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Abstract

Reliable sender-based one-to-man y proto cols do not scale w ell due mainly to implosion caused

b y excessiv e rate of feedbac k pac k ets arriving from receiv ers. W e sho w that this problem can b e

circum v en ted b y making the sender p oll the receiv ers at carefully planned timing instan ts, so that

the arriv al rate of feedbac k pac k ets is not large enough to cause implosion. W e describ e a generic

end-to-end proto col whic h incorp orates this p olling mec hanism together with error and 
o w con trol

mec hanisms, and an arc hitecture that implemen ts it. W e analyse the b eha viour of our proto col using

sim ulations whic h indicate that our sc heme can b e e�ectiv e in minimising losses due to implosion, and

ac hiev e high throughput with lo w net w ork cost.

Keyw ords: Implosion, Reliable Multicast, T ransp ort Proto cols.

1 In tro duction

The w orking principles b ehind reliable sender-initiate d ([1]) one-to-one ( unic ast ) proto cols, suc h as TCP

([2 ]), are w ell-kno wn. Extending them for one-to-man y ( multic ast ) comm unication brings scalabilit y

problems, in particular that of implosion. The ack-implosion pr oblem ([3], [4 ]) is an acute shortage of

resources caused b y the v olume and sync hron y of ac kno wledgmen ts, leading to pac k et losses and increase

in net w ork cost and latency .

One solution is to use the r e c eiver-initiate d approac h. Proto cols whic h tak e this approac h, suc h as the

Scaleable Reliable Multicast, or SRM ([5 ]) and the Log-Based Reliable Multicast, or LBRM ([6]), generally

�
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scale b etter b ecause: (a) the pro cessing burden is shifted to the receiv ers, and (b) feedbac k pac k ets are

used only as retransmission requests. By eliminating obligatory p ositiv e ac kno wledgemen ts for eac h data

pac k et, net w ork cost is reduced and so is the risk of implosion. Ho w ev er, these proto cols are not en tirely

free from implosion: when the same losses are exp erienced b y man y receiv ers, an \a v alanc he" of negativ e

ac kno wledgemen ts kno wn as na ck -implosion ([7]) can o ccur. F urther, the sender's lac k of kno wledge

ab out the status of receiv ers leads to error and 
o w con trol problems not encoun tered in sender-initiated

proto cols. F or example, the sender ma y ha v e to store transmitted pac k ets longer than the application

requires, and at an y giv en time, it cannot guaran tee ho w man y pac k ets are b eing successfully deliv ered

and to ho w man y receiv ers.

W e dev elop in this pap er a reliable m ulticast proto col that pro vides e�cien t error and 
o w con trol

and has a mec hanism to minimise implosion. The basic idea in minimizing implosion is to use p olling

([8 ]): a receiv er resp onds with a feedbac k pac k et only up on b eing requested or p olled; the sender p olls

receiv ers at carefully planned timings so that the arriv al rate of feedbac k pac k ets is not large enough to

cause implosion. W e analysed the b eha viour of our proto col using sim ulations whic h indicate that our

sc heme can b e e�ectiv e in minimising losses due to implosion.

Our proto col is dev elop ed in the con text of a large n um b er of receiv ers organised in a m ulticast tree

with the sender at the ro ot. (Similar to TMTP ([9]), RMTP ([10 ]), and LGC ([11 ]), w e ha v e c hosen the

tree structure b ecause it allo ws faster error con trol and reco v ery through lo calised comm unication ([12 ]).)

W e assume that a receiv er receiv es pac k ets from, and sends its feedbac k to, its immediate paren t in the

tree. With its recursiv e structure for forw ard and rev erse propagation in mind, in this pap er w e fo cus on

a single unit of this recursion: an end-to-end proto col in whic h a non-leaf receiv er or the sender (called

generally the p ar ent ) reliably transmits to a set of N C receiv ers (the child no des) . R eliable, in this case,

means that \at the end of transmission the paren t kno ws that ev ery mem b er in its mem b ership set has

receiv ed all data pac k ets transmitted".

The follo wing are assumed: c onne ction setup and termination phases precede and succeed, resp ectiv ely ,

a tr ansmission phase, during whic h all transfer of data from the paren t to the c hildren o ccurs. Though

no new mem b er is allo w ed during the transmission, a c hild ma y le ave the destination set, b y o wn will,

or b e disc onne cte d b y the paren t b ecause of rep eated absence of resp onses. Although aimed to w ork at

transp ort lev el, the proto col is generic. The only requiremen t is an underlying p oin t-to-p oin t (unreliable)

transmission mec hanism; ho w ev er, w e assume a (unreliable) m ultip oin t mec hanism capable of e�cien tly

1

propagating copies of a pac k et to its destinations. An upp er-la y er at the sending host pr o duc es data to

the sender-end of the proto col, whic h assem bles pac k ets and transmit them across the net w ork to the

receiv er hosts; there, eac h receiv er-end pro cesses the pac k ets, p oten tially returns resp onses, and orderly

1
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deliv ers the data to the upp er-lev el (pac k ets are c onsume d b y the upp er-lev el).

The rest of this do cumen t is organised as follo ws. First, w e b egin b y describing the main features of

the proto col. Section 3 presen ts an o v erview of the proto col arc hitecture. Sim ulation results are sho wn

and discussed in Section 4. Section 5 concludes the pap er.

2 Proto col Description

The proto col solv es the problem of a paren t no de ha ving to reliably transmit a n um b er of data pac k ets

to N C c hildren. F ailures during transmission result in pac k ets b eing lost or corrupted and discarded.

T o deal with pac k et losses, the paren t k eeps a cop y of eac h transmitted pac k et in its bu�er un til a

con�rmation of receipt of that pac k et is obtained from all c hildren (pac k et b ecomes ful ly acknow le dge d ).

In our proto col, a c hild indicates the receipt or non-receipt of pac k ets only up on b eing explicitly requested

to do so. The paren t p olls the c hildren selectiv ely to a v oid an implosion of resp onses; in resp onse to a

p olling request, a c hild p ositiv ely ac kno wledges (or acks for short) the pac k ets it has receiv ed so far and

negativ ely ac kno wledges (or nacks for short) the pac k ets whic h app ear to b e missing. There are four

di�eren t t yp es of pac k ets that can b e exc hanged b et w een the paren t and the c hildren: (a) d a t a pac k ets

whic h con tain only data; (b) poll pac k ets con taining no data but only a p olling request iden tifying a set

of c hildren to return a resp onse; (c) d a t apoll pac k ets, con taining b oth data and a p olling request; and,

(d) resp pac k ets, returned b y a c hild with feedbac k. Eac h data pac k et is assumed to ha v e a sequen tial

n um b er ( seq ) whic h can uniquely iden tify the pac k et. (W e assume seq is large enough to a v oid problems

that arise when sequence n um b ers are wrapp ed around and reused.) A data pac k et is said to b e e arlier

than another data pac k et if the former has a smaller sequence n um b er.

2.1 Sliding Windo ws and P oll Resp onses

The error and 
o w con trol of our proto col are based on a sliding windo w sc heme. A t the paren t, data is

assem bled in to �xed-size pac k ets and transmitted b y the proto col. As stated earlier, the paren t k eeps a

cop y of ev ery transmitted data pac k et un til it is ac k ed b y all c hildren; for this purp ose, the paren t has a

bu�er that can accommo date S data pac k ets. A t a c hild, the upp er-la y er ma y b e slo w and consequen tly

some pac k ets a v ailable for consumption ma y remain unc onsume d . Receiv ed pac k ets remain unc onsumable

if an earlier pac k et has not b een receiv ed. In order to store the unconsumed and the unconsumable

pac k ets, ev ery c hild R

i

is assumed to ha v e a �nite size bu�er that can accommo date S data pac k ets. The

bu�er size S is negotiated at connection setup, and assumed to remain constan t during the transmission.

