss probability, outage probability, and deia¡,.

The results and analysis throughont this thesis will show that coding technique can be a

useful supplement to the conventional use of congestion control techniques against cell loss

in ATM networks. To devise the methods of countelacting the cell loss in ATM netwolks

subject to high link utiiization, the traditional congestion control techniques are enhanced

with innovative two-dimensional cocling techniclues. This extends the lange of loads and

conditions over which the ATVI ca,n be safely exploited. Since the CCITT has not decided
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yet what type of coding scirerles n,ill be usecl in ATM netwolks for loss lecovelv. the

considelation oï the two-climensional coding schemes is iimelS,'and inportant.
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Chapter 1

INTRODUCTION

1.1 Broadband ISDN and asynchronous transfer mode (ATM)

The current telecommunications environrnent is influenced by rapid technological change.

The range of voice, video, data and image services is expanding with a glowth in dernand

fol selvices such as video conference, pictule videotex, and file transfèr. One of the

rnajol pr-oblerns facing telecommunications selvice plovider-s is that dernancl f'or the ever'-

incleasing lange of services is difficult to predict.

Since about 1985, wolldwide activities bo evoh,e the Integlated Selvices Digital Netwolk

(ISDN) into an optical-fible-based univelsal bloadband networ-k have resulted in a lrew

appr:oach to integlation and switching. In initial baseline documents, such as CCITT

Recommendation I.121 [1], the asynchlonous tr-ansfel mode (ATM) has been established as

a key element of a, new packet-switched broadband ISDN (B-ISDN). With the introduction

of B-ISDN, the telecommunication industry will be able to bling digital connectivity

out to the end users and allow the tlue integration of communication selvices. This

development will bling significant economic benefits to industlies and selvice ploviders

who ar-e dependent on the efficient collection, dissemination, and digestion of infolmation.

B-ISDN can bring an exciting variety of new selvices to residential usels as well as opening

new rnar-kets fol the telecommunication companies. '

The B-ISDN is conceived as an all-pulpose digital netrvolk [i]. It will plovide an integlated

5



access that will support a wide variety of applications fol its customels in a flexible ancl

cost-effective manner. The netlvork capabilities will inclucle s-ttpport for:

o Interactive and distributive services:

The netwoLli selrres as a comìrlon carlier of both interactive ancì distlibutive comilìLr-

nications, u'hich may include voice, vicleo, image and clata.

o Broadband rate:

Switched digital streams rnay opelate at t'ates of up to 600 Nlbit/s, with the possi-

bilitl' of raising this limit in the future.

o Burst and continuous traffic:

Some selvices such as voice and video may ueed gualanteed bandu'idth to meet

pe-,.folrrance lequirements (low infolmation loss and delay). On the other hand,

burst data or image services may be provided more cost-effectively with a lower'

gracle of selvice, using lesouïces that can be shared statistically.

o Connection-orieuted and counectionless services:

Some appiications, including most continuous-bit-stream communications, are best

selvecl by connection-olientecl selvices. The connection-oriented selvices ale char'-

acterized by a separ-ation of the procedures f'or establishment and the end-to-end

tlansfe¡ of usel inf'olmation. Connection establishment plocedu-,-es, which must ple-

cecle information transfer, determine a loute and set up a path betu'een Ltsers. Other

seLvices, including rrrail and other data-orientecl communications) rrtay not warlant

sepalate connection estaltlishrnent and infolmation t-,.'a,nsfer- phases. These conllec-

tionless services plovicle routing and user infbr-mation carried in the same lnessage.

o Digital signal processing:

Some selvices require transpar-ent transport of digital bit streams through the net-

wor.k; othels rnay take advantage of code compression capabilities used to conserve

internal network bandwidth ol code conversion capabilities provided to overcome

terminal incompatibilities.

o Point-to-point and complex cornmunications:

Some selvices lequile a single point-to-point connection, eithel undilectional ol bidi-
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lectiona,l, betr,veen tu'o encl points; other "lnultimedia" applications benefit fì'on par-

allel connections between end points, connections arnong multiple users, and even

conbinations of multiple-connection. rnulti-usel calls. Some rluiti-usel selvices may

involve cligital signal plocessing.

The CCITT Study Group XVIII, the culrent focus fbl international stanclalds on B-ISDN,

genelally calls the switching and rnultiplexing aspects the "tlansfel modes". The transfer'

mode chosen by tire CCITT Study Group XVIII Task Group on ISDN Broadband Aspects

as tlre basis of B-ISDN is called the Asynch.-onous Tlansfel Nlode (ATM) lIl122).

ATM replesents a high bandwidih, lorv dela1,, packet srn'itching ancl multiplering tech-

nique. In ATM, time is divided into eclual lergth time intelvals or' "siots" called cells.

Each slot may ç¿¡tt an information cell, a signalling cell, or an iclle cell. The inf'ormation

cells are identified and switched on the basis of a label in the header', as is ìllustlated in

Figule 1.1. The CCITT has lecommended a,s the standalcl fbl ATM cell stluctttLe [1] [66],

that each ATM cell contain an inforrnation field of 48 bytes and a cell headel of 5 bytes.

Each heacler contains a viltual channel identifier (VCI) and virtual path identifier (VPI),

payload and pliolity indicators, and one octet fol one-bit headel errol f'olward collection

and for the self-delineation of cell bottndaries.

Hea,der Information field

Route Coltrol

Figure 1.1 ATNI cell using vir-tual path technique.

The term "asynchLonous" Lefers to the fact that cells allocatecl to the same connection

may exhibit an illegulal lecru-rence patteln, as cells are filled accolding to the a,ctual

demand. In this aspect, ATM is sirnilal to the well-linown traditional packet transfèr' mode

[2]. In most other.aspects, especially in legarcling to tlansfeL rates, they are significantly

diffelent. The ATM is distinguished from the existing STDM (Synchronous Time Division

Multiplexing) by a combination of several special features.

Firstly, the ATM multiplexels and switches ar-e less dependent on considelation of bit

rates fol par:ticulal selvices. ATM can flexil¡ly suppolt a wide variety of selvices with
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clifferent information tlansfel lates rvìthout the complications associated with telrlinating

a rnultiplicitv of positionecl channels. Clonsequeutly, rlr-rltiple ovelly rate-clepenclent cit'cuit

fablics a,re Lulrìecessary, thus enhattcing netu'olli integlation.

Secondly, the AT\4 is suitable fol both bulst¡' and continuous-bit-r'ate selvices. ATM,

ope.*ating in a cleterministic nocle, can sllppolt leal-time continuous-ltit-ra,te selvices by

circuit-mode emulation, plovided that sufficient switching and transport bandwidth is

guaranteed. Bandrn'idth is allocated as part of a connection establishment signalling pro-

cedure that precedes end-to-end information exchange. The infolmation tlanstè'. mode of

a deterministic selvice must meet minimal end-to-end pelformance lequirements fol clelay

and loss so that a leceiveL can acclrLateìy leconstitute a peliodic signal with minimal time

and amplitude distortion.

ATM is also able to opelate in a statistical mode to concentlate bulsty clata. Bulsty

data ttaffic may be assigned a lower pliority, so that it does not advelsely affect cleter'-

ministic selvices. A bursty data, selvice cloes not recluile continrtous allocation of its peak

bandwidth. This allows other bursty da,ta selvices to statistically sha't'e the t'esoulces.

L.2 Virtual channel and virtual path

At the present tirne, it is planned that ATM networ.'k routing will rnake use of the concept

of a virtual path. A viltual path (VP) is an ATM based information tlansfèr technique

that allows gr.oups of calls shaling a comrr,on path thlough the netwo-,-k to be identified and

pr.ocessed using state infolmation contained in the label of every ATM cell. This loute

state information leferlecl to a,s the virtual path identifier (VPI), is plocessed at each

exchange in the VP. Individual calÌs within the gloup are identified at the VP end-points

by a seconcl piece of route state information, refèrlecl to as a viltual cha,nnel iclentifiel

(VCI), also contained in the cell header'.
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Figure 1.2 B-ISDN with r¡irtual channel and \/irtual path.

A typical set of connections usirìg virtual channel and virtual path techniques is illustlated

in Figu¡e 1.2. In these connections, the local access netwoÌ-l( rvith concentlators enploys

a vir.tual channel tìom the custorneL telminal equipment to the loca'l exchange' with a

napping of the local channel numbel at each concentlatol along the way. This can be done

using a viltual channel identifier (VCI). Couceutrators then pelfolm a mapping of the VCI

only. Since each VP would be ah'eady in existence at the time a subsclibel is connected to

the netwolk, the concentr-ator-s need not execute any call handling functions. In the core

network, the switch performs a mappirlg of the virtual path identifier (VPI) only. This

red.uces the amount of call plocessing lequired by the network. Thelefore, an end-to-end

connection would r"equir-e comrnunication using thlee types of virtual connections in the

se¡ies. One VP is .-equirecl in the cole netwolk, ancl one viltual channel is usecl at each end

of ihe connection between a telminal equipment and concentlatols in the a,ccess networ"k'

This is illustratecl in more cletail in Figure 1.3.
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In this illustlation, \/P louting is shown for calls between telminals 1 and 3 and telrninals 2

and 4, respectively. The same vir-tual path is used between each pail of netwo.-k switches.

The fir'st switch shown hele is the concentlator' (Conc) which f'orms par-t of the access

network structule. The local access netwo'-k with concentrators employs a virtual channel

from the customel telminal ecluipment to the local exchange, with a mapping of the VCI

at each concentlatol along the u,ay. The fir'st call connect table (CCT) as the junction

between VPs is used to sepala,te the local access network and core network. In this case,

the CCT is used to connect a number-of individual calls to the network VPs and make an

end-to-encl connection. In this CCT, the viltual channel identifier' (VCI) of an incoming

cell is mapped to an outgoing VCI and an outgoing viltual path identifier (VPI), which is

used to transit the exchanges to switch the gloup of viltual channels. Thele is a unique
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mapping of VCiIs fol each call passing thlough the CICT (the call betweeu l ancl 3 ttses

the VCI mapping J --+ 12, wirilst the call fi'om 2 to 4 uses the \¡CI mapping ,4 --+ 13),

but all calls using the same \z'P ale rnapped to the same outgoing \iPI (the 1-3 call and

the2-4 call both use the outgoing VPI 17). The cells of the 1-3 and2-4 calls then entel

a CCT at the next switch in the path along the VP. At this CCT, only the incoming

VPI (17) is used to identify the switch output port and the outgoing VPI (37) foL these

cells. The VCIs identifying the individual calls (12 and 13) are not processed in any way

along the VP. Fulther mappings of the VPI number occur at CCTs along the VP (37 --t

21). When the cells of the l-3 ancl 2-4 caIIs arrive at the CCT on the clestination switch,

the incoming VPI is strippecl off. The incoming VCIs are mappecl to the corresponding

outgoing VCIs (12 --+ 8 and 13 ---+ 9), and routed to the destination telminal equipment

(3 and 4 r'espectively).

The identification and switching of traflc flows instead of indiviclual calls can lead to

advantages with legald to [3]:

o A leduced load on netu'oLk contlol equipment.

¡ Lower call establishment delay.

o A flexible means of provicling ser-vice plotection to improve network availability.

o A flexible rneans of contlolling netwolk congestion. Ho\ rever- the network efficiency

is lower'.

1.3 Congestion control in ATM networks

The fast packet switching nocle of tlansmission in ATM networ-ks allows great flexibility

and opportunit), fol efficiently shaling of lesources. However', it also intr-oduces significant

ploblems with legard to contlol and prevention of congestion leading to infolmation loss

[56][57][7e].

Usually, tlafficflows in the ATIVI networks are decomposed into 3 different levels [56][57]:

i) call level; ii) bulst level; iii) cell level. To guarantee a propelly defined overall quality
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of service (QOS) [56] to the use'-.s, the netr,r'olk has to contlol the traffic flow accoldingly.

Otherwise, congestion rrì.ay happen in each of these thlee levels. Au over'load situation at

the call connection level leacls to call blocking whereas congestion at the lower- Ievels leads

to loss of cells. At the bulst ievel, congestion occuls when the total arlival rate exceeds

the capacit¡, o1 the output linli for sufficienily long that the available buffers become

full. At the cell level, congestion is caused by sirnultaneous cell arlivals occurring in a

time span equivalent to a soulce inter-cell time [56][i2][78][79]. However, the congestion

control in ATM is difficult because of the high link speed, divelse service requirements,

and divelse chalacteristics of the tlaffic ATM is expected to suppor-t. Therefore, a u'hole

set of control schernes will be applied whose actions nolmally wo,...k at each of these thlee

levels [56][57][79].

Control at the cull connectior¿ leuel

Upon allival of a new call, the achnission contlol process rnust allocate lesoulces fol the

call at each switching node along a ploposed loute. During this process, a su'itching node

must determine if it has enough Ìesources to support the new cali. This is done ba,sed on

a set of traffic descliptols which leplesent traffic statistics given by existing calls. The

switching node accepts the nerv call only if its perl'olmance reqttilements a'r'e net [67][79]'

The sources ale allowed to tlansmit within preset constlaints. The detelmination of an

applopriate minirnurr set of tlaffic descliptor:s is adctlessed in [68], but it still seems to

r.equir.e fulther discussions. Some pr-oblems with proposed the admission contlol schernes

include the large amount of rnerloly requiled, and possible excessive pr-ocessing overhead

[80].

Since ATM is packet-switchecl, the network ma5, not explicitly leserve any banclwiclth

fol calls. Instead, expected tlaffic is used as an indicator of the banclwidth lequirecl to

suppolt the new call to determine if the uetwork can adequately suppolt rnole calls. The

ploblem is to find a computationally eflcient algor:ithm which can decide how to combine

traffic florvs, and how to a,chieve lapìd loute selection. HoweveL, the statistics used fol

banclwidth allocation shoulcl allow the accura,te calculation of how many cliffelent bulst

selvices can be multiplexed together'. The difficultv of this is that many types of selvices

such as bulsty data ol irnage tlansfer applications clo not know even aPproximatels' ¡'þ¿¡
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their expected bandwidth will be [rl][13]. On the other hand, the statistics need to be

calculated in a very lirnitecl available tirle. It has been suggested in [5] that ke5, tlaffic

statistics shoulcl use the mean ancl rrar-iance of the tr-affic late, but that a lunning vatiance

would be too clifficult to calculate. Cjulrentl)'it is not clear exa,ctl5, tvhich tlaffic statistics

shoulcl be chosen f'ol adrnission control apalt fi'om the peak and average rates.

Control at the burst leuel

Because of the high throughputs and lorv delay required in ATN{ networli, r'eactive con-

gestion control u'hich detects congestion, and signals sonlces to reduce theil tlafËc, is

consideled inapplopliate [78]. High linh late incleases the pr-opagation delay-bandwiclth

pr-oduct, i.e., a, Ial'ge amount of t::affic can be in tlansit duling the tirne lequiled to send

a choke cell to the sendel to stop ol slow the transmission when the r-eactive congestion

contlol is activated. Lalge letransmission windows can cause severe buffel rnanagement

problems, and thelefor-e make rrrany of the current contlol schemes ineffective. By con-

tlast, pleventative congestion contlol, which shapes the traffic florn all sources so that

congestion is rninirrized, is consideled to be likely solution [54][67][68]. Howeve., this so-

Iution cannot avoicl sone information loss without saclificing the clesilecl efficiency gains

fi'om statistical multiplexing.

The sirnplest apploach u'oulcl be bo use only the total peali rate a,s the tlaffic statistic ancl

to accept calls if the sum of the peak lates of all the calls is less than the capacity of the

tlansmission link [54][67][68]. If the numbel of sou.-ces transmitting onto a particular linli

is such that the total peak late of all sources combined is less than the capacity of the

link, then information loss mav be minimized, and the lequested perfolmance can be met

without jeoparclizing the pelt'ormance of existing calls on the loute. HoweveL, the efficiency

gains of the AT\4 technique ovel simple broadband packet switching and multiplexing

are then lost, especially for. tlaffic which occurs in bursts sepalated by long intervals of

silence. Therefore, it is expected that sources will be allowed into the transmission linli

even though the total peak late of all soulces may exceed the link capacity [57]. In this

case, cell loss may be causecl by buffel over'flow. The cell loss will alise ma,inly fi'om

combinations of bulsts of cells which exceed the capacit), of the link. This will result in

the loss of cells ovel a short bime peliocl. As link utilizaiion increases, sholt tirne peliods

13



of buffel over'floq' lvill occul frecluently and ca,use significant dismption of all services ttsiug

the link at that time.

At the bulst level, contlol action atterrpts to ensule that cell loss due to buffel overflow is

constr-ained. A soulce policing contlol monitols the user''s tlaffic flow of each connection

with respect to its negotiated tlaffic par'ametels. If a violation is detected, a,n a,ppr-opliate

action has to be taken: imrlecliate dlopping ol malking of excessive cells to become

candidates fol loss in ca,se of congestion. Leaky bucket aver-age late limiting [58] is one of

the techniques cullently being consideled for this pulpose. The lealiy bucket consists of a

cell countel rvhich counts up at a fixed late to a given maximutn value, and counts dorvn

for- ever.y cell transmittecl. When it r-eaches zero, fulthel cell tlansmissiorìs ale inhibited.

The finite size of tìre countel cali l¡e seen as the maximutn allowa,l¡le burst length. Some

have argued that nalliing is ineffective and may degrade pelf'ormance f'ol unmalkecl cells

[80]. Anothel disadvanta,ge of malking is that it has no collela,tion with usel level data

pr.io¡ity. The usel has bettel undelstanding of u,hich cells ale tnole important in delivery,

wher.eas the rrralking system determines pr-iority r-egar-dless of the usel''s neecls. The output

rate of a leaky bucket is selected according to the netrn'o.-k's average admission late which

is r.elatecl to lesource allocation. This lesults in sorre diffi.culties with the policing of the

peak late ancl avelage late at the same tirne. Another technìc1ue curlently consider-ed for-

the congestion contlol at burst level is sliding or jurnping window flow contlol [13], whicll

operate on cell counts within tirne u'indows. This control mechanisrn rnay not be suited

to real-time services due to variable delay and loss [79]. An auto-r'epeat-r'equest (ARQ)

systern is also requiled to snpport the rvindow contlol mechauism.

Control at the cell leuel

At the cell level, the contlol deals rvith short term cell loss

The common technique fol clealing with sholt term cell loss is to plovicle buffers of suffi-

cient size in the multipiexers and switches. These buffers will absorb sudden sim.ultaneous

cell arlivals, and stole cells fo-,.' tla,nsmission u'hen link is flee. As the total late of tlaf-

fic ar-rival incleases toward the linli capacity, the buffer may occasionally overflow. This

situation may be overcome by incleasing the size of the buffer. However', larger buffer-s

result in an incr-ease in both cell delay and the valiation in cell delay. This can cause
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difficulties fol rea,l time services u,hicìr recßrire s)rnc.hroniza,tion between the tra,nsmittel

ancl leceirrel a,ncl opeltr,te urrcler s[rict time constlaiuts. It shoulci be notecl that a fir'sl-

in-fir'st-out (FIFO) clueueing noclel is corlnottly usecl to a,naìyze tìre pel1'ormauce a,t cell

level [57][75].

Cell cliscald pliolity has been sr-rggestecl to sepalate selvices with diffelent delay and loss

requirements [59][63]. Tu'o cliscarcl pliolity levels ale recornrnended by CCITT [22]. In

case of buffel oveLflow, cells with lorv-pliority will be dropped fir'st. Typical values of

cell loss late rvhich have been leconìmencled by C|CITT ale 10-10 f'or high priolity ancl

10-6 fol low pliolity [59][63], but these have been usecl fol switching nocles only. Priolity

mechanisms can gualantee tire c¡rality f'ol the selvices with high pliolit5r, but rnust pay

a high plice of loss a,ncl clela5, I'or the leq, pliolit), services. Howevel, the use of the

discald pliolity mecha,nism to glralantee a celtain ìevel of ovelall serrrice qualit¡, f'ol auv

encl-to-end selvice ueeds fulther study.

The rnechanisms of congestion contlol opelating at valious levels ale celtainly helpful

for avoicling cell loss. However', an ATIVI netr'r,olk is intencleci to be flerible enottgh lo

eflicientl5' suppor-t all cullent and f'oreseeable seLvices such as voice, clata, vicleo, and

image. Thus an ATM netwolk is lecluiled to handle cliffelent types of traffic such as fixecl

rate traffic and highly valiable rate traffic. The latter may consists of traffic for which

the bit La,te cannot be contlollecl duling a call, ol peak rate cannot be pr-eclictecl befot'e

call setup. In fact, the contlol problem has not been completei5, solveci yet, because of

the high linli speecl, divelse seLvice lequi-,-ernents, ancl divelse chalactelistics of tire tla.ffic

tirat ATM is expected to suppolt at the same time [56].

L.4 Error control

Ellor control in an ATM netwolli involves two diffelent categolies: i) detect ancl cot'r'ect

the tlansmission ellols contained in the cell headel ol cell infolmation frelcl, ii) detect ancl

lecover the lost cells due to mislouting, switching er.r'or-, priolity cliscarding, ancl uetwolli

congestion at the cell level ol burst level.

Since ATM networks plocess ceils b5' their header', bit erÌols in the cell headel may cause
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switching elr-ol ancl rrislor-rting, and result in cell loss. HoweveL, r'efelling to CCiITT

stanclald of ATNiI la5'e¡ ¡661, cell heaclel of 5 octets conta,ins 8 r'eclundant bits fol one-

bit heaclel ellor f'olwald corlection using a CRC-8 [38] cocle rn'ith a minirrttrn Harnming

distance of thlee. Thel.'efole, the cell loss clne to uncoLLectable Ìreaclel ellot' in a,n ranclom

bit elr-ol enviLonrlent can be gleatly reclticecl. Fol a optical fibel with the ltit erLor- r-ate

of 10-s, the plobability of cell loss clue lo ra,ndon bit elrors in the cell heaclel is iess than

4.0 x l0-tt, and is negligible. Bulst elror-s) on the other hand, can be a najol cause of

cell delineation failule. Though the plobability of cell delineation failur.e is stnall, once

it happens, consecutive cells are then lost. Accolding to the CCITT standald [66], cell

delineation proceclur-e recognizes delineation failule after' 7 successive lost cells, and it

takes 6 cells to recoveL the cell delineation. Thelefore, at least 13 cells are consecutively

lost when a cell delineation occuls. \Ve will demonstrate that, in the lattel chaptels, this

bulst cell loss caused by ceil delineation failule ca,n be recovered using a two-climensioua,l

coding scherne [8].

In o_r'de-, to protect the whole inf'olmation field against the tlansnission bit ellors, and to

ctetect the lost cells due to buffel oveLflow, rnislouting, and switching ellols. the CCITT

has lecommended setting up an ATM adaptation layer' (AAL) in the payload field [66]

which contains two sublayels: convergence sublayer'(CS) ancl segmentatiou ancl I'eassem-

bl5, sqþl¿),er'(SAR). All ATM cells a,r'e divided into 4 diffelent types: AAL t),pe 1 f'or-fixecl

bit late selvices, AAL type 2 fol variable bit r-ate selvice, and AAL type 3 and 4 f'or data

services, In the SAR sublayel of 4 octets of each ALL types 1 to 4, a cell sequence numbel

of 4 bits is set up for cell loss detection [66]. In the AAL type 1 and 2, fir-st bit to fourth

bit of the infolmation field f'olrr a cell sequence number'. In the AAL type 3 and 4, thild

bit to sixth bit fi'om a cell sequence number. In the AAL, 10 bits in the SAR sublayel

are reseLved for elrol plotection in the infolnation field. However, the CCITT has not

decicled )¡et what type of error protection coding schernes should be usecl. Therefole, the

considelations of forwald errol lecovely coding scheme is timely and impor:tant.

The ATM netwolk is intenclecl to be flexjble enough to efficiently support all culrent and

foleseeable services such as rroice, data, images, aud video. Thele aÌe seveÌ'al conflicting

tlansmission .-ecluilements for- these selvices. Uncomplessecl voice services ale tolerant
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of occasional er-rols [45]. The inhelent ledunda,ncy chalactelistics of voice allow small

amounts of lost or cor-r'uptecl infolmation to be leconstlucted ol even omittecl, without a

severe deglaclation in voice cluality. Hou'eveL. bulst cell loss clue to network congestiou or'

buffer orreLflorv nra5r ss¡i.rsl¡r ¿9"., the selrrice cluality.

Cocled vicleo involves bit rates fi'om 2 Nlbits/s (e.g., vicleophone) to 140 lVlbits/s (e.g.,

HDTV) [46][47][+S]. Because of the high bit lates involvecl, compa,r'ecl to 64 kbits/s iele-

phony, cell loss occurs more fi'ecluentìy fol vicleo selvices. Fot' exanple, fol a cell loss

plobability of 10-8 and a ceil length of 53 octets [1], the avelage peliocl between two lost

cells fol a HDTV vicleo seLvice encoclecl at 140 \4bit/s is 5 ninutes, u'hile for 64 hbit/s

telephony, unclel the sarne conclitions, this avelage peliod is mole than 8 da5,s, po. a vicleo

selvice, the ixirnaly f-,-'a,me h.as a, cluration of 40 ms, and thus will be tlansmittecl ovel

rnultiple cells. If a cell is lost in the midclle of a primary fi'ame, the phase alignrnent rvill

be lost for- the lest of the fì'arne, Depending on the synchlonization scheme used, a cell

loss may colrupt a lalge pa'.'t of a f'-.ame. Fol the DPCM video cocling algorithrn [48], cell

loss will indeed result in loss of the rest of the vicleo flarne if no extr.a countelmeasul'es a,l'e

taken. For a, variable length coding (VLC) algorithm [47], if a cell is lost, s),nchlonization

of the VLC cocle is lost, and the consectitive cells are useless until the VLCI codes ale leset.

For- the algorithrrr used in [48], tlie \/LC codes ar'e r'eset eVeI)¡ S_lines. Tlrer'e1'or'e, if a cell

is lost, up to 8 consecutive lines may be affectecl. If such er'Ìors ale visibly significant, it

will be necessal'y to leset the \iLC codes mot'e fi'equently, sa')/ e\/erl/ Iine' This u'ill limii

the plopagation of erLoLs, btit u'ill inclease the associated ovelhead.

Data applications derland essentially elror'-flee tlansmission, ancl existing plotocol stan-

dalds, such as CCITT recorrrnrerìdation X.25 [2] reflect these lecluilements. Auto-repeat-

r-ecluest (ARQ) techniques such as go-back-N ARQ [32] is often usecl in da'ta netu'olks.

This can provide reliable tlansmission, but it also intlocluces extla tlaffic into the networli

due to retlansmission, and aclclitional delay and variation in delay [43][44]. Compared

with forward ellor. contlol techniclues, an ARQ system also lequiles: i) a retuLn path for-

transmission of positive acknowledgement (ACK) ancl negative acknowleclgernent (NAK)

signals; ii) buffels to stole the t'-ansmittecl data packets, Miller' [7] cliscussecl the possibil-

ity of using selective repeat ARQ or H5,þ¡id I ARQ schemes fol both data and packet voice
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transmission in the packet-srvitchecl networks nncler the conclition of witirout congestion.

Comparecl to a go-back-N ARQ scheme, the selective tepeat ARQ ol Hyblicl I ARQ has

highel throughpr.rt and less amount of extla traffic. Holvever, a pail of lalgel buffels a,r'e

required to be set up at the both tra,nsmittel end ancl leceivel end, r'espectively. Thus in

an ATIVI netwolli rvith vely high transmission ancl srvitch thloughput, an ARQ technique

may lequile an enorrrì.ous buffer'.

On the othel hancl, both voice and video ale real-tirle services ancl sensitive to tla'rts-

mission dela5,. The voice selvices lecluile the clela5, to be small and unifblm. Othelwise,

the received signal will be clistoltecl. Interactive video services also requir-e dela¡' to be

uniform. Thelefore, the ARQ technique may not be suitable for voice ancl video selvices

as it may introduce variable clelay. We rvill discuss the details in chapter 4.

The authol has ploposecl a, concept of forrvalcl elrol' r'ecovery [8] in lg89 fol tire pulpose:

i) cletect ancl collect the transmission ellors containecl in cell infolmation fielcl, ii) detect

and lecover the cell loss clue to rnis-,-outing, switching ellor, ancl netu'ork congestion at the

cell level. This is done by a two-dimensional code, in u'hich error detection fol a single cell

is r-eplesenied by the lr;-axis, u'hile the cell er.'r-or collection and lost cell recovet'y alnoDg

a block of consecutive cells is replesented by the y-axis. In this two-dimensional coding

scheme, the ¿-axis pality ,-eclundant bits used t'or erlor- detection anci the cell sequence

numbel usecl for cell loss detection are inco-,-polated in to the SAR sublayer located in the

AAL in the payload fielcl. The detaìls wiìl be desclibed in the later chapters. We should

note that the cell losses ca,usecl b¡' 5.rç". overflow, switching elrors, ol tnislottting, and the

cell errols caused by transrrrission error-s ma¡r app"ol with different statistics. HoweveL,,

the5, s¿¡ share the same er'ïor' lecovely schernes. In this schemeî oul' attention is focussecl

on using forwar-d erÌor recovely coding techniclues against the celi loss caused by netwolk

congestion at the cell level rather than using large size queues. The ploposed scheme

operates between the netu'olk eclges at the viltua,l path connection lerrel or end-to-encl

source-clestination pairs at the virttial channel connection level [66] r'athel than at eveÌy

switching nocle along the -,-oute. It thelefole allows gleatel contlol ovel cell clelaSr, as well

as providing an extremely powelful mechanism for leducing information loss.

Ohta et al. recently presentecl a folwarcl loss recovel)/ cocling sclrenre [A+] foL data tlansfer-
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application in an ATM netrvork. A block consists of f cells arlanged in O rows. Each

low of f cells contains one ledundant cell fol loss detection, and each column of O cells

contains one -,-edundant cells f'ol loss recovery. Theref'ore, f + O - 1 cells ale ovelhead in

each block, while a single bulst loss of f - 1 cells can be lecovered in each block. A pail

of buffel of size f x O is also lecluiled to be set up at the transmittel end and leceivel

end, r'espectively, to associa,te the encoding ancl clecoding. By comparison with oul mole

elegant two-dimensional coding scheme, we shall show in a later chaptel that this scherre

[8a] has more overheacl and less capa,city f'or recover-ing from long burst loss.

1.5 Outline of thesis

The pulpose of the stucl5' in this thesis is to examine the application of f'olwa,r'd ellor'

recovely cocling techniques to leduce cell loss probability. Oul apploach is to select

an efficient two-dimensional code for loss Lecovely at the cell level. The cell sequence

number needed fbl cell loss cletection and the parity check bits genelatecl by encoding

the infolrnation field of a cell, are incolpolated into ATM adaptation layer' (AAL). The

approaches presented in this thesis extend the lange of netwolk utilization and conditions

ovel which an ATM netwolk ca,n be safely exploitecl, and can be a, useful supplement to

the currently ploposed set of congestion contlol techniques,

In chapter 2, we study a statistical descliption of cell loss lesulting fu-om network con-

gestion at the cell level. This is irnpoltant to obtain the evaluation of pelf'ormance with

coding. A virtual path (VP) is n'rodelled as a tanclem queueing s)/stem consisting of a

number of queues in selies. Each queue along the path is considet'ed a,s a br.rlk allival

queue with a finite buffel size. The telm "bulk" is usecl to inclicate that a landorl-size

gloup of cells alrive at a switciring node from diffelent tlaffic streams within the same tirne

intelval. Fol cell alliva,l tlaffrc, the mixtules of cliscrete-tirne constant late detelrninistic

arrival processes ale consideled.

Firstly, the per:fbrrrìance of a viltual path is evaluated fol a designated tlaffic stream

as it goes tluough the queues along the tandem queueing network. In the analysis, an

independence assunlption betu'een the adjacent clueues is usecl [61][65]. The cell loss
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probability ancl clueueing clelay ale clelivecl

Seconclly, two \4alkov moclels ale usecl to estimate the higher olcler.statistical clistlibutions

of bursty cell loss pattelns, such as cell loss-free run clistribution and cell loss patteln

distlibution. These ,.-esults ale subsecluently used as a basis fol erraluating the perl'olmance

of tr-affic stleams with follvalcl erlol lecovely coding schemes in chaptels 4. The lesults

aiso provide useful information needed for code clesign.

In Chapter 3, a sirrulation stud5. of statistics of cell loss caused by congestion is under'-

taken. The sirnulation is alr-anged to replesent a VP as a tandem queueing netwolk. Each

queue along the path is leplesented as a bulli arlival c¡reue with finite buffer'. In the sim-

ulation, an actual tandem queueing netlvork is used to obtain the perfolrrì.arlce measures

for-the designatecl tlaffic. All softwale implementations ale written using I¡ORTRAN and

run on a VAX system, The statistics of cell loss due to buffer overflow a,r'e obtained f'or

both random and bulsty tlaffic using a Monte Callo rnethod.

Firstl¡r, the sinulation lesults ba,sed on the mirtules of constant la,te deterministic ar-

lival plocesses are compalecl witir the analytical appr-orimations obtained in chapter' 2.

Although oul anal¡'tical apploach in chapter- 2 is apploximate, it is shown to be quite

accutate by compaling it to the simulation lesults.

Secondly, since an exact queueing analysis for" a bulk arlival queue with bulsty cell arrivals

is too complex due to queue transient effects, the statistics of cell loss with bursty cell

allival tlaffic ale studied by si111ulation, The mixtules of homogeneous bulst-silence

processes [i3][83] a,r'e usecl in the simulation as the bulsty cell arlival tlaffic.

In chapter- 4, the folwald erlol protection scheme ploposed fol cell error colÌection and

cell loss recovery at the cell level is investigatecl. This scheme employs a two-climensional

code, in which elr.or detection fol single cell is perfolmed by the z-axis cocle. while lost

ol errored cell lecovery arrrong a block of consecutive cells is perfblmed by the y-axis

code. A class of high r-ate cocles, r'eferrecl to s'mall distance codes, suitable f'ol the r-axis

code are investigated. The elasule collection coding is used fol the y-axis code. The

erasru'e cor-r'ection decocling algorithm ancl its irlplerlentation using binary cyclic cocles

or- non-binary Reed-Solomon codes is also investigated.
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The pelf'or:mance rvith cocling is evaluated in the presence of tlansmission erÌors and cell

Ioss clue to netwolli congestion. The banchviclth efficienc5,, delay, cell loss/erlol probability,

and the capabilitv of lecoveling fi'on-r long cell loss bursts are erraluatecl. Sevelal specific

illustlative schernes ale considelecl using a snt.all-di,stance code as the :r-axis cocle and an

efficient binary c)'clic code ol non-binar'¡' Reed-Solorrìon cocle as the y-axis cocle. We shorv

that if the ¿-axis code and the y-aris code are chosen plopellS,, high r:ecorrely rates can

be obtainecl even undel high linli utilization conditions.

The statistics of burst cell loss obtained flom chaptels 2 and 3 may be used to assist

in the design of coding schemes. The methods fol using these statistics for code design,

including ciroice of code word length, code r.ate, and queueing buffer size, ale also discussed

in chapter 4.

Finally, in chapter' 5 we considel the strategies of folwald loss contlol against the cell loss

caused by congestion at the bulst level. A powerlil method of folwald elrol lecovery along

a viltual path or virtual channel based on a joint usage of thr-eshold controlled discarding

of cells, two-dimensional cocling, and intelleaving is desclibed and evaluatecl. This rnethod

allows one to declease significantly the nurrbel of lost cells during periods of congestion

at burst level due to tlaffic fluctuations during a call. It is shou'n that coding techniques

can be a useful supplement to the conventional use of congestion contlol techniques.
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Chapter 2

STATISTICS OF CEI,L LOSS

Sumrnary

In this chapter', we study the statistical description of cell loss caused by congestion at the

cell level [56][72][79]. This will be needecl for the evaluation of pelfolmance with forwarcl

errol Lecoverrlr 66.1;na in the latel chaptels. We also define a nutnbel of telrns and symbols

which will be used in the latel chapter-s.

A virtual path (VP) is rnodelled as a tanclem queueing network consisting of a number

of single selvel qrreues in ser.ies which operate on a fir'st-in-fir'st-out (FIFO) basis. The

switches associated with the queues will split up incoming str-eams with viltual paths

(VPs) going to different destinations, and combine stleams with VPs going to the salue

outgoing linli at the switch output, to entel the output clueue [60][61][63]. Each queue

along the VP is consiclelecl a,s a bulli a,r'rival queue with finite buffer size. The teln "ltulk"

is used to indicate that a landom-size gloup of cells a-,*live at a queue from diffelent tr-affic

streams within the same time slot. In this chapter, cell arrival streams which come fi'om

the different VPs and join the queues are consideled to be constant rate cletelrninistic

alrival processes. We shall consider bulsty tlafÊc by sirnulation in chapter 3, since an

exact clueueing analysis of an ATM multiplexer with bulsty cell ar-r'ival tlaffic leads to

very corrrplex queueing mociels clue to clueue tlansient effects.

Filstly, we delive an expression of the ecluiìibliun buffer occlrpancy distlibution ancl

proliability of cell Ioss fol a single servel queue with finite buffer- using a cliscrete tirne
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Markov model [25][64][71]. The conditions of the steady-state queueing apploxirnation

usecl in the anah'sis ale cliscussecl.

Secondly, the cell loss ploba,bility is obtained fol a clesignated tlaffic str-earn as it goes

through the tandem queueing network. An inclependence assumption between the adja-

cent queues is used in the anal),sis. The cell loss proìrability is eva,luated in telms of link

utilization lbl a given set of the queueing netwot'li palameters.

Finally, u'e estimate the statistical distributions of burst cell loss. Two Malkov models

ale used as the genelative rroclel fbl bulsty cell loss, We have estimated sorne highel

orcle,.- statistical distlibutions of cell loss such as cell loss flee-lun distlibution and cell

loss patteln clistlibution. These lesults are subsequently used as a basis for evaluating

the pelforrrlance with ello,,- recovely coding in chapter 4.

Since our analytical apploach is apploxima,te, we will check tire acculacy by comparing the

analytical lesults to the lesults obtained from simulation in chapter' 3. In the simulation,

an a,ctual tandem queueing netu,or-li r¡'ithout the "independence assumption" will be usecl

to obtain the perfolrrance nleaslures fol the designated tlaffic stleam.

2.L f ntroduction

Queueing arises naturaily in a stud5' of packet switched networks [14]. In an ATIVI netwolk

based on fast packet switching techniques,, cells ar-r'iving eithel at an ently point to the

netu'orli or at an intelmediate srn'itching node on the rvay to the destina,tion, are buffeled

and processecl to detelmine the appropliate outgoing tlansmìssion link connected to the

next switching node along the path. The time spent in the buffel rn,aiting for tlansnission,

and the plobability of cell loss due to buffer over'flow, become the measures of netwo-,.'k

pelfolrnance. The waìting time and loss late depend on switch plocessing time and cell

length. They also clepend on tire tlansmission link capacity, on the tlaffic statistics, on the

buffer.size, and on the service clisciplinebeing used to handle bhe cells. In this chapter, an

idealized switch structule with output queues will be considered [60][61][63]. The details

will be discussed in later sections.
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Many papers [15 - 21] have stuclied the pelf'o'-mance of a, mr.rltiplexer with paclietized

voice, vicleo, and clata using clueueing theor'¡,. Theil aim is to plopell), unclelstancl the

chalactelistics of pacliet-slvitchecl netlvolk wiilì diffelent t5zpes of tlaffic and to evaiuate

the statistics of loss ol dela-r,. I(uczula, [17] ploposed an intelruptecl Poisson process (IPP)

rnodel to assess clata trafÊc per'1'olmance fol a single output queue with finite buffel.

The pr-oba.bility of buffel overflow velsus the buffel size u'as erraluated 1'ol a given set

of pa-,-arnetels such as traffic load ancl statistics of the alt'ival tla,ffic. Heffes et al. [19]

ploposed a Malkov modulated Poisson process (MMPP) moclel fol the packetized data

and voice traffic. The per-folmance of a single MMPP/G/1 queue with infinite buffer size

was analyzed. The average c¡reueing clelay velsus the offer-ecl tlaffic load rvele obtainecl.

Maglalis et al. [20] [21], using a, clisclete-state, continuous-time correla,ted Nlar-kov plocess

rnodel, modelled multiplered vicleo traffic as one which ch.anges arrrong clifferent fixed-r'ate

levels. The perfolmance with a single MIGII queue was analyzecl. HoweveL, rnost stuclies

of this type relate to a multiplexel in the access netu'olk.

In an ATN,{ netrn,ork, congestion ma1, ìre decomposecl into 3 clifferent levels [56]. An

overload situation at the connection level leads to call blocking wheleas congestion at the

lowel levels leads to losses of cells. In connection with lecoveÌy of cell loss, onl¡' the lower

level congestion nust be talien into consicleration. It is applopliate to consiclel cell loss

phenomena which occlu' a,t bulst ancl cell levels. In palticula,r', the cell an'ival plocess

exhibìts different types of colrelation at both levels [56][57]172)179):

o at the burst level, congestion occlrls when the total arrival late exceeds the capac-

ity of the output link fol a,vera,ged ovel a per-iod greabel than a,n inter'-cell time

l72ll79). The instantaneous ceìl allival rate varies relative slowl5' with bulst alrivals

and clepartures, tencling to ploduce a positive corlelation between the nurlber-s of

cell alrivals in successive periods;

o at the cell level, congestion is causecl by simultaneolls cell arlivals occulling in a time

span equivalent to a source inter'-cell time. For a given bulst conposition, intelalrival

times a,re negatively corlelated due to the perioclic enission of cells within each VP.

Over the past fèu, )/eals) man)/ studies [69 - 73] [81 - 83] have been I'ocussed on the loss of an
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ATM multiplexel r¡¡ith mixecl tlaffic sonÌ'ces. Slilam ancl \Ä/hitt [73] consideled an ATN4

multiplexer'. They indicated ihat if a la,rge numbel of independent sotuces ale conuected

to a,n ATNI rltiltiplexer', a,ncl each source contlibutes a small fu'action to the total loacl,

then within the inter'-cell time of a, r'efelence sonrce. the alrivals flotn the othel sout-ces

ale locall5, Poisson clistributecl, a,ncl sholt-telm ìrehavior of a statistical multiplexer can

be chara,ctelizecl using this simple moclel [73].

Fol bur-sty allival traffic, moÌe complex rnoclels basecl on the MMPP, such as mixtules of

bulst-silence soulces have been usecl to stud¡, an ATN{ rnultiplexeL [6+][72][75][S2]. The

studies have shou'n that fol cliffelent levels, the loss in an ATIVI queue has the following

ploperties [83]:

1. for long queues and long bulst lengths, loss behavior is deterrnined by the average

arrival late into the queue, exceecling the output rate of the queue. When this hap-

pens, albeit infrequently in a well designed netwolk, the loss r.ate will be ternpor:alily

lalge.

2. fot long queues ancl sholt bulst lengths, tlansient quene effects must be taken into

account

3. for short queues ancl iong burst lengths, loss behaviol is cleterminecl by the fluctua-

tions within a fi'ame periocl. This is readily take' i'to accottnt b5, the assumption

that cells flom diffelent stlea,ms a,r'e unifolmlSr clistt-ibutecl over the flame peliod. In

this conclition, the tlansient queue effects can be ignored.

Norlos et al. [72], trckbelg et al. [75], and Robelts et al. [64] have consideled the

performances of an ATM multiplexel with mixtules of homogeneous burst-silence traffic

undel the condition 3, i.e., assuming that when the bulst lengths are rluch gleater than

the buffel size, the transient effects can be ignored. Kr'önel et al. [82] have compaled a

numbel of appr:oxirnations I'ol cell loss at both bulst and cell level. However, an exact

queueing anal5rsis of an ATiVI multiplexel with cell allivals in short but'sts leads to vet'y

cornplex queueing models clue to the tlansient effects involved, and seems not tlactable

[59]. Thelefble, the perf'olmance evalua.tion of the statistics of cell loss at the cell level

for an ATM rnultiplexer-u'ith cell a.r'r'ivals in sholt bulsts has to ìre clone by sirnulation ol
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apploxilnat,ion.

In this chapter', we shall stucl¡, the statistics of cell loss due to congestion at the cell level

using rnixtules of constant late deterministic alrival plocesses. The statistics of cell loss

fol bulsty alrivals will be studied in chapter' 3 using simulation. Oul attention is focussecl

on a designatecl tlaffic str.eam as it goes thlough an ATIVI network along a VP with small

size queues undel heavy ilaflic conclitions. This is the legion of intelested to us f'ol the

folwald elrol lecover-y coding techniques r¡'hich will l¡e discussed in chapters 4 ancl 5. Fol

the traffic stleans calliecl on each VP, oul apploa,ch is to nse a discrete-time rnoclel lathel

than continuous time, reflecting mole closely the slotted nature of fixecl length cell ltased

sr,vitching techniques in ATNI netwollis. We assume that the traffic calriecl on each VP

is appr-oxirnated bv a constant late detelministic allivaì process [59]. The justification of

oul defined models will be cliscussecl in cietail in the latel sections.

2.2 Modelling of a virtual path

In an ATM network using vir.tual path (VP) techniques, the switches will be r-equired to

operate at vely high thloughput (possibly flom 150 Mbit/s to 600 Nlbit/s per input [1])

ancl the¡' may be interconnected by sevelal diffelent input and output optical fibel links.

Each linli consists of a nurnbel of VPs. We assume that cells callied on a VP all have the

same priority level.

We shall rnodel a switching nocle as a,n icleal nonbloching switch with cell buffering at the

output polts [60][61][63]. The switch is considerecl to be attachecl to a nunbe'.' of input

and output links, each of u'hich carries a numbel of VPs. A typical switch stt'uctule is

illustratecl in Figr-rle 2.1.

26



c
c
T

Multiplexer

c
c
T

c
c
T

CONNECTTON
CROSS

cRoss
CONNECTION
CONTROL

Input
link

Figure 2.L 
^ 

diaglam of switch node

In this figule, the call connect table (CCT) r-outes the cells into diffelent paths in the

cLoss corìnection ìry plocessing the viltual path identification (VPI). Each VP has its

own individual path thlough the cr-oss connection. This path can be set up by the VP

controllel accolcling to the recluests fol t-,-a,nsmissior establishment.

Each rnultiplexel is modellecl a,s a, single server output queue operating on a fir'st-in-fir'st-

out (FIFO) basis. In the tlansnission linli. cha,nnel time is slottecl u'ith slot size being

equal to a cell tla,nsmission time. Cells are assurned to occul at slot bouuclalies. One cell

is selvecl per slot, if any exists in the cpreue. We also assllme that a cell alriving at the

beginning of the slot is imrlecliately selved if it fincls the queue ernpty. The number- of

cells waiting in the queue is called queueing lengtlt. Bulk cell arlivals frorn cliffelent tlaffic

str.'earns lesult in signiflcant valiations of the output queueing length, which may also

lesult in buffel over-flow. As mentioned in the introcluction to this chapter', the overflow

could happen in two levels: bu.-st level ancl cell level. In this chapter, oul attention is

focussed on the loss at the cell level.
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Figure 2.2 A viltual path is nocleled as a tandem clueueing netwolli

As shown in Figule 2.2, a pat'ticr-rlar viltual path thlough the netwolk may now be mocl-

elled as a, tandem queueing networ-li. In the following sections, we will consider the per'-

folmance of a particulal viltual path VP" thr-ough an ATM netwolk using the following

descriptions.

l. VP" is rnodelled bV I single server queues in ser.ies. These queues opelate on a

fir'st-in-fir'st-out (FIFO) basis.

2. A queue I (I : I,2, ...,Q) along the path I/P, ts modelecl as a bulk ar-rival queue

with a finite size Ii.

3. The queue l has ¡i (^' >> 1í) inclepenclent input VPs, inchrcling VP". We let VP[I)

(n: I,2,..,N - 1) denote one of the ¡ú - 1 input VPs, exclucling ì/P,, which join

the queue 1. Tliis is shou'n in Figule 2.3.

4. The su'itching functions lesult in splitting of tr:affrc stlea,ms with VPs going to dif-

ferent destinations and nixing of ti-affic str-eams going to the same output links to

entel the output queues [61][63].

5. A traffic stLeam, denoted as .A-stleam, is designated to be carlied on the virtual path

7P" tirrough the tanclem queueing netwolk, while the othel viltual paths V PII) carr-y

tr-affic stLeams, denoted collectively as the D-stleam.
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6. The designated ,4-strea,m ca,r'r'iecl on I/Po clepalting the cullent cluer-re goes to Lhe next

queue while the D-stleams callied on other VPs ale assunecl to leave the tandem

queueing netr,r,olk irnmediatelS,.

Figure 2.3 A bulli a,r'rival queue u'ith the finite buffel

2.3 Tbaffic models

In this chapte.-, each tlafÊc stleam calried on each VP including the ,A-stleam and the

D-stleams, is consiclerecl to be a clisclete-time constant rate detelministic allival plocess

[25]. This will be justifi.ed in the next section. We desclibe this traffic model as follows.

1. We use the numbers 7,27,3T,..., to designate points in time associated with the

beginning of tirne slots.

2. The time intervallkT, (k+ 1)?) r-epr-esents the kth tirre slot, which includes the time

instant t: kT but excludes the tine instant I : (k+ t)". T is the length of a tirne

slot unit. The time instant t : (k + I)T belongs to tirne interval [(k + 1)f, (k +2)),

i.e. (k + 1)th tirne slot.

3. No rrrore th.an one cell rla)' occul within a time slot in a single traffic stLea,m

4. The allival of a cell in a, given tirne slot is statistically inclependent of the allival of

cells within any previous time slots.

VP
a VP

A

K K-1 2 1
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5. Tlie probaìrility thai a cell comes from the clesignated A-stream ancl ar',.-'ive at the first

queue of the ta,nclem clueueing network it plll per sìot, whele subsclipt n replesents

the clesignatecl A-stleam, and supelsclipt I replesents the traffic str.'eam joining the

fir'st clueue (1 : 1). Tire plobability that a cell comes fi'on the D-stream is p per

slot.

Note that the conditions 3, 4, ancl 5 means that for a single D-stleam, the inter-arlival

time between tu'o successive a,r'r'iva,ls is geometlica,lly clistlibuted [25], that is,

P,,6{inierallival time : fl slots} : (i - Ir)a-rp, (2.r)

witlr a mean value of |lp. Likewise, for the A-stream, we have

P,oa{interalrivai time : 0 slots} : (r - otrl)o-r z!1 (2.2)

witlr a uìean value "f I lplt)

Since our attention is fbcussecl on the designatecl .A-stleam stleam going through a tauderl

queueing netwolk, the traffic cha,r'a,cteristics of the designatecl stleam rrray be changed as

it passes thr-ough several c¡reues. Her-e, we assume that the interclepaltule plocess of the

designated L-stream which departs the queue 1 (1 < I < Q) and goes to join the queue

I + l, is also a constant r-ate cletelrninisticprocess) but with a traffic rate of

)
)

py*'\:(1 - P,Ï))pf), (2 3)

where pÍt) i. the cell rate of the designated .A-strearn arliving at the queue 1, and P,!t) it

the cell loss plobability for' ,4-stream at the queue 1. Since here we have intloduced an

independence assumption between the adjacent queues in the tandem queueing networli,

we will check its accuracy by comparing it to sinulation lesults in chapter' 3. In the

simulation, an actual tandem queueing netwo.-k without the independence assumption

is used to obtain the pelforrna,nce measures for the designated traffic stleam as it goes

through the tandern queueing uetu'ork.

Since ly' independent tlaffic stleams join the queue 1, then more th.an one cell may anive

at tlre queue I in the same tirne slot. Let gU) represent the probability that i cells alrive

30



at the queue 1 in a slot, .g(i) can be computed from a binomial clistril¡ution:

s(

whele

I

0-p!,'))(1 -p)t-'
s['] + do)

f'oli:0
tbr'1(i<¡/

(2.4)

al - ,r(It-a

1\¡-1

i-r
i-1 t t rl/-zp lr-i7/ (2.5)

(2.6 )

(2.7)

r-eplesents plobability that the z, cell allivals clo conta,in a cell fi'om ,4-stlearl, ancl

^/-1s:!:(r-p!')) 'i t . rN-i-lp\r-p)

represents plobability that the i cell allivals do not contain a cell fi'om ,4-st-,..eam.. The

avelage rate of ovelall cell allivals is given b5,

n I'nt't
;=o

and the peak rate of overall cell arlivals is given by

Tr: pf) + (¡/ - I)p (2 8)

2.4 Justification of defined models

As shown in Figure 2.I, we use a, clisclete time fir'st-in-first-out single selver queue with

bulk arlivals to lepresent an ATM outgoing link buffer'. A sirnilal model was used in [61]

[63]. We do not model the intelnals of a switch as we only need to represent the splitting

and mixing of the traffic str-eams in the switch. Thele are many implementations using

such models whele buffel overflow occurs only at the outputs [63][6+][0S]. fn oul analysis,

a short queue is applopriate because ouÌ attention is f'ocussecl on effects of loss recovery

schernes whicli will be discussed in chapter. 4.

In this chapter, since we will analyze the statistics of cell loss due to congestion at the
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cell level using rlixtules of constant late detelninisLic allival processes. ,,ve rvill atterlpt

to justifj, our choice of tlaffjc models as follou's.

Atlirtures o.f co tr.strLnt rat e cl et.ern ¿it"t isti c arri u al p ro ce-c s es :

o If an ATi\4 multiplexel is connected r,vith a lalge nurrber' 1V of input stleams, ancl

each input stlearn onl), ¿o¡¿tibutes a snall iìaction to the total tlaffic loa,d, then

the inter-arlival clistribution bet'nveel two consecutive cell alrìvals which corle fìom

th.e same tlaffic stLeam is locallv Poisson [59][73]. A Poisson a,r'r'iva,l plocess will lte

accula,te if the size of the clueue is smallel than the inter'-cell time of the highest late

stleam. The corlelated cells u,ili lalely a,Ì)peaìr in the qnene at tire sa,me time. For

a bulk a,r'rival clueue .,r,ith a short buffel of 1{ slots and a large nttrnber' /\¡ of input

stLeams, the equivalent conclition of N >> 1í is possible to l¡e satisfied. Since we are

considering a discr-ete-tine s¡rstern, and fbr each indiviclual stleam the interarliva,l

time betrveen two successirre a-,-r'ivals is geometlical15, distributecl a,s giveu b5r equ¿1,'s11"

(2.1) and (2.2), then tire sholt-term behavior of the mixecl tlaffic stlearn can lte

charactelized using a clisclete-tine Belnoulli alrival plocess which is a discrete-tirne

fblm of the Poisson plocess [59].

o Likewise, f'ol ly' >> 1í, the interdepar-tur-e clistlibution between two consecutivecells

of the clesignated A-stleam is also a locally clisclete-time Bernoulli process. Note that

hele we have introduced an inclependence assunption betlveen the acljacent clueues

in the tandem queueing systen.

o In the netwolk cole linlis, cells coming flom the same stlearrr will become less cor-

relatecl due to nixing ol tla,ffic in the queues. The gaps between consectttive cells

of the designated ,4-stlean lvill also increase as it passes thr-ough sevelal queues.

Hence, the tlaffic moclel may a,lso suit some higher- rate stlea,ms as u'ell.

o When ¡ú < 1( and the avela,ge late of ovelall cell allivals is high, the inter'-cell tirne

maSr þ6less than the clueueing buffel s\ze I{, and cells fi'om the sarne stLeam will often

appeal in the queue at the sarle time. In this case, the queue tlansient time effects

must be taken into account, and analysis becornes veÌy complex. In this chapter, we

dt.¡ not considel the situation of ¡/ < 1(. We will consider this in chapter' 3 by means
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of sirnulation

dt[irtures of btn'sty traffic with, long burst len gtlt

o A nixtule of À' burst.1, tlaffic streams with long burst length can be clescribecl as a

succession of constant late bursts li3]. In a fixecl bulst composition whose lengtir is

assumed to be much grea,ter- than buffel size 1(, the cell alliva,ls can also be consideled

locally as a rnixture of /y' constant late deterministic tlaffic streams. If N >> 1í,

then the inter'-cell time of a single stleam is much greater than the buffer size, and

the intelalr-ival distlibution between two consecutive cell arlivals which come flom

the same tlaffic stlearn is locall¡' Poisson.

o Cells flom the same stleam will become less couelated due to mixing of traffic at

the queue. In this case, the traffic rlodel rrray also suit sorrre higher rate streams as

well.

o The condition of above a,ssumptiorìs ale: i) the bulst length must be much gleatel

than the buffel size Ii, ii) 
^' 

>> 1í. In the long lun, the cumulated queue lransient

time u'ill be smallel by compalison u'ith the curnula,ted tine of steacly-sta,te opelation.

Ther-efore, for the pulpose of analysis of sholt-ter-m behaviol fol an ATM multiplexer

with long burst a,rr-ivals, ancl u'here the peak rate of all allivals is less than the capacity

of the tlansmission link, the steady-state queueing model with mixtures of constant late

detelministic traffic can be used as an approximation. Note that when the peak late of

all arr-ivals is gleatel than the output link capacity, the loss ì:elongs to the bulst level [57].

When mediurrr size ol short btusts ale inrrolved, the situation is cliffelent. Both transient

effects and cell level fluctuation must be taken into a,ccount. In this case, an exact

queueing analysis leads to ver)¡ colrìplex queueing models, and seems not tlactable. The

pelformance nìeasures of intelest to us at the cell level cannot obtained exactly by analysis,

and these measures have not Ìreen studied vely much so far'. \Ä/e shall considel this using

simulation method in chapter 3.
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2.5 Performance of a virtual path

Now we consiclel the cell loss ploìrability fbl a palticulal virtrial path VP". As shown

in Figtrre 2.2, a queue I (I :1,2,...,Ç) along the patìr VPo car be desclibed as a bulk

arlival cpreue rn'ith a finite buffer of size 1(, ancl has one A-stleam (the designatecl strearn)

and lú - I D-stleans to input the clueue. Here u'e u,ill first solve for the ecluilibrium

buffel occupancy distlibution and plobabìlit5, of cell loss for the queue 1. Much of the

following analysis of the blrlk ar.riva,l clueue invoh'es well-knorn'n lesults fbr clisclete-tine

queueing systems [23][25]. Note tìrat the solution f'or the well linown}f4/D/L/K queue

using mixed lVlalkov chain is ver), similal to the idealized ca,se of N --+ oo.

Recall the clefinition of g(l) which gives the plobabilit5, that i cells alrive at the queue 1 in

tlre same tirle slot, as given by equation (2.a). Now we use a Markov chaiu to lepresent

this bulk auival clueue. The Markov state transition plobability diaglarn is illustrated in

Figure 2.4. Tlne Malkov diaglam contains a set of K + 1 states, labelled

J : {0, r,2, ,..,1{},

whele j leplesents the number of cells waiting in the queue. The transition in a, given

time slot will depencl on the numbel of cells which alrive at the queue and whether a cell

departs flom the queue in that time slot.

Figule 2.a @) shows the transition cliaglam of state j : 0. Likeu,ise, Figule 2.a (b) shows

the tlansition diaglam of state 0 < j < K, and 2.4 (c) for sta,te j - I{ ,'¡'he'-e 1( is the

buffel size.
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Jl) dt)

(a) j=o
dt) Jl)

J0)
J0)

s(Ð dr)
dl)

(b) 0<j<K

d)

J0)
åso

do)

(c) j=K

Figure 2.4 Markov state-transition-probability diagram for a

bulk arlival queue with a finite buffer size of. I(.

Let P(j) replesent the plobability of j cells waiting in the queue. Then we have

P(0) :(g(o) +e(1))P(0) +g(o)p(r)

P(j): [!vtorrij+t -'¡1 o <7 < 1í,

J0)
Jo)

ÉÐ
J¡T)

i=0

(2 s)

(2.10)

(2.l1)P(1() : DtIs(¿))P(/í + I - i)
i=l l=i

Note that, wh,en 7 < 0 or' 7 ) Ii, P(j) : 0

To eliminate P(0) in equation (2.9), we define

for j :¡, I,2, ...,1(,
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1{

o:Ð"t
j=o

From ecluations (2.9)(2.10)(2.11), we carl obtain r¡ fot i :0,1,2, ...,1f, that is

ûo:1,

12.r4)

(2. l3)

(2.15)

(2.16)

(2.r7)

(2.18)

1-(s(o) *gtt)¡rr: 
- ¡Ð

N

,j: [t g(o)r¡*r-o] 0 < j < I(, j + 1 > i,

{xt{+t-¿ K *122.

From equation (2.13), \re can obtain

K

D",
j=o

P(o) + P(1) + , +P(/í)

i=O

N^/

,'K: D(Dg('))
i=O l='i

p

P(0)

Since

then

,K

D"(j) :,',
j=o

Thus P(0) is given by

P(0) :

and P(7) is given by

. T;P(i) : p

1

p

J I 2 I{
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The queueing length T is a landom variable, and P(7) gives its ecluilibrium distribution.

The rnean length of the queue is

_ri

w:ÐiPU) (2.20)

J=o

Then the a,r,erage clueueing clelay is given by

T4/T
' 1-g(o)

whele g(o) .u,t be given by equation (2.4).

(2.2t)

(2.22)

(2.23)

Suppose the numbel of cells alriving at the queue in a given time slot is i (l < i < ¡ú),

and 7 cells ale waiting in the clueue at the time instant of the beginning of that time slot.

If (7 + i) > Ii and one cell is setved within that tirne slot, then

cells will be lost. In this ca,se, / could be equal to 1, 2, ..., ¡y' - 1. Thus, the plobability

that / cells ale lost in a time slot can be given by

l:jti-1-K

N-1
Pt"s(t): t g(')p(x +/+ r_ i) l:r,z,...,N -l

i=lI1

Overall, the cell loss plobability fol a single bulk allival queue is given by

total numbel of lost cells
Pt", :

total number of cell alrivals

D[;' P,"n(/)

(r - etol¡

Note that in equation (2.23), if p!t) : p (i.e., the ly' input streams all have the same

arrival probability) and ¡\r >> 1, then th.e bulk ar'r-ival queue with finite buffel can be

approximated as a well known M/D /L/K queue [23][25].

If i-andom selvice is usecl arrrong the cells arr-iving in the same slot, then th.e average

plobability that cell alriva,ls contain a cell ft*om the designaled ,4-sLreaur, l-rut that cell
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cannot successfull)/ pass the clueue .I is

N-T N

P,Ï': t t s[;]rJ; + / + r - t)
I

'¿

(2.'24)

(2.26)

l:1 ¿=l*1

Obviously, a cell from the designated A-stlearl must pass each clueue successivelS, ¿1ottt

theV Po, othelwise it will be lost. Ovelall, cell loss plobability for the designated .A-stleam

will be given by

total number of lost cells in ,4-strearr
(2.25)Plo"" :

total numbel of the cells callied in .A-st-,-eam
a

t1 -fl(1 -plj)\tpf)
I=1
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Figure 2.5 Cell loss plobabilit5, velsus the avelage link utilization for various buffel sizes

(Q -- S,ly' : 50, p : 0.018).

Figule 2.5 illustlates the cell loss plobability P¿o"" for' /po versus the average link utiliza-

tion f'ol valior-rs buffel sizes. The cell arlival traffic stleams ale constant rate detelministic

arlival processes. The computed P¿o"" is conditioned on a given bandem queueing network,

clescribecl by its parametels Q, I{,/V, p, und p!t). Here VP^ is a viltual path consisting

of 5 clueues. Bach queue is fed by lú : 50 constant rate detelministic tlaffic stleatns,
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including the clesignated .¡l-stlea,m. The arrerage linli utilization 17 is given by equation

(2.7)

The lesults sholvn in Figule 2.5 inclicate that extercling th,e clueueing ìruffer size can

lecluce the cell loss proìra,bility fol an incliviclual viltual path. Fol erample, rvhen ?/ : 0.8,

if buffel size increa,ses fi'om 1í : 10 to 1l : 20. the cell loss plobability ,,vill be leduced

flom 3.03 x 10-3 to 1.48 x 10-5. Hou'eveL, when hea,r'), tlaffic is invoh,ecl) sa,y ?i :0.95,

in the same conclitions, the cell loss plobability is only leduced from 6.37 x 10-2 to

1.43 x 10-2, The implovement becomes smaller. This situation may be imploved by

using lalgel l¡uffers. Fol example, as shorn'n in figule 2.5, when T : 0.95, the cell loss

plobability rvill be reduced to 2.37 x 10-8 by a lalge buffer of size I{ :120. However',

larger buffels inclease both cell delay and the variations in cell delay. The buffel delays

u'ill also inclease plopoltionally to the length of the viltual path closs the network. This

may cause clifficulties fol lea,l tine selvice which -,-.ecluile synchlonization betrveen the

tlansmittel ancl leceiver'. Note that in this thesis, our- considelation ìs focussed on the

use of eLlol contlol coding technic¡-res combined with small size queue to improve the

loss perforrrrance undel higir link utilizaiion conditions r¿ther than the use of lalge size

queues

2.6 Estimation of the statistics of bursty cell loss

2.6.L Markov models for analysis of bursty cell loss

The cell loss due to buffel over-flow may occul in bursts, palticulally undel high linh

utilization conditions. It is impoltant to undelstand the statistical dependence that occul

in the cell loss patterns when evaluating altelnative erLoL contlol coding schemes. In

this section) we u,ill consiclel the statistical dependence of bursty loss pattelns due to

congestion at the cell level.

Malkov chain rnodels ale often used to lepresent the statistics of bulst erlors in digi-

tal transmission s)/stems [2i] [28] [29]. \A/e considel these Marliov chain moclels fbr oul

networ-k application. Unt'ortunately the a,ssociated statistical dependence intloduced by
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tandem clueueing netu'olk complicates mathematical solutions, the deglee of difficulty

being depenclent upon the manner- in which the statistical dependence is r:eplesented.

Models must be chosen to be sirnple enough that meaningful pelforrla,nce estimates can

be calculatecl in a stlaightfolwa,r'cl ma,nner eithel dilectly ol by cornputer- simulation. Fol

tlre pulpose of estimating the statistics of ìrulsty cell loss, in this section, Ii P* is a,ppr.ox-

irlated in terrrrs of a single ì:ulk arrival qr:eue. HowerreL, the performance of the tandem

queueing network is wolse than a single bulk allival clueue. In chapter' 3, we will check

the acculacy by compaling the analytical lesults to bhe lesults obiained fi'om the simu-

lation in which an actua,l tanciem queueing netlvolk lvithout "inclepenclence asstìmption"

is taken into consiclera,tion.

N

N
g(o)+g o)

>gG,
i4

c
E

g(l)o(r)è

G E B
(a)

dotr 8.,

8.,
C"L r.,

8.,
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Figure 2.6 Malhov models fol analysis of bursty cell loss.

Figure 2.6 illustlates two Malliov moclels ploposed as a means of representing cell loss

statistics. Model (a) is a Malkov chain used to represent the status of the bulk arlival

K-1
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queue in a given time slot. Model (a) contains a set of 1( * 2 states, labelled

Õ:{ 0, I,2, K I(,
B

As indicatecl, this is partitioned into two sets of sta,tes, designated G anà B. The set

G: {0, I,2,...,If } is a set of good-transmission states replesenting the fact that the bulk

arrival queue is not over'flow in a given time slot. The designation { of a state in G ({

: 0, 1, ..., I{) replesents the case whele { cells a-,-e waiting in the queue. B -- I{'is
single bad-transrnissiotz state lepresenting that in a given time slot, the bulk allival queue

lras overflowed, and € : I( cells ale waiti¡g i¡ the qtleue. Let [pC,B] r'epr-esent the set of

transition probabilities fol tla,nsition fi'orn state ( to 0. Then

lpc,ul:

Ì

n(o) a o(r)
e 

(o)

o

oQ) e 
(3)

-(r) ^(2)
e(o) e(1)

e(N)
r'N-lì

s(N -2)

oo
e(rv) o

e(N-r) e(N)

n(o) n(t)
o n(o)

INìq' '
e(N- 1) + e(N)

\-t e(e)
3t'-") 9\t)u4=2
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Model (b) is a two-state Mar-kov chain used to replesent the statistics of the cells arliving

at the bulk arrival queue. In moclel (b), there two states A1 and A2. The state A1

represents that in a given tirne slot, the i cell allivals (i > 1) in the model (a) contains

a cell flom the designatecl A-st-,-eam. The state A2 represents that in a given time slot,

the i cell ar.r-ivals (t > 0) in the model (a) clo not contain a cell florn the designated

,4-stream. As inclica,ted, the plobability of leaving states Är and A2 are g(o) + !¿2 and !o1,

respectively.

¡/-1

eor:lsL!
x=l

¡r'- 1

9,2:\úl),
i=1

and
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wlrere gQ), g:'1, anr| g!o) a,re given bv eclua,t'ons (2..1), (2.5), ancl (2.6). Frol noclel (b),

we can olilain Lhat

P(Ar) : 9o7

and

P(Ar):g(o)tgoz

Tlre cell loss patteln f'or the designated A-stleam calried on Ii Po is not only related to

the numbel of cell arlivals from ly' input VPs in the sarne time slot but is also lelated to

the queueing length in that time slot. However-, the queueing length must be a function

involving the traflìc of plevious time slots inclucling those in which thele is no cell allival

from the designated .A-stream.

To estirnate the cell loss pattern for the clesignated tlaffic stLean, in the following sections,

we fir'st use the lVlalkov moclel (a) to evaluate the bulk alt'ival clueue over'flor,v patterns

in telm of time slots. Each tine slot may or.' may not contain a cell alrival from the

designated ,4-st.,.'earrr. Secondly, we use the statistics of cell allival plovided by model (b)

to estimate the cell loss pattern fol the clesignated stleam by means of the bulk arrival

queue over'flow patterns which are obtained frorrr the model (a).

2.6.2 Cell loss-free run distribution

Let Z : {r;: i:7,2,...} r'epresent a sequence of states in which tlansitions occur-

synchronously with the cell secluence X : {u¿ : i : 1,2,...) which is carried on the path

V P". Lel z¿ take values

(2.2s )

The cell loss-free run distribution of length r or gleatel is deflned to be a conditional

plobability

P(0'17): P(t¿:0,1,2,...,1{:1 ( i 1rlz": I{')

Zi
0rr,2,...,1{

I{'
Íorz¿eG

forz¡€B
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This is a conclitional plobabilitSr ¡1tu, given that a cell ìoss has occttrred, it will be f'ollowed

by r ol more consecutive cells u,hich ale uot lost.

As mentionecl in la,st section, to estimate P(0'11) oul ploceclules ale fir'st to eva,lttate the

bulk allirral queue overflou'-fi'ee nln distlibution r-rsing the \4alliov cha,in noclel (a).

Let us define P'çg'' l1) to be the bulk allival clueue overflow-fi'ee run distlibution. That is,

P'(g'' l1) is a conditionql ploìraìrilit)'that given that the bulk alr.ival queue has overflotved

in a tirne slot, it will be followed by r' ol rnoÌe consecutive time slots in which the queue

has not overfl.orved. Let P/(10'1'') be the plobability that aftel leaving the state -8, the

system does not leturn to the state B at least in the t'ollowing r' - I steps. Let P'(1)

be the plobabilitl, that the s5,sf,s¡1 tlansit into state B. Using the matlix of tlansition

probabilities [pc,p] in ecluation (2.27), we have

1{

P'0) : PI1'K'+ I r,n' Q'29)
i=0

N-1

fgtor +tLn,u (2.30)

(2.31)

(2.32)

whele

j=r i=j+L

Pr(!01't ) : P'(tO)P/(01'-l)

P'(10) - nb) *s(t)

Pt(0r'-1) : ll(f 9t") 0si <¡ú,if i>N,then9(i) :0
rt -t j+L

J=1 i=0

Then we can obtain pr(gr' l1), tlìat is

P'(10",)
P'(0'' 11):;,(Ð (2.33)

This conditional probability P'(g'' l1) gives the bulk arrival queue overflow-free lun dis-

tribution.

Secondly, we use the lVlalkov chain model (b) to estirnate the cell loss-free lun distliltution

by means of P'(0"'11). Frorn the rnodel (b), we know that P(,41) -- g", is the probability
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of at least one cell arlival flom the designated A-stlearr in a time slot. The length r of

cell loss-fi'ee rurìs in ,4-stream ca,n be appr-oximatecl as

?'N !o1?"t (2.34)

The reason that it is not exactly equal is that thele n'ill be a small plobability that cell

loss-fì'ee luns in zl-stleam ma¡r lls extended as tbllows:

(l) When the bulk alrival qLreue has over'flou'ed, thele is no cell arlival flom the designated

,4,-st-,-eam. In this case, a cell ioss-flee rLur ma5r not be bloken into tlvo ol m.ore sepa,r'ate

runs clespite the occurlence of queue overflow.

(2) When the bulli arlival queue has overflowed, cell allivals tì'orn designated ,4-str-eam

are not lost. Even though a, queue overflows, one cell is always tlansmitted, and thele is,

therefore, a small probability that the cell flom .A-str-eam is accepted by an over'flowing

queue (see Section 2.5). In this case, the cell loss-free lun in the clesignated,A-strearn will

again be extended.

When link utilization is high, the plobability that above two situations occur will be

snallel than the case of having cell alriva,ls fì.om the ,4-strearn being lost. Because the

queueing buffer- has memoly. then the probability that the queue ove-,.'flows in groups of

consecutive tine slots will be nuch grea,tel the probability that the queue over'flows in a

single isolated time slot, especialìy when we considel the high link utilization conclitions.