Eac h c hild k eeps a receiving windo w W

i

that is c haracterised b y a left e dge LE

i

, a size S , whic h is also

the size of the bu�er, and the highest r e c eive d sequence n um b er H R

i

from the paren t ( H R

i

is set to the seq
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of a pac k et receiv ed from the paren t if seq > H R

i

). LE

i

is the minim um b et w een the sequence n um b er of

the earliest unconsumed pac k et in R

i

and the sequence n um b er of the earliest pac k et y et to b e receiv ed b y

R

i

. Th us LE

i

refers to the smallest sequence n um b er of the pac k et that is either w aiting to b e consumed

or exp ected to b e receiv ed. W

i

is a b o olean v ector indexed b y seq , LE

i

� seq < LE

i

+ S : W

i

[ seq ] is true

if R

i

has receiv ed the data pac k et seq , or false otherwise.

The paren t k eeps a set of N C sending windo ws, one W

p;i

for eac h c hild R

i

. W

p;i

is the paren t's (latest)

kno wledge of W

i

of R

i

. Lik e W

i

, it is c haracterised b y a left edge, denoted as LE

p;i

, and size S . LE

p;i

and H R

p;i

are the paren t's kno wledge of LE

i

and H R

i

, resp ectiv ely . F or seq , LE

p;i

� seq < LE

p;i

+ S ,

W

p;i

[ seq ] indicates the paren t's kno wledge of whether R

i

has receiv ed the data pac k et seq ; it is initially

set to false. Finally , the paren t k eeps the v ariable H S to record the largest seq of data pac k ets m ulticast

so far, and th us applies to all W

p;i

.

When the paren t sends a p olling request, it includes the follo wing information: (a) a timestamp

denoted as poll.ts, whic h is the time when the poll/d a t apoll w as sen t; (b) the set of c hildren denoted

as poll.cld that are b eing requested b y this p oll to resp ond; and, (c) a sequence n um b er poll.seq whic h

indicates the seq of the data pac k et that w as sen t just b efore or with this p oll (that is, poll.seq will b e

H S ). When c hild R

i

receiv es a p oll, it c hec ks whether its id is part of poll.cld . If so, the c hild resp onds

b y sending a pac k et resp to the paren t con taining (a) resp.w, whic h is the cop y of its receiving windo w

( resp.w.le con tains the v alue of LE

i

); (b) resp.w.hr, the v alue of H R

i

; (c) a timestamp resp.ts, and

(d) a sequence n um b er resp.seq. The v alues of resp.ts and resp.seq are the same as the poll.ts and

poll.seq , resp ectiv ely . The resp.ts enables the paren t to distinguish earlier resp onses from later ones,

since it is p ossible to send more than one p olling request without adv ancing H S (i.e., with no new data

b eing transmitted b et w een successiv e p oll requests). It is also used b y the paren t to estimate the round

trip time ( r tt) b et w een itself and the c hild: r tt measured is the arriv al time of resp at the paren t

min us the resp.ts .

When the paren t receiv es a resp pac k et from R

i

, it up dates its v ariables related to R

i

: LE

p;i

 

max f LE

p;i

; resp.w.le g , H R

p;i

 max f H R

p;i

; resp.w.hr g and only then, for all seq , resp.w.le �

seq � resp.w.hr, W

p;i

[ seq ]  W

p;i

[ seq ] _ resp.w[ seq ] . F rom W

p;i

, the paren t can infer that R

i

has

receiv ed all data pac k ets with seq , seq < LE

p;i

or W

p;i

[ seq ] = tr ue , and not receiv ed pac k ets with seq ,

seq � H R

p;i

and W

p;i

[ seq ] = f al se ; all pac k ets with seq , H R

p;i

< seq � H S are in transit and ha v e not

reac hed R

i

. Based on these inferences, the paren t detects and handles pac k et losses.

A snapshot of windo ws at the c hildren and the paren t no des at a giv en time is sho wn in Figure 1; S

is assumed to b e 10. LE

1

is the seq of the earliest missing pac k et in R

1

( ] 100), whic h prev en ts pac k ets

] 101 � 102 from b eing made a v ailable for consumption. H R

1

= 104 means that R

1

do es not kno w

whether the pac k ets from ] 105 on w ards are y et to b e transmitted b y the paren t or ha v e already b een
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Figure 1: Example of the sliding windo ws.

transmitted. Let resp

1

and resp

2

b e the last resp onses whic h the paren t has receiv ed from R

1

and R

2

,

resp ectiv ely . Comparing W

p; 1

with W

1

indicates that ev er since R

1

has sen t resp

1

it has receiv ed pac k ets

] 99, ] 102, and ] 104, and its W

1

has slid (to the righ t) b y t w o pac k ets due to the consumption of pac k ets

] 98 and ] 99. Similarly , W

p; 2

and W

2

indicate that after sending resp

2

, R

2

has receiv ed pac k ets ] 101, ] 102,

and ] 105, and the windo w has not slid. The consumption at R

2

seems rather slo w b ecause the pac k ets

] 97 � 102 (see W

2

) are consumable but remain unconsumed. Finally , H S , whic h cannot b e smaller than

max f H R

1

; H R

2

g , is tak en to b e 105 in the �gure.

2.2 Flo w Con trol

Our proto col emplo ys a windo w-based 
o w con trol mec hanism: a sliding windo w is used to determine ho w

man y new pac k ets can b e safely m ulticast without causing bu�er o v er
o w at the c hildren. Since pac k ets

are transmitted to all c hildren, the c hild with the smallest n um b er of free bu�er spaces will determine the

n um b er of new transmissions.

The paren t determines the e�e ctive window ( E W

p;i

) for eac h c hild R

i

, where E W

p;i

denotes the

n um b er of new pac k ets c hild R

i

can tak e without bu�er o v er
o w: E W

p;i

 ( LE

p;i

+ S ) � ( H S + 1).

If E W

p;i

> 0, R

i

has space in its bu�er to receiv e at least E W

p;i

new pac k ets (c hild R

i

can receiv e

more than E W

p;i

pac k ets without bu�er o v er
o w if some pac k ets w ere consumed while its p oll resp onse

w as b eing transmitted to the paren t.) Since the paren t has to w ait for the slo w est c hildren, E W

p

,

E W

p

 min f E W

p;i

j 8 i : 1 � i � N C g , new pac k ets are transmitted. W e de�ne a sending window W

p

for the paren t with LE

p

 min f LE

p;i

j 1 � i � N C g and size S . When LE

p

+ S = ( H S + 1), E W

p

is
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zero and the W

p

is said to b e close d , blo c king transmissions of new data from the paren t.

Referring to Figure 1, w e pro vide an example to illustrate ho w the sc heme with m ultiple windo ws

regulates new transmissions b y the paren t and a v oids bu�er o v er
o w at the c hildren. As LE

p; 1

= 98 and

H S = 105, E W

p; 1

= (98 + 10) � (105 + 1) = 2, and as LE

p; 2

= 97, E W

p; 2

= (97 + 10) � (105 + 1) = 1.

After R

i

has transmitted the last resp onse ( resp

1

), W

1

has slid b y t w o pac k ets; so, R

1

can receiv e 4 new

pac k ets ] 106 � 109 (more than E W

p; 1

). R

2

depicts the w orst case when LE

p; 2

= LE

2

and W

2

has not slid

since the last resp onse w as sen t. The 
o w con trol sc heme caters for this w orst case: E W

p

= min f 1 ; 2 g = 1

and the paren t can transmit only a single pac k et, ] 106.

In addition to the windo w-based sc heme, the proto col allo ws the user to set a maxim um transmission

rate b y establishing an in ter-pac k et gap ( I P G ), whic h w e de�ne as the minim um in terv al to b e observ ed

b et w een the transmission of an y t w o pac k ets b y the paren t.