Flom the rriew of long telm pelfoÌ'mance, \ ¡e can approxitnate

P(0'll)^r P/(0"'11), (2.35)

wlrele r : lg"rr'), with [u;] being the largest integel which is less than 'ur
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Figure 2.7 illustrates how the cell loss-free lun distribution varies with the average link

utilization. The par-ameter-s used in this exam.ple are the same as those used in Figure

2.5.
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The results in Figule 2.7 (a) shor¡' that the cell loss-fi'ee clistlibution P(0'11) is sensitive

to the tlaffic loacl. Howevel, th.e lesult in Figule 2.i (b) sholvs that extending the buffel

size can significantl)' inclea,se the cell loss-fi'ee interval arnong the btu'sts even f'ol higli link

utilization, sa,Y ? : 0.95. Fol example, in Figure2.7 (b), whe¡ the ave'age linli utilization

ir ? - 0.95, the buffel size incleases fi'om Ii : L5 to,1í : 25, P1030011) also increases fi'om

0.28I to 0.596. This means that fol r¡ : 0.95, if using a buffel size of I{ : 75, the 28.170

of the cell loss-flee intelvals between the losses ale gleater than 300 consecutive cells. If

using a buffer of I{ :25, then 59.6'/o of the cell loss-fi'ee intelvals between the lost cells

ale gleater than 300 consecutive cells. This nay pr:ovide rnor-e oppoltunities fol using

eLrol recovely cocling techniques to imploving the pelfolrnance, because the codes usecl

fol bulst loss lecovery must have enough cell loss-fi'ee guald space between two bulst

losses. This r,vilì be one of the topics laised in chapter' 4. Note that when buffel size

incleases, the l¡ulst loss lengths rnay l¡e inclea,secl. This requiles us to consider anothel

high ordel dist''.ibution: cell loss patteln distribution.

2.6.3 Cell loss pattern distribution

Let P(u,u) 127) repr-esent tire plobability that a block of u cells which ar-e transmitted

througlr Il Po, contain exactly z lost cells due to buffel over'flow. Let P(u' ,r.t') replesent

the probability that an intelval of u' time slots consists of z' time slots in which the

bulk arlival queue has over'flowed, Fol model (a), we define f;(u',u') as the probability of

exactly u' tlansitions into the B state in u/ steps, given that the initial state was i, where

v: lgoru'),

, : lgoru'l

Then the followiÌìg recur-Ì.ence lelation can be derived

Ii

f;þ/,"') : D pt¡.f¡(r/,r/ - I) I p¡x,f x,(u' - 1,t,'- 1) (2.36)

l=o

Note that the equation (2.36) can be cornputed intelactively using the following initial

conditions:
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l. f¡(u',u') : 0, for u' > u',

2. f¿(r',u') : 0, for' '¿r' { 0 or u' { 0,

3./,(o,o):1,

the last condition rnerely inclicates that zelo losses a,r'e always macle in zelo transitions

Since tlre initial state ¿' can be any one of states {0,1,...,1i,1{'}, thus we have

P(u',,r') : I prft(u',u')
1{',

i:0
(2.37)

where p¿ ate the state probabilities. Then the cell loss distribution P(u,u) is approximated

by

P (u , u) x P (lg,1u' ) ,, lg "tr' )) , (2.38)

where

uu lg" I

u - lgotu').

Figure 2.8 shows P(u,u) for- the designated traffic stream wìth var-ious values of average

link utilization. The palarneters are the sarìe as those used in Figule 2.5.
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2.7 Discussion

A virtual path thlough an ATM network is modelled as a tandem queueing network.

The arlival processes allowed to entel the tandem queueing network ale mixtures of

constant rate detelministic arlival processes. Our studies have been mainly consideled

on a designated ,4-stleam as it goes thr^ough a tandem queueing systern with small size

queues. This allows us to study the statistics of cell loss due to congestion at the cell level

with mixtures of constant late deterrninistic arrival processes and long bursts within the

link capacity. Since our analytical apploach is approximate, we will check its accuracy

by comparing it to the results obtained fi'om simulation in chapter' 3. In the simulation,

an actual tanderrr queueing svstem has been used to obtain the pelf'or:mance rleasu,.-es for

0 6
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x
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the designatecl traffic stream. That is,

o Interclepaltule plocess has been usecl to obselve the clesignatecl tlaffic stleam as it

goes thlough the tanclerl clueueing netwolli.

o We have intloduced no "independence assumption" betu'een the acljacent nocles

The results of statistics of celi loss can be summarized as follows. Extending the queueing

buffel size can -,-ecluce the cell loss probability, but when tr-affic load is heavy, say 4 > 0.95,

using srnall size clueues, this imploverrrent rrra5, be insignificant. By contrast, undel the

same conclitions, extending the queueing buffel size can significantly increa,se the cell loss-

free interval between tìre burst losses. This indicates the possibilit5, of using the elror

control coding techniques combined rvith extending the queueing buffer size to implove

the netwolk per'1'or-mance. To plopelly design the coding schemes for lecovering long

bursts of cell loss, we have to ver')/ calefully erarnine the highel ordel distr-ibutions of

br.rlsty cell loss pattelns. This u'ill be cliscussed in following chaptels.

The high or.del clistlibutions of cell loss patteln can provide more inf'orrnation beyoncl

the avelage cell loss late, ancl this is able to estimate the end-to-end ovelall quality of

selvices (QOS) fo.,.' an individual service over the ATM network, especially fbr some r.eal-

time selvices. Fol example, fol a,n encl-to-end r,ìdeo transmission over an ATM netwolk,

the cell loss pattern distlibution plovides the distr-ibution of the numbel of lost cells in

an interruptecl frarne, ancl the cell-flee run distlibution gives inforrnation concelning the

interval betrveen tu'o intellupted fi'ames.
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Chapter 3

SIMUTATION STUDY OF

STATISTICS OF CEI,L LOSS

Surnmary

Simulation is arla,nged to leplesent a viltual path (VP) as an actual tandem queueing

netwolk consisting of a numbel of clueues in selies. At the switches, the switching finctions

lesult in spÌitting of traffic streans going to cliffelent clestinations a,nd mixing of tlaffic

streams going to the same output link to entel the output queues [61]. Each clueue along

the VP is implementecl as a cliscrete-time bulk ar'.'ival queue with a finite buffer.

Two types of cell arrival processes ale consideled in the simulation: i) mixtures of constant

rate detelrninistic arrival plocesses and ii) mixtures of homogeneous disclete-time bur-st-

silence processes [72][73][83]. Oul studies have been rnainl)'considered on a designated

tlaffic strearn as it goes thr.ough the tandem queueing netwolk, especially fol bulsty tlaffic.

This allows us to stucly the statistics of cell loss due to congestion at ì:oth bulst level and

cell level suìrject to cell loss recovery in ATM networks.

The software is wlitten using FORTRAN and luns on a VAX system. The sirnulation

using the Monte Car-lo rnethod is f'ocussed on a VP with high link utilization as this region

has higher- loss plobability. Tliis is the 
'-egion 

of most intelest to us for- the application

of for-ward errol control coding techniclues discussed in chapters 4 and 5. Fol low loss

rate, the sirnulations require an excessive am.ount of computing lesoulces, and we have
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not adclressed that Ìegiorl

Filstly, we sitlula,te the a,ctua,l tanclern cluer-reing netrvolk using mixtules of constant r-ate

detelministic a,r'riva,l plocesses as the la,nclom a,r'r'iva,l tla,ffic. The lesults obtained fi'orl the

simulation inclucling cell ioss plobabilit)' ancl high olclel distlibutions of bulst cell loss ale

cornpaled with the lesults oìttainecl from ana,h,tical studies in chaptel 2. The simulation

resuits demonstrate that altirough the analytical lesults are approximate, they a,r-e qr-rite

acculate ovel the legion of intelest to oul studies.

SeconcllS', u'e simulate the a,ctual tanclem clueueing netrvolli usìng mixtules of homogeneons

bulst-silence processes as the burst¡z alliva,l tlaffic [73]. The aim is to study the statistics of

cell loss fol burst), alliva,l traffic at both bulst and cell levels, as the exact queueing analysis

fol an ATM rnultiplexel with burst5, tlaffic leads to very cornplex queueing rnodel due

to queue transient effects, ancl seems not tlactable. Therefole its pelfolmance trreasnÌes

cannot be obtained exactly by analysis, and these m.easure have not been studied vely

rnuch so far'. The results obtained flom the simulation ale subsequently used as a basis

fol the eva,luation of tìre perfolma.nce of ellor' Ìecover)/ cocling in chapter' 4.

3.1 Simulation model

A viltual path thlough an AT\4 network ma,)/ pass thlough a numlteL of switching nodes

in selies. Ðach srvitcìring nocle ma,y be connected to sevela,l different input and output

optical fibel links. Each link may calry a numìreL of VPs. A virtual path l/P" unclel con-

sideration is moclelled as a tanclern queueing network consisting of Q single seÌver queues

in selies, rvhich operate on a first-in-fir'st-out (FIFO) basis. The switching functions le-

sult in splitting of traffic stleams going to different destinations and cornbining of different

streams going to the sarre output link to enter the output queues. A queue I (I : I,2,
..., Q) along I/P^Itas a finite buffel of length l{, and is attached by l/ independent input

VPs, including V'P" ond I,'RÍI) (rz : 1,2, ..., ¡/ - 1). A clesignatecl ,4-strean is calliecl

on tlre viltual palh V P" thlough the tandem queueing network, while the othel virtual

paths V PÍI) carly a D-stream.
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Figure 3.1 Simulation model 1'ol a virtual path

In Figule 3.1, {C"lt)(k)} r'epresents the cell sequence of the designatecl A-stream arr-iving at

the fir'st queue of the tandem clueueing netwolli. {Ci')(k)} represents tìre intelclepaltule

plocess of the designatecl .A-st-,-ea,m as it depalts the queue I - 1 ancl goes to join the

qneue I (2 < I < Q).Liker,vise, {CLI)&)} (r. : I,2,..., ¡y'- 1) replesents the cell secluence

of a D-strea.m which is calliecl on the viltua,l path I,'Pjr), o,,r.l joins the clueue 1. k is a

time slot inclex.

In the simulation, the actual tandem clueueing netwolk is usecl to obtain the pelfolrnance

rleasures 1'or the designatecl traffic str-eam. In this moclel

o We have intloduced no "inclependence assumption" betu'een the adjacent queues.

o The intelclepartur-e process is used to observe the designated tr-affic stlean as it goes

thr-ough the tandem queueing netwolli, so that the queue tlansient effects is taken

rnto account

3.2 Generation of the cell traffic

3.2.1 Random traffic

In the sirnulation, we filst considel both the á-stleam ancl the D-stlea,ms to be discrete-

time constant rate dete.-ministic alr-ival processes. Accolcling to the justification made in
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section 2.4,if a, la,rge unnber'À, of tlafficì soulces ale rnixecl in ea,ch sÌrolt queue of size 1i

along the tandem clueueing netu'orìi, ancl ea,ch soulce contlibutes a, small fi'action to the

total load so that 1\r >> 1i', then the sholt-term beha,r,iol of the mixtnleof stleams c¿n be

characterizecl using disclete-tine Bernonlli process [73][S2]. The definition of the constant

rate deterministic anival process is given in section 2.3. The cell sequence fi'om a constant

rate detelministic allival pr-ocess sonrce is generated using a Monte Car-lo m,ethoc{ in the

following rrranner'.

1. Genelate a landom numbeL ü (0 < V < 1).

2. Fol a given cell allival plobability p, the cell sequence {C[I)UI)] is gener.ated a,s

follovvs:

c[I)çtc¡ : ifV>p
ifü/<p

1

0

where 1 r'eplesents a cell alrival in a slot, and 0 r'eplesents no cell allival in that slot

Likewise, the cell secllrence iCit)(fr)i, which comes fi.om the clesignated,4-stlea,m ancl

alrives at the first queue of the tandetl queueing netu'olk, can be genelated in the same

manner by leplacing p with pli).

3,2.2 Mixture of homogelleous burst-silence processes

A bulst-silence plocess is an ATM traffic source in rvhich cells are spaced by fixed intelvals

at the peak late u,hich is allocated to the call, and occul in bulsts of variable length, sep-

arated by silence intervals of valiable length [72]. A voice soulce is a well-lcnown example

of a bulst-silence process if the source codìng scheme employs speech activity detection

and silence suppression. Fulther', a clata souÌce in interactive clata communication can be

classified as a ìrulst-silence source [72][73][83].

This traffic model has been used in [64]1721[73][75][83] to considel the perf'olrnance of

an ATM rnultiplexer at the bulst level u'ith a,n a,ssrulrption of the bulst length is rluch

greater than the queueing buffel size, and an approximation of ignoling the queueing
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transient time effects. In this chapter, u,e v,ill use the mixtures of honogeneous clisclete-

tirne bulst-sileuce processes as the bursty cell alrival tlaffic nroclel in the simulation of an

actual tandem queueing netu'oLli. Our attention will be focussecl on a designatecl traffic

stleam passes through the tanclem queueing network to stucly the statistics of cell loss due

to congestion at both the cell level and bulst level. In the sirlulation, an iterdepaltule

ptocess has been usecl to obselve the clesignated tlaffic stleam as it goes through the

tandem clueueing netwolli. \Aie have introducecl no "indepenclence assumption" betu¡een

the adjacent clueues. The c¡teue tlansient effects Ìrave been taìien into a,ccount in the

simulation plooess.

Gmetric
Negative

Mean N5

Burst Silence
slols slotsb

Time

Begh of bunt

Cell arrival rate

End of bmt

Burst-silence process

Tnnsmission
lìn-k capacityi_

Overall cell a¡rival rate process

Figure 3.2 Mixture of homogerìeous disclete-tine ì)ulst-silence traffic.

As shown in Figule 3.2, a bulst-silence source has two states ,5o,, and SoÍÍ. Son is a bulst

state. ,So¡y is a, silence state. Such a solrrce emits cells with a, constant cell intelval tirne

T6 slots only when it is in the state ,9o,, and emits idle cells if the soulce is in the state

S.lÍ. Let the landom valiable -\y'¿, replesent the rurrrber of cells within a burst. Ait6 is

assumed to be geometlically distlibuted with nìean value of Ä¡¿, cells [72]. The plobability
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density function is given by

PBUI/I;): ^4b-7 1

^ró

(3.1)

(3 2)

Let the landom variable 1ì1" replesent the numbel of slots ìn a silence. M" in our model

is assumed to be negative exponentially distributed with mean value of 7" slots [72]. Its

plobability clensit¡' function is given by

P7(A,1") : 1

T"
€ 'I'

We aclopt this bulst-silence source, because it can plesent the bulsty natule of the traffic

calried in ATM netwolk 164][72][73]. A bulst-silence source with above distlibution can

be characterized by following set of palametels:

The peak (bur-st) r'ate À: IlTt, (3 3)

The mean bulst clulation

The mean silence dulation

Ton: N6T6

ToÍÍ:7,

(7,^ + T"¡ ¡) lT." : (N676 + T") I NbTb

^7".f 
(7", + T.¡ ¡) : N, l(NuTa + 71)

TonIToÍJ: NaTt lT"

(3.4)

(3.5 )

A burst-silence soufce is in a bulst state with plobability

Q: To.l(T,n I ToÍÍ), (3.6)

and silent with plobability 1-q. Then the avelage late of the designated A-stleam anives

at the fir'st queue of the tandem clueueing netwolk is given by

The source burstiness

The mean cell rate

The rrrean cycle clulation

Pf) : Àq (3 7)

The overall cell alrival rate process of the multiplexed tlaffic streams which join eacìr

queue along the tandem queueing network can be clesclibed as a succession of constant

late bulsts, as shown in Figure 3.2. That is, the ovelall cell alrival rate changes by jumps
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at the instants of burst arrival ancl telmination [72]. Then the avelage late of the ovelall

ar-'r'ival traffic at the fir'st clueue of the tandem queueing netlvolk is given by

\: NÀq, (3 8)

and the peak rate is given b1'

\p: NÀ (3.e)

3,2.3 Sone characteristics of bursty traffic rnodel

As discussed in chapter 2, the cell loss caused by congestion can be decomposed into two

different levels - burst level and cell level. Now we lecall the definition of both btu'st level

and cell level congestion which ale given in chapter' 2:

i) at the bulst level, congestion occuls when the toial alrival late exceecls the capacity

of the output linli fol an a\¡elage peliod gleatel than the inter-cell time of the leference

source l72ll79l.

ii) at the cell level, congestion is caused by simultaneous cell ari-ivals occurling in a time

span equivalent to the inter'-cell time of a, r'eference stlean.

Now we cliscuss sone charactelistics the mixture ol homogeneous bulst-silence traffic as

follows:

1. Accolding to bulsty allival traffic behavior'[59], here we only consider that the

number l/ of burst-silence sources which is attached to a queue along the tandem

queueing netwolk, is less than the clueueing buffel size K, so that the inter--cell tirne

of a bulsty source is less than the queueing buffel size K.

2. If the peak ra,te of the mixtur-e of homogeneous bulst-silence sources is less than the

output link capacity, (i.e. without overload), then ceil loss belongs to the cell level.

In this case, if the bulst length is much gleatel than the queueing buffer size, then

the clueue tlansient effects could be ignoled. Otherwise, the queue tlansient effects

have to be taken into account.

56



3. If the peali rate of the mirtule of hornogeneous burst-silence soulces exceeds the

otttput link capacit¡, (i.e., ovelloacl is inrrolvecl), then tu'o diffelent situations rlust

be taken into c.onsiclela,tion.

o A bulst-sileuce solllce with ihe a\/era,ge bulst length less than the queueing buffer

of 1í slots is lefellecl to as a sholt bulst source. In the mixecl tlaffic, the avelage

length of a fixecl bulst conposition in u'hich the peali rate exceecls the link

ca,pa,citS', u'ill be less than the average length of a single bulst-silence soulce due

to mixing of traffic in the queue. In this case, the cell loss is likely to be causecl

b5' simultaneous cell arlivals occulling in a short time span, and cell loss coulci

be a.pploximated to be the cell level. However, the queue tlansient effects must

be taken into account.

o A burst-silence source with the average bulst length gleatel than queueing buffer'

of 1( slots is lefellecl to as a long bulst soulce. In the mixecl tlaffic, the avelage

length of a fixed bulst corrposition in vvhich the peali rate exceecls the linlr

capacity, will be gleatel than the inter'-cell time of a single ìrurst-silence source,

and loss belongs to the bulst level.

3.2.4 Generation of a burst-silence source

In the sinrulation, the cell seqLrence f}om each bulst-silence souÌce is genelatecl using the

well-knorvn \,Ionte Callo sarnpling techniclue. Norv we first give an intr-ocluction to the

Monte C¿rllo sampling rnethocl to plodnce landom variables u'ith a given distlibution.

Let us suppose that the r-anclom valiable I to be generated has a plobabilitv distribution

function F"(ú) which is the right tail cumulate. If the ranclom variable is continuous, then

I,*F.(r¡ : .f (rc)dr (3. r0)

whele /(z) is the clensity function. If the lanclom. valiable is disclete, then

F"(t): !.rtr)
ÔO

x:t

Ðt

(3.11)



Nou' we clesignate lt-t(V) : I as the invelse function of .F"(t). As /(c) > 0, fl(ú) is

mottotonousl¡r i11.."asing with l, so that f."-t(V) is unique. We note that the domai¡

of F;1(V) is 0 < ü/ ( 1, ancl the.,-ange corlesponcls to the donain of F'.(ú), which lbl

ú : time, would be -F"-1(ü) > 0. lVe evaluate t : F"-t(ù), where successive landom

numbels ale assignecl to ü. Each landom number' ü taken fi-om a unit'oln distribution

will give a ranclorn number'ú florn the designed clistribution f'.(l). Hence, the Monte

Callo sampling simply leduces to using lanclom numbers to entel the or-dinate scale, and

leacling values from the scale designated as ú. However, the simulation using Monte Carlo

techniques is only feasible for relatively high cell loss probability, because of the simulation

of lowel cell loss plobability neecls a huge amount of computer resolrr..ces, and this is also

limited by the '-andom numbel source built-in the computer system.

Secondly, we consider hou, to generate the cell sequence {Cit)(t)} as a burst-silence pro-

cess, wher-e k is the time slot inclex. Now we let C[')çt ¡ : C(p,a), where p leplesents

the pth uninterrupted state peliod, and o represents the ath time slot in the pth uninter-

rupted state peliod. The teLm"uninterr-uptecl state peliod" r'epr-esents an unintelrupted

interval of time slots in which the burst-silence ptocess is in one of S'on and So¡¡ states.

If during the pth unintellupted state peliod, the bur-st-silence source is in the state ,So,,

then

c(P, a) :
0

a cell arrival in the ath time slot of the pth uninterrupted state period

no cell arriva"l in the ath time slot of the pth uninterrupted state period

If during the pth unintelrupted state per-iod, the burst-silence source is in the state ,Soyy,

then

C(p,a) = 0 no cell arriva,l in the oth time slot of the pth nninterruptecl state period

The procedures ale:

c Step 7.' Genelate a landorn nurnber M¡ which lepresents the nurnbel of cells within

a burst, and obe5's a geometlic clistributio¡. Usi¡g the p¡oì:ability density function

given by equation (3.1), then we have
æ

t (r - 1/^/,)'(rlNt)F"(AIb)
r:AIa-7
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I
N6

(1 - 1/^ró)^/rb-1[7 + (1 - llNù + (1 - 1/^¡6), +...]

(7 - tf tt{o1tto-t

If Ür is a unil'olrnly clistlibutecl lanclom numbel between 0 and 1, then A[6 can be

obtainecl by

A,tt- 1,,1"(Y')r,.1+1, (3.r3)" 'ln(I - IlNa)J ' -1

whele Ü1 r'eplesents F"(A[6), and [tr] lepresents the largest integer which is less than

Lt)

o Step 2: Generate the cell sequence C(p,o). Since when the burst-silence process is

in the state So,, cells ale generated with a constant interval of every Z6 slots. Fol a

given Tt,, C(p,a) is genelated by

1

0

iÎ a: n'¿Tu

if a f n-tT6

1 2, ... AtI6?T¿ 0c(p,a): ,a 1 A116T¡, (3.14)

o ,Step 3: When a leaches Al[¡,T¡,, then genelate a new landom nurnber' lVd which

leplesents the length of uninterlupted time for a bulst-silence pt'ocess in the state

S¿¡¡, and obeys a negative exponential distlibution with a density function given by

equation (3 2) Then the distribution function is given by

F"(M") t; Pr(A[,)dA,I" (3.15)

- 
A[a

with avelage of 7l slots. I{ \[r2 is a unifolmly distlibuted r-andom numbel between 0

and 1, Lhen M, will be obtainecl by

M": l-T"ln,(ú2)), (3.16)

whele V2 represents F"(jll")

o Stelt f ; Generate the cell sequence C(p * 1,a). Since when a burst-silence process

is in state So¡¡, the burst-silence source emits idle cells, i.e.,

e

a 1 A[".C(p+ I,a) : g
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o Step 5: When a leaches ,1r1", then lepeat ,ïtep l to genelate a, new ranclom nurnber

1ì16 rvhich leplesents the nurlbel of cells in a neu' burst peliod.

Likervise, we can implement a ceil sequence 1C[t) çt .¡¡ as a burst-silence process to lepre-

sent the traffic stlean which cornes flom I/Pjr) und joins the queue I (I :0,1,...,8).

3.3 Simulationprocedures

As shown in Figule 3.1, in the simulation we use

to lepresent the D-stream which come florn Ii Pil) (t a rz ( N - 1) ancl join the clueue 1

(0 < 1 < Q),exclr-rding I/Po.

c[I) çtc¡ :

cjl)1t¡ :

0

1

I

one cell alrival frorn V Pn in the ftth slot

no cell auival fi'om l/P,, in the kth slot

one cell allival flom l/Po in the kth slot

no cell allival ftorn V P" in the kth slot

one cell being callied on I/ Po in the kth slot

no cell being callied on V Po in the kth slot

one cell being lost fì'om I/ P" in the kth slot

0

replesents the cell sequerìce of the clesignated , -stleam which arrives at the fir'st queue

of the tanciem queueing netwolk.

C:I+\)(k):

r-epresents the interdepalture process of the designated A-stleam which depalts the queue

1 and goes to join the qr.reue 1+ 1.

The sirrrulation plocedules aLe:

o Step.1; Generate the cell ar-rival sequence 1CL')ç*7) for'1 :7,2, ...,Q,"na lCJt)1k)]
according to designated clistlibutions.

1

0

-1
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o Step 2: Simulate the bulk alrival qlreue I :1,2, ..., Q and detelmine the outgoing

cell sequence {Ci1+1)(k)}. Since cells rnay be clelayecl or'lost as they are rnultiplexecl

ancl buffelecl in the querle 1, then the status of the output cell sec1uen." {CÍ1+1)1*¡1

is not onl5, ¡sla¿"d to the uunbel of cells alliving at the queue in the sarle slot, but

also relatecl to tìre clueueing length in that time slot. The clueueing length must be

a function involving the tlaffic of plevious slots including those in which thele is no

cell allival fi'orn the clesignatecl .4.-strea,m. We use {C[I+') gt¡] to lecolcl the status of

the designated A-stlea,rrl as it passes the queue 1, ancl goes to the next queue 1+ 1.

This ensules that the independence assumption is not needed, and the queue tr-ansit

effects have been taken into account. Cells arliving at a queue in the sarne time slot

are randoml)' rnultiplexed and selved.

o Step 9: Evaluate the statistics of cell loss using the obtain"d {C[a+')(t)], which is

the cell sequence at the output of the last queue Q.

Since the simulation plocess stalts with an enpty queue, a warrrr. up period of 103 slots

has been setup to ensure that the results a,re estimatecl on the basis of steacly simulation

process.

3.4 Perforrnance measures

The cell loss due to buffel overflow may occur in bulsts, especially fbl high link utilization,

or bulsty traffic. It is impoltant to unde-,..stand the cell loss plobability and the statistical

dependencies that occur in cell loss patterns when evaluating ellol plotection plocedules.

3.4.I Cell loss probability

The cell loss plobability is estimated as

Total number of lost cells in .A-stream

Total numbel of the cells carriecl in ,A-stleam
Plo""
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The total nurnber of the cells calried in ,4-stream, clenotecl as ÀI¡ can be obtained fr-om

the output cell sequence {Cja+1)(,k)}. Tliis is

^L 
: I lclo+'t{r)l

(.)

È=1

u

k--1

(3.1s)

a cell arrival from the ,4-stream is successfully trans{erred through l/ Po itt the À;th tirne sìot

no cell arrival from the -A-strea"m in the Àth time slot

a celì arrival fron-r the,A-strea"m is lost in the Àth time slot

(3.1e)

n c:a+')&) : -1
Otherwise

wlrele u (u: )> Q) is the total number of the simulation running cycles. In the output
cell sequence {C[a+1) (k)], we have clenoted

C(a+1)(À) :

Then the total number of lost cells in the A-stleam, denoted as ly'¿, is the sum of the

negative number in the output cell sequence {C:a+l)(k)}. That is,

I
Ì

1,

0,

-1

Nr:Ðt"&)

whele

Ovelall,

L"(k) : 1

0

(3.20)

3.4.2 Cell loss-free run distribution

In clrapter: 2, we have estimatecl the cell loss-flee run distlibution P(0"11) using analytical

methods. Now we consider the estimation of pelformance measures for P(0'11) using

simulation methods. Both landom and burst5, tlaffic u'ill be considered, Recall the

definition of the cell loss-flee run distlibution P(0'11) given in section 2.6, that is, P(0'11)

is defined as a conditional plobability that given a cell loss has occurred, it will be followed

by r or more consecutive loss-free cells.

To estimate P(0''11) we define a loss-flee intelval of length l, in {C[a+t)(t)] to be a range

between two lost celis contains exact å consecutive cells which are not lost. Let

Ä/.
PIo"": -ilYt
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^/r(/r) 
be the cumulateci number of loss-fi'ee intelvals of length l, in {Cla+t)(¿)},

À! be the total nurnbel of loss-flee inter-r,a,ls in {Cja+r)(k)}, ancl

Ä¡, : D ¡¿rt¡rl
h

l/, ancl 
^tr(lr) 

can be obtainecl from the outpnt cell secluenr" {C[a+')(ß)] Recall the

definition of P(0''11), then P(0t11) r'epresents the conditional probability that a loss-fì'ee

interval of length l¿> I follorvs a lost cell. Then, tlie P(0111) can be estimated by

1/-¡Jl/fìrl1\ 
- 

Y,\ulr)_ 
Nr,.

Likewise, P(O'?l1) is defined as the conclitional probability that a loss-fi'ee intelval of length

h> 2 follows a lost cell. Obviously, P(0'll) rn,ill include P(0'11). Then we ha,r,e

P(l'l 1) : P(0'11) - 
^,'r(1)/¡/,

Similarly, we have that

P(o'11)

3.4.3

In chapter' 2, u'e have also estimatecl the cell loss pa,tteln clistribution P(2, u) using an-

alytical method. Now u'e consiclel the estimation of perfblmance lneasures tbr P(u,u)

using simulation rlethod. Both random and bulsty traffic will be considelecl. Recall the

definition of the cell loss patteln distlibution P('u,u) given in section 2.6, that is, the

cell loss pattern distribution P(2, u) is the pr:obability that a block of u cells tlansmitted

through V Po contains exact u cells lost due to buffel over'flow.

We divide the output cell sequen ce {C[a+1)(k)] into blocks of u cells. Let lú6 be the total

number of the blocks, and Ä¡6(u) be the cumulated number-of the blocks in which z cells

are lost (u:0, I,2,...,u). Then the cell loss patteln distribution can be estimated by

Curnulated nurnber of blocks in which u cells ale lost

Total nurnbel of leceivecl blocks of u cells

P(0'-t lr) - ¡rr(' - r)lNo,

p(0'lt) - ^I,(1) 
+ N,(2) + "'+ {(r - t)

^L

(3.21)

Cell loss pattern distribution

P(u,u) :
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À¡¿(r)
l/¡

Let l/a be the aveÌage number of lost cells in a given block of u cells. Then we have

u

/y'r: IuP(z,r-,) (3.23)
u=O

3.5 Case Studies

The simulation lesults given below pr.esent the netwolk pell'olrnance fol two diffelent

cases. In case I, the mixtures of consta,nt late cletelministic alrival plocesses are used

as the lanclom cell arrival tlaffic. In case II, the mixtules of ìrornogeneous bulst-silence

traffic a,r'e consiclelecl to be the bulsty allival traffic.

3.5.1 Statistics of cell loss with random arrival traffic

Filstly, we consicler a single bulk arlival queue with l/ : 50 constant rate deterministic

arrival souÌces. Each soulce generates cells with a pr-obability p per slot. Figure 3.3

shows the simulation lesults of cell loss probability versus the avelage link utilization fol

different buffer sizes, whele the avela,ge link utilization is given by

(3.24)

and the peak rate of overall cell allivals is given by

\p: NP. (3.25 )

To detelrline whethel the sirlulation noclel pleclicts the system performance well, we

compare the simulationresults to a well known MlDlIlK queue [23] in Figure 3.3 and

Table 3.1. As discussed in section 2.5, when ¡/ >> If, the sirnulation model should be

equivalent to an MlDlllK queue.

?: Ë' ( î ),'r'-?,)N-i,
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Figure 3.3 Cell loss pr.obabilit5, fol a single bulk arr-ival queue

Average link

utilization

n

Cell loss probabiìity

Ii-:1s It' : 25

Simulation MlDl1./K Simulation MID lrlK

0.80

0.85

0.90

0.95

2. B0E-5+4.1E-6

2.32tr-4+5.2E-6

1.398-3+5.1tr-5

6.278-3+1.28-4

3.228-5

2.27E,-4

1.33E-3

6.128-3

3.01E-7+5.68-8

5.50E-6+9.18-7

1.098-4+6.78-6

1.588-3+1.8E-5

1.618-7

4.538-6

1.018-4

1.56E-3

Table 3.1 Comparison of sinulation of a single bulk allival queue and the MlDlllK
queue

Cornpalisor of IVI/D/1/K queue and simulation lesults of the bulk allival queue enables

a mean elror- llars of the simulation in the range from 5% to 10 %o of. a calculated value

of 1.6x10-7,anclfi'orr0.5%toI%ofacalculatedvalueof l.2xl0-4. Themainreason

is that the simulation ^,.'uns ar-e limited by the computel lesonrces due to using the Monte

Callo techniclues. In this illustlated example, 107 simulation cycles weïe used, while the
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rrraxirrrum repetition peliocl of the computer's random numbel genelatol is 108. Thus the

simulation may be onl)r fþ¿tible fol relatively high cell loss pr:obabilities.

Secondly, rn'e simulate a tanclem clueueing netu'olk consisting of Q :5 clueues. Each queue

has l/ : 50 input VPs inciucling Il P". The constant rate detelministic arlival plocesses

ale considerecl fol ali VPs with a cell allival plobability p!t) fo. the clesignatecl A-stlean,

ancl p fol the other D-stleams. The average linli utilization 17 is given by equation (2.7),

and the peak rate ryu of ovelall cell allivals is given by equation (2.8). p is liept fixecl at

0.018, a,rd irlt) is variecl, so ry valies flom 0.75 to 1.

Figure 3.4 illustr-ates the cell loss plobability for the designatecl .A.-strearn carried on

VPo velsus the average linli utilization fol valious buffel sizes. Figule 3.5 presents the

simulation lesults of cell loss-free run distlibution P(0"11). As a compalison, in Figures

3.4 and 3.5, we also plot the analytic results obtained from chapter 2
Pl ots

0.75 0.80 0.85 0.90 0.95 1.00
Average link utilization 1

Figure 3.4 Cell loss plobability versus the avelage link utilization for valious queueing

buffel sizes (1ú : 50 p : 0.018).
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Average Link

Utilization

tl

I\-10 1{: 15 K :20
Analvsis Simulation Anal.ysis Simulation Analysis Simulation

0.77 5

0.800

0.825

0.850

0.875

0.900

0.925

0.950

0.975

3.18-3

5.4E-3

9.08-3

1.5E'-2

2.48-2

3.BE-2

5.8E-2

B.6E-2

0.r2

3.28-3+3.48-5

5.5E-3+1.?E-4

9.6E-3+3.88-4

t.6Ð-2+5.28-4

2.58-2+7.58-4

3.BE-2+3.18-4

5.7E-2+1.2E-3

7.98-2+4.78-3

0.11+5.68-3

1.6E-4

3.8E-4

8.9E-4

2.0E-3

4.68-3

9.88-3

2.08-2

6.9tr-2

7.rE-2

1.5E-4t6.7E-6

3.68-4+ 1.2E-5

B.7E-4+8.78-5

2.3E-3+1.4E-4

5.3E-3+7.68-4

1.1tr-2+1.2E-3

2.28-2+r.08-3

6.4E-2+5.5E-3

6.9E-2+ 1.7Ð-3

7.68-6

2.6E-5

8.8Ð-5

2.BE-4

8.7E'-4

2.68-3

7.38-3

1 .9E-2

4.5E'-2

1.1E-5+2.6E-6

3.3E-5+6.78-6

1.38-4+3.68-5

3,4E-4+5.4E-5

9.68-4+7.88-5

2.98-3+2.4E'-4

B.4E-3+1.18-3

2.0E-2+2.0tr-3

4.28-2+3.5E'-3

Table 3.2 Compar-ison of analysis and sirnulation

The sirnulation results shown in Figule 3.4 indicate that extending the queueing buffel

size can reduce the cell loss probability f'or- an individual virtual path. For exanple, when

l/ : 0.8, if the buffel size incleases fì'orrì. 1( : 10 to K :20, then the cell loss probability

will be reduced flom 5.52 x 10-3 to 3.25 x 10-s. However, when traffic load incleases) the

implovement becomes smaller. For example, when ? : 0.95, increase of buffer size f.,-om

K : I0 to K :20, the cell loss plobability is only leduced from 7.9 x 10-2 b2.04 x 10-2.
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Loss-free

nrn distance

't'

/a: 15 Ii' : 20

Anal.ysis Simulation Analysis Sirnulation

10

90

180

270

540

0.718

0.508

0.40 5

0.326

0.1 55

0.723+0.094

0.534+0.027

0.423+0.019

0.355+0.028

0.183+0.03

0.733

0.595

0.5-17

0.481

0.37 4

0.738+0.013

0.608+0.025

0.565+0.019

0.506+0.036

0.388+0.015

Table 3.3 Comparison of analysis and simulation for- P(0'11)

The lesults shown in Figule 3.5 indicate that extending the buffel size can significantly

inclease the loss-free rlrns between the burst losses even for the high link utilization.

For exarlple, r,vhen ? : 0.95, ancl using a buffel of size I{ :15, we have P(03ool1) :

0.2L3,, \.e.,2I.370 of loss-flee intelvals betu'een the losses are greatel than 300 consecutive

cells. However, in the sarrre situation but using a buffer- of Ii : 25, 63.4% of loss-flee

intervals between the losses ale gleatel than 300 consecutive cells. This may provide nole

opportunities fol using elrol cor-rection coding techniclues to irnplove the perfolrnance. We

note that although increase of buffel size can significanily increa,se the length of loss-flee

ranges between the losses, but tire bulst ioss lengtìr is a,lso incr-eased. Thus we must

calefully study the othel impoltant highel oldel distlibution function such a,s cell loss

pattern clistlibution.

Figule 3.6 shows the sirnulation lesults of cell loss patteln distlibution P(u,u). As an

apploximation, in Figures 3.6, rve also plot the results obtained fì'om chapter 2.

69



Analytical

= 0.95

¡,¡ s imr¡ 1a t ion

0 9

= 0.8

(l

o,.1
',CO
,7
ÔO

-_J
tr

]i
Ø

__l \o

O
ç
tr
qJ

Ð
+J s,
rd
Q.O
U)
<t)
o
--l cr¡

--l o
--l
Q)
(-)

0 24
No. of l-ost cell in a block of v (v=200)

6
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3.5.2 Statistics of cell loss with bursty arrival traffic

In this section, our studies ar-e rna,inly devoted to the perl'ormance fol a VP with bulsty

traffic and the r.elative statistics of cell loss due to congestion. We simulate a tandem

queueing network consisting of Q :5 quenes, whele each queue has ly' : 5 input VPs

including VP.. The homogeneous burst-silence soulces with clifferent burst length as

described in section 3.2 are considered for all VPs. In the sirrulation, since the intelde-

partur-e plocess has been used to obselve the designated , -stream ca'-r-ied ol VP" as it

goes thlough the netwolk, the queue transient effects have been taken into account.

Recall the characteristics of the mixtur-e of homogeneous burst-silence tlaffic discussed in

section 3.2.3 as follows:

o If the peak .,.'ate of total arrivals is less than the output link capacity, (i.e. without

ovelload), then loss belongs to the cell level. In this case, if the bulst length is

rluch greater than the queueing buffel size, then the queue tla,nsient effects could be
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ignorecl. Othelr,vise, the c¡reue tlansient effects must be talien into a,ccount.

o A bulst-silence solu'ce u'iih the a\/elage bulst lengtli gleâtel thal the inter-cell time

?6 slots but less than the c¡reueing buffel of 1í slots is lefèr'recl to as a, short bul'st

soulce. In this case, the cell loss is approxirnated as the loss at the cell level. Howevet-,

the cluene tlansient effects rlust be taken into account.

o A bulst-silence souLce with the aveïage burst length gleater.' than queueing buffer: of

1l slots is refer-r'ed to as a, long bulst souïce. In this case, if the peak rate of total

arliva,ls exceecls the link capacitS', then loss belongs to the bulst level.

Firstly, we consiclel the cell loss probability ancl the lelative effects of the burst lengths

and queueing buffel sizes.

Figule 3.7 shor¡,s the cell loss plobability fot Ir'Po \/elslrs the avelage link r-rtilization 4

fol valions queueing buffel sizes u,ith short bulst traffic. A compalison of the cell loss

probability velsus the avelage link utilization fol -,-anclom tlaffic, sholt bulsts, ancl long

bulsts with different queueing br-rffel sizes is illustlated in Figule 3.E. In Figures 3.7 and

3.8, the sholt bulst tlaffrc is the mixtules of honogerìeolrs btu'st-silence souÌces with a

mean bulst duration of Ton: 10 slots, and a mean silence duration of To¡¡: 2 slots.

Fol the long bulst tlaffic, rve consicler the mixiut-.es of homogeneous bulst-silence sottrce

witlr a mean bulst dulation of Ton:100 slots, and a mean silence duration of T.¡¡:29

slots. Both the short bur-st ancl the long ltulst sources have the same sout-ce bulstiness

ilz. The average link utilization 17 is given by equation (3.8), and peali la,te of overa'll

cell alrivals 4,, is given by ecluation (3.9). Both the short burst sotlr'ce anci the long bulst

souïce have the sane pea,k r-ate À u,hich valies flom 0.18 to 0.24, so 4 va,r'ies fì'om 0.75 to 1.

For- the landom tlaffic, we consiclel the simulation of the same tandem queueing netwolk

consisting of Q :5 queues, and each quene u'ith /V : 5 constant late cletelministicalrival

sonrces which have the sa,ne alrivai late. TÌre average link utilization r7 fol the r-andotn

tlaffic is given by equation (3.2a), and the peak late of ovelall cell alr-ivals is given by

equation (3.25).

7l



>O

rú .-¡
êr
Þo
t-l
Oca

l]+ o

Ð
--1 --.{
.--{ o

-QOrd
-ao
tl
A.
a) -1(no
oo

.--{ O
-t
--l
c)
u) <i

II
r{

000.75 0.80 0.85
Average llnk

0.90 0.95
utilization

1

Figure 3.7 Cell loss plobability for I/Po u,ith sholt bursts (lú : 5, Q :5,To,: 10 slots,

ToiÍ:2 slots)'

,l

rt

]J
_.1

-¡-
!
rdOg
o
!.1
Q.c>

l-.l oo
t-]
t-r Fi
cJo

-c)
U)
tno
o

I

.rt'l

o) Fr
O

3.
F-
!¿<*

0.75 0.80 0.85
Average link

0.90
utilization

0.95 1.00

Figure 3.8 Cell loss plobability Íot I/ P" with long burst traffic, short burst tlaffi.c, and

random traffic.

*.
x'
x'

K=10

=20

x

x

x'l5

x
x

x
\*

x *

x

x'

x'

- -*-

Sho rt

K=

/r

Lon

¿A .Ã
g .X

'"/' Ra

/

/
X./ .þ/K = 15

/..x

Traffi

Bu rs ts

-È-

rs ts

7;.

_ à-_^_F=È
t/' 

-o./" 
--o-...x/€ ...x"

72



From equations (3.8) and (3.9) rve linow that, in Figure 3.8, when ? < 0.83 the colle-

sponding pea,h late of ovelali cell arlivals is 7o ( 1, (i.e., without ovelload). In this case,

the cell loss f'ol landom tlaffic, shor-t bursts, ancl long bulsts belong to the cell level, ancl

extending the queueing buffel size can significantly recluce the cell loss plobability. For

example, when q : 0.75, if ltuffel size incleases fì'om I{ : 15 to Ii - 40, then fol the

long bursts, cell loss plobabilit5' is leduced flom 5.29 x 10-3 to 4.99 x 10-6. Under the

same conditions, obviousiS,, f'or tire sholt bulsts ol landon traffrc, the implovement will

be more significantly.

However', when 17 > 0.83, the collespondecl peali rate of ovelall alrirrals will exceed the

link capacity. In this case, fol both the ranclom traffic and the shor-t bursts, the cell loss

still belongs to the cell level, but for the long bulsts it belongs to the bulst level. Then

extending the queueing buffer size can still significantly leduce the cell loss probabiliiy

for the r-andorn traffic or the sholt bulsts. Fol example, rvhen ri : 0.9 and the clueueing

btrffel is extendecl from li : I5 to Ii :40, fol the landorn traf6.c, the cell loss plobability

is leducecl from 5.49 x 10-3 to 6.66 x 10-6, ancl fol the short bulsts, the implovement is

from 1.11 x 10-2 to 1.33 x 10-5. Because the queueing buffel is much greater than the

bulst length of both short bursts ancl random tlaffic (a fixed late tlaffic is equivalent to

a bursts-silence sonrce with the mear burst length in cells equal to 1, see section 3.2.3),

then queues can absorb sholt bulsts, and stor-e cells fol tlansnission when output ìinh is

free. However, when the long bulsts is involvecl, the improvement would be ver-y limitecl.

For example, when ? : 0.9 ancl clueueing buffer size increases fi'om 1{ : 15 to Ii -- 40. for'

the long bulsts, the implovement is onìy fi'om g.27 x 10-2 to 5.03 x 10-2. On the othel

hand, the cell loss is also sensitive to linli utilization. When the avelage link utilization

incr-eases, the effects of extending queueing buffer- size becornes srnaller'.

Secondly, u'e considel the cell loss-flee distlibution P(0''11). Figure 3.9 illustlates the cell

loss-free run distlibution with sholt bulsts for diffelent avelage link utilization and buffel

sizes. The palameters of the sholt burst blaffic ale the sarrre as those consideled in Figule

3.8.
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exarnple) when ? : 0.95 ancl cßtetteing buffel size increases ft-om 1í : 15 to I{ :25, The

plobability that cell loss-fiee lun of length greatel th¿n 300 consecutive cells, P(030011),

incleases flom 0.18 to 0.54. By contlast, fol landorr tlaffic as shown in Figure 3.5, this

probability is slightly highel and shows a similal tlend.

I'igure 3.10 illustlates the cell loss-fi'ee run distribution fol long bulsts with diffelent

avelage link utilization. The parameter-s of the long bulst tlaffic are the same as those

used in Figure 3.E.

o
10 30 100

Loss free interval
300 1000

Figure 3.10 Cell loss-flee run distlibution for diffelent avelage link utilization (1{ - 15,

Ton:100 slots, TolÍ :20 slots).

As shown in Figule 3.10, when ? : 0.8, the cor''-esponding peak late of ovelall cell alrivals

is less than the link capacity. In this case, the cell loss belong to the cell level, and

70.3% of loss-flee ranges betu'een the losses are gleatel than 100 consecutive cells, i.e.

P(gtool1) : O.ZO3. However', when ?:0.9 or'? - 0.95, the corlesponding peak rate of

overall cell arrivals exceeds the link capacity, and the cell loss belongs to the burst level.

Then the probability of the loss-fiee luns of length gleater than 100 consecutìve cells

decreases to 0.15 for 4 - 0.9, and 7.34x 10-2 for-? :0.95. Thelefo.-e, for the long bulsts,
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the cell loss-fi'ee run distribution is also sensitive to the tlaffic load.

A comparison of the cell loss-fi'ee clistlibution fo.,- r'andorn tr'affic, sholt bur-sts, ancl long

bursts is illustrated in Figtue 3.11. The palametels of sholt bulst tlaffic and landom

traffic are the same as those used in Figule 3.8. I'ol the long bulst tlaffic, we considel

two different situations: i) the bulst length is rluch gleatel than the qttetteing buffer size,

tlrat is, the burst-silence sor-rrce with the mean burst clulation oTTon:100 slots, and the

nean silence duration of T.¡¡:20 slots. ii) bulst length is just gleatel than the queueing

buffel size, that is, the bur-st-silence soulce with the mearÌ bulst dulation oÍ Ton : JQ

slots, and the mean silence clulation of To¡¡ : 6 slots (In this example, the queueing

buffer- is 25). Both the sholt bulsts and the long bulsts have the sarle souÌce bulstiness

1.2. The avelage link utilization 4 : 0.95 which is given by ecluation (3.8).
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In Figule 3.11, for'17 : 0.95 the collesponded peak late of overall cell allivals is r7o : 1.05

which exceecls the link capacity. In this case, the cell loss-free run distlibution P(0'[1) is

sensitive to the bulst length. Accolding to the justification made at the beginning of this
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P(Otool1) is 0.72 and 0.64 fbr the landom trafflc ancl sholt ìrulsts, r'espectively. However',

fol a long bulsts rvith To, : 30 slots which is just gleater than clueueing buffer size and

T,JJ :6 slots , the cell loss fi'ee lun decreases to P(0tool1) : 0.2+¡. When the burst

length inclea,ses lo Ton: 100 slots and ToÍ.f :20 slots, the cell ioss-fi'ee lun distlibution

becornes worse with a value of P(010011) :0.15. Because when the bulst length is greater

than the queueing buffel size, the loss belongs to the bulst level.

Finally, we considel the cell loss pattern distribution P(u,u). figure 3.12 shows the cell

loss patteln clistlibution P(u, u) in a block of 'u : 200 cells for short bulsts with mean

burst length of Ton: 10 slots and rlean silence length oTTo¡¡:2 slots. The average link

utilization is given b)' ecluation (3.8).
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Figure 3.13 shou's the cell loss patteln distlibution P(u,u) in a block of u :200 cells

for long bursts with mean bulst length of Ton : 100 slots ancl mean silence length of

ToÍf :20 slots'

= 0.8

= 0.9

\\"
x.

--r*
\

).-.\

-^-

\- .rË\

-X

77



LI

I
O

Èo
-.-{
tJ)Á
HO
¡Jd
-do
E

ç
H
c)
+J
1)(t
o.tr)o
u't .
UIO
o

Ê-t

a)
(-)

O
5 r0 15

No. of lost cel.I in a bLock of v (y=200)
20

Figure 3.13 Cell loss pattern distlil¡ution with long bulsts fol different buffer size (ly' : 5,

Q : 5, To,, :100 slots, ToJJ :20 slots, u :200 cells, and r7 : 0.95).

The results in Figule 3.13 shorv that the cell loss pa,tter-n distlibutions P(u, u) ale affected

by changing of buffer sizes, but the average cell loss probability is only slightly affected.

Fol example, fol a given a\/elage link utilization 4 - 0.95, the avelage cell loss late \¡eLsus

the buffer size is listed as follows:

0

Buffel size

K
1/¿ in a block

ofu:200cells
Average cell

loss pr-obabilit5,

15

20

25

6.29

5.23

4.38

3.1 x 10-2

2.6 x 10-2

2.2 x I0-2

This presents that at the bulst level the bursty loss pattelns may affected by changing of

buffel size but not the cell loss rates.
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3.5.3 Discussion

In this section, a viltual path thlough an ATM netwolli is rnodelled as a tandem queueing

network. Tu,o types of cell alriva,l processes ale allowed to entel the netwolk: i) mixtules

of disclete-time constant r-ate detelninistic ar-r'ival processes) and ii) mixtur-es of homo-

geneous ilisclete-time bulst-silence processes. Oul stuclies have been mainly devotecl to

the latel to stud5, the statistics of cell loss fol a VP rvith bursty arlival traffic subject to

inf'olmation loss reco\/eÌy in ATIVI netwolks, since the exact queueing analysis of a tanclem

queueing networ'li with bulst arrivals is difficult.

In the simulation, we considel the lanclom tlaffic to be a, fixed late lancLorn arlival plocessr

the sholt bur-st tlaffic to be a burst-silence soulce u'ith nean bulst length less than the

queueing buffer size, and long burst tlaffrc to be a burst-silence sorll'ce with mean bulst

length gleater th¿ur the clueueing buffer size.

Cell loss causecl b)' congestion can be decornposed into two diffelent levels: cell level and

bulst level. The pelfo-,-'rnance of a VP with random tlaffic, ol sholt bursts, ol long bulsts

without overload belong to the cell level. The perfolmance of long bulsts with overload

belongs to the bulst level.

The results of cell loss statistics ale summa,r-ized as follows.

1. At the cell level, extending the clueueing buffel size can leduce the cell loss probability

fol a,n inclirriclual VP, but the implovement l:ecomes smallel as the aver-age link

utilization torvar-cl to the link capacìt5,.

2. At the cell ievel, extending clueueing buffel size can significantly inclease the cell

loss-flee luns between the bulst losses, even fbl a high avelage linli utilization. This

may plovide a possibility to use ellor cor-r-ection techniques cornbined with suitable

queueing buffel size to irrrprove the netu,ork pelf'olrnance at the cell level. We will

discuss this in chapter 4.

3. At the bulst level, using lalgel buffel will not significantly to leduce the cell loss rate

because of the long bulsts involved.

4. At the burst level, extending the clueueing buffel size ma)' also increase the loss-f-r-ee
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intelvais betrveen the bulst Losses, but this implovernent is vely limited. On the othel

hancl, the cell loss patteln distlibution has sholr'n that the cell loss occrlr in bulsts.

For the purpose of cell loss recover)/ ¿rt the burst leveì, sorne other countelmeasul'es

such as intellearring/deintellearring techniques nay be used to associate the f'orward

err.or-' r'ecovely cocling techniclues. This is to bleali up and distlibute the bulst loss

pattelns so that to the decodel they appeal lanclomly distlibutecl [32]. However', the

capacity of the intelleaver/cleintelleavel is limited by the hardware implernentation

and the lelative dela),. If long bulst length leacls to cell loss in vely long bulsts, then

the fblwald ellol coding scheme will plobably be no longer work. However', the l¡ulst

lengtli can be contlollecl using the cell policing mechanism. We will consiclel this in

chapter 5.

5. The cell loss is sensitir,e to both tlaffic loacl and burst length. When the peak late

of ovelall cell arlivals is less than the link capacity, the cell ìoss belongs to the cell

level. In this case, extencling the queueing buffel size can significantl), improve the

pelfolma,nce fol ra,ndom, sholt burst, and long burst tlaffic. However, u'hen the peali

late of ovelall cell arrivals exceeds the link capacity, the cell loss becomes sensitirre

to the bulst lengths. Fol both the random traffic and the sho,..'t bulsts, theil bulst

length is less than tìre queueing buffer sizes (tire landom tla.ffic can be equivalent to

a burst wìth the average bulst length equal to 1 slot), and the cell loss belongs to

the cell level. In this case, extending the clueueing buffer- size can still significantly

leduce the cell loss late, Ho'uveveL, as the ìrulst length incleases, the implovement

becomes smallel. Unclel the same conclition, for the long bulsts, the cell loss belongs

to the bulst level, ancl the effects of extencling the queueing buffel size to reduce

the cell loss late the will be vely limited. To avoid the burst level congestion, the

cell policing rnechanisrn should control the ìrurst length to be less than the queueing

buffel size.
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Chapter 4

RECOVERY OF CEI,L I,OSS AT

THE CELL TEVEL

Summary

In this chapter', lve consider the recovely of cell loss at the cell level ttsing a folward elror

contlol coding scherne. This scheme is impleuiented a,s a tu,o-dimensiona,l code, in which

erlor control fbl a single cell is lefellecl to a,s being along the ,-axis, while er-r'ol contlol

among a block of consecutive cells is pelf'ormecl in direction of the y-axis. In the ¿-axis

direction, a class of high late codes is considered fol cell error detection. In the y-axis

direction, the erasure collection decoding is usecl fol lost and erlolecl cell recovery. This

folwald erLor Lecovely cocling scheme can be used to contlol the cell loss fol eithel Viltual

Path Connections (VPCs) or'\/irtual Channel Connectjons (\iCCs) [66]. In olclel fol this

scheme to be possible, a cell secluence nunber is leclLired fol cletection of cell loss. This

cell sequence numbel can be incolpora,tecl into the Segmentation and Reassembly (SAR)

sublayer located in the ATM adaptation layer (AAL) in the pa)'load field [66]. We note

that this tu'o-dimensional coding scheme can be also used fol recovery of elroled cells. In

this chapteÌ? we u'ill also take this into our considelation.

The pelformance with coding is analyzed in the pleser.ce of tla,nsmission elrols and cell

loss clue to netu'or-li congestion at ihe cell level. As neu, r'esults, r'r,e u,ill sholr' tha,t if the

r axis cocle ancl y-axis cocle a,re chosen ploper-lv, liigh reliability can be obtainecl even for
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lrigh link utilization. !\/e illustLate sevelal specific cocling schemes, in which stnall distance

cocles [9] u,ith d,ti,t ( 3 are used fol the ¿-¿rxis en'ol cletection code, rvhile sorne efÍcienl

high late binaly cyclic cocles, ol non-l-rina,ry R.eecl-Solonon cocles are consiclelecl fol the

17-a,xis cocle. The bandwiclth efficiency, clelay, cell loss/elrol pr.'oìrability, ancl capability

of lecovering flom long cell loss bulsts are evaluatecl. \A/e rvill sìrou, that folrva,r'cl ellol

corlection cocling techniclues can be usecl as a stipplement to the conrrentional use of

congestion contlol techniques at the cell level to significantl¡r i111lrtove the pelf'olmance

of AT1VI netu'ollt suffeling fi'om sholt-teln congestion a.t the cell level, This extends

the range ancl conclition over which the AT\4 netwolk can be safely exploitecl. lìinally

the nethocls tbl clesign of suitable cocling schemes, utilizing the cell loss statistics, ale

cliscussecl.

4.L f ntro duct ion

A tu'o-climensional folu,alcl erlol plotection schene fol lost cell lecover')/ ancl cell elrol

collection at the cell level has been ploposed Ìry the aui,hol in 1989 [8]. This scheme can be

used u,ith encl-to-encl vilttral cira,nnel connectiols (VCCs). It can a,lso be usecl to plotect

multiple selvices by means of eclge-to-eclge ellol plotection fol viltual path connections

(\lPCs). We assume that the cells calried orr a viltual path ol viltual cha,nnel all have

tJre satle pliolity level. It is expected thai cells u,ith cliffelent priolitv rvill be cei.r'r'iecl ìry

cliffelent viltual paths ol viltual channels 122)[72],

hr this cha,pter, the term "folr,varcl erlor reco\/ely') means fblwalcl lecovely ol cells with

tlansmission errol and cells lost clue to congestion at the cell level. For an optical fiber linli

with ¿r. bit elrol late of 10-e, the probability of a cell infolrnation fielcl of 3821 bits contains

t.-a,nsmission er'lols is 4.24 x 10-7 (rn'iihout elrol plotection). I{owever', the situation

undel oul consicleration is the pelformance of a \/P moclelled as a tanclem clueueing

netrvolk with small size clueues ancl high linlt utilizabion, In this ctr.se, the lesults shown in

Figules 3.4 and 3.7 have shown that the ceìl loss plobability clue to congestion at the cell

level is much gleatel by conparing it to the ploltaltilit5, tha,t cells conbain i;ra,nsmission

ellors. Therefole, oul forwa,r'cl ellor protection cocling scheme is ma,inl¡, I'ocussecl on the
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recovery of cell loss gainst the congestion at the cell level

As discussed in chaptels 2 ancl 3, celÌ loss due t,o buffer overflor,r' often occuls in bulsts,

even fol landom tlaf,Fic. We r,vilÌ show that the lblnald ellor' Ìecovery coding schemes

u'ork best fol Lecorrely of bulst cell loss at the cell level. Oul attention is focussed on

a designated traffic stlearl with a for-war-d er-r'ol plotection coding scherre as it passes

through the network along a viltual path, The application of coding fol celi loss contlol

at the bulst level will be consideled in chapter- 5.

In section 4.2, the two-dimensional cocling scherne is fir'st desclibed. Then in sections

4.3 to 4.6, the implementa,tìon of the two-din-rensional coding scherre is studiecl. The

per-formance of the scheme is analyzecl in the presence of tlansmission ellol and cell loss

in section 4.7. The bandwicith efficienc5'. clelar', ceil loss/ellor plobability and capability

of lecoveling flom long cell loss bursts ale eva,luatecl. In section 4.8, several specific

illustlative schenes ale consicleled. The coding gains are evaluated ancl compaled with

the uncocled cases fol both landom and short bulst traffic. lVe show that if the two-

dimensional cocle is chosen carefull5', satisfactor'.r' r'esults can be obtainecl even for- a high

linì< utiliza,tion ancl long celì loss bur-sts. In section 4.9, u'e desclibe bhe methods oï

choosing suitable cocling schemes utilizing cell loss stal,istics. Finally, in section 4.10,

ARQ scheme as a,rì approach of cell loss contlol at the cell level is studied. A compalison

of the two-dimensiona,l coding scherne and ARQ scherne is also discussed.

At the cell level, the comrron techniciue fol clealing u'ith sholt telm cell congestion is to

plovide buffels of sufficient size in the a,ccess rlultipÌexels and switches. These buffers

rn'ill absolb suciclen simulta,neous a,r'r'irrals, ancl stole c,eils t'ol lr'a,nsmission u,hen the linli

is fì'ee. As the total late of tlaffic arlival increa,ses tor'r,ald the lìnk ca,pa,city, buffers will

oflen over'flou'. This situation ma1, be paltl1' o\/elcome by increa.'ng the size oT the buffer'.

Horvever, large buffels inclease botir cell delav and the valia,tion in cell dela),. The delays

will also inclease propoltionallS, ¡6 the length of viltual path thlough tìre netrvorl<. This

ca,n ca,use difficnlt,ies fol' r'eal tinre selvices vvhich lecluile synchlor.iza,tion between the

tla,nsmittel a,nci leceiver'. Thelefole, a la,r'ge elastic buffel ma-r, be neecled at the leceirrel

encl to r.ento\/e the cell clelav jitter'.

In this cha,pter. u'e consiclel lednction of cell loss late by the tr,r'o-dimensional cocl-
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ing schene cornbinéd with small buffels ráthel tha,n incleasing buffer- size. The two-

dimensional coding scheme also intloduces delays, mainly caused by the y-axis decoding,

but the delay is fixed. The detaiÌ will be discusseci in the la,tel sections. The effects of

using forwar-d I'ecovely coding i'ol cell loss contlol ale compared with the effects of us-

ing large buffeling. It shows that two-dimensional coding schenes plovide an extr.emely

powerful nechanism for reducing infornation loss, and extend the range of loads and

conditions over which ATi\4 netu,olks can be safel5, exploitecl.

As an altelnative to a two-dirnensional scheme, block codes combined with intelleaving

may also be usecl for lost cell lecoveLy [a9]. The cell heaclel cannot l¡e intelleaved/cleintelleaved

since it contains viltual path identificatìon (VPI) which rnust be plocessed along the way

thr-ough the netu,olk. It would therefole be necessar'), to cocle and inter.leave the infor'-

mation field before the cell headel is incorpolatecl into the cell at the tlansrnission end.

This would need to be implemented with end-to-encl virtual channel connection (VCC).

For-a cell rvith an infolmation field of 48 octets (3811 bits) [1], the inter-leaving could be

done by allanging a, block of 384 ìrits x 384 bits into 384 r'ou's of a lecta,ngnla,r' arr-ay and

then tlansrrritting them column b¡' co1.,,rrn (3E4 bits) as a, cell. At the receiving end, it
rvould be necessar.y to perfolm deinterleaving aftel the cell headel is lemoved fì'om the

cell. If the t'-ansmitted cells ale intelieaved, ancl aftel tr-ansmission, the r-eceivecl cells are

deinterleavecl, then each single lost cell r.r'oulcl appea,r' a,s a single ellor ì¡it in a deintel-

leaved cell, ancl it could be collected bv a simple tblw¿r'cl error correction code u'ith pality

leclunclant bits locatecl in the AAL Ìayel in the payload fielcl. Since the nurnbel of pality

reclundant bits in the AAL la,),e¡ ."t"tved fol in{olnation field ellol contlol is lirnited (10

bits are reconm.ended by CCITT) [66], the capacit¡' of recover.ing 1ì'om lost cells would

be a,lso limited. Fol exarnple, using an CRC-10 cocle [37] only can lecover one error-bit in

the infolmation fielcl of a receivecl cell. That is, fol a,n intelleaving/deinterleaving block

of 384 cells, it only can recoveL a single lost cell. To inclease the capacity of recoveling

florn long burst loss, interleaving/deintellea,r,ingstze u'oulcl be rluch gleatel than a block

of 384 cells. This ma,y invoh,e a, large delarv at both the tlansnrission end a,ncl the leceiver

end.

Ohta et a,l. recerlfil, plesentecl a foru'alcl loss reco\/eÌ"v coding scherne [8a] foL clata tr.ansfel
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aþplication with virtual path connection in ATM networ-ks. A block consists of f cells

arlanged in O lows. Each -,.'ow of I cells conta,ins one redundant cell for loss detection,

and each column of O cells contains one ledundant cells for loss r-ecoveÌy. Therefore,

l+O-l cellsareoverheaclfor eachblock. A singlebulst loss of f -l cellsineach

block may be -,.'ecovered by this scheme. A buffer of f x O cells is also lequired to be

set up at the 
'-eceiver 

end to assist the decoding. As nentioned in [8a], this folwald loss

recover-y coding scheme may be only suitable for lorv link utilization due to the heavy

overhead. For exa,mple, as nentioned in [8a], if using a, coded block of 16x20 cells, then

15% ovelhead is intr-oduced b), the coding schene. In this case, rvhen the link utilization

is greater'0.76 (based on a MIDII clueue), the cell loss late of the coded case is worse

than that of uncoded ca,se.

By contlast, ouL tu'o-dimensional scheme will be shown to have significant pelfolmance

aclvantages compaled to the use of conventional blocli codes with interleaving as ploposed

in [+9][8+]. For-example, the high tlansmission la,tes expectecl in ATM networ-ks will

require the encoding and decoding to opelate at vely high speed. In this lespect, the two-

dimensional scheme will have advantages, because encoding and decoding can be done in

palallel, r'esulting in encodels a,ncì decoders which ca,n be fast enor-rgh.

4.2 Two-dimensional coding scherne for forward error recovery

A diagram of the two-dimensional fblrvald error plotection scheme is shou'n in Figule

4.1. Figule 4.1(a) shows the scherle useci as an encl-l,o-end function at the viltual channel

connection (VCC:) level. This approach u'oulcl be n-role suitabÌe for selvices u'hich recluire

high thloughput, sttch a,s bulsty cla,ta, vicleo, a,ncl inage. Figule,l.1(b) shou's the folwalcl

error.' protection schene used as an edge-to-eclge apploach (between concentt'ators) at the

viltuaì path conuection (VPCi) level [1][22][66]. The ellor plotection includes the ATM

adaptation layer in the payload field but not the cell hea,dels, because the viltual path

identifier'(VPI) contained in the cell heaclel will l¡e moclified in each switching node along

the viltual path. Howet eL, accolcling to cullent CCIITT sta,ndalds, the cell headel will

contain its orvn ellol protection cocling schemes in the ATI\4 layer [66].
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the coder'/decodel will opet'ate at the pair- of custorneL's ter"minal equipment. The er-r-or

plotection could cover the whole infolmation field including the ATM adaptation layer in

the payload field. If erlor plotection is pr-ovided for individual viltual paths, the encoding

will be done at port contlollels at the eclges of the network, befole tlie VPI is added into

the cell header'. The error plotection could agail cover the whole information field includ-

ing the ATM adaptation layer'(AAL). The etÌor recovely decoding will be done after cell

header decoding is done, and the \¡PI is lemoved from the cell header', i.e., cells are sorted

into individual VP's (ol VC's). We will demonstlate latel that, within lirnits (i.e., given

sufficient haldware), no processing bottlenecks will occul with this scheme, although some

delay will be intr-ocluced due to the neecl for receivel buffeling of cells before decoding.

This dela5' however will be fixed. We shoulcl note that in an ATM network, cell losses

caused by buffel oveLflow, switching elrols, pliorit¡, cliscalding, ol nislouting, and cell

elt'ot's caused by tlansrnission eÌÌot's na,)/ apPeal rn'ith cliffer-e1t statistics. However-, they

can shale the same error recover)' scherles using two-climensional codes. In this cha,pter',

our. attention is focussed on the recovery of cells lost due to congestion at the cell level.

The correction of transmission error-s containecl in the cell inforrnation field is also under'

oul considela,tion.

In older fol this two-dimensional scheme to be possible, sufficient bits fol cell sequence

number and parity check bits fol cell ellol detection rnust be set aside in the ATM

adaptation layer'(AAL). According to curlent rrersions of CCITT standalds, a 4-bit cell

sequence numbel is setup in the ,S'egmentution ar¿d Reassernbly (SAR) sublayer which is

located in the AAL in the payloacl fielcl to detect the cell loss ol misinseltecl cells I'ol an

end-to-encl connection. Tirelefole, lvhen the trvo-clinensiona,i cocling scheme as a,n encl-to-

end apploach lbl the viltual channel connections, the 4-bit cell sequence number can be

dilectly used fol cell loss cletection. However, u'hen the tu,o-dinelsional coding scheme is

used as an eclge-to-edge approach fol i'iltual pellh connections, lrre nust set up a separ-ate

cell sec¡rence nunber in the SAR sublayer.. Accolding lo the CiCITT standald, 10 pality

leciundant bits are leser-rrecl in tire SAR subia),el i'ol tìre plotection of tlansmission elrors

in the infolmation field [66]. Flowever', in the follorving section, we rvill sho'n' that in oul

two-dimensional coding scheme, using a small distan,ce code as tÌre r-axis cocle with onÌ¡,

4 - 6 parity check bits in the SAR subìa¡'e¡ can snfficiently provicle satisfa,ctor'5r s¡¡e¡
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detection mechanism fol a standald cell infolmation field. Thelefore, at least 4 out of 10

bits leselved in the SAR fol err-or protection ale not used in this two-dimensional coding

scheme. We will considel to use these unused bits to set up a separ.'ate cell sequence

numbel fol edge-to-edge connection. The details will be discussed in section 4.5.

Encoding/decoding procedures

Figule 4.2 illustrates a diaglam of the encodel. Encoding is perfolmed in three stages

as shown in Figur-e 4.3. First, k,1 inforrnation bits for a cell (excluding cell header-, cell

sequence numbeL, and the pality check bits in the AAL) is clivided into k"1 units of 1

bit each; each unit being simultaneously fsd into k"1 parallel encoders of the y-axis code

Ca. A total of k, consecutive cells will be encoded in this way to f'or-rn k,1 y-axis code

wolds, each of length n, units, denoted as Fr. After- parallel to selies conversion they folrn

n, cells altogethel as illustlatecl in Figule 4.5. This consists of fr, information cells and

no - ko palit5, r'edundancy cells.
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Next, a cell sequence nurnbel oï kr2 bits is incolpolated into each of the n, cells at

the output of the g-axis code encodels. Thus the information field of ea,ch cell becomes

k" : k,z * k'r bits long.
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The decoding fol this scheme also consists of three stages as shown in Figur-e 4.6. The

first stage is the r-axis code clecoding pelfolmed to detect bit err-'ols in the cells. \A/hen a

code wold t'', in a block is received, its syndlome s is computed basecl on the ¿-axis code
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C,, that is

":F".HÏ (4.2)

wlrere H" is the pality checlç rlatrix of C, [32]. If the syndrome corÌesponds to an er-ror

patteln (" I 0), the n, - k, parity bits are l'elnoved fi'om the received code wold r', and

the cell of k, bits is given arr error marlc. If the syndlome cor-responds to an elror free

pattern (s:0), the decoded cell is without a mark.

The second stage of decoding is to detect an entile cell lost due to buffer overflow ol

rnisrouting. If a lost cell is cletected, then a, dunmv cell (all bits ale 0's) with ellol mar-k

is stored in the r-eceivel buffer'. Ailer- the cell sequence number- check is done, the k,2 bit

cell sequence nunbeLs ale then lenoved fi'om the leceivecl celÌs, ancl the decoclecl cells of

k"1 bits, rn'ith or- without ellol rrrarks, are stolecl in the leceivel buffer.

As soon as ?¿s received ceils in a receivecl biocli ha,ve been plocessecl, the third stage of

decoding begins. If thele ale no any cells with elrol malk in a leceived block, no - lco

redundant cells are then lemoved fi'orn the receirred block and k, information cells ale

delivered dilectly to the users. In this case, it is not necessary fol the y-axis decoding.

If thele is one 01' more cells with ellor marks appear-ing in a leceived block, thei the

y-axis cocle decodel star-ts to decode the n, received cells which are stor-ed in the buffel.

A lost cell or.a cell with bit erlols appears as a single bit erasule in the leceived code

wolcl r', which nake up the blocli. Note that if some erlol patterns in cocle word r'"

a,r'e undetectecl, these er-lols r,vill be stoled in the buffel without an errol malk, and thus

cannot be collected by the y-axis cocle decoder'.

Referring to CCITT standalcl of ATN4 [66], a cell he¿rclel of 210 bits contains I redundant

bits fol a one-bit headel ellol folu,ald colrection. Thelefble, the occulr-ence of bit ellols

in the cell heaclel causecl ìr1' f¡¿¡"¡lission elrols is of vely lsil' plobabilit¡', a,ncl ca,n be

ignoled. In this c.haptel, u'e clo not a,clch'ess tÌre ploblem of error correction in cell header'.

However, cell loss causecl by ellols in the cell heacler can also be detected b1, ¡h" ."tt

sequence nunbel and is a,lso recoverable using tlie 37-axis cocle.
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4.3 Small distance codes for cell error detection

To plotect the cell infolmation field against tlansmission etrors, the CCITT has recom-

mended to set-up an ATM adaptation layer' (AAL) containing two sublayels, the conver'-

gence sublayer (CS) and the segrnentation and lea,ssembly sublayer (SAR) in the payload

field [66]. In the SAR sublayer, 10 bits are Lecomrr.ended for protection of transmission

erlors in the cell information fleld. However, the CCITT has not decided yet what type

of error- plotection coding schemes should be used in the ATM adaptation layer' (AAL)

[66] to pr.otect the erlors contained in cell infor.rnation field. The consideration of these

r-axis codes ale timely and irnpoltant.