2.3 P olling Mec hanism

A sender-initiated unicast reliable proto col, suc h as TCP ([2]), t ypically triggers one ac kno wledgemen t p er

one or t w o d a t a pac k ets transmitted. A reliable m ulticast proto col, suc h as [13 ] and [1 ], results roughly

in one ac kno wledgemen t p er d a t a pac k et p er receiv er. Expressing these in p olling terms, the paren t can

b e regarded to include a p olling request to all receiv ers in ev ery d a t a pac k et it sends. Ev en though

this allo ws the proto col to b e simple at b oth ends, the proto col cannot scale due to implosion. T o a v oid

implosion, our proto col is designed to request only a selected set of c hildren at an y giv en time so that

the resp onses generated thereb y do not arriv e at a rate larger than some c hosen v alue. This ma y result

in a c hild not b eing p olled during the transmission of a (�nite) n um b er of data pac k ets; so, naturally ,

a resp onse from a c hild will ac k not just a single pac k et but will ac k/nac k all pac k ets receiv ed/missed

b et w een successiv e p oll requests.

P olling requests cause resp onse pac k ets to b e sen t to the paren t. If the rate of resp onses exceeds a

giv en threshold, there will b e losses due to implosion. Suc h losses result from a shortage of resources at the

host and net w ork caused b y the v olume and sync hron y of resp onse pac k ets. W e th us de�ne the maxim um

\allo w able" arriv al rate of incoming resp onses as the implosion thr eshold r ate, or I T R for short. Though

I T R cannot b e kno wn precisely , w e assume that it can b e estimated with reasonable accuracy (see [6 ]).

T o a v oid losses b y implosion, the proto col con trols the arriv al rates and timings of resp onse pac k ets

returned b y c hildren. The mec hanism aims at implemen ting a giv en r esp onse r ate ( R R ), whic h is an

input v alue of the proto col. The lo w er is the R R , the few er will b e the implosion losses. Also, a smaller

R R means that only few er resp onses can b e receiv ed in a giv en in terv al; this can lead to longer dela ys

in obtaining ac ks from all c hildren; hence the paren t ma y b e blo c k ed (b ecause of closed W

p

) longer from

making new transmissions. Th us, a smaller R R ma y also result in smaller throughput. T o seek a balance
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Figure 2: P olling sc heme based on allo cation of resp onses in time.

b et w een throughput and implosion losses, it is preferable to ha v e R R equal to I T R (in section 4, w e

sho w that the throughput is not signi�can tly a�ected when R R is set to sligh tly underestimated v alues

of I T R ). In order to k eep the arriv al rate of resp onses equal to R R , the mec hanism con trols the arriv al

times of resp onses b y planning ahe ad the time when ev ery giv en c hild should b e requested to resp ond.

This mec hanism is explained in more detail b elo w.

Time is divided in to ep o chs , time in terv als of �xed-length " , where " = k � I P G for some k � 1. Ep o c hs

are denoted as E

n

, with n = 0 ; 1 ; :: . A r esp onse quota , denoted as R Q and calculated as R Q  b R R � " c ,

is initially allo cated to eac h ep o c h. The p olling mec hanism estimates the arriv al time of resp onses using

its estimate of r tt , and sc hedules the transmission of p olling requests suc h that at most R Q resp onses

are exp ected to b e receiv ed during an y ep o c h. A v ector, called A nticip ate d R esp onse Count, or AR C

for short, is main tained to k eep trac k of the n um b er of resp onses whic h ha v e b een planned to arriv e in

an ep o c h. AR C is indexed b y the ep o c h n um b er; AR C [ n ] is initialised to 0 and incremen ted b y 1 if the

resp onse for a planned p oll is exp ected to arriv e during E

n

. In Figure 2, t

c

is the curren t time and R Q is 3.

AR C [ n + 2] = AR C [ n + 5] = 0, since no p oll resp onse is exp ected during E

n +2

and E

n +5

; AR C [ n + 4] = 2

as t w o resp onses are exp ected to arriv e in E

n +4

.

The time to send a p oll request to R

i

is planned as follo ws: (i) assuming that a p olling request can

b e sen t immediately

2

, �nd the earliest ep o c h E

n

suc h that E

n

con tains or follo ws the time cl ock + R T T

i

(where cl ock represen ts the curren t clo c k v alue and R T T

i

the r tt estimate for R

i

) and AR C [ n ] < R Q ;

(ii) incremen t AR C [ n ] b y 1; (iii) assign the estimate d sending time ( est

i

) of the p olling request to R

i

to

b e est

i

= max f cl ock ; n � " � R T T

i

g . There is at most one p olling planned ahead for eac h c hild, and this

information is k ept in a table called the planne d p ol ling table , or P P T . The planning of a p oll for a giv en

c hild R

i

happ ens in an y one of three situations: (a) just b efore a d a t a pac k et is to b e transmitted to

2

Ho w this assumption is met is describ ed later.
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R

i

3

and R

i

is not in P P T ; (b) R

i

rep orts a bu�er full of unconsumed pac k ets ( W

p;i

[ seq ] = tr ue for all

seq : LE

p;i

� seq < LE

p;i

+ S ); and (c) when R

i

app ears not to ha v e returned its resp onse for a p olling

request (more details in section 2.4).

The transmission of a p olling request is carried out according to the timing information in P P T .

There are t w o t yp es of situations whic h could lead to the examination of P P T for sc heduled p oll timings.

In the �rst case, P P T is examined just b efore a d a t a pac k et is to b e sen t. The set of c hildren with

est

i

� cl ock is remo v ed from P P T and piggybac k ed on to the ongoing d a t a pac k et. The second case

refers to the situations where there is no d a t a pac k et to b e sen t or an a v ailable pac k et cannot b e sen t due

to closed W

p

. In that case, the next p olling time ( N P T ) is estimated to b e one I P G plus the minim um

of the est

i

in P P T . A t N P T , a poll pac k et is sen t requesting the set of c hildren with est

i

� N P T .

When no data pac k et can b e sen t, successiv e N P T s will b e at least one I P G apart. This ensures that

only one poll pac k et is used to request all c hildren whose est are b et w een N P T � I P G and N P T . If it

ev er b ecomes p ossible to send a d a t a pac k et b et w een N P T � I P G and N P T , then the sc heduled p oll

at N P T is cancelled, and a new N P T is computed if P P T is not empt y and there is no data to b e sen t.

Observ e that in b oth cases the p olling mec hanism allo ws up to one I P G to elapse b et w een the sc heduled

and actual transmission times of a p oll request.

Note also that there is no guar ante e that ev ery giv en resp onse will b e receiv ed in the exp ected ep o c h.

This is b ecause the mec hanism em b o dies three sources of unpredictabilit y: (a) it allo ws a p olling request

planned for est

i

to b e sen t an ytime b et w een est

i

and est

i

+ I P G ; (b) the pro cessing loads at the host

cpu ma y cause the time b et w een successiv e transmission of p olling requests exceed I P G ; this ma y further

increase the di�erence b et w een est

i

and actual transmission times; (c) the r tt dela ys used are only

estimates, and they need not b e v alid for the prev ailing net w ork conditions, particularly if conditions


uctuate widely . Resp onses ma y th us arriv e b efore or after the predicted time, and th us p oten tially

outside the exp ected ep o c hs. The amoun t of losses caused b y suc h \rogue" resp onses are in
uenced b y

(a), (b) and (c), as w ell as b y the v alues adopted as " . Using a higher v alue for " (and th us higher R Q )

results in few er but larger ep o c hs, decreasing the probabilit y of a resp onse arriving outside the exp ected

ep o c h. Ho w ev er, with greater R Q , then some resp onses ma y b e lost if all exp ected resp onses in a giv en

ep o c h arriv e en masse at the same p oin t in that ep o c h.

2.4 Handling Absen t P oll Resp onses

P olling requests and resp onses can b e lost during transmission. So, to a v oid w aiting for ev er to receiv e a

resp onse from a giv en p olled c hild R

i

, the paren t w aits on a retransmission timeout ( R T O

i

). The paren t

3

If est

i

turns out to b e the curren t time, then a p olling request to R

i

is included in the d a t a pac k et whic h then b ecomes

a d a t apoll pac k et.
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calculates the R T O

i

based on the estimated r tt dela y b et w een itself and R

i

, i.e., R T T

i

. Since ev ery

resp pac k et brings a fresh r tt measuremen t, the proto col can k eep reasonably accurate r tt estimates

without transmitting additional pac k ets.

When no resp onse is receiv ed from a p olled c hild within the R T O

i

, the paren t declares the resp onse

to b e absent . The absence of a p oll resp onse from a giv en c hild can b e due to one of the follo wing: (a)

a transien t failure caused the p olling request to b e lost or discarded; (b) the resp onse transmitted b y the

c hild did not reac h the paren t due to a transien t failure; (c) the R T O

i

is to o small and the resp onse is still

in transit; (d) the c hild has b ecome p ermanen tly disconnected or failed. It is imp ossible for the paren t to

kno w what exactly is the underlying cause for an absen t resp onse. The proto col deals with a susp ected

absen t resp onse b y r ep ol ling the c hild and w aiting (on timeout) for a resp onse; this rep olling is rep eated

for a �nite n um b er of times. If the underlying cause is (a), (b) or (c), then it is hop ed that the paren t

will receiv e a resp onse for at least one of the p olls it has sen t.

The absence of a p oll resp onse do es not indicate the loss of d a t a pac k ets whic h w ere supp osed to b e

ac k ed/nac k ed b y that p oll resp onse. If a c hild R

i

fails to resp ond within R T O

i

, then R

i

requires a rep oll

as so on as p ossible. This is b ecause the earlier R

i

is made to resp ond, the so oner a transmitted pac k et

will get fully ac k ed and b e remo v ed from the bu�er. So, the p olling mec hanism plans a p olling time for

R

i

with higher priorit y (and R

i

is said to b e in repoll ). This high priorit y sc heduling is done as follo ws.

First, the r tt to the c hild is used to estimate the ep o c h E

m

in whic h the resp onse w ould b e receiv ed

if the p olling request to R

i

w ere to b e sen t no w (i.e., est

i

 cl ock ). (c1) If AR C [ m ] < R Q then (a1)

AR C [ m ] is increased b y 1. Else (if AR C [ m ] = R Q ), then c hec k (c2) if there is another c hild R

j

in P P T

whic h is not in repoll and from whic h a resp onse is exp ected during E

m

. (Recall that P P T con tains

information ab out p oll requests that ha v e not y et b een transmitted.) If (c2) is true, then (a2) R

i

\steals"

the resp onse quota from R

j

(i.e., a p oll request is sen t to R

i

at the earliest p ossible time), and R

j

is

re-sc heduled follo wing the normal sc heduling pro cedure describ ed in section 2.3. If b oth conditions (c1)

and (c2) are false for m , then rep eat c hec king (c1) and (c2), in this order, for m + 1 ; m + 2 ; ::: un til either

condition is satis�ed for some m

0

, m

0

> m . Set est

i

 m

0

� " � R T T

i

and then apply action (a1) or (a2),

if the condition to b ecome true w as (c1) or (c2), resp ectiv ely .

Our proto col assumes that if no resp onse is receiv ed for a giv en n um b er of consecutiv e p olls

4

, then

the underlying cause is (d) and the non-resp onsiv e no de is remo v ed from the c hild set. Remo ving a

p ersisten tly non-resp onsiv e receiv er no de from the set of c hildren reliev es the paren t from ha ving to w ait

for ac ks from that no de; this ma y op en W

p

and allo w the paren t to transmit new pac k ets. Once a c hild

is remo v ed, an y pac k et receiv ed from it is ignored.

4

This n um b er is a user con�gurable, proto col v ariable.
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2.5 Data Loss Reco v ery

The paren t no de detects the loss of the pac k ets it transmitted through the p oll resp onses sen t b y the

c hildren. The sc heme emplo y ed b y the paren t to reco v er from these losses in v olv es retransmission of

pac k ets whic h can b e done via m ulticast or selectiv e unicasts. The w a y the sc heme op erates can in
uence

the system throughput, net w ork load, and the n um b er of pac k ets pro cessed b y a c hild. In this subsection,

w e explain the rationale b ehind the design c hoices w e ha v e made for our proto col.

W e will �rst describ e three simple, loss reco v ery sc hemes. The �rst one op erates on the principle of

imme diately reco v ering from an y detected loss: the loss of seq rep orted (through a nac k) b y R

i

is directly

follo w ed b y a unicast retransmission of seq to R

i

. Although v ery simple, this sc heme ma y b e w asteful

when a pac k et seq is lost b y m ultiple c hildren, since the same pac k et will b e unicast m ultiple times. F or

example, if a data pac k et is propagated from the paren t to the c hildren through a m ulticast routing tree,

the loss of a data pac k et near the paren t w ould probably lead to the loss of seq in a large p ercen tage of the

c hildren at lo w er lev els of the tree. So, if a pac k et is lost b y more than one c hild, it ma y b e adv an tageous

to retransmit it via m ulticast.

The second sc heme p essimistically assumes that if a pac k et is nac k ed b y one c hild then it will b e nac k ed

b y man y other c hildren as w ell. Based on this assumption, the pac k et seq is retransmitted via m ulticast

so on after a nac k for seq is receiv ed. When the n um b er of c hildren that share the same loss is lik ely to

b e large, this sc heme sp eeds up reco v ery for those c hildren whose nac ks ha v e not y et reac hed the paren t.

On the other hand, resending a pac k et to a c hild that already has the pac k et, incurs unnecessary net w ork

load, and pro cessing cost for that c hild. In the extreme case, a single lossy c hild can cause the rest of

the group to b e 
o o ded with redundan t retransmissions triggered b y nac ks from R

i

. Suc h a problem w as

coined b y [6] as the \crying bab y" problem.

The third sc heme uses a w ait-and-see approac h to minimise w asting of net w ork bandwidth during

reco v ery . It w aits for a giv en time collecting nac ks; at the end of this w aiting, if the n um b er of collected

nac ks exceeds a certain threshold v alue, the lost pac k et is m ulticast; otherwise the pac k et is unicast only

to the appropriate c hildren. Di�eren t criteria can b e used to limit the w aiting (e.g., a �xed in terv al)

during whic h nac ks are collected. In general, the longer is the collection time, the more appropriate will

b e the decision made for reco v ery , and hence the few er will b e the unnecessary pac k ets transmitted.

Our proto col emplo ys b oth the �rst and the third sc hemes, in the follo wing manner. The third sc heme

is put in op eration as so on as the paren t receiv es the �rst nac k for a giv en pac k et seq . The mec hanism

w aits collecting nac ks; if the p ercen tage of c hildren (out of N C ) that has nac k ed seq reac hes or exceeds

the multic ast thr eshold r atio ( M T R ), the pac k et is m ulticast. The m ulticast, if carried out, will terminate

the w aiting. If the m ulticast cannot b e done, the w aiting will terminate after eac h c hild either has

ac k ed/nac k ed seq or is in repoll for ha ving failed to resp ond to a p oll with poll.seq � seq (reco v ery
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is not dela y ed w aiting for non-resp onsiv e c hildren); this will b e then follo w ed b y unicasting seq to eac h

c hild that has nac k ed seq . After a m ulticast or a series of unicasts is carried out, the w orkings of the third

sc heme terminate; the �rst sc heme then b ecomes op erativ e and will b e in force un til seq b ecomes fully

ac k ed. The �rst sc heme is more appropriate after the third sc heme b ecause the n um b er of c hildren whic h

still require retransmissions of seq is lik ely to b e small. Belo w w e describ e the mec hanism in detail.