The use of optical fiber transmissiol links in B-ISDN will result in a vely low bit ellol

rate (the optical fibel involves a t5'pical bit ellol la,te of the oldel of 1 in 10s). Ther-efole

codes that have tladitionally been used fol ellor detection may be unnecessalily powerful,

and hence rn'ould involve an excessive nurlber of ledunclant bits. A class of codes, called

small-distance codes, with dn ¿n1( 3, has been conceived by \4iller and developed furthel

in conjunction with the authol [9].

In this section, rn'e will show that the snall distance codes only witir 4 - 6 pality checli

bits incolpor-ated into the SAR can be sufficient to plovide a satisfactoly elrol detection

mechanisrn fol a standard cell infolmation field of 384 bits. Then at least 4 out 10 biis

lese.-ved in the SAR fbl err-or pr-otection ale not usecl, ancl these unused bits can be used

to set up a separate cell sequence numbel for- cell loss detection, when the two-dimensional

coding scherre is usecl as an eclge-to-edge apploach for a VP connection. This is one of

the irnpoltant rea,sons fol us to considel the snall clistance codes in this chaptel.

Consiclel an (n",k") lineal block cocle Cl" fol which the nttmbel of palit5, bits n" - k, is

chosen such that

2n,-k,- I<rr, (4 3)

The pelfor-mance of an erlol cletection cocle, when usecl on any given channel, is measuled

b), the uncletectecl-elroL plobabilitl, Pr,", which is tìre plobabiìit5'of the event that channel

noise tr-ansf'o-,-'ms the tlansmitted code u,old into another valid code wor-d so that pality
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checking at the leceiving end faiis to detect the elrols in the t-,-'ansrnitted code word.

It is well known [32] that a code C, for which (4.3) holds rn'ill have minimurr distance

d*in 13. The plobability that the e'..-,..or detecting code will fail to detect an error in a

leceived block is given fol a binaly symmetrical channel (BSC) by

TLz

Pu" : Ð oo P'bQ - Pa)n"-i , (4.4)

(4 5)

i=l

where p6 is the channel erlol probability. The values A; fol i: I,2,... ane the weight

spectrum values for the code ( that is, the number- of code words of weight i ).

Fol p6 << 1, a s'nzall-d'istance þ"t.,,\c,) code C, is clefined [9] as one fol which Ar :0 and

,4.2 is minimized.

Lemrna: An (n'kr) linear code C, with 2""-ÀI - 1 < tz". and fol which At:0 and A2

is a minirrrum, must have a pality checli rnatlix H,- chosen so that

(1) no column of H" contains all zer.oes,

(2) no r-ow of II" contains all ones, and

(3) the numbel of identical columns of H, shoulcl be mininized.

Proof: The validiiy of (1) ancl (3) follows flom the fact [32] that any weight spectrum

value A¿ for an (n,, k,) lineal block code with parity check matrix H, is equal to the

ntrmber of colurnns of H" whose surrr is a vectol of weight i,fot i: I,2, ...,1r,. Also it is

easy to see that (2) follows by consideling the relationship between the weight spectlum

values A¿ of cocle C" and the spectlum values B¡ of the dual code C¿. These ale lelated

by [32]

'I _-
A(z) : ',¡-(n"-k")(1 + :)"' B(:),' '1+ z

from which it I'ollows that if A1 : 0, then

TLT

Do uo : 77,. )17'-kx-r (4 6)
i=7

Consiclel the case where ff" contains a,n a,ll-ones row vectoL, denotecl hele by 1. Then for'

ever-y n"-tuple u in C,, which has weight ta(u) : i, thele exists anothel rz--tuple u say, in
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C, which has weight n, - i. This is the vectol LL : u + 1. For-this case, the dual code

weights satisfy B¡ : Bn-¿ for 0 ( i 1 n,. Then

frr

Do "o: 
n,{zn"-*" - t}, (4.7)

i=1

which is a contladiction to equation (a.6)

Summarizing, it follows that the small-distance codes C, can be constructed using the

following theorem.

Th"oì"*, The (n", k,) lineal code C, with 2"-eo - 1 < fl,, At: 0, and A2 a minimum,

has a pality check rnatrix If" whose columns consist of all the non-zelo (rz, - kr)-tuple

lepeated g, times, and in addition, d, othel non-zero vectors, where

?r (4 8)

and

ûr: tt" - gr,(2n"-0" - t), (4 e)

the notation fu_l clenotes the lalgest integer sma,llel than tr. Then the parity check matr-ix

fI, can be defined as

H":tIr...Iaa...QRl,
9t Ça

wherelisan(r",-k,)xþ't,-k,) iclentit¡,srr¡r-utr-ir,Qisan(rz,-k,) xl2n'-*"-(r",-
k") - 1] subrnatrix containing ail the columns with weight gr-eatel than 1, both I and Q

lepeat g" times, r'espectivel)'. R is an (n., - lc,) x d, submatlix containing any distinct

non-zero column vectols.

When these codes ale usecl f'ol errol detection on a binaly symrnetlicchannel (BSC), the

number-of undetecta,ble errol patterns of rveight 2 is

Az : ?ra - (2"o-ko - 1)(p" - 
ç'(Pt- t) 

,

(4.10)

(4.11)
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and the probability of undetected elt'or for p6 << 1 will be closely approximated by

P," : Az p70 - pa)"'-' (4.12)

Examplc Consider the case whele a (32,28) code is requir-ed for ellol detection. Then

from the theolem, we have g,:2 and t9, :4, and we choose a code Crwith parity check

matrix as

H,:IIIQQR]

whereIisan4x4identitysubmatr-ix,Qisan4x11 sul¡rnatrixcontainingallthecolurnns

with weight gleatel than 1, and R is an 4 x 2 submatlix containing any distinct non-zero

column vectors. We might choose

H

i000

0100

0010

0001

1000

0100

0010

0001

111000i1101

1001 101 101 i
010101 101 1 I

00101101111

11100011101

1001101101.t

010101 101 1 1

00101101111

10

01

00

00

(4.13)T

Tlris code has weight spectlum values Az : I7, Az : 612

The chalactelistics of (rr,,, k,) srnall-distance cocles ale listed in Table 4.1 for valious values

of (rz" - k,) -- 1,2,3, ... parity check bits. In the table, A¿, i:2 and 3 r'eplesents the

nurnbel of undetectable ellol patter-ns of 2 and 3 elror-s respectively. These values can be

used in equation (a.a) to obtain a good apploximation to Pu.. In table 4.1, the syrnbol

"/" indicates the eristence of a code with the paranetels given, Figule 4.7 shows hou,

the probabiliíy, P,", of undetectable elrors valies as function o1 the numbel of redundant

palit¡' check bits (n" - k,) and tz", fol the case tn'here the link bit ellor late is ?¡ : 10-e.

In Table 4.1 ancl Figule 4.7, n,:40 is the standalcl cell headel size, and rz, - 384 is the

standarcl cell information fielcl size accolciing to CCITT lecon-ì.merìclation [1].
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'fL r 1/-r-kî dmint

Detects a.lÌ

single error

patterns

Az

Det,ects all

double-error

patterns

A¿

Detects all

triple-error

patterns

40

40

40

384

384

384

384

384

384

2

3

4

J

4

5

b

7

B

2

2

2

2

2

2

2

2

2

184

65

38

12394

567 4

2439

991

424

297

3270

2481

672

1.16x107

2.9 x 106

6.7 x 105

1.5x105

4.1x104

9.? x 103

Table 4.1 Plopelty of the small distance codes 1'ol valious values of n" and nr - k*
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For the purpose of errol detection in the infolnation field of 384 bits of a ATM cell based

on optical fiber tlansmission links, high late srnall-clistance codes with only 4 - 6 pality

check bits located in the SAR will ìre appropliate. Sorle suitable small distance codes

such as (384, 380), (384, 379), and (384,378) and their-capacity of detecting various error

patterns ale shown in Table 4.L H channel ellor- r'ate valttes ale expected to lie in lange

p¡ ( 10-e, and using small distance codes (384, 380) (384,379), and (384,378) with vely

higlr code r-ate langing florn 0.98 to 0.99, as shown in Figule 4.7, Lhe probability that

undetectable ellols contained in the cell infolnation field will be in a very low range from

2.6 x 10-16 to 6.7 x 10-23. These codes with only 4 - 6 parity check bits incor-polated into

the SAR sublayer can be sufficient to plovide a satisfactory er-r-or detection mechanism fol

a standald cell information field size of 384 bits [1]. \Äre note that, in this coding scheme,

at least 4 out of 10 bits reserved in the SAR for error- pr-otection are not used. As discussed

in section 4.2, these unused bits will be used to set up a separate cell sequence numbel fol

cell loss detection, when the coding scheme is used as an edge-to-edge approach fol a VP

connection. We also note that the er-r'ol detection of using the small distance codes will

cover whole cell payload field inclucling the cell sequence nttmber. We will discuss this in

detail in section 4.5.

4.4 Erasure correcting codes for error recovery

In ou-,- two-dimensional coding scherle, the y-axis cocle is clesignecl to perform el'astue cor'-

lection lather than err-ol colrection. In this section, u'e will outline some basic backglound

natelial on eÌasuÌe collecting cocles and explore theil possible utilization for corlecting

cell erlo,,-.s and lecoveling lost cells.

After'* -axis code decoding, the lost ceils cletectecl and the cells containing detected elrols

are stoled in the leceivel buffel r¡'ith an ellor malli. Othel leceived cells are sto'-ecl in the

buffel rvithout any ellol ma,r'k. In the received g-axis c;ocle wolds, each cell with a,u el't'ot'

malk appeal as a single bit, u'hich is callecl an elasure, clefinecl as an ellor whose location

is known but whose value is not.

Considel a code r,vith ninimnm clistance. t1,,,;,,2. Thel there exists a,t least one pail of
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code words in the y-axis code Co such that there are exactly d"^¿n2 places in which they

differ'. Now we suppose that rr, is a transmitted code word, and the resultant received

code word r/r, has d,^¿n2bils elased. LetTo, be one of the code wolds in the y-axis code

C, such that thele are exactly d*inz places in which they are differ from the code wold

Tar. If the cl^¿n2 erasure locations coincide with the d,,¿n2locations in which Fr, and F,

differ, then the leceived code word r'r, will be incorrectly decoded as Fr,. On the other

hand, if. (d,^¿,2 - l) or less bits are elasecl in the r.eceivecl code wor-d, then there will be at

least one place in which it is diffelent from r'r, and Fro. Since F* has been known to be

a correctly code word without an)/ elaeules, then cocle wold Fr, is the only possible code

word wlriclr can be chosen by the cìecoder'. Hence, a, code with a rninimum distance dnr¿n2

can colrect up to (d^¿nz - 1) er-asules. B), contrast, if used for- ellol cor-rection, a code

with a nrinimum clistance dn ¿n2 cãrt only corlect (tln ¡n2-I)12 or fèwer landom ellols [32].

An erasure corlecting decoder can be implemented using error'-correcting procedures.

First, the decoder guesses at the values tlansmitted in the erased locations. Then it

attempts to decode the lesultant code sequence using some standald elror--colr-ecting

algorithm. If a legitimate code sequence lesults, then the decoding is done. Otherwise,

the decodel attempts anothel guess of elasut-e values. This plocess is lepeated until the

collect code sequence is found.

corlecting clecocling. Let X I (cln¿n - 1) be the numbel of elasules in the received

code wor-d. First, the decodel sets all the erased bits to 0 and attempts decoding. If

the c{ecoding fails, the decodel then lepeats the plocedure with tire elased bìts set to 1's.

Now we suppose that the X elased bits oliginalll, çe,r¡o;ned X1 zeros ancl X2 ones. Thus

tlrere are X2 and X1 errols in the first and seconcl trìal respectively. The fact is that

X : XI + X2 is less than or eclual to (d,,¿^2 - I). This gualantees that eithel Xl or'

X2 o'- both ale less than ol equa,l to (r1,,¿n2 - I)12. Recall that a code with rnininurr

distance d¡,¿n2 cã7-r collect (cln"¿,"z_ I)12 or fewel lanclon ellols. Hence, decoding will be

successful in at least one of the two tlials. In genelal, fol a,n nt2-a,r! code (each syrnbol

consists of nt,2 bits), the clecoclel takes at most 2(nt2f 2)'trials to corlect e elasules [50].

This rnethod can also be usecl to colr-ect conbinations of ela,sules and errors) plovided
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the number of erasures and er'Ìors satisfy the equation

d*i,z)ZtzIe+I, (4.r4)

wlrele e and t2 aÌe the numbel of e,.-asules and elrols to be colrected r-espectively. If only

elasure col..r'ection is desiled, the procedules involved ale generally simpler than those for-

error collection, because for erasure decoding the erlo-,.' Iocations ale known. An elasure

collecting procedure for Reed-Solomon codes is described in detail in appendix A.

4.4.L Cyclic codes for erasure correctiou

In this section, we considel a class of high rate cyclic codes [32] to be irnplernented as the

y-axis code fol erasure collection. By lestlicting the choice of cyclic codes, the encoding

and decoding irnplenentation ca,n be considerabl;' simplified ancl valiable length can be

encoded/decocled readily. An encocler of a cyclic cocle (rz'kr) appends (rz, - kr) pality

bits to an input binar-y inf'orrnation string of evely k, bits in such a way that the lesulting

code wolds colrespond to polynomiai nuìtiples of a, generatol polynomial g(y) oï deglee

(ro- kr). The decoding of a cyclic code is also simpleìrecause, in the absence of eLasutes,

the received polynomial must be a multiple of 9(y).

In an ATM netwolk, for- some tlansfer applications, cells ale transtnitted in bursts which

are sepaÌated by long silence peliocl. In this case, an uncompleted block may appear in

the receivel buffer- at the end of an arriving bulst, and the y-axis decoder will not be able

to decode the uncorlpletecl block until tÌre next bnlst arlives at the r-eceiver buffer. This

may cause unacceptable buffering delay at the leceivel encl. Hence, the y-axis code may

be lequiled to pelform in valiaìrle length.

Consicler an y-axis encodel basecl on a genelatol polS'nomial g(y) u'hich gene¡ates an

(no,,ko) cyclic cocle. Let the number of bits to be encocled be Åi 1 ko. The encodel

pr-oduces a fixecl number (rr, - /,r) of palit¡' r'edundanc), bits. The lesultant code is of

length ?tto: þt* (rz, - frr) bits. 'I'he y-axis cocle u'olcl is said to be one of the cocle worcls

in a shortened cyclic þ',.'o,k') code ploduced b5, g@). h has been shorvn that in [32], the

minimurn distance of a shortened cyclic code is at least as gleat as that of the oliginaì
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code. The er"ror lecovery decoding of this sholtenecl code is also compatible with the

original code. However', it is necessar'), to incot'polatecl a flag sequence at the beginning

and end of a code word. This can be done by using the MID filed in the SAR header [66]

which associates all cells belonging to a given two-clìrnensional code block. The receiver-

uses these information to loca.te the beginning of each code wold and also deterrnine the

numbel of bits rt'o to be enteled into the synclrome computation circuit before checking

the r-esultant syndrome patteln in each y-axis decodel. Fur-thel details can be found in

[32].

Since the cell loss due to buffel ove¡-'fl.ow ol network congestion may occul in bur-sts, we

lequire a burst error correction code. Some vely efficient cyclic codes and sholtened cyclic

codes for single burst errol correction have been found either analytically ol with the aid

of a computer [32]. A numbel of such codes ranging from high late to low late, and which

are suitable for our pulpose, ale shown in Table 4,2.
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ny-lîa-l Code

(no, ko)

Code

rate

B urst- correctin g

capability /

generator

polynomial 9(y)

0

1

(15,9)

(1e,11)

(50,34)

(56,38)

(23,L2)

(48, 37)

(63,48)

(67 ,54)

(e6,79)

(103,88)

0.6

0.58

0.59

0.68

0.52

0.77

0.76

0.81

0.82

0.85

Õ

4

8

I
5

7

tl

I

8

17t

1151

22453r

1 505773

5343

4501

105437

36365

I r4361

501001

Generator polynomials are given in an octal representation. Each digit represents three binary digits according

to the following code:

0-000, 2*010, 4* 100, 6* 110,

I ê001, 3e011, 5* 101, 7* 111,

The binary digits then give the coefficients of the polynomial, with the high-order coefficients at, the left. For

example, tlre binary representation of 171 is 001111001, and the corresponcling polynomial i. g(g) : A6 + Ab +

a4 +v3 +r

Table 4.2 List of plimitive polynomials for burst error- codes.
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ny-ky-l Code

(no, ko)

Code

rate

Burst-correcting

capability I

generator

polynomial 9(s)

2

.t

4

E

(17, s)

(35, 23)

(39,27)

(51,41)

(57, 39)

(63, 51)

(85, 73)

(105, e1)

(131,119)

(16e,155)

(51,42)

(93,82)

(1sl,136)

(164,153)

(1e5,182)

(2t7 , zo2)

(290,277)

(117,105)

(133,115)

(255, 239)

(273,26r)

(595,581)

(465, 454)

(1023,1010)

0.53

0.66

0.69

0.8

0.69

0.81

0.86

0.87

0.91

0.92

0.82

0.88

0.9

0.93

0.93

0.93

0.96

0.9

0.87

0.94

0.96

0.98

0,98

0.99

J

5

È

4

8

I

5

6

5

6

o

4

t)

4

5

6

E

4

7

6

4

5

3

4

471

13627

13617

350 1

1 341 03s

16447

10131

70521

55725

55725

1455

61 3?

114371

6255

22475

72247

24711

13413

1 254355

30 1 565

707 43

64655

7275

22365

Table 4.2 List of primitive polynomials fol btust errols codes (continued)
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The above codes are suitable for lrandling single sholt bursts. We may also need to

consider, however', sorne rr.ole powelful codes fol bulst erlor correction, palticularly when

there is a possibility of multiple-erlol bursts. One such code is the Reed-Solomon (RS)

code.

4.4.2 Reed-Solomon (RS) codes for erasure correction

Reed-Solomon (RS) codes rvele discovered by I.S. Reed and G. Solomon [53]. They are

a special subcla,ss of the non-binaly ln2-arJ Bose Chaudhur-i Hocquenghem (BCH) codes

[32]. In this section, we consider.the class of RS codes to implement a y-axis code fol lost

cell recovely.

A RS code is composed of symbols which ale elements of a galois field. A galois field

GF(2^" ) is a field with 2"'2 elerlents, inclucling one zelo eÌement and 2^' - 1 nonzelo

elements. In fact, these 2*' - 1 nonzelo elerrents in GF(2*" ) form a closed group under the

multiplicationoperation [32]. An (rz,ky) RS coclein GFç2'^") is chosen with n, :2n'2-I
syrnbols which lepresent the 2^2 - 1 nonzelo elements in GF(2" ), each symbol consists

of rn2 bits. Therefore, a (r'r,0, ks) RS code could also be lepresented as a (m2rt.s,mzko)

binar'¡' code over GF(2).

Now we consider an y-axis cocle for lost cell lecover')/ lnade up of code wolds ir a specified

Reed-Solomon (RS) code. Let k,-1 be the number of bits in a cell to be elasure decoded

(k,1 exclucles the cell header', the cell sec¡rence numbeL, ancl the pality check bit in the

AAL). Recall the definition of the two-dimensional code, we know that a code block

consists of. k6 parallel y-axis codes. If a, y-axis code is irnplemented using u (r, ks) RS

codein GF12^'),thenthetwo-dimensionalcodeu'illbeablock of nr,2r't, xk"1 bitswhich

consists of nt2r-to cells, because each g-axis code consists of nt,2tto bils. To undelstand

the stluctule in a, two-dirnensional code block in u,hich the y-axis code is rrrade up in a

specified (no,ko) R.S code in GF(z'"'),let CEL(j,d) r'eplesent the ?th bit of cell7. Then
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the cells in a coded block can be arranged in the following format.

C EL(m2no,,I) C EL(.rrt2t-ta,k,t)

The code block consists o1 m2ko infbrmation cells ancl nz2n, - *rko redundancy cells.

The next step is to create a "cell symbol" fol evely nz2 cells. Fol the first nz2 cells, we

convert C EL(7,i), C EL(2,i), ..., C EL(nz2,i) into a y-axis symbol, denoted as SY M(I,i)
in GF(z 2 ). That is

c EL(r,r) C ELQ,,z) C EL(r,3) C EL(r,k,t)

c EL(2,1) C EL(2,2) C EL(2,3) C EL(2,k,1)

c EL(r.,r)

c EL(2,1)

C EL(m2k,I)

C EL(m2k, + 1, 1)

C EL(m2,1)

u

sY AI0,r)

c EL(t,2)

c EL(2,2)

c EL(r,3)

c EL(2,3)

c EL(r,k,1)

c EL(2,k,1)

C EL(m2ko,k,t)

C EL(m2k, * 1, k,r)

C EL(m2,2)

It

sY M(1,2)

C EL(nr2,3)

{}

s)/ M(r,3)

C EL(m2,k,1)

.[

s\/ M (r, k,r)

We will refel to the syrnbol arra¡' SYM(7,7), S)/M(7,2), SYM(1,3), ..., SYM(I,k) as
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a cell sAnxbol. This conversion lesults in n, cell symbols fol each coded block, ihat is

s)/ AI(7,\)

sY M(2.,r)

sY M(r,2)

sY M(2,2)

sY M(1,3)

sY M (2,3\

sY M(r,k"1)

sY AI(2,k,1)

sY M(ka,k,1)

SYM(ka * 1,k,r)

S1/ A[(nu,\) SY lltt(r't,0,2) SY I[(no,k,t)

uuuu
Ta, ?'g, Ta, Tax

Each column SY M(I,i), SY M(2,i), ..., SY M(no, i) forms a RS code word Fr,, and these

k,r RS code words constitute a cell recovely code. This palticular code can recover

(rro - kr) lost cell symbols, ancl each lost cell symbol can contain up to nt,2lost cells.

An (rzr,kv) RS code in GFç2^t) has a minimun dista,nce dmiu2: no - ko f 1, and can

correct any bulst patterns whose era,sules ale confined to (rz, - kò or fewel cell syrnbol

burst groups. However', an erasure cell syrlbol can contain up Lo nt2 elasule cells. Thus

a single er-asule burst group of length less than ol eclual to

Lrn:nt2(no-ko)-n¿z* I (4.15)

can affect a.t nost (rr., - kr) consecutive trz2-cell s)r¡1þels and so still be lecovered. -L' is

the maximum capacity of lecover-ing flom single bulst loss in a, received code blocli. A

numbel of RS cocles with high code rate and suitable fol oul pulpose are shown in Table

4.3. Fulthelmole, a leceived block may have mole than one sepaÌate burst gr-oup. The

two-dimensional code can recover l/" burst groups rvith a total length [a1] of

sY M(ka,r)

sYAI(ka + 1,1)

L" : (t-to - lîa - 2N" + 7)m2 | 2N" - 1 (4.16)

cells, wlrele À/" ( (rro - kr). Fol exanple, a (15, 7) RS cocle ovel GF(24 ) with du,i,,z:9

and a cell symbol length ctf ¿l ceìls can corLect a total of 8 elasule cell symbols, and the

following bulst gl'oup pa,ttelns:
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1 bulst group of elasur.es of total length

2 burst groups of erasures of total length

3 burst gloups of erasures of total length

4 burst groups of erasures of total length

29 cells

23 cells

17 cells

1 I cells

RS code

(nn, ko) Tn2

code

rate

Minimum distance

dmin2

Maximum burst-correcting

capability tr", (cells)

(127, 1 1e)

(127 ,1r5)
(255,233)

7

7

8

0.93

0.9

0.9

I
13

oa

50

67

169

Table 4.3 List of RS codes fol bulst loss recovery

Corrrpaled to the RS code, the implementation of a,n erasure code using a binary cyclic

code invol\/es sirnplel and fastel encocleLs arrd decodel's. However', whiÌe the binaly cyclic

cocle is rrìole suitable fol applications in which ranclorn ellols plevail, the RS code is

rr.ore por.velfìrl for long bulst ol multiple burst loss recovery. In ordel to choose a suitable

coding scheme? it is necessar-y to calefully examine the statistics of bur-st cell loss, the

r-equilements for selvice quality, ancl the cornplexity of the encoder- and decoder'.

Elasule correction for RS codes mainly involves the solving of a set of simultaneous

linear equations constructed by substituting a pr-initive field element and its power- into

leceived code sequence. The actual procedures are explained as in [50][51]. Using the

method descr-ibed in [50] [51], the process of erasule co'-rection decoding for a RS code

can be reduced to only V (I,' 1 n,, - kr) tlials. The details are shown in appendix A.

4.5 Cell sequence number

In oldel fol this trvo-clirnensional coding scheme to be possible, a cell sequence number'

usecl for cell loss cletection is lec|,rilecl to be incolpolatecl into the SAR subla5,s¡ locatecl

in the AAL in the payloacl fielcl.
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End-to-end approach

Firstly, we consiclel the two-dimensional coding scheme as an end-to-end apploach tbr the

viltual channel connections. According to the cullent CCITT standard [66],4 bits ar-e

reserved in all ALL types I to 4 fol cell sequence numbel which is used to detect lost cells

and misinserted cells due to buffer overflow, cliscarcling, ol misLouting. Thelefole, one of

the advantages of the end-to-end er'l-.or' Ìecovery appr-oach using two-dimensional coding

is sirnple cell loss detection using cell secluence number checlis. HoweveL, in end-to-end

forward et'l'or I'ecovery, the clela¡, caused lly leceiver buffe¡ may be la¡ge 1'or low-speed

vir-tual channels. Thus, sealch of sholt codes such as cyclic code, and simplification of

haldwar-e equipment are significant issues.

Edg e-to- edg e altproach

Secondly, we considel the two-dimensional coding scheme as an edge-to-edge apploach

fol the viltual path connection. Since the 4-bit cell sequence numbel leser-ved in the

SAR sublayer- ale used for end-to-end connections, we will set up a separate cell sequence

numbeL, called virtual path cell sequence nuurber, in the SAR sublayer fol the edge-

to-edge connections. Accolding to CCITT stanclarcl, l0 pality ledunclant bits are leselved

in the SAR sublayel for elrol protection in cell inlbrmation fielcl. However', as discussed

in section 4.3, in oul two-dinensional coding sclterle, the use oT a small distattce code

with only 4 - 6 parity check bits can sufficiently provide a satisfactory ellol detection

nreclranisrn f'ol a stanclald cell infolrlation field size of 384 bits. Fol example, as shown in

Figule 4.7,iT th.e tlansmission bit erlol rate is 10-e, then using a (384,379) code with 5

bits ledundancy, the plobability that a cell contains undetectable errors in the infolrnation

field is 1.7 x 10-17. Therefole, in oul two-dirnensional coding scheme, at least 4 out of

10 bits leselvecl in the SAR sublayel for erlor plotection ale not used. We will use these

unused bits to set up the viltual path cell sequence nurnbel fol cell loss detection at the

edge-to-eclge connection level (In this case, tÌrele ale tlvo cell secluence numìrer-s located in

the SAR, one fol end-to-end connection, and a,nothellbl edge-to-edge connection). Note

that when the trvo-dirnensional cocling schene is used as arì eclge-to-eclge approach, the

oliginal 4-bjt cell sequence nurlber-r'eserved in the SAR fol the end-to-end viltual channel

connections ar-e not plocessecl at the encoclel and clec.oclel of'the tu,o-climensiona,l code.
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At the transmitting edge, the encoding can be done at port controller, befor-e the VPI is

added into cell header. Firstly, in the y-axis, k, infolmation cells which will be deliveled

into the same viltual path ale encoded into n, cells. Secondly, a virtual path cell sequence

numbel which indicates cell position in the n, coded cells are incorporated into the SAR

sublayer of each cell at the output of the y-axis encocler-s. Finally, in the r-axis, each cell

infolmation field is encoded using a srnall distance code.

The error r-ecovery decoding can be done after cell headel decocling is done, and VPI is

removed flom the cell header, i."., cells are solted into individual VPs. The fir'st stage

of decoding is the e-a,xis code decoding. The seconcl stage of decoding is to detect an

entire cell loss due to buffel orrer'flow or mislouting using the virtual path cell sequence

nurrber. After' ¿-axis decoding and cell sequence numbel checli, the pality checli bits and

the viltual path cell sequence numbel are lerro\/ed fi'om the SAR sublayer'. Then y-axis

code decoding starts.

The size of the cell sequence number is detelmined b¡, the maximum length of the lost cell

bulst in a block which can be lecovered. Fol example, a (169,155) cyclic code as the y-axis

code will allow a maxirrurn length of 6 cells in a cell loss burst to be colrected in a block.

In this case, 4 bits will be adequate fol the cell sequence numbel. Using a longel cell

sequerìce nurlbel would allow longel bulsts of lost cells to be cor-r-ected. If a non-binaly

RS code is used as a y-aris code, th.e cell seqnence numbeL is determined by the maximum

length of the el'asule cell symbols (i.e., a cell s)/mbol unit of rn2 cells containing the lost

cells) which can be recovered in a block. The rn2 cells I'orning a synbol will all have the

same cell sequence number'. An extended cell sequence number-night be incolpolated

into the leselved bits in tlie SAR sublayel in the AAL in the payload field [66].

4.6 IJncornpleted blocks

As mentioned in section 4.2, ín the leceivel buffer', y-axis code word of length ?172rlo

cells (rn2 : 1 fol binar'1' codes) is decodecl blocli-b)'-block. HoweveL, the cells may be

tlansmittecl in bulsts rvhich are sepalated by long silence peliods. Thus an uncompleted

block may appeal in the t'eceivel buffel at the end of an a,r'r'iving bulst, and the y-axis
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decoder will not be able to decode the uncompleted block until the next bur-st arrives at

the leceiver buffer'. This ma¡, cause unacceptable ìtuffering delay at the receirrel end.

To overcome this, we may employ a cyclic code as the y-axis code. When the end of a

bulst is detected by the y-axis encoclel and the cell sequence nurnbeL shows that it is an

uncompleted block, say k'o (kL < kr) cells in the uncompleted block. Then a shortened

cyclic code (nf , k') ("'o : kL * (ro - kr)) is delivered, where (no,k,r) is generated based

on a generatol polynomial g(y) which generates a (tto,ko) cyclic code. According to

the discussion ma,de in section 4.4.I, the minimum distance of the shortened cyclic code

þt'o, k') is at least as gleat as that of the oliginal cocle (n, kr ). The eÌ.r..or. r'ecovery decoding

of this shortenecl code is also compatible with the original code. However., it is necessary

to incorporated a flag sequence at the beginning ancl end of a code wold. This can be

done by using the MID filed in the SAR heacler' [66] which associates all cells belonging

to a given two-dimensional code blocli. The leceiver uses these information to locate the

beginning of each code wold and also detelmine the numbel of bits n'o to be enteled into

the synch'one cornputation cilcuit befor-e checliing the resultant s¡,¡d¡e¡1e patter-n in each

y-axis decocler'. Therel'ole, using a cyclic cocle as the .y-axis cocle in the two-climensional

coding scherne, the code blocli can either all have the fixed size or. valy fi:om block to

blocli using sholtened cyclic code. Hence, the uncompleted blocks is avoided.

4,7 Performance with coding

In this section, lve considel the pelformance rvjth cocling in the presence of t.-ansmission

eLlot's and cell loss due to the netwolk congestion at the cell level. This forwald err.ol

plotection scheme is consicleled as an eclge-to-edge approach for an incliviclual vir.tual path

at the viltual path connection level ol as a,n encl-to-enci apploacli for. a,n inclividuaì seLrrice

at the viltual channel connection level.

As discussecl in chaptels 2 ancl 3, let us consiclel that a given viltual path I/P, is moclellecl

as a tandetn queueing net',r,ot'k consisting of Q single sel'vel'c¡reues in series operating on

a first-in-fir'st-out (FIFO) basis. A clueue I (l:1, 2, ..., Q) along the path I/P"is a bulli

allival queue with afinite buflel of length ll. 
^¡ 

inclependent input VPs (including VP")
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join the queue 1. As discussed in section 2.2, the su,itching functions result in mixing of

tlaffic from clifferent input streans and splitting of tlaffic to different output stleams. The

designated traffic stream ,4 is considered to be callied on the viltual path V P" through

the tandem queueing netwolk.

In the following analysis, the pelfblmance with coding will be estimated based on t\/o

types of cell traffic sttearns: i) mixtules of constant r.ate detelninistic allival tlafÊc and ii)

mixtures of homogeneous bur-st-silence sources with sholt bulst length. For the mixtules

of fixed r-ate landom arrival tlaffic, cell loss caused by congestion at the cell level is studied

in chapter' 2. Fol the n-rixtules of homogeneous bulst-silence plocesses, the cell loss due

to congestion at the cell level is based on the sirnulation lesults obtained in chapter 3, in

which the bulst length is consicleled to be less than the clueueing buffel size (see section

3.5). The cell allivai late of the designated ,4-stleam u,hich allives at the fir'st queue of

the tandem queueing network ir pÍt). The following analysis is also based on a RS code in

GF(2^') (rrr : 2 for- a binaly code). We assume that cell elr-ors caused by tlansmission

erlols and cell loss caused by buffel over'flow a,r'e inclepenclent events.

4.7.1 lJncoded case

First, we consiclel the uncoded case. \\ie assume that the tlansmission link is a binary

s),rnmetlic channel with a bit ellol rate p6. Then the plobabilitv that a cell infolrnation

field of length k, bits contains at least one bit ellor. is given by

P":Í(:)pî(r-p,)k"- (4.r7)

Note that here we do not considel the elrors in the cell header since the cell headel has

its own ellol protection cocling scheme, ancl aftel clecoding the incorlect ellor.s contained

in the cell heacler is negligible bi, conpaling them to the etr-or.s in the cell infolmation

field.

Fol random tlafñc, as discnssecl in chapter 2, the probabilit¡' of cell loss fol the designated

,4-stream clue to congestion at the cell level can ìre obtainecl flom ecluation (2.26) for a

given set of parametels of the tanclem c1r-reueing netu,olli namell, Q, I( , 
^r, 

pÍt) ancl p.
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That is

1=1

where P,!t) fu given by equation (2.2\.

Fol the mixtures of homogeneous burst-silence sources with short bursts, as discussed

in chapter 3, the probability of cell loss, P¿o"", for the designated .A.-stream caused by

congestion at the cell level can be obtained fl-on equation (3.20) by means of simulation.

Since we assume the cell er-r'ors caused by transrnission e.,.'r'or and cell loss caused by buffer

overflow to be indepenclent events, in the uncodecl ca,se, the total loss/errol plobability

including cells with tlansmissiolì ellols and cell losses clue to buffel over'flow is

a
Pto"": t1 -fl(1 _ p,f))llpf),

Ptø : 1 - (1 - P.)(I- Pr,"")

(4.18)

(4.1e)

4.7.2 Coded case

Next, we considel the coded case. For the pelforma,nce of the r-axis (n,kr) code (/c" :

k¡* k"2, whele k"2 is the number-of bits of the cell sequence number-) under landom bit

errols, we will determine the plobability P^ that a cell information field including the

AAL contains errors which can be detected b)'the r-a,xis code. Let P.be the plobability

that a decoded cell information field is elror fì'ee, that is, the colresponding received code

word r! contains no erloL. Then

P.:(1 -p¿)"' (4 20)

Now let Pu be the plobabilit5' 1þu¡ the z-axis cocle (t2", k") fails to detect the errols in a

received code rvolcl. This is actually the probability of the occulrence of an ellor- pattern

of d,*¿n1oÌ mole elr-ors, whereby decoding lesults in an incor-r'ect code word. Then

Pu" A¿pi\ - Pt)"-' (4.2r)

whele the A¡ fot't, = I,2, ..., ?¿r are the weight spectmm vahres fol the cocle (e.g., the

number of code wolds of weight i). If P* is the plobability that a cell has detectable
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P*:1-(1 - pu)'- t A;pî(r- pa)""-o (4.23)
i=dnt;n7

Note that P- includes the cell sequence number of k,2 bits suffeling detectable elrors. As

mentioned in section 4.2,when error-s are detected in a leceived code word including the

cell sequence numì¡er, then the parity check bit is removed, and the cell will be rnarked

as a cell with elrol and the secluence number n'ill be ignorecl. If a cell sequence number is

collupted with undetectable erlors, then that cell will be detected as a lost cell, because

the decoded cell sequence numbel is in a wrong oldel with the consecutive cells.

In the y-axis dilection, fol cell errol correction and cell loss recovery, (ru- Àr) r'edundant

cells are required to be transmitted fol each block of rz, cell symbols (which contain ß,

information cell symbols). Then sorne extra lesultant tlaffic will be intloduced into the

network compared with the uncoded case. That is, for the designated .A-stream with a

cell arrival probability of pf.) , in the coded case, the V P" willbe requiled to carry a traffic

with the cell alr-ival plobability

pLl : n"pf)

erlors, then

P.* Pu. I P*: I (4.22)

fl3

(4.24)

whele

B (4.25)

is the tlaffic expa,nsion factor'. Lihervise fol the other' \"Ps u'hicir ale encocled u,ith the two-

dimensional coding schemes. \A/e note that both the parity redundant bits generated by

the r-axis and the cell sequence number- used fol lost cell detection can l¡e incor-polated

into the SAR sublayer located in the AAL in the payload field [66]. So they ale not

included in the traffic expa,nsion factor'.