2.5.1 The reco v ery algorithm

Supp ose that the paren t m ulticasts (for the �rst time) a pac k et with n um b er seq to all c hildren. Within

the paren t no de, the v ariable status ( seq ) records the status of a transmitted pac k et, and is initially set

to no na ck; the set v ariable ALL con tains all receiv er no des whic h the paren t regards as c hildren. The

paren t computes the set ack ed ( seq ) as the set of all c hildren from whic h a resp onse has b een receiv ed

ac king seq , or more formally:

ack ed ( seq )  f R

i

2 ALL j seq < LE

p;i

_ W

p;i

[ seq ] g

Consider a c hild R

i

in the set ALL � ack ed ( seq ). Regarding the resp onsiv e b eha viour of c hild R

i

to w ards p olls sen t with poll.seq � seq , the c hild R

i

can b e regarded b y the paren t to b e in one of the

follo wing situations: (a) it has nac k ed seq in resp onse to some p oll; (b) its resp onse has b een judged to

b e absen t for all the p olls sen t; or, (c) a resp onse has not y et b een receiv ed from R

i

regarding seq . In the

last case, the paren t w aits to decide b et w een (a) and (b). If R

i

is in situation (a), it is group ed in the set

that represen ts the set of all c hildren that ha v e nac k ed the pac k et seq , nack ed ( seq ). More formally ,

nack ed ( seq )  f R

i

2 ALL j : W

p;i

[ seq ] ^ seq � H R

p;i

g

If R

i

is in case (b), the paren t will either rep oll or decide to remo v e c hild R

i

from its set ALL . The set

of all c hildren that ha v e b een rep olled at least once and app ear not to ha v e resp onded to an y of the p olls

sen t with poll.seq � seq are categorised as a set r epol l ed ( seq ). T o formally de�ne r epol l ed ( seq ), w e will

use the predicate sent ( poll ; i ) that b ecomes true only if the paren t has sen t a p olling request poll to

R

i

, and de�ne a set absent ( poll ) that con tains the c hildren whose resp onses for poll are judged to b e

absen t:

r epol l ed ( seq )  f R

i

2 ALL j 8 poll: sent ( poll ; i ) ^ poll.seq � seq : i 2 absent ( poll) g

Once nack ed ( seq ) b ecomes non-empt y , status ( seq ) c hanges from no na ck to collection and the re-

co v ery mec hanism starts collecting nac ks un til the follo wing condition b ecomes true:

j nack ed ( seq ) j � M T R � N C _ ack ed ( seq ) [ nack ed ( seq ) [ r epol l ed ( seq ) = ALL

Once this condition is true (whic h ma y o ccur immediately), the paren t retransmits. If j nack ed ( seq ) j �

M T R � N C , then the pac k et seq is m ulticast to all c hildren and the retransmission time is recorded

in a table called the r etr ansmission table ( R T xT ). This table is indexed b y t w o parameters: [ cid; seq ]

where cid is the id of the c hild to whic h the pac k et w as retransmitted and seq is the sequence n um b er
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Parent

NACK #3 FROM R3,R4

ACK #3..#6 FROM R1,R2

NACK #3 FROM R3,R4 Retx of DATA #3, POLL {R3,R4}

DATA #4, POLL {R3,R4}

DATA #8, POLL {R3,R4}

#3 detected MISSING

#3 still MISSING

Children {R1,R2,R3,R4}

Loss of #3 detected
initiate recovery
retransmit #3

DATA #3

obsolete NACK #3 to be ignored

Figure 3: Example of an obsolete nac k.

of the retransmitted pac k et. The table en try R T xT [ cid; seq ], if exists, indicates the latest time when the

pac k et seq w as retransmitted to the c hild indicated b y cid . (If R T xT has no en try for [ cid; seq ], then

that w ould mean that the pac k et has not y et b een retransmitted to cid .) After making the m ulticast

retransmission, the paren t en ters in R T xT the time of retransmission for ev ery c hild in nack ed ( seq ) [

r epol l ed ( seq ). If the ab o v e condition b ecame true with j nack ed ( seq ) j < M T R � N C , then, for eac h c hild

in nack ed ( seq ), the pac k et seq is unicast and the time of transmission is en tered in the R T xT . After the

pac k et seq is retransmitted, the paren t regards the reco v ery status of the pac k et to b e retransmitted ,

i.e., status ( seq )  retransmitted .

Supp ose that the paren t has receiv ed a nac k for pac k et seq from R

i

. After it has retransmitted

the pac k et to R

i

, it should regard all the nac ks that precede the retransmission as obsolete , a v oiding

redundan t retransmissions. T o distinguish meaningful nac ks from obsolete ones, the timestamp resp.ts

is compared with the corresp onding timestamp recorded in R T xT [ cid; seq ], if an y; if there exists the en try

R T xT [ cid; seq ] and resp.ts < R T xT [ cid; seq ], then the nac k is deemed obsolete and th us ignored. Figure

3 depicts an example of an obsolete nac k. A paren t with four c hildren f R

1

; R

2

; R

3

; R

4

g is assumed and the

time mo v es from top to b ottom; the 
o ws of d a t a, d a t apoll, and resp pac k ets are indicated b y solid,

ligh t, and brok en lines, resp ectiv ely . The d a t a ] 3 is not receiv ed b y c hildren R

3

and R

4

, and they nac k

d a t a ] 3 in their resp onses to the poll sen t along with d a t a ] 4 . When these resp onses arriv e, d a t a ] 3 is

re-m ulticast (assume M T R � 50%) just after d a t a ] 11 is m ulticast. After this retransmission, the paren t

receiv es nac ks for pac k et d a t a ] 3 from R

3

and R

4

whic h w ere sen t in resp onse to the poll sen t with

d a t a ] 8 . resp.ts of these nac ks will b e smaller than the retransmission time recorded for [ R

3

; seq ] and

[ R

4

; seq ]. So, the paren t will iden tify the second nac ks for d a t a ] 3 as obsolete and discard them.

Recall that the paren t remo v es from the set ALL an y c hild that app ears not to ha v e resp onded to a
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giv en, user-sp eci�ed n um b er of consecutiv e p olls. Hence r epol l ( seq ) will b ecome empt y ev en tually . W e

assume that a functioning c hild whic h nac ks seq one or more times will receiv e the pac k et seq after a

�nite n um b er of reco v ery attempts b y the paren t. W e presen t b elo w the algorithm for reco v ering seq

whic h will b e executed whenev er the paren t receiv es or detects the absence of resp, resp.seq � seq , and

if ack ed ( seq ) � ALL :

case status ( seq ) f

no nack:

if ( nack ed ( seq ) 6= fg ) f status( seq )  collec tio n; g

collection:

if ( j nack ed ( seq ) j� M T R � N C ) f

multicast packet seq ; status( seq )  retransm itt ed ;

for each R

i

2 nack ed ( seq ) [ r epol l ed ( seq ) f R T xT [ i; seq ]  r etxT ime g

g else if ( ack ed ( seq ) [ nack ed ( seq ) [ r epol l ed ( seq ) = ALL ) f

for each R

i

2 nack ed ( seq ) f unicast packet to R

i

; R T xT [ i; seq ]  r etxT ime g

status( seq )  retran smi tt ed;

g break ;

retransmitted:

if (received resp from R

i

with a non-obsolete nack) f

unicast packet to R

i

; R T xT [ i; seq ]  r etxT ime ;

g

g

3 Proto col Arc hitecture

In this section w e describ e an arc hitecture for implemen ting our proto col. Our description refers to three

kinds of comp onen ts: mo dules , queues and tables . Mo dules are the only activ e en tities (thr e ads), and are

sc heduled non-preemptiv ely (one thread can sc hedule one or more threads to b e run at the momen t or

later).

Tw o queues are emplo y ed, namely , a tr ansmission queue ( tx q ) and a time out queue ( toq ). T o a v oid

unnecessary memory copies, only a reference to the data pac k et (sequence seq ), not its con ten ts, circulates

through queues and tables in the system. tx q con tains pac k ets to b e transmitted/retransmitted; pac k ets

in the ascending order of their seq , so that the p olicy of giving priorit y to retransmissions o v er ordinary

transmissions is implemen ted. toq con tains an en try to for ev ery sc heduled async hronous ev en t. Most

en tries are retransmission timeouts ( R T O ) used to limit w aiting for resp onses from p olled c hildren. F or
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ev ery poll sen t, an en try to is made with to.ts, to.seq, and to.cld set to poll.ts, poll.seq , and

poll.cld resp ectiv ely . The timeout expiry time to.exp is set to max f R T O

i

j 8 i : i 2 to.cld g . Also,

whenev er N P T is determined an en try is made with to.exp  N P T . En tries are ordered as p er to.exp .

The system alarm is set for to.exp of the �rst en try in toq .

There are �v e main tables used at the paren t no de: planne d p ol ling table (ppt) , r esp onse table ( r t ) ,

r etr ansmission table ( r txt ) , r e c overy status table (rst) , and missing p ol l table ( mpt ). ppt records for

eac h c hild R

i

the est

i

(whic h will b e 0 if no p oll is planned), the n um b er of the ep o c h during whic h the

resp onse is exp ected to arriv e, and the priorit y whic h will b e high if R

i

is in rep oll. r t consists of N C

windo ws W

p;i

. r txt (realisation of R T xT in section 2.5) records for eac h R

i

the latest transmission time

of ev ery pac k et that has b een unicast to R

i

. It also con tains a sp ecial en try to record the latest time of

ev ery m ulticast retransmission.

Recall that a nac k from R

i

for pac k et seq is to b e pro cessed dep ending on whether: (a) it is/is not the

�rst nac k to b e receiv ed for seq ; (b) it is a meaningful/obsolete nac k if the pac k et has b een retransmitted

to R

i

. rst is implemen ted to e�cien tly pro vide the v ariable status ( seq ) describ ed earlier. Only if the

status is retransmitted, r txt is searc hed to see whether the receiv ed nac k is meaningful or not.

The mpt records for eac h R

i

the n um b er of consecutiv e p olling requests for whic h the resp onses from

R

i

are found to b e absen t; if this coun t is not 0 it also records poll.ts of the last p olling request for whic h

the resp onse w as absen t. Whenev er a resp from R

i

is receiv ed and if the coun t in mpt is not 0, then it

is mo di�ed dep ending on resp.ts and the timestamp recorded in mpt for R

i

: the coun t is decremen ted

b y 1 if these timestamps are equal; it is set to 0 or 1 if resp.ts is larger or smaller, resp ectiv ely .

Besides these �v e tables, there is the ar c ob ject used for planning p oll timings. Since at most one

p oll is planned for a c hild, the ar c size is N C + b r tt max =" c , where r tt max is the maxim um exp ected

R T T to the c hildren. Since r tt max cannot b e safely predicted, the ar c size can dynamically increase

if the measured R T T s increase; in suc h case, the n um b er of en tries in ar c will b e incremen ted according

to a step function.

W e will no w describ e the mo dules (threads) at the paren t whic h are: gener ator mo dule (gm) , tr ans-

mitter mo dule (txm) , r esp onse hand ler mo dule (rhm) , and the event manager (em) ; at the receiv er's

side, there is a single mo dule, called r e c eiver (rxm) . Figure 4 illustrates the in teraction b et w een these

mo dules. The gm 's role is to tak e con tin uous data from the upp er-lev el, divide it in to �xed-size data

pac k ets, and queue them for transmission at tx q . It queues a new pac k et only if E W

p

> 0. If E W

p

= 0

and if there is one (or more) W

p;i

full of unconsumed pac k ets, then gm will arrange a p olling request to

all suc h R

i

. It enqueues in tx q an empt y d a t a pac k et (with seq = H S ) to b e sen t to all R

i

. txm will

transform this pac k et in to a poll pac k et (see b elo w).

txm consumes the pac k ets from tx q and transmits them. While tx q is non-empt y , it executes the
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to transmit
queue packets

RESP
packets

DATA/DATAPOLL
POLL packets

RxM1 RxM2 RxMNC...

open window

queue empty packet

TxM RHM

GM

TxQ

TOQ

queue retransmission packet

EM

process eventqueue event

cancel event

re-evaluate
recovery

Figure 4: Ov erall structure of the proto col mac hine.

follo wing sequence of actions: (i) tak e the �rst pac k et from tx q ; (ii) mak e sure at least one I P G has

elapsed since the last transmission; (iii) plan p olling for eac h c hild whic h is to receiv e this pac k et and

do es not ha v e a planned p olling in ppt ; (iv) generate a p olling set pollset according to ppt con ten ts

and piggybac k pollset in to the pac k et if pollset is not empt y; if b oth pollset and d a t a are empt y ,

then the pac k et is discarded; (v) assign the appropriate t yp e to the pac k et; (vi) transmit the pac k et either

through m ulticast or m ultiple unicasts, b y comparing the size of the destination set with M T R � N C ;

(vii) if the pac k et is of t yp e poll/d a t apoll , add an en try to the toq with appropriate expiry time. If

the tx q b ecomes empt y and ppt is not empt y , then txm computes N P T and mak es an \ N P T -en try"

in toq.

The rhm handles all the feedbac k from c hildren and co ordinates loss detection and reco v ery . The

cycle executed b y the resp onse handler is as follo ws: (i) w ait for an incoming resp pac k et; (ii) read a

resp pac k et a v ailable from the lo w er la y er; (iii) scan the toq and remo v e the c hild R

i

that sen t resp

from to.cld of all to with to.ts � resp.ts ; remo v e an y to with empt y to.cld from toq ; (iv) up date

W

p;i

of r t , and mpt if required ; (v) for eac h seq , LE

p

� seq � resp.w.hr, carry out the reco v ery action

for seq (as describ ed in section 2.5.1): up date rst if necessary , and iden tify whether a retransmission (via

m ulticast or unicast) is necessary . If a retransmission is necessary , queue the pac k et in tx q.

The em sets the alarm for to.exp of the head of the toq. When the alarm expires, em insp ects the

ev en t in the en try at the head of toq. If this is a R T O ev en t for a p olling request poll sen t earlier , then

mpt is up dated for eac h c hild in to.cld ; for ev ery seq , LE

p

� seq � poll.seq, carry out the reco v ery

actions as describ ed in (v) ab o v e (b y in v oking a metho d exp orted b y rhm ). If to is ab out an N P T -ev en t,

tx q is examined. If tx q is non-empt y , nothing is done since the next transmission of data will carry

the necessary p oll request; if tx q is empt y , em adds an empt y d a t a pac k et to b e sen t to all R

i

with

est

i

� cl ock .

The mo dule rmx

i

executes the follo wing lo op at R

i

: (i) w aits for pac k ets from the lo w er la y er; (ii)
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Connection T yp e Latency ( L ) Latency Std. Dev ( S D ) Error E r r (%)

lan 1.5 ms 0.08 1

interlan 5 ms 0.5 1

w an 75 ms 15 10

T able 1: General prop erties assumed for kinds of connections.

tak es a v ailable pac k et; (iii) up dates W

i

; (iv) c hec ks the bit in the pollset of the receiv ed pac k et to see

if a resp onse is requested, and if so, return a resp pac k et to the paren t.

4 Sim ulation Results

T o study the b eha viour of our proto col w e carry out sim ulation exp erimen ts under v arious settings.

F urther, to p erform a comparativ e analysis w e also sim ulate the sender-initiated reliable m ulticast proto col

describ ed in [1 ]. The main c haracteristics of this proto col are as follo ws: (a) it emplo ys a sliding windo w

sc heme with selectiv e retransmission (i.e., no go-bac k-N); (b) receiv ers ac kno wledge ev ery pac k et receiv ed;

(c) loss detection is timeout-based, and reco v ery via global retransmissions. W e c hose this proto col

b ecause it w as used b y [1 ] for comparing sender-initiated and receiv er-initated sc hemes. W e call this

proto col ful l fe e db ack or ff for short, and ours, p ol ling fe e db ack or pf for short. W e ha v e conducted

a series of exp erimen ts for b oth these proto cols b y v arying the group size and considering t w o di�eren t

net w ork con�gurations.