Assume that all of the cells lost due to buffel ovelflow can be detected by the cell sequence

number'. Then fol a given value of expanded traffic \' : B"rl, the cell loss plobability

e

17v

ka
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Plo"" can be obtained from equation (2.26) (t'or. r-anclom alrival traffic) or equation (3.20)

(for bursty arrival tlaffic). The total detectable elror'/loss plobability in the plesence of

transmission errors and buffel over'flow is given by

Now we analyze the y-axis decoding. If the g-axis code is implemented using a RS code.

Eaclr symbol in a RS code is equivalent to a binaly string of m2 bits (this includes the

binaly code for nt2 - I). Thus a RS code can be considered as a (rn2no,*zkn) binary

code. By definition, an (r-ro,lco) RS code with mininrunì distance dminz -- no - lco + 1

can correct þ'ro - kr) or fewel erasule symbols. The plobability that the RS code fails to

correct eÌasure syrnbols in a received block will be upper bounded by

n.g

PLn :1 - (1 - P^)(I - P1."")

P,: t AjP:(r - P,)no-i

(4.26)

(4.27)
j:d,ni¡z

wlrere A¡ for j : drrinz, (drr¿,rz * 1), ..., ?ty ate the weight spectr-um values fol the RS code

(e.g., the numbel of code words of weight 7). These can be given by

1 folj:¡
forl(j1d^¡.2-10

A (4.28)

wlrele Q:2"t - 1, and A¡ is the number of cocle wold with weight 7. The derivation of

this equation is given in the lefelences [50][52]. P" is the symbol elror plobabilit¡, of the

RS code given b¡r

( ; ) 
Ð!n='o-"(-1)n ( ; ) 

.,' -ztr-t - r) f.or d,^¡n2 < j < q

(4.2e)

whele ?.)?2 is the number of bits in a, s1,pþel of tlie RS cocle. For P'ru << 1, the plobability

of uncollectable ela,sures in a receivecl blocli is apploximately

P":î('"' ) or,', t - P,,"¡n,,-t
i=l \ z /

P-Pr=:
?'t72
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Overall, the plobability that cell suffels fi'ctrn undetectable errors, uncor-rectable ellors,

and unrecoverable loss is

Pt,s :1 - (1 - P¡)(1 - Pu") (4.31)

Note that P¿s includes incleased tlaffic load 17' : B"\ due to the tlansmission of pality

ledundancy. In this case, the colresponded average link utilization ry will be given by

equation (2.7) foL landorn traffic and equation (3.8) for- bulsty traffic.

4.7.3 Delay

Consider a cell transferled betu'een the two end-points of the netwolk. The lesultant over'-

all dela)' will consist of transmission delay, propagation delay, queueing delay in buffels

at exchanges) plocessing delay for switching and, in oul model, plocessing delay fol en-

coding and decoding. Let the cell delay in passing thr.ough all switching nodes (including

tr-ansmìssion delay, plopagation delay, queueing delay in switch buffers and processing

delay fol switching) be d". This is the delay for tire uncoded case. As the cell size is

fixed, the t-t-ansmission dela5, r¡'ill be the same for- both the uncoded and coded case. Nou'

we considel the code plocessing delay which is over and above the delays expelienced in

the uncoded case. This will include encoding and clecoding delays, and leceiver buffering

delay. Lel R" bits/sec be the tlansmission speecl of r,ìrtual pathVP,.

The ø-axis encoding, y-axis encoding, and z-axis decoding can also be irnplemented as

one-step processes [32]. The delay may be neglected compared to that of the total of

y-axis decoding. However the y-axis decoding is pelfolrred only when lost cells ol cells

with bit er-r'ols ale detected in a leceived block. If thele are no cells with ellor marks in

a received block of rz, cell synbols, the n, - k, r-eclunclant cell symbols may be rerloved

frorn the r-eceived blocli, ancl the fr, infolmation cell symbois can be delivelecl dilectly to

the usel u,ithout y-axis decocling. If cells u'ith ellol mallis a,ppeal in a leceivecl blocli,

the g-axis decocler' filst guesses at the elastlle s)¡mbols. Then it attempts to decode the

lesultant cocle using standalcl error'-coÌr'ection techniclues. If a legitima,te code sequence

r-esults, the clecocling is dóne. Othelivise, the clecoclel makes anothel guess at elasule

va,lues. This tlial process is lepeated until the corlect cocle secluence is founcl.
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For a code which can correct 212 erasures, as long as the numbel of incorrectly guessed

symbols in a palticulal tlial is less than or equal to t2, the decoding will succeed in that

trial. To pÌove this, let us consider the case where a binary code that can cor-Lect up to

12 errors is used. Let X !Ztz be the number of erasures in the received sequences. First,

the decoder sets all the erased bits to 1 and atternpts decoding. If the decoding fails, the

decoder then repeats the procedure with erased bits complimented. Now assume that of

the X erased bits, X1 are 1's ancl X2 are 0's. There at-e X2 ancl X1 errot's in the fir'st

and second tlial r-espectively. The fact that X - X1 * Xz is less than or equal to 2t2

gualantees that eithel Xl ol X2 $ both are less than ol equal to /2, Thus decoding will

be successful in at least one of the tu'o tlials. The processing delay of the eÌasure decoding

is therefole upper bounded by

d"s 1 2r"z (4.32)

whele r.3 is the delay for one tlial of er-asure decoding pr-ocess of a binaly code.

We consider he-,..e a, non-binaly (ns, ks) RS code used as an erasule cocle. Each RS code

word contains n, cell symbols which ale elements in the field GF(2-:) and each syrnbol

has 2^' possible states. However', as rnentioned in section 4.6, the total process of elasure

corlection decoding for a RS code can l¡e finished by It (It 1 d^inz-1) trials (see appendix

B). Therefole, the processing delay of the erasule corlection decoding fbl a RS code is

upper bound by

d"s1(d,n;nz-I)r.o (4.33)

whele r"a is the delay fol one tlial of erasuÌe decoding process of a RS code.

Elasure code decoding r-equiles a full block to be stoled in a buffer befole decoding stalts

The delay of leceiver buffer-ing is apploxinatecl a,s

d"4:
117¡TL -?'1.,,

Ro
(4.34)

(*, -- 1 for a binaly code). \Ä¡hile clecocling of the buffel contents is taking pla,ce, incoming

cells ar-e stored in a second palaliel buffer. In oldel that clecocling not f'or-m a bottleneck,
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This will be feasible with rnocleln technology a,s shown fol the examples in Tables 4.4 and

4.5.

Then the total delay is apploximately given b1,

d"1du*d"sld"+ (4.35)

The processing delay d"s I d"¿ is the delay ovel and above the uncoded case.

4.8 Illustrative schemes

In this section, we present some specific numelical lesults obtained frorn our forwald elror

pr-otection schemes. These schernes employ two-dimensional cocles fol cell elr-ol corr-ection

and lost cell lecovery for each individual VPs at the cell level. In these schemes, a vely

high rate small distance code [9] is used as the ru-axis erlol detection code. The y-axis

codes ale implemented using high rate c),clic codes or- Reed-Solomon codes. Fo,,- var-ious

combinations of cocle par-a,meteLs, the cell loss/elrol plobability, and the capability of

recovering fiom long cell loss bursts a,r'e given in Figur-es 4.8 and 4.9, and Tables 4.4 and

4.5.

The values of cell loss probability in Figures 4.8 ancl 4.9, and Tables 4.4 and 4.5 were

obtained using the following pa-,-.arneteLs, chosen fol illustrative purpose only. The bit

elror r-ate of the tlansmission link is 10-e. The cell length is assumed to be 53 octets

(424 bif) [1]. In the coded case, fol a cell infolrnation field of 384 bits including the AAL,

we use an (384,379) small distance cocte [9] rvith 5 bits parity ledunclancy (d,,¡n : 2)

as the r-axis code. This will give a probabilit5,' that cells contain undetectecl errors as

1.5 x 10-17. Tiris is coltrastecl with the uncoded case with a pr-obability oÍ 4.24 x 10-7

that cells conta,in tlansnission er-roÌs. The cocie late is 0.99. These cocles wet-e chosen

also because of the ea,se of clecocling at high bit rate.

The evalua,tions in Figur.e 4.8 and Table 4.4 are based on the analytical t-esults obtained

flom chapter- 2, in u'hich mixtules of consta,nt la,te detelministic allival tla,ffic a,re consid-

eled (see Figure 2.5). The computed cell loss plobability I'oi a particulal viltual path is

conditioned on a given tandem clueueing netu'orli, described by its pala,meter-s Ç, 1í, 1ú,
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p and p!t). Th" VP,is assurned to be a viltual patìr contains Ç:5 queues. Each queue

along the path is modelled as a bulk arrival queue rvith l/ : 50 input VPs (including

{zP,) and afinite buffer oT I{ :25. In the uncoded case, \i p" has a cell allival plobability

p[1) and other input VPs exceptVP" all have the sarne arrival plobability p : 0.018. The

average link utilization occupied by the tlafËc load is given by equation (2.7).

Lihewise, the calculations in Figule 4.9 and Table 4.5 ale based on the sirnulation lesults

obtained from chapter' 3, in which horlogeneous mixtur.es of bur-st-silence tlaffic ale used.

The V P" is assumed to be a viltual path contains Q : 5 clueues. Each queue along the

path is modelled as a bulk allival queue with N : 5 ìnput VPs (including IzP") and a

finite buffel of I{ :25. Since we consider the per-folmance with coding at the cell level,

tlaffic with sholt bulsts only (tire bulst length is less than the queueing buffer size) is

consideled. In the exarnples, the bulst length is of [,, : 10 slots, the burst interval length

is of To¡¡: 2 slots, and the sorlrce burstiness is 1.2. In the uncoclecl ca,se, all bulst-silence

sources have the same peak alr-iva] la,te of À given ìry s.t.,.,'.n (3.3). The a,velage link

utilization is given by equation (3.8).

In the exarnples, all VPs are covered with the same folwar-d ellol recovery coding schemes.

The avelage link utilization lepresents the fi'action of linli tla,ffic loacl usecl to cally the

infor.mation cells exciuding the extla traffic load introcluced b5' the transmission of the

parity reduncìa,nt cells. All results of the pelfolma,nce rvith cocling shown in the f'ollowing

sections have been tladed off with the average link utilization.

As nentioned in section 4.3, the two-dimensional coding scheme only covels cell infor-ma-

tion field of 48 octets which includes the AAL of 4 octets in the payload field. 4 bits are

used as the cell sequence number fol lost cell detection, and 5 bits as the pality redundant

bits ale usecl fol cell elr-ol cletection. Both the cell sequence numbel and the pality ledún-

dant bits a,r'e incolpolated into tìre SAR sublavel of the AAL [66]. Since the cell header

has its own elror plotection schemes [66], u,e clo not consiclel the cell heaclel ellor in this

section. We note that since ihe cell heacler' field changes a,long a VP, our- z-axis eLLor'

cletection can not be used to detect the cell heaclel elr-ors. Ho\^,eveÌ, the cell loss caused

b)' cell header errols can also be cletectecl using cell secluence numbel, ancl Lecorreled by

the y-axis cocling scheme. The pr-obability of cell loss ca,r-rsecl bi, ."11 heaclel ellols will

119



be much smallel than the cell loss probability caused by buffer oveLflow, because the cell

header has its own powerful erro'- colrection scheme.
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Coding process

dela.y

d.+

0.8 rrzs

1.4 ms

7.5 ms

7.5 ms

77.'2 ms

d"s

20 ¡.ts

20 ¡.t,s

0.8 r¿s

1.3 r¿s

2.3 ms

L-

0

8

b

50

67

169

Cell error/loss probability

Mean link utilization

0.95

1.248-3

1.3E-2

1.BE-2

4.tÐ-7

5.9E-8

4.2Ð-77

0.9

3.8E-5

3.7E-9

3.8E-8

I.7E-r7

1.5E-17

1.58-17

Undetec-

table

rate

4.248-7

1.5E-17

1.5E-17

1.5E-17

1.5E-17

1.58-17

k,z

0

3

J

4

4

Code

rate

1.0

0. B5

0.91

0.93

0.9

0.9

'lT¿2

1

1

7

7

I

dninz

0

I
7

o

13

a2

g-a,xrs

code

Uncoded

(103, B8)

(16e,155)

(127,11e)

(127, 115)

(255,233)

dmint

0

2

2

2

2

2

ü-a_\IS

code

Uncoded

(384,37e)

(384, 37s)

(384, 37e)

(384, 379)

(384,37e)

N3

Ii :25

m.2 is the numbel of bits in a symbol of RS code. (rrz2 : 1 f'or a binary code)

d"3 is the pÌocessing deiay of erasule decoding.

d"a is the receiver buffering delay.

k",2 is the number- of bits of cell sequence number-.

Table 4.4 Illustlative scheme fol various code

combinations with random traffic.
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Ooding process

dela.y

d,c+

291 ps

477 p..s

2.5 ¡¡ts

').5 m.s

5.7 m.s

d.z

20 ¡rs

20 ¡rs

0.8 n¿s

1.3'm.s

2.3 ms

Lu"

0

8

6

50

67

169

Cell error/loss proba.bility

Mean link utilizat,ion

0.95

5.24Ð-2

3.3E- 1

4.BE-1

4.1E-5

8.2Ð-7

5.gE-B

0.9

3.BE-3

2.7E-B

3.8E-7

8.6Ð-12

3.2E-17

1.5E-17

U ¡rdetec-

table

error rate

4.248-7

1.5E-t7

1.58-17

1.5E-17

i.5E-17

1.58-1?

k,,¿

0

t

J

4

4

É

Code

rate

1.0

0.85

0.91

0.93

0.9

0.9

m2

I

1

7

7

8

drr.in2

0

q

I

9

13

23

3r-axls

code

Uncotled

(103,88)

(16s, 155)

(127,11e)

(127,115)

(25s, 233)

drnirrl

0

,)

2

.)

2

2

t-a"xls

code

Uncocled

(384,37e)

(384,379)

(384, 379

(384, 37s

(384, 37e

N'

K:25.

???2 is the numbel of bits in a symbol of RS code. (rrz2 : 1 fol a binary cocle)

d"3 is the processing delay of erasule decoding.

d.a is the receiver buffering dela5'.

k,2 is the number of bits of cell sequence number.

Table 4.5 Illustlative schene fol rialious code

combination with short burtst tr.affic.



4.8.1 Coding gain

Figures 4.8 ancl 4.9 shou, hou' the cell loss/ellol ploba,bilitS, y¿.i". with the avelage link

utilization fol va,r'ious combinations of cocling schernes. These results show that if the

codes ale chosen calefully, r,ely lou' cell loss/ellor ploba,biìitv langing fi'orn 10-10 to 10-17

can be achieved fbl an a\¡erage link utilization of 0.9 (compalecl with the uncocled case

of 10-5 using a queueing buffel of Ìength 25). Even fol a high aveÌa.ge link utilization,

say n - 0.95, using a (255,233) RS code, ceil loss/elrol probability lerrains less than

10-16 for landom traffic in Figu'-e 4,8 (compaled rvith the uncoc{ed case of 10-3 ), and

10-8 for sholt bulsts in Figure 4.9 (cornpaled rvith uncoded case of 10-2). Cornparison of

the coding gains fol landom ancl bursty tlaffic, whel a,velage link utilization is high, say

4 > 0.93 (the corresponded peak late exceeds the link capacit5,), the cocling gains in the

case of bulsty tlaffic is wolse than that in the ca,se of lanclon tlaffic. This is because wh.en

the avelage linli utìlization incleases to the link capacit5', ancl the correspondecl peak rate

exceeds the link capacit5,, the cell loss becomes sensitive to the burst length compalecl to

buffel size. In this case, the length of bulst loss caused by short bulsts is longel than

that caused by landom tlafÊc, and the capacity of lecovering 1ì'orn the long bulst losses

is lirnitecl fol a, given forwald enoÌ recovely coding scÌreme.

The code usecl to implove the performance uncler the high link utilization conditions

rnust be vely ca-,'efully chosen. A mo-,.'e pou,elful code genelally has a lowel code late,

because more parity ledundancy is lequirecl. Howevel undel the high link utilization

conditions, the extra traffic due to the transmission of the pality check cells may introduce

mole degradation flom cell loss than the benefits obtained from the coding schenes. For'

example, as sh.own in Figule 4.8, if using a (127,f 19) RS code with a code rate of r? : 0.93,

when the avelage link utilization is gleatel than 0.97, the cell loss/error- r'ate in codecl case

will be wolse than the uncoclecl case. However', to inclease the cocling gain, we nay only

use the er.-r'o-. plotection schernes fbl sorne palticulal services which ale sensitive to cell

er-r'or and loss such as vicleo, clata,, ol image. In this ca,se, the selvices covered with erlol

pr"otection may only occup)/ a part of the linli utilization. The tenaining fiaction of the

link utilization occupied b5' othel services will opelate without ellol pt'otection. The extla

traffic load introcluced by tlansmission of par-ity reclundant cells fol err-or plotection will
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depend on the bandwidth u,hich is encoded u,ith folrvald ellol protection. Fol exanple,

assume that plesent linli utilization is 0.9 ancl 40 pelcent of t]re link utilization is covered

with folrva,r'cl ellol plotection. If using a (127,1f 9) RS cocie u'ith a, cocle late of 0.93,

then an extla, tlafËc ecluivalent to 0.03 of the linlt utilization will be iltroduced into the

netwolli. The tlaffic loa,d a,ctually carlieci on the tra,nsnission linìr is 0.93 compared to

the uncoded case of 0.9. If the cell alrivals fì'orn all \i Ps ale constant late detelrrinistic

plocesses as discuss in chapter 2, ancl clueueing br-rffel size is 25. then the actual tlaffic

with the a\/elage rate of 0.93 will calrse a cell loss plobability of 1.6 x l0-4 colresponding

to uncoded case of 3.8 x 10-5. This rn'ill bling a leasonable effect to the tlaflic without

erlor plotection. However', (127,119) RS code will ploi,icle the cell loss rate of 1.7 x 10-17

for the VPs with coding scherle which covels 40 pelcent of linli utilization. Stinrnalizing,

the coding gain u,ill be affected by the banclu,icltir which is coveled with fblwarcl elror

plotection schernes, as gleater- bandwidth covelecl u,ith e-,-'r'ol pr"otection will introduce a

gr-eatel amount of aclditional tlaffic loacl into the netrvork.

4.8.2 Coding delay

The vahies of the clelays shown in Table 4.4 wele calcr-rlated ba,sed on the analytical model

as discussecl in chapter:2, that is, a, viltual path I/ P, is rnoclelleci as a tandem clueueing

netwolk consisting oÏ Q : 5 queues. Each cluette a,lo¡g the path has a fi¡iie buffe¡ of

K :25 and 1\r : 50 input VPs (including I/P"). The transmission speed o1 l/P, is

Ro :50 Mbits/s which is lefelled to ìre a lorv-speecl VP. The rlaximurn clueueing delay

fol a cell tlansmitted tluough theVP" is 1.1 n¿s.

The values of the delays shown in Table 4.5 r,r'ere calculated based on the simulation

rnodel used in chapter- 3, that is, a viltual path l/ P, is modelled as a tandem queueing

netwolli consisting of Q : 5 queues. Each queue a,long the path has a finite buffer of

K - 25 and /V : 5 input VPs (including IzP"). The transrnission speed of VP^ is

A,:150 Mbits/s which is lefèr'recl to be a high-speecl VP. The maximum queueing delay

for a cell tlansmitted through the I/ P, is 0.35 rns.

In the coding plocess, as discussed in section +.7.3, the dela;,s ca,used b5, sn..¿',rg/decoding

in a;-axis, and encocling in y-axis ale negligible compaled to the y-axis erasure decoding
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plocess aud leceivel ltuffeling clela5,. The plocessing speecl of a single erasure clecodel

carr'1ri11g out one triai is a,ssumed to be 105 trials per second for a binaly cyclic code,

ancl 104 tlials pel seconcl fol a non-binar¡r RS cocle [36]. A lalge number of these elasure

decodels will be opelating in palallel (see Figule a.6). We u'ill neglect overhead due to

contlol of the multiple trials at this stage. Now u,e summalize the coding clelay as f'ollows:

1. Fol the two-dirnensiona,l coding scheme in u,hich the g-axis code is implemented

using binat'r' c)'clic codes or- RS cocles, the coclilg cielay at'e 'rai'ly ca,used by y-axis

er-asule decocling and r.eceiver buffering. As shor,r'n in the ta,bles, the deiay caused by

erasurje decocling d"3 is much less than the receiver buffeling delay d,4, so that thele

are never bottleneck in the receivel buffer'.

2. When cocling scheme is usecl fol low speed viltual paths ol vir-tr.ra,l channeìs, the delay

caused by y-axis code decoding and leceivel br-rffer nay be lalge as shown in Table

4.4. In this case, the use of high '-ate binar')/ codes such as (169, 155) c),clic code is

rnoLe suita,ble. On the other hand, the simplification of haldwale equipment is also

a significant issue.

4.8.3 Equivalence of coding and buffering

Our proposal plelèr-s to use the two-dimensional coding scheme combined with small size

queues rathel than to use large size queues. It is rvell known that cell loss due to congestion

at the cell level may be contlollecl using large size clueues located in the multiplexers and

switching nodes along the viltual path.

Figule 2.5 has illustrated the cell loss probabilitS, \/elsus the avelage link utilization for

various queueing buffe-,.'s, which is obtained using a, ta,nclem queueing netwolk with landorn

trafic,

A compalison of the use of cocling with short c¡leues and large queues without cocling is

summarized as follows:

1. The use of f'olwar-d error recover-y coding scheme is equivalent to incleasing the buffer-

sizes. Fol exampìe, compaling the lesults shorvn in Figures 4.8 and 2.5, for an average
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link utilization 4 - 0.95, the cell loss ra,te ca,n be leducecl to 2.37 x 10-8 ìry using

a large queue of size Ii : I20, but by using a (127,115) RS code combinecl with a

slrort clneue of size Ii :25, the cell loss ra,te ca,n be also reducecl to 5.9 x 10-8.

2. When the average linli utilization is high, sa,)/ ?i : 0.95, the use of two-climensiona,l

cocling scheme rla¡r ç¿L." mole dela1, than the use of large size queue. Because we

neecl mole powelful cocles with longer code length ancl rnole ledundancy to over-come

the long burst losses. In above example, using lalge queues of size I{ : I20 without

coding, the rnaximum clueueing delay for a cell t-,-a,nsmitted thlough the virtual path

VP" is 5.1 rn-ç for a lorv speed VP of R*--50 Mbits/s, and 1.7 ms fo'- a high speed

VP of Ro:150 Ntlbits/s. By contlast, using a (127,115) RS code combined with a

slror-t queue oT size K :25, the clelay inclucling the coding clelaS' and the maximum

queueing delay fol a cell transmitted thlough the viltual path I/ P" is 8.6 rns for

the low speecl VP, ancl 4.I nts fol the high speecl VP. Hou'ever-, when the avelage

link utilization is lou'er', say ?:0.9, some hìgh late binaly cocles such a,s (169,155)

cyclic code may sufficientl5' plovide a satisfactor), loss reco\/eLy mechanism, as tvell as

allowing gleatel control ovel cell delal, than the ttse of large size clneues. Fot' erample,

for ry : 0.9, using of a large size quene Ii : 120 ca,n leduce the cell loss plobability

to 3.4 x 10-12 ancl the maxirrurrì queueing clelay is 8.6 nzs f'ol the low speed VP, ancl

L.7 n'¿s fol the high speed \¡P. By contlast, using of a (169,155) cyclic code with a

short buffel of 1{: 25 can r-ecluce the cell loss plobability to 9.8 x 10-10, and the

related delav is 2.5 n¿-s fol the lorv speed VP, and 0.83 m-* for the high speed VP

(including the queueing clelay due to a cell thror-rgh the tandem queueing netwolk).

3. For- the use of large size queue, the large ciueues must be located in all the access

multiplerels and switching nocles along the patìr thlough the AT\¡I network. They

inclease both cell delaS' and the valiation in cell delay. The buffel delays also in-

crease propoltionally to the ìength of the rriltual path cross the network. This rnay

cause diffictilties for leal time selvices which leciuite synchronization between the

tlansmittel and leceiver'. Thelefole, fol leal tirle selvice, an elastic receivel buffel is

also needed to remove the cell dela5' jitter. B)' contlast, tising the two-dinensional

coding with small size queues locatecl in the access multiplexe-,-'s and switching nodes,
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only one leceivel buffer is lecluirecl lo be loca,tecl at the receiving encl. As discttssed

in section 4.7, for oul tu'o-ciirnensiola,l cocling scheme, the extla delays are mainly

ca,used by leceiver buffer- anci the y-axis decocling, but the cleiay is fixecl. Aftel the

y-axis decocling, the cell delay jittel is antomatically lenoved. Fulthermole, the

two-dirlensional coding scheme can be also used fol r-ecovely of cell loss caused by

mislor-rting, cell heaclel errorl priolity discalcling, a,ncl srvitching ellor-s.

4. Recovely of long bulst loss is possible using tivo-dinensional coding schene with a

short queue, and this avoids the need for- r,er')' lalge queues along the virtual path

thlough the ATM netwolks, palticularly ibr- long distance tlansmission.

4.9 The design of coding schemes

In this section, the numelica,l lesults usecl in the discussions ale obtained florrr chapter' 3

based on the simulation of a taldem queueing networ-li with bulsty arr:ivals of sholt burst

length as the same as cliscussecl in Figure 4.9. The clesign of cocling schemes for landom

traffic will be in a similar nanner.

The above lesults show that if the cocles are chosen calefully, vely low cell loss/ellor

probabilities r-anging flom 10-10 to 10-17 can be achieved. Even for- a \/er-y high rate code

such as an (255, 233) RS code, as shown in Figule 4.9, the cell loss/erlol probability

lemains less than 10-8 (compaled rvith uncoded case of 10-2) for a bit err-ol late on the

tlansmission linli of 10-e and the average link utilization 4 : 0.95.

The cell loss due to network congestion rrl.zr,)r essrt in bursts. In our schernes, the y-axis

code trsing an erasure decocling can recover (cl^¡n2 - 1) elasules (ol erasure symbols) in

a received block. HoweveL for an erlor collection code, the capability of r-ecovely fi'om

Iong cell loss bursts is limited. We must note that given a code (ro,ko) whicir can recovel

burst loss of length tr,, cells (tr," is given b5, str-,.,,'.n (a.15)) in a received block, if rnost

losses are clue to bur-sts with t,he length l ) Ln,, then we have to sealch for sorrte other'

suital¡le codes.

To design a suitable coding scherne for bulst loss recovely, we must carefully exanine the
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cell loss-free Lun clistr-ibution P(0'11) given by ecluation (3.21). P(0"11) is a conditional

plobability that a loss-flee run l¡etu'een two cell iosses is of length r or.' greater. While a

palticulal cocle ma5' be suitable to r-ecove¡ a, long bulst, it rvill also t'equire e¡ough loss

tì'ee guald spaces in the received block [32]. P (0' II ) can indicate u,hether this r-equirerrìent

will be met. The '-esuits obtainecl from chapter 3 ha,ve confir'med that P(0'lI) is sensitive

to the tlaffic load, as shown in Figule 3.9 (a), but the lesuit of Figule 3.9 (b) shows that

extending the buffer size can significantiy inclease the burst intelval length. This will give

more opportunities fbr using erlol correction coding techniques, because er-lol collection

coding requiles a cet-tain loss fi'ee spaces betrveen the losses. However-, increasing the

bulst intelval length may result in incleasing the burst density. This requiles us to

furtlrer car-efully exa,mine the cell loss distlibution P(u,,u) which is given by ecluation

(3.22). Pþt,u) is the probabiiity that a blocli of u pacliet contains exactly'u lost cells

due to networ.k congestion. P(u,u) can help the designel to sealch for a suitable coding

scherne to recoveL the lost cells due to buffel overflow. Thelefore, the ellol corlection

coding technique can be combinecl with limited extension of the buffel size to improve

the pelfolrrlance suffeling florl the short-telm congestion due to heavy tlaffic load. The

plocedures ale

1. Carefully examine the loss-fi'ee run distlibution P(0'll) versus the traffic load f'or

diffelent values of queueing buffel sizes. Using the given desilable overall quality

requilements (loss and delay) and the reselved trafflc load t'ol the desiled VP, we

can cletelmine the ì:est lange of tlie y-axis cocle length, say u, and clueueing buffel size.

2. Examine the cell loss clistlibution P(u,u) f'ol cliffelent queueing buffel sizes colre-

sponcling to the given tlaflic load conditions. Then we can detelmine the minimum

distance cl^¡n2 wh\ch is lequilecl to lecover u ela,sriles in a block of length u and with

cocle rate of the two-dimensional code.

3. Since coding leqnires to tr.ansrnit parit¡, r'edunclancy which will intloduce extla tr-af-

fic into the network. Tliis extla, tlaffic r1â,), 6¿¡ss more cell losses than the benefits

obtained fr-om the coding sciremes. So we have to evaluated the cell loss/ellol prob-

ability and the pelfolmance delay fol the coclecl case. If tlie netwolk has sufficient
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capacit)/ to cauy the extla, traffic, and legitima,te lesulls ale obtainecl, then the de-

sign is done. Othelwise, we ha,ve to lepea,t (l) r-rsing the adjusted pala,rletels such

as qttetteing buffel size, cocie length, ol cocle rate until the cell loss/ellol la,te and

the perfolma,rìce delay in cocled case satisfy the selvice cluality lequilenents.

Fol example, consider a V Po as mentioned in the plevious section with a cell arlival

plobability pf) :0.18 which cor'.-esponds to an average link utilization 4:0.9. Suppose

tlre selvices callied on I/ Po lecluile the cell loss/erlol plobability Prs t 10-10. From

Figure 3.9 (a)) we car fincl tlie ìrest range of y-axis cocle length is from 100 io 300.

Accolding to the cell loss distribution P(u,u) shor.r'n in Figule 3.I2, we fincl that the

(I27,119) RS code with d.^;n2:9 tnay be suitable. Figule 4.10 shows the calculated the

cell loss/error plobability fol coded cases. In Figure 4.10, when link utilization is 0.9,

and using a (I27,I19) RS code combined with a buffel length of 15, the cell loss/erlor'

probability altel decoding is 3.8 x 10-8 (compaled wibh the uncoded case of 2.0 x 10-3).

The perforìrrance is not satisfied. Holvever, if we e-xtend the buffel size fi'on 15 to 20,

under the same tlaffic load conclition and still using the same code, the cell loss/erlol

pr-obability aftel clecoding is 3.3 x 10-13 (cornpared rn'ith the uncoded case of 5.4 x 10-a).

The irnprovement will be significant. Florl table 4.4, we know that using an (127,119)

RS code only intloduces about 2.8 ¡ns extr-a delay cornpared with the uncoded case.
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4.LO ARQ scheme for cell loss control at the cell level

As rve pointed out in chaptel i. ARQ scherre has been often used in data netwolk,

and can plorride vely reliable tlansmission, but it also intlocluces additional delay and

valiation in clelays. NIiìler'[7] cliscusseci the possibility of using AR.Q scheme against the

tlansnissioll elr-oÌs f'or speech and clata traffic in a, pa,cket-switched nettvolk under the

condition of rvithout packet loss clue to buffel overflou,. In this section, rve first consider

the perfolnrance of using a, A[-try ARQ scheme fol cell loss contlol against the congestion

at the cell level. Secondly, we corrrpar-e oul folu'ald ellol recovely coding schetne with the

NI-try ARQ schem.e.

4.10.1 M-try ARQ scheme

We fir-st considel a At[-try ARQ scheme [Z] as a,n edge-to-edge ellol contlol approach

for-the viltual path connections oL as a¡end-to-encl approach tbl the viltual channel

connections. The AtI-try ARQ is a selective-r'epea,t ARQ scheme [32] except that each cell

is only pelmitted up to ll4 tla,nsrnission attempts at achieving ellor'-fi'ee transrnission. In

this scheme, as discussed in section 4.2, each cell is encocled with an (r2", Å.") erlol cletection

code using smal,l tlistcntce cocle, whele the k, infor-nation bits inclucles a cell sequence

nurrrber oT k,z bits used fol ceil loss detection. Both tìre cell sequence numl¡el ancl palitS,

redundancy bits a,re inco'-polated into the SAR sublayel in the ALL. At the tlansmitting

edge of a virtual path (tlansmitting encl for an encl-to-end viltual channel connection),

the coded cells are transmittecl in older', ancl subsecluently stoled in a t,,-ansmittel buffel

because each cell is pending the letuln of a positive acknowledgement (ACK) ol a negative

acknowledgement (NAK) indication flom the receiving edge at the outgoing of the vir-tual

path (receiver end fbr an end-to-end viltual channel connection). O" the leceipt of a cell,

the leceiving edge uses the cell sequence numbel to detelmine rvhethel a cell is lost, and

uses the code pality bits to determine whethel one ol more elrols ale detectable in the

leceived cell. It letulns al ACK via a, r'etuln path if no error ol lost cell is cletected.

Othelwise, it retulns a NAK. When the tlansmitting eclge leceives a NAK f'ol a certain

cell, C.¡ say, it letlansmitts that cell in a, selective-r'epeat rlode [32]. At the r-eceiving
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eclge, subsecluent cells r-eceiveci elror'-fi'ee must be stolecl in a leceiving buffer until they

can be delivelecl in cor-'r'ect olcler'. This letlansmission process is lepeated until eithel cell

C"¿ has been leceivecl rvithout cletectable ellols ol until it has been tlansmittecl a total

of Att tirnes. If after ,41 transmission attempts all copies of ceÌl f,Y"¿ ale founcl to contain

elrols or found to be lost, then ceII C"t is discarded ol ignoled.

Now we considel the per'lblrrance tor a, At[-tt-y ARQ scheme. In f'ollowing analysis, we

assunìe that the retur-n of ACK/NAK signal via a letuln path is iclealized tlansmission

without loss ancÌ tlansmissiorl elrors. Wê also assume that all lost cells can detected by

cell sequence number' (hele rve only considel the cell loss caused ìry congestion at the cell

level). Let us define the cell loss/elror probability P.¿ as the plobabilit5, ¡¡u¡ a cell is

discarded or ignored because .4zltransrnission attempts fail. Then P"¿ can be given by

P"o: PlL, (4.36)

where P7.- is the loss/elrol probability including cells with tlansmission erlors and cell

loss due to buffel over'florn' given by equation (4.26), that is

Prn :1 - (I - P*)(1 - Pu""),

where

Pn :1- (1 - pt)n" - t A¿l¡,(r - ltt)"''-i
rtr¡

:_.!

is the pr-obabilit¡, that a cell infbrmation fielcl inclLrcling tlie AAL corÌtains elrors which

can be detected by the smalì clistance code (d,,"¿,"t :2). P,, i. give by equation (4.23).

P¿o"" it the cell loss pr-obability caused by congestion at the cell level for the obselved VP.

wlrich given by ecluation (2.26) fol random tlaffic obtained from chapter 2, ol given by

equation (3.20) for short bulst tlaffic estirnated by neans of simulation in chapter 3.

Let 2ro (second) be the lound tlip dela5, fi'om a tlansmission of cell to the return of

its ACK/NAK signal. Let Dt, Dz, ..., Dt, ..., Du be the delay when the number of

transmission atternpts per cell is I :1,2, ..., M, r'espectively. Then D¿ is given to a good
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apploximation b5,

Dt:r,,(21 -7),

and / tla,nsmission atternpts have the probability density

(I - PLE)P\L-;\

(4.37)

(4.38)PD(t) : P{"

0

Then the avelage delay is given by

At

D:DDtPD(t).

for'/: 1,2,..., M -1
ïor I : A([

othelwise

(4.3e)
l=1

The delay ca,rì nevel exceed r"(2ArI - 1). Obviously, in tiris ARQ scherrìe, a pair of buffels

of

R"r"(2ArI - I)
(4.40)

?7.,

cells ale lequiled at both th.e tlansmitting edge ancl the leceiving edge, r'espectively, whele

r?" is the tlansmission speed (bits/sec) of the viltual path ol viltual channel, and n, (bits)

is the cell size.

Using a CRC-10 [38] code to leplace the small clistance code in the SAR of each cell,

the M-try ARQ scheme becornes a Hybri,d AtI-try ARQ scheme which is a Type I hyblid

ARQ scheme [7] . A CRC- 10 code with a mininum clistance cltnit¿r : 3 can corlect one-bit

random erlol and detect most othel ellor pa,tter"ns contained in the cell inf'ormation field.