T o presen t the con�gurations considered, w e �rst c haracterise three basic t yp es of connections b et w een

a c hild and the paren t, namely: lan , interlan , and w an. Eac h kind of connection is c haracterised b y

a set of three attributes: propagation latency mean L , latency standard deviation (to em ulate jittering)

S D , and the p ercen tage error rate E r r . The v alues w e asso ciate with eac h t yp e are listed in table 1.

F or eac h t yp e w e consider a net w ork con�guration in whic h all c hildren are connected to the paren t

b y connections of that t yp e. In addition, w e consider a hybrid con�guration that con tains all t yp es

of connections; at least b N C = 3 c c hildren are connected to the paren t b y connections of a giv en t yp e

( N C � 3 in this con�guration). The sim ulation results obtained w ere almost iden tical for lan and

interlan con�gurations, and similar for w an and hybrid con�gurations. F or space reasons, w e will

only presen t the results for lan and hybrid con�gurations.

Because of the w ell-kno wn impact of the windo w size (to \k eep the pip e full") on throughput, w e

tested b oth pf and ff for t w o large windo w sizes ( S ): (a) 64 pac k ets, and (b) in�nit y , i.e., S equals to

the n um b er of pac k ets to b e transmitted. When the windo w size is set to in�nit y , the p olling feedbac k

and full feedbac k proto cols are resp ectiv ely denoted as pf-iw and ff-iw . F urther, to assess the impact of

implosion losses, w e run the ff-iw proto col for an in�nite implosion threshold rate ( I T R = 1 ), and this

proto col v ersion is called ff-iw-it . Note that none of the ff v ersions has implosion con trol mec hanism;
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ho w ev er, when the windo w size is small, it could indirectly limit the n um b er of losses due to implosion,

for the follo wing reason: when the sending windo w at the paren t closes, prev en ting new transmissions, the

transmission rate decreases and also do es the resp onse rate. With a smaller resp onse rate, few er pac k ets

will b e lost due to implosion.

F or the t w o net w ork con�gurations and the �v e proto col v ersions, w e ha v e measured the follo wing

v alues for di�eren t group sizes: the throughput T , the relativ e net w ork cost N , and the relativ e n um b er of

implosion losses I . Let the amoun t of data to b e transferred b e D , the pac k et size b e P (b oth measured

in b ytes), and D P b e the n um b er of pac k ets to b e transmitted: D P = d D =P e . Let 4 t b e the p erio d of

time (in ms) b et w een the transmission of the �rst d a t a pac k et and the momen t all pac k ets b ecome fully

ac k ed (b oth ev en ts o ccurring at the paren t), the throughput is calculated as T = D P = 4 t , in pac k ets/ms.

The theoretical optim um v alue for T is close to the user-sp eci�ed maxim um transmission rate (1 =I P G

pac k ets/ms), and ac hieving that can b e restricted b y net w ork bandwidth and windo w size. N is calculated

as the total n um b er of pac k ets exc hanged T P p er c hild p er application pac k et, i.e., N = T P = ( N C � D P );

the ideal v alue for N is D P = ( D P + 1) (one ac k p er c hild is required at the end of transmission). I is

measured as the ratio of total implosion losses to N C � D P . The desired v alue for I is 0, i.e., no losses

due to implosion.

F or a giv en set of parameters, w e run b et w een ten and t w en t y sim ulation runs, and the graphs sho wn

here ha v e a p ercen tage o�set of under � 4.9% with a con�dence lev el of 95% ([14]). The m ulti-thread

supp ort of the Sim ula language ([15 ]) w as used to implemen t the threads men tioned in the section 3.

W e sim ulated the implosion losses in the follo wing manner: w e de�ne a bu�er at the paren t for storing

the incoming resp onses. An incoming pac k et is stored in the bu�er if there is space, otherwise it is

discarded. A t ev ery 1 =I T R a pac k et is consumed from the bu�er so long as the bu�er is not empt y .

W e assume a bu�er size of 16 pac k ets and I T R = 1500 resp onses/sec (based on measuremen ts in [6 ]).

W e also assume: (a) ready supply of data b y the upp er lev el at the paren t; (b) hungry upp er-lev el at

c hildren, with immediate consumption of consumable data; (c) a top transmission rate of 1,000 pac k ets/sec

( I P G = 1ms); (d) R R = I T R ; (e) ep o c h length " = 10ms; (f ) transmission of 1 MB of data in 1,000

pac k ets ( D P = 1000) of 1 KB eac h; (g) r tt s are mo deled using latencies randomly generated according to

the Normal distribution ; (h) pac k et losses due to causes other than implosion are mo delled b y a statistical

dra w using E r r ; therefore, losses are assumed to b e m utually indep enden t; (i) the probabilit y of loss E r r

is applied equally to all t yp es of pac k ets; (j) M T R = 20% (applicable only for pf and pf-iw) . A lo w er

M T R v alue w ould increase N , and also T ; w e c hose a small M T R with net w ork cost in mind.

In Figure 5 w e sho w the throughput for eac h of the �v e proto col runs in the lan con�guration. First

w e note that the graphs for ff and ff-iw are iden tical; this means that the c hosen windo w size ( S = 64)

is so large compared to R T T , I P G , and E r r that when the time for transmitting the i + 64

th

data pac k et
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Figure 5: Throughput T in application pac k ets/ms in the lan con�guration.

comes, the i

th

pac k et has already b een fully ac k ed (i.e., W

p

nev er closes despite losses and reco v ery). It is

clear from the graph that the throughput of ff and ff-iw degrades quic kly as N C increases. The reasons

are: (r1) the probabilit y of a giv en data m ulticast not reac hing at least one c hild increases with N C ; and

(r2) implosion losses whic h increase with N C . Both (r1) and (r2) tend to increase the time it tak es to get

a pac k et fully ac k ed. The graph for ff-iw-it (whic h do es not su�er from implosion) indicates that the

p o or scaleabilit y of ff/ff-iw is mainly due to (r2). The decrease in T for ff-iw-it can only b e due to

(r1).

The e�ect of p olling in con taining implosion losses can b e seen b y comparing pf/pf-iw with ff-iw-it;

the T ac hiev ed in pf-iw is higher than that of ff-iw-it and the di�erence b ecomes more or less uniform

for 15 � N C � 40. This gain in T can b e attributed to the \nac k adv an tage" of pf proto cols: the paren t

can detect a lost pac k et b y receiving a nac k within one r tt after the concerned c hild w as sen t a p oll

request. The ff proto col do es not use nac ks and relies on the absence of ac ks for loss detection. So the

paren t can detect a pac k et loss only at the expiry of the corresp onding R T O . Note that b oth pf and

ff proto cols calculate R T O as t wice the largest estimated R T T

i

, for all R

i

from whic h resp onses are

exp ected. Hence when a small n um b er of resp onses are lost and when p oll requests are sen t frequen tly ,

using nac ks can help ac hiev e faster error detection and reco v ery , and th us b etter throughput.

The T of pf is the same as that of pf-iw up to a p oin t ( N C = 8) and starts decreasing thereafter,

due to the follo wing reason. In the pf proto cols, as N C increases b ey ond a certain v alue, it tak es longer

to p oll all c hildren. Hence, the time to get a pac k et fully ac k ed increases, and with a \small" windo w, the
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Figure 6: Relativ e net w ork cost N in the lan con�guration.

transmission of new pac k ets can get blo c k ed more often.