On the leceipt of a cell, the receiving edge uses the cell secluence number to detelmine

whether a cell is lost, and uses the CRC-10 cocle to cletelmine whetheÌ rì,ore than one-

bit elror is detectable in the received cell. It retulns an ACK via a letuln path if lost

cell ol uncoLLectable ellors ale not cletected. Othelu,ise, it letulns a NAK to lecluest a

retr-ansmission.

The analysis of pelforrnance with a Hybrid AtI-try ARQ is similal to that of. a M-try ARQ

scheme, but just using dmint :3 to ''-eplace (lminr -- 2 in the calculation of equation (4.36).
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Since we are consicleling the pelf'olmance of a VP lvhich is rnoclelled as a tandem clueueing

netn'olli rvith srnall size clueues ancl high linli utilìza,tion. in tiris case, in ecluation (4.36), P*

for- both the X[-try ARQ arcI Hybrid À'[-t.ry ARQ is much srnallel than P¿o"". Fol example,

for an optical fiber link with a bit ellol late of 10-s, a,ncl a cell infolmation field of 384 bits,

we lra,r'e Pu, : 4.24 x 107 fol Lhe XtI-try ARQ scherne. and P^ :7.3 x 101a for the Hybri,d

At[-try ARQ scheme. Lilieu'ise, fol a given a\/eÌage linli utilization 4 : 0.85, and clueueing

bnffer size is I{ : 20, fi'om the lesults shorvn in Figule 3.7 we irave P¿o"" > 2.4 x 10-3.

Obviously, P,, for both the N[-try ARQ ancl Hybrid fuI-try ARQ are negligible by comparing

them to P¡o"". Thelefole, we rrray conclude that undel high link utilization conditions,

the pelfolmance of using dtI-try ARQ and Hybrid AtI-try ARQ will be almost the same. In

the following analysis, we only consiclel the pelformance with the l/[-try ARQ scheme.

4.LO.2 Cornparison of two-dimensional coding scheme arld ARQ scheme

In this section, we plesent sorre specific nunerical lesults obtained fi'om the tlvo-dimensional

coding scheme and the Xt[-trl¡ ARQ scheme. Both schemes are employed as an edge-to-

edge apploach fol each indiviclual viltual paths at the cell level. The bit erlol rate of

the tlansrnission linli is 10-e. In both schernes, fol a cell inf'o'.'rnation field of 384 bits

including the payload fielcl, \/e Llse an (384,379) srnall rlistance cocle [9] u'ith 5 bits pality

ledunda,ncy (d*,,t : 2) f'ol cell erlol detection. 4 bits a,s the ceil sequence nurnber a,ncl

5 bits as the parity redunclancy bits are incolpolated into the SAR sublayeL [66]. We

assunre all lost cells can be detected by the cell secluence num.ber. Since the cell headel

has its own error plotection schemes [1], we ale not consider the cell headel ellol in this

section. \A/e note that the cell loss caused by celì headel ellors can also be detected by

the cell seqr-rerìce nurlbeL, and letlansmitted by ARQ scheme ol recoveled by the two-

dimensional coding scheme. The plobability of celÌ loss caused by cell headel ellors will

be rnuch smallel than the cell loss plobability caused by buffel over'flow, because the cell

headel has its owìÌ powerful ellol colrection scherre.

The evaluations ale ba,sed on the simuÌation lesults obiained flom chapter' 3, in which

homogeneous mixtules of btust-silence traffic with sholt bursts ale used (bulst length is

less than the clueueing buffer size). The V P" is assumed to be a viltual path contains
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Q : 5 queues. Each queue along the path is modelled as a bulk ar-rival clueue r,vith 1V : 5

inptrt \/Ps (inchrcling I/P") ancl a finite buffel of Ii :25. All VPs ale codecl rvith the

two-dinensional coding schen-ies v'ith the same cocies. In the examples, the bulst length is

of Ton: 10 slots, the silence interval length is of 7-ry¡ : 2 slots, ancl the solrÌce bulstiness

is 1.2. In the uncocled case, all VPs have the peak allival late of I given by ecluation (3.3).

The avelage link utilization is given by ecluation (3.8). The tlansmission speecl of I/P"is
A":150 Mbits/s. The lound tlip dela5, is assumed to be 5 nzs (1,000 km edge-to-edge).

Filstly, lve consiclel a situation with a,n avelage linii utilization of ? : 0.85. The cell

loss/ellor: plobabilitl, of uncontloiled ca,se is 1..1 x 10-{. If the cell loss/ellol pr.obability

at the outpnt of the receiving eclge is requiled to be less than 10-8, then 1'ol the two-

dirnensional cocling schene, as shorvn in Figule 4.9 and Table 4.5, rn'e use a, (169, 155)

binary cyclic cocle as the y-axis code which leduces the cell loss/elrol plobability to

5.6 x 10-16. The coding dela5, (including the delay caused by leceivel buffering and the

queueing dela5, f'ol cells transmittecl thlough the netrvolk) is 0.83 rizs. The scheme requires

a buffel of I69 cells to assist the y-axis decodel ai the leceiving edge. By contr-ast, we use

a AtI-try ARQ u,ith ]lz1:2, rvhich can leduce the cell loss/ellol plobability to 1.9 x 10-8

(flom equation (4.39)). However', this ARQ schernerequiles a pai-,- of buffels of size2250

cells at both the transmitting edge ancl the receiving eclge, respectively. The rnaximum

delay (including clueueing clela5' for cells tlansmitted through the netwolk) is 12.9 nzs ancl

the avelage clela5, is 2.9 rrzs. \Ä/e note that if the ARQ schene is used as an e'd-to-end

apploach fol a lorv-speed viltual channel connection, the buffel size may be smaller'. The

buffel size will clepends on the tlansmission speecl of the virtual channel.

Secondly, u'hen the avelage linli utilization incleases to ? - 0.95, the cell loss/elrol

probability of uncontlolled case is 1.56 x 10-2. If the cell loss/errol plobability at the

otttput of the r-eceiving eclge is also lequiled to be less than 10-8. Fol the two-dimensional

coding scheme, \ ¡e use a (255, 233) RS code with a code rate of 0.9 as the y-axis code

which lecluces the cell loss/errol plobability to 5.9 x 10-8. The coding delay is 6.1 rns. The

scheme lequiles a, buffer of 2040 cells to assocìate the y-axis decoder at the leceiving edge.

By contrast, using a At[-try ARQ with At[ : 4 ca,n Lecluce the celÌ loss/erlol probability to

6.25 x 10-8. However', this ARQ scheme requile a pail of ìnffels of size 5250 cells at both
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the tla,nsrnitting edge ancl the leceiving edge. r'espectirrely. The maximum clelay is 17.9

ms and the avela,ge delay is 3.1 rizs.

With tlre compalison of the trn,o-dimensiona,l coding scheme a,ncl Atl-try ARQ scheme, we

may conclucle that:

1. The ARQ can provide vel), t'eliable transmission.

2. The ARQ scheme neecls a retuln path f'ol tlansmission of ACK/NAI( signal.

3. Lar-ge buffels are involved at both the tlansmitting edge and receiving edge for the

ARQ scheme. We note that when the ARQ is used as a,D end-to-end approach fbr'

low-speed viltual channel connection, the buffer: could be smaller'. On the othel hand,

the delay is also lelative to the lound ilip delay. The per-fbr'ìrrance of sholt distance

connection r,r'ith ARQ scheme is much bettel than the pelfolrlance of long distance

. connection.

4. For the ARQ scheme, the rnargin between the maximurn delay and the average delay

is large. This may be not suitable fol leal-time ser-r,ices transrnission in the ATM

netwollis. However', ARQ scherrre can be used fol non-r'eal time services due to theil

tolelance of clelay.
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Chapter 6

CELL LOSS COI\TROL AT THE

BURST LEVET

Surnmary

In this chapter', we considel the procedures fol cell loss contlol at the burst level. Filstll',

a powerful methocl of cell loss contlol along a rriltua,l path or viltual channel based on a

joint usage of priority discar"ding of cells, two-dimensional folwald error lecovely coding,

and interleaving is desclibed. The appiication of this rnethod allows one to declease

significantly the numbel of lost cells dur-ing the period of congestion at burst level which

may occul due to tlaffic fluctuations duling a cali.

Secondly, lve analyze the long-telrn pelformance v,ith coding unclel burst overload con-

ditions. The perfolmance of a viltuai path ol viltua,l channel will be detelmined by the

tlaffic soulces which are pÌesent at all the nodes along the path thlough the ATM network.

These bulsty solrrces are rnodelled as homogeneons bulst-silence plocesses with long bulst

length. Since the exact queueing evaluation lbl that model may not be tractable due to

queue transient effects, in this chapte-,-, we shall sohre the ploblem rn,ith apploximation.

The resuits rvill shorv that coding technic¡res ca,n be a useful supplement to the con-

ventional use of congestion control techniques. Such approach is of significant plactical

and theoretical value. It extends the lange of loads and condition over which the ATM

networks can be safely exploited.
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5.1 Introduction

Congestion in an ATM netrvolli usr-rally occlu' at 3 clifferent levels: call, bulst, and cell

Ievel [56]. A overload situation at the call level ieacls to call blocliing whereas congestion

in the lower levels rnay lead to a loss of cells. In connection witir celÌ loss recovely, only

the lower levels rlust be taken into consiclelation. At tìre cell level, congestion is causecl

b), simulta,neons cell allirrals occnlring in a tirne spa,n equivalent to a source inter'-cell tine

[72]. At the burst level, congestion occuls rvhen the total ar-r'ival late, aveLaged ovel a,

period gleater than an inter'-cell time, exceeds the capacity of the output link [72].

As discussed in section 1.3, to flexibly suppolt an entile range of existing ancl foleseeable

selvices, and efñcientl¡z sþut" the netwolk resoulces, the ATM netwolk will allow soutces

to access the netwolk even though the total peali rate of all sources may exceed the

link capacity [57]. The length of bursts permittecl to enter the netwolk may need to be

controlled by a cell policing nechanism, but it is not cleal whether to allow long bursts

or short bursts [83]. The results obtained from chapter 3 have shown that short bursts

can take advanta,ge of queue clynamics to absolb losses, that is, using buffels of sufficient

size in multiplexels and su'itches to absolb the sholt bulst allivals, and stole cells fol

transmission when the links a,re 1ì'ee. In this case, the loss belongs to the cell level. The

disadvantage is that r-equiring sholt bursts only rvill lestlict the pelfoÌnrarìce to the Lrsers.

By contrast, the use of long bursts can give bettel user access, but it causes the netwolk

to suffel fron bnlst collision giving long bulst cell loss. In this case, the loss belongs

to the bulst level. The lesults shown in Figules 3.8, 3.10, and 3.13 have indicated that

when long bulst ovelloacl is involved, the cell loss-fi'ee intelval between the tr,vo cell losses

become nar-r-otver) and the cell loss due to buffel over'flow will occul mole flequently and

in long bulsts. In chapter' 4, we have stuclied cocling schemes fol cell loss recovely at the

cell level. The lesults have shor,vn that the pelf'olmance with the two-climensional coding

at the cell level is very good. However, at the burst leveì, the use of two-dimensional

coding u'ith long bursts does not malie much impact. For the pulpose of cell loss contlol

using lbru'ard eÌlor lecovely cocling schemes at the bulst level, rve must consiclel other

countermeaslu'es in addition to the trn'o-dirnensional coding schemes.
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The cell priolity cliscarcl mechanism is a useful cotuttelmeasule for ovelload contlol, to

transfer the cell loss onto lou'el pliolity selvices [79]. Two cliscald priolities have been

lecorrrrìendecl by CCITT 1221. A pliolitv mechanisn ca,n grìarantee high cluality fol the

services with high pliolity, but rnust pay a high plice of highel loss fbr the low pliolity

servrces

In this chapter', rve study the application of folu,alcl ellol l'ecovely cocling scheme fol cell

loss control at the bulst level based on a joint usa,ge of pliority discald of cells, two-

dirnensionaì fblu'ald er-ror recorrer')' coding, a,ncl inter'leaving techniques. Oul stucly is

again basecl on a tandern queueing netwolli consisting of Ç single server queues in series.

Each queue leceives tlaffic flom 1/ homogeneous burst-silence sources as discnssecl in

section 3.2. The burst length is gleatel than the queueing buffer size, and the peak late

of ovelall allival tlaffic exceeds the output link capacity. In this case, the loss belongs to

the burst level.

6.2 Strategy of cell loss control for burst level congestion

The proposed stlategy I'ol cell loss control at the bulst level is based on a joint usage of

thlee approaches: pliolit5' discalding of cells, two-dintensional cocling, ancl intelleaving.

i. The admissible tlaffic is divided into 2 cla,sses colresponcling to diffelent cell loss

rate, whele the high-pliolity tlaffic has the high-cluality lecluir-errent while the low-

pliority tlaffc has the the nreclium-c1ualit5, t'ecluit'ement. \Aihen the peak late of all

arrivals exceecls the link capacit5r, cells u,ith lorv pliority u'ill be discalcled using a

paltial shaling buffel mechanisrr [a5]. This is to tlansfel the loss florn high to low

pliority traffic.

2. Each viltual path ol viltual channel with lorv prior-ity is covered by a two-dirnensional

coding scherne combined with a interleaving/cleinterleaving pair. The discalded cells

will be Lecoveled at the leceivel end.

3. Since the discar-ded cells ma5r ¿pp€'.r in long bulsts palticularly unclel bulst overloa,d

conditions, the interleaver'/deinte-,-'leaver pair loca,ted at the transmittel and receivel
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erìcl, r'espectivel)/, is usecl to blea,k up a,ncl distlibute the burst cell loss pattelns so

tha.t to the clecoder', the1. appeal in short bursts ol r.andorlly distlibuted [32].

Now we describe the stlategy in details as follor.vs

5.2.L Priority discarding of cells

Estirnation of instantaneous traffic load

Recall the definition of P(7) in section 2.5, that is the plobability that 7 ceils ale waiting

in a switch output queue, whele 0 > j > Ii,1í being the buffel size. P(j) is a linction

of the instantaneous cell allival plocess. Figule 5.1 and Table 5.1 show the sirnulation

results of P(j) velslrs j f'ol a given set of peak rate r7,, of overall cell alr-ivals, where 4o is

given by ecluation (3.9). An actual bulk arrival clueue u'ith lV:50 homogeneous burst-

silence solu'ces with average bulst length of 500 slots and average silence intelval length

of 100 slots as desclibecl in chapter 3 is consiclelecl in the sinulation.
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Table 5.1 PU) ver-sus 7 for differ.ent values of the peak tlaffic loads

Figur-es shou¡n in Table 5.1 inclicate that the clueueing length T is vely sensitive to the

insta,ntaneous tr..affic loacls. For exanrple, let us cor.siclel' a case of j : i8. Flom the

Table 5.1, u'e see that P(18)lnplo.ss will be much smaller than P(18)lro>t.ou. This means

when the clueueing length reaches J : 18, the plobability that the instantaneous traffic

with ovelloaci will be rnuch gleatel than it u'ith ulderload. B), contlast, f'ol j : 4,

P(4)lrr¿r.os (( P(4)1,,o<0.s5. This suggests a possibility of using a threshold point along

the queueing buffer to monitor the instantaneous tr-affic orrerloads.

Priority discarding of cells

When these tr,r'o classes of tlaffic, high-pliorit5z ¡¡u1¡. and lou,-pliorit5' tlaffrc, come fron-r

cliffelent VPs, ancl join an AT\4 multiplexer', the buffel rrìa,nagerrìent in the switch becomes

more compiex and a pr-iolity discalcling mech.anism must be irrplemented. The pliority

discalding of cells at an ATN4 multiplexer has been considered in a nunbel of proposals

for traffic contlol. The first is the push-out mechanism ploposed by Doshi and Heffes [86].

An arriving high-pliolity cell may entel a satulatecl clueue wher-e at least one low-pliority

cell is ah'eady waiting in tìre queue. Then one of the low-pliolity cells is discarded, and

the alriving high-pliolity celi joins tìre queue. If the queue contains only high-pliolity

cells, the alliving pliolit5r cell is cliscalcled. On the contLaL¡', lss'-priolity cells cannot

enter- a satulated clueue ancl are ciiscalded. Tire push-out rnech.anism is the best rnethod

so far as thele is no intelfelence of the high pliolity cells ìry the low pliority cells. They
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appear to harre the entile l¡anclwiclth to tiremselves, ancl so climensioning can be clone

conselva,tirrel), fbl those selvices girring top pelformànce. By contlast, the low plioriiy

seLrrices suftèr' fi'om much poolel pelf'olmance. Since cell sequence rlust be pleservecl, the

push-out rnechanism lecluiles a complicated buffel ma,nagement logic [59].

The seconcl solution is the partial buffer shaling mechanism proposed by Li [45]. When

queue occupancy reaches a, given threshold, only the high-priolity cells rna,y enter- the

queue. Obviously, the paltial buffer shaling mecha,njsm is less efficient than the "ideal"

push-out mechanism since high-pliolity cells can be clìscalclecl while low-pliolity cells are

still in the queue, ì:ut it is much sirrpler-to implement.

Doshi and Heffes [86] have analyzed push-out mechanism with r-epla,cement stlategy using

M/M/l/N queue fbl Poisson allivals traffic. Hou a,ncl Wang [85] have cousiclerecl the

use of a paltial buffer shaling scheme with geometlic alrivals fbr low loss pliority ancl

bulst-silence solrrces fol high loss pliority. Krönel et al. [59] have compaled various space

pliority mechanisms and their short-term queueing behaviol and long-terrr charactelistics.

At an ATM access multiplexer, the instantaneous queueing length is sensitive to the

instantaneous tlafËc load. When the capacit)' actuall)' usecl is less than or equal to the

allocated capacit5, of the network link, the queueing length will be predominantly in a

lower range. When the capacity actually used exceeds the link capacity, ihe queueing

length will quickly build up and cell loss will increase.

r43



Input
VPs

Output
link

1

D2

1

D1
Discarding
of low
priority
cells

Figure 5.2 A cliaglam of controÌlecl discarcling of cells

Now we considel an approach, called priority discarding of cell,s, based on a, partial buffer

slraling tneciranisrn [a5]. As shorvn in Figure 5.2,to guarantee a muchbettel pelt'olmance

for high pliolitS' cells, u,e set r-rp trvo th¡eshold cont¡ol points alo'g the buffe. at the D1

and D2 positions (D, > D2), whele D1 is a position of clueueing length j corresponding to

the instantaneous tlaffic load with vely large pr-obabilit), of full load or ovelload. Likewise,

D2 is a position of queueing length j collesponding to the instantaneous traffic load with

vèry lalge probability of unclel allocated capacity. When the queueing length j exceeds

the thleshold point D1, the switching node only allou's the cells with high pliolity to enter

the queue, and stalts to discard the a-,-living cells u,ith low priolity, which ale marked as

a candidates fbl loss in case of congestion. Accolding to curlent CCITT standard, l-bit
pliority indicatol has been reselvecl in the ATM cell headeL [66]. When the queueing

length j letulns bacli to the thleshold point D2 oÌ below, the instantaneous tlaffic load

will be equal to ol less than the allocatecl capacit¡, of the tlansmission link. The switching

node will stop discalding the lou' priolity cells. The positions of D1 and D2 ate acljustable.

These could, fol example, clepend on the statistics of the traffic carlied on the VPs. If
D1 is lowe'-, the a,ction of discarding will occur more flequently. On the other hand, if D2

K K-2 K-3 2 1
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is lorver', each cliscalcling action u'ill be talien longel ancl mole low pliority cells ivill l¡e

discalded.

In following sections, we rvill asslulle all high pliorit¡, car pass the tanclern clueueing

netu,ork u,ithout loss based on above pliolit)r ciiscalclìng mecha,nisn.

In our pliolit), cliscalding scheme, the non-r'eal-tinre selvices such a,s clata ancl image are

preferrecl to be lolv pliolity, while leal time selvices snch as voice and video ale plefèr'red

to be high pliolity. This is beca,use:

1. The data and irnage selvices are toìerant of clelay and theil tlansnission lates aLe

contlollable cluling the selvice.

2. Bur-st ovelload is more likely to arise florn the burstS, clata or image tlansfer- appli-

cations, beca,use theil expected bandwidth na5, not be predictable [13]. Discarding

of data ol irlage cells can significantly leduce the instantaneous tr-a,ffic load.

3. Data and image cells a,r'e tolelant of delar', so that interleaving/cleintelleaving tech-

niques couid be applied. We note that pliolit-i, cliscalding of cells combined with

an end-to-end AR,Q scheme is a,lso applopliate 1'ol non-r'eal-time selvices, because of

theil tolelance of delay. This is to tradeoff of cell loss 1'or delays.

We note that this apploach rnay a,lso be used as a, r'ea,ctive contlol plocedur-e. When the

queueing length y exceecls D1, the switching nocle stalts to clisca,r'cl the ley, pliolity cells

and sencls an ovelload signal bacli to all inpr-rt VPs lo notif5' the vir-tual path contlollel

to stop accepting new conrìections. and to r-ecluest a leduction of the transmission lates.

Wlren the queueing length j letur-ns to D2 ol below, ihe switch node will stop discar-ding

cells ancl sends a undelloacl signal back to the viltual path contloller'. The network can

accept new connections accolcling to the allocatecl capacity. However, as discussed in

chapter' 1, the leactive congestion controì u,ill have some significant disadrrantages, a,ncl is

considered to be inapplopriate [78]. In the follorving sections, we assume that when the

queueing length exceeds the thlesholcl point, the switching rode cliscalds the low priolity

cells but does not send an5' choke cells to recluest a leactive contlol.
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5.2.2 Two-dimeusional codes combined with interleaving for loss recovery

As shown in Figule 5.3, a two-dimensional coding scheme combined with intelleaving is

ploposed fol lecovely of lost cells. This coding scheme can operabe end-to-end at the

viltual channel connection level fol inclividual services or edge-to-edge at the virtual path

connection level 1'ol a, gror-rll of selvices. Note that a tu'o-climensiona,l cocling scherrre

without interleaving can also be employecl for selvices rvhich ar-e sensitive to both delay

and loss sucìr a,s rrideo tla,nsfel applications.

Figure 5.3 Two-climensional code combinecl wìth intelleaving.
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Figure 5.4 A diagram of symbol-by-symbol block interlea,ver

Most forwa-,-.d ellor correction codes ale designed to be effective when the tlansmission

distulbances give lise to ranclomly distlibuted cell losses and ellors, Fol pelfor-mance at

the burst ievel, we must considel the effects of buffer- over'flow due to overload. In this

case, cell loss patterns will be in bulsts. One lvay of apploaching loss recovely in such a

case is to combine coding with an intelleaver- at the transmit end and a deinterleaver. at

the leceiver end.

For intelleaving which associates a RS code (n0,k.,1) h GF(2"2), u,e considel using a

symbol-by-symbol block interlea,vel/deintelleaver'. This is done by alr-anging yn2n., cells

into 'y r-ows of a lectangulal alray ancl then tlansrnittìng them column by column in cell

symbols (each cell symbol consists of nt2 cells, a,ncl ?11.2 - 1 for binaly code).

The purpose of the intelleaver/deintelleaver pail is to bleak up ancl distribute the bur-st

cell loss patterns so that to the decodel, the), ¿pps.r'r'a,ndomly distribr-rted [32]. A given

burst ovelload may affect a sequence of successive transrlission cells. However', if the

tlansmitted cells are intelleaved, and aftel tla,nsmission the leceived cells ar-e deinter'-

v

147



leavecl, this lesults ìn apploximatelS, inclepenclent clistulbances of each cell u'hen vieweci

Tlom the deintelleavel output. In1,er'1ea,r'ing is a folm of time dirrelsit), which lecluir:es no

detailed knou,leclge of the system nr.enory othel than its apploximate length. It rnay

consequently be cluite lobust to change in cell loss statistics.

Intellearring inrroh,es clela),, although this can be leclucecl bi' ¡1t" r-rse of a convolutional

form of inter'leaving [32], The delay will be clirect,l¡,' r'r:l¿rted to the nraxirnurn length of ihe

cell loss bulsts to be lecoveLecl. Thelelble the joint usage of pliolit¡, cliscalcling of cells,

trvo-dimensional coding scheme cornbined witìr intelleaving attempts to solve the ploblem

of cell loss controi at the burst level rvith lirritecl bulst size for all selvices. We shouid note

that if high pliolity services are a,llocated bandividth conservatively, the two-dimensional

coding scheme without interleaving rnay be satisfactor'5r ¡s implove the loss per-foltnance.

5.3 Estimation of the performance with coding under burst

overload conditions

In follou'ing sections, we rvill not consiclel the effects of cell elror caused b5, ¿¡^t tmission

error. Florn equa,tion (4.I7) rve have knoivn that fol an optical fibel with a bit elror'

la,te of l0-e, the pr-obabilil,v that a cell information fielcl of 384 bits contains at least one

bit error', will be less than 4.24 x 10-7, and is negligible by se¡1,laling it to the cell loss

plobability causecl by congestion at the bulst level (see section 3.5.2). We u'ill also not

considel the celì loss ca,usecl b5, ssll heaclel errors, because the cell headel has its ou'n

er..'r'ol pr-otection scheme, the elLols in the cell heaclel can be ignoled.

5.3.1 IJncoded case

Now we estin-rate the loss clue to blrrst level congestion using a tandem clueueing network

with mixtures of homogeneous bulst-silence Lr'affic. As cliscussed in chapter' 3, for an

ATM rnultiplexel with burst¡' cell arlival process, the clueue tlansient effect rvill be taken

into account, ancl ihis leacls to very complex clueueing models [73]. An exact queueing

analysis for this model seems not tractable and therefole the pelfor-mance evaluation
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must be done by simulation or apploximation. In chapter 3, we have stucliecl this nodel

to obtain the statistics of cell loss due to cell leveì congestion using simulation. Sirnulation

using Monte Callo techniclue is only feasible fol relatii,ely high celi loss plobability, clue to

Iirnited computer lesouLces (see chapter'3). In this chapter, we shall give an apploxirnate

analysis fol the cell loss caused by congestion at the bulst level, i.e., we neglect the effects

of the buffers in the AT\4 network. A similar approach has been used in [21][59]. In this

analysis,, the overload periocl is assumed to be rnuch gleater than the clueueing buffel size,

so that the queue tlansient tirne will be much smallel than the whole ovelload peliod. In

the long lun, the cumulated tlansient tine will be rnuch smallel than the cumulated time

of ovelload peliod. This calculated cell loss ploìrabilitv wilì appear worse than a rrìoLe

exact model which takes exact the queue tlansient effect into account, as cells would not

be lost dur-ing the time fi-om the instant of a bulst over-load arliving at the queue until

the buffer' fills. The apploximate analysis is delived as following.

Consider a virtual paíh V P" thlough a tandem clueueing network consisting of Q sin-

gle selvel queues in selies opelating on a fir'st-in-fir'st-out (FIFO) basis. The switching

functions lesult in mixing of tlaffic flom different input stleams and splitting of tlaffic to

diffelent output stleams.

A qtreue I (I : I,2, ..., Q) along the path l/ P" is a bulk alrival queue which has a, finite

buffer of length 1{, and leceives input from Ä¡ independent horrogeneous bur-st-silence

sources as described in section 3.3. A designated ,4-stleam is calr-ied on the viltual path

7P" thlough the tandem clueueing netwolk. The clesignated , -stream depalting the

culrent node goes to the next node while the tlaffic calried on other VPs is assumed to

leave the ta,ndem queueing network inrnediatell, [6t].

In this section, we will considel two cases: i) the loss plobability Íor VP" without pr-iolity

discalding, i."., all admissible tlaffic have the same pliolity. ii) the loss probabilit5, fs¡

I/P" wi|h priority discald mechanism as described in section 5.2.2.

Tlre cell loss probability for V P" without priority discarding

Consider the queue 1: the pelfbr:mance will be determined by the number of soulces which

ale presented at the clueues in an overload period. Recall the definition of burst-silence
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sotlt'ce in section 3.3, fi'om ecluation (3.6) we lnow a, bulst-silence soulce in burst state

with probaìrility

Q:Tonl(7".*T't,¡,

and silent with plobability I - q, where Ton is the avelage bulst length ancl To¡¡ is the

average length of silence intelval given by ecluation (3,4). Since the queue 1is 1ècl by 1ú

independent homogeneous l¡ulst-silence soulces, the plobability that r/-r sources are in a,

but'st state (ar-e actìve) can be cornputed lì'om a binornial clistribution:

p(rþ) : (;) ,1'þQ - ù*-'þ

p(,þ)(,þ^ - 1)

(5.1)

Tlre cell allival la,te, given Lhat d solu'ces in an active state, is given by tþÀ. The rrean

aggregate allival late can be expressecl as

e : ÀÇN, (5.2)

where À is the cell at'rival r-ate fbr a single burst-silence source in the burst state, and

given by ecluation (3.3). The peak r.ate of the mixed tlaffic is

Tp: NÀ' (5 3)

Cells will be lost if the total cell alriva,l late exceeds the link capacity. For a given state

Ty', the agglegate loss is given by maximun dÀ - 1. With this clefinition, the agglegate

cell loss plobability is given by

B: I \-ffqÀ /' (5 4)
osv,sN
úl>r

If landom selvice among the cells alriving at the quelre 1 in the same slot, the avelage

probability for a cell from the designated ,A-stream and disca,rded at the queue 1 is given

by

t P?þ)('þ^ - r)
o<ú<N

¡/) > I

B:,,:#
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We a,ssune that the interdepa,r'tule plocess of the clesignated A-stleam. is also a burst-

silence process as it clepalts fì'om the queue 1 ancl goes to join the next queue I + 1. As

cliscussed in chapter 2, tiris involves a,n independence assumption between the adjacent

queues in the tanclem cluer.reing netrvolk. Over the extent of the tanclem queueing netwolk,

the average cell loss plobability for the designated A-strea,m is apploximatecl by

a
ptosst: t1 -ll(1 -B:r))ll^q (Ð,0)

Tlre cell loss probability for \/ Po with priority discarding

Consicler the queue 1: hele we assuìrle that the /V independent input bulst-silence sources

consist of .A! sources with low-pliorit), and N2 sor-u'ces with high-pliolitl'. Both the high-

pliolity and low-prior-it5, sotu'ces have the sane pa¡ameteLs as defined i¡ section 3.3. The

probability hhat rþ¿ soulces of pliolity i (i,: I,2) are in a bulst state (are active) can be

computed from a binonial distlibution:

I:7

P(rþ¡) : (5.7)

Tlre cell allival late, given that T/1 sources of lou, pliolity anð. $2 soulces of high pliority

in an active state, is given b5.

(rh + rþz)^

The rnean agglegate alriva,l rate can be expressecl as

? : qÀ(¡ú 1À¡r), (5.8 )

where ) is the cell alr-ival rate for a single burst-siience soulce in the burst state, and

given by equation (3.3). The peak late of the mixed traffic is

\p: (Nt + 
^rr)l

(5 e)

Cells wiil be lost if the total cell allival late exceeds the link capacity. Fol a given state

(rþt,'rþr), tlre aggregate loss is given by marimum (rf.', * rþr)À - L With this definition,
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the aggregate cell loss pr-obability is given by

t 7t(þ1)p(tþ2)[(1,' + ,þr)À - | (5.10)
olúrlNr
oSV:lNz

(.r'r +ú2¡r > r

Since we have assurned that the high pliolit¡, 6"11. are not lost under selective discald-

ing rnechanismT then the loss probability f'ol a, lorv pliority cell, clenoted a,s.B1, can be

evaluated 1ì'orn the f'ollowing conselvation law fbl the agglegate loss plobability B, that

IS

ÄrrqÀBr:(ÄrriNz)qÀB (5.11)

If random discarding among the low pliolity cells alriving at a satulate queue in the same

slot, the a,velage plobability fol a cell flom the designated A-st'..eam and discar-ded at the

queue l is given by

3u)- 1

" NrqÀ t pþþ,)p(,þ,)[('ú' + 'úr)À - l, (5.12)
olvrlNr
o!,þzsNz

(úr *tr:)) ) I

Ovel the extent of the tanclen clueueing network, the a,verage cell loss probability lbl the

designatecl A-stream with a lsi¡' priolity can be appr:oximatecl b¡'

a
Pto"s2: t1 - ll(1 - Bu\llq^. (5.13)

I=7

5.3.2 Coding cornbined with interleaving

Now we considel the pelforrnance of coding conbinecl with interleaving. In this section,

we assume that all cells with high pliolity ale not lost in the tandem queueing network.

All soulces with low pr-iolity, which join the c¡reues along the path V Po, ar-e coded by

the same tu'o-climensional code. Since we aÌe not consiclering the effects of cell eLrols, in

following analysis we only need to considel t,he per'lblnrance with the y-axis code.

Pol tlre y-axis code using a RS code (ro,ko) in CIF(2"2),m2(no - kr) r'eclundant cells are

transmitted in a block of nt¡t,o cells which contains n't2k2 inlormation cells (nz2 : I fbr
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17a

ks

The total avelage late of the tlaffic loacl rvill be

a binary cocle). Then some extla tla,llic r,vill be intloclucecl into the netwolk corlpalecl

with the uncoclecl ca,se. The multipl),i11g factol fbl a, lou' pliolit¡, sor-rlce coclecl lvith two-

climensional is be lequired to cally tl¿rffic with a rate

8",

¡7'- (B"Nrr N2)Àq (5.14)

If all of the discalded low pliolity cells ale detectable using a cell sequence number', then

the total cletectable cell loss probability Pf o"", in the presence of priolity discarding can be

obtained fi'om equation (5.13) fol a given set of parametels rro, ko, d*in2¡ Q, I{, ¡ú, ¡/2,

), and q. Note that Plo,", r'epresents ihe plobabilit¡, of cell loss P/o,"2 given by ecluation

(5.13) with the expancled traffic loacl 17': (8"À¡r +,\,2)Àq.

!\ie now considel the y-axis decocling. Given an (rzr, Å:r) RS cocle in GFç2"' ) as the y-

axis code (nz2:1 fbl binar'5' code), each tu'o-climensional cocle blocli consists ol n't,2rzo

cells. Now we use a syrnìtol-ll)-s5r¡1þel bìock inter'1ea,r,er/deilte¡iea,rrer'. As shou'n iu Figu¡e

5.4. eaclr intelleavecl blocli contains 7 tu,o-climensional code bloclis oT 1n't2tt,, cells. Tire

inter-leaving is done by alrangi:ng ^IITL2.'70 celìs into 1, lows of a lectangulal alra,v and then

tlansmitting them column by colunn in cell symbols, whele 7 is the depth of interleaving,

anci a cell symbol consists oT tn2 cells which is a elementin GF(2^') (see section 4.4.2). In

the follolving analysis, we assnme that aftel cleintellea,ving, in each two-dimensional code

block, all e.-asule syrnbols occlll at randorn or in bulsts with a length less than (d^¿"2-1)

cell symbols, whe-,-'e d^¿n2 is the rninimum distance of the y-axis code. To satisfy this

assumption, the naximurn iength of recover-able bulst loss in a, intelleaved block must be

less tlran 1(d*¿nz - 1) cell synbols. All burst losses of length glea,ter' 1(dn,;nz - 1) celi

symbols are assurrred to be unrecover-able.

Obviously, a patteln of cell losses can be recovered f'ol the whole anay if the pattern of

losses in each Lou' is a lecovelabìe patteln fol the oliginaÌ code. If an (rzr, frr) y-axis code

lras rrrininnm distancÊ d. i,,2 - ?tu - Av + 1, and can Lecovet'a bulst of length no - ko cell

symbols or less, which cousist of lost cells. Then the intelleavecl code will recovel a, burst
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of length l(t'¿E - kr) cell synbols ol less. In fact, a single erasuÌe bulst group of length

less tlran or equal to 1n-r2(tzo - ko) - ?)r2 * I can affect at most ^l(tza - kr) consecutive

cell syrnbols and so still be lecorreLecl, This is the rua,ximum capacity, denotecl a,s 8,n., of

recoveling fi'om a, single burst loss in a,n illelleavecl blocÌi. Then tlte B,,n ca,n be given by

B (5.15)

(t : 1 for- coding without intelleaving).

The plobability that the intellea,r'ed RS codes fa,il to colr-ect eLasule s),nbols in an inter'-

lea,ved block will be upper bounclecl by

n!

p,: t Ajp:e-p")na-) (b.16)
j=B''n

where A¡for j : B,*, (8,*11), ..., na ate the weight spectr-um values for the RS code

(e.g., the numbel of codewolcls of weight 7). These can be given by

un1,

1nz2(rzo-ko)-nt2!Il
1(l*¿.2 - I)

fol RS cocle in GF12""¡

fol binaly cocles

I folj:g
for'1(j!l(d^;"r-1)0

AJ (5,17)

( ; ) 
Ðin-='o-"'(-l)u ( ; ) 

.,' -2r2-r - l) Tot 1t1,rr¡,"2 < j < rt

wlrele Q:2^'- 1, and A¡ is the nurnbel of codeworcl with weight 7. The derivation of

this equation is given in the lefelence [50][52]. P" is the s5,rnþ61 ellol probability of the

RS code given by

(5.18)

where m2 \s the numbel of bits in a symbol of the RS code. Then the probability of

uncorrectable elasures in a, received block is apploximately

P
Prsz x ! (5.19)

lTI2

Note that P¿s2 inclucles the erpanded tlaffic load due to tr-ansmission of ledundant cells.

In this case, the tr-ade-off a\¡erage link utilization is given b), ecluation (5.2).

P" :î ('"') 
",:"",', 

r - Plo"")^,-i
i=r\ z /
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Intellea,rring/deintelleaving invoh,es clelar'. If a,n iu1,r:r'lea,r,er'/cleintellea,r'el pail vvith a,

clepth of l is usecl, then one of buffel eclual lo lnt2rto cells will be lequilecl at the tlansmit-

tel a,ncl receivel encl. At the leceivel encl, the cleintellr:a,r,ing buffel can be conrbined u'ith

the receivel buffel which is used fbr. y-axis decocling. The coded viltual path is assurned to

ha,ve a, tla,nsmission speed Ao, irence the total dela¡'ca,used by intelleaving/deintellea,r,ing

pail can be given by

(5.20 )

5.3.3 Virtual path outage probability

In digital netwollis, tire tlaclitional bit en'ol late has been founcl inadequate f'ol desclib-

ing netwolli pelformance, because it does not plovide alì acclu'ate charactelization of the

distlibution of erlols with tirne. CCITT [88] has lecomrnenciecl to use the outage prob-

ability to replesent tire tlansmission cluality ancl ava,iiability of long telm pelformance

in the digital netwolks. In the digital netwollis, the outage probability is clefinecl as the

plobability that a specified bit elrol tluesholcl is exceeded [87] [88]. We considel this

concept for- oul network application. To estimate the long telm pelfolmance fol a virtual

path through an ATM netrvolk suffeling fi'om bur-st overload, we introduce a concept of

virtual path outage probability defined as the probabiiity that the cell loss prob-

ability is gleatel than a given rnaximnrn acceptable vaiue e . The viltual path outage

probability can be used to rrreasuÌe the selvice c1ualit5, ancl availabilitl' for a particulal

VP under bulst overload conclitions. Nolmally, the netwolli must be designed to opelate

under non-over-load conditions u,ith large cell loss/erlol na,r'gins to ensule that a specified

maxitnurn plobabilit¡' of outage is achieved.

IJncoded case

Fol the uncoded case, \,\¡e u'ill consider the viltua,l path outage plobability fe¡ a viltual

path I/ P" without priolitl, cliscalding of cells. The perforìra,nce will detelmined by the

number of soulces which ale pÌesent at the queues in a,n ovelloacl peliod. Consiclel a queue

I (I : I,2, ,.., Q) along the viltual path VP, is fad by /y' independent homogeneous

burst-silence soulces. Accolcling to the definition of the bur-st-silence pÌocess desclibed

Tt
t2nt,rn,,,

Ro
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in section 3.2.2. rve have knorvn that the cell allival late, given that 'il soulces are in the

bulst state, is given by Àrþ, u'hele ) is given b5, e.t.rut'on (3.3).

Obviously,when 
^rþ>- 

l,thetlafficwillbeovelloadingthelink. Folagivensetof )and
1ú, in the long telm pelform.ance) the a,velage plobabiliiy that ovelloa,cl occuls is given by

p,: D pþþ), (5.21)
'ú=rþ"

wlrere ry'" is the solution of equation Àrþ -- 1, and p(d') is the plobability of rl,soulces in

the burst state among /y' sour-ces and given by equation (5.1).

Now we consider the virtual path outage plobabilit5, f.or I/ Po. The cell loss plobability fol

VPo in the uncoded case without pliolitl, cliscalding of cells is given by equation (5.6).

Using equations (5.6) and (5.5), I'ol a given set of pala,metels À, Ç, 11, and /V, we ca,n

obtain a solution for the nnmber' 'ry' of ìrulst-siience solrÌces which a'-e in a bulst state,

when outage occnls (i.e., P¿o",r > e ). Let'fr" be tire solution, which is a cliticaÌ value. The

clitical value must be a leal number' 0 < 1þ" < 1/. If 1þ" : N, there is never any outage.

If.1þ":0, outage occurs fol all values of T/. Oìrviousl.v. outa,ge occul's when d exceeds ry'".

Hence, fbr all ,þ > ,þ", we have Pto,"t ) e . Then the outage probability f'or the uncoded

ca,se can be given b5,

Pout: \ u{rl) (5.22)
,þ:rþ.

Coding combined with interleaving

Now we consider the viltual path outage plobability tbr- coding combined with inter'-

leaving. In this section, we asslrme that all celis with high pliolity ale not lost in the

tandern queueing netwolk due to the use of pliolitl' discarding necha,nism. AÌl soulces

with low pliority, which join the clueues along the path V Po, are coded with the same

two-dimensionai coding schemes combined with intellea,ving.

For a RS code (tzo,lco) with inter-leaving of depth I ?t :1 for r.r'ithout interleaving), a

leceived intelleaved block of length Jln2no (*, : 1 fol binaly code) is deemed to only

contain one detected bulst loss gr-oup. Filstly, r'ecall the equations (5.19), (5.18), (5.17),
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(5.16), and (5.15) fol a given set of palarneters À. tzr. ky, d-¡nz, Q, I{, ¡ú, ¡/2) q, and

ganrntal we can obtain a solution tot* Pln"", u'hen ottta,ge occuls) that is

Prsz ) e (5.23 )

Let et be the solution, i.e., when Plor"z 2 e/, \,ve have P¿52 2 e . SecondlS,, florn the

equations (5.14) and (5.13), u,e ca,n obtain a, numì¡e.- fr, of bulst sources with low priolit5,

which are in an active state for Plo""z2 e/. That is.

a
Plo""z: [1 - lltr - a!I))]¡sq> e" (5.24)

and

I=1

olrrrS,l'"
oStþz3Nz

(úr*.r'2)I>r

B:D:'h t tt?þr)p(,þr)[(ú' + ,þ')^ - r] (5.25)

Tlre solutiof 1þ, is also a clitical value. If tþ": À!. there is never any outage. IÏ tþ": g,

outage occurs for all values oï rþr.

Now we assume that f'ol a given value oT t/,t, the clulation length A[,¡, oT the ovet'loa.l p"-

liod, in which ry'1 sources with the low pliolity are oÌl active, obeys a negative exponential

distribution. Its probability density function is clenobecl as T(lì4¿,). Fot'an RS code, if

Illt,¡r 2 JDt2l'Lo, (nr2:1 is f'or binaly code), obviously, outage occlu's wheu tþt ) þ,. For

01 Àlt,¡,, 1. 1nt2n,o, in an intelleavedblocli, if it at most only contains one ovelload peliod

of lengih NI,¡r, and

Plo""z X ÀM,t, 1 Bun (NI,t, < ^ymzna), (5.26)

then the burst of cell loss/er-rol still can be lecovered even if ,þt> ,þ,. In the latter case,

(5.27)

Ovelall, outage occurs fol all IVI¡, 2 A[4,rln o,. Thus the outage plobability can be given

M,¡,rl^o*:æ
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by

l/1

Pout t T ( A,I,þ, ) tt ?þ r) d AI,þ, (5.28)
,þt=rþu l r"o"

5 .4 Illustrat ive schemes

Now we plesent some specific rumelica,l lesults obtained fì'om the joint usage of pliolity

discarding of cells, two-dirnensional cocling, ancl inter'leaving. lVe assume that no cells

with high pliolity ale lost in the tandem queueing netwolk due to the use of the pliolity

discarding mechanisn. All traffic with low priolity is coclecl with the same two-climensional

codes ancl associatecl with intelleaving. The palaneters of the two-dimensional code ale

the same as consider-ed in section 4.8. All the lesults of performance with coding shown

in this section are trac{eoff of the average link utilìzation. The transrrrission speecl of

each viltual path is assumed to be 150 Mbit/s. A vilbual path V'P, with low pliolit¡, is

considered basecl on a given ta,ndem queueing netwolk, desclibed bv its palameters Q : 5,

I{ : 25. Each queue in the tandem queueing netrvolk is fèd by I{ : 50 independent

homogeneous bulst-silence soulces inclucling 1/r : 40 sources with low plior"ity and 1/2 -
10 soulces with high pliority. The fi'action of high-pliolity traffic is talien as Àr2/1ú :
0.2. Figule 5.5 illustlates the cell loss/ellol plobability versus the average link utilization

fol coding cornbined with diffelent intelleaving depths. All traffic solrrces u'hich join the

queues along the path ale hornogeneous bulst-silence sout'ces with an average bulst length

of Ton: 500 slots, ancl avelage silence intelval ol'f"¡¡: 100 slots. The soulce burstiness

is 1.2.
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Figure 5.5 Average cell loss/error probability versus the average link utiliza"tion

(1) Uncoded.

(2) (127,119) RS code with 7 - 1.

(3) (i27,119) RS code rvith 7 - 2.

(4) (127,119) RS code with 7 - 3.

(5) (127,119) RS code with .y - 4.

(6) (127,119) RS code with 7 - 5.

(7) Undetected cell loss/error probability P"".
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Table 5.2 Effects of coding combined with interleaving.

P, is the overload rate.

Pou¡1 is the outage probabilit5,' without interleaving.

B¡^ is the rnaximum length of lost cells in a received code block which can be recoverecl

B" is interleaving block size.

7 is the interleaving depth.

r¡ is the intelleaving delay.

Pou¡2 is the outage probability with intelleaving.

B,^ is the maximum length of lost cells in an interleaved block which can be recover*ed.
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'Iable 5.2 shou's the virtual path outage plobability, the nraxirnurn capability of lecovering

fron the long burst losses, ¿ncl intellear¡ing clelay t'ol valious combinations of coding

schemes rvith cliffelent but'st length. The viltual path outage plobaltility is calculatecl

based on an acceptable cell loss plobabilit5, of 10-'i l'ol the low pliority tlaffic, i.e., cell

loss probabilit5, fol low-pliolit;, ¿¡¿6c rlust be less thal 10-6 [5g]. The calculatecl vi¡tual
path outage plobability fol JrotÌr coding u,ith ancl u'ithout intellea,ving a,r.e illustlated.

For a given value of tþt,, the dtu'ation length A,I,¡,, of an overload period, in which ry'1

sotllces with the lorv pliorit)/ are on active, obey5 a negative exponential clistlibution with

a plobabilit5' ¿"nr'rt

t _!þL
T(A4,,,.) :J--e M'þ,..
- r- -el, 

Mg,

whele AtI,¡, is the mean of AtI,¡r.

In Table 5.2(a), u'e consider the pelformance r,vith n'redilrrrr aveLage burst length of Ton -
30 slots and arrelage silence intelval oÍ T.¡¡: 6 slots. ArI,¡,, is assurrred to be 20 cells. In

Table 5.2(b) we considel the pelfolnance with lalge a,velage burst le¡gth of To,: b00

slots and average silence intelval oÍT,¡¡: 100 slots. rlzl¿, is assumed to be 300 cells. The

bulst length obe5's a geometlical clistribution, and the silence intelval length is negative

exponentially distliltuted given b), ecluatiols (3.1) a¡cl (3.2), r'espectiyely.

6.4.L Discussion

1. The joint usage of pliolit)' discalding of cell, tu'o-climensional coding, ancl intelleaving

can be used fot cell loss contlol undel burst overloa,d conclition. For exanple, a,s

shown in Figule 5.5, lbr an avetage linli utilization of \ : ]rOb, using a (l2Z,l19)

RS code conbined with intelleaving of depth l' : 4, the cell loss probability fol low

priolity traffic can be reduced to 5.6 x 10-7 (compared to uncoded case of 0.34).

However, to achieve this coding gain, a plice of 2I ms delay must be paid. We note

that the high pliority traffic is considelecl to be loss free due to plior.ity discarding.

2. When burst length is gleater than the buffel size but not too large, ¿¡d over.load

is not vely heavy. In this case, coding u'ithout intelleaving ma¡r make some
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contliltutions to the netrvolli perf'olrnance. Il the cocles ale chosen plopelly, the

cocling efficiency is quite good. For exa.nrple, a,s shorvn iir T'able 5.2 (a). each burst-

silence soul'ce has an a\¡ela,ge ìrulst length ol Tnn : 30 slots ancl ar.elage silence

itrtelval lelgth oï T,¡¡: 6 slots. In the uncoclecl case, if tlansmission suffels fi'orn

burst overload tlaffic u'ith a late of Pn: 1.5 x 10-5, the outage probability is 0.32 lbr

aspecificlimitof celllossr-atee :10-6. If an(127,119) Rscodewithoutintelleaving

is used, the outage plobability will drop to 4.7 x 10-4.

3. When the ìrulst length is much gleatel than the buffel size, and heavy overload is

involved. The intellearring techniques nust be usecl to a,ssociate the coding schenes.

The results shown in Table 5.2 (b) shou'that u'hen the ovelload late is 0.13, in the

uncoded case, the outage plobability is 0.68 for'¿:10-6. Using coding cornbined

with intelleavingof depth ? : 5, the change is significant. For example, an (127,119)

RS code conbined with interleaving of a depth of 5, can reco\/el any patteln or' 1èwel

of 27\ lost ol erroled cells in a intellea,r'ecl block o14445 cells. The outage plobability

rvitìr intellea,r'ing is 3.2 x 10-e. Hog,ever', to a,chieve this benefit a plice must be paicl

f'or a, lou, pliolity VP u'ith an iltelleaving clela5, of 25 nz-s.

4. The disaclvantage of the use of intelleaving is the need of a pail of large buffels of size

JTn2rLy cells at both the tlansrnittel and leceiver- end, and lelative delay, although

the deintelleaving buffel can be combined rvith the leceivel buffer- for the g-axis

decoding. To overcome this disadvantage, as discussed in section 5.2.I, the non-real-

time selvices such as data and image ale plelèr'recl to be low pliolity because of their'

tolerance of delay.
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Chapter 6

CONCLUSIONS

In this thesis we have studied the use of f'olrn'a,rd err-ol r-ecovery coding techniques t'or'

recovery of cell loss against the netwolk congestion.

6.1 Cell loss caused by network congestion

In an ATM network, congestion ma¡, be consiclerecl at 3 diffelent levels: i) call connection

level; ii) bulst level; iii) cell level. A ovelloacl situation at the call connection level leads

to call blocking wheleas congestion at the lowel levels leads to loss of cells. In connection

with r-ecovely of cell loss, only the lower level congestion need be taken into considelation.

It is applopliate to distinguish the effects which occul at the ì:ulst and cell levels, in

par-ticular:

o at the burst level, congestion occurs u'hen the total arrival r-ate exceeds the capacity of

the output link averaged ovel a peliod gleatel than an intel-cell time of a leferenced

source

¡ at the cell level, congestion is caused b]r s1tr.,r1,u,r1eous cell a,rr-iva,ls occurling ovel a

time spa,n equivalent to a soulce inter'-cell time.

By consideling a, viltual path as a tandem queueing networ-k consisting of a number of

queues in selies, it is possible to chalacterize the cell loss due to buffel ove-,*flou' iu ter-ms

163



of the networli ancl tlaffic pala,neters. Eacir quelre aìong the paih is moclelled as a bulk

arlival clueue with a finite buffer-. Oul stuclies have concentlated on a clesignated traffic

stlearn as it goes thlough the tanclern nett'olk. Trvo diffelent celÌ allival plocesses ale

used fol traffic models: i) constant late detelrlinistic a,rlival process as the random traffic,

and ii) honogeneous burst-silence process a,s the bulsty tlaffic.

Fol a VP with consta,nt late detelninistic plocesses, the anaìysis is apploximate, but it

was shown to be quite acculate by cornparing it to the simulation lesults. The exact

queueing analysis fol a VP with rlixtules of the nore lealistic homogeneous bulst-silence

sources leads to a very complex queueing moclel clue to clueue tr-ansient tine effects, and

seems not tlactaìrle. Therefole, its pelfolmance erraluation has been clone b), simulation.

In the sirnulation, an a,ctual tandem clueueing network has been usecl to obtain the per-

t'olmance measures fol the designated tlaffic stleam as it goes thlough the netwolit. That

is'

¡ We have intloduced no "independence assumption" between the acljacent queues

o Interdeparture plocess has been used to obselve the designated tlaffic stleam as it

goes through the networli.

o The queue tr-ansient tirne effects ha,r'e been taken into a,ccount

Cell loss due to buffel over'flovv may occuÌ in bulsts. To plopelly under-stand the sta-

tistical dependence that occurs in the cell ioss pattelns is a, r'er'), impoltant step towald

obtaining moÌe rneaningful evaluations of ellol colt,r'ol codes and tireil sLritability for this

purpose. High oldel statistical distlibr-rtions of bulst cell loss patterns such a,s cell loss-free

r-un distlibution and cell loss distlibution are estin¿tecl by analytical app'-oxiuration ol

simulation for- both landom and bulsty tr-affic. These results ale subsequently used as

a basis fol analyzing the pelfolrnance with folwalcl ellor recovery coding schemes. The

conclusions we clerived from a study of the statistics of cell loss can be surnmarized as

follows.

l. Cell loss caused b5' selltestion is consiclelecl at trvo diffelent lerrels: cell level and

bulst level. The perforrrance of a \iP with r.andon tlaffic, sholt bulsts (i.e., the
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avera,ge Jrurst length is less than the clueueing buffer size), ol long bursts without

ovelloacl, belong to the cell level. The pelfolmance of a VP u,ith long bulst overload

belongs to bulst level.

2. At the cell level, extencling tlie queueing buffèr size can leduce the cell loss plobabil-

it5' lol an individual \iP, but the intproverlent ìrecomes smallel a,s the avelage link

utilization incLeases torvalcl the linli capa,cit1,. This situa,tion ma5, lte ovelcome by

using lalgel buffels. Hor,veveL, lalger buffels inclea,se iroth cell delay and the vali-

ations in cell clela)'. This can cause difficulties fol leal time set'vice rvhich lequit'e

synchlonization between the tlansmitter- ancl leceiveL, Thelel'ore, it is clesirable to

considel othel counterneaslrles such as the use of ellol collection to implorre the

loss performarÌce uncler high linh utilization conclitions.

3. At the cell ìevel, extencling the clueueing buffel size can significantly inclease the

cell loss-flee intervais between the bur-st losses, even f'ol high link utilization. This

leacls to a possibility of using the erlol collection technic¡-res combinecl with suitable

queueing buffel size to improve the netwolli pelfbr:mance.

4. At the bulst level, using a larger buffel to lecluce t,he cell loss r-ate u,ill be insignificant

because long bulsts with ovelload ale invoh,ecl.

5. At the btust level, extending the clueueing buffel size may also increase the cell

loss-free intervals betu,een the bulst losses, but this implovement is limited. On the

other hand, the cell loss patteln distlibr,rtion has shou'n that the cell loss in'ilÌ occur'

in bulsts. Horvever, fol the purpose of celi loss contlol at the bulst level, a ploposal

based on a joint usage of plior-ity clìscalding of ceÌls, fblwald elror. recovery coding,

and intelleaving techniclues have described ancl analyzed.

6. Under ovelload conditions, congestion is sensitive to the bulst lengtli. If it is clesilecl

to avoicl burst level congestion, the celi policilg mechanisrn must contlol the average

bulst length to be less than the clueueing buffel size. However, it has not yet been

decided whethel to allorn, long bulsts ol short bulsts. For cliffelent bulst lengths,

diffelent congestion control plotocols have to l¡e consiclelecl.
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6.2 Forward loss recovery at the cell level

In this thesis we have also exa,minecl whether' lolrvalcl ellol collection cocling tecluriclues

can be ernplo5,e6l effectively to supplement genelal congestion contlol countermeasures

at the cell level. A lbllvalcl elrol plotection scheme is pr-oposed fbr er-r'ol lecovery in

ATM netrvolk. This is clone ì:y a tu'o-dimensiona,l cocling scheme, in rvhich a high late

code is used fol individual cell erlor detection, ancl an elasure cor-r'ection code is used 1'or

lost ol clamaged cell lecorrer'5r In olcìel for this scherne to work, a cell sequence number

is lequired I'or lost cell detection. According to the current CCITT standalds, the cell

sequence nurnbel and the pality bits used fbl cell ellol cletection, ca,n be incorporated into

the 14 r'eserved bits (4 bits f'ol cell secluence numbel and 10 ìrits fol cell ellol detection)

in the ATM adaptation layel in the payload fielcl.

This follvarcl ellol recovely cocling scherne cau be useci end-to-encl fol viltual channel

connections. It ca,n also be Lrsecl f'ol incliviclual VPs eclge-to-edge at the viltual channel

connection level. The encoding and decoding can be done in par-allel, r'esulting in encoders

and decodels rn hich would be fast enough to matcìr the cell tlansmission speed ovel the

transmission link.

The ATM netwo'k is conceived to provide an integlated access that will suppolt a wide

variety of applications for its customels in a flexible and cost-effective manner'. This

'-equires 
the ATM netwolk to have ìrigh utilization and efficiency and limits the amount

of code ledunclancy available for cell ellor detection, cell er-ror- colrection, and lost ceÌl

recovery. \4/e harre thelefole concentlated on efficient applications of erlol collection

codes. Since the optical fiber links invoh,e a low bit erlor rate of the or-del of one in 10-s,

\'r'e use a class of high late, less powelful codes refellecl as -sr¿¿// distance cocles [9]. These

codes can be used to detect all single-erlol pattelns and large il'action of double-ellor

and othel pa,ttelns. Fol example, if the bit ellol late of the optical link is 10-e, and a

cell infolmation fielcl, inclucling the payload field of 48 octets (384 bits), a (384,379) smaìl

distance code rvith only 5 pality bits of reclunclancy rvill give the plobability that a cell

contains undetectable eLloLs, as 1.5 x 10-17. This is contlasted to the uncoded case with

the probability of 4.24 x 10-7 that a cell contains tlansrnission errols. The code late in
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this case is 0.99. These cocles u'eLe chosen a,lso beca,use of the ease of decocling at high

bit rate.

For- lost cell recovely, we consiclerecl three diffelent t\¡pes codes: binaly c)rclic code, and

Reed-Soloraon (RS) cocle. The RS cocle is non-binar',r' cocle suitable fbr recovery of bursty

cell loss which rve showed to be plecloninant in the ATiVI netr,volks.

The pelfolma,rÌce with coding was estimatecl f'or both lanclom ancl sholt bulst traffic using

the statistics of cell loss obtainecl by analyiical methocl and sirnulation in chaptels 2 and 3.

Our studies have analyzed the tradeoffs involvecl in using coding techniques. A sumnarS,

of lelative cell ellor'/loss late, cocling clelay, bandrviclth efficiency, and the capability of

recovering from long cell loss bulsts has been given il Figules 4.8 and 4.9, and in Tables

4.4 and 4.5 fol a number of suitable codes.

The results inclicate that if the cocles are chosen ploperly, cell loss probability ranging

fr-om 10-10 ¡o 1¡-tz can be achieved fo-,.' a,n a,\/elage linli utilization of 0.9 u,ith a short

queue of I( :25 f'ol both random tra,ffic ancl sholt btLrst traffic.. Even for a high avelage

link utilization, say ?:0.95, using a (255,233) high late RS cocle, celì loss late lenains

less than 10-16 fol ranclom tlaffrc, ancl 10-8 fol short bulst tlaffic. HoweveL, ii should be

noted that codes used to irnplove the per:forrlance undel high link utilization conditions

must be vely carefully exarninecl. A more pou/elful code genelally has a lowel code rate,

because of the lalge amount of pality redundancy. I-lnder heavy tlaffic load conditions,

the extla tra,ffic due to tlansmission of the parit5, check celÌs uray intr-oduce mole cell

losses than the benefits obtained fi'om the coding schenes.

To pr-opelly design the coding schernes,, it is necessary to carefully examine the statistics

of cell loss due to netwolli congestion. The pr-inciples of desìgning the suitable coding

schemes wele discussed in section 4.9. This invoh'es ciroosing the cocle wolcl length, code

rate, and suitable queueing buffel sizes utilizing the statistics of cell loss obtained fiorn

chapters 2 and 3.
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6.3 Cell loss control at the burst level

Finally, the stlategies of folu,at'cl ellol control cocling techniques fol cell loss control a,t

the bulst level r.vere investigated. A por,r,elfnl method of tblrvalcl erÌor recovery along a

viltual path ol viltual channel based on a joint of usage of pliolii¡' cliscalcling of cells,

two-dinensional coding, and inter'lea,r,ing is clescribecl and evalua,ted. The average cell

loss/elrol late, relative dela¡,s, viltual path outage plobabilitl,, and the maximum length

of the ovelloa,cl peliocl which can be hancllecl a,re given in Table 5.2. The lesults have

inclicatecl that

1. When the bulst length is just gleatel than the buffer size, cocling without intelleaving

may malie some implovement to the netwolk performance. If the codes are chosen

plopelly, the coding gain is acceptable. At the burst level the ovelload plobability is

related to the peak utilization of the tlansrnission link. Contlol of the peali utilization

by the cell policing mechanism is also a nseful apploach to avoid ìrulst overloacl.

2. When the bulst length is much gleater than the buffer size, interleaving techniques

would need to be usecl in association with the cocling schemes. These techniclues

however signifi cantl), inclease clelal, and metnor'-r' r'equilements.

This method allorn's one to significantly clecrease the numbel of lost cells and lecovel fi'orn

errols duling peliods of sholt-telm overloacl ivhich ma,-\¡ occlrr clue to tlaffic fluctuations

dr.rling a call. It is shown that cocling tecÌrnicir-res can ìre ¿i useful supplenrent lo the

conventional use of genelic congestion contlol techniclues.

6.4 Future work

Finally, the author. would like to mal<e some suggestions for the futule study in this alea.

1. Cell loss due to network congestion is sensitive to the tlaffic statistics, i.e., tra,ffrc

load and bulst clistr-ibution. The stuclies in the litelature has lalel), adch'essed these

statistics, and the avelage loss rate that has been m¿inly studied so far, does not

give enough information. Studies are needecl unclerstancl the charactelistics of the
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multiplexecl traffic which ale calliecl on VPs, arc[ to establish bettel rnoclels 1'ol traffic

with sholt bursts ol othet' traffic types in oldel to deter-mine equiva,lent mea,sules t'or

cell loss statistics by simulation or apploxima,tion. These ale the rnost impolta,nt

steps towald the evaluation of the design of coding schemes.

2. The implementation of the ploposecl schemes in haldwaLe, and the synchlonization

of the coding, needs nìole attention in futule u,olk.

3. An ATM network will interconnect to othel cligital netrvorks, such as narlorv band

ISDN, satellite networks, mobile networks, ancl digital laclio network. In these net-

worlis the available bandwidth, and bit errol late of the tlansmission linli will be

different fi'om that of optical fiber. Fol a,n encl-to-end tr.ansmission or edge-to-edge

transmission, the lost cell recovery and cell erÌor correction will becone significant

topics f'ol futule study.
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Appendix A

Erasure decoding procedures for RS

codes

E.-asure cor-rection for RS codes mainly invohres the solving of a set of simultaneous lineal

equations constructed by substituting a plirnitive field elenent and its power into received

code sequence. The actual ploceclures ale explained as follows [50][51].

Now consider a (tzo,kr) RS code defined in GF(2") with a rninimum distance d^¿n2 is

used as the y-axis code fol eraslrre colrection. Then we have that

na )nrz _ 1
L L¡

ko :)ntz - cl*¡r2 - 1.,

nr-ko:drrirz-I

Let ro@) be the tlansrnitted code sequence and e (y) be the added elror patteln, Fur--

thelrnore, let us assume that e(y) has values dr, dr, ... , d,y at locations !Jt, Uz, ... , !/v
(V < (no - kr)), r'espectively.

The fir'st step in clecoding is to calculate (rz, - kr) par:ity check ,rrrrr Sjt) fi'om the leceived

code sequence r'o(y). This is done b¡,

5Í') :70 ,o)
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:To(o') + e(a') (A.2)

wlrele a is a plimitiveelement fbl i: I,2,..., (tt,,, - kr). A legitimate code secluence has

&1 , a2, ..,, tlnu-l"u as its roots. Then we ltarre

ro(a') : g fbl i : I, 2, ..., (rr, - ko)

Therefore

(A.4)

d¡Y'¡ fbl i : 1,2, ..., (ro - ko) (4.5)

Since the ellol location nurnber y¡'s which ale detectecl by the r-axìs code ol cell sequence

numbel a'-e known to the g-axis code decodel, then the equations (8.4) is a set of lineal

independent equations which can be used fol evaluating the elasure values d¡'s. As long

as 7 is less than or equal to (rz, - ko), thele is a, uniclue set of solutions.

Another alternative is to evaluate the unknowns intelactively which requires the intloduc-

tion of a set of elerrrenta-,.-y syrrrletlic functions Zr, 132] for the era,srlre loca,tion numbels

which ale given as

Slt) : ¿(n')

(A.3)

(A.6)

vt
j=1

v

fl(, + u;) :\ znv'-n
i=l h.=0

v v-r

v

Now suppose we wish to soh'efor d¡, an erasure at location y.i. W" will stalt by defining

a new terrn Z¡n as a set of syrnmetr-icfunctions excluclilngyj.That is

fl(, + v¿):\zinu'-n-' (A.7)
i+i /¿=0

Obser:ving that equations (8.6) and (B.7) differ only by the telrn (A * y¡), then we can

obtain that

v-1, v
(v + v¡)\ zinav-h-r - Y, zn,vu-n

l¿=0 h=O

17l

(A.8)



Ecluating coefficients we aÌÌive at the lelation

Zn: Zjn - y¡Z¡6+r)

Now combining equation (B.4) ancl (8.9), we have

(A e)

(A.10)

(A.13)

v-r v -1, v

L z¡ns{))n : t z¡nD,lnyl-n
h=O

j=1 h=O

å.=0 i=7

v-1

v v-7
: t rl¡y¿Ð Z¡nuY-,-'

However', recall the definition of the pality check sum, the slÌrn on the light hand side of

equation (8.10) is nonzero onl5, 1vþsn i : j, hence

v-r
(4.11)

h=O h--o

Finally, we can obtain

, ÐH zjnsÎltd¡:7# (4.12)
Lt=o z¡nyl_n

Tlre above ecluation can be usecl to erraluate alì the erasure values for V 1 n, - lco.

However-, this approach involves the evaluatìon of a new set of elementaly symmetlic

functions fol evely eÌasnle symbol to be determinecl. Anothel possibility is to solve for'

one unknown and then use the neu'found elaslure value to rnodify the pality check sums,

so tlrat tlre¡, ¡sfl..t only the effect ol V - 1 e¡a,su¡es. Assurning dy is an e'asut'e which

has been determined. Then the new set of par-ity check sums carl be explessed as

D, z,^s{)!n: djL z,nyI-n

vdr

vt
i+r

S:,
J

for i : I,2, ..., (rro - kr)

Notice tlrat pa,rit¡, checli ,.,rrr, jjt) u.t d 5j') diffe¡ þy the term cl¡yj, then we have

sj') : sl2) +d.tu't

which implies that

5J') : 3Ít) + d,ru! for i : I,2,..., (no - ko)
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Likewise, we can have

5(u+t) - so(") + c|¡y't for i : r,2,..., þ'r, - ku) (A.15)

whele 1 ( u ( I,/. Hence, the 5j') .u.,r be Lrsecl to evaluate the next elasure) if thele ale

7 erasures in the receivecl code sequence. This plocedule can be lepeated untiì all the

erasLrre rralues ale detelmined.

Summarizing, it follows that the erasur-'e decoding for a RS cocìe can be plocessed using

the following procedures:

Step 1: Calculate the (rz, - kr) pality checli sluns.

Step 2: Calculate the elernentaly symrnetric functions Z¡n (å : 0, ...,V - 1) excluding y¡

uslng

V v-7

fJfr+u,) :f z¡na'-n-'
i+i h=O

Step 3: Calculate the erasule value dt by

Dí;' z¡¡s$) ¡
d,¡ - Ðf;' z¡nvl-n

Steyt l: Calculate the new set of pality cireck sums using the obtained elasure value d7

SÍ'):S!')+ct¡yj

Stelt 5: Repeat step 2 until the I/ elasur-es are cletermined (7 1(r, - kr))

Tlre final colrect code values ale r2(y¡) : r'o(y ¡)*dr. Using the above method, the process

of erasure corlection decoding fol a RS code can be r-educed to only V (V { no - ko)

trials.

Erample: Now let us consider an exanple to clarifS, the er-asule clecocling procedure. A

(15, 7) RS code is a nonbinar.y cocle ovel G-F(24¡, which has a, minimum distance cl, ¡n2 : 9
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ancl which ca,ìÌ collect a total of 8 ol fervel ela,sule svmbols. Each syrnbol in a. (15,7) RS

cocle is ecluivalent to a binary stling of length 4 bits as shown in Table 5.2. Suppose that

after- ¿-axis decocling thele ale 4 s;r¡1bols elasecl in the received code sequence. Let us

assulrìe the erasules occul in the locations ot4, ú", c13, and ø12 with rralues ú4, úr 1, and

ø7, respectively. The received elasules rrray be rvlitten

V:4
CIUs

Ur: A

aUo

Fr('a') : o'

Fo(vr) : o'

'' o(Yt) : o

F o(vo) : o"

Ut: a

à=1

74

11

13

72

The follou'ing clecoding procedure is then lequiled. Filst, using equation (B.1), the cal-

ctrlated pality check ,.,rrr, Sjt) fol i : I,2, ..., 8 ale given b5,

.s{1) : .,r'r

5j1) : oo

S[\) : ots

5(r) - or:

sjl) : os

g(t) - oro

Sf,I) : ,,A

5j1) : o+

Second, to soh,e for d3, we evalua,te the elementar5, symmetric functions fol the thlee

erasure location numbels excluding y3. That is

Ð z"ny"-À : ff (v + vo)
i+3

which is expanded to

Zstu2 I Zszul I Zsz : (a,, r ll, + yr)y' + Ooy, +'louz I atuz)a i u.outaz

Then we have

Zzs: AoUtUz: ct6
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Zsz -- Ao'Ar I 'loUz I UtUz : a3

zn:uollltlyz:a6

Thus from the equation (8.12), we can obtain

a6¡o"6a5+a3a'3+a6atn
all -f o6o12 ¡ o3ot3 ¡ a6ar4

a5

0,

4

Having computed d4, we utilize equation (E}.15) to evaluate a new set of parity check

sums. That is

Sj') : 5¡ + d¡y3 : a5 I e4ar2 : cL2,

S:') : Sz * dsyS: or3 + o4ot3 : t14,

5Í') : St * dzas: cr,r4 * a4ara : I

Witlr the new pality check surrrs) we repeat the sarle p-,.'oceclu-,.'e ïot d2. The new elementaly

symmetric function for the two erasule numbet-s excluding !3 and !2 are

Zzz:lJoyt:aro,

Zzz: Uo I yt: a

Then using equation (8.12),

a2+aara*¿lo
a3+aa7!o,ro.tt
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Likewise, using equation (8.15) tbr evaluating the nen,set of par-ity check sums, we have

sj'

Jì{3) : ott

The new elementary symmetric function excluding !Jt, 1U2, ancl y¡ is simply

Therefore, we can obtain

)a.:CL

a72Zt:'Ao:

d,t
sj') + zrrE!')

yl I Znar

a6 + aL2arl

all * a72ú7s

a74 _1

a74

and finally we have

5Ío) : 5{t) + dflJt: all + o}3 : ct4,

which gives that

- sÍn) a4do-:f--:+:(tr'.
!/o ct''o

Hence the 4 erasules ale solvecl, and the decoding process is finished. Thelefbre, the
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clecoding lesults can be given b5,

14

11

,o@"): /o(yt) I dz: a,7 + ct4 : ct3

,r(Yr):,'o@ù * cl2: a2 + ct: cr\

To(ur) :io(yr) + dt - a7 I I : c¿u

,o@o) :Fo(yo) I clo : ct7 ! ct7 :0

4

cl,

a

a

(T

v
Us

Uz

Ut

Uo

3

t2
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Appendix B

Publications

L. L. Zhang, M.J. Miller', K.W. Salkies, " A Folwa,r'd Elrol Protection Scheme fol B-

ISDN Using a Virtual Path Technique ", Austlalian Telecommunication Resealch

(ATR), Vol. 23, No. 2, pp. 1-9, November'1989.

2. L. Zhang and K.\ /. Sarkies, "Modelling of a Virtual Path and Its Application for

Forward Elror" Recovery Coding Schemes in AT\4 Netwolks", Proc. of SINCON'91,

pp. 247-253, Singapore, Septerrber' 1991.

3. L. Zhang and K.W. Salkies, "Sirnulation Study of Cell Loss in ATM Networks",

Proc. of ABSSS'92, Melboulne, July 1992.
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