The throughput gain ac hiev ed b y pf and pf-iw is not at the exp ense of increased net w ork cost,

as illustrated in the Figure 6. Here again the graphs for ff and ff-iw are iden tical, indicating that the

windo w size had no impact. The harmful e�ect of implosion losses on N can b e seen from the gap b et w een

ff-iw and ff-iw-it. The N for ff-iw-it increases with N C b ecause more losses are exp erienced as N C

increases (due to the reason (r1) stated ab o v e), requiring more retransmissions. Since retransmissions

are global m ulticasts, the cost p er c hild increases. The relativ e net w ork cost N for pf/pf-iw b ecomes

sub optimal (close to 1) for N C � 10, b ecause (a) the p olling sc heme reduces the amoun t of feedbac k

from c hildren, and th us decreases T P ; (b) the mec hanism collects nac ks to decide whether a m ulticast

or unicasts can pro vide cost-e�ectiv e reco v ery; and (c) it is also optimistic, in the sense that it do es not

in terpret the absence of resp onse as an implicit nac k for those pac k ets that could ha v e b een referred in

the missing resp onse (see section 2.4).

W e ha v e p erformed exp erimen ts to measure the v alue of I for the �v e proto cols. The v alues for pf/pf-

iw in b oth con�gurations w ere close to 0. F or example, the v alues of I for the pf proto col in the lan

con�guration are 0.01 for N C = 20 and 0.007 for N C = 60. The I v alues in the hybrid con�guration

are sho wn in Figure 7. The graphs for ff and ff-iw sho w that the c hosen windo w size limits (unlik e

in the lan con�guration) the n um b er of implosion losses, and that the di�erence b et w een ff and ff-iw

increases with N C . F or the lan con�guration, the windo w size had no impact and the v alues for b oth

ff and ff-iw w ere similar to those for ff-iw in the hybrid con�guration. Hence, the graphs I vs. N C
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Figure 7: Relativ e implosion losses ( I ) in the hybrid con�guration.

for the lan con�guration are not sho wn.

Figure 8 sho ws the throughput v alues for the �v e proto cols in the hybrid con�guration. Due to the

in�nite windo w, ff-iw p erforms b etter than ff for small N C v alues. This adv an tage, ho w ev er, b ecomes

a disadv an tage as N C increases, b ecause of increased implosion losses. Hence, the p erformance of ff-iw

rapidly b ecomes p o or. The proto col ff pro vides consisten tly p o or p erformance due to implosion losses

and �nite windo w. The p erformance of ff-iw-it and pf-iw are similar. Note that the latter do es not

outp erform the former lik e in the lan con�guration. W e b eliev e this could b e attributed to higher E r r

v alues of w an connections whic h can cause more resp pac k ets to b e lost during transmission. This

suppresses the nac k adv an tage describ ed earlier. pf p erforms b etter than ff/ff-iw due to negligible

losses, and w orse than pf-iw due to �nite size windo w.

The relativ e net w ork cost N for the hybrid con�guration is sho wn in Figure 9 (with N in log scale).

As indicated in Figure 7, the c hosen windo w size is small enough to limit implosion losses for ff and

hence ff exhibits a lo w er cost compared to ff-iw . Observ e that the di�erences in N for ff-iw and

ff increase with N C , just lik e the di�erences in I increased in Figure 7. The N v alues for pf, pf-iw,

and ff-iw-it are close to 1, but not so close as they w ere in the lan con�guration. F urther, there is a

noticeable di�erence b et w een pf-iw and pf for all v alues of N C . In pf-iw, W

p

nev er closes and hence

p oll requests are guaran teed to b e piggybac k ed with d a t a pac k ets (as d a t apoll pac k ets), exp ect after all

d a t a pac k ets ha v e b een transmitted. In pf , ho w ev er, explicit poll pac k ets ha v e to b e sen t when no d a t a

can b e sen t due to closed W

p

. The e�ect of using explicit poll pac k ets on N is less pronounced in the
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Figure 8: Throughput T in application pac k ets/ms in the hybrid con�guration.

lan con�guration, where pf costs v ery marginally more than pf-iw for large v alues of N C ( N C � 40).

In all sim ulation results sho wn, R R is set to I T R . In our �nal set of exp erimen ts, w e v ary R R

and assess the e�ect on T and N in lan con�guration for a large group (w e �xed N C = 60 c hildren).

Increasing R R has t w o ma jor e�ects: (e1) p oll requests to an y giv en c hild are sen t more frequen tly; hence

a pac k et is lik ely to b e ac k ed so oner; (e2) as R R exceeds I T R , more resp onse pac k ets will b e lost due

to implosion, dela ying loss reco v ery and pac k et ac kno wledgemen t. Note that (e1) and (e2) comp ete in

promoting and suppressing nac k adv an tage of pf proto cols, resp ectiv ely . Referring to Figure 10, the

throughput for pf increases rapidly as R R approac hes 1000, due to (e1); for 1000 < R R � 1500, the rate

of increase is reduced probably b ecause (e2) comes in to e�ect ev en b efore R R approac hes I T R . Note

that R R can b e exceeded in certain ep o c hs, due to uncertain ties caused b y the jitter (see section 2.3).

F or v alues of R R larger than I T R , (e2) is more dominan t and T falls. Due to the nac k adv an tage, pf-iw

outp erforms ff-iw-it during 600 � R R � 1500; the T for pf-iw remains more or less 
at and close to

that of ff-iw-it , for larger v alues of R R . This indicates that (e1) and (e2) cancel eac h other and little

gain in T can b e made b y p olling and using nac ks when R R > I T R . The net w ork cost N for pf and

pf-iw is less than 50% of that for ff-iw-it . The N for pf-iw increases with R R due to (e2). In pf , the

use of explicit poll pac k ets sen t to un blo c k W

p

increases N further. The graphs for pf in Figure 10 and

11 indicate that R R should b e set to an accurate estimate of I T R for maxim um T . If I T R cannot b e

estimated accurately , an underestimation is preferable to o v erestimation.

Recall that our tests do not tak e in to consideration the sp eed of the upp er-lev el, since w e assume
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prompt pro duction of data at the paren t and \h ungry" consumers (of data) at the c hildren. This migh t

cause a decrease in throughput for b oth pf and ff proto cols, dep ending on ho w slo w is the upp er-lev el

in pro ducing or consuming data. W e are curren tly analysing the e�ect of 
o w con trol in the proto col

b eha viour.

5 Concluding Remarks

The idea of using p olling to a v oid implosion is not new ([8]). In our pap er w e explore and extend this

idea to dev elop a sc heme to minimise implosion losses. The essence of our mec hanism sc heme is that the

paren t con trols the arriv al rate of resp onses b y using information that is a v ailable or computable within

the paren t no de. r tt dela ys b et w een c hildren can widely di�er, though 
uctuations in a giv en r tt can

w ork against our sc heme. W e ha v e describ ed our proto col and the arc hitecture to realise it, along with

other mec hanisms for error and 
o w con trol. Sim ulation analysis indicates that our sc heme is indeed

e�ectiv e in reducing implosion losses. Although the pro cessing p er feedbac k pac k et is increased at the

paren t no de, the amoun t of feedbac k pac k ets can b e immensely reduced. This in turn indicates that it is

p ossible to dev elop scaleable proto cols using the sender-based approac h.

W e en visage extending this w ork in t w o ma jor directions. First, w e plan to mo del and assess the

pro cessing cost at the paren t and c hildren no des. Second, w e will extend the single-lev el, one-to- N C

m ulticast proto col describ ed here to the full m ultiple-lev el tree v ersion (called PRMP- Polling-based
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Reliable Mul ticast Pr otocol ). W e will in v estigate 
o w and congestion con trol strategies (suc h as

[16 ]), and analyse the p erformance of PRMP through sim ulations. W e also in tend to analyse a v ariation

of PRMP , where the sender m ulticasts the pac k ets directly to all receiv ers and feedbac k pac k ets are sen t

only to its immediate paren t in the tree.
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